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1. Introduction 

Capture and geological storage of CO2 are intended to avoid 
emitting CO2 into the atmosphere, by capturing CO2 from major 
stationary sources (thermal power plants, cement factories, etc.), 
transporting it usually by pipeline and injecting it into suitable 
deep rock formations (IPCC, 2005). Among other possibilities 
(e.g. saline formations, coal formations), CO2 storage in depleted 
oil and gas reservoirs is very promising, first, because the oil and 
gas that originally accumulated in traps did not escape (in some 
cases for many millions of years), demonstrating their integrity 
and safety, and second, because these structures are well known 
and significant infrastructures are already in place. However, a 
major source of concern arises when the security of many 
mature oil fields for CO2 storage is assessed: the presence of 
abandoned wells that perforate the cap rock of the reservoir and 
which may potentially constitute CO2 leakage pathways. In many 
cases plugging of abandoned wells began decades ago when CO2 
storage was not under consideration and, so, the primary cement 
used for the casing, and/or the plug cement used in the well 
were regular Portland cements. If the resulting hydrated cement 
pastes (HCP) in the abandoned well gets in contact with the 
injected CO2, two possible outcomes can be expected (Duguid 
and Scherer, 2010): (1) if the HCP is not submerged in water, a 
process similar to the carbonation of concrete in normal 
conditions will take place, with resulting slight increase of HCP 
strength and decrease of its permeability (Kutchko et al., 2008, 
2007; Rimmelé et al., 2008); (2) if the HCP is submerged in water 
or brine, which is the most likely condition in an abandoned well 
in the long-term,  it will suffer a progressive decalcification 
process, the so-called ‘acid attack’, which leads to a drastic loss of 
mechanical strength and increase of permeability (Carey et al., 
2007; Duguid et al., 2011; Duguid and Scherer, 2010; Kutchko et 
al., 2008, 2007; Rimmelé et al., 2008; Walsh et al., 2013).  

Potentially, acid attack may create leakage pathways through 
the well cement and worsen existing ones. Since redoing the 
abandoned wells cementation with acid resistant cements (e.g. 
calcium aluminate cements), even if possible at all, would be 
extremely expensive, one idea is clear: the acid attack can make 
more difficult, more expensive or even jeopardize the technical 
and economic feasibility of storing CO2 in abandoned  reservoir 
sites. 

In this context, the potential benefits are evident of 
numerical models that make possible an accurate assessment of 
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the long term performance of abandoned well cements when 
exposed to the injected CO2. 

In recent years, some models have been proposed.  A detailed 
simulation of the cement paste degradation requires considering 
a large number of chemical species and reactions, as it has been 
proposed by Huet et al. (2010). However, for engineering 
purposes, satisfactory results can be obtained with simpler 
chemistry by omitting aluminium, iron and sulphur (solid and 
aqueous) species (Brunet et al., 2013; Fabbri et al., 2012; Raoof 
et al., 2012; Shen et al., 2013). One key aspect of the degradation 
process that due to its complexity is subject to simplification is 
the dissolution of C-S-H. It is well known that C-S-H presents an 
incongruent behaviour, i.e. the dissolution rate of the ions 
composing C-S-H is not proportional to the stoichiometric 
coefficient, and consequently, the composition of the C-S-H 
varies as the dissolution progresses. This incongruent behaviour 
is neglected by Huet et al. (2010) by emulating C-S-H gel as the 
crystalline mineral jennite and by Raoof et al. (2012) by directly 
omitting C-S-H dissolution. Shen et al. (2013) proposed an 
approach based on thermodynamics which leads to 
generalization of the mass action law for C-S-H with variable C/S 
ratio. This approach allows reproducing the incongruent 
dissolution of silicate and calcium ions. Other authors appealed 
to a less complex  approach by simulating C-S-H dissolution as a 
multi-step process of  decalcification passing from initial 
calcium-rich C-S-H (C/S=1.6-1.8) to intermediate C-S-H with 
lower calcium (Fabbri et al., 2012) or directly to amorphous 
silica (Brunet et al., 2013). Each of these intermediate 
compositions C-S-H is treated as a distinct mineral with fixed 
stoichiometry and solubility product constant. This approach 
allows those authors to approximate the incongruent dissolution 
behaviour without introducing any special treatment of C-S-H in 
comparison with the other solid species considered (e.g. 
portlandite or calcite).  

The chemical model needs to be coupled to a transport model 
in order to simulate the ingress of carbon species and the egress 
of calcium. This coupling can be done via a monolithic 
formulation (fully coupled) (Brunet et al., 2013; Shen et al., 
2013) or via an uncoupled formulation combined with an 
iterative procedure (staggered implementation) (Fabbri et al., 
2012; Huet et al., 2010; Raoof et al., 2012). Staggered 
implementations allow easily combining pre-existent 
geochemical and transport codes, but exhibit the disadvantage of 
being only conditionally convergent, i.e. requiring small time 
steps to converge. On the other hand, fully coupled 
implementations converge much better but require important 
coding efforts. 

A  B  S  T  R  A  C  T  
A diffusion-reaction model for the carbonation process of oilwell cement exposed to carbonated brine under CO2 geological storage conditions 
is presented. The formulation consists of two main diffusion/reaction field equations for the concentrations of aqueous calcium and carbon 
species in the pore solution of the hardened cement paste, complemented by two diffusion-only field equations for chloride and alkalis 
concentrations, and by a number of chemical kinetics and chemical equilibrium equations. The volume fraction distribution of the solid 
constituents of the hardened cement paste and the reaction products evolve with the progress of the reaction, determining the diffusivity 
properties of the material. The model is used to simulate experimental tests performed by Duguid & Scherer (2010), leading to promising 
results indicating that the fundamental aspects of the phenomenon are captured.  
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Transport models may be divided in those which only 
consider transport of aqueous species through Fick’s diffusion 
(Brunet et al., 2013; Huet et al., 2010), and those which also 
consider advective transport (Fabbri et al., 2012; Raoof et al., 
2012; Shen, 2011). Since flow velocities through bulk cement 
paste is expected to be typically very slow under deep subsurface 
conditions, the effect of advective transport may be neglected in 
sound cements. However, in the case of cracked cements, the 
convective transport becomes dominant and needs to be 
considered in order to reproduce phenomena such the cracks 
widening or healing depending on flow rate of carbonated water 
(Huerta et al., 2016).  

Besides the sink/source terms, coupling between chemical 
reactions and transport of aqueous species is also caused by the 
evolution of transport parameters such as porosity and effective 
diffusivity. The first is readily obtained from the volumetric 
balance of the solid species. Estimation of the effective diffusivity 
of the degraded HCP, in contrast, is not trivial. One usual 
approach is to consider the effective diffusivity to be a function 
of the porosity and one or more empirical parameters which 
remain constant (e.g. a power law in Huet et al. (2010) and 
Brunet et al. (2013) or an exponential law in Chen et al.  (2013)). 
It must be noted that the parameters used with these laws were 
calibrated using cement pastes with different porosities due to 
different w/c ratios or age, but not with degraded pastes.  

In the model presented in this paper, the emphasis has been 
made on keeping the formulation and the numerical 
implementation as simple as possible while reproducing the 
main aspects of the phenomenon, in particular those related with 
the degradation of the mechanical and transport  properties.  

2. The model 

2.1. Reaction mechanism  

The proposed reaction mechanism is schematically summarized 
in Fig. 1, which represents the interfacial zone between the HCP 
and the carbonated brine. The HCP is considered to be composed 
by four volumetric fractions: calcium silicate hydrates (C-S-H), 
free portlandite, inert cement hydrates, namely aluminate and 
sulphate compounds, and capillary pores. The HCP pores are 
assumed to be fully saturated with water with concentrations of 
alkalis (sodium and potassium) and chloride resultant from the 
cement hydration and from the exchange with the surrounding 
medium. These conditions, as well as the system pressure and 
temperature, are assumed to remain constant at all times during 
the reaction.  

 
Fig. 1. Scheme of proposed carbonation mechanism. Note: 
CH=portlandite; CC�=calcite. 

C-S-H is an amorphous gel with variable stoichiometry with 
averaged calcium to silica molar ratio around 1.70 for regular 
Portland cement.  When exposed to an acid solution, degradation 
tends to lower the Ca/Si ratio, due to preferential release of Ca 
over Si (incongruent dissolution). A usual approach to model this 
incongruent dissolution behaviour is considering C-S-H as a solid 
solution of pure fixed-stoichiometry phases (components or 

end-members, with activity equal to 1) with defined saturation 
product constants (Börjesson et al., 1997; Rahman et al., 1999). 
In a similar way, we have considered C-S-H as a solid solution of 
hydrated silica gel and two fractions of portlandite, i.e. 
 (CaO)1.7(SiO2)(H2O)3.2  

≡  [Ca(OH)2]0.7���������
A

[Ca(OH)2]�������
B

[(SiO2)(H2O)1.5 ] 

Fraction A of portlandite is assumed to have the same solubility 
of free portlandite, and for all purposes it will be included in the 
free portlandite fraction considered in the model. In contrast, 
solubility of fraction B is assumed to be somewhat lower than 
that of free portlandite. Finally, for the sake of simplicity, silica 
gel is considered to be insoluble. Summarising, for modelling 
purposes, the C-S-H (C1.7SH3.2 in cement chemistry notation) is 
decomposed in two parts, on one hand, the ‘free’ portlandite (CH 
in cement chemistry notation) and, on the other, C-S-H with 
lower Ca/Si ratio ( CSH2.5  in cement chemistry notation), 
i.e. C1.7SH3.2 = 0.7CH + CSH2.5 . Then, the C-S-H dissolution 
process can be represented in a simplified fashion by means of 
the reactions given in Eqs. (1) and (2). Note that C-S-H with 
different Ca/Si may also be considered just by modifying the 
amount of free portlandite (fraction A) present in the C-S-H. 

When CO2 is dissolved in brine, carbonic acid (H2CO3) is 
formed, which is subsequently dissociated into bicarbonate 
(HCO3

−) and carbonate (CO3
2−) ions. This process is summarized 

in two reactions (Eqs. (3) and (4)), where the intermediate 
formation of H2CO3 is omitted since its concentration is usually 
negligible. Consequently, the molar fraction of each species in 
relation to the total moles of carbon species depends on the pH 
of the solution, through the self-ionization reaction of water 
(Eq.  (5)), as it can be appreciated in Fig. 2 which is discussed in 
Section 2.2.4.  

 
Fig. 2. Modelling result of carbon speciation as a function of pH in 0.5M 
NaCl brine at 50 °C. 

The concentration gradient of aqueous carbon species causes 
a diffusion process from the brine towards the HCP, which is 
followed by a decrease of the pH of the pore solution in the HCP.  

As pH lowers, the free portlandite in contact with the pore 
solution (zone II in Fig. 1) becomes unstable dissolving into Ca2+ 
(Reaction (1), towards right). While there is portlandite in 
contact with the pore solution, the pH will not lower below 9 (at 
50 °C). At this pH the predominant species of aqueous carbon is 
CO3

2− (Fig. 2), which will react with the Ca2+ resulting from 
portlandite dissolution forming calcite (CaCO3 ), as it results 
from Reaction (6), towards left. Note that portlandite dissolution 
and calcite formations have opposite effects on the material 
porosity, which usually results in a slight increase of the capillary 
porosity. If carbon species continue entering, the free portlandite 
will eventually be exhausted. Consequently, the pH will decrease 
even further leading to the dissolution of the portlandite present 
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in the CSH2.5 through Reaction (2), towards right, and slowing 
down but not stopping the formation of calcite (zone III in Fig. 1). 
In this zone, the volume balance between the dissolved 
portlandite (free and in CSH2.5) and the formed calcite results in 
a net reduction of the material porosity. Additional ingress of 
carbon species will induce further reduction of the pH, driving 
calcite dissolution through Reaction (6), towards right, and 
continuing with the dissolution of the remaining portlandite in 
CSH2.5 (zone IV in Fig. 1). Calcite is usually exhausted before 
portlandite in CSH2.5, i.e. within zone IV. By losing calcium, CSH2.5 
becomes amorphous silicate hydrate (SH1.5 in cement chemistry 
notation), which is assumed to be stable in contact with the 
carbonated brine. At this stage, HCP is completely degraded with 
practically no mechanical strength and with high permeability 
(zone V in Fig. 1). The calcium resulting from calcite and 
portlandite in CSH2.5 dissolution raises locally the concentration 
of Ca2+ in the pore solution, enhancing its diffusive flux towards 
the brine, out of the HCP. The compounds forming the inert 
cement hydrates are considered to remain unaltered through the 
carbonation and dissolution processes. This is, of course, a major 
simplification. It is well known that aluminate and sulphate 
phases are only thermodynamically stable in highly alkaline 
waters (pH > 9) and, therefore, they are not stable in contact 
with carbonated brine. However, the effect of the 
dissolution/formation processes of the aluminate and sulphate 
phases does not seem to be determinant in the kinetics of the 
acid attack, accordingly with the numerical study performed by 
Huet et al. (2010). Moreover, other authors (Brunet et al., 2013; 
Fabbri et al., 2012; Raoof et al., 2012; Shen et al., 2013) have 
assumed the same simplification obtaining satisfactory results, 
as already mentioned in the Section 1. 

Ca(OH)2 (s)  ↔  Ca2+ +  2OH− (1) 

[Ca(OH)2][(SiO2)(H2O)1.5 ] 

↔ Ca2+ +  2 OH− + (SiO2)(H2O)1.5  (s) 
(2) 

CO2(aq) +  H2O ↔ HCO3
− +  H+ (3) 

HCO3
−  ↔ CO3

2− +  H+ (4) 

H2O ↔  H+ + OH− (5) 

CaCO3 (s)  ↔ Ca2+ +  CO3
2− (6) 

All the processes described above are assumed to develop in 
a totally saturated environment, in which the water supply 
necessary for any of the mentioned reactions is assumed to be 
available at any time and any point of the material. This, in turn, 
also implies that the necessary water movements take place 
through the pore system. Under these conditions, the equations 
have been written without taking into account the water balance 
equation explicitly. At the same time, the water movements are 
assumed to be slow enough so that also advective terms do not 
need to be considered in the mass balance equations of solutes 
which are developed in the following. All these are, of course, 
simplifying assumptions that make the model more manageable 
and easier to implement. Comparison with available data may 
indicate whether these assumptions need to be revised in future 
developments. 

2.2. Formulation 

2.2.1. Solute mass balance 

Assuming that the diffusion of aqueous species in the pore 
solution obeys Fick’s diffusion law, averaging it in the saturated 
porous medium and posing the corresponding mass balance 

equation, the following diffusion-reaction equations for the 
continuum porous medium are obtained 

⎩
⎪⎪
⎪
⎨

⎪⎪
⎪
⎧
𝜕(𝜙𝒸𝑐𝑐)

𝜕𝜕 = 𝜵(𝐷𝑐𝑐𝜵𝑐𝑐𝑐) + 𝑞𝑐𝑐   

𝜕(𝜙𝒸𝑡𝑐)
𝜕𝜕

= 𝜵(𝐷𝑡𝑐𝜵𝑐𝑡𝑐) + 𝑞𝑡𝑐    

𝜕(𝜙𝒸𝑐𝑐)
𝜕𝜕 = 𝜵(𝐷𝑐𝑐𝜵𝑐𝑐𝑐)                

𝜕(𝜙𝒸𝑟)
𝜕𝜕 = 𝜵(𝐷𝑟𝜵𝑐𝑟)                 

 (7) 

where the superscripts 𝑐𝑐 , 𝜕𝑐 , 𝑐𝑐  and 𝑟 indicate calcium, total 
carbon, chloride, and alkali (sodium and/or potassium), 
respectively; 𝜙  is the total porosity; 𝑐𝛽  [mol/m3] is the 
concentration of aqueous β-species in the pore solution 
expressed in moles per unit volume of pore solution; 𝐷𝛽  [m2/s] 
is the effective diffusivity of aqueous β-species in the porous 
medium (assumed isotropic), and 𝑞𝛽 [mol/(m3·s)] is the rate of 
production /consumption of β-species per unit volume of porous 
medium, which in turn is a function of the concentration of 
aqueous calcium and total carbon, i.e. 𝑞𝛽 = 𝑞𝛽(𝑐𝑐𝑐, 𝑐𝑡𝑐 , 𝑐𝑐𝑐, 𝑐𝑟). 
Finally, 𝛁 = [𝜕 𝜕𝜕⁄ 𝜕 𝜕𝜕⁄ ]𝑇 . The variable 𝑐𝑡𝑐  represents the 
summation of the molar concentrations of the different carbonic 
species in pore solution as it is given by Eq. (8), where the 
superscript 𝑐0 stands for CO2, 𝑐1 for HCO3

− and 𝑐2 for CO3
2−.  

𝑐𝑡𝑐 =  𝑐𝑐0 +  𝑐𝑐1 + 𝑐𝑐2 (8) 

Expressions of the production rate of calcium and total 
carbon are given in Eqs. (9) and (10) as functions of the net rates 
of production of solid species  resulting from Reactions (1), (2) 
and (6), multiplied by the corresponding dimensionless 
stoichiometric coefficient (equal to 1 in all the considered 
reactions), 

𝑞𝑐𝑐 = −𝜙�𝛤𝐶𝐶 + 𝛤𝐶𝐶̅ + 𝛤𝐶𝐶𝐶� (9) 

𝑞𝑡𝑐  = −𝜙𝛤𝐶𝐶̅  (10) 

In these expressions, 𝛤𝛼  [mol/(m3·s)] is the reaction rate of solid 
𝛼-species per unit volume of pore solution (positive for solid 
formation, negative for solid dissolution) and the superscripts 
𝐶𝐶 , 𝐶�̅�  and 𝐶𝐶𝐶  indicate portlandite, calcite and CSH2.5 , 
respectively. 

Note that chloride and alkalis are neither produced nor 
consumed in the HCP degradation process. However, they play 
and important role by modifying the pH and the ionic strength of 
the pore solution, as it is discussed below.  The effect of other 
aqueous species (mainly species of Mg, Fe, Al, S and Si) usually 
present in cement pore solution has been neglected. 

2.2.2. Chemical kinetics 

The calculation of the sink/source terms 𝑞𝛽 according to Eqs. 
(9) and (10) requires establishing the kinetic laws for Reactions 
(1), (2) and (6) in order to obtain the corresponding reaction 
rates 𝛤𝛼 . To do so, it is assumed that the driving force of the 
dissolution/precipitation reaction of reactive solid α-species is 
(𝜓𝛼 − 1), where 𝜓𝛼 is the dimensionless saturation index of the 
pore solution with respect to the solid α-species. Dissolution and 
precipitation reactions are assumed not to occur simultaneously 
but alternately depending on 𝜓𝛼 . If 𝜓𝛼 > 1  the solution is 
over-saturated with respect to α-species and, consequently, the 
reaction progresses in the precipitation direction. If 𝜓𝛼 < 1, the 
solution is under-saturated and solid dissolution occurs. If 
𝜓𝛼 = 1, the solid and the solution are in thermodynamical 
equilibrium. The resulting kinetic law is formulated for a generic 
solid α-species in Eq. (11), where 𝑘𝑓𝛼  and 𝑘𝑑𝛼   [mol/(m3·s)] are 



4 
 
kinetic constants to be fitted and 𝒩𝛼  [mol/m3] is the molar 
concentration of the solid α-species 

𝛤𝛼 = �
 𝑘𝑓𝛼(𝜓𝛼 − 1)   𝑖𝑖  𝜓𝛼 ≥ 1                          
𝑘𝑑𝛼(𝜓𝛼 − 1)  𝑖𝑖  𝜓𝛼 < 1 and 𝒩𝛼 > 0 
         0             𝑖𝑖  𝜓𝛼 < 1 and 𝒩𝛼 = 0 

 (11) 

Strictly considered, the dissolution rate of the solid α -species 
should be proportional to the current surface area of the 
interface between the dissolving solid and the pore solution 
(Johannsen and Rademacher, 1999; Talman et al., 1990; Trapote-
Barreira et al., 2014). Similarly, the formation rate of calcite 
depends on the type and area of the available seed surface 
(Zhang and Dawe, 1998). However, for the sake of simplicity, the 
interfacial surface area of each solid α-species is assumed to 
remain invariable and implicitly considered in the 
dissolution/formation kinetic constants. Although convenient for 
keeping the model simple, this ‘first order’ approach makes the 
kinetic constants dependent on the morphology of the solids in 
contact with the pore solution and, consequently, they need to be 
calibrated for each case analysed. 

The saturation indexes considered for Reactions (1), (2) and 
(6) are defined as 

𝜓𝐶𝐶 =
𝑐𝑐𝑐 · (𝑐𝑜ℎ)2

𝐾𝑠𝑠𝐶𝐶
 (12) 

𝜓𝐶𝐶̅ =
𝑐𝑐𝑐 · 𝑐𝑐2

𝐾𝑠𝑠𝐶𝐶
̅  (13) 

𝜓𝐶𝐶𝐶 =
𝑐𝑐𝑐 · (𝑐𝑜ℎ)2

𝐾𝑠𝑠𝐶𝐶𝐶
 (14) 

where 𝑐𝛽 is the thermodynamic activity of the aqueous β-species 
in pore solution, which is calculated as described in the next 
section; the superscript 𝑜ℎ stands for OH−;𝐾𝑠𝑠𝛼  is the saturation 
product constant of the solid  α-species dissolution. The 
saturation product constants for portlandite and calcite are 
readily obtained from thermodynamic databases as a function of 
temperature (e.g. from THERMODDEM(2014)). In the case of 
CSH2.5, in contrast, 𝐾𝑠𝑠𝐶𝐶𝐶 needs to be fitted with experimental 
data at the considered temperature or, in the absence of that 
data, with results from a more sophisticated C-S-H solubility 
model. For this paper, 𝐾𝑠𝑠𝐶𝐶𝐶  has been estimated based on 
experimental measurements of equilibrium concentrations of 
calcium in water in contact with C-S-H at different temperatures, 
summarized from different sources by Gisby and Davies (2007). 
See Table 1 for the adopted  𝐾𝑠𝑠𝛼  values at 20 and 50 °C. 

Table 1 
Saturation product constants and equilibrium constants at 20 and 50 °C, 
given for activities in [mol/L]. Notes: (a) from THERMODDEM (2014); 
(b) from Lide (2004, pp. 8–86); (c) estimated value. 

 20 °C 50 °C Notes 
Saturation product constants    

𝐾𝑠𝑠𝐶𝐶 7.515E-06 3.236E-06 (a) 
𝐾𝑠𝑠𝐶𝐶

̅  3.554E-09 2.007E-09 (a) 
𝐾𝑠𝑠𝐶𝐶𝐶 7.562E-09 3.236E-09 (c) 

Equilibrium  constants    
𝑘𝑒𝑒𝑐0 4.136E-07 5.171E-07 (a) 
𝑘𝑒𝑒𝑐1 4.246E-11 6.748E-11 (a) 
𝑘𝑒𝑒𝑤  6.893E-15 5.352E-14 (b) 

Although amorphous silica hydrate (SH1.5) results from the 
loss of calcium of CSH2.5, from the numerical point of view this 
process is treated as dissolution of 𝐶𝐶𝐶2.5 with simultaneous 
formation of SH1.5 at the same pace, i.e. 

𝛤𝐶𝐶 =  − 𝛤𝐶𝐶𝐶 (15) 

Note that the inverse reaction, i.e. the formation of CSH2.5 by 
incorporating calcium to SH1.5 is not allowed. Furthermore, since 
aqueous silicate species are not considered in the formulation, 
the dissolution of  SH1.5 is not allowed either. 

Finally, the mass balance equation of solid α-species is given 
by 

𝜕(𝒩𝛼𝒰)
𝜕𝜕 = 𝜙𝒰𝛤𝛼     (16) 

where 𝒰 [m3] is the total volume of porous medium, 𝒩𝛼𝒰 is the 
total quantity of (the total number of moles of) solid α-species 
and 𝜙𝒰 is the volume of pore solution. Since no significant 
change in the total volume due to carbonation is expected, the 
time derivative of 𝒰 can be neglected. 

2.2.3. Thermodynamic activity  

In order to account for deviations from ideal behaviour of the 
aqueous β-species in pore solution which are due to the 
interaction with other species, activity  𝑐𝛽  is considered in 
chemical equilibrium equations instead of concentration 𝑐𝛽 . 
Activity and concentration are related by means of a 
dimensionless factor 𝛾𝛽 (activity coefficient) as follows  

𝑐𝛽 = 𝛾𝛽𝑐𝛽 (17) 

In the present formulation, activity coefficients are calculated 
using Eq. (18), where 𝑧𝛽 is the number of electric charges of the 
β-species considered, 𝐼  [mol/L] is the ionic strength of the 
solution and 𝐴𝛾 is the Debye-Hückel parameter. Equation (18) is 
the well-known Davies Equation with the modification of the 
second term proposed by Samson and Lemaire (1999), in order 
to extend its applicability to solutions at  ionic strengths up to 
1.20 mol/L. The expression of 𝐼 is given in Eq. (19). The Debye-
Hückel parameter 𝐴𝛾  is calculated as a function of temperature 
with the approximated expression  proposed by Pitzer (1991, p. 
297). Values of 𝐴𝛾  at 20 and 50 °C are 0.506 and 0.535, 
respectively.  The effect of pressure on 𝐴𝛾 has been neglected.  

𝑐𝑜𝑙10�𝛾𝛽� =  − 𝐴𝛾 · �𝑧𝛽�2 · �
√𝐼

1 + √𝐼
− �0.2𝐼 −

1
24 𝐼

2�� (18) 

𝐼 =  
1
2� 𝒸𝛽 · �𝑧𝛽�2

𝛽
 (19) 

2.2.4. Chemical speciation 

The chemical equilibrium equations corresponding to 
Reactions (3) to (5), are given in Eqs. (20) to (22), where 𝑘𝑒𝑒𝑐0, 𝑘𝑒𝑒𝑐1 
and 𝑘𝑒𝑒𝑤  are equilibrium constants dependent on temperature 
(Table 1), and the superscripts ℎ and 𝑤 stand for H+ and H2O, 
respectively. Additionally, the electric charge balance equation of 
the pore solution (Eq. (23)) must be fulfilled.  

𝑘𝑒𝑒𝑐0 =  
𝑐ℎ · 𝑐𝑐1

𝑐𝑐0  (20) 

𝑘𝑒𝑒𝑐1 =  
𝑐ℎ · 𝑐𝑐2

𝑐𝑐1  (21) 

𝑘𝑒𝑒𝑤 = 𝑐ℎ ·  𝑐𝑜ℎ (22) 

� 𝑧𝛽𝒸𝛽
𝛽

= 0 (23) 
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Considering these equations plus Eqs. (8), (17) and (18), it is 
possible to determine equilibrium concentrations of secondary 
species (𝑐𝑐0, 𝑐𝑐1, 𝑐𝑐2, 𝑐𝑜ℎ, 𝑐ℎ) as a function of the concentrations 
of the primary ones (𝑐𝑐𝑐, 𝑐𝑡𝑐 , 𝑐𝑟 , 𝑐𝑐𝑐) by solving the resultant non-
linear system of equations. This is achieved by a mix of analytical 
and numerical procedures. First, a unique polynomial equation 
of fourth order in terms of 𝑐ℎ has been obtained by assuming 
constant values for activity coefficients, i.e. ignoring Eq. (18), and 
operating with the rest of the equations. Then, trial values of the 
activity coefficients are adopted and the polynomial equation is 
solved numerically by means of the bisection method. To do so, 
the sought roots is bracketed by assuming two extreme 
sceneries, one acidic, with 𝑐𝑐𝑐 = 0, and the other basic, with 
𝑐𝑡𝑐 = 0. Once the value 𝑐ℎ is known, the rest of the secondary 
species concentrations are readily obtained, and the 
corresponding, new, activity coefficients are calculated with 
Eq. (18). If the new activity coefficients differ less than 0.001 
from the initially adopted ones, the calculation concludes. 
Otherwise, the procedure is repeated until convergence is 
reached. 

In order to illustrate the capabilities of the speciation 
formulation proposed, some modelling results are presented. In 
Fig. 3a, pH  is plotted as a function of calcium and total carbon 
concentrations in 0.5M NaCl brine at 50 °C. It can be seen that pH 
increases with increasing 𝑐𝑐𝑐 and decreases with increasing 𝑐𝑡𝑐. 
In Fig. 3b to d, saturation indexes are plotted in the same 
conditions. The thicker solid lines (𝜓𝛼 = 1) indicate the limit 
between the dissolution and precipitation zones. In Fig. 2, the 
associated carbon speciation is plotted as a function of pH.  It 
shall be noted that CO3

2−, needed for calcite formation, is the 
predominant carbon species only for pH > 10.  

2.2.5. Volumetric fractions balance 

The total volume of porous medium 𝒰 [m3] is given by 

𝒰 = 𝒰𝑐𝑠 + � 𝒰𝛼
𝛼

 (24) 

where 𝒰𝛼[m3] is the volume of solid α-species, and 𝒰𝑐𝑠[m3] is 
the capillary porosity, i.e. the part of the material volume that is 
not occupied by the solid phases and which is assumed to be 
filled with free water.  

The volume of the α-species is obtained as a function of its 
molar concentration with 

𝒰𝛼 = 𝜔𝛼𝒩𝛼  𝒰 ;     𝜔𝛼 = 𝜂𝛼 (1 − 𝜙𝛼)⁄   (25) 

where 𝜔𝛼[m3/mol] is the apparent molar volume,  𝜂𝛼[m3/mol] is 
the specific molar volume, and 𝜙𝛼  is the intrinsic porosity of the 
solid α-species. Intrinsic porosity is defined as the ratio between 
gel water volume and total apparent volume of phase α.  ‘The gel 
water’, in contrast with capillary water, ‘is visualised as being 
within the influence of absorbing forces’ (Brouwers, 2004). Note 
that for crystalline solids such as portlandite and calcite the 
intrinsic porosity is null (𝜙𝐶𝐶 = 𝜙𝐶𝐶̅ = 0). 

Since the HCP is assumed to be fully saturated with water, 
the total volume of pore solution 𝒰𝑠𝑠, which includes free and 
gel water, is equal to the total volume of pores, i.e. 

𝒰𝑠𝑠 = 𝒰𝑐𝑠 + � 𝜙𝛼𝒰𝛼
𝛼

 (26) 

Finally, capillary porosity 𝜙𝑐𝑠 and total porosity 𝜙 are given by 

𝜙𝑐𝑠 =
𝒰𝑐𝑠

𝒰    and   𝜙 =
𝒰𝑠𝑠

𝒰   (27) 

2.2.6. Effective diffusion coefficients 

The effective diffusivity of β-species (𝐷𝛽) in water-saturated 
HCP depends on the characteristics of its microstructure 
(capillary porosity, gel porosity, tortuosity, connectivity, etc.). As 

 

 
Fig. 3. Saturation indexes and pH as functions of calcium and total carbon concentrations in 0.5M NaCl brine at 50 °C: (a) pH; (b) portlandite saturation 
index; (c) calcite saturation index; (d)  CSH2.5 saturation index.  
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the carbonation-dissolution front advances, the microstructure 
of the HCP is deeply altered and, consequently, its effective 
diffusivity is expected to suffer significant variations.  In order to 
asses these variations, the effective diffusivity of the β-species in 
the HCP (𝐷𝛽) is calculated by means of the analytical formula 
proposed by Oh and Jang (2004) and given in Eqs. (28), where 
𝐷0
𝛽  [m2/s] is the diffusivity of the β-species in bulk water, i.e. in a 

free, infinitely diluted solution. This equation uses four 
dimensionless parameters which characterize the 
microstructure of the HCP, namely the capillary porosity (𝜙𝑐𝑠), 
the percolation threshold (𝜙𝑐), the normalized diffusivity of the 
solid phase (𝐷𝑠

𝛽 𝐷0
𝛽� ), and the percolation exponent (𝑛). By fitting 

experimental measurements of chloride diffusivity in a number 
of HCP specimens with and without mineral admixtures, Oh and 
Jang found that there exist some constant values of 𝑛 and 𝐷𝑠

𝛽 𝐷0
𝛽�  

for each type of cement paste, and that realistic values  for HCP 
without mineral admixtures are 𝑛 ≈ 2.7  and 𝐷𝑠

𝛽 𝐷0
𝛽�  ranging 

between 5 × 10−5 and 1 × 10−3. The percolation threshold was 
found to be 𝜙𝑐 ≈ 0.17 − 0.18 in all cases. In the context of the 
decalcification of the HCP these parameters are expected to be 
altered. In particular, the percolation exponent 𝑛  which is 
representative of the tortuosity of the pore structure is expected 
to be reduced as the C-S-H is dissolved. In order to introduce this 
effect, the percolation exponent will be updated with Eq. (29), 
where 𝑛𝑖  and 𝑛𝑓 are the percolation exponent for unaltered and 
for completely decalcified HCP, respectively, and 𝒰𝑖

𝐶𝐶𝐶 is the 
volume of CSH2.5 in the unaltered HCP. In this way, the effective 
diffusivity is related with the evolution of the solid fractions 
through Eqs. (27) and (29). 

𝐷𝛽

𝐷0
𝛽 =  

⎝

⎜
⎛
𝑚𝜙 + �𝑚𝜙

2 + 
𝜙𝑐

1 − 𝜙𝑐
�
𝐷𝑠
𝛽

𝐷0
𝛽�

1 𝑛⁄

⎠

⎟
⎞

𝑛

 (28a) 

𝑚𝜙 =  
1
2 ��

𝐷𝑠
𝛽

𝐷0
𝛽�

1 𝑛⁄

+  
 𝜙𝑐𝑠

1 − 𝜙𝑐
�1 − �

𝐷𝑠
𝛽

𝐷0
𝛽�

1 𝑛⁄

� −
𝜙𝑐

1 − 𝜙𝑐
� (28b) 

𝑛(𝜕) = 𝑛𝑖 − �𝑛𝑖 − 𝑛𝑓� �1 −
𝒰𝐶𝐶𝐶(𝜕)
𝒰𝑖
𝐶𝐶𝐶 � (29) 

Although Oh and Jang have only validated their formula with 
diffusion tests at 25 °C, its applicability will be extended for 20 
and 50 °C. These extrapolations are based on the results of 
Samson and Marchand (2007), who found that the ratio 𝐷𝛽 𝐷0

𝛽�  
remains almost constant for temperatures between 4 to 40 °C, 
indicating that an increase in temperature only contributes to 
increase the thermal agitation of ions in solution without 
affecting the microstructure of the HCP. 

The diffusion coefficients of the β-species in bulk water at 
standard conditions (25 °C, 0.1 MPa) can be easily  found in 
physics handbooks (e.g. in Lide (2004)). These coefficients can 
be extrapolated to other conditions by means of the Stokes-
Einstein relation given in Eq. (30), where 𝜇0  [Pa·s] is the 
viscosity of the bulk aqueous medium and T [°K] is the absolute 
temperature (Yuan-Hui and Gregory, 1974). The diffusion 
coefficients in bulk water at standard conditions for the aqueous 
species considered in the model are given in Table 2, as well as 
the diffusion coefficients in bulk water at 20 and 50 °C calculated 
using Eq. (30) with water viscosities obtained from Kestin et al. 
(1981). Since in Eq. (7) the diffusion of the three carbonic species 
is modelled by means of unique field variable ( 𝑐𝑡𝑐 ), a 
representative diffusion coefficient 𝐷0𝑡𝑐 needs to be adopted. It 
has been found by fitting experimental results from the literature 

(see Section 3) that the diffusion coefficient to be used for the 
total carbon field shall be close to the one of CO2(aq), i.e.  
𝐷0𝑡𝑐 ≈ 𝐷0𝑐0. 

�
𝐷0
𝛽𝜇0
𝑇 �

𝑇1

= �
𝐷0
𝛽𝜇0
𝑇 �

𝑇2

 (30) 

Table 2 
Diffusion coefficients in [10-9 m2/s] for aqueous species in bulk water at 
different temperatures. Diffusivities in bulk water at 25 °C are from Lide 
(2004, pp. 6-222–95).  Diffusivities in bulk water at 20 and 50 °C have 
been extrapolated using Stoke-Einstein relation with water viscosities 
given in Kestin et al. (1981). 

Species Symbol 20 °C 25 °C 50 °C 
CO2(aq) 𝐷0𝑐0 ≈ 𝐷0𝑡𝑐 1.668 1.910 3.368 

HCO3
−  𝐷0𝑐1 1.035 1.185 2.090 

CO3
2− 𝐷0𝑐2 0.806 0.923 1.628 

Ca2+ 𝐷0𝑐𝑐 0.692 0.792 1.397 

Cl− 𝐷0𝑐𝑐 1.775 2.032 3.583 

Na+  𝐷0𝑟 1.165 1.334 2.352 

K+ 𝐷0𝑟 1.709 1.957 3.451 

2.3. Numerical implementation 

The above-described formulation has been implemented in 
the Finite Element code DRACFLOW, in-house developed by the 
group of Mechanics of Materials at UPC (MECMAT).  This code 
has been previously used to model a number of durability 
problems in concrete such as drying shrinkage (Idiart et al., 
2011a), external sulphate attack (Idiart et al., 2011b), Alkali-
Silica Reaction (Liaudat et al., 2016) and high temperature  
(Rodriguez et al., 2017). 

The spatial discretization of Eq. (7) by the Finite Element 
Method, results in the following matrix equation for a given 
boundary value problem: 

𝑬𝑬 + 𝑺�̇� −  𝑸 = 𝟎   (31) 

where 𝑬 [m3/s] is the effective diffusivity matrix, 𝑺 [m3] is the 
capacity matrix, 𝑸 [mol/s] is the sink/source vector, and 
𝑬[mol/m3] and �̇� [mol/(m3·s)] are the nodal concentration and 
nodal concentration rate vectors, respectively. If the problem is 
to be solved between an initial time 𝜕0 and a final time 𝜕𝑓, a 
partition of the time interval [𝜕0, 𝜕𝑓] is considered, which results 
in a series of time increments Δ𝜕𝑛+1 = 𝜕𝑛+1 − 𝜕𝑛. In each time 
step, the mass balance must be guaranteed, i.e. 

𝕀𝑛+1 = � [𝑬(𝜏)𝑬(𝜏) + 𝑺(𝜏)�̇�(𝜏)]

Δ𝑡𝑛+1

0

𝑑𝜏 − � 𝑸(𝜏)

Δ𝑡𝑛+1

0

𝑑𝜏 = 𝟎 (32) 

where 𝜏 = 𝜕 − 𝜕𝑛 with 0 ≤ 𝜕 ≤ 𝜕𝑛+1. By discretizing in time this 
integral equation, assuming linear variation of 𝑬(𝜏)  in 
Δ𝜕𝑛+1 between 𝑬𝑛 = 𝑬(𝜕𝑛)  and 𝑬𝑛+1 = 𝑬(𝜕𝑛+1 ), the numerical 
problem is reduced to find the vector 𝑬𝑛+1 that minimizes vector 
𝕀𝑛+1, what is done by means of a Newton-Raphson numerical 
procedure. The first integral in Eq. (32) is discretized by means 
of the generalized trapezoidal rule with a weighting factor 𝜃, that 
in this paper has been taken as 𝜃 = 1 (Backward Euler scheme).  
The second integral, due to the abrupt changes in chemical rates, 
requires a more accurate integration. Instead of considering a 
linear variation of Q in 𝛥𝜕𝑛+1, the second integral is obtained by 
assuming that concentrations vary linearly in Δ𝜕𝑛+1,  subdividing 
the time step 𝛥𝜕𝑛+1 in a number sub-steps and calculating the 
reaction rates 𝛤𝛼  during each sub-step with the concentrations 
at the mid-time of the sub-step. With these simplifications, the 
integral is then solved for each sub-step analytically. 
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3. Modelling results 

In order to validate the proposed formulation, part of the 
experiments performed by Duguid and Scherer (2010) of well 
cement degradation due to exposure to carbonated brine have 
been simulated.  

3.1. The experiments  

 The experiments consisted of cylindrical neat cement paste 
samples in a reactor that had a continuous flow of carbonated 
0.5 M NaCl brine pumped from the inlet at the bottom of the 
reactor to the outlet at the top. The experiments were performed 
for two different temperatures (20 and 50 °C) and two different 
pH of the carbonated brine solution at room temperature (pH 2.4 
and pH 3.7), in order to study the sensitivity of the degradation 
process to these parameters. The solution with pH 3.7 was 
obtained by saturating the 0.5 M NaCl with CO2 at room 
temperature. In contrast, the solution with pH 2.4 was obtained 
by adding HCl to the solution with pH 3.7. The concentration of 
CO2 and HCl needed to reach the prescribed pH were not 
specified. The cement paste samples were made with class H 
cement (API Spec. 10A, 2002) and water/cement ratio of 0.38, 
using cylindrical moulds of 7.5 mm diameter and 200 mm length. 
Once demoulded, the samples were placed in 0.5 M NaCl solution 
to cure at either 20 or 50 °C for 12 months, previously to their 
exposure to carbonated brine. After curing, total porosity and 
apparent density were measured, being 47 % and 1.95 g/cm3 for 
samples cured at 20 °C, and 48 % and 1.80 g/cm3 and for 
samples cured at 50 °C. Evolution of the degradation front was 
followed by cutting small samples from the cement cylinder in 
the reactor at different times throughout the experiment. On 
these samples, visual measurements of depth of advance of 
different fronts were performed. 

3.2. Modelling conditions  

The cylindrical samples have been simulated as a 1D 
axisymmetric problem, i.e. only radial diffusion in the sample is 
considered. This simplification is justified by the high aspect 
ratio (length/ diameter) of the samples. The sample radius of 
3.75 mm was discretized with 50 equal size linear finite 
elements. All simulations were performed for a total time of 720 
hours (30 days) discretized in increments of 0.2 hours. 

Prescribed normal diffusion fluxes 𝑗𝛽[mol/(m2·s)] (Neumann 
boundary conditions) were imposed at the outer end (𝜕Ω), 
accordingly with Eq. (33), where 𝑐𝑒

𝛽  is the concentration of the 
aqueous 𝛽-species in the carbonated brine surrounding the 
specimen and 𝒽 [m/s] is the ‘convection’ coefficient, which is 
assumed to be the same for all the aqueous species considered 
and to remain constant during the tests. The value of 𝒽 adopted 
for all the performed simulations was 0.006 m/h. In the 
experimental setup the carbonated brine in the reactor is 
continuously renewed in order to keep the exposure conditions 
as constant as possible. However, measurements of pH and 
calcium concentration of the effluent during the tests did show 
some variations. The introduction of these variations in 
preliminary simulations did not induce significant changes in the 
results. Consequently, for the sake of simplicity, the prescribed 
values of 𝑐𝑒

𝛽 are also assumed to remain constant during the test. 

𝑗𝛽 =   𝒽 �𝑐𝛽 − 𝑐𝑒
𝛽 �   on 𝜕Ω (33) 

Since the concentration of CO2 and HCl in the carbonated 
brine has not been informed, it has been necessary to estimate 
them by simulating the procedure followed by Duguid and 
Scherer. To do so, we have considered 0.5 M NaCl solution bath 
at room temperature (assumed to be 20 °C), in which CO2 was 
added until the prescribed pH 3.7 was reached. This results in 
total carbon concentration of 46 mmol/L, which is close to the 

CO2 solubility in 0.5 M NaCl at 20 °C and 1 bar, according to the 
CO2 solubility model of Duan and Sun (2003). Then, keeping this 
total carbon concentration constant, the concentration of 
chloride is raised until the prescribed pH 2.4 is reached, which 
occurred for a chloride concentration of 504 mmol/L. Since 
Duguid and Scherer have not given any explicit or implicit 
information about the carbonated brine composition at 50 °C 
and it is also unclear what the gas pressure was during tests, we 
additionally assumed that the estimated concentrations of total 
carbon and chloride in the carbonated brine will be the same at 
both tests temperatures. The estimated composition of the 
carbonated brine used in each test is summarized in Table 3. 

Table 3 
Test identification and exposure conditions. 

Test 
Id. 

Temp. 
°C 

pH at 
20 °C 

𝑐𝑐𝑐  𝑐𝑐𝑐 𝑐𝑟  𝑐𝑡𝑐 
mmol/L mmol/L mmol/L mmol/L 

A 50 
2.4 504 

0 500 46 
B 20 
C 50 

3.7 500 
D 20 

The long-time exposure to 0.5 M NaCl brine during the curing 
stage, makes it possible to assume that, at the beginning of the 
exposure to the carbonated brine, concentration of alkali 
(sodium) and chloride was homogeneous in the sample and 
equal to that of the brine, i.e. 𝑐𝑟 = 500 mmol/L  and 𝑐𝑐𝑐 =
500 mmol/L. The initial calcium concentration is given by the 
equilibrium concentration of portlandite in contact with 0.5 M 
NaCl brine at 20 °C ( 𝑐𝑐𝑐 = 26.69 mmol/L ) and 50 °C 
(𝑐𝑐𝑐 = 20.95 mmol/L). 

The determination of the initial concentration of solid 
compounds to be used in the simulations has been done in two 
steps. The first step consisted in estimating the initial amount of 
cement hydration products in the cement paste samples using 
the expressions given by Brouwers (2005, 2004), which are 
based on the work of Powers and Brownyard (1946). By 
introducing the (nonhydrated) cement composition and the w/c 
ratio of the paste, these expressions allow us to estimate the 
amount of the different cement hydration products as well as the 
different porosity fractions (gel and capillary porosity). Since 
cement composition have not been given by Duguid and Scherer, 
the following typical mineralogical composition of API class H 
cement (SPE, 2016) has been adopted: 50 wt% C3S, 30 wt% C2S, 
5 wt% C3A, 12 wt% C4AF and 3 wt%  of others (free CaO, MgO, 
etc.). The formulae proposed by Brouwers were only fitted with 
cement pastes cured at room temperature, so they are not 
strictly applicable to the cement paste samples cured at 50 °C. 
Furthermore, significant changes in microstructures are 
expected when increasing curing temperature. In particular, as 
the curing temperature increases, the amount of gel water in the 
C-S-H decreases, which in turn determines an increase in the 
C-S-H density and, consequently, also in the capillary porosity of 
the HCP (Gallucci et al., 2013). In the absence of better data, the 
applicability of Brouwers’ expressions has been extended to HCP 
cured at 50 °C by increasing the density of the C1.7SH3.2 and 
reducing the amount of gel water given by Brouwers in 
proportion similar to the observed by Gallucci et al. (2013). 

The resulting compositions obtained for the specimens cured 
at 20 and 50 °C are summarized in Table 4, as well as the volume 
fractions of capillary pores. The maturity factor (degree of 
hydration) was assumed to be 0.90. It has been necessary to add 
an additional volume of voids to the volume fractions given by 
Brouwers’ expressions in order to reach the total porosities and 
apparent densities measured by Duguid and Scherer. This may 
indicate that some air has been trapped in the samples in the 
casting process. (The alternative possibility was also explored of 
considering a lower maturity factor that, according to Brouwers’ 
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formulae, would lead to the observed porosities; however, this 
yielded very low maturity factors in the order of 0.35, clearly 
unrealistic for samples cured in water for a period of 1 year). The 
densities and porosity corresponding with the calculated 
composition were 1.96 and 0.47 for the 20 °C samples and 1.88 
and 0.48 for the 50 °C samples, which are in good agreement 
with the values informed by Duguid and Scherer (and also 
reproduced in Section 3.1). 

Recent experimental investigations performed by  Muller et 
al. (2013; 2013) has demonstrated than the assumption of the 
model of Powers and Brownyard (and consequently that of the 
Brouwers’ formulae) of a constant bulk density for the formed 
C-S-H may be not accurate. Muller’s results indicate that bulk 
C-S-H (solid + gel water) progressively densifies as the cement 
hydration progresses. Although, this may lead to non-negligible 
differences in the predicted capillary/gel porosity at early age, it 
has been explicitly noted by Muller at al. (2013)  that the model 
by Powers and Brownyard still produces good results for later 
ages (larger degrees of hydration) as the ones considered in this 
paper. 

In a second step, the compositions in Table 4 were 
recalculated in terms of the solid compounds considered in the 
model and presented in Table 5. The C1.7SH3.2 has been split in 
CSH2.5 and CH, as explained in Section 2.1. The molar volume of 
CSH2.5 was calculated by subtracting the volume of the split CH 
and assuming that the volume of gel water per mole of C-S-H is 
the same for C1.7SH3.2 as for CSH2.5. The volumes of C6AFS2H8, 
C4AH22  and ‘others’ have been grouped in the ‘Inert CP’ 
component. The number of moles of Inert CP is obtained by 
assigning a fictitious value of molar volume. The gel porosity is 
assumed to be the same in the CSH2.5, the inert CP, and the  
SH1.5, with a value adopted in order to obtain the same total 
volume of gel pores calculated according with Brouwers’ 
formulae. 

Table 4 
Estimated composition of hydrated cement pastes cured at 20 and 50 °C 
used in the experiments by Duguid and Scherer (2010). Values 
corresponding to 50 °C in brackets. Molar volumes at 20 °C from 
Brouwers (2005). 

 𝒩𝛼 𝜔𝛼 𝒰𝛼 
 103 mol m3⁄  10−6 m3 mol⁄  m3 m3⁄  

C1.7SH3.2 3.728 (3.640) 94.58   (81.45) 0.353 (0.296) 
CH 4.028 (3.933) 33.05   (33.05) 0.133 (0.130) 
C6AFS2H8 0.268 (0.261) 285.02 (285.02) 0.076 (0.075) 
C4AH22 0.201 (0.196) 419.45 (419.45) 0.084 (0.082) 
Other solids N.A. N.A. 0.098 (0.064) 
Cap. Pores N.A. N.A. 0.100 (0.177) 
Other voids N.A. N.A. 0.157 (0.176) 
  SUM 1.000 (1.000) 

Table 5 
Initial concentration and volumetric parameters of the solid compounds 
considered in the model for cement paste cured at 20 and 50 °C. Values 
corresponding to 50 °C in brackets. 

 𝒩𝛼 𝜔𝛼 𝜙𝛼 𝒰𝛼 
 103 mol m3⁄  10−6 m3 mol⁄  m3 m3⁄  m3 m3⁄  

CSH2.5 3.73 (3.64) 71.4  (58.3) 0.406 (0.290) 0.266 (0.212) 
CH 6.64 (6.48) 33.1  (33.1) 0.000 (0.000) 0.219 (0.214) 
Inert CP 2.58 (2.20) 100.0 (100.0) 0.406 (0.290) 0.258 (0.220) 
CC�  0.00 (0.00) 36.9  (36.9) 0.000 (0.000) 0.000 (0.000) 
SH1.5 0.00 (0.00) 52.6  (50.4) 0.406 (0.290) 0.000 (0.000) 
Cap. Pores N.A. N.A. 1.000 (1.000) 0.256 (0.353) 

   SUM 1.000 (1.000) 

For the calculation of effective diffusivity (Section 2.2.5) the 
following parameter values have been chosen to fit the 
experimental results: 𝑛𝑖 = 2.7, 𝑛𝑓 = 0.1,𝜙𝑐 = 0.18,  𝐷𝑠

𝛽 𝐷0
𝛽� =

1 × 10−3 for specimens cured at 20 °C and 𝐷𝑠
𝛽 𝐷0

𝛽� = 1 × 10−4 
for specimens cured at 50 °C. Lower diffusivity in the solid phase 
𝐷𝑠
𝛽  is expected in cement pastes cured at higher temperatures 

due to the reduction of gel porosity reported by Gallucci et al. 
(2013). However, the effective diffusivity in the specimens cured 
at 50 °C is higher than that of those cured at 20 °C, since the 
effect of the increased capillary porosity is determinant. 
Diffusivities of calcium and carbon aqueous species in bulk brine 
at 20 and 50 °C are the ones given in Table 2. For the total carbon 
variable, it has been assumed that 𝐷0𝑡𝑐 = 𝐷0𝑐0 . The adopted 
diffusivity for alkalis (𝐷0𝑟) is irrelevant for these cases, as it is 
discussed in Section 3.3. 

Finally, the saturation product constants (𝐾𝑠𝑠𝛼 ) and the 
equilibrium constants (𝑘𝑒𝑒𝛼 ) used in the simulations are the ones 
given in Table 1, and the dissolution kinetic constants chosen to 
fit the experimental results are given in Table 6. The kinetic 
constants were found not no vary significantly with temperature 
and, therefore, the same values were used for tests at 20 and 50 
°C. Formation kinetic constant of portlandite has not been fitted 
since the correspondent saturation index remains well under 1 
in all the simulations. As stated in Section 2.2.2, CSH2.5 formation 
was not allowed. 

Table 6 
Kinetic constants used in simulations given in [mol/(m3·h)]. 

𝑘𝑑𝐶𝐶 𝑘𝑑𝐶𝐶
̅  𝑘𝑑𝐶𝐶𝐶 𝑘𝑓𝐶𝐶

̅  

1.000E+02 5.000E+02 2.000E+01 5.000E-02 

3.3. Calibration procedure 

In this section, the calibration procedure followed to obtain 
the unknown model parameters is summarized. This calibration 
procedure comprised two steps. The first step consisted in 
independently estimating: 

• The saturation product of CSH2.5 (𝐾𝑠𝑠𝐶𝐶𝐶) at 20 and 50 °C 
by comparing with experimental results from the 
literature as explained in Section 2.2.2. 

• The total carbon and chloride concentrations (𝑐𝑡𝑐 , 𝑐𝑐𝑐) 
in the carbonated brines used in the experiments by 
fitting the measured values of pH, as explained in 
Section 3.2. 

• The initial volume fractions in cement samples (𝒰𝛼) 
and the corresponding total (𝜙) and capillary (𝜙𝑐𝑠 ) 
porosities by fitting the measured densities and total 
porosities, as explained in Section 3.2. 

In the second step, the following parameters were calibrated 
simultaneously by fitting the experimental results of Tests C 
(pH 3.7, 50 °C) and D (pH 3.7, 20 °C): 

• ‘Convection’ coefficient: 𝓀 
• Diffusion parameters: 𝑛𝑖 ,𝑛𝑓,𝐷𝑠

𝛽 𝐷0
𝛽�  

• Kinetics constants:  𝑘𝑓𝐶𝐶
̅ ,𝑘𝑑𝐶𝐶𝐶, 𝑘𝑑𝐶𝐶

̅ , 𝑘𝑑𝐶𝐶 
As part of this second step, preliminary sensitive analyses 

(not presented here) were performed for each calibrated 
parameter in order to guide the calibration process.  

The experimental results of Tests A and B were then 
predicted with the model using the same parameter values, 
leading to satisfactory fitting as discussed in the following 
Section 3.4. 



9 
 
3.4. Results and discussion 

In Fig. 4, calculated radial profiles of total carbon, calcium 
and chloride concentrations in pore solution, as well as the 
corresponding pH, are plotted at different test times for Test A 
(pH 2.4 at 50 °C). Since alkalis are neither produced nor 
consumed by the considered reactions and since the initial 
concentration is the same in the brine and in the pore solution, 
the alkalis concentration remains constant at 500 mmol/L 
during the test.  

The sigmoid form of the total carbon profiles is due to the 
combined effect of, on one hand, the consumption/production of 
aqueous carbon associated with the formation/dissolution of 
calcite and, on the other hand, the increase of the effective 
diffusivity on the degraded zones. In the 25d and 30d profiles the 
total carbon concentration rises slightly over the boundary 
concentration due to the combined effect of calcite dissolution 
and the rise of total carbon concentration at the symmetry axis of 
the specimen. 

Due to its relative high diffusivity and the absence sink terms, 
chloride concentration rapidly reaches equilibrium with the 
concentration at the boundary.  

Initial calcium content in the specimen corresponds to the 
saturation concentration for portlandite dissolution in 0.5 M 
NaCl brine at 50 °C. Firstly, the rapid ingress of chloride lowers 
the pH in the unaltered zone driving dissolution of portlandite 
until the new calcium equilibrium concentration is reached. 
While there is still some portlandite to be dissolved the calcium 

concentration remains over 20 mmol/L, but once portlandite 
content is exhausted the calcium concentration reduces steadily 
towards the boundary of the specimen, with the exception of 
local peaks due to the formation of calcite and subsequent 
dissolution of  CSH2.5, as it is explained below. 

Note that the imposed boundary condition (Eq. (33)) implies 
that the concetrations at the boundary are not constant but 
steadily progress towards the concentrations in the carbonated 
brine (𝑐𝑒

𝛽). 
The pH profiles are determined mainly by the total carbon 

and calcium profiles, changing from over 11.5 at the unaltered 
zone to less than 5 at the specimen boundary, with a sharp drop 
coinciding with the portlandite exhaustion.  

The evolution of the six volumetric fractions with time at a 
depth of 1.50 mm is plotted in Fig. 5. There, the progressive 
decalcification of the material through the dissolution of 
portlandite and CSH2.5 until only amorphous silica remains is 
clearly appreciated. The precipitation of calcite momentarily 
reduces the material porosity, but later on it is substantially 
increased.  

In Fig. 6, calculated radial profiles of different model 
variables for Test A (pH 2.4 and 50 °C) after 15 days of exposure  
are plotted together in order to make apparent the existent 
relationships between them. In Fig. 6a changing volumetric 
fractions and total carbon effective diffusivity are plotted 
together. Fig. 6b presents the radial profiles of the different 
carbon species. Finally, in Fig. 6c saturation indexes and pH 
profiles are plotted together. 

   
Fig. 4. Calculated radial profiles at different times of total carbon, calcium and chloride concentration in pore solution, as well as the corresponding pH, 
for Test A (50 °C and pH 2.4). 
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Fig. 5. Time evolution of volumetric fractions at a depth of 1.50 mm for 
Test A (50 °C and pH 2.4). 

In these profiles, the five characteristic zones described in 
Section 2.1 can be distinguished. The first one (I) corresponds to 
the unaltered material in the interior of the specimen. Even 
though some carbon has reached this zone, the amount is so low 
that no significant alteration of the material is perceived.   

In the second zone (II) the carbon concentration is higher 
driving the dissolution of portlandite and a consequent increase 
of calcium concentration in the pore solution. Note that 
portlandite acts as a pH buffer keeping it well above 10. In this 
pH range the preponderant carbon species is CO3

2−, allowing the 
formation of calcite. The simultaneous dissolution of portlandite 
and formation of calcite has the net effect of a slight reduction of 
the material porosity and, consequently, of the material effective 
diffusivity.  

The third zone (III) is marked by a sharp drop of the pore 
solution pH due to an even higher concentration of carbon and 
the exhaustion of portlandite. As the pH decreases, the CSH2.5 
saturation index decreases, eventually going bellow 1 at pH close 
to 10, triggering its dissolution. Similarly, the calcite saturation 
index decreases several orders resulting in a practically null rate 
of formation. Note that additional calcite is only formed while the 
pH remains over 8, since below 8 there is practically no CO3

2− in 
pore solution. The combination of the production of calcium due 
to CSH2.5  dissolution with the end of aqueous calcium 
consumption to form calcite results in a local peak of aqueous 
calcium concentration that is appreciated in Fig. 4. 

The calcium produced by CSH2.5  dissolution allows the 
formation of some additional calcite only while the pH remains 
over 8, since bellow 8 there is practically no CO3

2− in pore 
solution. The volume balance in this zone between calcite 
formation and CSH2.5 dissolution causes an additional reduction 
of the porosity, which in this zone reaches its minimum.  

  The fourth zone (IV) is marked by an additional reduction of 
the pH which takes the calcite saturation index below 1, 
provoking a fast dissolution of the previously formed calcite. 
Simultaneously, the CSH2.5 dissolution continues. The summated 
effect of both dissolution processes results in a marked increase 
of material porosity. The effect of the degradation in the effective 
diffusivity is even more pronounced in this zone than in the 
previous one due to the effect of CSH2.5  dissolution in the 
percolation exponent as described in Section 2.2.5.  

Finally, the fifth zone (V) corresponds to the completely 
degraded material, where the only remaining solids are the 
amorphous silicate hydrates and the inert CP (not plotted in Fig. 
6a). Note that the diffusivity in this zone is two orders higher 
than the one in the unaltered zone. 

 

 

Fig. 6. Calculated radial profiles for Test A (pH 2.4 at 50 °C) after 15 days 
of exposition: (a) volumetric fractions and total carbon effective 
diffusivity; (b) carbon species; (c) saturation indexes and pH. 
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In order to quantify the rate of advancement of the 
degradation, Duguid and Scherer visually identified in samples 
taken from the cement cylinders rings with different coloration, 
which were associated with different stages in the degradation 
process. In particular, a white ring developed in between the 
interior of the specimen and the practically completely 
decalcified outer corona. This white layer has been reported also 
by other authors (Kutchko et al., 2008; Liteanu and Spiers, 2011; 
Rimmelé et al., 2008) and associated with the presence of calcite 
and local reduction of the material porosity. In order to compare 
the measurements by Duguid and Scherer with our simulation 
results, a relationship need to be established between one (or 
more) model variable(s) and the fact that the material colour 
turned from grey to white. In this sense, it seems reasonable to 
relate the whitish colour to a certain threshold content of calcite. 
It has been found in the modelled tests that stablishing this 
threshold value in 0.22 m3 of calcite per m3 of material 
(5962 mol/m3) leads to the best fitting with Duguid and Scherer 
measurements.  

In Fig. 7, experimental and simulated penetration depths of 
the inner and outer sides of the white layer are plotted together 
as function of the exposure time for each testing condition. The 
penetration rates of both the inner and outer fronts of the white 
layer are well reproduced by the model in the four tested 
conditions, indicating that the effects of temperature and pH on 
the kinetics of cement paste degradation are well captured by 
the proposed formulation.  

Preliminary sensitive analysis (not presented here) 
indicated that the rate of advancement of the decalcification 
front can only be capture if the increase of the effective 
diffusivity of the material due to the degradation of the material 
is considered. In the particular case of the proposed analytical 

Eq. (28), this effect could not be reproduced by only considering 
the increase of capillary porosity and, therefore, it was necessary 
to introduce a degradation law of the percolation coefficient 
(Eq. (29)). Final values of the percolation coefficient (𝑛𝑓) ranging 
between 0.05 and 0.15, realistically capture the experimental 
results. Additionally, the same sensitive analysis indicated that 
the kinetic constants mainly determine the width of the 
degradation front, with minor effects on the advancement rate. 

4. Concluding remarks 

The assessing of the long-time performance of CO2 storage in 
depleted oil fields requires to understand and to be able of 
predict the deterioration of well cements when exposed to 
carbonated brines.  

With this aim in mind, a quantitative reactive-transport 
model is proposed in this paper. The model considers only four 
primary species, two with diffusion-reaction equations (calcium 
and total carbon) and two with only diffusion (chloride and 
alkalis). Secondary species are obtained from the primary ones 
by means of equilibrium equations. Solid dissolution and 
precipitation is treated with kinetic equations in all cases. The 
porosity and the effective diffusivity of the material are updated 
by tracking the volumetric evolution of the different solid 
species. A formula is proposed, based on the work of other 
authors (Oh and Jang, 2004), for estimating the effective 
diffusivity of the degraded material as a function of the volume 
fraction of solid species. 

In the development of the formulation an effort has been 
made to limit the number of chemical species and reactions to 
the very minimum really necessary in order to reproduce the 
main aspects of the phenomenon relevant for assessing the 

      
Fig. 7. Experimental and simulated reaction depth versus time for tests A (pH 2.4 and 50 °C), B (pH 2.4 and 20 °C), C (pH 3.7 and 50 °C) and D (pH 3.7 
and 20 °C).  Circles and diamonds indicate the inner and the outer limits of the white layer of the degradation front, respectively.  Empty symbols 
indicate experimental results by Duguid and Scherer (2010), while solid symbols indicate simulation results.  
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evolution of the transport and mechanical parameters of the 
material. 

The model has been benchmarked against laboratory 
experiments performed by Duguid and Scherer (2010) with 
cement pastes exposed to carbonated brines at different 
temperatures. Despite its relative simplicity, the model has been 
able of successfully reproducing both qualitative and 
quantitative experimental results.  

Next steps in model development will consider coupling to 
mechanical degradation of the HCP and effects of cracks on 
diffusivity. 
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