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In the present paper, mathematical modeling and numerical solution for the 3D carbonation phenomenon on cement mortars involving aggregates have been investigated for the first time. To achieve this assessment, the Papadakis analytical proposal has been fully investigated under 1D and 3D considerations. The molar concentration variations of the hydrates (CSH and Ca(OH) 2 ) and unhydrated grains (C 2 S and C 3 S) have been analyzed during carbonation, including hydration phenomenon. At the first stage, 1D numerical modeling of multi-reaction carbonation has been applied to atmospheric carbonation and verified by experiments in the literature. Afterwards, numerical simulations have been achieved on 3D numerical mortar samples for accelerated carbonation including aggregates using the relevant granulometry, whose applications sustain more realistic outcomes. The numerical solution has been done using the finite element method for the extremely non-linear transient system of PDEs. The numerical experiments have been compared to those done using the pH detector (Phenolphthalein and Thymophtaleine) and Differential Thermal Analysis (DTA). Some conclusions and outlooks pertaining to carbonation modeling have been emphasized, including water migration and CaCO 3 precipitation issues in improving the analytical modeling for accelerated carbonation cases.

Overall motivation of carbonation modeling

Background

The Ordinary Portland Cement (OPC)-based materials are exposed to the CO 2 gas in air or water containing CO 2 and consequently the carbonic acid disturbs the alkaline environment in the pore waters. Therefore, some major hydration products, e.g. calcium silicate, hydrate gel (CSH) and calcium hydroxide (Ca(OH) 2 ), are dissolved by the acidic environment. As acid attack goes on, the dissolution of primary cementitious phases and the precipitation of second phases CaCO 3 take place. In this acidic environment, the reinforcement concrete bars will be affected by the corrosion issues in the concrete structures. This issue has been studied in the Civil Engineering community to bring the basic understandings of carbonation mechanism across the cement-based materials and some semi-empirical methods in determining the carbonation depth for the practical engineering applications by means of the well-known square root of time law [START_REF] Lucas | Ueber das Zeitgesetz des kapillaren Aufstiegs von Flüssigkeiten[END_REF][START_REF] Washburn | The Dynamics of Capillary Flow[END_REF]. In Table 1, some empirical and/or semi-empirical carbonation depth estimations have been summarized. 

Authors Year Carbonation depth

Papadakis et al. [START_REF] Papadakis | Fundamental modeling and experimental investigation of concrete carbonation[END_REF] 1991

x c =          2D Pap [CO 2 ] 0 [CH] 0 + 3[CSH] 0 + 3[C 3 S] 0 + 2[C 2 S] 0          √ t DuraCrete [4] 2000 x c =                   2k e k c D Dura ∆C a Dura          t 0 t w Dura          √ t
Houst-Wittmann [START_REF] Houst | Depth profiles of carbonates formed during natural carbonation[END_REF] 2002

x c =          2cD Hou a Hou          √ t
Hyvert et al. [START_REF] Hyvert | Dependency of C-S-H carbonation rate on CO2 pressure to explain transition from accelerated tests to natural carbonation[END_REF] 2010 

x c =                  2k e k c k
                 √ t
Although, there is a bunch of studies pertaining to the carbonation of cement in the cement and concrete society, most of these studies deal with the semi-empirical methods via the pH detector to capture the carbonation depth, e.g. Phenolphthalein. The Phenolphthalein application is usually restricted to the fully carbonated zones and then the indicative threshold pH value may provide a wide range [START_REF] Thiery | Investigation of the carbonation front shape on cementitious materials: Effects of the chemical kinetics[END_REF]. Moreover, the inaccuracy of the Phenolphthalein for the carbonation depth assessment is well-known. Hence, the additional experimental methods like Differential Thermal Analysis (DTA) have been also implied in the discovery process. Some semi-empirical methods in Table 1 would be useful when one would like to detect the fully carbonated zones, i.e. pH< 9, which causes the corrosion problem in the concrete structures for the practical engineering applications.

Some relevant mathematical modelings can be addressed in [START_REF] Thiery | Investigation of the carbonation front shape on cementitious materials: Effects of the chemical kinetics[END_REF][START_REF] Papadakis | A reaction engineering approach to the problem of concrete carbonation[END_REF][START_REF] Steffens | Modeling carbonation for corrosion risk prediction of concrete structures[END_REF][START_REF] Liang | Mathematical modeling and applications for concrete carbonation[END_REF][START_REF] Bary | Coupled moisture-carbon dioxide-calcium transfer model for carbonation of concrete[END_REF][START_REF] Muntean | A Moving-Boundary Problem: Modeling, Analysis and Simulation of Concrete Carbonation[END_REF][START_REF] Meier | Dynamics of the internal reaction layer arising during carbonation of concrete[END_REF][START_REF] Peter | Competition of several carbonation reactions in concrete: A parametric study[END_REF][START_REF] Muntean | A moving-boundary problem for concrete carbonation: Global existence and uniqueness of weak solutions[END_REF][START_REF] Peter | Multiscale modelling of chemical degradation mechanisms in porous media with evolving microstructure[END_REF][START_REF] Muntean | Moving carbonation fronts in concrete: A moving-sharp-interface approach[END_REF][START_REF] Huang | Numerical analysis of the effect of coarse aggregate distribution on concrete carbonation[END_REF][START_REF] Radu | A mixed finite element discretization scheme for a concrete carbonation model with concentration-dependent porosity[END_REF][START_REF] Jeong | Modeling of the induced chemo-mechanical stress through porous cement mortar subjected to CO2: Enhanced micro-dilatation theory and 14C-PMMA method[END_REF][START_REF] Pan | A 2-d numerical research on spatial variability of concrete carbonation depth at meso-scale[END_REF] and lately in [START_REF] Zhang | Mathematical modeling and numerical study of carbonation in porous concrete materials[END_REF] for the short term carbonation and long term carbonation [START_REF] Kari | Reactive transport modelling of long-term carbonation[END_REF]. Basically, mathematical modeling of the carbonation can be categorized as below:

1. The Papadaki's approach based on the multi-reactional modeling of chemical kinetics during the cement hydration and carbonation issue [START_REF] Papadakis | A reaction engineering approach to the problem of concrete carbonation[END_REF][START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF] as well as the papers dealing with the different carbonatable constituents [7, 11, 13-15, 22, 25-27] and moisture transfer issues [START_REF] Aiki | Mathematical model for hysteresis phenomenon in moisture transport of concrete carbonation process[END_REF][START_REF] Kumazaki | A mathematical model of carbon dioxide transport in concrete carbonation process[END_REF],

2. The carbonation modeling for the corrosion-based issues [START_REF] Steffens | Modeling carbonation for corrosion risk prediction of concrete structures[END_REF][START_REF] Saetta | Experimental investigation and numerical modeling of carbonation process in reinforced concrete structures: Part I: Theoretical formulation[END_REF][START_REF] Isgor | Finite element modeling of coupled heat transfer, moisture transport and carbonation processes in concrete structures[END_REF].

3. The multiscale modeling of chemical degradation mechanisms in porous media including the micro-structure [START_REF] Peter | Multiscale modelling of chemical degradation mechanisms in porous media with evolving microstructure[END_REF][START_REF] Jeong | Modeling of the induced chemo-mechanical stress through porous cement mortar subjected to CO2: Enhanced micro-dilatation theory and 14C-PMMA method[END_REF][START_REF] Peter | Homogenisation of a chemical degradation mechanism inducing an evolving microstructure[END_REF],

4. The effect of aggregates distribution including 2D spherical grain assumptions at meso-scales [START_REF] Huang | Numerical analysis of the effect of coarse aggregate distribution on concrete carbonation[END_REF][START_REF] Pan | A 2-d numerical research on spatial variability of concrete carbonation depth at meso-scale[END_REF].

Most of these studies are restricted to the one or two dimensional cases excluding the aggregates. Most importantly, mathematical modeling has not been perfectly compared to the experiments. It is of great importance to emphasize that most of these methods involving the ion exchange equilibrium paradigm do not include the relative humidity, calcium ion transport and liquid water migration. Additionally, the hydration phenomenon before and during the carbonation is the most interesting matter and it should be considered. The Papadakis' method exclusively handles the multi-reactional modeling including the above-indicated issue [START_REF] Papadakis | Fundamental modeling and experimental investigation of concrete carbonation[END_REF][START_REF] Papadakis | A reaction engineering approach to the problem of concrete carbonation[END_REF][START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF][START_REF] Papadakis | Experimental investigation and mathematical modeling of the concrete carbonation problem[END_REF][START_REF] Papadakis | Effect of composition, environmental factors and cement-lime mortar coating on concrete carbonation[END_REF]. In fact, the Papadakis'

proposal has been substantially considered as one of the most influential study in the field. Nevertheless, it has never fully scrutinized due to the fact that it turns to be highly non-linear. That is why Papadakis himself simplified it to the simplest form, i.e. square root of time law (see [START_REF] Papadakis | Fundamental modeling and experimental investigation of concrete carbonation[END_REF] in Table 1).

Paper organization

The multi-reactional kinetics paradigm has been comprehensively studied including the cement hydration phenomenon in section 2. In the original Papadakis' study, one-dimensional modeling interpreting the chemo-physical processes has been suggested using the relevant assumptions. All original equations are defined under the strong form using one dimensional consideration. These equations have been extended and rewritten under the weak form using 3D considerations. The 3D numerical solution of the above-mentioned mathematical framework has been firstly achieved undertaking the hydration in section 3. The numerical outcomes have been compared to those coming from the experiments under atmospheric carbonation and accelerated carbonation at 10% and 75% in section 3 and section 4. Some conclusions and outlooks have been discussed about the water migration and CaCO 3 precipitation matters in the last section.

Modeling of carbonation chemical reaction kinetics

This section aims to prepare the scientific backbone on the chemo-physical phenomenon of the carbonation. Some relevant mathematical modeling assumptions have been emphasized and applied for modeling purposes1 .

Assumptions in cement the carbonation modeling

Basically, the main mechanisms during the cement carbonation period can be illustrated in Figure 1 and summarized as below: It is well known that CO 2 gas diffuses through the concrete pores and it reacts not only with Ca(OH) 2 but also with unhydrate silicate, tricalcium silicate (C 3 S) and dicalcium silicate (C 2 S). It is straightforward to remind that Ca(OH) 2 and CSH are the hydration products of C 2 S and C 3 S. Consequently, the mass balance of CO 2 can be written as below 2 :

Ω CP (t) ∂ P (1 -f) [CO 2 ] ∂t dV = Ω CP (t)              Diffusive term -Div -D e,CO 2 ∇ [CO 2 ]
Sink terms due to CH, CSH, C 3 S and C 2 S

-P 0 f w r CH -3 r CSH -3 r C 3 S -2r C 2 S              dV on Ω CP (t) ∈ R 3 × [0, T ] (1) 
In Equation 2, r j = CSH, C 3 S and C 2 S, deals with the molar rates of carbonation and they can be inferred as below:

r j = k j a s [ j] V j [CO 2 ] for j = CSH, C 3 S, C 2 S on Ω CP (t) ⊂ R 3 × [0, T ] (2) 
[ j], k j , a s , V j and [CO 2 ] stand for the molar concentration of constituent j (in moles per unit volume of concrete), rate constant for the reaction of constituent j with CO 2 , specific surface area of concrete pores in contact with water, the molar volume of constituent j and CO 2 molar concentration, respectively.

The reaction rate of CO 2 with dissolved Ca(OH) 2 , r CH is proposed as below:

r CH = H R T k 2 [OH - eq ] [CO 2 ] on Ω CP (t) ⊂ R 3 × [0, T ] (3) 
where, [CO 2 ], H, R, T and k 2 are the CO 2 molar concentration in gaseous phase, Henry's constant for the disso- signifies an effective diffusivity from regions where the CO 2 concentration is high to those where is it low. One of the very interesting aspect is that the porosity is taken into account for the computations in according to the mathematical framework. In fact, P 0 represents the initial porosity and P(t) is the current porosity whose value can be extracted via the constantly growing hydration and carbonation reactions as follows:

P(t) = P 0 -∆P H (t) -∆P C (t) (4) 
where, P(t), P 0 , ∆P H (t) and ∆P C (t) are the current porosity, the initial porosity, the porosity reduction stemming from the hydration and the porosity reduction coming from the carbonation, respectively. This point is well described in [START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF] and detailed in Appendix A.

Mass balance of solid Ca(OH) 2

The mass balance of solid Ca(OH) 2 (s) can be written as following:

Ω CP (t) ∂[Ca(OH) 2 (s)] ∂t dV = Ω CP (t)           Source term due to CH r H,CH Sink term due to Ca(OH) 2 (s) dissolution rate -r D           dV on Ω CP (t) ∈ R 3 × [0, T ] (5) 
The solid Ca(OH) 2 of the cement paste, denoted as Ca(OH) 2 (s), dissolves in the pore water at a given rate known as r D in moles of Ca(OH) 2 per unit volume of concrete per second and then reacts with the dissolved CO 2 as following:

r D = 0.5 P f w k s a s [Ca(OH) 2 (s)] VCH [OH -] eq -[OH -] on Ω CP (t) ⊂ R 3 × [0, T ] (6) 
where, P, f w , k s , a s , [Ca(OH) 2 (s)], VCH , [OH -] eq and [OH -] are the porosity, volume fraction of aqueous film at the walls of the pores (ratio of film volume to pore volume), mass transfer coefficient for the dissolution of Ca(OH) 2 (s), the specific surface area of concrete pores in contact with water, molar concentration of Ca(OH) 2 (s), molar volume of Ca(OH) 2 (s), molar concentration of [OH -] eq in the aqueous phase of the pores at the equilibrium or saturation state and molar concentration of [OH -] in the aqueous phase of the pores, respectively. The molar rate, r H,i , in which i = C 3 S,C 2 S, C 4 AF and C 3 A, is the corresponding reacting constituent Portland cement for the hydration process. Thus, the rate of production of CSH and Ca(OH) 2 and these reaction rates can be addressed as below:

r H,CSH = 1 2 r H,C 3 S + r H,C 2 S on Ω CP (t) ⊂ R 3 × [0, T ] (7) r H,CH = 3 2 r H,C 3 S + 1 2 r H,C 2 S -2r H,C 4 AF, S -4r H,C 4 AF -r H,C 3 A on Ω CP (t) ⊂ R 3 × [0, T ] (8) 
The molar rates for the hydration process with the anhydrous grains, i.e. C 3 S, C 2 S, C 4 AF and C 3 A, can be denoted as below:

r H,i = - d[i] dt = k H,i [i] n i [i] n i -1 0 for i = C 3 S, C 2 S, C 4 AF, C 3 A (9) 
More details in conjunction with the hydration process and the corresponding coefficients can be found out in Appendix B.

Mass balance of dissolved Ca(OH) 2

In aqueous solution Ca(OH) 2 (aq), OH -diffuses from the regions with higher concentration of OH -to those with lower concentrations. It can be handled by means of the diffusion coefficient known as D e,Ca(OH) 2 (aq) in the Papadakis'

studies. Generally, it is assumed that this coefficient is too small and then it is negligible. The mass balance of dissolved Ca(OH) 2 is denoted as below: 

Ω CP (
+r D ) dV on Ω CP (t) ∈ R 3 × [0, T ] (10) 
This diffusion usually takes place at the aqueous phases in the pores. An interesting consequence of this issue via the numerical modeling is that one can assess the pH distribution across the mortar cement:

pH = 14 + log 2 × 10 3 [Ca(OH) 2 (aq)] on Ω CP (t) ⊂ R 3 × [0, T ] (11) 

Mass balance of CSH

The carbonation of CSH can be described based upon the following relation:

Ω CP (t) ∂[CSH] ∂t dV = Ω CP (t)          Sink term due to CSH -r CSH Source term due to CSH +r H,CSH          dV on Ω CP (t) ∈ R 3 × [0, T ] (12) 
2.2.5. Mass balance of unhydrated grains, C 3 S and C 2 S

The mass balance of C 3 S and C 2 S can be written as:

Ω CP (t) ∂[C 3 S] ∂t dV = Ω CP (t)           Sink term due to C 3 S -r C 3 S
Sink term due to C 3 S during the hydration

-r H,C 3 S           dV on Ω CP (t) ∈ R 3 × [0, T ] (13) 
Ω CP (t) ∂[C 2 S] ∂t dV = Ω CP (t)           Sink term due to C 2 S -r C 2 S
Sink term due to C 2 S during hydration

+r H,C 2 S           dV on Ω CP (t) ∈ R 3 × [0, T ] (14) 
The mentioned mathematical modeling yields a complex nonlinear system of Partial Differential Equations (PDEs)

and can be exclusively solved numerically under full considerations. As seen in Equation 1, Equation 5, Equation 10, Equation 12, Equation 13 and Equation 14, there are several rate terms dealing with the pre-carbonation and postcarbonation stages.

Description of the system of transient state PDEs in cement carbonation modeling

The aforementioned mass balance equations ought to be solved to arrive at the numerical solution of the multireactional modeling of the carbonation phenomenon. Basically, these equations can be reduced by simplifying the mass balance of dissolved Ca(OH) 2 . This issue gives rise the equality of r D and P 0 f w r CH [START_REF] Papadakis | A reaction engineering approach to the problem of concrete carbonation[END_REF]. Therefore, one can simply re-write the multi-reactional carbonation mathematical modeling as below:

Ω CP (t) ∂ P (1 -f) [CO 2 ] ∂t dV = Ω CP (t) -Div -D e,CO 2 ∇ [CO 2 ] -P 0 f w r CH -3 r CSH -3 r C 3 S -2r C 2 S dV on Ω CP (t) ∈ R 3 × [0, T ] where D e,CO 2 ≈ 1.64 × 10 -8 P p (t) 1.8 1 - HR 100 2.2 (15a) Ω CP (t) ∂[Ca(OH) 2 ] ∂t dV = Ω CP (t) r H,CH -P 0 f w r CH dV on Ω CP (t) ∈ R 3 × [0, T ] (15b 
)

Ω CP (t) ∂[CSH] ∂t dV = Ω CP (t) -r CSH + r H,CSH dV on Ω CP (t) ∈ R 3 × [0, T ] (15c 
)

Ω CP (t) ∂[C 3 S] ∂t dV = Ω CP (t) -r C 3 S -r H,C 3 S dV on Ω CP (t) ∈ R 3 × [0, T ] (15d) Ω CP (t) ∂[C 2 S] ∂t dV = Ω CP (t) -r C 2 S + r H,C 2 S dV on Ω CP (t) ∈ R 3 × [0, T ] (15e) 
Basically, the effective diffusion of CO 2 depends on volume, structure, relative humidity and degree of saturation as well. The Papadakis' formula using Wicke-Kallenbach device [START_REF] Papadakis | Effect of composition, environmental factors and cement-lime mortar coating on concrete carbonation[END_REF] has been used involving the relevant aggregates effect herein. It is well worth noting that P p (t) stands for the hardened cement porosity (see Appendix A for more details). In the next section, we focus on the numerical experiments of mortar samples in accordance with the extension of Papadakis' mathematical modeling.

Numerical experiments

In the previous sections, the hydration phenomenon, cement carbonation and their corresponding reactions have been briefly studied. The carbonation modeling has been extended to the 3D case in the last section. In this section, the numerical modeling of the carbonation involving the hydration phenomenon has been fully scrutinized for atmospheric and accelerated carbonation cases. The use of randomly distributed spherical grains through the cement paste includes the effect of corners, curvature and even surface roughness in an implicit manner. Furthermore, the multi-reactional modeling including the grains is an essential tool to assess the pH distribution across the cement paste and provide some essential ideas about the carbonation testing techniques in evaluating the pH values. As a matter of fact, the most realistic condition has been taken into account to be as far as possible close to the experiments.

Atmospheric carbonation numerical modeling and model validation

At the first stage, we focus on the atmospheric carbonation with 0.03% of CO 2 concentration for mortar samples (OPC cement paste with W C =0.5) [START_REF] Hyvert | Dependency of C-S-H carbonation rate on CO2 pressure to explain transition from accelerated tests to natural carbonation[END_REF]. This is chosen to be as close as possible to our experiments and numerical modeling. In [START_REF] Hyvert | Dependency of C-S-H carbonation rate on CO2 pressure to explain transition from accelerated tests to natural carbonation[END_REF], the cylindrical mortar samples with various CO 2 partial pressures for 300 days of carbonation and 300 [days] in [START_REF] Hyvert | Dependency of C-S-H carbonation rate on CO2 pressure to explain transition from accelerated tests to natural carbonation[END_REF].

As shown in Figure 2b, Ca(OH) 2 sharply diminishes beyond 60 [days] and it nearly vanishes on the exposed carbonation surface. This issue has been already reported in the experiments. As reported in [START_REF] Hyvert | Dependency of C-S-H carbonation rate on CO2 pressure to explain transition from accelerated tests to natural carbonation[END_REF], the Portlandite concentration weakens at the carbonation surface. According to [START_REF] Castellote | Chemical changes and phase analysis of opc pastes carbonated at different co2 concentrations[END_REF], the Portlandite still remains after 100 days of atmospheric carbonation tests (0.03% carbonation). The numerical simulation in Figure 2 shows that the Portlandite is partially consumed. The Portlandite molar concentration slightly increases beyond the carbonation front as plotted in Figure 2b. This demonstrates the impact of the hydration process modeling as along as the carbonation simulations. It is of great important to note that the hydration modeling is taken into account in all numerical modelings reported in the current contribution 3 . Evidently, the hydration process makes more Ca(OH) 2 and CSH as an interesting consequence of hydration. This means that the cement hydration produces additional Ca(OH) 2 and CSH at anywhere in the cement mortar bar. These hydration products are easily consumed in the carbonation affected zones. The same trend can be extracted from the numerical simulations for CSH. It is well worth noting that the carbonation begins at 90 [days] after mortar molding. The hydration and carbonation have been considered at the same time during the computations and the hydration outcomes at 90 [days] after mortar molding are taken into account as the initial conditions. The outcomes perfectly match the carbonation from the empirical law, i.e. x ∝ √ t.

As shown in Figure 2, the numerical results at the above-mentioned benchmark carbonation times are nearly close to our numerical experiments. So far, the numerical modeling provides very interesting outcomes about the carbonation affected zone, molar concentrations of Ca(OH) 2 , CSH, C 3 S and C 2 S. In the next sub-section, we focus on 3D modeling including the grains and verify the results via experiments for the accelerated carbonation cases at 10% and 75% of CO 2 concentrations.

Accelerated carbonation numerical modeling and experiments

Geometrical configurations

The cubic mortar samples (40 × 40 × 40 [mm]) have been chosen for the numerical modeling purposes. As pointed out earlier, the multi-reactional modeling takes advantage of randomly distributed spherical grains. The user-written random geometric spherical packing based on the basic ideas which are described in [START_REF] Jodrey | Computer simulation of close random packing of equal spheres[END_REF][START_REF] Kadushnikov | Investigation of the Density Characteristics of Three-Dimensional Stochastic Packs of Spherical Particles Using a Computer Model[END_REF][START_REF] Jerier | Modélisation de la compression haute densité des poudres métalliques ductiles par la méthode des éléments discrets[END_REF][START_REF] Jerier | A geometric algorithm based on tetrahedral meshes to generate a dense polydisperse sphere packing[END_REF][START_REF] Jerier | Packing spherical discrete elements for large scale simulations[END_REF][START_REF] Jeong | A new multi-scale modeling approach based on hygro-Cosserat theory for self-induced stress in hydrating cementitious mortars[END_REF], generates the grains through mortar specimen and satisfies two essential matters:

1. The generated grains neatly match the granulometry curve of the mortar samples [START_REF] Jeong | Modeling of the induced chemo-mechanical stress through porous cement mortar subjected to CO2: Enhanced micro-dilatation theory and 14C-PMMA method[END_REF][START_REF] Ramézani | Role of cement paste composition on the self induced stress in early-age mortars: Application of the cosserat size number[END_REF][START_REF] Jeong | Thermo-chemical heterogeneous hydration gradient modeling of concrete and aggregates size effect on ITZ[END_REF] (see Figure 3a, Figure 3b and Figure 3c).

2. The randomness issue has been perfectly achieved in the sense that the radial distribution function leads to the stochastic patterns in according to the condensed matter physics considerations [START_REF] Kouetcha | Ultrafast scalable parallel algorithm for the radial distribution function histogramming using MPI maps[END_REF][START_REF] Jeong | Why does the modified arrhenius' law fail to describe the hydration modeling of recycled aggregate?[END_REF][START_REF] Jeong | Porous-micro-dilatation theory for random crystallization: Monte carlo simulation for delayed ettringite formation[END_REF][START_REF] Kouetcha | Adsorption dans un milieu carboné lamellaire nanoporeux : simulation monte carlo grand canonique, synthèse et caractérisation[END_REF][START_REF] Kouetcha | Carbon dioxide adsorption through carbon adsorbent structures: Effect of the porosity size, chemical potential and temperature[END_REF] (see Figure 3d). To pursue the numerical modeling of the mortar specimens herein, one-eight symmetry assumption has been utilized in the sense that only 1/8 of model has been accounted for the computations. This matter arises from the fact that it drastically reduces the number of grains and Degrees Of Freedoms (DOFs). It fairly increases the mesh density for the computations. Moreover, to capture the carbonation front in an accurate manner, it is necessay to use more mesh density (see Figures 4a and4b). This gives rise a huge amount of DOFs. That is why the parallel direct solver is applied to handle these requirements. It is well worth noting that the carbonation modeling involving the hydration phenomenon requires the solution of five balance equations using weak form considerations, i.e. Equation 15a to Equation 15e.

Boundary and initial conditions

By applying the symmetry assumptions as described before, the following boundary conditions would be kept during the computations:

The boundary conditions over the symmetry planes, i.e. XY, YZ and ZX yield no-flux flow conditions. This implies the following Neumann's boundary conditions as:

Symmetry boundary conditions for [CO 2 ]:                                          -D e,CO 2 ∂[CO 2 ] ∂x = 0 on ∂Ω yz ⊂ R 2
where

∂Ω yz = {S ∈ R 2 | x = 0, 0 y 20, 0 z 20} -D e,CO 2 ∂[CO 2 ] ∂y = 0 on ∂Ω xz ⊂ R 2
where

∂Ω xz = {S ∈ R 2 | y = 0, 0 x 20, 0 z 20} -D e,CO 2 ∂[CO 2 ] ∂z = 0 on ∂Ω xy ⊂ R 2
where

∂Ω xy = {S ∈ R 2 | z = 0, 0 x 20, 0 y 20} ( 16 
)
Symmetry boundary conditions for [j]=[Ca(OH) 2 (s)], [CSH], [C 3 S] and [C 2 S]:                                          - ∂[j] ∂x = 0 on ∂Ω yz ⊂ R 2
where

∂Ω yz = {S ∈ R 2 | x = 0, 0 y 20, 0 z 20} - ∂[j] ∂y = 0 on ∂Ω xz ⊂ R 2
where

∂Ω xz = {S ∈ R 2 | y = 0, 0 x 20, 0 z 20} - ∂[j] ∂z = 0 on ∂Ω xy ⊂ R 2
where

∂Ω xy = {S ∈ R 2 | z = 0, 0 x 20, 0 y 20} (17) 
The boundary conditions over the outer surfaces can be written as below:

Outer surfaces boundary conditions for [CO 2 ]:

       [CO 2 ] = [CO 2 ] 0 on ∂Ω outer ⊂ R 2 where ∂Ω outer = {S ∈ R 2 | x = 20} ∪ {S ∈ R 2 | y = 20} ∪ {S ∈ R 2 | z = 20} (18) 
where, [CO 2 ] 0 signifies the initial molar concentration of carbon dioxide at the outer surfaces of the mortar samples.

The initial conditions can be denoted as below:

                               [CO 2 ](x, 0) = 0 on ∂Ω CP ⊂ R 3 [Ca(OH) 2 (s)](x, 0) = [Ca(OH) 2 (s)] 0 on ∂Ω CP ⊂ R 3 [CSH](x, 0) = [CSH] 0 on ∂Ω CP ⊂ R 3 [C 3 S](x, 0) = [C 3 S] 0 on ∂Ω CP ⊂ R 3 [C 2 S](x, 0) = [C 2 S] 0 on ∂Ω CP ⊂ R 3 P(x, 0) = P 0 on ∂Ω CP ⊂ R 3 (19) 
where, [Ca(OH) 2 (s)] 0 , [CSH] 0 , [C 3 S] 0 , [C 2 S] 0 and P 0 are the initial molar concentration of [Ca(OH) 2 (s)], [CSH],

[C 3 S], [C 2 S] and initial porosity, respectively 4 . These initial mortar concentrations rely on the hydration equations in [START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF]. The hydration outcomes before carbonation experiments are calculated and applied as initial conditions. It is straightforward to mention that the hydration and carbonation are fully coupled for all carbonation computations in the present contribution.

Numerical modeling discretization and solver configuration

The numerical modeling of carbonation phenomenon has been achieved by the finite element method. To obtain the accurate numerical outcomes, fairly fine mesh density has been applied for the numerical experiments. The quadratic isoparametric Lagrange elements are used for the meshing purposes herein (Figure 4). 

Model verification via experiments

In this section, the numerical outcomes of the carbonation phenomenon extracted by means of the multi-reactional modeling issues are compared to the experiments. The carbonation experiments have been achieved for the accelerated carbonation cases at 10% and 75% conditions herein 5 . The pH detector and Differential Thermal Analysis (DTA) are utilized to estimate the carbonation depth as a tool for the modeling assessment purposes. As pointed out previously, the multi-reactional modeling for the carbonation like that originally proposed by Papadakis, gets the spatial distribution of CO 2 , Ca(OH) 2 , CSH, C 3 S and C 2 S within carbonation time after the hydration process. To mimic the real conditions like those achieved for the experiments, the above-indicated modeling accounts for the hydration phenomenon as well. As a matter of fact, the carbonation and hydration phenomena go altogether in the same mathematical modeling framework using the weak form considerations.

Materials and experiments

As pointed out earlier, the applied cement is an Ordinary Portland Cement. The fractions of C 3 S, C 2 S, C 4 AF and C 3 A using the chemical composition of ordinary cement clinker in weight percent are represented in Table 2. and 65 ± 5% during nearly 3 months. This wet curing period is necessary in order to conduct the same saturation through the specimen and to fulfill the carbonation test conditions. The applied relative humidity of ≈ 65% is chosen in such a way to maximize the carbonation rate. The carbonation tests are done inside the carbonation chamber with the given CO 2 concentrations, relative humidity (≈ 65% ± 2%) , and temperature (≈ 21 ± 2°C). The constant relative humidity condition in the carbonation test avoids the water production issues whose action sustains the clogging issues. However, the aforementioned water production could not be avoidable beyond 75% of CO 2 carbonation.

The tests have been carried out at various exposure durations, i.e. 3, 7, 14 and 22 days. Afterwards, the fresh-split surfaces have been sprayed with a 1% Phenolphthalein pH indicator as well as Thymophtaleine to measure up the average carbonation depth. Basically, the Thymophtaleine changes the color between 9.3 pH 10.5, whereas the Phenolphthalein changes the color between 8.2 pH 12.2. Therefore, the Thymophtaleine would provide better pH detection for the carbonation front at the suitable range than the Phenolphthalein.

Accelerated carbonation case: 10% carbonation

The CO 2 gas concentration of 10% is applied for the numerical modeling and the carbonation experiments. The numerical solution is done at 3, 7, 14 and 22 days after carbonation. The CO 2 gas diffusion at 14 days of carbonation is illustrated in Figure 5. As shown in Figure 5b, the streamlines plot depicts the impact of the aggregates on CO 2 gas diffusion inside the numerical model. Clearly, the aggregates presence affect the CO 2 flux directions and intensities. The Figure 7 shows the carbonated zone on all specimens at 3 and 14 days. For all pH detectors, the carbonated zone shows as uncolored zone while the color begins to appear when pH changes. According to the experimental observations, it could be observed that Thymophtaleine is more sensitive to the pH variations than Phenolphthalein as expected earlier. Moreover, one can observe some pink/purple points even in the carbonated zone. This stems from the partial carbonation affected zones where the pH values does not arrive at 8 or 9.

The Figure 8 illustrates DTA diagrams of carbonated zones at various carbonation days, i.e. 3, 7, 14 and 22 days as well as the unaffected carbonation zones. According to the DTA results, the partial carbonation can be observed, i.e. the reduced CSH and Ettringite quantity in the temperature range 110°C-130°C, Ca(OH) 2 for 460°C-510°C and calcite for 650°C-750°C. In fact, it is observed that the water evaporation is done and then it is not easy to be distinguished in an accurate manner among the water evaporation, CSH and/or Ettringite. Furthermore, the carbonation may dry out the mortar as well. Generally, there are three modes in carbonation (Figure 8): mode I (780°C-990°C) in where the well crystallized CaCO 3 could be observed, mode II (680°C-780°C) in where the metastable polymorphe of CaCO 3 , vaterite and aragonite may be found out and mode III (550°C-680°C) in where the decomposition of amorphous CaCO 3 can be observed. In our case for 10% carbonation at 22 days, co-existence of mode II and III can be found out. Nevertheless, the well crystallized CaCO 3 in mode III is not observed. This implies that the carbonation at 22 days does not prepare enough CaCO 3 crystals. However, the three modes co-existence in 50% carbonation case around one month is reported in [START_REF] Thiery | Investigation of the carbonation front shape on cementitious materials: Effects of the chemical kinetics[END_REF][START_REF] Villain | Measurement methods of carbonation profiles in concrete: Thermogravimetry, chemical analysis and gammadensimetry[END_REF]. The CSH is gradually reduced, whereas the residual Ca(OH) 2 is drastically diminished at the very early carbonation stage, i.e. 3 days. The previous phenomenon of hydrated products consumption could be explained by the formation of quick CaCO 3 coating around the Ca(OH) 2 . Therefore, the accessibility of Ca(OH) 2 is restricted and then it can not produce CaCO 3 . That is why the CSH is consumed more easily and steadily rather than Ca(OH) 2 for CaCO 3 production. Indeed, such precipitation phenomenon reducing the carbonation progress is not well introduced into the carbonation mathematical framework. That is why the Portlandite is gradually dissolved in accordance with the modeling assumptions.

Accelerated carbonation case: 75% carbonation

In 75% carbonation case, the 75% of CO 2 gas concentration is applied in the numerical modeling and the experiments. The CO 2 distribution at 14 days of carbonation is shown in Figure 9. In Figure 9, one can observe that the CO 2 diffusion is faster than the 10% case and the streamlines are less affected by aggregates presence due to high CO 2 concentration gradient. The numerical results for 75% carbonation case are depicted in Figure 10. Once again, the blank regions in the plots signifies the aggregates positions. According to the outcomes, the Ca(OH) 2 is well consumed even 7 days after carbonation (≈ 72%) and nearly total consumption can be found out at 22 days in Figure 10b. However, this consumption trend becomes more and more important and it leads to the sharp carbonation fronts comparing to the first few days of carbonation. The numerical results well agree with the experiments in [START_REF] Thiery | Investigation of the carbonation front shape on cementitious materials: Effects of the chemical kinetics[END_REF]. The CSH graph in Figure 10a shows nearly the same trend like Ca(OH) 2 . The consumption of this hydrate product is very fast up to more than 50% at 7 days and it nearly vanishes at 22 days of carbonation at the CO 2 application surface. The hydration effects for 75% carbonation case can be observed for the CSH and Ca(OH) 2 in the unaffected carbonation zones (Figures 10a and10b). It is due to the steadily hydration phenomenon progress with two anhydrous grains, i.e. C 2 S and C 3 S. It is observed that there are two issues. The first one is the creation of CSH within the hydration and the second one is the consumption of CSH due to the carbonation issues. For 75% carbonation, the CSH consumption is too much bigger than its creation in the carbonation affected zones. The mentioned grains draws the same trend like 10% carbonation case in Figure 10c and Figure 10d.

In Figure 11, the carbonation front is shown at 3 and 14 days for 75% carbonation case via the pH detectors. As pointed out previously, the Phenolphthalein and Thymophtaleine are used as the pH detectors. In Figure 11 for 14 days, the carbonation enhances very fast. Consequently, there are fewer uncarbonated affected zones.

Based on the DTA tests, for both 10% in Figure 8 and 75% concentration in Figure 12, CaCO 3 seems to be mainly decomposed at lower temperatures, 680°C-780°C. It is well worth noting that Ca(OH) 2 can be progressively dissolved and thus CaCO 3 is produced much greater than 10% carbonation case.

According to the numerical solution, Ca(OH) 2 has been nearly dissolved at 14 days after the carbonation. Nevertheless, the DTA findings demonstrate that there is still enough Ca(OH) 2 and it can be easily noticed in Figure 12.

The latter observation may be due to the CaCO 3 precipitation (Figure 13) around Ca(OH) 2 which is not incorporated into the multi-reactional kinetics modeling herein. 

Conclusions and outlooks

The carbonation numerical modeling using the multi-reactive issues involving the chemical reaction kinetics has been put into practice using 1D and 3D assumptions. In the first stage, the numerical modeling has been successfully verified and consolidated by the experiments for the atmospheric carbonation. In the second stage, the accelerated carbonation is taken into account for the modeling using the chemically-motivated approach of Papakdakis for the first time. The comparison between the simulations and experiments for the accelerated carbonation shows that they do not match perfectly. These modelings for the accelerated carbonation may over-estimate the carbonation depth.

Consequently, it can be concluded that mathematical modeling based on the chemical reaction only would not be sufficient to precisely predict the carbonation process. This relies on the fact that the carbonation for the accelerated cases should involve the water production and migration known as logging as well as the CaCO 3 precipitation. The above-mentioned issues strongly depend on experiments setups and particularly, the CO 2 concentration values. These issues certainly matter and they should be taken into consideration for the numerical modeling for accelerated carbonation situations. As far as the authors' knowledge, a very few mathematical modeling can take it into consideration in an appropriate manner including the multi-reactional issues. Generally, the carbonation modelings can partly cover the carbonation issues for particular situations.

The understanding of CaCO 3 precipitation and water production/migration is out of great interest for the next studies. To overcome some flaws in modeling of the cement-based materials carbonation, it is necessary to add the CaCO 3 precipitation and its corresponding chemical reactions into the current numerical modeling. The water production rate as well as water diffusion/advection should be added for the modeling purposes as well. Furthermore, the use of chemically-motivated hydration including the physical properties, e.g. relative humidity and temperature during the fully coupled simulations are of great importance. The other issue is the random pore network issues using the chemo-mechanical aspects. One possible way to handle the last point is to use the micro-dilatation theory

The porosity reduction due to the carbonation issue can be inferred as following 6 :

∆P C = [Ca(OH) 2 ] ∆ VCH + [CSH] ∆ VCSH (A5)
where, ∆P C , [CSH], [Ca(OH) 2 ], ∆ VCH and ∆ VCSH are the porosity reduction due to the carbonation phenomenon, molar concentration of CSH, molar concentration of Ca(OH) 2 , molar volume of CH reacting with CO 2 and molar volume of CSH reacting with CO 2 , respectively. The porosity reduction driven by the hydration process can be extracted by the molar volume changes for each component as well [START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF].

Appendix B Cement hydration and modeling of the chemical reactions kinetics

In this sub-section, the molar concentration of carbonatable constituents of the cement paste as a solid material, i.e. hardened cement paste have been taken into account. The complete description about the hydration process has been prepared for the Ordinary Portland Cement (OPC)

in [START_REF] Papadakis | Fundamental modeling and experimental investigation of concrete carbonation[END_REF][START_REF] Papadakis | A reaction engineering approach to the problem of concrete carbonation[END_REF][START_REF] Taylor | Cement Chemistry, Second Edition[END_REF] and the authors willingly abstain to provide more detail herein. The hydration process within the cement technology notation can be briefly written including the gypsum as below:

2 C 3 S + 6 H r H,C 3 S -----→ C 3 S 2 H 3 + 3 CH (B1a) 2 C 2 S + 4 H r H,C 2 S -----→ C 3 S 2 H 3 + CH (B1b) C 4 AF + 2 CH + 2 C SH 2 + 18 H r H,C 4 AF ------→ C 8 AF SH 24 (B1c) C 3 A + C SH 2 + 10 H r H,C 3 A -----→ C 4 A SH 12 (B1d) C 4 AF + 4 CH + 22 H r H,C 4 AF ------→ C 8 AFH 26 (B1e) C 3 A + CH + 12 H r H,C 3 A -----→ C 4 AH 13 (B1f)
where, r H,C 3 S , r H,C 2 S , r H,C 3 A , and r H,C 4 AF are the molar rates per unit concrete volume of C 3 S, C 2 S, C 3 A and C 4 AF, respectively.

Basically, the molar rates can be extracted by means of the following Ordinary Differential Equations (ODEs) [START_REF] Papadakis | Experimental investigation and mathematical modeling of the concrete carbonation problem[END_REF][START_REF] Ramézani | Étude du phénomène d'hydratation de la pâte de ciment: modélisation numérique de la cinétique chimique[END_REF]:

r H,i = - d[i] dt = k H,i [i] n i [i] n i -1 0 for i = C 3 S, C 2 S, C 4 AF, C 3 A (B2)
The analytical solution of Equation B2 leads to the following relation in modeling of the chemical kinetics:

F i (t) = 1 - [i] [i] 0 = 1 -1 -k H,i (1 -n i ) t         1 1 -n i         or [i] = [i] 0 1 -k H,i (1 -n i ) t         1 1 -n i         (B3)
where, r H,i , [i], [i] 0 , k H,i , n i , F i (t) and t are the molar rate per unit concrete volume of i, molar concentration of component i at t, initial molar concentration of component i, the chemical reaction-based coefficient, the chemical reaction-based exponent coefficient, molar fraction of component i and time, respectively. Generally, it is quite possible to obtain the molar concentrations (Figure B1a) and molar fractions (Figure B1b) versus hydration time as well. As illustrated in Figure B1, the molar fractions start from zero and they reach one at the end of hydration. The molar concentrations take the initial values and molar concentrations vanish at the end of hydration process for C 3 S, C 2 S, C 4 AF and C 3 A. 6 It is necessary to note that the hardened cement paste porosity is related to the total porosity, i.e. P(t) and it can be written as: The gypsum is added to slow the cement reaction kinetics very often. The impact of gypsum can be nearly deemed using t * (Appendix D):

P P (t) = P(t)              1 + w c ρ c ρ w + a c ρ c ρ a 1 + w c ρ c ρ w              ( 
t * ≈ 1 k H,C 3 A (1 -n C 3 A )         1 -       1 - [C SH 2 ] 0 [C 3 A] 0       (1-n C 3 A )         (B4)
Based upon the chemical reaction kinetics of OPC, one can obtain the molar concentration of carbonatable components of OPC as below:

• Molar concentration of Portlandite molar concentration, Ca(OH) 2 .

[Ca(OH

) 2 ] =                              3 2 [C 3 S] 0 F C 3 S + 1 2 [C 2 S] 0 F C 2 S -2[C 4 AF] 0 F C 4 AF if t ∈ [0, t * ] 3 2 [C 3 S] 0 F C 3 S + 1 2 [C 2 S] 0 F C 2 S -4[C 4 AF] 0 F C 4 AF -2[C 3 A] 0 F C 3 A + [C SH 2 ] 0 if t ∈ [t * , ∞] (B5) 
• Molar concentration of calcium hydrate , CSH:

[CSH] = 1 2 [C 3 S] 0 F C 3 S + 1 2 [C 2 S] 0 F C 2 S (B6)
• Molar concentration C 3 S:

[C 3 S] = [C 3 S] 0 1 -F C 3 S (B7)
• Molar concentration of C 2 S:

[C 2 S] = [C 2 S] 0 1 -F C 2 S (B8)
• Molar concentration of C 4 AF:

[C 4 AF] = [C 4 AF] 0 1 -F C 4 AF (B9)
• Molar concentration of C 3 A:

[C 3 A] = [C 3 A] 0 1 -F C 3 A (B10)
The initial molar mass of cement components and C SH 2 can be inferred as: In Figure C1a, t * deals with the gypsum impact on the molar concentration evolution. In Figure C1b, the total porosity versus time is delineated underlying the hydration porosity reduction issue. As illustrated in Figure C1b, once again, we can see the gypsum affected zone around one day in the semi-logarithmic diagram. The numerical computations highlight that there is a linear drop in the porosity and it turns to be asymptotic very fast beyond the gypsum affected zone, i.e. after one day. Evidently, the chemical components of OPC affect the molar concentrations and total porosity as well. It is straightforward to emphasize that the uncertainties in the evaluation of the chemical composition of cement clinker and its impact on the molar concentrations and total porosity is of great interest [START_REF] Ramézani | Étude du phénomène d'hydratation de la pâte de ciment: modélisation numérique de la cinétique chimique[END_REF]. 

[i] 0 = m i m cl ρ c (1 -P air ) MW i 1 + w c ρ c ρ w + a c

Figure 1 :

 1 Figure 1: Typical carbonation mechanism illustration inside pore spaces of cement-based materials [7, 25].

  are taken into account. The mortar samples have been prepared for 1D carbonation experiments. The experimental results are the carbonation front via pH detector, Ettringite and Portlandite consumption using XRD technique. The numerical simulation has been achieved under 1D consideration for the comparison purposes. The ouctomes are shown in Figure 2.

Figure 2 :

 2 Figure 2: Outcomes of 1D numerical modeling of 0.03% carbonation, a) CO 2 concentration versus distance and b) Ca(OH) 2 concentration versus distance.

11

  Figure 3: a) Mortar sample including randomly generated grains using our user-written geometric spherical packing code, b) Randomly generated grains, c) Grains spherical packing histograms and d) Radial distribution function, g(r) versus distance.

Figure 4 :

 4 Figure 4: Mesh density illustration including the aggregates and cement paste matrix, a) Aggregates mesh density and b) Aggregates and cement paste matrix mesh densities.

Table 2 :

 2 Fraction of C 3 S, C 2 S, C 4 AF and C 3 A using the chemical composition of ordinary cement clinker in weight percent including m cl , m gy and ρ c . m C 3 S m C 2 S m C 4 AF m C 3 A m cl m gy ρ c 68% 10% 7% 9% 97% 3% 3100 [kg/m 3 ] A cement paste-based standard mortar with Water-to-Cement ratio=0.5, has been used to prepare the mortar bars (160 × 40 × 40 [mm 3 ]). The mortar specimens have been made and stored at 20°C including the 95 ± 5% of relative humidity during 28 days. After the hydration period (28 days), all specimens have been kept in the incubator at 20°C

Figure 5 :Figure 6 ,Figure 6 :

 566 Figure 5: CO 2 distribution in 10% ([CO2]=10%) at 14 days after the carbonation action. The numerical results are shown in Figure 6 at 3, 7, 14 and 22 days of carbonation. The blank regions in the plots signifies the aggregates positions. The carbonation fronts at 14 days are highlighted in Figure 6. As shown in

Figure 7 :

 7 Figure 7: Carbonation front capturing (10% carbonation) via pH detectors (the pink color for Phenolphthalein and blue color for Thymophtaleine).

  CO2 concentration=10% at 3 [days] CO2 concentration=10% at 7 [days] CO2 concentration=10% at 14 [days] CO2 concentration=10% at 22 [days]

Figure 8 :

 8 Figure 8: DTA data of mortar samples extracted at the carbonated zone only after 3, 7, 14 and 22 days of carbonation action (10% carbonation) comparing to the unaffected carbonation zone.

Figure 9 :

 9 Figure 9: CO 2 distribution in 75% ([CO2]=75%) at 14 days after the carbonation action including CO 2 .

Figure 10 :

 10 Figure 10: Semi-logarithmic molar concentration versus distance at center line on plane YZ with [CO 2 ]=75%, a) CSH concentration distribution in [ mol m 3 ] at 3, 7, 14 and 22 days after the carbonation action, b) Ca(OH) 2 concentration distribution in [ mol m 3 ] at 3, 7, 14 and 22 days after the carbonation action, c) C 3 S concentration distribution in [ mol m 3 ] at 3, 7, 14 and 22 days after the carbonation action and d) C 2 S concentration distribution in [ mol m 3 ] at 3, 7, 14 and 22 days after the carbonation action.

Figure 11 :

 11 Figure 11: Carbonation front capturing (75% carbonation) via pH detectors (the pink color for Phenolphthalein and blue color for Thymophtaleine).

Figure 12 :Figure 13 :

 1213 Figure 12: DTA data of mortar samples extracted at the carbonated zone only after 3, 7, 14 and 22 days of carbonation action (75% carbonation) comparing to the unaffected carbonation zone.

4

 4 Figure B1: a) Molar fraction versus hydration time and b) Molar concentrations versus hydration time [63].

  C SH 2 ] emphasizes the molar concentration of gypsum. m i is the fraction of component i in the clinker in weight percent. m cl ,m gy = 1m cl , w c , a c, ρ c , ρ a , ρ w and P air are the fraction of clinker (weight %), fraction of gypsum (weight %), water-to-cement ratio, sand-tocement ratio, cement density, sand density, water density and air porosity, respectively.
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 4 Figure C1: a) Molar concentration of the cement components versus time including the gypsum and b) Chemically-based total porosity versus hydration time for OPC.

MW C 2 SF C 3 Am 3 mol m 3 ][

 233 = 172.22 × 10 -3 molar mass of component C 2 S in [mol] MW C 3 A = 270.18 × 10 -3 molar mass of component C 3 A in [mol] MW C 3 S = 228.30 × 10 -3 molar mass of component C 3 S in [mol] MW C 4 AF = 485.96 × 10 -3 molar mass of component C 4 AF in [mol]MW gy = 172.17 × 10 -3 molar mass of gypsum in[mol] P CO 2 atmospheric pressure or so-called ambient pressure in [ N m 2 ] or [Pa] ϕ H volumetric fraction of cement paste in [ m 3 m 3 ] or [-] a s specific surface area of concrete pores in contact with water in [ m 2 m 3 ] C 1 first initial concentration of calcium in the cement paste in [ mol m 3 ] C 2 second initial concentration of calcium in [ mol m 3 ] H = 34.2 at 25°C Henry's constant for the dissolution of CO 2 in water in [ mol m 3 .atm ] k 2 = 8.3 at 25°C rate constant for CO 2 and OH -in [ m 3 mol.s ] k j reaction rate constant for j constituent reaction with CO 2 in [ m s ] k s = 5 × 10 -5 mass transfer coefficient for the dissolution of Ca(OH) 2 (s) in [ m s ] k C 2 S ≈ 1 × 10 -9 reaction rate constant for C 2 S reaction with CO 2 in [ m s ]k C 3 S ≈ 1 × 10 -9 reaction rate constant for C 3 S reaction with CO 2 in [ m s ] k CSH ≈ 1 × 10 -9 reaction rate constant for CSH reaction with CO 2 in [ m s ] k H,C 2 S = 0.16 × 10 -5 the chemical reaction-based coefficient of C 2 S in [ 1 s ] k H,C 3 A = 2.46 × 10 -5 the chemical reaction-based coefficient of C 3 A in [ 1 s ] k H,C 3 S = 1.17 × 10 -5 the chemical reaction-based coefficient of C 3 S in [ 1 s ] k H,C 4 AF = 1.00 × 10 -5 the chemical reaction-based coefficient of C 4 AF in [ 1 s ] k H,i the chemical reaction-based coefficient in [ 1 s ] n H Hyvert's exponent coefficient in [-] n i chemical reaction-based exponent coefficient in [-] n C 2 S = 3.10 chemical reaction-based exponent coefficient of C 2 S in [-] n C 3 A = 2.41 chemical reaction-based exponent coefficient of C 3 A in [-] n C 3 S = 2.65 chemical reaction-based exponent coefficient of C 3 S in [-] n C 4 AF = 3.81 chemical reaction-based exponent coefficient of C 4 AF in [-] t 0 reference time in [s] w Dura time scaling exponent coefficient in [-] [C 2 S] 0 initial concentration of C 2 S in [ mol m 3 ] [C 3 S] 0 initial concentration of C 3 S in [ mol m 3 ] [CH] 0 initial concentration of CH in [ mol m 3 ] [CO 2 ] 0 initialconcentration of CO 2 in [ mol m 3 ] [CSH] 0 initial concentration of CSH in [ mol m 3 ] (t * ) molar fraction of C 3 A at t = t * in [-] F C 3 S molar fraction of C 3 S in [-] F C 4 AF molar fraction of C 4 AF in [-] F C 4 AF (t * ) molar fraction of C 4 AF at t = t * in [-] F i (t) molar fraction of component i in [ mol OH -] molar concentration of [OH -] in the aqueous phase of the pores in [ mol m 3 ] ∆P C (t) porosity reduction due to the carbonation matter in [-] ∆P H (t) porosity reduction due to the hydration phenomenon in [-] ∆C subtraction of the CO 2 concentration at the carbonation depth and unaffected carbonation zone beyond the carbonation depth region in [ effective diffusion coefficient of CO 2 through the carbonated concrete within the reference time t 0 in [ m 2 s ] D Hyv diffusion coefficient of carbonation affected zone in function of porosity in [ m 2 s ] D Pap effective diffusion coefficient of CO 2 through the carbonated concrete in [ at the external surfaces of concrete samples in [ N m 2 ] or [Pa] P air air porosity in [-] r H,i molar rates per unit concrete volume of i in [ mol m 3 s ] A c generalized definition of linear proportionality equation as a scalar coefficient in [ m √ s ] D e,CO 2 effective CO 2 diffusion including the aggregates effect in [ m 2 s ] g(r) radial distribution function in [-] m cl fraction of clinker (weight %) in [-] m gy fraction of gypsum (weight %) in [-] m i fraction of component i in the Portland cement clinker in weight percent [-] t time in [s] t * gypsum time lag in [s] x c carbonation depth or so-called carbonation front in [m] r H,C 2 S molar rates per unit concrete volume of C 2 S in [ mol m 3 s ] r H,C 3 A molar rates per unit concrete volume of C 3 A in [ mol m 3 s ] r H,C 3 S molar rates per unit concrete volume of C 3 S in [ mol m 3 s ] r H,C 4 AF molar rates per unit concrete volume of C 4 AF in [ mol m 3 s ]

Table 1 :

 1 Brief literature survey of the empirical and/or semi-empirical carbonation depth estimations.

  T D Hyv P CO 2

	ϕ H RT C 1 +	C 2 n H + 1	P CO 2 P atm	n H	1 + α H C 2	P atm P CO 2	n H

  Hydration of CO 2 (aqua) to H 2 (CO) 3 carbonic acid: This step depends on the relative humidity which is an important parameter to speed up the carbonation mechanism. The accelerated carbonation phenomenon occurs around 65% of relative humidity.

	(c) Ionization of H 2 (CO) 3 to hydroxyl ions H + , H(CO) + 3 , CO 2 -3 : This happens instantaneously very often,
	making the pH drop from 12 to 8. The pH change can be captured by pH detectors. Customarily, the
	Phenolphthalein is applied.
	2. Cementitious-solid phase	
	(a) Dissolution of cementitious phases C 3 S, C 2 S and Ca(OH) 2 : It is well known that Ca(OH) 2 is very reactive
	and dissolved very quickly and most easily-detectable. Lastly, this phenomenon conducts the precipitation
	of CaCO 3 .	
	(b) Reactivity of the anhydrous grains and CSH: The calcium silicate grains and CSH are also dissolved
	releasing Ca 2+ and SiO 4+ 4	ions.
	3. Precipitation of CaCO 3	

1. Pore-water phase (a) Permeation of CO 2 through gaseous phase of the concrete pores leading to the CO 2 gas conversion to CO 2 (aqua). (b) (a) Precipitation of solid phases: The vaterite and aragonite can be formed very fast. However, these metastable polymorphs of CaCO 3 ultimately revert to the calcite. The amorphous calcium carbonate can be found out in the final product. The precipitated CaCO 3 would cover around Ca(OH) 2 . As a result, the accessibility of this product is weakened. (b) Secondary carbonation step: CSH gel forms and it is steadily decalcified. 2.2. Ion exchange kinetics equilibrium-based modeling 2.2.1. Mass balance of CO 2

  lution of CO 2 in water H = 34.2 [ mol m 3 atm ] (at 25°C), gas constant R = 8.206 × 10 -5 [ m 3 atm mol.K ], absolute temperature in Kelvin and rate constant for CO 2 and OH -, which is equal to 8.3 [ m 3 mol.sec ], respectively. In the diffusion term, D e,CO 2

Table C1 :

 C1 Chemical composition of the ordinary Portland clinker in weight percent[START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF].

	CaO	SiO 2 Al 2 O 3 Fe 2 O 3 MgO SO 3 Residue
	65.28 23.55	6.12	2.51	1.30 0.47	0.77

Table C2 :

 C2 Fraction of C 3 S, C 2 S, C 4 AF and C 3 A using the chemical composition of ordinary cement clinker in weight percent including m cl , m gy and ρ c .In FigureC1a, the molar concentrations versus time are depicted in a semi-logarithmic diagram using the numerical computations. The relevant parameters for the numerical modeling of the chemical reaction kinetics of the ordinary Portland cement in FigureC1acan be accounted for as following, MW i as molar mass of component i in [ kg mol ], MW gy as molar mass of gypsum in [ kg mol ], ρ w =1000 in [ kg m 3 ] as water density , w c =0.65 as water-to-cement ratio, a c =3 as sand-cement ratio and ρ a =2610 in [ kg m 3 ] as sand density. By using Equation B11a and Equation B11b, we can get the initial values for the molar concentrations with component i as well as the initial gypsum molar concentration.

				m C 3 S 42.01% 35.84% 7.64% 11.94% 94.90% 5.10% 3160 [kg/m 3 ] m C 2 S m C 4 AF m cl m gy ρ c m C 3 A
		1250				
	Molar concentration, [i] in [ mol m 3 ]	250 500 750 1000				
		0 10 -1	10 0	10 1	10 2	10 3	10 4
				Time in [day]	

Table C3 :

 C3 OPC compound parameters[START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF]. ] 0 initial molar concentration of CO 2 at the outer surfaces of the mortar samples in [ mol m 3 ] [OH -] eq molar concentration of [OH -] eq in the aqueous phase of the pores at the equilibrium or saturation state in [ mol m 3 ] ∆ VC 2 S = 39.35 × 10 -6 molar volume changes due to hydration of C 2 S in [ m 3 mol ] ∆ VC 3 A, S = 155.86 × 10 -6 molar volume changes due to hydration of C 3 A before gypsum consumption in [ m 3 mol ] ∆ VC 3 A = 149.83 × 10 -6 molar volume changes due to hydration of C 3 A after gypsum consumption in [ m 3 mol ] ∆ VC 3 S = 53.28 × 10 -6 molar volume changes due to hydration of C 3 S in [ m 3 mol ] ∆ VC 4 AF, S = 220 × 10 -6 molar volume changes due to hydration of C 4 AF before gypsum consumption in [ m 3 mol ] ∆ VC 4 AF = 230 × 10 -6 molar volume changes due to hydration of C 4 AF after gypsum consumption in [ m 3 mol ] ∆ VCH = 3.85 × 10 -6 molar volume changes due to carbonation of Ca(OH) 2 (s) in [ m 3 mol ] ∆ VCSH = 15.39 × 10 -6 molar volume changes due to carbonation of CSH reacting with CO 2 in [ m 3

	Compound Exponent n i in [-] Coefficient k H ,i at 20°C, ×10 5 in [ 1 s ] Molar weight, MW i ×10 3 in [ kg mol ] Nomenclature Constants α H Hyvert's C 2 multiplier coefficient in [-] VC 2 S = 52.2 × 10 -6 molar volume of C 2 S in [ m 3 mol ] VC 3 S = 71.3 × 10 -6 molar volume of C 3 S in [ m 3 mol ] VCH = 3.37 × 10 -5 molar volume of Ca(OH) 2 (s) in [ m 3 mol ] VCSH = 150 × 10 -6 molar volume of CSH in [ m 3 mol ] [Ca(OH) 2 (s)] 0 initial molar concentration of [Ca(OH) 2 (s)] in [ mol m 3 ] 228.30 172.22 485.96 270.18 C 3 S C 2 S C 4 AF C 3 A 2.65 3.10 3.81 2.41 1.17 0.16 1.00 2.46 a Dura concentration of carbonatable products in [ mol m 3 ] D Dura effective diffusion coefficient of CO 2 through the carbonated concrete in the reference point t 0 in [ m 2 s ] D Hou diffusion coefficient of CO 2 in [ m 2 s ] f w volume fraction of aqueous film at the walls of the pores (ratio of film volume to pore volume) in [-] k c curing coefficient in [-] k e environmental coefficient in [-] k T thermal effects coefficient in [-] [CO 2 mol ] MW	Gypsum --172.17

i molar mass of component i in

[mol] 

It is well worth mentioning that all required parameters have been denoted in the current contribution including their relevant values in the nomenclature.

It is well worth noting that the carbonation phenomenon induces the shrinkage deformation. Additionaly, there are some deformations in conjunction with the hydration phenomenon as well. To pursue the realistic numerical modeling, the hydration and carbonation matters have been considered altogether herein. This gives rise to the time-dependent domains. That is why we are motivated to describe the equations under time-dependent considerations to be as close as possible to the real conditions. However, it is quite possible to use the Augmented Lagrangian-Eulerian (ALE) technique[START_REF] Donea | Encyclopedia of Computational Mechanics[END_REF] using moving mesh to reach this goal like that done earlier in[START_REF] Ramézani | Analytical and numerical studies on Penalized Micro-Dilatation (PMD) theory: Macro-micro link concept[END_REF]. This can be successfully achieved via the chemo-mechanical coupling[20, 27,

[START_REF] Dinh | Chemo-Micro-Dilatation Modeling of Carbonation Shrinkage Phenomenon of the Porous Mortars[END_REF][START_REF] Ramézani | Environmentally motivated modeling of hygro-thermally induced stresses in the layered limestone masonry structures: Physical motivation and numerical modeling[END_REF][START_REF] Jeong | Porous media modeling and micro-structurally motivated material moduli determination via the micro-dilatation theory[END_REF]. Anyway, this issue is out of scope of the present contribution.

Basically, there are two hydration modeling types. The first one deals only with the physical aspects, e.g. relative humidity and the second one deals only with the chemical reactions (chemical approach in Appendix C). The combination of physical and chemical approaches is of great interest. Anyway, the authors have applied the chemical approach herein (Papadakis' approach).

The relevant coefficients can be found out in the nomenclature.

It is of great importance to mention that the low carbonation is widely used for the atmospheric carbonation like than done earlier in section 3. We also focus on 10% and 75% carbonation which are classified as the accelerated carbonation cases in this section.

providing the deformable pores [20,36,39,[55][56][57][58][59][60][61] as long as the ion-exchange issues.
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Appendix A Chemically-based porosity assessment for OPC As described earlier, the molar concentration of the Ordinary Portland Cement has been evaluated in a rational manner involving the chemical reactions. These reactions manipulate the porosity of the cement during and after the hydration process. The ordinary Portland cement porosity P can be deduced based upon the cement hydration as below:

where, P(t), P 0 , ∆P H (t) and ∆P C are the chemically-based total porosity, initial porosity, porosity reduction due to the hydration phenomenon and porosity reduction due to the carbonation issue, respectively. The initial porosity can be well estimated by the proposed relations in the literature [START_REF] Papadakis | A reaction engineering approach to the problem of concrete carbonation[END_REF][START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF].

where, P 0 , w c , ρ c ρ w , P air and a c are the initial porosity, water-to-cement ratio, cement density-to-water density ratio, cement porosity in air or so-called air porosity and sand-to-cement ratio, respectively. The porosity reduction due to the hydration matter can be denoted as below:

where 

Appendix C Molar concentration and chemically-based total porosity assessment

The mineralogical composition of the ordinary Portland clinker can be extracted from the chemical composition by means of Bogue's formulation.

By taking advantage of Table C1 and Bogue's formula, the mass fraction of components i can be denoted and summarized in Table C2.

Appendix D Gypsum time lag determination

The gypsum is consumed during the early age and the chemical reactions vary beyond the gypsum consumption. The gypsum time lag can be determined by means of the following relation [START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF]:

The molar fraction of C 3 A and C 4 AF at t * can be inferred as below: