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Gabriele Della Vecchia b

a Politecnico di Torino, Department of Structural, Building and Geotechnical Engineering, Corso Duca degli Abruzzi 24, Turin 10129, Italy
b Politecnico di Milano, Department of Civil and Environmental Engineering, Piazza Leonardo da Vinci, 32, Milano 20133, Italy
c ENI S.p.A., Reservoir and Petroleum Engineering Laboratories (Geomechanics), via Maritano 26, Milano, San Donato M.se 20097, Italy

A R T I C L E  I N F O

Keywords:
Energy geomechanics
Degradation
Caprock
CO2 storage
Gas storage
Cyclic loading

A B S T R A C T

This paper provides an extension of an existing elasto-plastic framework originally proposed by Gens & Nova 
(1993) for modelling the response of structured soils and soft rocks. The model is enhanced to reproduce not only 
the mechanical response of caprocks under standard monotonic triaxial loading, but also the effects of the 
environmental and hydraulic loading induced by modern energy applications, including gas/hydrogen storage 
and geological carbon storage. The novelty of these applications, compared to the more usual ones developed by 
the oil and gas industry over decades, lies in the complex pore fluid and stress pressure histories applied and in 
the strong geochemical interaction of the rock formations with non-native fluids. Cyclic pore pressure histories 
due to seasonal gas storage may result in a mechanical degradation of the caprock material, while chemical 
degradation may occur due to pore water acidification resulting from the rock-water-CO2 interaction. To cope 
with the cyclic mechanical degradation, the framework is first coupled with the extended overstress theory, so to 
satisfactorily reproduce the time-dependent behaviour of caprocks, which presents inelastic strains even within 
the yield surface. Such an extension is shown to be essential to reproduce the strong strain-rate dependence and 
the increase in the number of cycles to failure with the amplitude of cyclic loading observed in experimental data 
obtained on intact specimens of an Italian stiff carbonatic clay. The elasto-plastic model is then enhanced to 
account for chemical degradation, using the calcite mass fraction dissolution as a variable controlling damage 
evolution. Combined with a geochemical reactive transport model, this extension satisfactorily reproduces the 
progressive degradation of a Chinese shale due to CO2 exposure, showing the ability of the framework to model 
coupled geo-chemo-mechanical processes.

1. Introduction

Actions against global warming and the responsible use of energy 
resources are two fundamental needs that society is facing today, and 
the energy sector in particular. Many of the emerging applications of 
energy geomechanics are related to the storage of non-native fluids in 
geological formations at high depths.1 Depleted hydrocarbon reservoirs 
and saline aquifers are currently being considered or used for the per
manent storage of supercritical CO2 and Underground Gas Storage (UGS, 
the seasonal storage of natural gas), and also for the temporary storage 
of green and blue hydrogen.2–5 When a fluid, largely immiscible with 
water, is injected into a porous geological formation, different geo
mechanical issues can emerge. Such issues are a consequence of the 

complex and extreme conditions imposed by the engineering operations, 
involving coupled mechanical, geochemical, hydraulic, and thermal 
processes.

Fluid injection into a depleted reservoir or a saline aquifer causes an 
increase in the pore pressure, which promotes the expansion of the host 
formation. Displacements propagate towards the surface, resulting in 
progressive changes to the mean effective stress and the deviatoric stress 
of the caprock.6–8 The picture is more complex in UGS or hydrogen 
storage operations, where gas is cyclically produced from the reservoir, 
typically reducing the deviatoric stress in the caprock.9–12 A combina
tion of storage/production histories will therefore result in cyclic stress 
paths, which might induce fatigue phenomena. On the other hand, when 
depleted hydrocarbon reservoirs are used for carbon capture and storage 
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operations, CO2 can dissolve in the native brine, creating an acid plume 
that can last for thousands of years,13,14 diffuse into the caprock and 
trigger geochemical reactions,15 depending on both the chemistry of the 
brine and the rock mineralogy. In turn, geochemical reactions can 
induce changes in porosity, permeability, and mechanical behaviour of 
the caprock formation.16–20

Storage in underground reservoirs can only be effective if the 
geological strata overlying the reservoir/aquifer provide adequate 
sealing. Indeed, mechanical failure of the caprock could result in the 
opening of fractures, generating preferential flow paths through which 
the fluids could leak to the surface.21 To ensure adequate sealing ca
pacity, the caprock must therefore be continuous and integer, and its 
threshold capillary pressure (i.e. the capillary pressure above which the 
non-wetting fluid starts flowing through its pores) must exceed the 
difference between the pressure of the injected fluid and that of the 
water saturating its pores.6,22–24 Robust modelling of the caprock me
chanical behaviour is thus a fundamental requirement for safe storage 
due to the complex hydro-chemo-mechanical histories imposed by en
gineering operations.

Caprocks are either evaporites or sedimentary clayey rocks. Both 
damage mechanics and elasto-plasticity have been used to reproduce the 
stress-strain response of these materials.25–28 In the context of 
elasto-plasticity, the constitutive reference for bonded soils and weak 
rocks is provided by the pioneering frame of Gens and Nova.29 Different 
models have been later published based on such, or similar, con
cepts.30–35 However, unlike the available literature for structured ma
terials which deals with shallow applications,36–39 fluid storage at high 
depths requires accounting for the effects of high stresses with the 
concomitant action of cyclic loadings and the transport of chemicals 
which, by reacting with the certain minerals forming the caprock, may 
lead to progressive chemical degradation.

When cyclic loadings are of concern, constitutive models need to be 
able to reproduce several complex aspects of the cyclic response of 
structured geomaterials, such as small-strain stiffness, nonlinearity, 
irreversibility of strains under cyclic loading, elastic and inelastic 
anisotropy, coupling between shear and volumetric strains, time de
pendency, initial structure degree and cyclic destructuration.40–43

Among the various possible modelling strategies, an effective approach 
is represented by bounding surface plasticity models.44–47 In this 
framework, the elastic behaviour is limited to a nucleus, typically 
characterised by a very small size. Beyond this nucleus, the response is 
always elasto-plastic, with a plastic modulus depending on the distance 
between the current stress state and the image stress state located on the 
bounding surface. As a consequence, the application of a given cyclic 
stress path is likely to lead to an accumulation of plastic strains, which 
can therefore be coupled with a destructuration mechanism to capture 
cyclic degradation.40,48 At present, the use of constitutive models for 
structured materials has been devoted mainly to applications dealing 
with relatively shallow materials under low stresses, such as seismic 
applications, offshore foundations, and cyclic response of soil 
embankments.48–50 These applications involve cyclic histories charac
terized by relatively short loading periods, for which it is reasonable to 
assume negligible viscous strains. Conversely, the characteristic periods 
of UGS operations match the seasonal and annual timescales of energy 
applications.3,51 Therefore, the time-dependent mechanical response 
typical of structured geomaterials52–55 starts to play a role.

Applications involving geochemical processes, such as carbon cap
ture and storage operations, require an extension of the modelling 
framework to capture material degradation induced by chemical re
actions. A possible modelling strategy, as suggested for example by 
Lagioia and Nova56 and Nova et al.,30 is to rely on a purely phenome
nological approach, i.e. to link the evolution of internal variables to the 
damage induced by acidification. The latter can be quantified by a 
chemical variable introduced into the mechanical model, which must be 
estimated by reference to appropriate geochemical models.57 An inter
esting alternative is represented by models inspired by micromechanical 

considerations,34,35,58 which consider a specific microstructure charac
terised by either reactive grains and reactive bonds or non-reactive 
grains and reactive bonds. Although it is useful to gain insight into the 
role of chemical dissolution on the mechanical behaviour of certain 
types of soft rocks (e.g. calcarenites), the mineralogical complexity of 
natural caprocks strongly suggests the implementation of a purely 
phenomenological approach due to the inherent difficulties in identi
fying a specific damage mechanism, which can be more complex than 
bond dissolution.59

In this paper, the suitability of elasto-plasticity with destructuration 
for fluid storage at high depths is assessed by adopting the phenome
nological framework introduced by Gens and Nova.29 The framework is 
extended to take into account the time dependence of the mechanical 
response and/or its coupling with geo-chemical processes, to meet the 
emerging applications in the field of energy geomechanics described 
above. Either the fabric or the bonds between the clay matrix associated 
with granular inclusions are considered to increase the size of the yield 
surface of the unstructured material. The latter is modelled according to 
classic elastoplastic models for soils, whose parameters can be deter
mined directly by laboratory testing. Nevertheless, alternative strategies 
that account for the influence of the different solid phases could be 
employed. In such approaches, the macroscopic behaviour of soft rocks 
is derived from the upscaling of the properties of the clay matrix and the 
grain inclusions. For instance, Borja et al.60 modelled the response of 
shales within the framework of Cam Clay hardening plasticity, also 
considering heterogeneity and anisotropy. Farhat et al.61 applied a 
nonlinear homogenization method to determine the properties of the 
representative element volume, upscaling the mesoscopic viscous and 
elastoplastic properties.

The capability of the framework to reproduce the mechanical 
behaviour of two structured stiff clays under high confinements is firstly 
checked. These preliminary analyses are of interest to mimic monotonic 
loading of the caprock, e.g. due to high-pressure increments in the res
ervoirs, such as those that could be imparted when the fluid is stored for 
the first time. The reliability of the framework is then checked for the 
case of cyclic loadings, such as those caused by seasonal storage/pro
duction of natural gas or hydrogen. Model predictions are compared to 
the experimental results of cyclic tests aimed at assessing the fatigue life 
of an Italian stiff carbonatic clay. The experimental results showed a 
relevant effect of the applied strain-rate, which was accounted for by 
introducing a viscous strain component. The latter can be modelled 
through different approaches. For instance, Borja et al.60 and Sari et al.62

rely on the basic assumption of the classical overstress theory.63,64 The 
viscosity parameter adopted by Borja et al.60 is phenomenological, 
whereas Sari et al.62 relate viscosity to activation enthalpy. However, in 
the overstress theory, viscoplastic strains are only activated if the cur
rent stress state lies on or outside the yield surface (i.e. when the value of 
the yield function is f ≥ 0). On the contrary, experimental evidence on 
shales and carbonatic rocks shows that creep strains develop even at 
relatively low stresses,65,66 well within the yield surface,67 and that peak 
strength and stress-strain relationship before failure are also strain-rate 
dependent.54,55 In this study, the Gens and Nova29 framework is 
enhanced according to the extended overstress theory, which also 
models viscous strains when f < 0, i.e. when the stress state is within a 
reference yield surface associated with a fixed strain-rate.68–70 The vis
cosity parameter is defined based on laboratory tests on the unstructured 
material, in analogy with the Gens and Nova29 approach, although 
micro-mechanical techniques such as the one proposed by Farhat et al.61

could also be adopted without affecting the model conceptualization.
Finally, chemical degradation is implemented to predict the long- 

term effects that can descend from the reactive transport of dissolved 
CO2 in the caprock. The framework, coupled with geochemical reactive 
transport analyses, provides a versatile tool to account for the chemical 
degradation of the caprock. The proposed model is based on the intro
duction of a single scalar damage variable at the phenomenological level 
so that the coupling with the FEM reactive transport model allows the 
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consideration of any realistic chemo-hydraulic scenario involving rock- 
brine-CO2 interactions. After a brief review of the geochemical processes 
induced by CO2 injection and dissolution, a procedure is proposed to 
feed the elasto-plastic model with information from geochemical finite 
element numerical simulations to reproduce the induced changes in 
material elastic stiffness and internal variables. Model predictions are 
then compared to experimental data for a shale from the literature, 
which was exposed to CO2 before mechanical testing.

2. Elasto-plasticity as a constitutive framework for the 
mechanical behaviour of caprock materials

Hardening elasto-plasticity has proved to be a successful framework 
to model the mechanical behaviour of soft rocks and structured soils, as 
introduced by Gens and Nova.29 The framework is based on the exper
imental observation that natural soils and soft sedimentary rocks have a 
peculiar mechanical behaviour with respect to remoulded soils, due to 
the fabric and the bonds between the grains, which convey a stiffer 
mechanical response at low strain levels, a larger shear strength and 
non-negligible tensile strength. When bonds are destroyed upon me
chanical loading, the metastability of the material structure becomes 
evident and the compressibility becomes larger than the remoulded soil 
one. A brief description of the framework is provided, together with a 
comparison of model predictions with experimental data regarding one 
shale and one stiff carbonatic clay which serves as caprock.

2.1. Elasto-plastic constitutive framework for remoulded caprock 
materials

According to the theory of small-strain elasto-plasticity, the strain 
tensor increment dε can be written as the sum of an elastic dεe and a 
plastic dεp component: 

dεij = dεe
ij +dεp

ij (1) 

It is worth mentioning that hereafter, the notation d́́  indicates an 
infinitesimal increment of the variable, where time plays no explicit 
role. Because elastic strains are assumed to develop whenever there is a 
change in effective stress, the elastic constitutive relation reads: 

dσ́ kh = De
khijdεe

ij = De
khij

(
dεij − dεp

ij

)
(2) 

where dσ́ kh is the effective stress increment and De
khij is the elastic 

stiffness tensor. The experimental evidence of the stiff and reversible 
responses upon initial loading of caprock materials can be reproduced 
via the introduction of a yield surface f

(
σʹ

ij,ψk
)
= 0, which has the role 

of delimiting the elastic domain. In hardening elasto-plasticity, the yield 
surface is expressed as a scalar function of the stress tensor σʹ

ij and of a 
set of internal variables, ψk. The plastic strain increment is written as: 

dεp
rs = Λ

∂g
∂σ́ rs

(3) 

where Λ is a non-negative scalar (plastic multiplier) and g is a function of 
the current stress state. According to the classical requirement of strain- 
hardening plasticity, the definition of the hardening function is also 
required, linking the evolution of the internal variables with the plastic 
strain increment: 

dψk
(
εp

rs
)
=

∂ψk

∂εp
rs

dεp
rs (4) 

In the following, a simple elasto-plastic model for the unstructured 
material is adopted, relying on classical assumptions, including: (i) non- 
linear elastic law, with a mean effective stress dependence for the bulk 
modulus; (ii) yield function dependent on just one scalar internal vari
able, pc, i.e. the preconsolidation pressure of the material; (iii) non- 
associative flow rule, i.e. f ∕= g; (iv) volumetric and deviatoric 

hardening, i.e. pc evolves as a function of both volumetric and deviatoric 
plastic strain increments. The following equations are here adopted, 
among several proposals available in the literature.34,35,71 For the sake 
of simplicity, the axis-symmetric formulation in terms of the mean 
effective stress ṕ , and the deviatioric stress q, is here presented, with 
their conjugate strain variables volumetric strain εvol and deviatoric 
strain εdev (see, e.g., 72).

As for the elastic behaviour, isotropic non-linear elasticity is adop
ted: 
[

dεe
vol

dεe
dev

]

=

[
1/K 0
0 1/3G

][
dṕ
dq

]

(5) 

where the bulk modulus K is assumed to depend on the mean effective 
stress, on void ratio and on the logarithmic elastic compressibility κ 
according to K =

(1+e)pʹ
κ , and the shear modulus G is kept constant. The 

yield surface is expressed according to Panteghini and Lagioia:73

f =
q2

M2

[
pʹ( 1 − 2αy

)
+ αypc

]2

4p2
c (1 − αy)αy3 − ṕ (pc − pʹ) (6) 

where αy and M are material parameters influencing the shape of the 
yield surface. In particular, M is the critical state stress ratio. As in the 
Modified Cam Clay model, an isotropic hardening law is used to describe 
the evolution of the yield surface: 

dpc =
1 + e0

λ − κ
pcdεp

vol (7) 

in which e0 is the initial void ratio, and κ and λ are respectively the 
elastic and elasto-plastic compressibility coefficients. The plastic po
tential is expressed with a function similar to the yield function, 
allowing the possibility of using both an associated and a non-associated 
flow rule depending on the parameter βy: 

g = βy
q2

M2

[
ṕ
(
1 − 2αy

)
+ αypc

]2

4p2
c (1 − αy)αy3 − ṕ (pc − pʹ) (8) 

The model was implemented in a constitutive driver, following the 
numerical integration scheme depicted in Cattaneo et al.74

2.2. Elasto-plastic constitutive framework for natural caprock materials

Material structure is known to modify both the stiffness and the 
strength of caprock materials. A body of experimental data (56,75 among 
others) has shown the impact of structure on compression paths, 
including the increase of yield stress and the inelastic compressibility 
upon debonding. When shear paths are of concern, the presence of 
bonding also provides cohesion, peak strength, and relevant softening 
upon debonding. The key element in reproducing the constitutive 
behaviour of natural sedimentary caprocks is thus the concept of 
structure/destructuration and its mathematical representation. In the 
phenomenological framework proposed by Gens and Nova,29 the ma
terial structure (intended here as a combination of fabric and interpar
ticle bonding) is introduced through a scalar measure b evolving upon 
mechanical loading. The preconsolidation pressure in the presence of 
structure pcb and the tensile strength pt can be linked to b, via two 
functions, fc(b) and ft(b), as: 

pcb

pc
= fc(b) (9) 

pt

pc
= ft(b) (10) 

where pc is the preconsolidation pressure for the remoulded material (b 
= 0). Of course, pcb must tend to pc and pt must tend to zero in the 
destructured condition. In general, b is assumed to evolve as a function 

A. Ciancimino et al.                                                                                                                                                                                                                            Geomechanics for Energy and the Environment 42 (2025) 100689 

3 



of another scalar variable, i.e. the damage h.29. The link between these 
two variables is provided by a suitable decreasing function b = b(h). If 
just mechanical loading is considered and keeping the framework of 
elasto-plasticity, the function h should in turn depend on the plastic 
strain increment. Under these assumptions, the addition of structur
e/destructuration to a strain-hardening elasto-plastic constitutive model 
is straightforward, as described in the following.

To account for the effect of the structure on both preconsolidation 
pressure and tensile strength, Eq. 6 can be modified as: 

f =
q2

M2

[
(pʹ + pt)

(
1 − 2αy

)
+ αy(pcb + pt)

]2

4(pcb + pt)
2
(1 − αy)α3

y

− (pʹ+ pt)(pcb − pʹ) (11) 

Similarly, the plastic potential (Eq. 8) can be rewritten as: 

g = βy
q2

M2

[
(pʹ + pt)

(
1 − 2αy

)
+ (pcb + pt)

]2

4(pcb + pt)
2
(1 − αy)α3

y

− (pʹ+ pt)(pcb − pʹ) (12) 

The role of structure on pcb and pt is here simply expressed as in Gens 
and Nova:29

fc(b) =
pcb

pc
= 1 + b (13) 

ft(b) =
pt

pc
= αtb (14) 

as well as the monotonic decrease of b related to damage increase could 
be simply calculated by the following equation: 

b = b0e− (h− h0) (15) 

where b0 and h0 are the initial values of the structure degree and the 
damage variables. The proposal of Gajo et al.35 is finally used to link the 
increment of the damage variable with the plastic strain increment, as: 

dh = hdev
⃒
⃒dεp

dev

⃒
⃒+ hvol

⃒
⃒dεp

vol

⃒
⃒ (16) 

being hdev and hvol two material parameters. Eq. 7 provides the rela
tionship between dpc and plastic strains.

According to the framework discussed, the yield surface evolution is 
controlled by both plastic hardening of the remoulded material (Eq. 7) 
and structure degradation (Eq. 15). Being the two mechanisms related to 
plastic strain increments, the classical methods of computational plas
ticity can be adopted, leading to the definition of a hardening modulus30

that formally consists of two competing factors: 

H = Hs +Hd (17) 

where Hs corresponds to the enlargement/reduction of the elastic 
domain for the remoulded soil, while Hd accounts for the reduction of 
yield surface related to degradation.

Finally, natural sedimentary caprocks are often characterized by 
bedding planes with different properties, which convey an elastic cross- 
anisotropic behaviour to the material at the representative elementary 
volume level. Under undrained conditions, this anisotropic behaviour 
results in inclined effective stress paths upon shearing. This can be 
simply accounted for according to the proposal of Graham and 
Houlsby;76 accordingly, the elastic compliance matrix can be written as: 
[

dεe
vol

dεe
d

]

=

[
− G∗

/(
J2 − K∗G∗

)
J
/(

J2 − K∗G∗
)

J
/(

J2 − K∗G∗
)

− K∗
/(

J2 − K∗G∗
)

][
dṕ
dq

]

(18) 

where K∗ and G∗ are the bulk modulus and the shear modulus modified 
by anisotropy and J express the cross-link between a change of deviator 
strain and a change of mean stress p’. Parameters in Eq. 18 can be linked 
to the vertical Young modulus Ev = E∗, to the Poisson ratio due to ver
tical loading νvh = ν∗ and to the anisotropy parameter Eh/Ev = α2 as: 

K∗ = E∗ 1
3(1 − 2ν∗) (19) 

G∗ = E∗2 − 2ν∗ − 4αν∗ + α2

6(1 + ν∗)(1 − 2ν∗) (20) 

J = E∗ 1 − ν∗ + αν∗ − α2

3(1 + ν∗)(1 − 2ν∗) (21) 

2.3. Simulation of monotonic triaxial tests of caprock materials

The capabilities of the framework were checked with experimental 
data of triaxial tests performed on two intact structured clayey soft 
rocks, namely the Opalinus and the Santerno Clay. The values of the 
model parameters adopted in the simulations for both the materials are 
provided in Table 1.

Experimental data on intact Opalinus Clay, an over-consolidated 
shale formation formed as a marine sediment and consisting of fine 
mud particles, were presented in Giger et al.77 After the consolidation 
stage (consolidation pressures ranging from 16.5 MPa to 51.5 MPa), the 
deviatoric loading was applied in undrained conditions using a constant 
loading rate of 1.2•10–4%/min. Experimental results and model pre
dictions are shown in Fig. 1. The initial leftward inclination of the stress 
path in the q – ṕ  plane suggests a cross-anisotropic response, as reflected 
by the calibrated value of α = 1.1. Such a value is in agreement with 
several experimental studies that report an inherent anisotropy for the 
Opanlinus clay, resulting from its stratification process, which leads to a 
higher elastic modulus in the horizontal direction (i.e. parallel to the 
bedding planes) than in the vertical direction.78–80 The brittle behaviour 
with post-peak softening is well reproduced by the model. The pre
dictions in terms of maximum deviator stress and ultimate strength are 
satisfactory, as well as the peculiar response in the q – ṕ  plane, related to 
the predicted dilatant response and pore pressure build-up. Due to the 
mathematical nature of the elasto-plastic model, the elastic law adopted 
is not able to reproduce the dependency of the elastic shear modulus on 
the confining pressure, as well as the pre-peak bending over the stage 
before the peak in deviator stress.

The model was then adopted to simulate the experimental data ob
tained from intact specimens of a plio-pleistocenic Italian caprock 
known as "Argille del Santerno" (termed as Santerno Clay, data after 81). 
It can be classified as clay (49.6 %) with silt (49.5 %) with a plasticity 
index PI = 18 % (being the liquid limit wL = 43 % and the plastic limit 
wP = 25 %). The material is known to be particularly stiff, also due to the 
high content of carbonate minerals (calcite fraction of 28 % and dolo
mite fraction of 11 %). Intact samples were cored from a deep layer 
above a hydrocarbon reservoir, at a depth of about 1150 m. A detailed 
description of the specimen preparation procedures, together with an 
in-depth analysis of the representativeness of the intact material can be 
found in Ciancimino et al.81

Two triaxial tests were considered, having an anisotropic consoli
dation stage with ratio q/ṕ  = 0.78, followed by undrained shearing with 
an axial strain-rate of 0.01 %/min: (i) sample IN1, consolidated to 
ṕ = 8.1 MPa and q = 6.3 MPa; (ii) sample IN2, consolidated to 
ṕ = 16.2 MPa and q = 12.6 MPa. Due to the geological history of San
terno Clay, it is possible to state that the consolidation stage was 
completely performed inside the elastic domain. Data from the following 
undrained shear stage are shown in Fig. 2. The initial stage of the stress 
path in the q − pʹ plane (Fig. 2b) again reveals evidence of anisotropy, 
suggesting in this case larger stiffness in the vertical direction. Such a 
response can be explained by the fact that rocks82,83 and claystones84

often exhibit significant dilatant behaviour upon deviatoric loading, 
even before reaching peak shear strength. In the triaxial tests considered 
here, Santerno clay specimens were anisotropically consolidated with an 
initial stress obliquity of q/ṕ  = 0.78. Consequently, the dilatant material 
response prevailed from the beginning of the tests, resulting in a 
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rightward slope of the effective stress paths. This feature was captured 
by setting α = 0.83; α was then used as an equivalent parameter to better 
reproduce the elasto-viscoplastic response before failure. For both 
specimens, it was assumed that the stress states corresponding to peak 
strength lie on the same initial yield surface (i.e. the one of the material 
in site). This was achieved through an accurate selection of model pa
rameters and initial state variables characterising the yield surface and 
its initial size (αy, βy, αt , pc and b0). The analysis of the post-peak 
response allowed considering that yielding takes place in the 
dilatant-softening region of the curve. Indeed, after the peak, it can be 
observed that the deviator of stress decreases (Fig. 2a). The pore water 
pressure decreases leading to an increase of the mean effective stress for 
specimen IN1, whereas the opposite trends are observed for specimen 
IN2 (Fig. 2b).

Tests on both Santerno and Opalinus clays revealed significant 
softening, which is often associated with strain localization and shear 

banding. However, the present study does not specifically address these 
phenomena, as the material behaviour is simulated at a single integra
tion point. Consequently, while the model captures the post-peak re
sponses qualitatively, the results at large strains should be interpreted 
with caution.

3. Viscosity effects on the cyclic response of caprocks

3.1. The role of viscosity in cyclic degradation

Cyclic loading is of interest in UGS, where natural gas is stored in 
depleted hydrocarbon reservoirs when energy demand is low and 
recovered when energy demand is high. Similar issues may also arise in 
the context of hydrogen storage projects, where depleted reservoirs are 
used to balance supply and demand cycles over seasonal and annual 
timescales caused by the intermittent nature of renewable energy.3,51

Table 1 
Model parameters and initial values of the internal variables used in the simulations of the undrained triaxial tests on intact Opalinus Clay and Santerno Clay.

κ G α λ M αy βy pc0 b0 h0 αt hdev hvol

(-) (MPa) (-) (-) (-) (-) (-) (MPa) (-) (-) (-) (-) (-)

Opalinus Clay 0.04 900 1.1 0.053 0.78 0.7 0.7 15 6.2 0 0 7 90
Santerno Clay 0.033 300 0.83 0.102 1 0.62 1.1 13.5 1.2 0 0 2.5 90

Fig. 1. Comparison between model predictions and experimental data for the intact Opalinus Clay in undrained triaxial tests: (a) deviatoric stress-strain curves; and 
(b) effective stress paths (data after 77).

Fig. 2. Comparison between model predictions and experimental data for the intact Santerno Clay in undrained triaxial tests: (a) deviatoric stress-strain curves; and 
(b) effective stress paths (experimental data after 81).
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The alternation of injection and production stages may induce a complex 
stress path in the caprock, potentially compromising the integrity of the 
formation.85 Indeed, experimental evidence has shown that structured 
geomaterials can undergo progressive degradation when subjected to 
cyclic loading, with inelastic strain accumulation and eventually brittle 
failure.52,86–88

The time evolution of a typical loading scenario of UGS can be 
approximately schematized in undrained triaxial tests as a sinusoidal 
one-way deviatoric loading applied around a mean deviatoric stress 
qmean with an amplitude A, corresponding to a maximum stress qmax =

qmean + A. In the caprock, qmax is related to the maximum amount of gas 
to be stored, while A is associated with reservoir pressure declines 
needed to balance energy supply and demand cycles. Fig. 3 shows the 
results of three cyclic undrained triaxial tests carried out at the 
geotechnical Laboratory of the Politecnico di Torino on intact specimens 
of Santerno Clay in terms of stress-strain response (data from 89). The 
specimens were anisotropically consolidated up to the in-situ stress 
state, namely: q = 6.3 MPa, ṕ  = 8.1 MPa. A sinusoidal deviatoric 
loading with a time period T = 5 min was subsequently applied up to 
failure, adopting qmax= 12.5 MPa and three different values of A, 
namely: 5.25 MPa, 4.25 MPa, and 3.25 MPa, which corresponds to qmean 
= 7.25 MPa, 8.25 MPa, and 9.25 MPa, respectively. Upon application of 
a certain number of loading cycles Nf , a progressive degradation of the 
material structure is observed, resulting in a sudden, brittle failure in all 
the experimental tests. Additionally, it can be observed that a reduction 
in the value of A correlates with a reduction in the number of cycles to 
failure Nf .

The ability to capture the dependency of the number of cycles to 
failure Nf from the cyclic loading characteristics is probably the most 
important aspect for the assessment of caprock integrity in UGS projects. 
As shown in the previous section, material degradation is usually 
modelled via a damage variable that evolves with the plastic strain 
increment, both volumetric and deviatoric: to reproduce destructuration 
under cyclic loading it is therefore necessary to predict inelastic strains 
even within the yield surface. This is the case for constitutive models 
developed within the framework of bounding surface plasticity. For 
instance, Seidalinov and Taiebat40 presented the SANICLAY-B, an 
improved version of the SANICLAY (Simple ANIsotropic CLAY plasticity, 
after 90) developed to capture the behaviour of natural and remoulded 
anisotropic clays under monotonic and cyclic loading. The model em
ploys a non-associative flow rule, and both the bounding surface and the 
plastic potential can undergo isotropic and rotational hardening. The 
plastic modulus is defined as a function of a shape-hardening parameter 
that evolves with the increase of plastic deviatoric strains, simulating the 
evolution of stress-strain loops and the consequent stiffness degradation 
during cyclic loading. In addition, an isotropic degradation mechanism 
is used to simulate destructuration.33 When cyclic loading is applied 
under stress control, fragile failure may eventually occur, depending on 

the characteristics of the loading.
As an example related to applications to shallow formations, Fig. 4

reports the dependence of the number of cycles to failure Nf on the 
loading amplitude A for two sensitive marine clays, the Ariake and the 
Cloverdale clays, as simulated by the SANICLAY-B model. The cyclic 
responses were predicted according to the constitutive parameters and 
the initial state variables calibrated by Seidalinov and Taiebat40 and 
Palmieri and Taiebat,41 respectively for the Cloverdale and the Ariake 
clays. The simulations refer to specimens isotropically consolidated up 
to ṕ0 = 200kPa and then subjected, under undrained conditions, to si
nusoidal one-way loadings with qmax = 100kPa. The trends in Fig. 4
obtained with the SANICLAY-B are in contrast with the experimental 
results for the intact Santerno Clay. For loading protocols characterized 
by a fixed qmax, the model predicts that the larger A, the larger, the 
smaller the number of cycles to failure Nf . This is due to the increase 
with A of the plastic modulus degradation and of mechanical destruc
turation. In turn, the experimental relationship between A and Nf is 
reversed for the intact Santerno Clay (Fig. 3).

Such opposite trend could be explained by accounting for the time- 
dependent behaviour of structured clays and clayrocks.52,54,55,66,67

Under monotonic strain-controlled conditions, the peak shear strength 
qpeak depends on the strain-rate, while the critical state appears to be 
independent of rate effects.54,55,81 Therefore, the response to cyclic 
loadings is also expected to depend on the rate of application of loading 
or, equivalently, the period, as observed mainly in experimental studies 
on structured clays52,91 (see also the next section, where the comparison 
between two tests characterised by the same loading protocol, but with 
different periods, is presented). It is also well-known that the creep 
strain, or its dual strain-rate dependence, increases with the applied 
stress. Especially at very large periods, such as those used in the tests 
shown in Fig. 3, the response of a structured clay under a one-way cyclic 
loading is thus expected to be the result of two different mechanisms 
operating simultaneously. On the one hand, the continuous load reversal 
induces a progressive cyclic degradation of the mechanical response, 
which is faster the larger the loading amplitude A.86–88 On the other 
hand, the application of some loading cycles lasts for a certain time 
during which a deviatoric stress, with a mean value equal to qmean, is 
applied to the material. Thus, the persistence of the loading implies the 
development of viscous strains, which typically are larger the larger is 
qmean. The two mechanisms work together to accumulate inelastic 
strains, leading to progressive destructuration and ultimately fragile 
failure.89 For tests performed with the same qmax, the loading amplitude 
has an opposite influence on the two mechanisms, since larger A implies 
both larger cyclic degradation and smaller viscous strains because of the 
reduction in qmean. The experimental results in Fig. 3 for the intact 
Santerno Clay suggest that, for the caprock material and loading his
tories here considered, the viscous mechanism is somehow prevailing. 

Fig. 3. Experimental results of undrained cyclic triaxial tests carried out on 
intact Santerno Clay imposing a sinusoidal deviatoric loading with T = 5 min, 
qmax= 12.5 MPa and different amplitudes A (data from 89).

Fig. 4. Dependency of Nf from A for two structured clayey materials iso
tropically consolidated up to ṕ0 = 200kPa and then subjected to sinusoidal 
loadings with qmax = 100kPa. Calibration parameters from Seidalinov and 
Taiebat40 and Palmieri and Taiebat,41 respectively for the Cloverdale and the 
Ariake clays.
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This cannot be reproduced with inviscid bounding surface plasticity.
To account for both degradation mechanisms, a viscoplastic exten

sion of the Gens and Nova29 framework is proposed in the following. 
Viscoplastic strains are modelled in light of the extended overstress 
theory,63,92 which can capture creep and strain rate effects occurring 
also within the yield surface. It should be noted that this choice is crucial 
for modelling the counterintuitive trends presented in Fig. 3. Indeed, for 
cyclic loads characterised by the same qmax, an increase in the applied 
qmean will imply an increase in the inelastic strain accumulation and, in 
turn, a larger cyclic destructuration.

The proposed constitutive framework is intended to be a relatively 
simple, albeit effective, frame to simulate the main trends observed in 
the fatigue life of caprocks subjected to cyclic loadings, as it neglects 
aspects of the cyclic response of soils (e.g. the smooth transition from the 
practically linear to the highly nonlinear regime) that are crucial for 
other applications, such as seismic or offshore engineering.

3.2. Elasto-viscoplastic constitutive framework

With the introduction of viscosity into the elasto-plastic framework, 
the strain-rate tensor ε̇ can be decomposed as: 

ε̇ij = ε̇e
ij + ε̇vp

ij (22) 

where ε̇vp
ij is the viscoplastic component. Note that the dot notation is 

used to denote the derivative with respect to time, i.e. the rate of a 
certain variable, where time plays a physical role.

The elastic behaviour is assumed to be consistent with the elasto- 
plastic model introduced in Section 2.2. The viscoplastic response is 
instead obtained as in Vermeer and Neher,93 according to the extended 
overstress theory (see also 69,70), where the static yield surface typical of 
the overstress theory63,92 is replaced by a reference surface fr.

The model formulation is based on the observation that when a 
normally consolidated soil is loaded under isotropic conditions, after 
pore pressure dissipation, the viscoplastic volumetric strain εvp

vol in
creases linearly with the logarithm of time. Consequently, the viscous 
parameter μ∗ can be defined as: 

μ∗ =
εvp

vol − ε vp
vol

ln
(

t
τ

) (23) 

being εvp
v the viscoplastic volumetric strain developing at a reference 

time τ = 24 hours.
According to the extended overstress theory, a reference surface fr is 

associated with a material which has been loaded for a time τ. The dy
namic loading surface fd instead describes the current stress-state. The 
two surfaces are here assumed to have the same formulation of the yield 
surface adopted for the elasto-plastic framework (Eq. 11). In Eq. 11 pcb is 
now replaced by pr

cb and pd
cb, while pt is replaced by pr

t and pd
t , respec

tively for fr and fd. The role of material structure is again modelled as in 
Eq. 13 and Eq. 14.

As far as the yield surface in the elasto-plastic framework, fr and fd 
evolve with the accumulation of inelastic strains due to both plastic 
hardening of remoulded material and degradation. The viscoplastic 
model follows the same hardening and damage laws presented in Eq. 7
and Eq. 15, where viscoplastic strain increments are used in lieu of 
plastic increments.

In compliance with the Vermeer and Neher93 model, the full visco
plastic strain-rate tensor ε̇vp can be computed according to the following 
flow rule: 

ε̇vp
=

1
αVN

μ∗

τ

(
pd

cb + pd
t

pr
cb + pr

t

)λ∗ − κ∗
μ∗ ∂g

∂σ’
(24) 

where: λ∗ = λ
1+e0

; κ∗ = κ
1+e0

; σ́  is the effective stress tensor; g is the plastic 

potential as defined in Eq. 12; and αVN = abs
(

∂g
∂ṕ

)

is a normalization 

factor that ensures that the viscoplastic volumetric strain-rate under 
isotropic conditions is equal to: 

ε̇vp
vol =

μ∗

τ

(
pd

cb + pd
t

pr
cb + pr

t

)λ∗ − κ∗
μ∗

(25) 

3.3. Model Calibration

The capabilities of the elasto-viscoplastic model are validated in the 
next section against experimental data obtained from cyclic triaxial tests 
performed on intact specimens of caprock from the Santerno Clay for
mation. The model requires the definition of just one additional 
parameter, the modified creep index μ∗, with respect to the elasto-plastic 
model described in Section 2.2. As highlighted by Vermeer and Neher,93

μ∗ is defined as the slope of the volumetric strain plotted against the 
logarithm of time, developing after a stepwise increase of axial load in a 
standard oedometer test in normally consolidated conditions. It should 
be noted that μ∗ is defined here from a phenomenological point of view 
and it is beyond the scope of this paper to discuss the causes of the 
viscosity of geomaterials. However, it is worth mentioning that creep 
has often been explained in terms of chemical processes triggered by 
local mechanical damage,94,95 which can break the chemo-mechanical 
bonds of the skeleton,62 further suggesting that viscous strains 
contribute to the damage of the material. By following the same con
ceptual approach employed by Gens and Nova,29 this parameter is 
assumed to be independent of the material structure. Therefore, its value 
was calibrated by referring to the results of oedometer tests carried out 
on remoulded material.

Fig. 5 presents the comparison between experimental data and model 
prediction for the oedometric response of remoulded Santerno Clay 
specimens. The numerical simulations were obtained by defining the 
viscosity parameter μ∗ = 0.0034 as stated above, and keeping the other 
model parameters as in Table 1. During the remoulding procedure, the 
slurry underwent preliminary consolidation under one-dimensional 
conditions up to an effective vertical stress σv́  equal to about 9.3 MPa. 
This value was therefore used to compute the corresponding pd

c = 9 MPa, 
being b = 0.

Fig. 5a shows the good prediction of the constitutive model in terms 
of the compression curve up to large effective vertical stresses. The time 
evolution of the axial strain is presented in Fig. 5b for some selected 
stepwise increases in loading. In the numerical simulations, the primary 
consolidation was roughly approximated by referring to Terzaghi’s one- 
dimensional consolidation theory.96 Most of the steps were carried out 
for a standard time of about 24 hours, except for the one corresponding 
to an increase from 14 MPa to 28 MPa where the load was kept constant 
for 6 days to clearly observe the evolution of the creep strains and the 
following hardening. With the adopted value of μ∗, the model can cap
ture the observed viscous response for a wide range of σv́  values, cor
responding to both normal and overconsolidated states of the material.

Once μ∗ was calibrated, it was necessary to slightly adjust the pa
rameters previously identified for modelling the response of the intact 
material. It should be noted that in an elasto-viscoplastic model 
formulated based on extended overstress theory, the initial value of the 
hardening parameter pr

cb,0 does not only depend on the maximum 
consolidation stress applied to the material in the history, but also on the 
reference time τ.9,93 To obtain the same predictions as in the 
elasto-plastic model for undrained monotonic triaxial tests conducted at 
an axial strain-rate of 0.01 %/min (Fig. 2), it was therefore necessary to 
adopt a different value for pr

cb,0 with respect to the value of pcb,0. This was 
taken in account by reducing bo and, consequently, slightly adjusting the 
values adopted for hdev and hvol. The other model parameters were 
instead kept equal to the elasto-plastic model. The constitutive param
eters and the initial internal variables calibrated to simulate the 

A. Ciancimino et al.                                                                                                                                                                                                                            Geomechanics for Energy and the Environment 42 (2025) 100689 

7 



response of the intact material are presented in Table 2.
The extension to viscoplasticity allowed the strain-rate dependence 

of peak strength to be captured without ad hoc ‘tuning’ of the model 
parameters. Fig. 6 compares numerical simulations and experimental 
results of the peak deviatoric stresses qpeak as a function of the imposed 
axial strain-rate ε̇ax. The data refer to intact caprock specimens aniso
tropically consolidated up to ṕ  = 8.1 MPa and q = 6.3 MPa and then 
sheared under undrained conditions (experimental results from 81). The 
model predictions are in excellent agreement with the experimental 
results in the range of ε̇ax between 0.01 %/min and 0.5 %/min, while 
the peak strength at a lower strain-rate is slightly underpredicted. 
Nevertheless, the comparison was considered to be satisfactory for the 
simulation of the cyclic tests discussed in the following section.

3.4. Numerical simulations of the fatigue behaviour

The model is validated against experimental results of undrained 
cyclic triaxial tests performed by Ciancimino et al.81 and Ciancimino 
et al.89 The caprock was firstly consolidated up to ṕ  = 8.1 MPa and q 
= 6.3 MPa. The deviator was then monotonically increased under un
drained conditions up to qmean before applying a sinusoidal one-way 
loading up to failure. Most of the tests here considered were carried 
out adopting a period of 5 min, except for one test which was carried out 
with T = 250 min. However, cyclic loadings applied under stress control 
will lead to variable strain rates. As a reference value, an average strain 
rate ε̇ax,c for each test can be computed as: 

ε̇ax,c =
4εax,c

T
(26) 

being εax,c the average axial strain applied during a quarter of the cyclic 

loading. The resulting value of ε̇ax,c is different from test to test due to the 
nonlinearity in the stress-strain response of the material, even if the 
loading is characterised by the same period. A summary of the experi
mental tests used as a benchmark is presented in Table 3, which reports 
the information on the imposed deviatoric loading history and the 
number of cycles to failure Nf .

Fig. 7 shows the comparison between numerical simulation and 
experimental data for test C-TX 06. The model predicts reasonably well 
the accumulation of inelastic strain shown by the experimental test 
(Fig. 7a). Such accumulation leads to progressive damage, which re
duces the initial degree b0 and the hardening variable pr

cb and, in turn, 
increases the viscoplastic strain-rate cycle by cycle. Similar to what it 
was observed in the experimental tests, cyclic failure eventually occurs 

Fig. 5. Comparison between model predictions and experimental data of the oedometric response of remoulded Santerno Clay: (a) compression curve; (b) evolution 
of axial strain with time.

Table 2 
Model parameters and initial values of the internal variables used in the simulations of the undrained triaxial tests on intact Santerno Clay with the elasto-viscoplastic 
model.

κ G α λ μ∗ M αy βy pr
c0 b0 h0 αt hdev hvol

(-) (MPa) (-) (-) (-) (-) (-) (-) (MPa) (-) (-) (-) (-) (-)

0.033 300 0.83 0.102 0.0034 1 0.62 1.1 13.5 0.47 0 0 20 250

Fig. 6. Comparison between model predictions and experimental data of the 
peak strength of intact Santerno Clay from undrained triaxial tests at different 
strain-rates (experimental data after 81).
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after a certain number of loading cycles Nf . It is interesting to note that, 
for a model formulated within the framework of the extended overstress 
theory, the concept of cyclic failure under stress control is associated 
with the development of very large strain-rates, rather than with the 
attainment of certain failure stress. Unlike classical elasto-plasticity, in 
elasto-viscoplasticity it is theoretically always possible to reach a certain 
deviator (e.g. the qmax value of the cyclic loading histories), but possibly 
at the price of developing extremely large viscoplastic strain-rates. The 
simulated stress paths are in good agreement with the experimental data 
(Fig. 7b), especially concerning the slope of the cycles which is mainly 
defined by the assumed cross-anisotropic elasticity. As also shown by the 
simulations of the monotonic response of the intact caprock (Fig. 2), the 
progressive destructuration is accompanied by the development of 
slightly too large negative excess pore pressures with respect to the 
experimental data. The simulated cyclic stress path therefore tends to 
move to the right as the cyclic failure is approached. An aspect of the 
observed response that is not well captured by the model is the non- 
linear behaviour shown in the stress-strain cycles even at very low 
strains (Fig. 7a), as anticipated by the dependence of the entity of the 
viscoplastic strain-rate on the ratio (pd

cb + pd
t )/(pr

cb + pr
t ) (see Eq. 24). It is 

therefore not possible to model a sufficiently smoothed transition from 
the practically linear (at very small strains) to the highly nonlinear 
regime.

The comparison between model predicted and experimental number 
of cycles to failure is shown in Fig. 8. The performance of the model is 
assessed based on three scenarios corresponding to different deviatoric 
loading histories: (i) same A = 5.25 MPa and qmax = 13 MPa, varying T; 
(ii) same T = 5 min and A = 5.25÷5.95 MPa, varying qmax; and (iii) 
same T = 5 min and qmax = 12.5 MPa, varying A.

The same sinusoidal deviatoric load applied with different periods 
leads to significantly different strain-rates. In virtue of the role played by 
viscosity, progressive destructuration will occur at a smaller number of 

cycles as T increases. The proposed model seems able to reproduce the 
influence of T on Nf , as shown in Fig. 8a. The larger the qmax, the larger 
the accumulation of inelastic strains and hence the destructuration. The 
Nf therefore tends to decrease as qmax increases, as shown by the 
experimental results in Fig. 8b, which were carried out adopting about 
the same T and similar A values. Note that for tests conducted using the 
same A, an increase of qmax also implies an increase of qmean. As a result, 
cyclic destructuration increases significantly, as the viscous strain 
development is typically greater as qmean increases and the stress paths 
approach the yield surface. This can be clearly seen by comparing the 
results of tests carried out using the same A, e.g. tests C-TX 05 and 07. 
The trend is satisfactorily reproduced by the model, for which an in
crease in qmax implies larger (pd

cb + pd
t )/(pr

cb + pr
t ) values and, in turn, 

larger viscoplastic strain-rates (see Eq. 24).
Finally, Fig. 8c compares experimental and numerical results in 

terms of Nf as a function of A. The introduction of viscosity allows the 
counterintuitive trends in Fig. 3 to be partially reproduced. The model 
predicts indeed an increase in Nf with increasing A, although the in
fluence of A is more pronounced in the experimental tests.

The numerical simulations shown in Fig. 7 and Fig. 8 are in good 
agreement with the experimental data. Of course, model predictions 
could be further improved by introducing more sophisticated ap
proaches to modelling material behaviour within the reference surface, 
such as models formulated within the bounding surface framework but 
with the introduction of viscosity.97,98 However, this would significantly 
increase the complexity of the model possibly reducing its applicability 
to large-scale problems (such as UGS applications), for which capturing 
the general trends of Nf is probably the most relevant aspect.

4. Introduction of chemical degradation for the interaction 
between caprock materials and CO2

4.1. The role of chemical degradation in carbon capture and storage 
activities

Geological storage of CO2 is one of the measures proposed to contain 
climate change. CO2 is collected from the sites where it is produced and 
then injected in reservoirs, in liquid or dry supercritical state (pressure 
above 7.4 MPa and temperature above 31 ◦C). The difference between 
the pressure of injected CO2 in the reservoir and the pore pressure of the 
caprock must be kept below its threshold capillary pressure. This ensures 
that immiscible CO2 is contained in the reservoir. Nevertheless, trans
port and geochemical processes are expected to occur because of the 
solubility of CO2, as part of it dissolves in the brine and the solute is 
transported through the caprock. Dissolution of CO2 causes brine 

Table 3 
Summary of the anisotropically consolidated undrained cyclic triaxial tests on 
intact Santerno Clay (experimental data from Ciancimino et al.81 and Cianci
mino et al.,89 the IDs refer to the original ones reported in the papers).

ID qmax: 
MPa

A: 
MPa

qmean: 
MPa

T: 
min

Nf ε̇ax,c: %/min

C-TX 01 13 3.25 9.75 5 18 0.18
C-TX 04 13 5.25 7.75 250 7 0.004
C-TX 05 13 5.25 7.75 5 60 0.19
C-TX 06 13.5 5.95 7.55 5 13 0.33
C-TX 07 12.5 5.25 7.25 5 1146 0.27
C-TX 08 12.5 3.25 9.25 5 77 0.10
C-TX 09 12.5 4.25 8.25 5 173 0.16

Fig. 7. Comparison between model predictions and experimental data for intact Santerno Clay in the undrained cyclic triaxial test C-TX 06: (a) deviatoric stress- 
strain curves; and (b) effective stress paths (data from 89).
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acidification (increase of H+, i.e. decrease of pH), which occurs ac
cording to the following reaction pathway: 

a. CO2 + H2O⇌H2CO∗
3 (27) 

b. H2CO∗
3⇌H+ + HCO−

3 

c. HCO−
3 ⇌H+ + CO2−

3 

Brine acidity may trigger geochemical reactions that induce the 
dissolution of certain minerals constituting the caprock, with antici
pated effects not only on the caprock permeability and porosity but also 
on its mechanical behaviour (see, e.g., the extensive reviews 19,99). The 
attention is here focused on the description of a constitutive framework 
to reproduce such effects, bearing in mind that both experimental 
data100 and numerical geochemical simulations101 on caprock materials 
have highlighted that the most immediate attack of the acidified brine is 
mostly on the carbonate minerals, due to their fast reaction kinetics. In 
the long term, vice versa, the acidified brine can also react with the 
alumino-silicate minerals (i.e. feldspars and clays) present in the 
caprock. However, such reactions may occur over periods of tens, 
hundreds or thousands of years due to the slow reaction kinetics of these 
minerals.

Within this context, one of the advantages of the elasto-plastic strain- 
hardening model described in Section 2 is that it can be easily extended 
to include material degradation induced by chemical reactions, as sug
gested, for instance, by Nova et al.,30 Gajo et al.,35 and Ciantia and di 
Prisco.58 To account for the chemical degradation induced by pore water 

acidification, the internal variables can be modified by including the 
effect on material degradation caused by rock-water-CO2 interaction, 
both in terms of strength and stiffness. The effects of chemical degra
dation can then be simulated through the introduction of a new variable, 
i.e. the specific material dissolved mass mb, defined as the ratio between 
the dissolved material mass and the total solid components mass. This 
variable provides the coupling between the mechanical behaviour of the 
material and the geochemical reactions acting in the pore fluid induced 
by its acidification.

In this section, the suitability of the mechanical framework depicted 
in Section 2 for structured soils and soft rocks to account for CO2- 
induced caprock degradation is investigated. In particular, the chemical 
input to the mechanical model is provided by the dissolved mineral mass 
obtained by a numerical reactive transport model, implemented in the 
FEM code Comsol Multiphysics. To keep the geochemical scenario as 
simple as possible, and in consideration of the time frame typically 
employed in mechanical laboratory testing in engineering practice 
(certainly smaller than that required to measure any appreciable 
dissolution of alumino-silicate minerals), material degradation is eval
uated only concerning the carbonate solid components, in particular 
calcite.

4.2. Extension of the elasto-plastic constitutive framework to account for 
chemical degradation

The role of the chemical degradation is introduced in the elasto- 
plastic framework via the damage variable h, whose evolution is set to 
depend not only on the plastic strain increment (as in Eq. 16), but also on 
the chemical dissolution of the solid mass, as: 

dh = hdev
⃒
⃒dεp

dev

⃒
⃒+ hvol

⃒
⃒dεp

vol

⃒
⃒+ hchemdmb (28) 

where the parameter hchem controls the dependency of the damage var
iable h on the dissolved mass evolution dmb, which in turn is an output of 
geochemical analyses. The model relies on the assumption that the 
variable b can also be used to reproduce the mechanical effects induced 
by chemical degradation (as induced by mineral dissolution) so that Eq. 
15 can still be used.

According to Gajo et al.,35 the dependency of the elastic properties 
on the mechanical and chemical degradation can be introduced by 
specifying an appropriate elastic free energy density function, within the 
context of hyperelasticity and elasto-plastic coupling, leading to equiv
alent elastic moduli. In their original model, this stems from the 
assumption that the macroscopic elastic free energy can be written as 
the linear interpolation between the free energy of a cementation-free 
configuration and the one of the completely cemented configuration. 
For consistency with the adopted framework, the equivalent elastic 
modulus of the structured material E is set to depend on both the elastic 
modulus of the natural material Eb (assumed to correspond to the 
modulus of the completely structured soil) and of the one of the 
degraded material, Eg: 

E = Eg
(
1 − aαd

b

)
+ Ebaαd

b (29) 

where αd is a material parameter. In the original framework, ab is 
conceived as a normalized structure degree: 

ab =
b
b0

(30) 

Equivalent bulk K and shear G moduli can be defined as: 

K = Kg
(
1 − aαd

b

)
+Kbaαd

b (31) 

G = Gg
(
1 − aαd

b

)
+Gbaαd

b (32) 

As assumed by Gajo et al.,34 the elastic volumetric strain increment is 
then expressed as a sum of two contributions, the one induced by 

Fig. 8. Comparison between model predictions and experimental data for 
intact Santerno Clay in undrained cyclic triaxial tests in terms of number of 
cycles to failure as a function of: (a) loading period, tests C-TX 4 and 5; (b) 
maximum deviator, tests C-TX 5, 6, and 7; (c) amplitude, tests C-TX 7, 8, and 9.
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mechanical loading, dεe,mec
vol , and the one induced by the chemical 

dissolution, dεe,chem
vol , as: 

dεe
vol = dεe,mec

vol +dεe,chem
vol (33) 

The elastic volumetric strain induced by chemical dissolution can be 
simply evaluated as: 

dεe,chem
vol = κchemdmb (34) 

where κchem is a non-dimensional parameter. As for the elastic deviatoric 
strain induced by chemical dissolution, its contribution is considered 
negligible: 

dεe,chem
dev = 0 (35) 

The remaining part of the model can be kept as described in Section 
2. It is worth noting that, as long as b changes according to chemical 
degradation, the size of the yield surface is expected to decrease with 
pore fluid acidification, with consequences on the predicted strength.

4.3. Bridging the gap between mechanical and geochemical models: 
estimate of the dissolved solid mass mb

The constitutive framework is here applied to reproduce the me
chanical effects induced on caprocks by carbonate dissolution. To bridge 
the gap between geochemical analyses and mechanical constitutive 
modelling, the calcite mass fraction variation is evaluated according to a 
FEM geochemical model, in order to provide a sound physical basis for 
the chemical variable introduced in the mechanical model. The model 
includes the water mass balance equation for the saturated porous me
dium and the mass balance equation for all the primary species dissolved 
in water, according to the theoretical approach presented in Steefel and 
Lasaga.102 The proposed modelling approach accounts for both the 
aqueous (homogeneous) reactions of CO2 dissolved in water (assumed to 
be in equilibrium) and the dissolution kinetics of calcite in the acidic 
environment induced by CO2 injection.

Finally, calcite dissolution is linked to porosity changes via the 
reactive surface area of the mineral and the reaction rate. Chemo- 
hydraulic coupling is addressed by considering porosity changes in the 
storage term of the balance equations and by introducing a suitable link 
between hydraulic conductivity and current porosity. The model re
quires the solution of an initial chemical speciation problem, which was 
carried out using the PHREEQ-C software, and then the integration of a 
set of partial differential equations (the mass balance equations of water 
and of the main primary species dissolved in water) and non-linear 
algebraic equations (to obtain the concentration of all the chemical 
species involved). In this study, this was done using the finite element 
software Comsol Multiphysics, following the approach presented by 
López-Vizcaíno et al.103 Calcite dissolution is described via the following 
reaction pathway:104

a. CaCO3 + H+⇌Ca2+ + HCO−
3 (36) 

b. CaCO3 + H2CO∗
3⇌Ca2+ + 2HCO−

3 

c. CaCO3⇌Ca2+ + CO2−
3 

while the rate of calcite dissolution can be estimated via the transition 
state theory,105,106 as: 

rCaCO3 =
(

kacidaH+ + kneutral + kcarbaH2CO∗
3

)(

1 −
aCa2+aCO2−

3

Keq,calc

)

(37) 

where kacid, kneutral, kcarb 
(

mol
m2s

)

are empirical specific dissolution rates 

which depend on temperature, and Keq,calc is the equilibrium constant of 
calcite dissolution in water (Keq,calc = 10− 8.49). The rate of change in 

volume fraction of calcite is therefore evaluated as: 

ϕ̇CaCO3
= − rCaCO3 ⋅SCaCO3 ⋅Vm,CaCO3 ⋅ϕCaCO3

(38) 

where SCaCO3 is the specific surface of calcite, Vm,CaCO3 is the molar vol
ume of calcite, and ϕCaCO3 

is the calcite volumetric fraction. From Eq. 38, 
the change in porosity ϕ due to geochemical reactions can be obtained 
(in the hypothesis of negligible volumetric strain induced by the 
chemical reactions) as: 

ϕ = 1 − ϕnon− reac − ϕCaCO3
(39) 

where ϕnon− reac is the volume fraction of the non-reactive grains. It is 
worth mentioning that Eq. 40 describes the total rate of reacting calcite 
dissolution, including both the positive (i.e. dissolving calcite) and the 
negative (reprecipitating calcite): 

rCaCO3 = rdiss
CaCO3

+ rprec
CaCO3

(40) 

with: 

rdiss
CaCO3

= kacidaH+ + kneutral + kcarbaH2CO∗
3

(41) 

rprec
CaCO3

= −
aCa2+aCO2−

3

Keq,calc

(
kacidaH+ + kneutral + kcarbaH2CO∗

3

)
(42) 

In the following, it is assumed that the mechanical effect is relevant 
just in terms of the dissolution of calcite in its original form and that, in 
the short term, reprecipitated calcite has a negligible mechanical effect. 
Thus, the dissolved original calcite mass ϕCaCO3 ,b can be estimated by 
integrating in time the expression: 

ϕ̇CaCO3
= − rdiss

CaCO3
⋅SCaCO3 ⋅Vm,CaCO3 ⋅ϕCaCO3

(43) 

The geochemical variable required by the mechanical model is then: 

ṁb = ρs,calcϕ̇CaCO3
(44) 

4.4. Numerical simulation of experimental tests

The FEM model was used to reproduce the experimental data re
ported by Lyu et al.107 on Longmaxi Shale specimens subjected to CO2 
exposure for different time intervals before uniaxial compression tests. 
Samples were extracted from a slightly weathered outcrop of Longmaxi 
Shale in Sichuan Basin (China), which, thanks to its good mechanical 
properties and low permeability, has been selected as a suitable caprock 
for CO2 geological sequestration. Cylindrical specimens with initial 
calcite mass fraction mb0 = 4.4 % and porosity ϕ0 = 0.272 were pre
pared with a diameter of 30 mm and height of 60 mm. The specimens 
were soaked in a high-pressure chamber for 10, 20 or 30 days, being 
immersed in NaCl brine (NaCl mass concentration equal to 20 %) in 
contact with either liquid (pressure 7 MPa) or supercritical (pressure 
9 MPa) CO2. Subsequently, the specimens were taken out and left in the 
laboratory environment for 24 hours to ensure pore pressure dissipa
tion. Finally, uniaxial compression tests were carried out imposing a 
strain-rate of 0.17 %/min.

The shale is composed of approximately 55 % (by mass) quartz and 
15 % feldspar, with a total clay content of less than 6 % and a calcite 
fraction of 4.4 %. According to the Authors’ interpretation (also pre
sented in other papers 108), the observed change in the mechanical 
properties of the shale (both strength and stiffness) is related to the 
physical and chemical reactions that occur during imbibition. In gen
eral, the increasing acidity of the pore fluid could lead to the dissolution 
and precipitation of several minerals (including K-feldspar, carbonates, 
some clay minerals and iron-bearing minerals), which in turn create 
pores and enlarge cracks, reducing the strength and stiffness of the shale. 
Here, the change in mechanical properties was related to calcite disso
lution due to the much higher dissolution rate of carbonates compared 
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to the other minerals in the Longmaxi Shale (see, e.g., 109), and also to 
the imbibition time used in the experiments. From an experimental point 
of view, the stress-strain curves highlighted a reduction in compressive 
strength and shear stiffness that was inversely proportional to exposure 
time.

According to model predictions, geochemical reactions between the 
CO2-saturated brine and solid minerals induced a progressive dissolu
tion of calcite. The material dissolved mass Δmb(t) = mb0 − mb(t) was 
quantified through a geochemical analysis performed with the finite 
element code described in Section 4.3 (see 103,110–112 for the finite 
element formulation). The reactive transport model was set up to mimic 
the experimental conditions, simulating the ageing of the samples 
saturated with brine in equilibrium with CO2 in the high-pressure 
chamber. Two simulations were run to reproduce the liquid and su
percritical CO2 exposure. Model boundary conditions were imposed in 
terms of H+ ion concentrations, which were evaluated based on Eq. 27. 
The related dissolved CO2 concentrations were determined according to 
Henry’s law, which states the proportionality between the solute con
centration and the pressure of the fluid. The CO2 pressure was 7 MPa for 
the liquid CO2 and 9 MPa for the supercritical CO2, leading respectively 
to H+ concentrations equal to 1.0503 mol/m3 and 1.194 mol/m3. The 
transport of the dissolved species through the specimens was modelled 
by diffusion, having assumed a diffusion coefficient of 1.02⋅10− 8 

m2/s.113

The predicted evolution with time of the average (for the specimen) 
value of mb is shown in Fig. 9 for the two numerical simulations. 
Remarkably, the numerical simulations also show (in agreement with 
the experimental evidence) that, since gaseous and supercritical CO2 
have similar solubilities in water, the samples subjected to soaking with 
gaseous and supercritical CO2 have similar dissolution. The similar 
mechanical effects are a consequence of the same geochemical response.

The mechanical response of the Longmaxi Shale upon uniaxial 
compression loading was predicted with the constitutive model 
described in Section 4.2 adopting the parameters reported in Table 4. 
Chemical degradation was reproduced by letting the variable b evolve 
with mb (obtained from the geochemical analyses) according with Eq. 15
and Eq. 28. Table 5 presents the mb values at times of interest for the 
shearing phase. The results of the mechanical simulations are presented 
in Fig. 10.

It can be appreciated that, upon 30 days of exposure, the strength of 
the Longmaxi Shale reduces drastically to about half of its initial value. A 

very good reproduction of the experimental results was obtained by 
relating the variable b to the calcite mass fraction: the framework can 
indeed adequately simulate the reduction of the peak strength due to the 
shrinkage of the yield surface. By introducing the elasto-plastic 
coupling, it also models the reduction in the shear modulus caused by 
the dissolution of CO2 in the pore fluid. Remarkably, just one single set 
of parameters was used for the whole set of simulations.

5. Conclusions

Emerging applications in the geo-energy sector include CO2 storage 
and UGS projects in deep aquifers and depleted reservoirs. The main 
signatures of such applications are the cyclic nature of the mechanical 
loads due to the seasonality of energy storage and production, and the 
chemical reactions that occur due to the geochemical interaction be
tween the minerals forming the caprock and the stored fluids. All these 
processes induce complex chemo-hydro-mechanical paths, which are 
relatively slow in time and can lead to progressive degradation of the 
caprock behaviour.

Experimental evidence has shown the extreme fragility of carbonatic 
clays and shales, which can be effectively modelled with the elasto- 
plastic framework of Gens and Nova29 by accounting for the role of 
material structure degradation. However, the applications described 
above require the framework to be extended to properly capture the 
time dependence of the mechanical response and/or its coupling with 
geochemical processes. In this study, the time dependence was 
accounted for by the explicit introduction of viscosity into the 
elasto-plastic framework through the extended overstress theory. Such 
an extension allowed, firstly, to correctly reproduce the strong depen
dence of the peak shear strength of an Italian stiff carbonatic clay on the 
strain rate, an aspect of great importance given the long timescales 
associated with reservoir applications. Time dependence and destruc
turation were also shown to control the cyclic response of the caprock 
material. Indeed, the application of stress-controlled cyclic loading can 
result in progressive destructuration and, after a certain number of 
loading cycles, fragile failure. The number of cycles to failure is strongly 
influenced by the amplitude and the period of the applied loading his
tory. Both trends are satisfactorily captured by the extended model. In 
particular, the ability to model creep and strain-rate effects that also 
occur within the yield surface is a strict requirement to reproduce the 
increase in fatigue life with increasing cyclic amplitudes that has been 
experimentally observed for cyclic histories characterized by the same 
maximum deviator. Such a trend is in fact attributed to viscoplastic 
strains that develop at relatively low stresses (even within the 
elasto-plastic yield surface), associated with the persistence of the cyclic 
loading for a certain time. This aspect is particularly relevant for UGS 
studies, as injection/production operations in depleted reservoirs are 
characterised by very long periods (typically seasonal timescales), 
which are often incompatible with feasible test times in the laboratory. 
For such large periods, the viscous mechanism is likely to be even more 

Fig. 9. Numerical predictions of the evolution in time of the calcite mass 
fraction mb for specimens exposed to liquid and supercritical CO2 (experiments 
from 107).

Table 4 
Model parameters and initial values of the internal variables used in the simulations of the mechanical tests performed by Lyu et al.107 on Longmaxi Shale.

κb = κd Gb Gd αd α λ M αy βy pc0 b0 h0 αt hdev hvol hchem

(-) (MPa) (MPa) (-) (-) (-) (-) (-) (-) (MPa) (-) (-) (-) (-) (-) (-)

0.003 3500 1 1.4 1 0.05 0.9 0.55 1 40 6.2 0 0.1 55 55 5695

Table 5 
Calcite mass fraction mb and corresponding b values at times of mechanical tests.

Exposure time mb (-) b (-)

0 0.044000 6.20
10 days 0.043934 4.39
20 days 0.043881 3.31
30 days 0.043837 2.69
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relevant than observed in the experimental tests. Experimental tests are 
necessarily performed at small loading periods; however, the results 
shall be interpreted using constitutive models capable of capturing 
strain-rate effects to scale them to the larger periods expected in the 
field. The model appears to be effective in capturing the experimental 
results of tests performed at different strain rates, although further 
validation is required at seasonal frequencies.

Effective use of the elasto-plastic framework in the context of CO2 
storage requires its coupling with geochemical processes. Strength and 
stiffness progressively decrease as dissolved CO2 diffuses into the 
caprock formation and dissolution takes place. In the timescale of lab
oratory experiments, the dominant geochemical process has been shown 
to be the dissolution of carbonatic minerals. The reproduction of the 
impact of chemical changes on the mechanical behaviour was achieved 
by extending the model to include a chemical degradation mechanism 
that adopts the calcite mass fraction as an internal variable controlling 
the degree of damage. This leads to the definition of a flexible chemo- 
mechanical model that is not based on hidden chemical assumptions 
(i.e. open system, where the dissolved mass is completely removed), but 
capable of dealing with the input directly provided by geochemical in
teractions. The calcite mass fraction was obtained through a reactive 
transport model capable of reproducing a consistent chemical scenario 
which tracks the transport of dissolved CO2, water acidification, and 
mineral dissolution. The enhanced model was shown to be effective in 
reproducing the impact of CO2 exposure on the strength and stiffness of 
a Chinese Shale for different time intervals.

While the framework is kept simple to limit the number of parame
ters and to make it accessible for industrial applications for large-scale 
reservoir studies, it proved to be accurate and versatile enough for the 
new challenges of energy geomechanics presented in the paper.

Notation

A amplitude of the cyclic triaxial loading
ab ratio between current and initial value of b
b material structure internal variable
bo initial value of b
De fourth-order elasticity tensor
Eb Young’s modulus of structured material
Eg Young’s modulus of remoulded material
Eh Young’s modulus for loading in the horizontal direction in 

cross anisotropy
Ev Young’s modulus for loading in the vertical direction in cross 

anisotropy
e void ratio
eo initial void ratio

f yield function in elasto-plasticity
fd dynamic surface in elasto-viscoplasticity
fr reference surface in elasto-viscoplasticity
G shear modulus
G∗ shear modulus for loading in the vertical direction in cross 

anisotropy
Gb shear modulus of structured material
Gg shear modulus of remoulded material
g plastic potential function
H hardening modulus
Hd component of the hardening modulus related to the plastic 

strain
h damage internal variable
hchem parameter for the destructuration induced by chemical 

reactions
hdev parameter for the destructuration induced by deviatoric 

plastic strain
ho initial value of the damage variable
hvol parameter for the destructuration induced by volumetric 

plastic strain
J cross anisotropic elastic parameter
K bulk modulus
K∗ bulk modulus for loading in the vertical direction in cross 

anisotropy
Kb bulk modulus of the structured material
Keq,calc equilibrium constant of calcite dissolution
Kg bulk modulus of remoulded material
kacid empirical specific dissolution rate for acid reaction
kcarb empirical specific dissolution rate for base reaction
kneutral empirical specific dissolution rate for neutral reaction
M critical state stress ratio in ṕ − q space
mb specific dissolved mass
mb0 initial value of mb
Nf number of cycles to failure
PI plasticity index
p, mean effective stress
pc preconsolidation pressure
pcb preconsolidation pressure with material structure
pcb,0 initial value of pcb

pd
cb preconsolidation pressure with material structure for dynamic 

yield surface
pr

cb preconsolidation pressure with material structure for 
reference yield surface

pr
cb,0 initial value of pr

cb

p,o initial mean consolidation pressure

Fig. 10. Comparison between model predictions and experimental data for intact Longmaxi Shale in uniaxial compression tests after exposure to dissolved (a) liquid 
and (b) supercritical CO2-saturated NaCl solution.
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pt tensile strength of the structured material
pd

t tensile strength of the structured material for dynamic yield 
surface

pr
t tensile strength of the structured material for reference yield 

surface
q deviatoric stress
qmax maximum deviatoric stress in cyclic triaxial loading
qmean mean deviatoric stress in cyclic triaxial loading
qpeak peak shear strength
rCaCO3 total rate of reacting calcite dissolution
rdiss
CaCO3

dissolving component of rCaCO3

rprec
CaCO3

reprecipitating component of rCaCO3

SCaCO3 specific surface of calcite
T period of the sinusoidal cyclic triaxial loading
t time
Vm,CaCO3 molar volume of calcite
wL liquid limit
wP plastic limit
α cross anisotropy parameter
αd material parameter in distribution of Eb and Eg

αy parameter influencing shape of yield surface
αVN normalization factor of the viscoplastic flow rule as in 

Vermeer and Neher93

αt parameter relating tensile strength and pre consolidation 
pressure

βy parameter influencing shape of plastic potential surface
ε strain tensor
εe elastic strain tensor
εp plastic strain tensor
εe

dev deviatoric component of εe

εe
vol volumetric component of εe

εp
dev deviatoric component of εp

εp
vol volumetric component of εp

εax axial strain
εax,c average axial strain applied during a quarter of the cyclic 

loading
εvp viscoplastic strain tensor
εvp

vol volumetric component of εvp

εvp
vol volumetric component of viscoplastic strain tensor at 

reference time τ
εe,mec

vol volumetric contribution of mechanical loading in εe
vol

εe,chem
vol volumetric contribution of bonding material mass in εe

vol

εe,chem
dev deviatoric contribution of bonding material mass in εe

vol
κ slope of unloading-reloading line in e -lnp, plane
κ∗ modified swelling index
κchem parameter relating dεe,chem

vol and ṁb

λ slope of compression line in e -lnp, plane
λ∗ modified compression index
Λ plastic multiplier
μ∗ creep index
νvh Poisson’s ratio for loading in the vertical direction in cross 

anisotropy
ξ deviatoric hardening variable
ρs,calc solid density of calcite
σ́ effective stress tensor
σv́ effective vertical stress
τ reference time in the viscoplastic constitutive model
ϕ porosity
ϕCaCO3

calcite volumetric fraction
ϕnon− reac volume fraction of the non-reactive grains
ϕCaCO3 ,b dissolved calcite mass
ψk set of k internal variables
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67. Mighani S, Bernabé Y, Boulenouar A, Mok U, Evans B. Creep Deformation in Vaca 
Muerta Shale From Nanoindentation to Triaxial Experiments. J Geophys Res: Solid 
Earth. 2019;124(8):7842–7868. https://doi.org/10.1029/2019JB017524.

68. Yin ZY, Chang CS, Karstunen M, Hicher PY. An anisotropic elastic-viscoplastic 
model for soft clays. Int J Solids Struct. 2010;47(5):665–677. https://doi.org/ 
10.1016/j.ijsolstr.2009.11.004.

A. Ciancimino et al.                                                                                                                                                                                                                            Geomechanics for Energy and the Environment 42 (2025) 100689 

15 

https://doi.org/10.1038/ngeo1716
https://doi.org/10.1130/G22357.1
https://doi.org/10.1130/G32946.1
https://doi.org/10.1016/j.rser.2023.113270
https://doi.org/10.1016/j.rser.2023.113270
https://doi.org/10.1016/j.ijggc.2023.103842
https://doi.org/10.1016/j.marpetgeo.2013.07.010
https://doi.org/10.1016/j.marpetgeo.2013.07.010
https://doi.org/10.1016/j.ijggc.2020.103225
https://doi.org/10.1016/j.ijsolstr.2015.08.003
https://doi.org/10.1016/j.ijsolstr.2015.08.003
https://doi.org/10.1016/j.enggeo.2016.10.010
https://doi.org/10.1016/j.ijrmms.2017.01.016
https://doi.org/10.1016/j.ijrmms.2017.01.016
https://doi.org/10.1016/j.jmps.2017.03.017
https://doi.org/10.1002/nag.294
https://doi.org/10.1680/geot.2004.54.4.269
https://doi.org/10.1029/2011JB008661
https://doi.org/10.1029/2011JB008661
https://doi.org/10.1002/nag.841
https://doi.org/10.1016/j.gete.2018.11.005
https://doi.org/10.1016/j.gete.2018.11.005
https://doi.org/10.1016/j.ijrmms.2015.10.001
https://doi.org/10.1016/j.ijrmms.2015.10.001
https://doi.org/10.1016/j.compgeo.2019.103386
https://doi.org/10.1680/jgeot.19.P.045
https://doi.org/10.1680/jgeot.19.P.045
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002482
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002482
https://doi.org/10.1016/j.compgeo.2023.105626
https://doi.org/10.1016/j.compgeo.2023.105626
https://doi.org/10.1002/nag.2229
https://doi.org/10.1002/nag.2229
https://doi.org/10.1002/nag.3728
https://doi.org/10.1002/nag.3728
https://doi.org/10.1002/nag.2813
https://doi.org/10.1007/s11440-020-00925-9
https://doi.org/10.1007/s11440-020-00925-9
https://doi.org/10.1061/(ASCE)0733-9399(1986)112:12(1292)
https://doi.org/10.1061/(ASCE)0733-9399(1986)112:12(1292)
https://doi.org/10.1061/(ASCE)0733-9399(1986)112:9(966)
https://doi.org/10.1061/(ASCE)0733-9399(1986)112:9(966)
https://doi.org/10.1061/(ASCE)0733-9399(1986)112:12(1263)
https://doi.org/10.1061/(ASCE)0733-9399(1986)112:12(1263)
https://doi.org/10.1002/nag.1610130108
https://doi.org/10.1002/nag.1610130108
https://doi.org/10.1139/T09-001
https://doi.org/10.1016/j.oceaneng.2023.116495
https://doi.org/10.1016/j.oceaneng.2023.116495
https://doi.org/10.1016/j.renene.2010.03.012
https://doi.org/10.1016/j.renene.2010.03.012
https://doi.org/10.1061/(ASCE)0733-9410(1987)113:5(476)
https://doi.org/10.1061/(ASCE)0733-9410(1987)113:5(476)
https://doi.org/10.1016/j.petrol.2007.09.001
https://doi.org/10.1007/s00603-019-01807-7
https://doi.org/10.1007/s00603-019-01807-7
https://doi.org/10.1680/geot.1995.45.4.633
https://doi.org/10.1680/geot.1995.45.4.633
https://doi.org/10.1016/j.compgeo.2007.02.008
https://doi.org/10.1016/j.compgeo.2007.02.008
https://doi.org/10.1002/nag.2397
https://doi.org/10.1016/j.jngse.2017.11.004
https://doi.org/10.1016/j.jngse.2017.11.004
https://doi.org/10.1016/j.cma.2019.112695
https://doi.org/10.1016/j.compgeo.2017.04.014
https://doi.org/10.1016/j.compgeo.2017.04.014
https://doi.org/10.1016/j.gete.2019.100165
http://refhub.elsevier.com/S2352-3808(25)00054-1/sbref57
http://refhub.elsevier.com/S2352-3808(25)00054-1/sbref57
https://doi.org/10.1016/S0065-2156(08)70009-7
https://doi.org/10.1007/s00603-018-1444-y
https://doi.org/10.1007/s00603-018-1444-y
https://doi.org/10.1016/j.ijrmms.2014.04.002
https://doi.org/10.1029/2019JB017524
https://doi.org/10.1016/j.ijsolstr.2009.11.004
https://doi.org/10.1016/j.ijsolstr.2009.11.004


69. Kutter BL, Sathialingam N. Elastic-viscoplastic modelling of the rate-dependent 
behaviour of clays. Geotechnique. 1992;42(3):427–441. https://doi.org/10.1680/ 
geot.1992.42.3.427.

70. Leoni M, Karstunen M, Vermeer PA. Anisotropic creep model for soft soils. 
Geotechnique. 2008;58(3):215–226. https://doi.org/10.1680/geot.2008.58.3.215.

71. Mánica MA, Gens A, Ovando-Shelley E, Botero E, Vaunat J. An effective combined 
framework for modelling the time-dependent behaviour of soft structured clays. 
Acta Geotech. 2021;16(2):535–550. https://doi.org/10.1007/s11440-020-01025- 
4.

72. Wood, D.M. (2004). Geotechnical modelling (C. Press Ed.): CRC press.
73. Panteghini A, Lagioia R. An extended modified Cam-Clay yield surface for 

arbitrary meridional and deviatoric shapes retaining full convexity and double 
homothety. Geotechnique. 2018;68(7):590–601. https://doi.org/10.1680/jgeot.17. 
P.016.

74. Cattaneo F, Della Vecchia G, Jommi C. Evaluation of numerical stress-point 
algorithms on elastic–plastic models for unsaturated soils with hardening 
dependent on the degree of saturation. Comput Geotech. 2014;55:404–415. https:// 
doi.org/10.1016/j.compgeo.2013.09.018.

75. Adachi T, Oka F, Hirata T, et al. Stress-strain behavior and yielding characteristics 
of eastern Osaka clay. Soils Found. 1995;35(3):1–13. https://doi.org/10.3208/ 
sandf.35.1.

76. Graham J, Houlsby GT. Anisotropic elasticity of a natural clay. Geotechnique. 1983; 
33(2):165–180. https://doi.org/10.1680/geot.1983.33.2.165.

77. Giger SB, Ewy RT, Favero V, Stankovic R, Keller LM. Consolidated-undrained 
triaxial testing of Opalinus Clay: Results and method validation. Geomech Energy 
Environ. 2018;14:16–28. https://doi.org/10.1016/j.gete.2018.01.003.

78. Liu L, Martin D, Giger SB, Chalaturnyk R. Assessment of Anisotropic Elastic 
Parameters Using Laboratory Triaxial and In-Situ Pressuremeter Tests in Opalinus 
Clay. Rock Mech Rock Eng. 2024;57(11):10153–10165. https://doi.org/10.1007/ 
s00603-024-04030-1.

79. Favero V, Ferrari A, Laloui L. Anisotropic Behaviour of Opalinus Clay Through 
Consolidated and Drained Triaxial Testing in Saturated Conditions. Rock Mech 
Rock Eng. 2018;51(5):1305–1319. https://doi.org/10.1007/s00603-017-1398-5.

80. Bertrand F, Collin F. Anisotropic modelling of Opalinus Clay behaviour: From 
triaxial tests to gallery excavation application. J Rock Mech Geotech Eng. 2017;9(3): 
435–448. https://doi.org/10.1016/j.jrmge.2016.12.005.

81. Ciancimino A, Cosentini RM, Foti S, et al. A preliminary investigation on the 
mechanical behaviour of a stiff Italian clay in the context of hydrogen storage. 
Geomech Energy Environ. 2024;38. https://doi.org/10.1016/j.gete.2024.100562.

82. Schmitt DR, Zoback MD. Diminished pore pressure in low-porosity crystalline rock 
under tensional failure: apparent strengthening by dilatancy. J Geophys Res. 1992; 
97(B1):273–288. https://doi.org/10.1029/91JB02256.

83. Brace WF, Paulding Jr BW, Scholz C. Dilatancy in the fracture of crystalline rocks. 
J Geophys Res (1896-1977). 1966;71(16):3939–3953. https://doi.org/10.1029/ 
JZ071i016p03939.

84. Hu DW, Zhang F, Shao JF. Experimental study of poromechanical behavior of 
saturated claystone under triaxial compression. Acta Geotech. 2014;9(2):207–214. 
https://doi.org/10.1007/s11440-013-0259-y.

85. Jeanne P, Zhang Y, Rutqvist J. Influence of hysteretic stress path behavior on seal 
integrity during gas storage operation in a depleted reservoir. J Rock Mech Geotech 
Eng. 2020;12(4):886–899. https://doi.org/10.1016/j.jrmge.2020.06.002.

86. Ahmadi-Naghadeh R, Liu T, Vinck K, et al. A laboratory characterisation of the 
response of intact chalk to cyclic loading. Geotechnique. 2022. https://doi.org/ 
10.1680/jgeot.21.00198.

87. Sharma SS, Fahey M. Evaluation of cyclic shear strength of two cemented 
calcareous soils. J Geotech Geoenviron Eng. 2003;129(7):608–618. https://doi.org/ 
10.1061/(ASCE)1090-0241(2003)129:7(608).

88. Ushev E, Jardine R. The behaviour of Bolders Bank glacial till under undrained 
cyclic loading. Geotechnique. 2022;72(1):1–19. https://doi.org/10.1680/jgeot.18. 
P.236.

89. Ciancimino A., Cosentini R.M., Foti S., Volontè G., Musso G. Experimental 
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