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Abstract

The paper is motivated by the long term safety analysis of the CO2 ge-
ological storage. We present a methodology for the assessment of the ge-
omechanical impact of progressive rock dissolution. The method is based
on the use of X-ray tomography and the numerical dissolution technique.
The influence of evolution of the microstructure on the macroscopic proper-
ties of the rock is analysed by using periodic homogenization method. The
numerical computations show progressive degradation of all components of
the stiffness (orthotropic) tensor. Moreover, the evolution of associated mass
transfer properties (as tortuosity and conductivity tensors), by using the peri-
odic homogenization method, is also calculated. The correlation between the
mechanical parameters and the transfer properties during the dissolution pro-
cess is presented. The results show that the highest increase of the hydraulic
conductivity (in direction Y ) is not associated with the highest decrease of
Young modulus in this direction. Moreover, the highest decrease of Young
modulus (in the direction X) is not associated with percolation in this direc-
tion. Finally, an incremental law to calculate settlement, in case of a rock
with evolving microstructure, is proposed. The solution of the macroscopic
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settlement problem under constant stress and drained conditions showed that
the geomechanical effects of the rock dissolution are rather limited.

Key words: CO2 storage; homogenization; chemo-mechanical coupling; mi-
crostructure; X-ray tomography; numerical computations

1 Introduction

The geological storage of CO2 is intensively investigated as a solution to reduce
emission of CO2 to the atmosphere. European Union climate and energy pack-
age [1] contains directives about carbon capture and storage (CCS). Its purpose is
to create a legal framework for CO2 injection into deep geological formations and
define procedures for a safe storage that minimizes the negative influence to the
environment.

The CCS consists in capturing the CO2 at source and then its injection in the
supercritical state into saline aquifer. During the geological storage, various mecha-
nisms of trapping come into play [2]. In the short term after injection, migration of
CO2 is blocked by the cap rock. With time, the complex physico-chemical processes
occur. Chemical reactions may induce some important and irreversible changes of
the rock properties (mechanical, hydrodynamical). Therefore, the long-term safety
of the CO2 geological storage requires detailed understanding of the phenomena
that have to be taken into account. Because of the complexity of natural systems,
coupled effects of these processes are still not known completely.

The aim of the paper is to develop a macroscopic model of chemo-mechanical
coupling related with the fourth stage of CO2 storage [3] when dissolution/precipitati-
on are expected. The important objective is to find the link between the evolving
microstructure of the material and the phenomena occurring at the microscopic
scale, and the observed macroscopic behaviour. It will be possible as a result of
application of the periodic homogenization method.

The conditions of the analysis will be representative of homogeneous dissolution
taking place far from the injection well and at long time scale after injection. The
chemical degradation of the material will be taken into account in a simplified way
by performing the numerical erosion of the microstructure. The modifications of the
microstructure trigger mechanical effects that will be considered in the framework
of the incremental elasticity law. The proposed modelling is universal in the sense
that it uses non-dimensional time scale that can be adjusted to a particular time
dependent process. The paper is organized as follows. In section 2 the state of the
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Figure 1: CO2 injection process.

art is presented. The macroscopic problem is presented in part 3. Section 4 contains
short theoretical introduction of the numerical computations of elastic parameters
based on the periodic homogenization. Next part describes preparation of samples
on which computations were performed. In section 6 the results of computations
of the degradation of the orthotropic elasticity tensor, together with analysis and
interpretation, are presented. In this part the solution of the macroscopic problem
of subsidence due to the rock degradation is also shown. Section 7 contains the
analysis of the chemical degradation with respect to the transfer properties (tortu-
osity, conductivity) of the rock material. The correlations between mechanical and
transfer properties are also provided. Finally, the last part contains conclusions.

2 State of the art

The chemo-mechanical coupling problem has been intensively studied in recent years.
Chemical dissolution is the main phenomenon which increases porosity of rocks and
affects their mechanical and physical properties.

The available publications on the chemo-mechanical coupling can be divided
into two categories:

• experimental studies

• theoretical modelling and/or computational issues.

In the studies the authors distinguish between two types of conditions (related to
the distance from the injection well):

3



• near field conditions

• far field conditions.

Further, different studies focus on either short or long time behaviour.

Historically, first publications dealing with of chemo-mechanical coupling con-
cerned concrete, mortar or cement paste. There is also a wide range of recently
published papers, concerning experiments of chemical degradation of these mate-
rials tested in different conditions (see for example Nguyen et al. [4], Yurtdas et
al. [5], Huang et al. [6]). The results obtained confirm a general weakening of the
material during chemical degradation (loss of strength and stiffness). In the litera-
ture there are a lot of computational models describing chemo-mechanical coupling
in concrete, mortar or cement paste due to different environmental conditions. Sig-
nificant part of numerical models focus on leaching of calcium from cementitious
structures. For example, a model based on scalar continuum damage was presented
by Le Bellego et al. [7]. Ulm et al. [8] introduced an analytical model linked to the
theory of Biot-Coussy. On the other hand, discrete model is shown in the paper of
Chatzigeorgiou et al. [9]. Finally, homogenization approach was applied by Nguyen
et al. [10] and Stora et al. [11].

The experimental studies considering CO2 injection into the rock reservoirs per-
formed in the laboratory conditions, relatively close to the injection point, show
different behaviours depending on physical parameters of injected fluid (tempera-
ture, pressure), chemical composition of injected fluid and initial rock parameters
(see Luquot et al. [12], Gouze et al. [13], Eggermann et al. [14], Egermann et
al. 2006 [15], Izgec et al. 2008 [16] among others). For example, Egermann et al.
[14] performed an experimental study of chemical degradation of hydrocarbon rock
reservoirs (which are considered by them as potentially the best candidates for CO2

geological storage) in the far field region. They analysed three different scenarios
of dissolution: uniform, compact and wormholing. Xie et al. [17] performed hydro-
static and triaxial compression tests on samples of limestone, chemically degraded
by dissolved CO2. The significant influence of chemical degradation in immersion
condition on the mechanical behaviour of material, has been shown. They also
showed that chemical degradation intensifies deformation of material with time.
The CO2 injection to non-carbonate rock sample has been studied by Canal et al.
[18]. They focused on the siliceous sandstone reservoirs. Their results suggest that
mineral dissolution and cracking processes act in a synergetic way during the acidic
injection. At the same time, they emphasize that increase of permeability noticed
after a long time can be explained mainly by dissolution process of a solid phase.
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On the other hand some investigations showed the decrease of permeability at the
beginning of injection of fluid into rock samples (Qajar et al. [19], Izgec et al. [16]).
The authors relate this phenomenon with closing of pores throats by solid particles
disconnected from the solid skeleton near to the inlet of injection. Later, increase
and stabilization of permeability were noticed.
In the experimental research of behaviour of rock at long time scale after CO2 in-
jection (Bemer et al. [20], Nguyen et al. [21]) it is assumed that porous aquifer is
saturated by saline water and concentration of the dissolved CO2 is uniformly dis-
tributed in the pore space. The authors showed that chemical degradation can be
considered as homogeneous at the sample scale. Moreover, their results show that
porosity increases uniformly in time over the whole length of the sample. Because of
increasing porosity material weakening occurs. Decrease of both, stiffness and shear
strength, and increase of permeability have been also noticed. The experiments of
permeability of cap rocks have been carried out by Bachaud et al. [22]. Diffusion
and permeability coefficients have been measured under reservoir thermodynamic
conditions and compared before and after the alternation. Despite of increase of
porosity, the initial low-value transport parameters were conserved. This was called
by the authors ”a non-catastrophic weakening of the material”. Moreover, for few
samples a decrease of diffusion coefficients was noticed.

The modelling of chemo-mechanical coupling is a subject of a large number of
papers published in the recent years. The proposed approaches are very different.
Several models were obtained by periodic homogenization method [23]–[27]. For
example, Peter [23],[24], Peter and Böhm [25] proposed a homogenisation analysis
of elasticity problem with time evolving microstructure. In this model the equations
are transformed to a fixed periodic reference geometry. This operation was necessary
because during the evolution of the geometry, the periodicity was not conserved.
The obtained model seems to be difficult to perform numerical simulations. In
Lewandowska [26] a macroscopic incremental model of chemo-mechanical coupling
by using the periodic homogenization was proposed. In this study it was assumed
that the chemical dissolution of solid at the microscopic scale is governed by diffusion
equation. Coussy [28] proposed a phenomenological model in which variations of
poroelastic parameters are described as a function of irreversible porosity caused by
chemical degradation. Numerical and computational aspects of chemo-mechanical
modelling related to flow and transport phenomena during the injection process are
presented in the papers by Doughty et al. [29], Kumar et al. [30], Hovorka et al.
[31], analytical models of the same phenomena are presented by Saripalli et al. [32]
and Nordbotten et al. [33].
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In conclusion, the state of the art shows that although there is a lot of pub-
lications dealing with the problem of chemo-mechanical coupling, the appropriate
model of anisotropic rock dissolution with geomechanical effects in the context of
CO2 geological storage, is still lacking. The difficulty resides in the fact that by its
nature the problem is site specific in the sense the chemical composition of both the
rock and saline water determine the behaviour of the system. The experiments are
difficult (or even impossible) to perform because of the involved time-scale (hun-
dreds or thousands of years). Moreover, the rock samples are difficult to obtain
because of large costs of deep drilling. Additionally, the X-ray tomography can be
taken with sufficient accuracy on small size samples only. For all these reasons, a
universal and relatively simple model which would be able to link the macroscopic
behaviour with the microscopic scale (evolving microstructure), is still searched.

3 Formulation of the problem

3.1 Description of the problem

Let us consider a saturated volume of rock located deeply in the underground, shown
in Figure 1. We assume that all upper layers apply constant stress σ0 on the aquifer
and that the variations of stress caused by human or environment activities are neg-
ligible, comparing to the weight of all upper layers. We consider the so called ’far
field’ and/or long term situation which means that the CO2 was completely dissolved
in the saline aquifer. The presence of CO2 in water creates the acid environment,
therefore, dissolution of carbonates of rock material begins. The progressive disso-
lution causes changes of porosity, and variations of material properties, this process
can take thousands of years. In the analysis we assume that the porous rock is
homogeneous and periodic. Since, in general, the rock material is non-periodic we
will have to periodize it by using the assumption of orthotrophy (see section 5.2).
This assumption implies that periodic cell has got three planes of symmetry and the
axes of anisotropy correspond to the natural anisotropy of the rock. The objective
is to formulate an incremental model, in the framework of linear theory of elasticity,
that will be able to capture the subsidence due to the chemical degradation of solid
under a constant load.

6



Figure 2: Macroscopic rock dissolution problem with evolving microstructure.

3.2 Formulation of the macroscopic incremental law of elas-

ticity

Let us consider a macroscopic, one dimensional problem of settlement (creep) taking
place in a rock medium characterized by three dimensional microstructure presented
in Figure 2, where axis Z is parallel to the gravity axis and position of all axes remain
unchanged during the process of settlement (no rotation during one-dimensional
deformation in the direction Z). We assume that saline water with no resistance
can flow out from the aquifer (drained conditions) and that the external stress is
constant in time. In order to derive an incremental law of elasticity, let us assume
the validity of Hooke’s law in which material properties (e.g. Young modulus) and
deformation depend on porosity ϕ

σ0 = E(ϕ)ǫ(ϕ). (1)

By calculating the derivative with respect to porosity we obtain

0 =
dE(ϕ)

dϕ
ǫ(ϕ) + E(ϕ)

dǫ(ϕ)

dϕ
. (2)

Equation 2 can be presented in the following form

0 = ǫ(ϕ)dE(ϕ) + E(ϕ)dǫ(ϕ), (3)

which is equivalent to

0 = ǫ(ϕ) [E(ϕ+ dϕ)− E(ϕ)] + E(ϕ) [ǫ(ϕ+ dϕ)− ǫ(ϕ)] . (4)

After an algebraic transformation we can write

ǫ(ϕ+ dϕ) = ǫ(ϕ)

[

2−
E(ϕ+ dϕ)

E(ϕ)

]

. (5)
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Figure 3: Illustration of algorithm. Figure 4: The period Ω.

By introduction of an iterative notation we obtain

ǫi+1 = ǫi

[

2−
Ei+1

Ei

]

. (6)

We must notice that our problem is a feedback process. At each step there is a
change of porosity due to mass loss (dissolution). This process causes the decrease
of Young modulus and increase of deformation. At the same time, each increment of
mechanical deformation (settlement) leads to decrease of porosity and to associated
increase of Young modulus. For clarity we illustrated it in Figure 3, where ϕi is the
current value of porosity of i step, ∆ϕm

i is the change of porosity caused by loss of
mass and ∆ϕǫ

i is the variation of porosity caused by deformation. The next step
(i+1) starts from value of porosity ϕi+∆ϕm

i −∆ϕǫ
i . If we assume that the skeleton

material is incompressible with respect to the porous material, than the macroscopic
deformation can be considered as equal to the change of porosity. Finally, we write

∆ϕǫ
i =

σ0

E(ϕi +∆ϕm
i )

, (7)

where E(ϕi + ∆ϕm
i ) means the value of Young modulus for porosity (ϕi + ∆ϕm

i ),
which is taken from the degradation function. Finally, to solve the problem we
need to know the degradation functions of material parameters. The procedures
of obtaining the macroscopic values of material parameters based on the periodic
homogenization are presented in section 4.
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4 Theoretical background of numerical computa-

tions of elasticity tensor

4.1 Poroelasticity

In this subsection, the result of homogenization process for poroelasticity problem
[34] [36] is presented. The linear elasticity problem of the solid skeleton is repre-
sented by the period, illustrated in Figure 4, where is the solid boundary, is the solid
volume and is the pores volume. The solid material is characterized by microscopic
fourth-order stiffness tensor aijkh. After the homogenization process, the macro-
scopic problem is formulated by a set of differential equations. The equilibrium
equations become

∂

∂xi

< σ0
ij >= 0 in Ωs, (8)

where σ0
ij is the zero order macroscopic stress tensor and the symbol < · > is the

volume average in the sense

< · >=
1

Ω

∫

Ωs

· dΩ. (9)

The constitutive law becomes

< σ0
ij >= Cijkhexkh

(

~u(0)
)

, (10)

where exkh is the macroscopic strain tensor and ~u(0) is the zero order macroscopic
displacement vector. The macroscopic fourth order stiffness tensor C is defined as

Cijkh =< aijkh + aijlmeylm

(

~ξkh
)

>, (11)

where aijkh is the microscopic fourth order stifness tensor and ~ξkh(~y) is a local
displacement periodic vector as a particular solution of the following problems

∂

∂yi

[

aijlmeylm(~ξ
kh) + aijkh

]

= 0 in Ωs (12)

and
[

aijlmeylm(~ξ
kh) + aijkh

]

ni = 0 on Γ, (13)

where ni is a component of the unit normal external vector with respect to Ωs. If
we know the microstructure (period), then we are able to calculate the full stiffness

9



tensor. In order to solve the problem we have to find ~ξkh(~y) [34], [36], [37], which
corresponds to the unit macroscopic strain tensor Ekh = (ek ⊗ eh + eh ⊗ ek) /2.
Where symbol ⊗ means the tensorial product. To obtain full stiffness tensor in
the anisotropic case, the local displacement vector field ~ξkh(~y) has to be found by
performing the following elementary tests

1. three traction tests, where h = k and h, k ∈ (1, 2, 3)

E11 =





1 0 0
0 0 0
0 0 0



 , E22 =





0 0 0
0 1 0
0 0 0



 , E33 =





0 0 0
0 0 0
0 0 1





2. three shearing tests where h 6= k and h, k ∈ (1, 2, 3)

E12 =





0 1/2 0
1/2 0 0
0 0 0



 , E23 =





0 0 0
0 0 1/2
0 1/2 0



 , E13 =





0 0 1/2
0 0 0
1/2 0 0



 .

4.2 Symmetric boundary conditions for poroelasticity prob-

lem

When the period presents three planes of symmetry, the periodicity conditions can
be replaced by the symmetry conditions imposed on the external boundary ∂Ω, so
the local boundary value problem can be solved in the 1/8 of the whole periodic
cell. The type of the symmetry boundary conditions depends on the mechanical test
that is being performed [38]

• for traction test
~uN = ~0, on ∂Ω (14)

~σT = ~0 on ∂Ω

• for shearing test in the plane (~i,~j)

– on the external planes orthogonal to the axis ~i and ~j

~uT = ~0 (15)

~σN = ~0
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– on the external planes orthogonal to the axis ~k

~uN = ~0 (16)

~σT = ~0

where ~uN , ~uT are displacements in normal and tangential directions respectively.
Analogically ~σN and ~σT represent normal and tangential stress vectors. The set
(~i,~j,~k) represents unit vectors of the standard basis. In order to compute the
full macroscopic stiffness tensor C (equation 11) the local boundary value problem
(equations 12-13) for a particular microstructure has to be solved six times.

5 Microstructure, X-ray tomography and numer-

ical dissolution

5.1 X-ray tomography

In the paper the geometry of a natural rock material is investigated. It is a sample
of an oolitic limestone from Mondeville formation of the Middle Jurasic age (Paris
Basin) [13]. The chemical composition of the rock corresponds to a magnesium-
calcite formula CaαMgβCO3 with α = 0.99 and β = 0.01. The digital image of the
microstructure has been obtained by X-ray tomography. The size of the image is
1067× 1067× 2000 pixels, where 1 pixel = 5.06 µm, so the physical dimensions are
5.4 × 5.4 × 10.12 mm3. The raw images were processed (see for example [39] ) in
order to obtain a binary image displaying the solid fraction and the void fraction
(or porosity). The initial porosity of the sample calculated by ImageJ software is
φ = 9.3%.

5.2 Sample preparation

By using ImageJ application the image of the microstructure has been imported, as
shown in Figure 5. In order to know the size of the REV for the particular material,
the porosity as function of the dimension of the REV, taken from seven different
regions in the sample, was analysed (Figure 6). Note that the porosity criterion
is only an approximation when we are interested in mechanical properties. From
Figures 6 and 7 it can be clearly seen that all lines converge toward the average
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Figure 5: Upper view of the mi-
crostructure in XY plane of size
1067×1067 pixels. White part cor-
responds to the solid phase, black to
pore space.

Figure 6: Porosity as a function of
edge length of the REV n.

value of porosity ϕ = 9.3% when the dimension of the REV approaches 200 pixels.
However, the microstructure of the size 200 × 200 × 200 pixels appeared to be too
large for numerical computations. Therefore, in what follows we adopted a particular
strategy. We assumed that the rock microstructure is periodic, and that the period
presents three reflectional planes of symmetry. Then, seven cubic sub-samples of the
size 50×50×50 pixels, each representing 1/8 of the complete period, were selected for
further analysis. So, the real size of the analysed microstructure was 100×100×100
pixels. These samples are located in the central part of the microstructure as shown
in Figure 7. The samples localization are the vertices of a symmetrical hexagon and
the centre point. Each sample was further processed (see section 5.3). Finally, on
seven cubic sub-samples computations were performed at different dissolution states
and all results of numerical computations were interpreted together (see section 6.2
for further discussion).

In the numerical computations, each sample will be considered as a 1/8 of the
period. That means that if we want to reconstruct the period we have to perform
the so called ”periodization process” by using symmetries, as shown in Figure 8.
We can see three reflection symmetries by using three perpendicular planes. Axis
Z is parallel to the gravity axis and together with two other main axes X and Y
do not rotate during the one dimensional settlement due to the dissolution process.
At the first step we mirror the microstructure to the plane ZX, so we obtain 1/4
of the period. Nextly, we do the same with respect to the plane XY , and finally,
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Figure 7: Samples preparation - cross section of the microstructure.

to get the periodic cell, we mirror with respect to the plane ZY . Note that X, Y, Z
are assumed to be the axes of natural anisotropy.

5.3 Chemical dissolution

The aim is to perform the parametric study to present the dependence of mechanical
properties in the whole range the theoretical porosity changes (in reality dissolution
process can be limited). We assumed that dissolution of the porous matrix is the

Figure 8: Periodization process.
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(a) Pores volume (b) Solid skeleton

Figure 9: Microstructure of sample 4 (1/8 of the periodic cell); ϕtotal = 16.3%,
ϕeffective = 14.9%.

only process responsible for chemo-mechanical coupling. The chemical degradation
has been performed as a numerical dissolution of the solid phase by ImageJ. For each
of seven selected samples the ’erode 3D’ option for solid has been used. The main
assumption is that the solid part of each microstructure dissolves uniformly in all
directions. It consist in removing one pixel in all directions in single non-dimensional
time step. This assumption was appropriate due to the uniformity of the chemical
composition and long time scale (long term behaviour) in which the distribution
of pressure and CO2 concentration in saline water is approximately uniform in the
investigated aquifer ([20], [21]). The numerical erosion of the microstructure is
universal and offers various options. Erosion may be performed in a particular
direction (directional dissolution), completely random or according to any other
assumption.

For each of seven samples we performed the numerical dissolution. As an ex-
ample in Figures 9-10, the dissolution process of sample 4 is shown. We can see the
evolving pores and the solid skeleton volumes. The total porosity varies between
16.3% to 37.8%. Note that ϕeffective corresponds to effective porosity of samples in
which unconnected pores and unconnected solid parts have been deleted. In Figure
9 percolation in Y and Z direction appears. At the last state of dissolution the
percolation in all directions exists, as shown in Figure 10. As to the solid part, it is
connected in each direction at each solid state.
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(a) Pores volume (b) Solid skeleton

Figure 10: Microstructure of sample 4 (1/8 of the periodic cell); ϕtotal = 37.8%,
ϕeffective = 37.8%.

6 Numerical computations of stiffness tensor and

subsidence

6.1 Proposed methodology

The methodology we proposed can take into account the geometry evolution effects
of real anisotropic rock sample on mechanical properties and to estimate the subsi-
dence due to chemical degradation. The problem of settlement, formulated in section
3.2, is an iterative process for which continuous functions of material parameters de-
pendent of porosity variations have to be known. To predict the deformation due
to time dependent changes of rock microstructure we propose the general method-
ology presented in Figure 11. The first step is to prepare the digital image of the
microstructure of the rock which will be investigated. The second step consists in
preparation of samples to perform mechanical tests at different degraded states.
The next step is to perform, for each state, appropriate numerical computations by
solving local boundary value problem and calculating the full macroscopic stiffness
tensor. Afterward, the data should be processed and the degradation functions have
to be fitted. The last step is to use obtained functions to compute the subsidence.
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Figure 11: Algorithm of the proposed methodology.

6.2 Computations of degradation functions of material pa-

rameters

In order to compute degradation functions of mechanical parameters the numerical
computations using homogenization approach were performed. We adopted the
following strategy. The computations were carried out for all seven samples at the
initial state of the rock and three selected samples at different states of chemical
degradation. Than, all results were interpreted together to define the degradation
functions. The choice of such approach can be justified by the experimental results
[20], [21]. Indeed, the experiments showed that the spatial variations of measured
porosity within the rock material were of the same order that porosity variations of
a sample due to the dissolution.

The computations were carried out for all seven samples at the initial state of
the rock and three selected samples (sample 1, sample 4, sample 7) at different
degraded states.

The numerical computations consisted in solving the local boundary value prob-
lem (eq. 12 and eq. 13) with symmetry boundary conditions (equation 14 or equa-
tion 15 and equation 16). We assumed that the solid material (at microscopic scale)
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is isotropic with following values of Young modulus and Poisson ratio: Emicro = 27.7
GPa, νmicro = 0.27. These values correspond to the average material parameters of
Euville limestone from the basin of Paris, measured by Nguyen et al. [27].

In each case, equation 11 was used to obtain full macroscopic stiffness tensor.

The computations has been performed by using FEM code with a number of
mesh elements varying from 100000 to 250000.

6.3 Results

All results (for initial and degraded samples) were interpreted together as functions
of porosity. The mean degradation functions were fitted to all samples data. The
character of variations for each parameter can be described by exponential decay
function in the form A exp(−x/B)+C, where constants A, B, C were fitted by least
square method. The correlation coefficient varies between 0.94 and 0.99.

In Figures 12 - 20 the variation of engineering parameters (Ex, Ey, Ez, Gyz, Gzx,
Gxy, νxy, νyz, νzx ) with porosity are shown . Nine of them are independent, since
material is orthotropic [40]. This property was systematically checked by veryfing
the relations between Poisson ratios and Young moduli

νij
Ei

=
νji
Ej

i 6= j and i, j ∈ (x, y, z). (17)

The relative error for each test was less than 0.1%. Also the zero-elements of the
matrix were confirmed by computations.

Figures 12-14 show Young modulus for each direction as function of porosity.
The drop of Ex is the most significant. Figures 15-17 present three shear moduli. As
we can see, the most significant decrease concerns Gzx. For Poisson ratios νxy, νyz,
νzx, no general trends appear (Figures 18-20). Finally, the analysis of the results
presented in Figures 12-17 show that degradation data for sample 4 is very close
to the plot of mean degradation function. For this reason sample 4 was chosen to
further computations (see section 7).

The numerical results could be compared with experimental data. Unfortu-
nately, no experiments on orthotropic material are available in the literature. The
comparison with experimental results of degradation of isotropic material provided
in ([20], [21]) shows a similar trend of dependence of mechanical parameters on
porosity.
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Figure 12: Degradation function of
Ex.

Figure 13: Degradation function of
Ey.

Figure 14: Degradation function of
Ez.

Figure 15: Degradation function of
shear modulus Gyz.
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Figure 16: Degradation function of
shear modulus Gzx.

Figure 17: Degradation function of
shear modulus Gxy.

Figure 18: Poisson ratio νxy as a func-
tion of porosity.

Figure 19: Poisson ratio νyz as a func-
tion of porosity.
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Figure 20: Poisson ratio νzx as a function of porosity.

6.4 Solution of the macroscopic boundary problem

The one-dimensional problem of subsidence defined in section 3.2 was solved by
using the degradation function of the Young modulus in the z direction (Figure 14),
given by

Ez = A exp (−ϕ/B) + C

where A = 16.78 GPa, B = 0.16, C = 10.02 GPa and ϕ is a porosity. It is assumed
that vertical stress is constant and equal σz = 20 MPa. This stress corresponds
to the weight of layer of 1 km of the unit volumetric weight 20 kN/m3. In Figure
21 the strain variation ǫz = ∆s/h (decreased by the value of initial deformation
ǫ0 = σ0/Ez(ϕ0)) as a function of porosity is shown. We observe the increase of
strain to the value of −0.65× 10−3, while the porosity varies from the 0.093 to 0.40
(initial and final values). The corresponding Young modulus varies from Ez = 20.19
GPa to Ez = 12.19 GPa, respectively. It can be said, that in the framework of the
assumption of long term behaviour, drained condition and uniform dissolution the
macroscopic effects of subsidence are very limited.
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Figure 21: Settlement problem: vertical macroscopic deformation ǫz.

7 Mechanical parameters versus morphological prop-

erties of the rock material

The upscaling method by periodic homogenization provides the link between the
microscopic and macroscopic scales. Therefore, the variations of mechanical pa-
rameters of the rock can be analysed in relation with the microstructure and its
morphological properties. In this section the permeability, diffusion and tortuosity
tensors for selected rock sample (sample nr 4) at the initial and degraded states
will be calculated. In view of previous assumption of existence of three planes of
symmetry, X, Y , Z are the principal axes of these tensors. This situation does
not change during the one-dimensional settlement due to the material degradation
process. The aim is to analyse the correlation between those parameters and the
mechanical properties when microstructure is subjected to evolution.

7.1 Mechanical properties versus diffusive properties

In order to calculate the effective diffusion tensor for a particular periodic microstruc-
ture the following local boundary value problem for the vector ~χ has to be solved
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[41], [42]
∂

∂yi

[

D

(

Iij +
∂χj

∂yi

)]

= 0 in Ωf and i, j ∈ (1, 2, 3), (18)

Ni

[

D

(

Iij +
∂χj

∂yi

)]

= 0 on Γ and i, j ∈ (1, 2, 3), (19)

where ~χ is y-periodic and its volumetric average is equal to zero. D is the diffusion
coefficient at the microscopic scale. ~N is the external normal unit vector to the
Ωf (pore domain). In the computations presented in this paper the periodicity
conditions were replaced by the symmetry conditions as proposed in [43]. The
effective diffusion tensor is given by [41], [42]

Deff
ij =

1

Ω

∫

Ωf

D

(

Iij +
∂χj

∂yi

)

dΩ (20)

and the tortuosity tensor by [41]

τij =
1

Ω

∫

Ωf

(

Iij +
∂χj

∂yi

)

dΩ. (21)

Note that tortuosity is usually defined in phenomenological approaches, see for ex-
ample [44], as the ratio

τ =
Λ

Λ′
, (22)

where Λ is the straight distance between two positions of a particle, Λ′ is length of
trajectory connecting these two positions. According to this definition, tortuosity
varies between 0 and 1. In Figure 22 the tortuosity of the sample 4 as a function of
the increasing porosity, occurring during chemical degradation, is presented. We can
observe the increase of the tortuosity in the direction Y and Z, and constant (almost
zero value) in the X direction. In general, the increase of tortuosity is related to the
decrease of the particles trajectory in the pores [44]. Therefore, it can be interpreted
as ”straightening” of pores (pores become less tortuous). In the X direction there
is no percolation until the effective porosity reaches about 38%. Figure 23 presents
tortuosity tensor components divided by the effective porosity. It can be said, that
kinetics of changes of tortuosity in relation to increase of the effective porosity is
different for τz, than τy. It can be seen that the rate of ”straightening” of trajectories
for τy is almost constant during dissolution.

In Figures 26–29 relations between tortuosity tensor components and mechanical
parameters are shown. For all parameters the increase of tortuosity (τy and τz) is
associated with the decrease of Young and shear moduli.
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Figure 22: Tortuosity parameters for
each direction as a function of effec-
tive porosity.

Figure 23: Tortuosity parameters for
each direction divided by correspond-
ing effective porosity.

Finally, the specific surface of the material as being equal to the pore surface
divided by the volume of the microstructure for sample 4 (in evolution), was cal-
culated. In Figure 33 the specific surface as a function of the effective porosity, is
drawn. We can see a general trend of increase of specific surface with porosity. For
porosity equal to 21% a local decrease appears, that can be explained by fusion of
pores forced by chemical dissolution. Generally speaking, the increase of specific
surface can explain the drop of all mechanical parameters (Figure 24 and Figure
25), since it means the increase of surface available for dissolution and loss of mass.

Figure 24: Young modulus as function
of specific surface.

Figure 25: Shear modulus as function
of specific surface.
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Figure 26: Young modulus as function
of tortuosity τy.

Figure 27: Young modulus as function
of tortuosity τz.

Figure 28: Shear modulus as function
of tortuosity τy.

Figure 29: Shear modulus as function
of tortuosity τz.

7.2 Mechanical properties versus permeability

The permeability of porous rock can be calculated by solving a local boundary
value problem of water flow in the pore domain. Since the microstructure presents
symmetries, the problem to be solved in order to compute the permeability in the
Z direction (for example), is as follows

1. Stokes equation
η∆~v −∇p = 0 in Ωf , (23)
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Figure 30: Specific surface as function
of effective porosity.

Figure 31: Pore volume of sample 4
in degraded state, with indicated no-
tation for boundary conditions.

2. Incompressibility condition

∇~v = 0 in Ωf , (24)

with following boundary conditions (Figure 31)

• on the surface 1: pressure p1 = 1

• on the surface 2: pressure p2 = 0

• on all other external surfaces: slip condition

• on all internal solid surfaces: non-slip condition

The permeability Kz can be calculated from the Darcy law that is valid at the
macroscopic scale [35]

Kz = −
< vz > η

∂
∂z
p

, (25)

where ∂p/∂z means macroscopic gradient of pressure in the Z direction, < vz > is
the average fluid velocity in the Z direction and η is the dynamic viscosity. In the
problem formulation we used the result of theoretical analysis, concerning the scale
separation, for the case of symmetry of the period, as in [43]. The computations were
performed for sample 4 in its initial and degraded states. The results of computations
of three components (Kx, Ky, Kz) as functions of the effective porosity are presented
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Figure 32: Comparison of permeability tensor elements and Kozeny-Carman per-
meability.

in Figure 32. We can observe a significant increase of Ky while Kz increases only
slightly andKx remains zero (no percolation inX direction in this range of porosity).
In the same figure, the Kozeny-Carman classical solution for isotropic media is shown
for comparison. Similar study was performed by Narsilio et al. [45].

In Figures 33-36 the relations between Young and shear moduli, and non-zero
elements of permeability tensor, are presented. A general trend of decrease of the
mechanical parameters as function of increasing permeability is confirmed.

7.3 Conclusions

The numerical computations confirmed that the loss of mass of solid (increase of
porosity) is linked with weakening of the material. Although, porosity systematically
increases, the hydraulic conductivity increases significantly only in the direction Y .
On the other hand, the Young modulus in the direction Y (Ey) is not the most
affected by the degradation. It seems that in the direction Y a preferential path
appeared within which a lot of contacts in the directions X and Z had been lost.
Since the most significant decrease of Young modulus occurred in the direction X,
we can suppose that the preferential path cut the maximum number of contacts
in the X direction with respect to others (Y and Z). It is also confirmed by the
decrease of two shearing moduli linked to the direction X, namely (Gxy and Gzx).
The modulus Gxy decreases less rapidly than Gzx that can be explained by the fact
that the number of lost contacts in the direction Y is less than in the direction Z.
Similarly, we can expect that the drop of modulus Gyz is less than the two others
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Figure 33: Young moduli as a func-
tion of Ky.

Figure 34: Young moduli as a func-
tion of Kz.

Figure 35: Shear moduli as a function
of Ky.

Figure 36: Shear moduli as a function
of Kz.
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since the lost of contacts in the direction Y and Z is less important than in the
direction X. The latter is confirmed in Figures 15-17.

Interestingly, the highest decrease of Young modulus Ex (and associated shearing
moduli Gxy and Gzx) is not related with the important variations of the transfer
parameters (tortuosity, conductivity). Therefore, we can say more generally, that
the decrease of mechanical parameters is not necessarily related with percolation.

As far as tortuosity is concerned, we observed that the rate of increase of the
tortuosity is constant in the direction Y , but is subjected to significant changes in
the direction Z. Nevertheless, the change of kinetics of tortuosity is not reflected in
the kinetics of changes of mechanical parameters in the respective directions.

These conclusions have to be verified by performing more numerical computa-
tions and experiments.

8 Final Conclusions

A methodology linking dissolution of rock at the microscopic scale during the ge-
ological storage of CO2, and the geomechanical behaviour of the saline aquifer, is
proposed. The performed numerical computations for an orthotropic microstructure
showed progressive degradation of all components of the stiffness tensor that follow
an exponential decay function.

The relation between the mechanical parameters and the transfer properties
(tortuosity and conductivity tensors) during the dissolution process was also studied.
It was found that the high increase of conductivity (in the direction Y ) does not
correspond (as could be expected) to the highest weakening of the Young modulus
in this direction. Moreover, the highest decrease of Young modulus (in the direction
X) is not associated with percolation in this direction.

The results clearly show that the morphological information about the mi-
crostructure (contacts) can be very useful in the qualitative explanation of the
chemical degradation process.

The solution of the macroscopic settlement problem under constant stress and
drained conditions showed that the geomechanical effects of the rock dissolution are
rather limited.
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[7] Le Bellégo C, Pijaudier-Cabot G, Gérard B, Dubé J, Molez L. Coupled mechan-
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