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ABSTRACT:

Safety assessment of geosequestration of CO; into deep saline aquifers requires a precise understanding
of the study of hydro-chemo-mechanical couplings occurring in the rocks and the cement well. To this
aim, a coupled chemo-poromechanical model has been developed and implemented into a research code
well-suited to the resolution of fully coupled problems. This code is based on the finite volume methods.
In a 1D axisymmetrical configuration, this study aims to simulate the chemo-poromechanical behaviour
of a system composed by the cement well and the caprock during CO: injection. Major chemical
reactions of carbonation occurring into cement paste and rocks are considered in order to evaluate the
consequences of the presence of CO2 on the amount of dissolved matrix and precipitated calcium
carbonates. The dissolution of the solid matrix is taken into account through the use of a chemical
porosity. Matrix leaching and carbonation lead, as expected, to important variations of porosity,
permeability and to alterations of transport properties and mechanical stiffness. These results justify the

importance of considering a coupled analysis accounting for the main chemical reactions. It is worth



noting that the modelling framework proposed in the present study could be extended to model the
chemo-poromechanical behaviour of the reservoir rock and the caprock when subjected to the presence of

an acidic pore fluid (CO,-rich brine).

INTRODUCTION

To meet the challenge of global warming and to the increase of anthropogenic emissions of
greenhouse gases into the atmosphere, innovative technologies have to be developed. Among others, geo-
sequestration of carbon dioxide (denoted CO, hereafter) is considered as one of the most adequate short-
term strategies for achieving important reductions of CO; emissions into the atmosphere. This technology
is based on the capture, transport and sequestration of the carbon dioxide in deep geological formations,
such as deep saline aquifers, depleted oil and gas reservoirs or unminable coal seams. The efficiency of
the storage relies on the geological configuration which has to include a caprock characterised by a very
low permeability and porosity covering a high porosity reservoir rock with sufficient capacity and
injectivity. The integrity of the storage could be questioned considering the presence of natural or man-
made discontinuities located within the storage complex. In this work, such discontinuities are accounted
for by considering the presence of cemented injection or abandoned wells. The presence of CO> within
the injection site will affect the chemical composition of the geomaterials (cement paste and rocks). These
chemical reactions will alter the poromechanical properties of the materials, and hence their capacity of
confinement. Both in situ studies [1] and laboratory experiments (see for instance [2], [3] and [4]) show
the effects of the CO»-rich fluid environments on the chemical compositions and on the poromechanical
properties of cement paste and rock samples.

The aim of this study is to simulate the chemo-poromechanical behaviour of wellbore cements in the
presence of CO»-rich fluid in the context of CO, geosequestration in saline aquifers. The cement matrix of
the well is composed of several hydrated minerals such as calcium hydrates (mainly Portlandite and
hydrated calcium silicates). In the presence of CO, dissolution and precipitation reactions will occur and

largely affect its stiffness and strength. This chemically induced degradation of the cement well is a



serious threat to the durability of CO, geosequestration. In consequence, it is important to assess the
evolution of chemical reactions which induce alterations on the transport and mechanical properties of the
cement paste, in order to estimate the damage risk of the cement well. This work investigates the
behaviour of a typical cement well-bore exposed to a CO-rich in-pore fluid during the post-injection
stage. The boundary value problem is solved by assuming 1D axisymmetry under plane strain conditions
in the axial direction and infinitesimal transformations. In the first part, the fully-coupled chemo-
poromechanical model is presented. Its implementation into a finite volume code is then described.

Finally, results of the numerical simulations are discussed.

1. CHEMO-POROMECHANICAL MODEL AND CEMENT PASTE CARBONATION

In all the study, isothermal conditions are assumed. We consider a two-phase porous medium,
composed of a solid phase and a fluid phase. Each of these phases is composed of several species. The
solid phase, denoted by S, contains not only the solid cement matrix itself composed of several minerals
M; but also carbonate crystals C. The in-pore fluid phase F is made of water, the solvent, denoted by w,
and dissolved species denoted by a which partly come from the dissolution of the solid phase and partly
from dissolved COsz. In the presence of CO», the main chemical alterations of the cement paste are due to
a carbonation process, leading to the leaching of the solid matrix and to the formation of carbonate
crystals (CaCOs3). [5] have shown during experimental carbonation of water saturated Portland-cement
paste cores with supercritical CO, at 90°C and 30 MPa the presence of stable and unstable calcium
carbonates polymorphs. They observed that vaterite, the least stable CaCO3 polymorph, is located only at
the very thin carbonation front, ahead of the carbonated zone, and is transformed into calcite within the
main carbonated zone of the cement paste. Furthermore, this transient effect has been neglected and it has
been assumed that under the assumption of local equilibrium in the reactive process considered in this
study, the calcium carbonates precipitate exclusively as calcite crystals, given the relative stability of this

polymorph as compared to other forms (vaterite and aragonite).



1.1 Carbonation reactions considered

The carbonation process considered here is, in agreement with [2], [6], [7], [8] and [9], that of the
carbonation of two main hydrates of the cement paste, that is to say Portlandite (Ca(OH).), noted CH, and
calcium silicate hydrates, noted C—S—H. In standard cement chemistry the notation C stands for CaO, S
for Si0, and H for H>O. The “— sign in C—S—H indicates that no specific composition is implied. In fact,
there is a large variety of calcium silicate hydrates depending on the Ca/Si ratio, leading to different
densities for the C—S—H. Hereafter, subscripts following C—S—H characterize the Ca/Si ratio.

The first reaction of carbonation corresponds to that of the CH, noted reaction (Ri), whereas the
second one (R») describes the carbonation of the C—S—H by successive decalcifications, starting from
C—S—Hi6 and leading to the end product SiO2(H20)o.s, that is hydrated silica. The precise decalcification
process of the C—S—H is not well-known. That is why the reaction pathway of this process is not detailed
in this study. Moreover, in order to identify the main chemical reactions during cement paste carbonation,
simulations on reactive transport were performed by BRGM using TOUGHREACT, a software well-
suited (see [10]) for modelling multiphase geochemical reactive transport in porous and fractured media.
The results (see [11]) show that predominant mechanisms of cement paste carbonation are those related to
the last two hydrates and that these carbonation reactions can be considered as sequential, instantaneous
and complete, which enables to neglect reaction kinetics. Both reactions are assumed to be sequential
because as long as non carbonated portlandite remains in the cement paste, the pH is maintained to a high
level (pH=13) and CO; can not attack C—S—H. Nevertheless, as soon as Portlandite has been fully
carbonated, the pH decreases and CO; can carbonate the C—S—H (see [2]). The assumption of
instantaneous reactions is made because relative to the slow diffusion of ions in the in-pore fluid, the
characteristic times of the chemical reactions are very small. Generally, we can write the carbonation

reactions as:

a . M

LRi LRi

+ CO, — CaCO; + ay ,,H,0 + a,, M5y, (Ri)




where ajri is the stoechiometric coefficient of the solid mineral MS;; in the reaction (R;), with j = 1 for a
reactant and j = 2 for a product in the same reaction. The arrow under calcite symbolizes the precipitation

of the mineral.

Finally, the reaction pathway considered here corresponds to the two reactions below:

CH + CO, — CaCO, + H,0 (R1)

0.625C-S-H,, + CO, — CaCO, + 1.3 H,0 + 0.625 SiO,(H,0),, (R2)

From these chemical reactions, we assume that the reactive constituents of the cement paste
relatively to the carbonation process are only CH and C—S—H. Moreover we consider that, in spite of the
presence of chemically inert constituents, the solid phase S of the porous media is composed of several
minerals M; and calcite C such as: S={M;,C}={CH, C—S—H, SiO>(H20)05, CaCOs}, where C—S—H can
have several densities depending on the decalcification stage. Concerning the fluid phase F, it contains
water and dissolved species due to the dissolution of CO; and of the solid minerals: F={w,a}={H-0,

HCOs, CO3** Ca?", OH,...}. These notations will be useful in the thermodynamic analysis.

1.2 Cement paste as a saturated poroelastic medium

In this part, the mechanical behaviour of saturated cement paste is studied under the framework of
non equilibrium thermodynamics. Indeed, as demonstrated by [12] and [13], such a framework is relevant
because it allows the extension to porous media of the classic balance equations of continuum mechanics
relative to mass, momentum, energy and entropy. The key points of this approach are recalled in the
following paragraphs.

Let nixd€2y be the number of moles of the species i present in an infinitesimal representative volume
of the porous medium d<(2 (i.e. n; is the apparent molar density of species i) in the initial state. The
1sothermal Gibbs-Duhem equation assuming chemical equilibrium can be written relatively to the in-pore

solution and to the carbonate crystal so that:
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where p.and p.are the pressures of the carbonate crystal and the in-pore fluid respectively and

4o and g _.stand for the molar chemical potentials of calcite and aqueous species i of the fluid phase
respectively. In Eq. (2), the energy transmitted through the shear stress is neglected compared to that
transmitted through the normal stress between carbonate crystals and solid matrix.

Let @ be the initial porosity so that the initial pore volume inside d(2 is @gp*d€2. A distinction is
made between the effective porosity and the overall porosity of the porous medium. The former, denoted
@r, corresponds to the pore volume occupied by the in-pore fluid per unit volume of porous medium. The
latter, denoted by ¢, corresponds to the pore space per unit of initial volume of porous medium which is
not occupied by the solid phase. The difference between these two porosities is denoted by oc. By
definition, the volume ocxd(2 refers to the pore volume occupied by carbonate crystals inside d{2. This
distinction is important in order to follow precisely the processes of dissolution and precipitation of the
cement matrix and the calcite. These porosities are linked by the following relation:

¢ = +0¢ 3)
When a cementitious material is submitted to the presence of CO», it undergoes several variations on
porosities. Some are due to chemical reactions, denoted ¢ for leaching of cement matrix and ¢p for
calcite precipitation. The other variations of porosity are related to the deformation of the porous medium
with ¢r and @c the deformation of the porosity filled respectively by fluid phase and by calcite phase. The

porosities involved in Eq. (3) can thus be rewritten as follows:

¢F :¢o+¢L_¢P+(pF

Oc =0 + ¢ @

Let gbe the overall infinitesimal strain tensor of the representative elementary volume and othe
overall stress tensor to which the considered system is subjected. d<{2 being an open thermodynamic

system, it will exchange during its evolution moles of species « with its surroundings. Finally, let us



introduce i the free energy of the system. The first and second laws of thermodynamics combine to

provide the isothermal Clausius-Duhem inequality related to the system in the form (see [12]):

dy
6. —— divw, -———2>0 5
dt ;” d )

where w,_ is the vector of molar transport of the aqueous species i. Thus —divw,_.d€2 is the rate of

moles of aqueous species i externally supplied to the infinitesimal porous element d<{2 by its contiguous
elements. Considering Fick’s diffusion law and Darcy’s law for the diffusive and advective transport of

species i, the vector w,_.can be expressed as:
n, K
Wicr = _deffgrad[ ;F j_ . — gradp; (6)
F vis

with 4 . the effective diffusion coefficient, x'the intrinsic permeability, 7, the dynamic viscosity of the

fluid phase and n,_.the number of moles of the species i per unit of overall volume. From Gibbs-Duhem

equalities (1) and (2) and Clausius-Duhem inequality (5), assuming isothermal conditions, the constitutive

equations of isotropic linear poroelasticity can be deduced (see [12] for more details):

6—60=(K—§Gj( g,)1+2G(g—¢,)- Zb( ~ Pyo )l (7)

K=F,C

¢J_¢J,0:bj(€_€0)+ z Px— Pro ; J=F,C ()

Kre Ny
In equations (7) and (8), e=tr(g)is the volumetric deformation, K and G are respectively the bulk
modulus and the shear modulus of the empty porous solid while by and Njk are respectively the
generalised Biot coefficients and the generalised poroelastic coupling moduli.
Finally, to evaluate the failure risk of the well-bore cement, the classic Drucker-Prager criterion will be

used a posteriori that is at the end of the poroelastic computation:

R
3ac+ fJ, —k<0 witha:R— )
+

t

l,and k£ = 2
= R

c

where o = tr(¢)/3 denotes the mean stress, J> the second invariant of the deviatoric stress while R. and R,

are respectively the compressive strength and the tensile strength of the material studied.

The chemical reactions accounted for in this study will induce changes of porosity and of the mineral



composition of the solid phase. A micromechanical approach will be used to assess these effects on the
poroelastic properties of the porous medium. The details of these calculations are developed in the second

part of this paper.

1.3 Chemo-poromechanical model

To highlight the coupling between the chemical reactions and the poromechanical behaviour, we

express the overall mass conservation of the in-pore fluid in the following form:

pr  dt prix  dt

Equation (10) simply expresses the fact that any variation in the total mass of in-pore fluid per unit of

overall initial volume must be linked to the variations of the number of moles of the species it contains.
Here, M, and dn,_, / drare respectively the molar mass and the temporal variation of the apparent molar

concentration of a fluid species i due to the molar transport of CO; as well as the chemical reactions

occurring in the cement paste.

dn,. . °
—<F — _divw._. + nic (11)
dt ieF F

Similarly, the mass balance for a particular solid mineral, assuming that its molar transport is not

significant, can be expressed as:

S S S S
) ° d o
dny; _ me  and e _ ne (12)
dr drs

. .S .S
with nier, nviand ne the molar variations of dissolved species, solid minerals and carbonate crystals due

to chemical reactions and w,_.the molar transport (see Eq. (6)).
We introduce the bulk modulus Kr of the in-pore fluid and the bulk modulus K¢ of the carbonate

crystals, pc its density and pc its pressure. y; represents the fluid density variation induced by the chemical

composition changes. Under the assumption of no transmission of shear between calcite and cement



matrix (see Eq. (2)), the variation of density of the fluid and the calcite under isothermal conditions can

be written in the form:

dl 1
1dp. 1 dp, dn, | (%)J
—E - TF —1 with y_,.= — s 13
pF dt KF dt ;71 dt }/zeF pF dl’ll. ( )
PRl J#E
Ldpe_ 1 dpe (14)

pe dt K. dt
Moreover, the reaction of precipitation of calcium carbonates is assumed to be instantaneous because the
kinetics of dissolution/precipitation is much faster than the diffusive transport of CO; in the liquid phase
(cf[14]). This amounts to say that the thermodynamic equilibrium between dissolved species and
carbonate crystals holds true at any time and in each infinitesimal representative volume. In other words,

the chemical potential of carbonate crystals is equal to the sum of that of the dissolved species:
He = Hepr + 'ucog‘ (13)

Thanks to Eq. (4), (10), (11) and (13) and assuming that reactions of precipitation occur under constant

energy, the conservation of fluid mass can be expressed as follows:

]?_FF% + % = ;(V(S: + aZ,R‘.vl\SAZ,R,. — aLRI_VfM’_ + aHzO,RiVlizO,R,» );ZR[ + div(% gradij (16)

where ajri is the stoechiometric coefficient of the solid mineral MS; i in the reaction (R;), with j = 1 for a
reactant and j = 2 for a product in the same reaction and v is the molar volume of the calcite or the solid
mineral MS;r; or water produced by the reaction (Rj).

In equation (16) four contributions to the variation of pore fluid pressure are distinguished. Indeed, an

increase of in-pore fluid pressure can come from first a net fluid influx represented by the last term

(Darcy’s law), second a variation of pore volumes due to lixiviation or to precipitation

and finally from a pore deformation (term %).

According to the assumptions related to reactions kinetics previously introduced, the advancement rate

o

&, of each reaction R can directly be estimated from the quantity of CO: supplied to the system by

diffusion and advection:



[5;2 0, & = XRj itM?, >0

(5;2 = X, & =0j ifM?, =0 and M, >0

: . (17)
(csz =0, &, =0j if My, =0and Mj, =0

. . nco2 K
with X, = dlv£deffgrad( p J+ oo, — gradpFJ

F vis

Finally, the variation of the molar quantity of CO» corresponds to the quantity brought by advection and

diffusion minus the quantity consumed by chemical reactions:

dn n ’
— D2 div(deﬁ‘grad( = j +heo — gradpp] - Z Sri (18)
dt ¢F /» R;

Vvis

Equation (7) together with the momentum balance condition and equations (16), (17) and (18) define the
chemo-poromechanical model. Its implementation into a finite volume code is described in the following

section.

2. NUMERICAL RESOLUTION

To solve the chemo-poromechanical problem, the proposed model has been implemented into an in-house
research code. Poromechanical validation had been made for simple cases with no chemical couplings on
the basis of analytical solutions. The cement paste studied here corresponds to a class G cement with a
water-to-cement ratio equal to 0.44. This value is representative of cement pastes used by the petroleum
industry for cementing production wells (see [15] and [16]). In this second part, we first expose the
method used to estimate the poro-elastic moduli of the cement paste during the carbonation process. Then
the calculation of the other parameters of the model is made explicit. An overview of the main principles

of the numerical code is finally exposed.

2.1. Homogenization of poroelastic properties of the porous cement paste

This part deals with the calculation by a homogenization technique of the poroelastic moduli of the



cement paste during the dissolution/precipitation processes induced by its carbonation. Resorting to
upscaling methods is suitable in this study because the chemical reactions induce significant changes of
the microstructure of the solid skeleton (dissolution/precipitation phenomena). Since we are interested in
the mechanical behaviour of the geomaterials, this approach will provide a physically sound assessment
of the chemically-induced alterations of the elastic properties of the cement paste.

The theoretical framework of the homogenization method used in this study is that presented by [17]. In
[17], [18], [16] and [19], a micromechanics analysis of the cement paste and cement mortar is performed
to predict the properties of these materials with a given micro and macro-structure. A micro-structural
analysis of the C—S—H accounting for their high or low densities is developed. Nevertheless, in the
present study, a simplified approach is adopted and only the macro-structure of the cement paste
(including solely the capillary porosity) is considered.

Here, all components (including CH, C—S—H, calcite, SiO> and chemically inert phases) have to be
considered in the homogenization analysis as regard to their mechanical contribution to the overall
stiffness. A mineralogical study has been carried out at the geochemistry laboratory of INPL (Nancy,
France) on healthy cement paste samples. This study provides the values of the volumetric proportions of
each mineral before carbonation. These values are presented in Table 1 together with the corresponding

bulk and shear moduli found in the literature.

The principle of the homogenization technique is to derive the properties of a fictitious homogeneous
media which behaves globally the same way as the real heterogeneous body accounting for the pertinent
physics at a lower scale. It is then possible to replace this complex heterogeneous media by the fictitious
homogenized media. An Eshelbian morphology for the cement paste (see Fig. 1) is assumed, that is to say
a spherical inclusion embedded in a reference media. We also consider the isotropy of the local and
reference media. A self-consistent scheme is chosen for the homogenization step. The reference medium
is consequently the homogenized medium (i.e. the fictitious homogenized medium). The self-consistent
scheme is suitable for material whose phases are dispersed in the considered reference volume and when
none of these phases plays any specific morphological role. Under these assumptions, we can estimate the

poroelastic parameters (bulk and shear moduli, Biot coefficient and Biot skeleton modulus) of the cement



paste as a homogenized medium by using the simplified following relations:

K= ks s G =Y e (19
S WS = WA (20)

In the equations (19) and (20), fis the volumetric proportion of the phase r, k and g- are elastic

parameters of the solids 7 and 4and Af are the volumetric and deviatoric strain localization coefficients
(see [16], [17] and [20] for more details).

Thanks to this homogenization method and a local iterative process included in the numerical code, poro-

elastic parameters of the cement paste can be estimated at any time during the carbonation process.
2.2 Main parameters and numerical resolution

To simulate a cement wellbore drilled into a deep reservoir at a post-CO»-injection stage, the chemo-
poromechanical model with appropriate boundary conditions has been implemented in a finite volume
code. At any time, the porous medium is saturated by a single liquid phase, possibly containing dissolved
COa».

In this study, a simplified geometry is considered by assuming axisymmetric conditions under plane
strains in the axial direction. Thus the different unknowns only depend on the radial space variable
(distance to the well axis) and time. Under the assumption of an isotropic material, the strain and stress
tensors are diagonal. According to [21] the effects of porosity changes on the intrinsic permeability x (in

m?) of this type of cement paste can be captured through the Eq. (21):
¢ 11
K=1.2(—Fj 107" (21)
0.26

The diffusion coefficient dey (in m2.s") is also assumed [14] to be a function of the porosity and is defined
by:

d 5 =100.exp(9.95 ¢ —29.08) (22)



Values used in this study for the initial porosity, the bulk modulus of the pore fluid, the molar volumes of
minerals and water and the parameters used for the Drucker-Prager criterion are summarised in Table 2

and 3.

Concerning the initial mineral composition, the hydrated cement paste considered here is composed
of 20 % of Portlandite, 27 % of C—S—Hi¢ and 25% of inert components such as aluminates (volume
fractions) with an initial porosity of 28 %. It should be noted that the calcite phase that precipitates during
the carbonation process may eventually dissolve, depending on the CO; concentration and pH value (see
[7]). Nevertheless and according to experimental observations reported by [3], we do not take into
account this possibility in the short-term simulations presented in this study.

The choice of a finite volume code is relevant in the case of reactive transport problems and
dissolution/precipitation phenomena. Experiments performed by [3] and [5] show a quite steep separation
between the carbonated and healthy parts of the cement paste samples exposed to a CO»-rich fluid.
Moreover this front remains sharp during the carbonation process. As a consequence, it can reasonably be
assumed that a sharp carbonation front exists at any time in the sample. According to [14] and [22], finite
volume spatial discretisation is particularly appropriate for this kind of reactive transport problems
because it ensures the mass conservation between each control volume and the numerical scheme stays
relatively stable despite the sharp dissolution/precipitation fronts, without numerical instability or
convergence problems. In the finite volume method, the modelled domain is discretised into a given
number of control volumes associated to central nodes and interfaces. We choose to keep a constant radial
step between nodes of volumes and thus between interfaces for the cement part whereas for the caprock
domain (present in order to fix realistic mechanical boundary conditions) a geometrical progression is
used for the space discretisation. This choice leads to divide the domain of the cement paste in 100
control volumes and in 49 volumes for the caprock part. The unknowns of the problem are the fluid
pressure, the advancement rate of reaction, the CO, concentration and the displacements. Their values are
computed at the nodes (and are thus constant per control volume). To fix the boundary conditions, two
half-control volumes are added at the boundaries of the structure. The physical domain modelled includes

the cement layer of the well and the surrounding caprock which is assumed here chemically inert. The



metallic casing is not explicitly modelled. Only its effects are accounted for by imposing adequate
hydromechanical boundary conditions (see section 3). In our in-house code, an implicit Euler scheme is
used for the time discretisation. The Newton-Raphson method is used to solve numerically the problem.
Furthermore, with the hypothesis of the sharp carbonation front, we impose that for a given control
volume, any incoming CO; must react with all the reactants in presence before the excess amount can
enter the next control volume.

Finally, we assume that the carbonate minerals precipitate on pore walls of the cement matrix and
stick to the solid matrix. Under this assumption interfacial effects can be neglected in the mechanical

equilibrium between calcite and the pore fluid so that p. = p,.

3. RESULTS AND DISCUSSION

3.1. Statement of the problem

Initial and boundary conditions are now made explicit. The cement well is modelled as a cylindrical
domain with an internal radius of 0.089 m, an external radius of 0.108 m and a unit height. We are
interested in the effects of a leakage of gas by dissolution in water at the interface between the caprock
and the cement well seen as a preferential path (see [23] and [24]). Hence, CO, will be assumed to enter
the cement paste at its outer surface and migrates towards the inner surface. We consider a uniform fluid
pressure of 10 MPa at the beginning, which roughly corresponds to the fluid pressure at around 1000 m
depth in the post-injection stage.

The focus of our analysis being the effects and consequences of the chemo-mechanical couplings
inside the cement paste, the caprock is simply modelled as a chemically inert, poro-elastic material.
Before drilling the well, the caprock is assumed to be in a state of homogeneous and isotropic stress of 25
MPa. To take into account the well drilling and the well cementation, a partial deconfinement of 50% at
the inner surface of the cement well is assumed. This new stress field becomes the reference state for the

calculation of the displacements. At this new initial state, null displacement (u_ =0) and strains

(& =¢,=0) are supposed at all material points under the assumption of non-shrinking and impermeable



casing.

In addition, the cement paste is initially intact and does not contain any carbonate mineral before the
injection of CO,. The in-pore water does not contain any dissolved CO and is subjected to a uniform
pressure of 10 MPa at the initial state. To model a CO»-rich fluid leakage between the caprock and the
cement paste, we assume at all time drained conditions at this interface. A fluid pressure of 10 MPa is
thus imposed in this region. With the arrival of COz-rich fluid, a carbon dioxide concentration
corresponding to the saturated concentration of CO» in water is also fixed. At the inner surface of the
cement paste, in order to account for the metallic casing, an impermeable boundary is assumed (no flow
of any species). Finally, concerning the mechanical problem, we choose to apply a constant compressive
radial stress of 25 MPa at the external surface of the caprock (representing a boundary condition far from
the well) and null displacements on the internal surface of the cement well. Figure 2 summarizes

boundary conditions imposed on the studied structure.

3.2. Results

Selected numerical results are now presented. The behaviour of the caprock and the cement well during
180 days has been computed. Only the results concerning the cement part are presented here. An influx of
CO> is imposed at the cement-caprock interface (at » = rexx = 0.108 m). Figure 3 shows the spatial
distribution of the volumetric proportions of each mineral species after 10 days of exposure and 40 days
of exposure. In the figure, “other minerals” refer to the aluminates which are chemically inert and the
hydrated silicates which are formed after the complete decalcification of the C—S—H by the carbonation
process. After 10 days of exposure to CO»-rich fluid, 6.4 mm of the sample are fully carbonated. Such a
carbonation depth is realistic in front of the experimental results of [3]. The carbonated zone, located
between r = 0.1080 m and r = 0.1016 m does not contain CH and C—S—H anymore and is only composed
of calcite, hydrated amorphous silica and the other inert components. In the adjacent volume between
r=0.1016 m and r=0.1004 m, CH and C—S—H are disappearing whereas calcite and silica are being
generated. The dissolution/precipitation front is located inside this volume. By comparing Fig. 3(a) and

Fig. 3(b), we can observe the advancement of the carbonation front through the well and that this front, in



consistency with our assumptions, remains sharp. From Fig. 4, the cement well will be fully carbonated
after 70 days of carbon exposure. These modifications of composition of the cement matrix induce

evolutions of its porosity. Figure 5 shows how the chemical reactions affect the fluid porosity ¢ of the

cement paste during the carbonation. As a consequence of the incoming of CO,, the cement matrix is
partially dissolved, followed by the precipitation of new minerals. Thus, the supply of CO, mass and the
formation of calcite and SiO> decrease the porosity of the cement paste, from 28 % to 24.1 %. The loss of
porosity is also observable in Fig. 3 where we can see that new minerals occupy more space than CH and
C—S—H. This reduction of porosity leads to, as seen from equations (21) and (22), an alteration of the
transport properties of the cement paste such as an effective decrease of the permeability which is divided
by 5 (see Fig. 6) and of the diffusivity coefficient of the CO; in water which is divided by 1.5 in altered
zones. Furthermore, as a consequence of the decrease of the fluid porosity due to formation of carbonate
minerals, fluid pressure increases and cannot be immediately dissipated because of the reduced
permeability of the cement paste.

From Fig. 7, we can see an interior zone of higher fluid pressure bounded by the carbonation front.
This overpressure has its origin in the impermeable boundary conditions imposed at the inner surface
(casing) and in the carbonation mechanism because carbonation reaction produces water (see Eq. Ri and
R>) whose pressure can not be instantaneously dissipated because of the decrease of porosity and
permeability. The associated pressure gradient induces a water flow directed towards the external surface
of the cement well. These results emphasize the couplings between transport phenomena and chemical
processes.

Additionally, the carbonation mechanisms involve also the alteration of the mechanical properties.
Indeed, as can be seen in Fig. 8, the bulk modulus is divided by 1.5, from 7.7 GPa to 5.3 GPa, and the
shear modulus, initially equal to 3.7 GPa is reduced to about 2.8 GPa at the final state. The cement matrix
is consequently degraded. This highlights a potential risk for the durability and safety of CO, storage.

Finally, in spite of the alteration of the elastic moduli, radial displacements are low (about 6.10° mm
at the external surface of the cement) (see Fig. 9). It can be seen that the carbonation process leads to a
small swelling of the cement well under the prescribed boundary conditions. Figure 10 shows the radial

dilatation along the cement paste layer and an increase of radial deformations at the carbonation front.



Figures 11 and 12 show the distribution of radial stress and a posteriori calculated Drucker-Prager yield
criterion. For the case under study, taking into account the plastic behaviour of the material is not
relevant. It should be noted that in some situations a risk of damage can be expected, as shown by

experimental results presented in [3].

To show the influence of initial porosity and transport properties on the risk of damage, simulations

with a lower initial porosity and a lower initial ratio K'/ d ; were performed.
In the first parametric study, we choose to impose a initial ratio K‘/ d,, lower than in the reference

case with a ratio divided by 10 and an initial porosity of 28%. In this case, we first note that chemical
reactions are strongly faster and that the cement paste is fully carbonated after 7 days of CO, exposure.
Moreover, the plateau of the fluid pressure generated by the carbonation process is a little bit higher than
in the reference case, with a maximum of 10.6 MPa instead of 10.06 MPa in the reference case. Finally,
the yield criterion (see Fig. 13) increases at each carbonation front. These results are explained by the fact
that, with a higher initial diffusive coefficient than in the reference case, the propagation of the carbon
dioxide in the medium, mainly governed by diffusive transport in our study, is accelerated. Furthermore,
an increase of the reaction rate (this latter being limited by the CO» supply with our assumptions) implies
an increase of the production of water. Thus, water produced by chemical reactions needs much time to be
evacuated into the porous medium.

In the second parametric study, the initial porosity is fixed to 18 % instead of 28 % in the reference
case presented previously. With this low initial porosity, the cement matrix tends to be very altered by the
carbonation mechanisms. Fig. 14, representing the fluid pressure generated in the cement matrix at some
times, shows that the overpressure increases significantly between the carbonation front and the casing. It
is explained by the fact that a decrease of the initial porosity value is accompanied by an increase of the

volume of reactive species in the REV and an initial value of K‘/deff (which is linked to porosity)

approximately divided by 10. The carbonation process thus involves an increase of the quantity of

produced water, itself produced more rapidly because of the reduce value of the K/deﬁ, ratio. This

overpressure involves a very high increase of the Drucker-Prager criterion values (see Fig. 15) which



shows that in these conditions, non reversible deformations are expected. In this case, the cement well

could be heavily altered.

CONCLUSION

In this study, a chemo-poromechanical model applied to carbon dioxide exposure of cement wells has
been presented. The model has been implemented in an in-house finite volume code to predict the
behaviour of the cement paste under a possible carbon dioxide leakage through the interface between the
caprock and the cement well. This code solves in a fully coupled manner the chemo-poromechanical
problem being studied. A self-consistent scheme has been used to obtain homogenized mechanical
properties and to assess the alteration of mechanical moduli by taking into account calcite and other
minerals produced during the carbonation process. Transport properties and elastic parameters of the
medium are altered by the carbonation process. The carbonation effects are low but we have to keep in
mind that the study is under the assumption of local equilibrium. Therefore, high decrease of porosity,
high over pressurization or significant decrease of elastic modulus can not be observed in these
simulations. But yet, an appreciable amount of porosity decrease and elastic parameters alteration had to
be noticed.

To finish with, a parameter study has shown the importance of the choice of the initial parameters
and thus that correctly formulated cement pastes have to be used to ensure well integrity. Furthermore, the
couplings between the chemical effects, the transport and the mechanics are highlight and show the
complexity of the carbon storage issue. To assess the safety of the storage, damage risk through the
calculation of a plastic or damage criterion is necessary.

It is worth noting that the modelling framework proposed in the present study could be extended to
model the chemo-poromechanical of the reservoir rock and the caprock when subjected to the presence of
an acid fluid (COx-rich brine). In such a case, the chemical reactions would have to be updated but the

general methodology would still be applicable.
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Tables

Table 1: Parameters used in the homogenization model (from [18], [25] and [26])

Inclusion Volumetric proportion | Bulk modulus | Shear modulus
notation | initial value (GPa) (GPa)
Porosity 7/ 0.28
CH fen 0.20 33 14.5
CSH fesh 0.27 25 18.4
Lixiviated CSH feshl 0 5.1 3.2
Aluminates (ettringite) fai 0.25 27 9.5
Calcite CaCOs fec 0 69 37.4
Table 2: Material parameters
b d, [m?s”] K, [m?] Myis K, [MPa] | Rc[MPa] | R([MPa]
[MPa.s]
0.28 4651010 | 579 10" 0.510° 2200 -45 4.5
Table 3: Molar volumes [cm3.mol™']
V(S?H VE-S-HI_6 VSaCO3 Vssioz (H,0)y 5 VfIZO
33.1 84.7 36.9 31 18.25
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Figure 2: Boundary conditions
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Figure 4: Evolutions of molar quantities of the CH, C-S-H and CaCOs3 under CO; injection according

to time in r = rint

0.285
------- od
0.28+ e 11 10d |-
: . -»-30d
0.275" i : ---60d |-
; ! 180d
_el._l. 0.27¢ : | i
|
1
2 0.265/ ; i ]
g : |
S 026 : ! ]
T : !
= 0255/ i ! ]
! 1
1
0.25- : E ]
1
0.245 ! | ]
1 1

0'8%85 0.09 0.095 0.1 0.105 0.11 0.115
radius (m)

Figure 5: Spatial evolution of the porosity in the cement sample during 180 days of exposure to the CO»

at several times
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Figure 6: Spatial evolution of the permeability in the cement sample during 180 days of exposure to the

CO; at several times
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Figure 7: Spatial evolution of the fluid pressure in the cement sample during 180 days of exposure to the

CO; at several times
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Figure 8: Spatial evolution of the bulk modulus in the cement sample during 180 days of exposure to the

CO; at several times
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Figure 9: Spatial evolution of the displacements in the cement sample during 180 days of exposure to the

CO; at several times
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Figure 10: Spatial evolution of the radial strains in the cement sample during 180 days of exposure to the
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Figure 11: Spatial evolution of the radial stress in the cement sample during 180 days of exposure to the

CO; at several times
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Figure 14: Spatial evolution of in-pore fluid pressure during 250 days of CO; exposure with an initial

porosity of 18%
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Figure 15: Spatial evolution of the yield criterion during 250 days of CO; exposure with an initial

porosity of 18%



