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Abstract

Storing COz2 in deep underground reservoirs is key to reducing emissions to the atmosphere and
standing against climate change. However, the risk of CO2 leakage from geological reservoirs to
other rock formations requires a careful long-term analysis of the system. Especially, oil well cement
used for the operation must withstand the carbonation process that changes its poromechanical
behavior over time, possibly affecting the system’s integrity.

This work focuses on the microstructure and mechanical behavior of cement modified with bacterial
nanocellulose (BNC) cured at 90 °C, simulating temperature at the reservoir level. The chemo-
hydro-mechanical (CHM) coupled behavior of the cement-rock interface is also investigated through
numerical analyses.

Mercury intrusion porosimetry (MIP), X-ray diffraction (XRD), ultrasonic wave measures, and
unconfined compressive strength (UCS) tests were performed on cement samples subjected to a
supercritical CO2 environment. After carbonation, BNC samples show a lower mass gain and lower
porosity compared to PC. Permeability based on MIP results indicates that the BNC reduces the
permeability of the specimen. XRD quantification shows no substantial difference between the
crystalline phases of the two samples. Samples with BNC have lower absolute strength but higher

relative increase during carbonation.
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The numerical study includes a homogenization of the medium considering the contribution of all
components. CHM behavior of the cement with BNC is analyzed, and the results show the variations
of the physical and chemical properties across the sample. The numerical study shows the
advantage of using this type of tool for the study of realistic CO2 injection scenarios in deep wells.

Keywords

CO2 geological storage, cement paste, bacterial nanocellulose, reservoir temperature, chemo-

hydro-mechanical couplings.
1. Introduction

There is an increasing rate of greenhouse gas emissions into the atmosphere. This can have
consequences for different ecosystems and human health'. The carbon dioxide capture and storage
(CCS) technology is an effective solution to reduce these emissions of CO22. This technology allows
storing massive amounts of CO2 underground in geological reservoirs®*. It is important to know the
storage capacity of the reservaoir, but this highly depends on temperature and pressure. Reservoirs
deep enough to store CO:2 in a supercritical state (scCOz2) present considerably higher capacities
compared to shallower reservoirs with similar pore volume. Furthermore, high pressures and
temperatures just above the supercritical point considerably increase the fluid density, and therefore
the amount of CO> that can be stored?. Other key factors are the porosity and permeability of the
reservoir rock. For instance, the “Sicily Channel” and “Abruzzi Offshore” reservoirs are candidates
for geological storage, with porosities reaching 25.6% and permeability of 358 mD®. On the other
hand, shale formations can also be considered for storage of COz, as indicated by studies on the
SACROC Unit reservoir, since shale rock have porosities of around 10% and permeability of 10-100
mD, ensuring that their sealing capacity can be maintained for decades®.

The caprock formation is an impermeable barrier that covers the upper part of the reservoir and
prevents CO:2 leakage to other geological formations. However, during drilling, the zone near the
well is damaged. Existing or drilling-induced faults/fractures in the caprock could turn into leakage
paths of CO2 to upper environments. An annular cement barrier is placed between the steel casing
and the rock formation to maintain the wellbore integrity after the drilling fluids are removed.
Several problems arise in this system during CO2 injection, two of which are temperature gradients’
and induced seismic activity®. These effects change the stress states and can lead to failure of the

cement or rock. Furthermore, cement Class G used in the oil industry is chemically unstable against
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CO2 and scCO2°. Geochemical studies of cement paste show that the advance of carbonic acid
through cement paste mainly induces the chemical reaction of portlandite (CH) and hydrated calcium
silicates (C-S-H), and the precipitation of calcium carbonate (CC)'°. These chemical reactions
induce changes in porosity and the mineral composition of the solid phase. The first reaction of
carbonation in cement is between CH and CO:z:

CH + €O, - CC + H,0 (Simplified) (1)
In absence of CH, the pH level is significantly reduced, allowing the second reaction that consists of
the carbonation of the C-S-H:

0.625C—S —H + CO, - CC + 1.3 H,0 + 0.625 Si0, (H,0), 5 (Simplified) (2)
The formation of amorphous silica from C-S-H could increase porosity, depending on the C-S-H
structure'!, and may reduce structural integrity. Furthermore, CaCOs precipitated in a water acidified
medium in the presence of CO:2 is in turn prone to dissolution'. This dissolution continues until
thermodynamic equilibrium is reached'®, increasing porosity, permeability, and reducing
compressive strength'. The cement matrix, after complete carbonation and degradation, may result
in a porous medium of low resistance, unable to maintain the integrity of the borehole or the ability
to seal against external loads'>® .

The modification of cement to improve some properties is a subject of interest in the cement wellbore
industry. The objective is to modify the cement matrix, making it lighter while maintaining high
strength and low permeability in its hardened state. New additives such as nanocellulose are being
added to the mix to improve the cement properties'”. Nanocellulose can be used as a crack-inhibitor
to avoid cement damage and thus prevent CO- leakage through the upper formations'®'°. Bacterial
nanocellulose (BNC) is a type of nanocellulose obtained from bacteria of the genus
Gluconacetobacter. This material is produced by a partner company, and obtained in a more
economical and less polluting way than other polymers?°. Nanocellulose is considered as a potential
additive to improve cement properties, such as mechanical and thermal resistance, and to decrease
transport phenomena by reducing cement porosity?'23. In turn, its use can be extended in the oil
industry in cementing operations.

The effect of bacterial nanocellulose (BNC) on the porosity and mechanical behavior of oil well
cement paste cured at 20°C and atmospheric pressure has been recently studied???*. Barria et al.??

show that BNC increases compressive strength and thermal stability in non-carbonated samples.
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BNC-cement samples subjected to scCO2 conditions show a density increase and a reduction in
porosity, while the carbonation degree is reduced, therefore the mechanical behavior is less affected
compared to non-modified cement?*. Nevertheless, its behavior at different curing conditions like
those in a reservoir is unknown.

Temperatures in the various geological reservoirs (coal beds, deep saline aquifers, or depleted oil
and gas reservoirs) can vary depending on the depth at which they are found. In some reservoirs,
the temperature can vary from 60 to 160 °C 2°, being 90 °C a value usually used by other authors
experimenting with cement?6-29,

This work focuses on the microstructure and mechanical changes of cement pastes with added
bacterial nanocellulose and cured at 90 °C in the context of CO2 reservoir conditions. Mercury
intrusion porosimetry (MIP), X-ray diffraction (XRD), ultrasonic wave measurement, and unconfined
compressive strength (UCS) tests were performed on BNC-cement samples subjected to
supercritical CO2 conditions to characterize its behavior. A finite-element-based numerical analysis
of the chemo-hydro-mechanical (CHM) coupled behavior of the cement-rock interface accounting
for the obtained experimental data is then carried out to explore realistic scenarios of CO: injection

in deep wells.
2. Experimental program

Cement samples modified with bacterial nanocellulose were cured at 90 °C, simulating temperature
at reservoir level prior to being carbonated under wet supercritical CO2 conditions. Porosimetry and
mechanical tests were performed on these samples to study the evolution of the microstructure and
mechanical behavior.

2.1 Materials

The cement used in this study was Class G Portland Cement. The cement composition obtained by
X-ray fluoresce is C3S 52.8%, C3A 1.6%, C2S 21.1% and C4AF 15.5%22.

Bacterial nanocellulose (BNC) used is a biopolymer derived from the aerobic fermentation of
bacteria of the genus Gluconacetobacter®®. This biopolymer is a membrane with 98% of water and
2% of bacterial nanocellulose. The membrane is formed by micrometric fibers of nanometric
thickness. Deionized water and a polycarboxylate ADVA 175 LN High-Performance Water-Reducing
Admixture were used in the mixture.

2.2 Preparation of cement samples
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Bacterial nanocellulose additive was prepared by grinding the BNC membranes and using
ultrasound to generate a homogeneous fluid??. Cement mixtures were made following the American
Petroleum Institute (API) Standard 10A3' and pouring the slurry in cylindrical molds. They were
cured in a 90 °C batch, unmolded after 24 hours, and kept underwater for 48 hours. They were then
dried at 85 °C for 1 week?®, simulating a dry cure in the wellbore. A group of 16 samples; 8 non-
modified cement (PC) and 8 with 0.05% of BNC (BNCO05) were prepared and cored with a diamond
wire saw into 76 mm long cylinders with a diameter of 38 mm each.

2.3 Carbonation

The accelerated carbonation under wet supercritical CO2 conditions was carried out in a vessel of
4020 cm? of volume at 90 °C and 20 MPa for 30 days. The samples were placed on a container grid
inside the cell. 500 ml of water were placed at the bottom of the vessel to maintain humidity. First,
the vessel was pressurized with COz2 until 8 MPa. Then, the temperature of the vessel was raised to
90 °C and the pressure was regulated until 20 MPa. These conditions were maintained during the
entire test. Once the test finished, the heating system was turned off and the pressure was slowly
released until atmospheric pressure. Fig. 1 shows the equipment used. 4 Portland Cement (PC)
samples and 4 modified cement samples with 0.05% BNC (BNCO05) were carbonated for 30 days.
2.4 Porosimetry measurement and permeability estimation.

The pore size distributions of the BNC-cement samples were characterized by means of mercury
intrusion porosimetry (MIP). The AutoPore 1V 9500 Micromeritics with a maximum pressure of 230
MPa was used to measure pore sizes between 5 nm and 300 ym. Samples of approximately 1 cm3
were taken from a representative zone of the non-carbonated cement samples and, in the case of
the carbonated cement, samples were taken from the core and the most degraded zone near the
exposed surface. Before testing, samples were dried by the freeze-drying method.

The effect of curing the samples in the oven (Section 2.2) for 1 week was measured. For this
purpose, air-cured samples (PC-Reference) and oven-cured samples (PC-NC and BNCO05-NC)
were compared. NC means non-carbonated samples, while 30INT and 30EXT are 30-days
carbonated samples located at the interior and exterior of the bulk sample, respectively. The tests
performed are listed in Table 1.

By assuming cylindrical interconnected pores, we can calculate the pore diameter corresponding to

each mercury pressure step by:



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

__4ycos(0)
= reex® (3)

where y = mercury surface tension = 0.485 N/m, 8 = mercury contact angle = 130°%2, p = mercury
pressure, d = pore diameter.

An estimate of permeability can be made from the results obtained in the MIP test. This estimation
is performed by considering the macro-scale flow with Darcy's law and the micro-scale flow with
Poiseuille's law.

Each pore of class i of diameter d; has an intrusion volume of mercury V;, so a length L; can be

determined for each pore class i:

L =21 (4)

T
Assuming laminar flow, the Poiseuille’s flow in a cylindrical tube depends on the difference of
pressures at the tube ends, the dimensions of the tube, and the viscosity of the fluid. So the flow for
each tube of diameter d; is:

_ AV _ APj(nd])
QPoiseuille — At . - (5)

128Lin
Where AP; is every mercury pressure step and 7 is the dynamic viscosity of the fluid.
Once the total flow rate is obtained, Darcy's law can be used to determine the permeability at the

macro-scale. Let V, be the total apparent volume of the MIP sample (ratio of total pore volume to

porosity). The average pore length L, is defined as:

L= 3V (6)

j= APt (7)

Where AP, is the total pressure increase in meters’ water column measured in the MIP.

Therefore, the intrinsic permeability of the material (independent of fluid conditions) is:

K= Z?QPsoi.seuille (i) (8)
i

Prg
Where n is the total number of pores of different diameters, S is the cross-section of a cubic
specimen with sides of length L., py is the density of the fluid and g is the gravity.
The calculated permeability accounts for an isotropic flux in a cubic sample. Hence, it needs to be
divided by three to compare with the directional permeability obtained experimentally. This indicates

that the fluid flows equally in the three directions of space 3.
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The specimens analyzed to calculate permeability were carbonated and non-carbonated samples
of both types of cement (PC-NC, PC-30EXT, BNC05-NC, BNC05-30EXT).

2.5 X-ray diffraction (XRD)

X-ray diffractograms were obtained in a Philips 3020 diffractometer using CuKa radiation with a Ni-
filter (35 kV, 40 mA). Scanning was performed between 3° and 70° 26, with a step of 0.04° and a
count time of 2 s/step. The openings of the divergence, reception, and dispersion slots were 1, 0.2
and 1° respectively, and no monochromator was used. The identification of the mineral phases in
the material was performed using the X'Pert High Score program. The standard procedures
described in the literature and described by Moore and Reynolds®** were followed for the
identification and quantification of the minerals. Quantification was based on the work of Biscaye®.
2.6 Ultrasonic wave measurement

The equipment used was a portable EPOCH TX ultrasonic with P and S ultrasonic waves
measurements. Two transducers were placed on the top and bottom surfaces with a thin layer of
gel to ensure full contact between the specimen surfaces and the transducers. The time it takes for
the P and S elastic wave signals to travel through the sample was measured and divided by the

length of the sample. The shear and bulk moduli are then calculated by:
G=pVZandK= p(Vi—3VZ) 9)

While the Young’s Modulus and Poisson coefficient are calculated by:

9KG 3K-2G
andv =
3K+G 6K+2G

E =

(10)

2.7 Mechanical testing

The uniaxial compression tests were performed on a 100 kN universal testing machine by imposing
a velocity rate of 0.5 mm/min. The carbonated and non-carbonated mixtures were tested. The
average strength value was calculated from 3 tested cylindrical samples of 38 mm in diameter by
76 mm height. Maximum compression strength and Young’s modulus were obtained for all samples.
3. Chemo-mechanical analysis of carbonated samples

The experimental study has been complemented with the analysis of the chemo-poro-mechanical
coupled behavior of the cement with added 0.05% BNC and reacting with the CO2. The model

simulates the carbonation front advance in cement subjected to scCOz2 and the changes generated

by the chemical reactions by using the classic balance equations of continuum mechanics relative
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to mass, momentum, entropy, and energy®¢*". It is assumed that the porous solid remains saturated
by the fluid (i.e. scCO2 does not penetrate within the pores of the cement)*3°, CO- is present in the
skeleton as a dissolved species within the fluid.

When cement is carbonated, porosity undergoes several variations. Some are due to chemical
reactions, denoted ¢, for leaching of cement matrix and ¢, for calcite precipitation. The other
variations of porosity are due to the deformation of the porous medium, with ¢ and @, as the
deformation of the porosity filled by fluid phase and by calcite phase, respectively. The porosities
involved can be written as follows:

br= ¢o+ ¢ — dp+ ¢r (11)
8¢ = dpt+ oc (12)
Where ¢ corresponds to the pore volume occupied by the in-pore fluid per unit of initial volume of
the porous medium, ¢, corresponds to the initial 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 &, which is the pore volume occupied by carbonate crystals®.

The constitutive equations of isotropic linear poroelastic material of an infinitesimal representative
volume element of a porous medium (d€o) are derived from Gibbs-Duhem equalities and Clausius-

Duhem inequality assuming isothermal conditions:

6 — 0= (K—2G) (e — )1+ 2G(z - £9) — Ti=r,c k(P — Pro)1 (13)
®;—®0 =b](€_€o)+2kzp,cm1;—;:w;]=F,C (14)

where ¢ and € are the stress tensor and infinitesimal strain tensor, € = tr(g) is the volumetric strain,
K and G are the bulk modulus and shear modulus in drained conditions, respectively. ¢; is the

deformation of the porous volume occupied by the phase J (F stands for fluid and C for carbonates),
while by and Nuk are the generalized Biot coefficients and the generalized poroelastic coupling
moduli®C.

The coupling with the chemical reactions taking place during carbonation is established from the
mass conservation law of the fluid and CO2. Equation 15 is the fluid mass conservation, while

Equation 16 is the conservation of the molar amount of CO2:

0} 0 . 0 0¢Ri .
(Pf f +ﬂ)%+pfb div (6—';) +ps X, YRL-%— div (pfsgrad pf) =0 (15)

Kf Nfrp
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3(¢r cco,) R
fatcoz + YR, Ori % —div (deffgrad Cco, t Cco, sgrad pf) =0 (16)

where pr, @5, K¢, pf are the density, porosity, bulk modulus, and pressure of the fluid. ag; is the
stoichiometric coefficient of the reaction Ri, c¢¢, is the CO2 concentration in fluid, n is the dynamic

viscosity of the fluid phase, Yy; is a variable that depends on the molar volumes of reactive species,
u is the skeleton displacement vector, &g; is the reaction advance depending on k and d,f s, which

are the permeability and diffusion coefficients.

The progress of carbonation is governed by the parameters of CO:2 diffusion in the fluid and by

advection:
% = div (deffgrad % + nco, sgrad pf) (17)

where ncp, corresponds to the apparent CO2 concentration. It should be noted that C-S-H

carbonation does not start until the portlandite is completely carbonated, since Portlandite maintains
a high pH level (pH > 12).

Since cement is a heterogeneous multiphase material, a homogenization technique was used to
replace the heterogeneous media with a homogeneous media that behaves in the same manner*'.
A modification in the homogenization formulation has been introduced to account for the contribution
of bacterial nanocellulose (BNC) characteristics to the overall characteristics of modified Portland
class G cement. The model is implemented in the finite element code BIL 2.3.0%2.

Chemical reactions (carbonation-dissolution) occurring in the system induce changes in the
transport and mechanical properties of the system. The main parameters that influence the
carbonation advance are the intrinsic permeability k and the diffusion coefficient de. Advection
behavior is subjected to the medium permeability and fluid flux, while diffusion is ruled by Fick’s Law.
Both phenomena are in turn intimately linked to the initial cement porosity*344. For this type of

cement, it can be evaluated using:

_ e\ 1 0-19 12
K= K (0.26) 107" m (18)

where K, iS a parameter to calibrate.

The variation of the porosity must be taken into account in the expression of the effective diffusion

coefficient considering a porous medium. The effective diffusion coefficient is $D, while D is the
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diffusion coefficient of the solute in the interstitial pore solution. Based on experimental data,

Mainguy and Coussy*® propose the following expression for the effective coefficient of diffusion:
defr = deggo €(O95PF~2908) (19)
Being defro @ parameter to calibrate.

These equations are empirical and aimed at reasonably representing the transport phenomena
occurring within the cement matrix. Parameters k, and degro can be modified to obtain values of
intrinsic permeability and diffusivity suitable for class G or H cement.

4. Experimental results and discussion

Fig. 2 shows the longitudinal cut of samples after 30 days of carbonation. Brown color represents
the most degraded part of cement due to carbonation, the color probably being due to iron hydroxide
released from chemical reactions®. PC samples show a more intact core compared to BNCO5.

The penetration depth had important progress on the cement cured at 90 °C after 30 days of
carbonation. These results are similar to values obtained by other authors for curing and carbonating
under similar conditions?®46. There are some uncertainties based on studies by previous authors,
mainly from the curing conditions before carbonation. Indeed, water to cement ratio, curing
temperature, pressure, and duration will change the carbonation results, so different curing
conditions and equal carbonation procedures will yield different results. Some previous experiences
have short curing times for the cement?®4¢, and show high CO2 penetration, while some other
authors performed longer curing periods*’48, showing less penetration. Recent works have shown
that cement with lower density allows a higher CO2 penetration*®. Furthermore, a higher hydration
degree is tied with density increase, and porosity reduction®, thus maintaining a high temperature
during a short curing period will allow deeper CO2 penetration into the cement samples and more
advanced chemical reactions.

In this work, carbonation led to an increase in the density of PC and BNC05 samples. Before
carbonation, a slight difference is noted between PC and BNC05 samples, with densities of 1.89
and 1.87 g/cm3, respectively. Once the samples were carbonated, density increased until 2.13 and
2.11 g/lcm?® for PC and BNCO5 (Table 2). PC shows an average mass uptake of 13.2% while BNC05
shows an average of 12.9%, meaning that fewer chemical reactions have taken place. The mass
gain is similar to previous works under similar conditions*®, however, the penetration depth is

different. Our results are closer to the penetrations observed by Fabbri and co-workers?®, even
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though our samples are not fully carbonated after 30 days. This is because our samples are larger,
therefore more chemical CO2-bonds are needed to carbonate more volume and chemical reactions
are limited by diffusion of COs..

The oven-drying conditioning for one week at 85 °C has not significantly affected the MIP porosity
or the pore size distribution from non-conditioned samples (Fig. 3). MIP porosity performed on these
samples increased for both cement types from 33.7% to 34.5%, prior to the carbonation test, and
the characteristic peak is approximately 50 nm. Samples with bacterial nanocellulose did not
significantly modify the cement in terms of porosity or pore size distribution compared to PC cement
cured at 90 °C. It is likely that bacterial nanocellulose is not having the same effect in inhibiting the
larger cracks produced by the high curing temperature.

Calorimetry tests have shown that BNC initially acts as a cement retarder®'*2, As the curing time in
this work is short, the porosity of BNC-cement is similar to PC with some coarser pores at 0.2 um.
Nevertheless, for longer curing periods, for instance, cement cured at 20 °C for 28 days, cement
structure is denser and more compact, so in these conditions, bacterial nanocellulose is more likely
to develop a fiber network inside the cement and to increment hydration degree®3%4, as it tends to
release adsorbed water which contributes hydration®.

The MIP results after the carbonation of PC are presented in Fig. 4. Here we can observe that the
porosity variation along the radial direction leads to smaller pores and to smaller porosity values,
while the characteristic peak is shifted to pores smaller than 10 nm. After carbonation, no major
change is observed due to the addition of BNC. Porosity decreased to 24.5% at the core and to
21.5% near the exposed surface. BNCO5 shows similar results to PC (Fig. 5), and its porosity
decreased at the core to 23.2% and near the exposed surface to 21%. The slight mass uptake is
due to the consumption of CO2 by the occurring chemical reactions and is reflected by these small
porosity variations. Reduced porosities lead to less diffusion of CO2 into the cement core and
therefore increase the time to reach full carbonation of the samples.

The permeability results in Table 3 are consistent with the intrinsic permeability values of cement
cured at a high temperature. This method simplifies the complexity of crosslinking between different
cylinders of different pore diameters and considers a tortuosity of 1 °. The Li values are very high

for small diameter pores, so a higher deviation error is also induced.
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In this analysis, cement with nanocellulose addition appears to have lower permeability than cement
without additions. After carbonation, the permeability values of PC are reduced by one order of
magnitude, while the permeability in cement with BNC addition is in the same order of magnitude
as the initial value. Experiments on carbonate cement samples are necessary to validate these
results.

Fig. 6 presents the XRD patterns of the samples before and after carbonation. The relative
percentages of the crystalline phases are presented in Table 4. The analyses show the contents of
portlandite, katoite, brownmillerite, magnesite, aragonite, and calcite.

Portlandite is one of the main cement hydration products with high crystallinity, while C-S-H is a low
crystallinity amorphous material. Brownmillerite is a phase of Clinker denominated as CAF.
Aragonite and calcite are calcium carbonates of a different crystalline system with Orthorhombic and
Rhombohedral shapes, respectively. When the study temperature is high, new crystalline phases
such as katoite appear. Katoite is a calcium aluminate hydrate more stable at high temperatures
than ettringite.

The results of Table 4 in cement without supercritical carbonation indicate approximately 60%
hydrated material (portlandite and katoite), 25% carbonated material (calcite and magnesite), and
15% non-hydrated and non-carbonated material (browmillerite). It can be determined that during the
curing process prior to supercritical carbonation, 25% of crystalline material is already carbonated.
The lack of crystals related to C-S-H is due to the insufficient intensity of reflection of this amorphous
material %8. It is possible that the short curing time has generated a low reflection tobermorite and
that the small readings have been incorporated into the crystalline phase of the katoite or calcite.
After supercritical carbonation, the most affected materials were portlandite and katoite as the XRD
shows no cement hydration materials, indicating complete carbonation. Magnesite also seems to
have been consumed, allowing more calcium carbonates to be created. Approximately 93% are
carbonate crystalline materials, the remaining 7% is C4AF from the clinker phase that did not
chemically react.

The results of the PC and BNC05 samples before and after carbonation are similar to each other,
suggesting that the BNC did not have a significant effect on the microcrystalline structure of the

cement under these curing conditions.
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Table 5 shows the mechanical properties measured by Vs and Ve. Overall, during the carbonation
process, mechanical properties increase. This is corroborated by UCS tests. The samples show an
increment in compressive strength and also in their Young’s modulus (Fig. 7). PC strength initially
was 31 MPa and after the carbonation stage, it increased by 44%, while BNCO5 started with 24 MPa
of strength, which increased by 60% with carbonation. Both types of cement initially had Young’s
modulus of 20 GPa, unlike the 25 GPa in long-cured specimens?*, but after carbonation, this
modulus increased by 11% for PC and by 18% for BNCO05.

Nanocellulose has been reported to improve the mechanical properties of cement composites for
well-hydrated cement'®*":%8_ |n the present work, BNC05 samples initially have compressive strength
lower than PC samples and comparable Young moduli. These observations distinguish from the
results previously obtained with cement cured at room temperature over a long period??. Curing at
a higher temperature is probably generating larger cracks in the cement, so the microstructural effect
of BNC does not substantially improve the mechanical behavior. Or this effect appears later because
of the retarder effect of BNC or the superplasticizer, which slow down the hydration rate of the
modified cement, and thus the hydration degree at the end of the curing time.

It is well known that carbonation under atmospheric conditions tends to increase the mechanical
properties of cement®®®. However, there is no agreement on cement strength variations after
supercritical carbonation*®. In supercritical conditions, some results show an increment in
compressive strength®'-62, while more recent researchers were able to see a decrease in mechanical
performance?66364 This variation is due to different conditions of cement hydration prior to
carbonation ® and subsequent carbonation conditions®2. Indeed, experiments using the same
cement and water to cement ratio and same carbonation conditions show a drop in strength values?*.
After short curing conditions, during carbonation, cement will not be fully hydrated, and the
mechanical performance increment after carbonation will be most likely due to the cement matrix
development by hydration acceleration imposed by temperature in the carbonation cell. The
mechanical properties of the tested material will be a combination of the effects of cement hydration
compounds and precipitated calcite that has been produced during carbonation. On the other hand,
well-hydrated cement will only experience a drop in strength due to C-S-H degradation and porosity
increase over time?*486466 |n this work, supercritical carbonation is positively affecting the

mechanical performance of cement. These observations are intricately linked to the carbonations
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conditions. Indeed, if cement carbonation is imposed by a continuously renewed fluid flushing, then
the products of carbonation (mainly carbonates), will in turn dissolve and be flushed out, leading to
a strong increase in porosity of the cement, and degraded mechanical properties. In the present
experiment, CO2 penetrates the sample by dissolution and diffusion in the pore fluid, which is not
renewed.

Since CC has better mechanical performance than CH, CC precipitation should increase mechanical
performance and Young’s modulus. This effect can take place here because of the continuous
hydration of cement inside the reactor, which is linking the precipitated CC with the cement matrix.
These two effects are increasing mechanical properties as seen by Fabbri et al. and Sauki et al.?552,
but cement hydration plays the most significant role during the carbonation process. This can also
be observed from Ve and Vs wave data, where mechanical parameters increased. However, Young’s
moduli differ from the ones measured by UCS tests. Young’s moduli measured by elastic waves are
19.5 and 21.3 GPa for PC before and after carbonation, while for BNCO05, it measured 18 and 20,5
GPa. The real values obtained from UCS tests showed 20 GPa for both cement before carbonation,
while after carbonation, it showed 22.2 GPa and 23.6 GPa for PC and BNCO05, respectively.

After carbonation, Fig. 7 shows that the increase in the relative strength and Young modulus of
BNCO5 is greater compared to PC. This is linked with cement hydration during carbonation, where
the hydration kinetics have been enhanced in BNC-samples by the hydrophilic properties of the

bacterial nanocellulose® and its ability to release water during hydration®.
5. Numerical analysis of carbonated samples

In this section, the numerical analysis of the carbonated BNC samples is presented. A 2D analysis
is performed simulating the experimental carbonation of the cylindrical samples. Calibration on the
model is made by taking the porosity values obtained experimentally to estimate the intrinsic
parameters of this cement. The initial volumetric proportions of the minerals in the cement are
estimated from the literature. The calibrated model is extrapolated to simulate in 1D the cement
carbonation in a wellbore system under downhole conditions.

5.1 Initial parameters and intrinsic properties of cement

Porosity is very variable for cement and depends mainly on the water to cement ratio and on the
type of curing in which the specimen is placed. Some authors estimate porosities greater than

30%?2846:67.68 \while others approximate it from 20% to 30%%%-"2. Regardless of the kind of oil cement
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in question (G or H), it can be generalized that the porosities of oil cement are around 25% to 35%.
The initial porosity of the samples in this work before carbonation is 34.5% as indicated in Section
4.

The volumetric content of cement minerals depends substantially on the cement type, water to
cement ratio, hydration degree, and curing temperature. So, it is necessary to estimate these
proportions for the simulation. In some articles, the amount of Portlandite CH varies between 15 to
25%%70, with commonly accepted values being percentages of 18 to 20%?3¢. In previous results,
using the same cement and same water to cement ratio??, a percentage of 20% was obtained by
thermogravimetric analysis on well-hydrated cement samples. Class G and H cement have very low
initial aluminate contents following API requirements aiming at being resistant to sulfate attacks
(C3A = 3% and C4AF + 2 C3A < 24%). So the hydrated aluminate components have a low
percentage, around 6 to 14%3%8%73  Finally, the most important phase of cement in terms of
compressive strength, C-S-H, can vary between 60 to 27% in volume fraction®6:73,

The intrinsic permeability is independent of the conditions to which the material is initially subjected,
at least directly. Since cement is a heterogeneous material, there is no unique intrinsic permeability
value for cement. Nelson et al.®"in their experiments report values of 1x107'® m? to 1x102° m?. This
is supported by Ghabezloo et al.”® and Mainguy et al.”4, who obtain values in the order of 1x1071® m?
y 1x10%° m2. Sercombe et al.”? show values of 1x107"® m? after excessive heating on hardened
cement paste, so it can be assumed that this order of magnitude refers to cracked cement.

The diffusivity of cement for class G and H has also been variable, as reported by different authors.
Huet et al.”® performs a compilation of the different transport mechanisms of cement G subjected to
an environment of scCO2 and quotes diffusivity values of 1x10-'?> m?s™ down to 1x10"* m?s™.
Mainguy et al.” give an example of diffusion in the order of 1x10-'2 m?s™, and Vallin et al.® determine
a value of 1x10'° m2s™ on the simulation. Furthermore, Shen™ quotes the values of different
aqueous species in the order of 1x10° m?s™.

To obtain the diffusion and permeability parameters for this particular cement for later use in the
simulation at reservoir level, a porosity value equal to the experimental value of 34.5% for the first
simulation is considered. As the rest of the volumetric proportions are variable, values were adopted
from literature considering a 0.05% content of BNC: C-S-H 40.5%, CH 18%, aluminates 6.942%,

and BNC 0.058%. The remaining compounds are classified as inert components, including
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amorphous silica which is a carbonation product. CO2 concentration is calculated considering: water
volume, temperature, pressures, and mole fraction of CO2 from experiments. The calculations give
values of 1200 mol/m3.

The initial parameters for fluid and cement are listed in Table 6, where 1, is the fluid viscosity, Kg
the fluid compressibility, pg is the fluid density, R, is cement compressive strength, and R, the
tensile strength. Table 7 shows the molar volumes of the compounds involved.

The 2D model for the experimental carbonation consists of one-quarter of a sample (19 mm-radius
by 38 mm-height) using a mesh of 22x11 elements (Fig. 8). The lower horizontal contour has
restricted movements in the X direction, while the left vertical contour has restricted movements in
the Y direction. The top and right-hand contours are subjected to the carbonation conditions. Table
8 shows the initial conditions for modeling.

The well-system modeled consists of a COz2 reservoir drilled and refilled with a steel casing protected
by an annular cement geometry. We used the same transport values after determining the advection
and diffusion parameters from the previous simulation. The model for the wellbore simulation
assumes 1D axial symmetry under plane strain conditions in the axial direction. The mesh of % of
an inch (19 mm) represents the annular cement thickness and allows studying the progress of
carbonation from the outer surface towards the inner cement. It consists of 502 elements that have
the properties of the modified cement with BNC. Previous conditions for temperature and fluid
pressure are considered (that is 90 °C and 20 MPa) with a 1.2 CO2 molarity.

5.2 Results and discussion

First, a sensitivity analysis of parameters to calibrate the numerical model is made to reproduce the
experimental penetration results. Table 9 and Table 10 show the values of the intrinsic permeability
and diffusion coefficient varying k, and d. . As it can be observed, the values of permeability and
diffusivity are in the range of the admissible values for cement class G previously mentioned.

By calibrating the model for x,=350 and d,;(,=160, a representation of the entire sample consistent
with the MIP experimental results of porosity can be observed in Fig. 9. Results clearly show how
the carbonation advanced into the core. The 1D image shows the porosity variation as a function of
the radius. The material near the exposed surface is completely carbonated, and the porosity
reaches 21%, while at the core, the porosity average is similar to the 23,2% from the MIP

experiments.
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Fig. 10 shows in more detail the dissolution and carbonation fronts. The blue line corresponds to
the starting point of the chemical reaction of CH, while the red line is the limit between the
carbonation process and where the hydrated products have already been carbonated. Some authors
consider that the carbonation front or penetration depth follows a linear trend as a function of the
square root of time (consistently with the fact that the chemical reactions are limited by the diffusion
of CO2 within the fluid phase)’”"8. Nevertheless, this is usually based on the phenolphthalein test
which only considers the pH below 9. With the present model, we can distinguish the two fronts. In
a first contact between the cement and scCOz, there is a significant decrease in CH and C-S-H
content that lasts for the first few days. After 10 days, the dissolution front reaches the center of the
cement sample. The complete reaction of CH and C-S-H front advances almost linearly in time but,
it does not reach the cement center. Calcite is mostly deposited in the material near the exposed
surface, decreasing its porosity, while in the core, it has not yet completely precipitated.

Even though the dissolution front has reached the center, the chemical reactions between CO2 and
CH/C-S-H, which produce CC and water are still taking place in a region located 1 cm away from
the center, meaning that all CH and C-S-H have not yet been completely leached after 30 days in
these conditions.

The calibrated parameters are extrapolated to the cement submitted under downhole conditions in
the context of CO2 geological storage. We have to keep in mind that in the experimental results,
curing and carbonation conditions are unfavorable to cement. However, the numerical can be
adapted to any condition considered. From this approach, additional characteristics of the variability
of the carbonation front using these transport parameters can be obtained: permeability (Fig. 11)
and volumetric proportions (Fig. 12) variations throughout the sample. Carbonation advance forms
calcite from CH and C-S-H, which grows inside the pores, this produces a reduction of the porosity
and, as a consequence, a decrease in permeability and diffusivity, that slow down the entry of more
CO2 to the cement core. In Fig. 11, this can be seen as a clogging effect. After 5 days of carbonation,
we can observe a considerable CO2 penetration, but after 5 more days, the penetration rate has
significantly slowed down. The penetration of calcite in Fig. 12 starts with the CH area dissolution
and continues with the C-S-H decalcification when there is no longer CH to consume. C-S-H
decalcification continues creating CC and amorphous silica, which becomes part of the inert

components.
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6. Conclusion

The microstructure and mechanical changes of cement paste with bacterial nanocellulose additions
and cured at 90 °C in the context of reservoir conditions were analyzed. Mercury intrusion
porosimetry (MIP), X-ray diffraction (XRD), ultrasonic wave measurements, and unconfined
compressive strength (UCS) tests were performed on BNC-cement samples subjected to
supercritical CO2 conditions to determine its behavior. In addition, a finite-element based numerical
analysis of the cement-rock interface was presented.

BNC samples show a lower mass gain compared to PC, suggesting that fewer chemical reactions
occurred. Nevertheless, the longitudinal sections of the BNC-cement present some small voids in
their interior, which could allow further CO2 penetration.

The MIP results show that initially, the samples with BNC have the same porosity as the cement
without BNC addition. After carbonation, lower porosity is observed in cement with BNC, either in
the core or near the exposed surface. From the MIP curves, a permeability analysis was performed.
In this analysis, the samples with BNC show lower intrinsic permeability values than the cement
without BNC.

The XRD results of the PC and BNC05 samples before and after carbonation show no difference
from each other. After carbonation, the dominant crystalline phases are calcite and aragonite, which
indicates the complete carbonation of the material.

Unmodified samples show a better mechanical performance during carbonation. However,
carbonation in samples with BNC indicates a higher increase in relative strength than in samples
without additions due to the BNC effect of releasing water during hydration inside the carbonation
cell.

A chemo-poro-mechanical model of scCO:2 attack on a cement annulus of an abandoned oil well in
the context of COz2 storage was presented. A modification on the formulation was implemented to
add the nanocellulose characteristics. The experimental data and simulation results were back
analyzed to determine the properties of the cement used. Once these properties were known, a
simulation under downhole conditions in the context of CO2 geological storage was represented.
Results show a decrease in permeability and hydration products over time and the advance of the

dissolution and carbonation fronts. The numerical study shows the advantage of the use of this type
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of tool for the study of possible real scenarios of CO: injection processes in deep wells. It can be

adapted to different systems under different established conditions.
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Nomenclature

A Mercury surface tension

b¢: Pore volume occupied by carbonate crystals

AP;: Mercury pressure step

AP,: Total pressure increase in meters’ water column measured in the MIP
€ Infinitesimal strain tensor

b Volumetric strain. (tr(g))

n: Dynamic viscosity of the fluid phase

6: Mercury contact angle

K: Intrinsic permeability

Vi Poisson'’s ratio

Eri: Reaction advance

p: Bulk density of the specimen

Py Fluid density

c: Stress tensor

Qc: Deformation of the porous medium filled by calcite phase

Pp: Deformation of the porous medium filled by fluid phase

;- Deformation of the porous volume occupied by the phase J

bo: Pore space per unit of initial volume of porous medium not occupied by the solid phase

Or: Fluid porosity



567 br: Pore volume occupied by the in-pore fluid per unit volume of porous medium

568 ¢, Porosity due to leaching of cement matrix

569  ¢p: Porosity due to of calcite precipitation

570  ag;: Stoichiometric coefficient of the reaction Ri

571  bu: Generalized Biot coefficient

572 cco,’ Is the CO2 concentration in fluid

573 d;: Pore diameter

574 degy: Diffusion coefficient

575 i Hydraulic gradient

576 L Cylinder length of diameter i

577 Le: Average pore length

578 n: Total number of pores of different diameters

579  ngo,: Apparent CO2 concentration

580 p: Mercury pressure

581  py: Fluid pressure

582  w: Skeleton displacement vector

583 E: Young’s Modulus

584  G: Shear Modulus

585 K: Bulk modulus

586 K. Fluid bulk modulus

587 Nuk: Generalized poroelastic coupling moduli

588 S: cross-section of a cubic specimen with sides of length L,
589  V;: Volume of mercury intrusion into the pore of diameter i
590 V. Elastic S-wave velocity

591 V;: Total apparent volume of the MIP sample

592 Vp: Elastic P-wave velocity

593  Yg;: Variable that depends of the molar volumes of reactive species
594
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Table Captions

Table 1. MIP Tests

Table 2. Density and mass uptake after carbonation

Table 3. Intrinsic permeabilities

Table 4. Relative percentage of the crystalline phases before and after exposure
Table 5. Elastic properties measured by elastic waves velocities Vp and Vs
Table 6. Initial medium conditions for simulations

Table 7. Molar Volumes in cm3/mol

Table 8. Initial conditions for the downhole simulation

Table 9. Values of k for different values of k,

Table 10. Values of deff for different values of d.ff

Table 1. MIP Tests

Test Reference tempg:]artlsge °C] BNC [%] Cart();;r;ztlon Porosity [%]
1 PC-Reference 90 0 0 33.7
2 PC-NC 90 0 0 34.6
3 BNCO05-NC 90 0.05 0 34.5
4 PC-30INT 90 0 30 24.5
5 PC-30EXT 90 0 30 215
6 BNCO05-30INT 90 0.05 30 23.2
7 BNC05-30EXT 90 0.05 30 21.0
Table 2. Density and mass uptake after carbonation
Samples (lll) Initial density [g/cm3] Final density [g/cm3] Mass gained [%]
1 PC 1.89 2.14 13.5%
2 PC 1.89 215 13.5%
3 PC 1.89 2.13 12.4%
4 PC 1.89 2.15 13.4%
5 BNCO05 1.87 2.12 13.5%
6 BNCO05 1.87 2.13 13.7%
7 BNCO05 1.88 2.12 12.6%
8 BNCO05 1.87 2.09 11.8%
Table 3. Intrinsic permeabilities
Sample k [m?]
PC-NC 3.4.1078
PC-C 3.1.10%
BNCO05 - NC 3.2.107°
BNCO05-C 2.6.10°
Table 4. Relative percentage of the crystalline phases before and after exposure
Crystalline phase (%) PC Sample 0.05 sample
v P ° sc c sc c

Porlandite 32 1 33
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885
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887

888
889

890
891

892
893

894

895

896

897

898

899

900

901

902

Katoite 28 - 29 -

Magnesite 10 - 5 -
Brownmillerite 16 6 15 7
Calcite 14 43 18 44
Aragonite - 50 - 49
Table 5. Elastic properties measured by elastic waves velocities Vp and Vs
Sample G [GPa] K [GPa] E [GPa] v
PC-NC 8.4 9.5 19.5 0.16
PC-C 8.9 12.7 21.3 0.22
BNCO05 - NC 7.8 8.5 18 0.15
BNCO05-C 8.9 9.8 20.5 0.15
Table 6. Initial medium conditions for simulations
Nvis KF Pr Rc Rt
[MPa.s] [MPa] [kg/m?] [MPa] [MPa]
0.510°® 2200 1000 24 2.4
Table 7. Molar Volumes in cm®/mol
Veu V?Z—S—Hl 6 VEaC03 vgiOZ(HZO)OS Vazo
33.1 84.7 36.9 31 18.85

Table 8. Initial conditions for the downhole simulation
Inclusion Volumetric prop. PC-BNC  Bulk modulus [GPa] Shear modulus [GPa]

Porosity 0.345 - -

CH 0.18 33.00 14.50
C-S-H 0.405 25.00 18.40
Aluminates 0.06942 27.00 9.50
Calcite 0.00 69.00 37.40
BNC 0.00058 42.00 38.00

Table 9. Values of « for different values of k,

Parameter x, [m?]
0.1 1 10 100 350 500
0.325 2.24E-19 2.24E-18 2.24E-17 2.24E-16  7.86E-16 1.12E-15

Porosity

Table 10. Values of d,for different values of d.
Parameter d,;;, [m*/s]

0.1 1 10 100 160 300
0.325 7.27TE-13 7.27TE-12 7.27TE-11 7.27E-10 1.16E-9 2.18E-9

Porosity

Figure Captions

Fig. 1. Carbonation equipment used

Fig. 2. Samples cured at 90 °C and carbonated for 30 days (PC and BNCO05)

Fig. 3. Pore size distribution variation of oven-dried and non-oven-dried samples

Fig. 4. Pore size distribution of carbonated and non-carbonated PC samples

Fig. 5. Pore size distribution of carbonated and non-carbonated BNCO05 samples

Fig. 6. XRD patterns of non-modified cement (PC) and modified cement (BNCO05) before

carbonation (NC) and after carbonation (C)
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Fig. 7. Compressive strength and Young’s Moduli variation after carbonation of PC and BNCO05
samples

Fig. 8. 2D model. Representation of one-quarter sample subjected to carbonation using the code
BIL

Fig. 9. Left: Results of the simulation showing the variation of porosity in the experimental BNC05
sample of 38mm by 78 mm for values of k, = 350 and d,;;, = 160. Right: Results of porosity in 1D
Fig. 10. Dissolution and carbonation fronts development over time

Fig. 11. Permeability variation over time of an annular cement thickness of % inch

Fig. 12. Volumetric proportions after 15 and 30 days of carbonation of an annular cement thickness

of % inch
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917  Fig. 2. Samples cured at 90°C and carbonated for 30 days (PC and BNCO05)
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