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ABSTRACT: Geo-storage of carbon dioxide has been gaining importance over the years through the growing interest of people and
governments in reducing greenhouse gas emissions. It has already been proven in the field, especially through drilling methods
already known in the oil industry, making this alternative possible. The reservoir well consists of a steel casing, which is externally
coated with cement. Initially, the cement is capable of sustaining external stresses. However, the well will be exposed for many years
to carbon dioxide in a supercritical state. The carbonation leads to the dissolution of the cement main components and the degradation
of its cementitious matrix, resulting in the creation of leakage pathways through cement and in the loss of stability of the well. This
work aims to study the long-term variations of the mechanical parameters of cement when it carbonates under supercritical
conditions. We carbonated cement samples at high temperature and high pressure, thus representing the reservoir conditions. The
mechanical properties were obtained throughout the use of high-pressure triaxial equipment for rocks. The parameters obtained were
used to calibrate a coupled chemical-hydro-mechanical model implemented in a finite element code.

RESUME : Le géo-stockage du dioxyde de carbone a gagné en importance au fil des ans en raison de l'intérét croissant des personnes
et des gouvernements pour la réduction de la des émissions de gaz a effet de serre. Il a déja fait ses preuves sur le terrain, notamment
grace a des méthodes de forage déja connues dans l'industrie pétroliére, ce qui rend cette alternative possible. Le puits-réservoir est
constitué d'un tubage en acier, qui est recouvert extérieurement de ciment. Initialement, le ciment est capable de supporter les contraintes
externes. Cependant, le puits sera exposé pendant de nombreuses années au dioxyde de carbone a I'état supercritique. La carbonatation
conduit a la lixiviation des principaux composants du ciment et a la dégradation de sa matrice cimentaire, ce qui peut entrainer la création
de voies de fuite a travers le ciment et la perte de stabilité du puits. Le but de ce travail est d'étudier les variations a long terme des
parametres mécaniques du ciment lorsqu'il se carbonate dans des conditions supercritiques. Des échantillons de ciment ont été carbonatés
a haute température et haute pression, représentant ainsi les conditions du réservoir. Les propriétés mécaniques ont été¢ obtenues grace a
l'utilisation d'un équipement triaxial & haute pression pour les roches. Les paramétres obtenus ont été utilisés pour calibrer un modéle
couplé chimique-hydro-mécanique implémenté dans un code aux éléments finis.

KEYWORDS: COz geological storage — Cement paste — Supercritical carbonation — Triaxial tests — Numerical simulations

cement products, mainly calcium hydroxide (CH) in Eq. 1 and
calcium silicate hydrate (C-S-H) in Eq. 2, to produce calcium
carbonates (CaCO;3 or CC) and amorphous silica (AmSi):

1 INTRODUCTION.

The increased demand for energy from economic growth in the

world also leads to higher CO2 emissions (Aminu et al., 2017). CH + CO, - CaCO; + H,0 (1)
One way to reduce the atmospheric pollution generated by these
emissions is to divert the flow of COz2 into geological reservoirs C—S—H+1.7C0, - 1.7 CaCO; + AmSi )

(Chen and Xu, 2010),
(Michael et al., 2010).

storing a large amount of this gas
These reactions change the cement matrix generating

The geological reservoirs to be considered are coal beads, deep
aquifer reservoirs, or abandoned oil reservoirs. It must be ensured
that the upper caprock of the reservoir is sufficiently
impermeable and resistant so that once the COz is injected, it
does not percolate through the upper formations.

The way to inject COz into a geological reservoir is to drill to
the desired depth and inject it. However, this task requires the
injection well to be stable and safe. A steel pipe is placed
perfectly centered in the borehole, and then a cement slurry is
injected to protect it from corrosion and seal the well. Cement
requires a high pH to remain in chemical equilibrium, while COa-
bearing geological reservoirs impose an acidic environment that
is corrosive to cement.

The carbonation process is characterized by the chemical
reactions between the CO: bearing-fluids with the hydrated
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discontinuities within the material and modifying the pore
structure. One of the main problems is the total dissolution of
cement hydrates, leaving amorphous silica and calcium
carbonates. Also, calcium carbonates may be re-dissolve if pH
conditions permit (Zhang and Bachu, 2011) or could be washed
away by a flow corresponding, for example, to the constant
injection of COa.

In turn, the high pressure and high temperature in these
reservoirs can cause CO2 to be in a supercritical state, above
32°C and 7 MPa. At this point, the CO2 becomes very dense and
with low viscosity, further enhancing storage capacity but also
the carbonation of the cement.

This work aims to study the variation of the mechanical
properties of cement once it is subjected to carbonation at a
pressure of 20 MPa and 90°C of temperature. This is carried out



through isotropic triaxial tests to determine the compressibility
moduli and with deviatoric tests in the elastic zone to determine
Young's modulus and Poisson's ratio.

A numerical simulation of carbonation is also presented using
the finite element method with a chemo-hydro-mechanical
coupled model. The reaction advance and the porosity variation
through time were determined.

2 MATERIALS AND METHODS

Cement samples were prepared according to the American
Petroleum Institute Standard 10A (API Specification 10A,
2019). Samples were prepared and poured in cylindrical molds
for 24 h and then removed from the mold. Later, they were cured
for 28 days in lime-saturated water at 20°C (Barria et al., 2020a).
Once removed from the batch, they were cut to obtain cylindrical
samples of 38x76 mm.

2.1 Carbonation

Carbonation was performed in a titanium cell at 20 MPa and
90°C in static conditions. The samples were allowed to carbonate
in wet supercritical CO2 for 30 days, as presented in previous
works (Barria et al., 2020a). Figure 1 shows the carbonation cell
used.

Figure 1. Carbonation cell

2.2 Triaxial tests

Triaxial tests were performed on cement samples to determine
the mechanical properties at different confining conditions,
simulating underground conditions.

Cylindrical cement samples of 38 mm in diameter and 76 mm
long were placed inside a neoprene membrane. Two linear
variable differential transformers (LVDT) were positioned in the
axial direction and four in the radial direction touching a thin
aluminum sheet glued to the four radial pierced holes in the
membrane.

Porous stones were placed on the top and bottom of the
samples to allow a homogeneous pore pressure distribution. Pore
pressure, confining pressure, and deviatoric loading were
measured by electronic transducers and controlled by software
linked to hydraulic pumps.
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The tests performed were:
e  Undrained isotropic test
e  Drained isotropic test
e  Deviatoric test

The isotropic tests were performed with initial confining
values ranging from 5 to 30 MPa. The isotropic load increases to
a certain value and then unloads to the initial value. The bulk
modulus of the sample is measured from the load-unload curve.

In the undrained isotropic test, the pore pressure exit valve
is closed, preventing mass exchange. In this case, the increase in
pore pressure within the sample is measured through pressure
sensors. Reversely, for the drained isotropic test, the exit valve is
open to let the water evacuate the sample.

The deviatoric test was performed under undrained
conditions. The variation in pore pressure and deformation of the
sample was measured.

The parameters obtained during triaxial tests were undrained
bulk modulus (Ku), Skempton coefficient (B), drained bulk
modulus (Kd), Young's modulus (Eu) and Poisson coefficient (v.)
in undrained conditions.

3 RESULTS

Figure 2 shows the samples affected after 30 days of carbonation.
Some of the samples were damaged and broken during the tests,
probably due to depressurization.

Density increases from 1.99 to 2.02 g/cm? with a mass uptake
average of 2.7 g per sample. This is a result of the higher density
of carbonates compared to CH, and due to the higher amount of
CC produced in the reaction of Eq. 1 with a CC/C-S-H ratio of
1.7.

Figure 2. Samples after 30 days of supercritical carbonation at 20MPa
and 90°C.

The isotropic tests are shown in Figure 3, where the isotropic
load increase is plotted as a function of the volumetric
deformations. The bulk modulus corresponds to the slopes of
every curve.

As expected, before carbonation the undrained slopes are
steeper than the drained slopes. This is because drained samples
allow greater deformation by allowing water inside them to
escape, making them more compressible.

The Skempton coefficient can be measured from pore
pressure measurements on the sample during the isotropic test.
This coefficient corresponds to the slope of the pressure increase



curve as a function of the applied isotropic load (Skempton,
1954). This coefficient is influenced by the degree of saturation
of the sample, if the sample is not completely saturated, the
measured Skempton coefficient will be lower compared to that
of the saturated sample.

A small increment in the bulk modulus is observed when the
initial confining pressure is higher. This is due to the fact that
when applying a higher initial confining load, the pore structure
is reduced, allowing smaller deformations when an external load
is applied.
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Figure 3. Isotropic drained (Kd) and undrained (Ku) measurements of
triaxial tests on carbonated (C) and non-carbonated (NC) samples. The
slopes correspond to the bulk modulus.

Figure 4 shows the bulk modulus in function of the initial
confining pressure during the isotropic test. The values of
drained and undrained bulk modulus are in accordance with those
in the literature (Ghabezloo et al., 2008; Samudio, 2018)

Once the samples are carbonated, the slopes are lower,
indicating that more volumetric deformation is produced when
an isotropic load is applied.

The edge of the sample in contact with CO2 undergoes
dissolution of cementitious material and precipitation of CaCOs.
This generates a degraded region in which 3 zones can be
observed (Kutchko et al., 2008): the leaching zone, the
precipitation zone, and the re-dissolution zone. The latter zone,
which is in direct contact with the fluid in the supercritical state,
is the most affected. This is where carbonates dissolve in the fluid
and porosity increases (Bagheri et al., 2019). This zone can vary
its thickness depending on the curing and carbonation condition
imposed to cement (Jeong et al., 2018; Xu et al., 2019).
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Figure 4. Bulk modulus of drained (Kd) and undrained (Ku) tests on

carbonated (C) and non-carbonated (NC) samples. Results are shown as
function of the initial confining pressure of each test.

By applying an isotropic load to the carbonated cement, this
outer zone, with a lower Ca/Si ratio due to the re-dissolution of
the CaCQOs, is more susceptible to deformation than before
carbonation. As the total volumetric strain is higher after each
load increment, the final slope of the curves in Figure 3 is lower,
thus corresponding to a reduced bulk modulus of the sample.

The averages values obtained from all the isotropic tests are
shown in Table 1. Carbonation reduces drained and undrained
bulk moduli by up to 40%, while the Skempton coefficient does
not vary significantly.

Table 1. Averages bulk modulus values obtained from isotropic tests at
different confining pressures

Measured parameter Non-carbonated Carbonated
Ku [GPa] 15.30 8.60
Skempton coef. 0.32 0.34
Kd [GPa] 12.00 7.50

The Young's modulus and Poisson ratio are taken from the
elastic zone of Figure 5. Both parameters are taken from the same
range of load application, between 4 and 15 MPa of deviatoric
stress. Table 2 shows the results of Young's modulus and Poisson
ratio for non-carbonated and carbonated samples.
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Figure 5. Deviatoric test on non-carbonated (NC) and carbonated (C)
samples.



The elastic relationship between the bulk modulus, Young's
Modulus, and Poisson’s ratio can be obtained by the following
equation:

_ 3Ky—Fy
T 6Ky

Vy 3)

With an undrained bulk modulus of 15,30 GPa and Young's
modulus of 19.2 GPa, we obtain a Poisson ratio of 0.29. The
difference with the measured value is probably due to the
accuracy of the data acquisition. Averaging the experimental

(0.23) and theoretical value (0.29), we can determine a Poisson
ratio of 0.26.

Table 2. Elastic parameters obtained from deviatoric tests for unconfined
conditions

Measured parameter Non-carbonated Carbonated
E, [GPa] 19.2 12.00
Hu 0.23 0.19

The carbonation front generates the dissolution of the
cementitious material at a certain distance from the edge and also
a redissolution of the carbonates that precipitate near the edge.

Since the material is no longer isotropic, the elastic
relationship of Eq. 3 is not valid. Therefore, numerical
approximations must be used to determine the properties in the
affected zone.

4 NUMERICAL RESULTS

In this section, the experimental tests are simulated with a
chemo-poromechanical coupled model (Vallin et al., 2013)
implemented in a finite element code BIL 2.3.0 (Dangla and
Bonnard, 2017).

The model can simulate the carbonation advance in 1D or 2D
materials. It contains the balance equations of the continuum
mechanics based on conservation of mass, momentum, and
energy (Vallin, 2014).

The pore structure of the materials is considered as fully
saturated, and the CO: is a dissolved species within the fluid. As
cement starts to carbonate, its porosity suffers several variations.
The solid phases of CH and C-S-H are dissolved, and CC
precipitates in the pores.

The model considers an elastic isotropic porous material for
the infinitesimal representative volume element. The poroelastic
equations balance in isothermal conditions are the following:

6— 0o = (K—2G) (e — £o)1 +2G(e — &) —

Yk=r,c bk(Px — Pro)1 3)

Py —Pjo = b](‘g — &)+ Zk:F,C pk_]ik'o ;J=F,C “4)

N

Where:

o: is the stress tensor

€: is the infinitesimal strain tensor

€: is the volumetric strain. (tr(g))

K, G: are the bulk and shear moduli in drained conditions

¢r: is deformation of porous volume occupied by the phase J

by: is the generalized Biot coefficient

Nik: is the generalized poroelastic coupling moduli (Coussy,
2010).

The mass conservation is applied to the fluid and to the molar
amount of CO2
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Where:

py is the density of the fluid.

¢y is the fluid porosity.

Ky is the bulk modulus of the fluid.

py is the fluid pressure.

ag; is the stoichiometric coefficient of the reaction Ri

Cco, 1s the CO2 concentration in fluid.

7 is the dynamic viscosity of the fluid phase.

Yr; is a variable that depends on the molar volumes of
reactive species

u is the skeleton displacement vector.

&ri is the reaction advance depending on k and d.sf,
which are the permeability and diffusion coefficients.

The carbonation progress is ruled by the diffusion and
permeability transport phenomena (Ghabezloo et al., 2009;
Mainguy, 1999).

The samples carbonated in the cell are submitted to a
pressure of 20 MPa and a temperature of 90°C. As the code is
not thermally coupled, the fluid and gas conditions are set for a
constant temperature of 90°C.

To simulate the carbonation advance in these samples, a 2D
rectangular shape model was used. The rectangular shape
consisted of one-quarter of a sample (19 mm-radius by 38 mm-
height) using a mesh of 22x11 elements (Figure 6). The bottom
horizontal contour has restricted movements in the Y direction,
while the left vertical contour has restricted movements in the X
direction. The top and right-hand contours are subjected to
carbonation.
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Figure 6. Carbonation model simulated with finite elements.



In the experimental results, the carbonation front advances
between 4 and 6 millimeters (Barria et al., 2020b). The small
penetration compared to other authors (Fabbri et al.,, 2009;
Kutchko et al., 2007) is due to the long curing period for the
samples of this work. This reduces porosity and slows down the
diffusion of CO: into the sample (Mainguy, 1999). Figure 7
shows the level of CO2 concentration in one quadrant of the
sample, which roughly indicates the progress of the chemical
reactions.
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Figure 7. Carbonation advance in the sample after 30 days of carbonation.
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Once precipitation started, the precipitation could either
present a clogging effect over the porous media or simply
dissolve the cementitious compounds (Brunet et al., 2013). The
dissolution can occur in samples with high porosity and low CH
amount. The clogging effect is more likely to occur in samples
with low porosity and high portlandite content.

The initial capillary porosity of 20% (Barria et al., 2020b)
and the high level of portlandite (Barria et al., 2021) in these
samples generate the conditions for the porosity to decrease
significantly over time, as can be seen in Figure 8. The porosity
of the edges is reduced from 20% to 13.5 %.
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Figure 8. (a) Porosity development overtime for a point near the outer
rim. (b) Porosity profile of the samples carbonated after 30 days in the
supercritical CO,
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The first carbonation reaction rapidly depletes the CH
content of the sample. This reduces the pH level, and the C-S-H
carbonation starts when this level is below 10.5 (Alexander et al.,
2013). C-S-H decalcification extends to 30 days of carbonation.
This reduces the Ca/Si ratio in the C-S-H structure and
precipitates more CaCOs inside the pores slowing down further
carbonation.

5 CONCLUSIONS

Preliminary results were obtained from triaxial tests on
carbonated samples after being carbonated under supercritical
CO:z conditions at 20 MPa and 90°C for 30 days.

Isotropic drained and undrained tests were carried out to
obtain the drained and undrained moduli of carbonated cement
samples. Later, a deviatoric loading was applied to determine
Young's modulus and Poisson ratio.

These results were taken to calibrate a chemo-
poromechanical model implemented in a finite element code.
The carbonation reactions in the carbonation cell were simulated.

The values of the bulk moduli and Skempton coefficient
before carbonation are following those found in the literature.

Carbonation generates a degraded zone at the edges of the
samples. When an isotropic load is applied, the sample is more
compressible, so the bulks moduli of the samples decreased. In
turn, when a deviatoric load is applied, the undrained Young's
modulus is reduced.

The numerical analysis performed roughly simulates the
carbonation advance and how porosity varies with time,
indicating that the samples show a clogging effect as carbonation
advances.

Further studies with triaxial loading are needed to precisely
determine the poromechanical behavior of carbonated cement
samples with different curing and carbonation conditions.
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