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Abstract
A chemical-reactive transport model was used to simulate the sulfuric acid attack of cement pastes based on ordinary Portland cement (CEM I), blended Portland cements (CEM III, CEM IV, and CEM V), and calcium aluminate cement (CAC). This model accounts for the dissolution of cement hydrates (portlandite, C-S-H, hydrogarnet), and the precipitation of deterioration products (ettringite and gypsum). Moreover, diffusion of the aqueous species in the pore space in the material is considered. With this model, we can get the hydrate contents, the porosity, and the deterioration phase contents throughout a sulfuric acid attack. Two indicators are defined to predict the service life of the cementitious materials: the deterioration depth and the dissolved calcium content. These two indicators showed that calcium aluminate cement provide a better resistance to sulfuric acid attack than that of Portland cements. This better resistance is mainly due to the partial dissolution of CAC hydrate as opposed to the total dissolutions of CH and C-S-H. 
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1. Introduction
Concrete can undergo severe deteriorations in sewer pipe conditions, caused by gaseous hydrogen sulphide (Figure 1) [1, 2]. Concrete gravity sewers are divided into two parts: a liquid part and an aerial part (sewer atmosphere). The liquid part contains waste water which is composed of sulfate ions and sulfate reducing bacteria (SRB). The cementitious wall in the aerial part is covered by a biofilm mainly composed of sulphur-oxidizing bacteria (SOB). Aqueous hydrogen sulfide is produced in the anaerobic zone (waste water stagnation) from the reduction reaction of sulfate ions due to sulfate reducing bacteria. Then, H2S escapes into the sewer atmosphere, where it is adsorbed onto the cementitious wall [3]. Due to the high relative humidity at the surface of the wall, gaseous hydrogen sulphide dissociates into hydrogen ions and sulfide ions. Hydrogen ions contribute to surface pH neutralization, giving rise to the biofilm development [4]. Under such aerobic conditions, sulfide ions oxidize into several sulphur species, which are used as nutrients for the microorganisms of the biofilm. Sulfuric acid is produced by the oxidation reactions of these sulphur species [5, 6]. This acid attacks the cementitious walls and produces gypsum and ettringite [7, 8], which are expansive and cause severe damage of the sewer system. The sulfuric acid produced by these microorganisms diffuses through the altered layer and continually attacks the underlying concrete [9].  
Numerical models of acid attack of cementitious materials [10-17] can be found in the literature. One of these models simulating the biochemical process and the sulfide oxidation is named “Wastewater Aerobic/anaerobic Transformations in Sewer” (WATS) [10, 11]. Another study [12] simulates sulfuric acid attack with a diffusion-reaction based model with a moving boundary to predict the corrosion rate. A reactive-transport model (HYTEC [13]; [14]) was also used to simulate the attack of cementitious materials by different types of organic acids. This model takes into account chemical interactions between these different organic acids and hydrates of cementitious materials based on Portland cement. Another model [15] has been proposed to simulate the acid attack of OPC and is based on the HYTEC model [14]. In this model, the dissolution of the main hydrates of the cementitious materials and the precipitation of deterioration products are simulated, using chemical equilibrium associated with thermodynamic constants and the transport of different species during sulfuric acid attack.
Some experimental studies [9, 18-21] in the literature have focused only on sulfuric acid attack of cementitious materials. For cementitious materials based on Portland cement, Bassuoni et al. [18] observed the dissolution of portlandite and the decalcification of C-S-H, which are the main hydrates of Portland cement, leading to mass loss. Kawai et al. [19] showed that cementitious materials containing a high amount of silica fume have a better resistance than those containing fly ash or blast furnace slag. Jiang et al. [21] determined deterioration product localizations during these chemical reactions. Gypsum is the first product formed from the reaction between hydrates and sulfuric acid followed by ettringite localized near the undeteriorated concrete. Thermodynamically, ettringite is stable at pH greater than 10.7 [22] and forms only for high pH conditions. All these tests were performed on cementitious materials based on Portland cement or blended Portland cements. Several in-situ experiments (with microorganism presence) carried out by Alexander and Fourie [8] and Herisson et al. [23] suggested that cementitious materials based on calcium aluminate cement (CAC) have a better resistance than that of ordinary or blended Portland cements. Moreover, several laboratory tests of biodeterioration also showed better resistance for CAC materials [24-27]. 

In the present research, the behavior of cementitious materials based on different types of cement in contact with sulfuric acid was simulated with a predictive model based on the model of Yuan et al. [15]. The cements were ordinary Portland cement (CEM I), blended Portland cements (CEM III, CEM IV, and CEM V), and calcium aluminate cement (CAC). The aim of this study was to predict deterioration depth of cement subjected to sulfuric acid attack and to determine which one has a better resistance to this kind of corrosion. In this study, the biological acid production, depending on numerous parameters, is not modeled. Instead, it is assumed that, due to a lack of data concerning interaction of microorganisms and cementitious materials and its consequence on acid production, the considered hypothesis is that microorganisms produce sulfuric acid in such a way that sulfuric acid concentration is constant. This model is then static. Despite of this hypothesis, the model results obtained may be compared with those from experimental in-situ and laboratory tests for which microorganism activity can be dependent on environmental and material parameters.  

2. Hydrate composition of cements
The cementitious materials considered were cement pastes with a water to cement ratio of 0.4. The hydrate compositions and contents are presented in Table 1 and expressed in mole per liter of cement paste. Initial data used for the model are porosity and hydrate amounts for each type of cement. For cement pastes based on CEM I, CEM III, CEM IV, and CEM V cements, the main hydrates are calcium silicate hydrate (C-S-H) and portlandite (CH) and for cement pastes based on calcium aluminate cement, the main hydrates are hydrogarnet (C3AH6)  and gibbsite (AH3). The chosen porosities are those of mortars, even if in the model, the cementitious materials considered are cement pastes. This consideration allows comparing model results (diffusion-controlled model leading to a high effect of the porosity) and experimental results.  
Hydrate amounts were experimentally measured by TGA and Rietveld XRD techniques and the porosities were measured by the water absorption method [28]. The portlandite contents for CEM III, CEM IV, and CEM V cements are lower than that for CEM I cement, because the clinker is substituted by other compounds: blast furnace slag for CEM III cement, natural pozzolans for CEM IV cement, and a combination of blast furnace slag and fly ash for CEM V cement. In this model, the other phases of blended Portland cements (hydrates from the additions and anhydrous phases) were not taken into account in the chemical processes and the differences between the Portland cements are only controlled by the portlandite and C-S-H contents and the porosity.  
With the purpose of comparing the behavior of cement pastes, the same calcium content is considered for all the cement, namely 6 mol/L. The C-S-H content is then deduced from a calcium to silicon ratio equal to 1.7 and the CH content. This assumption which may not reflect the reality, was considered with the aim of giving the same potential of calcium dissolution to all materials. Indeed, it is clear that the more the calcium content the better the resistance to calcium dissolution. 
For the CAC materials, there are four main hydrates: C3AH6, AH3, C2AH8, and CAH10. If CAC paste undergoes heat treatment during the hydration mechanisms, the major hydrate is the stable hydrogarnet (C3AH6) but if the hydration mechanisms take place at room temperature, the major hydrates formed are two metastable phases (CAH10 and C2AH8). AH3 (gibbsite) is formed in both cases. During heat treatment, the conversion reaction provokes the transformation from metastable hydrate to the stable hydrate. The conversion reactions are partial and begin from a curing temperature of 28°C, reaching a conversion rate of 100% for a temperature of 60°C [29]. For the model, only a CAC paste with C3AH6 as the main hydrate is considered. Lamberet et al. [30] indicate that the gibbsite (AH3) is stable for a surface pH of the cementitious material between 4 and 11. The CAC cement paste simulated in this study has a surface pH of 12 in the initial state. Therefore, gibbsite is not present initially. This hydrate can precipitate when the cementitious material is carbonated, inducing a surface pH around 7-8. However, the carbonation is not considered in this study and so the initial content is taken to zero (Table 1). 
3. Modelling of the H2SO4 attack of concrete
3.1. Chemical reactions and thermodynamic constants
The reactive-transport model presented in Yuan et al. [15] takes into account the dissolution of CH and C-S-H and the precipitation of gypsum, so only the phase diagrams of the systems CaO-SiO2-H2O and CaO-SO3-H2O were considered. Alkali ions were also included in the system. In the present study, the model was improved by considering the system CaO-Al2O3-SO3-H2O, in addition to CaO-SiO2-H2O. 
All the dissolution reactions implemented in the new model are listed in Table 2, for the heterogeneous reactions (in solid and aqueous phases) and in Table 3 for the homogeneous reactions (in only aqueous phase). The thermodynamic constant values are obtained from a data base (CEMDATA14.01). This system contains stable and metastable phases. For CAC materials, Damidot et al. [31] determined that the metastable phase AFm crystallizes only when CAH10 and C2AH8 are formed at 25°C, whereas the stable phase AFt (ettringite) crystallizes only when C3AH6 is formed. As a result, in this system, AFm does not precipitate during the simulation. 
3.2. Stability of solid phases
The stability of each solid phase can be described by the equality between the equilibrium constant (K) and the ion activity product (Q). The ratio between Q and K defines the saturation index β. If β is lower than unity, the solid phase would not precipitate and if β is greater than unity, the solid phase would precipitate. For each solid phase, a saturation index is defined as a function of βCH, βAH3, and aH2SO4, according to equations 1 to 6. βCH, βAH3, and aH2SO4 are respectively the saturation indexes of portlandite and gibbsite and the activity of H2SO4 (taken equal to H2SO4 concentration) and they are considered as primary variables. After the Gibbs phase rule, the system CaO-SO3-Al2O3-H2O has 3 degrees of freedom at the most (at constant pressure and temperature), namely βCH, βAH3, and aH2SO4. The other saturation indexes can be derived from the mass action law under the form: 
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From equations 1 to 6, the stability zones of each solid phase included in this system are plotted in the phase diagram (Figure 2). 
The continuous decalcification of C-S-H, during acid attack, is simulated in the present study by a thermodynamic approach presented in [32].
3.3. Kinetic law
Portlandite, AH3, and C-S-H are assumed in equilibrium with the solution. Dissolution and precipitation rates for C3AH6, gypsum, ettringite, and AFm are governed by a simple kinetic law (Equation 7).
                                                                                                                           (7)
In Eq. (7), nA is the amount of solid A in mol/L, RA is the kinetic factor of the solid A in mol/L/s and βA is the saturation index of the solid A. 
 The kinetic factors introduced in this law (RC3AH6, RAFt, RAFm, and Rgypsum) are adjusted so that equilibrium is quickly reached. Indeed, this kinetic law is governed by interface reactions. But, interface reactions are quicker than diffusion of aqueous species in the porous system in cementitious materials. As a result, the kinetic factors should be fixed as high as possible value, so as to get a saturation index as close as possible to 1. But, the model does not converge with too big kinetic factors, so some simulation tests are performed by increasing the factors as high as possible. The values chosen are presented in Table 4. 
3.4. Porosity change 
During the chemical reactions, the change in porosity (Δɸ) is given by the volume change of the solid phases (ΔVsolid) according to equations 8 and 9. 
                                                                                                                                      (8)
Where  with summation over all solids, Vi is the molar volume of each solid phase of the cement paste in L/mol and ni is the amount of each solid phase in mol/L (CH, C-S-H, C3AH6, AH3, C2AH8, CAH10, CH2, AFm, and AFt). 
The molar volume of C-S-H (VC-S-H) included in equation 9 is a function of the calcium to silicon ratio, according to [15]. 
                                                                                    (9)
Where x is the calcium to silicon ratio at a fixed time of sulfuric acid attack, x0 is the initial calcium to silicon ratio of the cement paste (C/S =1.7),  and VSH are the molar volumes of C-S-H at the initial state (78 cm3/mol for C1.7SH2.1) and of silica gel (29 cm3/mol). 
3.5. Reactive transport model
The system is controlled by chemical equilibrium but also by the transport of aqueous species. The coupling between these two mechanisms is taken into account within the modelling platform Bil [33], based on the finite volume method. This coupling is treated with a mass balance equation (Equation 10), a global balance equation for the charge (Equation 11), and an equation for the electroneutrality to form an electroneutral pore solution (Equation 12). These equations are detailed in the study of Yuan et al. [15].  
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Where  is the ionic current and nA is the mole content of element A in all phases per unit volume, wA is the molar flow vector of element A in the liquid phase, zi is the ionic valence of i, wi is the molar flow of i, and ρi is the concentration of i.   
The transport of aqueous species is governed by the Nernst-Planck equation, previously detailed in the study of Yuan et al. [15]. According to Bazant-Najjar law [34], the evolution of the effective diffusion coefficient is:
                                                                                                          (13)
Dp is the effective diffusion coefficient of aqueous species in the porous materials, D0 is the effective diffusion coefficient in bulk water and ɸ is the porosity of the system at the current time and defined by the equation 8.  
3.6. Description of the simulations
These one dimensional (1D) studies aim at simulating the chemical processes in sewer pipes made of different cement types (CEM I, CEM III, CEM IV, CEM V cements, and CAC). The simulations are conducted in 1D only. The 2 cm long sample is discretized in 200 elements (finite volume). The boundary surface represents the interface between the cementitious materials and the H2SO4 solution. The initial H2SO4 concentration in the pore solution of samples is set to 10-32 mol/L, a very small value consistent with the stability of the cement hydrates. At the boundary surface, the H2SO4 concentration is set to 10-1 mol/L, in order to study the deteriorations in extreme conditions. The damage model caused by gypsum formation as modeled in [15] was not extended to CAC system because this is ettringite which is mainly formed in CAC. So, in order to compare the durability of cement pastes, the deterioration depth is introduced as the distance between the first point where the porosity exceeds the initial porosity and the boundary surface. 
4. Results and Discussion
4.1. Profiles of the solid content 
The initial data for each type of cementitious material are summarized in Tables 1 and 4. All the results are simulated for one year with a H2SO4 concentration of 10-1 mol/L at the boundary surface of the cement pastes. The calculated profiles of solid phase contents, of the calcium to silicon ratio for the Portland cements and of the porosity, are plotted in Figure 3. 
4.1.1. Profiles of the solid contents for ordinary or blended Portland cements
As indicated in Figure 3, the initial amount of portlandite for CEM I, CEM III, CEM IV, and CEM V cements (Table 1), is completely dissolved into calcium and hydroxide ions at a distance of 2-3 mm (depending on cement type) from the boundary surface. The depth which corresponds to this total dissolution, defines the dissolution front of portlandite.  
The calcium to silicon ratio, drops down to 0 at a depth equivalent to the dissolution front of portlandite and corresponds to the decalcification front of C-S-H. This total decalcification (C/S = 0) infers that C-S-H turns into silica gel near the boundary surface. 
These two dissolutions induce the presence of calcium ions at the common dissolution and decalcification fronts of portlandite and C-S-H, and these ions react with sulfate ions from sulfuric acid solution and form a gypsum layer. The thickness of the gypsum layer is 2.0 mm for CEM I and CEM V cements and 2.4 mm for CEM III and CEM IV cements. The gypsum content at the surface reaches around 6 mol/L for all the Portland cements. Moreover, ettringite in ordinary or blended Portland cements is considered negligible. The detection of this phase is infrequent in experimental studies [24-26]. 
For the ordinary and blended Portland cements, porosity is equal to the initial porosity of each cementitious material until reaching the corresponding depth to the dissolution and decalcification fronts of portlandite and C-S-H. Indeed, when the two hydrates start to dissolve, new porous space is created and is partially filled by the precipitation of gypsum, leading to a porosity increase near the boundary surface. This porosity increase shows that gypsum does not fill the total porosity and its swelling cannot provoke structural damages. 
4.1.2. Profiles of the solid contents for CAC cement
A different behavior is observed for the calcium aluminate cement. The acid attack (Figure 3) leads to a partial dissolution of the hydrogarnet (C3AH6). Indeed, the initial hydrogarnet amount is equal to 2 mol/L and decreases to 1.75 mol/L, after 1 year of sulfuric acid attack. The hydrogarnet dissolution is slower than portlandite dissolution and C-S-H decalcification observed in Portland cements. Gypsum does not precipitate in this cementitious material, the saturation index being lower than 1 during the simulation whereas the gibbsite and ettringite precipitate. The ettringite precipitation is due to the reaction between calcium ions and aluminum ions from the partial dissolution of the hydrogarnet and sulfate ions from the sulfuric acid solution (the maximum amount reached is 1.8.10-1 mol/L). This precipitation tends to clog up the pores of this cementitious material, with the porosity reaching a value close to zero (10-10 %) at the depth corresponding to the maximum amount of ettringite. When the pH of the system drops down below 10.7, ettringite starts to dissolve [22] and causes an increase of porosity which reaches at the boundary surface a value slightly greater than the initial porosity of the CAC (Table 1). The gibbsite forms near the boundary surface with a maximum content reaching 1.5.10-1 mol/L. This solid phase fills pores but this precipitation does not compensate the voids created by the dissolution of ettringite (the molar volume of ettringite is 710 cm3/mol, whereas that of gibbsite is 64 cm3/mol), resulting in an increase of porosity. As shown in the phase diagram (Figure 2), gypsum is not stable in presence of hydrogarnet. This is why simulations don’t find any gypsum. However, in some experimental studies [35], gypsum can be found in the near surface zones of CAC binders attacked by sulfuric acid. 
Damage caused by the ettringite precipitation is not implemented in this study. Experimental studies [20, 21, 36] have shown some degradations that were explained by the important expansion of ettringite precipitation (needle like crystals creating locally micro-cracking). In the present study, ettringite fills the porous space and prevents the sulfuric acid from penetrating into the cementitious material. This phase has then a protective function. 
4.2. Determination of the deterioration depth and of weight loss for different cementitious material types 
The porosity profiles over depth obtained after one year of acid attack are plotted in Figure 4. The deterioration depth reached after one year of acid attack and the evolution of this parameter over time for each cementitious material are respectively proposed in Table 5 and Figure 5. 
The deterioration depths obtained for CEM I, CEM III, CEM IV, and CEM V cements (Figure 4) are deeper than that obtained for CAC materials. Specifically, the deterioration depth reached after 1 year of acid attack for the CAC material is 10 times lower than that for the ordinary or blended Portland cements (Table 5 and Figure 5). Therefore, the CAC cement paste is clearly the most sustainable cement in acid conditions. The low deterioration kinetic for CAC materials is observed in many experimental field and laboratory studies [8, 20, 23, 26, 27, 39, 40]. In the model, this delaying effect is then due to the better stability of hydrogarnet in acidic conditions than the portlandite and C-S-H and to the ettringite formation, which clogs up the porosity of the material.
Several studies showed that an increase of the porosity causes a decrease of the compressive strength [37, 38]. The porosity increases from 11 to 22% for CEM I cement, from 14 to 25% for CEM III cement, from 16 to 26% for CEM IV cement and from 11 to 23% for CEM V cement, whereas the porosity increases from 10 to 13% for the CAC material. The ordinary or blended Portland cements undergo a comparable decrease of compressive strength and a more important decrease than that of CAC, highlighted the better resistance of CAC materials to acid attack.   
Some differences are observed between Portland cements. The deterioration kinetic is quicker for CEM III and CEM IV cements than for CEM I and CEM V cements (Figure 5). These results are mainly due to the high porosity of CEM III and CEM IV cements as compared to the porosity of CEM I and CEM V cements (Table 1). But, these qualitative important differences between these Portland cements need to be confirmed. Indeed, other hydrates than C-S-H and portlandite for blended Portland cements or anhydrous phases were not taken into account in the model. Specifically, the phases from the hydration of blast furnace slag, natural pozzolans, and fly ashes, leading to C-A-S-H and C-S-H with different C/S ratio and anhydrous phases should be considered. 
The dissolved calcium contents are determined for each cementitious material after 1 year of sulfuric acid attack and are presented in Table 6. This parameter is plotted over time (Figure 6) and allows characterizing cementitious materials deterioration, with data about the loss of matter during the acid attack.
The dissolved calcium content reached after 1 year of sulfuric acid attack for the Portland cements is more than two times greater than the value for the CAC material (Table 6), highlighting the partial dissolution of hydrogarnet and the total dissolutions of CH and C-S-H.  The evolution of the dissolved calcium content is linear with   for CEM I, CEM III, CEM IV, and CEM V cements. For CAC cement, this parameter is almost linear with time. But, this evolution is considered as linear with  (the correlation coefficient is equal to 0.92), in order to compare the cementitious materials. 
4.3. Long-term prediction
The deterioration depths obtained are only calculated over 1 year of sulfuric acid attack. Yuan et al. [15] considered the evolution of the deterioration depth over time as a linear function of the square root of time, i.e. . The proportionality with the square root of time is characteristic of a diffusion process. 
The values of K for all cementitious materials are shown in Table 7 and are considered equal to deterioration rates. 
The deterioration rate obtained for the CAC material is 10 times lower than the deterioration rates for the Portland cements (Table 7). The field tests from literature [8, 38, 39] showed a corrosion rate 4 times lower for the CAC material in regard to CEM I cement. Consequently, this model overestimates the better resistance of CAC materials, but it qualitatively consistent with observations. Moreover, the aim of these simulations is to give chemical-based understanding of the better resistance of CAC cement already observed with in-situ or laboratory tests. The partial dissolution of hydrogarnet shows that this type of cement is constituted of hydrate resistant to acid conditions. 
5. Conclusion
In this study, the effect of the cementitious material types on the deterioration obtained during 1 year of sulfuric acid attack is evaluated with a chemical-reactive transport model. 
The main results of the modeling highlight that the deterioration kinetic of the CAC materials is slower than that of other cements (CEM I, CEM III, CEM IV and CEM V), as observed in several field tests. This better resistance is mainly explained by the better thermodynamic stability in acidic conditions of hydrogarnet compared to portlandite and C-S-H and to the ettringite precipitation which prevents the penetration of sulfuric acid with a pore-blocking effect. But, this better resistance needs to be qualified due to the ettringite precipitation, difficult to reconcile with some experimental studies. 
The main perspectives for this sulfuric acid deterioration model are first, the implementation of a damage model for the gypsum swelling and the ettringite precipitation for all the cementitious materials studied. The second point to improve obviously concerns the consideration of the microorganisms which produce sulfuric acid in sewer networks. Indeed, the factors controlling bio receptivity of cementitious materials, which ultimately steers the acid production, are essential for modelling. Finally, the third point is the inclusion of additional phases for blended Portland cements (blast furnace slag, pozzolans, and fly ashes) in order to better represent these kinds of cements.  
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	Cement
	nCH (mol/L)
	nCSH (mol/L)
	nC3AH6
(mol/L)
	nAH3
(mol/L)
	Porosity (%)

	CEM I
	1.84
	2.45
	-
	-
	11

	CEM III
	1.18
	2.83
	-
	-
	18

	CEM IV
	0.75
	3.10
	-
	-
	16

	CEM V
	1.19
	2.84
	
	
	11

	CAC
	-
	-
	2
	0
	10


Table 1: Hydrate amounts and porosity for cement pastes based on CEM I, CEM III, CEM IV, CEM V cements, and CAC.

	Solid phases
	Dissolution reactions
	Thermodynamic constant (K)

	Portlandite (CH)
	Reaction involving calcium compounds
Ca(OH)2 ⇋ Ca2+ + 2OH-
	8.90.10-6

	Gibbsite (AH3)
	Reaction involving aluminum compounds
Al(OH)3- ⇋ Al3+ + 6OH-
	1.0.10-68

	Gypsum (CH2)
	Reaction involving calcium-sulfur compounds
CaSO4.2H2O ⇋ Ca2+ + SO42- + 2H2O
	3.72.10-5

	AFm (C4AH12)
	Reactions involving calcium-aluminum-sulfur compounds
3CaO.Al2O3.CaSO4.12H2O ⇋ 4Ca2+ + 2Al(OH)4- + 4OH- + SO42- + 6H2O
	3.71.10-30

	Ettringite (C3A3H32)
	3CaO.Al2O3.3CaSO4.32H2O ⇋ 6Ca2+ + 2Al(OH)4- + 3SO42- + 4OH- + 26H2O
	2.80.10-45

	Hydrogarnet (C3AH6)
	Reactions involving calcium-aluminum compounds
3CaO.Al2O3.6H2O ⇋ 3Ca2+ + 2Al(OH)4- + 4OH-
	3.2.10-21

	C2AH8
	2CaO.Al2O3.8H2O ⇋ 2Al(OH)4- + 2Ca2+ + 3H2O + 2OH-
	2.8.10-14

	CAH10
	CaO.Al2O3.10H2O ⇋ 2Al(OH)4- + Ca2+ + 6H2O
	2.5.10-8

	C-S-H
	Reaction involving calcium-silicon compounds
CxSyHz ⇋ xCa2+ + 2xOH- + ySiO20 + (z-x) H2O
	See [15]

	Silica gel (SH)
	Reaction involving silicon compounds
SHu ⇋ SiO20 + uH2O
	1.74.10-3


Table 2: Heterogeneous reactions taking place in the CaO-Al2O3-SiO2-SO3-H2O system


	Dissociation reactions
	Thermodynamic constant (K)

	Reaction involving calcium compounds
Ca(OH)20 ⇋ Ca2+ + 2OH-
Ca(OH)+ ⇋ Ca2+ + OH-
	
1
1.66.101

	Reactions involving silicon compounds
SiO20 + 2H2O ⇋ H4SiO40
H4SiO40 ⇋ H3SiO4- + H+
H3SiO4- ⇋ H2SiO42- + H+
H2SiO42- ⇋ HSiO43- + H+
	
1.94.10-3
1.55.10-10
4.68.10-14
1.0.10-15

	Reaction involving sodium compounds
NaOH0 ⇋ Na+ + OH-
	
1.5

	Reaction involving potassium compounds
KOH0 ⇋ K+ + OH-
	
2.9

	Reactions involving sulfur compounds
H2SO40 ⇋ HSO4- + H+
HSO4- ⇋ SO42- + H+
	
1.0.106
1.0.10-2

	Reaction involving aluminum compounds
Al(OH)4-  ⇋ Al3+ + 4OH-
	
6.2.10-34

	Reactions involving calcium-silicon compounds
CaH2SiO40 ⇋ Ca2+ + H2SiO42-
CaH3SiO4+ ⇋ Ca2+ + H3SiO4-
	
3.89.104
1.56.101

	Reaction involving calcium-sulfur compounds
Ca2+ + SO42-  ⇋ CaSO40
Ca2+ + HSO4- ⇋ CaHSO4+
	
1.4.10-3
1.3.101


Table 3: Homogeneous aqueous reactions taking place in CaO-Al2O3-SiO2-SO3-Na2O-K2O-H2O system

	Solid phases
	RA (mol/L/s)
for Portland cements
	RA (mol/L/s) for CAC cement

	CH2 (gypsum)
	1.10-4
	1.10-7

	AFt
	1.10-11
	1.10-7

	AFm
	1.10-11
	1.10-11

	C3AH6
	-
	1.10-8


Table 4: Kinetic factors of the solid phases for the CaO-Al2O3-SO3-H2O system.

	Cement pastes
	Deterioration depths (mm)

	CEM I
	2.0

	CEM III
	2.4

	CEM IV
	2.8

	CEM V
	2.2

	CAC 
	0.2


Table 5: Deterioration depths obtained for CEM I, CEM III, CEM IV, CEM V cements and CAC after 1 year of acid attack at 10-1 mol/L.
	Materials
	Dissolved calcium amount (g/L)
	Weight loss (%)

	CEM I
	90
	37.5

	CEM III
	80
	33.3

	CEM IV
	80
	33.3

	CEM V
	80
	33.3

	CAC 
	35
	14.6


Table 6: Dissolved calcium contents obtained for CEM I, CEM III, CEM IV, CEM V cements, and CAC after 1 year of sulfuric acid attack at 10-1 mol/L.
	Materials
	Corrosion rates (mm/year0.5)

	CEM I
	0.10

	CEM III
	0.11

	CEM IV
	0.14

	CEM V
	0.10

	CAC 
	0.01


Table 7: Corrosion rates obtained for CEM I, CEM III, CEM IV, CEM V cements, and CAC.

Figure captions
[bookmark: _Ref470100638]Figure 1: Concrete sewer and biodeterioration mechanisms. SRB are sulfate-reducing bacteria and SOB are sulfur-oxidizing bacteria. 
[bookmark: _Ref468961276]Figure 2: Phase Diagram for the system CaO-Al2O3-SO3-H2O. This diagram is constituted of the simultaneous evolutions of the saturation indexes of AH3 (βAH3) and CH (βCH) with the H2SO4 concentration (aH2SO4) in logarithmic scale. 
[bookmark: _Ref469416035][bookmark: _Ref469487756]Figure 3: Profiles of the solid phases (CH, , C3AH6, AFt, AH3, and CH2 (gypsum)), of the calcium to silicon ratio and of the porosity, for cementitious materials based on CEM I, CEM III, CEM IV, CEM V cements, and CAC, after 1 year of acid attack.
[bookmark: _Ref475364386]Figure 4: Evolution of the porosity over depth for the cementitious materials based on CEM I, CEM III, CEM IV, CEM V cements, and CAC during 1 year of sulfuric acid attack at 10-1 mol/L. The black circles represent the point where porosity becomes superior to the initial porosity of each cementitious material. 
[bookmark: _Ref475366215]Figure 5: Evolution of the deterioration depth for cementitious materials based on CEM I, CEM III, CEM IV, CEM V cements, and CAC over time, during 1 year of acid attack at 10-1 mol/L.
[bookmark: _Ref475370460]Figure 6: Dissolved calcium contents over time for cementitious materials based on CEM I, CEM III, CEM IV, CEM V cements, and CAC during 1 year of sulfuric acid attack at 10-1 mol/L.
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