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Abstract: Geological storage of CO2 in saline aquifers or depleted reservoirs 
requires establishing the degree of safety and efficiency of this storage operation. To 
do this, it is necessary to evaluate areas of weakness where CO2 leakage could occur 
in the vicinity of the injection well. It is important to understand the chemical (C) 
and hydro (H)-mechanical (M) coupling (CHM) that occurs at the various interfaces 
of the well. This work focuses on the numerical analysis of the CHM coupling in 
the interface rock cover-cement ring with a finite element program. The numerical 
study includes identifying the components of the hardened cement paste through a 
formulation and its contribution to the CHM behavior of the same in the presence 
of CO2. This formulation has been modified to incorporate additions of bacterial 
nanocellulose and glass microspheres. The results are presented as a function of 
changes in permeability, volumetric proportions molar quantities. The numerical 
study shows the advantage of the use of this type of tools for the study of possible 
real scenarios in CO2 injection processes in deep wells. 

Keywords. Interface cement-rock, chemo-hydro-mechanics coupling, 
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1. Introduction 

Carbon sequestration in abandoned oil fields, along with deep saline aquifer reservoirs 
and unminable coal beds, are being considered effective solutions for reducing CO2 
emissions to the atmosphere. These deposits permit to storage millions of m3 of CO2. An 
efficient reservoir for carbon sequestration is the one that has temperature just above the 
supercritical point and great pressures. These conditions allow to storage largest volumes 
of CO2. (Supercritical state is reached at temperatures greater than 31.6°C and minimum 
pressures of 7.3 MPa). 

The reservoir requires sufficient capacity and high porosity which would allow a 
good injectivity and a caprock with very low permeability to prevent CO2 leakage 
through it. While drilling, the zone near the well is damaged and faults/fracture in cap 
rock could provide leakage paths of supercritical CO2 (scCO2) to upper environments, so 
is imperative preventing the escape of these gases through the preferential paths. 

The cement glass G used in oil industry is chemically unstable against CO2 and much 
less against scCO2. The cement used during the completion of the new wells must 
withstand the attack of scCO2. Experimental tests and numerical models are being 
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development to study the behavior of the hardened cement paste at these conditions. New 
additives such as nanocellulose are being added to the mix to improve the cement 
properties [1]. 

The first step in the cement carbonation in oil abandoned field is the dissolution of 
CO2 in water, which produces carbonic acid. Geochemical studies of cement paste show 
that advance of carbonic acid through cement paste produce principally the dissolution 
of portlandite CH (calcium hydroxide – Ca(OH)2(s)) and C-S-H (calcium silicate 
hydrate), and the precipitation of calcium carbonate. The first reaction of carbonation in 
cement is the dissolution of CH: 

CH + CO� → CaCO� +H�O (Simplified) (1) 

The characteristic times of the chemical reactions are very small relative to the slow 
diffusion of ions in the in-pore fluid so the reactions can be assumed as instantaneous [2]. 
These chemical reactions induce changes of porosity and the mineral composition of the 
solid phase. After the dissolution of CH, the pH level is significantly reduced, allowing 
the second reaction that describes the carbonation of the C-S-H. 

0.625	CSH + CO� → CaCO� + 1.3 H�O 
+0.625 SiO�(H�O)�.� (Simplified) 

(2) 

The formation of amorphous silica increases porosity and reduces structural integrity 
while the formation of CaCO3 increases cement impermeability and compressive 
strength. This is only temporarily because CaCO3 in a water acidified medium in 
presence of CO2 prompts mineral dissolution. This dissolution continues until 
thermodynamic equilibrium is reached [3]. This last reaction causes the leaching of 
CaCO3 which increases porosity, permeability and reduces compressive strength. The 
final result of the cement matrix is a porous medium with very low resistance, incapable 
to maintain wellbore integrity and sealing capacity. 

The modification of cements to lower the density is a subject of interest in the 
cementing of wells. The objective is to modify the cement matrix, making it lighter but 
maintaining a high resistance and low permeability in its hardened state. Preliminary 
laboratory studies carried out at ITPN Laboratory (CONICET-UBA) by the authors 
(Martin 2017, Martin et al., 2017) show that an adequate combination of glass 
microspheres (GM) and bacterial nanocellulose (BNC) appear to achieve the desired 
objective, although a greater number of tests are required for confirmation. 

2. Numerical modeling 

The numerical code utilized is a coupled chemo-poromechanical model [2] implemented 
in BIL 2.3.0 finite element code [21] This code was written using the classic balance 
equations of continuum mechanical relative to mass, momentum, entropy and energy. 
The model assumed has 1D axisymmetry under plane strain conditions in the axial 
direction and C-S-H carbonation does not start until the portlandite is completely 
carbonated; because Portlandite maintains a high pH level (pH > 12). Chemical reactions 
(carbonation-dissolution) occurring in the system produce variation on the transport and 
mechanical properties in the system. 
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To demonstrate the initial operation of the program, we simulated the experiments 
of Barlet and Rimmelé [4]. In their experiment, they work with 1 inch-diameter x 2 inch 
samples made with conventional Portland cement class G with a w/c ratio of 0.44 using 
fresh water and additives following the API Specifications.  

The present work analyzes the sample cured during 72 hours at 90 °C and 20.68 
MPa and subsequently exposed to several days submerged in water saturated with scCO2. 
Alteration front analysis shows a penetration approximately of 1 mm, 2 mm, 3 mm and 
5 mm for 2 days, 4 days, 7 days and 21 days correspondingly. 

3. Characteristics of the hydrated cement 

3.1. Porosity 

Porosity is very variable for cements, and depends mainly on the w/c ratio and the type 
of curing in which the specimen is placed. Some authors estimate porosities greater than 
30% [4-7], while others approximate it from 20% to 30% [8-11]. Regardless of the kind 
of oil cement in question (G or H), it can be generalized that the porosities of oil cements 
are around 25% to 35%. 

3.2. Intrinsic permeability 

The intrinsic permeability is independent of the conditions to which a material is initially 
subjected. Since cement is a heterogeneous material, there is no unique intrinsic 
permeability value for cement. [12] in their experiments reports values of 1×10-16 m2 to 
1×10-20 m2. This is supported by [9] and [13] where they obtain values in order of 1×10-

19 m2 y 1×10-20 m2 and [11] calculates values after an excessive heating to the hardened 
cement paste in the order of 1×10-16 m2, so it can be assumed that this order of magnitude 
is for fissured cements. 

3.3. Diffusivity in cement 

The diffusivity of cement for class G and H has also been variable for different authors. 
[14] performs a compilation of the different transport mechanisms of cement G subjected 
to an environment of scCO2 and cites diffusivity values of 1×10-12 m2s-1 up to 1×10-14 
m2s-1. [13] gives an example of diffusion in the order of 1×10-12 m2s-1 and [2] determines 
a value of 1×10-10 m2s-1 on the simulation. 

4. Initial volumetric proportions of hydrated cement 

Hydrated Portland cement compounds are mainly C-S-H, Ca(OH)2, and hydrated 
aluminates. The volumetric content of the aforementioned and the porosity depend 
substantially on the cement type, w/c ratio, hydration degrees and curing temperature. 
So, is necessary to estimate these proportions on for the simulation. 

In some articles the amount of Ca(OH)2 varies between 15 to 25% [9, 13], with 
commonly accepted values being percentages of 18 to 20% [2]. 
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In particular, Class G and H cements have very low initial aluminates due to API 
requirements to be resistant to sulfate attack (C3A ≤ 3% and C4AF + 2 C3A ≤ 24%). So 
the hydrated components of aluminate have low percentage, around 8 to 14%. [2, 8, 16]. 
Finally, the most important phase of cement in terms of compressive resistance, phase 
C-S-H, can vary between 60 to 27% in volume fraction. [2, 16] 

5. Transport parameters to calibrate. 

The mesh used to represent the cement sample of the experiment is half of the sample 
(12.7mm), which allows studying the progress of carbonation from the outer surface to 
the core. It consists of 502 elements which have the cement properties. 

The main parameters that influence the chemo-poromechanical behavior in addition 
to the initial values are the intrinsic permeability κ and the diffusion coefficient deff. The 
intrinsic permeability is linked to the initial porosity of the cement paste [17]. For this 
type of cement, it can be calculated by Eq. (3). 

κ = kappa0 ∗ 	 � ϕ�

0.26
�
��

∗ 10��	 m� (3) 

where ϕF = pore volume occupied by the pore fluid per unit volume of porous medium. 
Being kappa0= Parameter to calibrate 
While the diffusion coefficient is also affected by porosity as define Eq. (4): 

d
�� = diff0 ∗ e(	,	�����	,�
) (4) 

Being diff0= Parameter to calibrate. 
These equations are empirical and do not exactly represent the transport 

phenomenon within the cement matrix. The parameters kappa0 and diff0 can be modified 
to obtain values of intrinsic permeability and diffusivity suitable for class G or H cements.  

To obtain the diffusion and permeability parameters for this particular cement used 
by Barlet and Rimmelé to later be used in the simulation at reservoir level, porosity 
maintains the same experimental value of 32.5% for the first simulation. As the rest of 
volumetric proportions are variable, values were adopted from literature: C-S-H 40.5%, 
Ca(OH)2 18% and aluminates 9%. CO2 concentration was calculated taking into account: 
water volume, temperature, pressures and mole fraction of CO2 in water. The calculations 
show values of 1200 mol/m3. 

 
Table 1. Initial medium conditions for simulations. 

���� 

[Medium viscosity] 

[MPa.s] 

�� [Medium 

compressibility] 

[MPa] 

�� [Medium 

density] 

[kg/m³] 

�� [Compressive 

strength] 

[MPa] 

�� [Tensile 

strength] 

[MPa] 

0.5 10-9 1000 2200 45 4.5 

 
Table 2. Molar Volumes [cm3/mol]. 

��	

  ���
�	�.�


 ����
�


 �

�
�(	�
)�.�

 �	�


�
 

33.1 84.7 36.9 31 18.85 
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A representative simulation under downhole conditions in the context of CO2 
geological storage was made to know the advance and properties of carbonation along 
time in cement. The well-system modeled consisted in a 2 cm cement annulus thickness 
under downhole conditions with a concentration of supercritical CO2 of 1800 mol/m3 
like Figure 1. We used the same transport values after determining the permeability and 
diffusion parameters from the previous simulation.  

A modification in the homogenization formulation was implemented adding the 
bacterial nanocellulose (BNC) and glass microspheres (GM) characteristics for a 
comparison between the usual Portland class G cement and the new cement. 

 
Figure 1. Well-system analyzed. 

 
This modified cement contains the following proportions: porosity 28%, CH 14.07%, 

C-S-H 23.872%, Al 5%, BNC 0.058% and GM 29% and the medium conditions are the 
same as the previous simulation. 

 
Table 3. Initial conditions for downhole simulation. 

Inclusion 
Volumetric 

prop. CP 

Volumetric 

prop. CP-GM-

BNC 

Bulk 

modulus [GPa] 

Shear 

modulus [GPa] 

Porosity 0.325 0.28 - - 
CH 0.18 0.1407 33.00 14.50 

C-S-H 0.405 0.23872 25.00 18.40 
Aluminates 0.09 0.05 27.00 9.50 

Calcite 0.00 0.00 69.00 37.40 
GM 0.00 0.29 30.00 20.00 
BNC 0.00 0.00058 27.778 9.259 

6. Results and discussion 

6.1. Experimental modeling. 

In this section we present the sensitivity analysis of parameters to calibrate the numerical 
model in order to reproduce the experimental results of Barlet (2006). The case of storage 
of CO2 in an oil well and the chemical-mechanical interaction are also analyzed. The 
comparison is made for conventional cements and modified cements with additions of 
bacterial nanocellulose and glass microspheres. 

Table 4 and Table 5 shows values of the intrinsic permeability and diffusion 
coefficient varying kappa0 and diff0. 
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As it can be observed, the values of permeabilities and diffusivity are in the range 
of the admissible values for cements class G previously mentioned. 

 
Table 4. Values of κ for different values of kappa0 and diff0. 

Porosity 
Parameter kappa0 [m²] K 

0.1 0.5 1 1.2 1.5 2 

0.325 1.1642E-19 5.8208E-19 1.16415E-18 1.397E-18 1.7462E-18 2.3283E-18 

 
Table 5. Values of deff for different values of kappa0 and diff0. 

Porosity 
Parameter kappa0 [m²] K 

0.1 0.5 1 10 20 30 

0.325 5.9582E-13 2.9791E-12 5.9582E-12 5.95822E-11 1.1916E-10 1.7875E-10 

 
Calibrating the model for kappa0=1.2 and diff0=20; a good representation of the 

carbonation front can be observed in Figure 2. Barlet approximates the carbonation front 
rounding to the millimeter. In our model, the carbonation is slightly ahead. 

 
Figure 2. Comparison of the carbonation front between experimental and numerical modeling. 

 
Additional characteristics on the variability of the carbonation front using these 

transport parameters can be approached; permeability (Figure 3) and volumetric 
proportions (Figure 4) variations along the sample. Carbonation advance forms calcite 
from CH and CSH, which grows inside the pores, this produce a reduction on the porosity 
and in consequence, a decrease in permeability that difficult the entry of more CO2 into 
the cement matrix. 

Formation of calcite increases in small scale the compressibility module. However, 
once the CH is depleted and the CSH carbonation starts, the total compressibility module 
decreases. The compressibility module of only calcite is less than the sum of the CH and 
CSH. In the volumetric proportions, porosity decreases and inert components increase 
when the calcite is formed. The penetration of calcite in the graphics starts with the CH 
area and continues to the CSH when there is no longer CH to consume (Figure 4). 
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Figure 3. Permeability for kappa0=1,2 y diff0=20. 

6.2. Well-system modeling. 

Permeability is reduced by a factor of 10 and reaches values of 1×10-20 m2. This 
increment in impermeability should diminish the future advance of carbonation front. 
However, the carbonation front seems to be approximately the same for both cements, 
proving in our model that diffusivity is the most important factor in the advancement of 
cement carbonation. A more detailed research of diffusivity in cement is required to 
confirm these results. 

 
Figure 4. Volumetric proportions for kappa0=1,2 y diff0=20. 

 
Figure 5. Compressibility module comparison between CP(Below) and CPGMBNC(Above). 
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With the addition of glass microspheres and nanocellulose we achieve a lighter 

cement to be used. Another benefit is the resistance. We can see this on the increase of 

the compressibility module, reaching values of 7500 MPa for the modified cement and 

only 1800 MPa for the common cement (Figure 5). 

Carbonation products are less in the modified cement due to the fewer amount of 

CH and CSH that can be consumed by the H2CO3 (Figure 6). Smaller porosity, fewer 

amount of products to be consumed, lighter and resistant mixtures are sought properties 

for cements in the context of CO2 geological storage. 

7. Conclusion 

A chemo-poro-mechanical model of scCO2 attack on a cement annulus in an abandoned 

oil well in the context of CO2 storage is presented. A modification on the formulation is 

implemented to add the nanocellulose and glass microsphere characteristics such as bulk 

and shear modulus. A comparison between experimental and simulation is analyzed to 

determine the properties of the cement used. Once known these properties, a simulation 

under downhole condition in the context of CO2 geological storage is represented. 

 

Figure 6. Molar quantities comparison between CP(Left) and CPGMBNC(Right). 

 

Results shows a decrease of permeability and carbonation products in the modified 

cement and also an increase in compressibility modulus, demonstrating an improvement 

in the characteristics for the use of this cement in oil industry for a future EOR recovering 

with CO2 gas or CO2 geological storage. 

In these results, the model demonstrates a good precision in data, so it can be 

implemented to different systems under different established conditions. However, more 

examples should be run on different and conditions to improve the program.  

In the case described in the article, the modified cement contains nanocellulose and 

glass microspheres. To better characterize the nanocellulose, laboratory tests are being 

carried out, exposing the modified cement with only nanocellulose to scCO2 and 

simulations are underway to have a better understanding of the behavior of cement 

against scCO2. 
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