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New cementitious materials with low calcium contents and pHs are being currently developed. To assess their durability with respect to Ordinary Portland cement, model synthetic pastes were designed. The goal is to obtain a simplified silica system that could be used in durability studies on materials with low calcium-to-silica ratios. To be as representative as possible, particular care was taken not only to formulate synthetic pastes with controlled and tailored chemistry, but also to examine their porous structures in comparison to cement pastes. The synthetic pastes made use of the well-known pozzolanic reaction between tricalcium silicate (C3S) and nanosilica, covering calcium-to-silica ratios (CaO/SiO2 or C/S) from 0.8 to 3.0. The pure C3S paste (C/S = 3.0) contained C-S-H and portlandite, while pastes with C/S < 1.4 only included C-S-H. The pore solution pH directly correlated with the C/S ratio. The pastes demonstrated a mineralogy, a C-S-H structure, a mean chain length (MCL) and poral network features that were similar to ordinary Portland cement (OPC) and low-alkalinity cementitious materials, depending on their C/S ratios. The main shortcoming was the necessity to use a high water-to-binder ratio and high superplasticizer dosage to maintain the workability of the synthetic pastes of high C/S ratios. This resulted in a higher pore volume for the synthetic pastes compared to low-alkalinity cement pastes.
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This knowledge is required by IRSN for its evaluation of Andra's licence application for creating the disposal facility.

The following research aims at obtaining a better understanding of the carbonation mechanisms of the Low-pH materials and providing more insight for the future IRSN's evaluation.

The approach followed in this thesis intends to highlight and to correlate the consequences of the carbonation of cementitious materials main building block, the calcium silicate hydrate (C-S-H), at several scales, from the microscale to the macroscale. From the C-S-H compositional and structural changes, to (for instance) the deformation reflected by length variation on the overall material (the cement paste). A multi-technique approach was adopted to track the changes induced on:

-The microstructure, which includes the variation of the porosity, the nature of the porosity, the occurrence of cracks and the evolution of gas diffusivity, allowing the correlation between transport properties and pores network.

-The mineralogy and the chemistry since the initial phases are altered by the carbonation. Several uncertainties remain on the carbonation products: on the crystalline product, especially on the calcium carbonates polymorphism and on both the properties and the nature of the main amorphous phase formed, the silica gel. Moreover, the impact of the chemical composition of the C-S-H, i.e. the effect of the calcium and the aluminium content as well as the evolution of the carbonation kinetics was investigated.

-The overall structure at the macroscopic scale, knowing that the chemical and structural properties of (mainly) the C-S-H guarantee the mechanical integrity of the cementitious materials. The deformation induced by the changes in the chemistry and the effect of the carbonation on the overall material at a macroscopic scale is questionable and therefore explored through uniaxial length variation. The long-term shrinkage related to the drying and the carbonation was measured.

The following sections intend to describe the low-pH materials' framework, the realization at large scale and the nature of these projects. Thereafter, a literature review on carbonation's consequences is given. The approach adopted in this study, to allow a rigorous tracking of carbonation consequences, which comprises dedicated materials is then detailed.

The first chapter (2 nd part of the manuscript) focuses on the synthesis and characterization of a model cementitious paste, with the aim of obtaining a model silicate subsystem of cementitious materials covering a large range of alkalinity. The second chapter (2 nd part of the manuscript) deals with the effect of the chemistry of calcium silicate hydrate (C-S-H) on carbonation, more precisely the impact of the calcium content as well as the effect of the aluminium content on the calcium (alumino)silicate hydrate C(-A)-S-H structure and its carbonation's mechanisms.

The structure of the cementitious material at atomic and molecular scale was investigated. For that second part of the study, the materials used were not pastes but synthetized pure C(-A)-S-H powders.

The third chapter (2 nd part of the manuscript) is dedicated to the comparison of the carbonation mechanisms of pastes containing or not portlandite as a first step towards the comparison between low alkalinity and high alkalinity materials. Working with pastes, the carbonation's dependence and impact on diffusion can be examined.

The carbonation is thus discussed considering all the changes detected in the chemistry, the mineralogy, the deformation observed at a macroscopic scale and finally the gas transport.

II. LITERATURE REVIEW

The large-scale frame of the Low-pH materials

Cementitious materials will be the main construction material for the repository. However, the properties demonstrated by usual cementitious materials are not directly fit to the confinement requirements for the sealing of the repository. Among the questions raised by the use of customary cementitious materials, one can consider:

the difference of alkalinity between the construction material and the hydrogeological medium, the temperature's raise and variation during hydration and setting, the progress of the shrinkage and the cracking, and the time evolution of the transport properties.

Low-pH cementitious materials are expected to mitigate most of these effects and to date, the main application domain for Low-pH materials is indeed within the framework of deep geological repository which is the long-term solution adopted by many countries for nuclear waste storage. Consequently, programs aiming at the development of Low-pH materials and structures have been framed within numerous international collaboration involving countries such as Japan, Finland, the USA, Spain, Sweden, France, Canada, Switzerland and the UK. Numerous Low-pH formulations resulted from these collaborations and can be found in the literature [2][3][4]. Their output also included outstanding full-scale sealing projects for feasibility demonstration and bulkhead performance assessments. Some of these projects are described thereafter.

The first project, the TSX (Tunnel Sealing Experiment) took place in Canada from 1995 to 2008. The project involved countries such as Canada, France, the USA and Japan. Two bulkheads were placed 420 m below the surface. The first one was made of mixed sand and bentonite blocks (a swelling clay), the second of a Low Heat High performance concrete (LH-HPC) (Figure 3). A pore pressure was generated by a pressurized chamber placed between the two bulkheads. The experiments steps involved the heating (at 65°C), the cooling and the depressurizing of the bulkheads. The sealing properties were measured through seepage and transport measurements. The capability of the bulkheads to limit a unidirectional water flow was assessed. A compressive resistance of 76 ± 14 MPa and a

Young modulus of 36.6 ± 4.8 GPa were obtained.

The ESDRED project (Engineering Studies and Demonstration of Repository Design) concerned the feasibility of sealing plugs and rock support thanks to shotcrete techniques. Its implementation took place from 2004 to 2009.

The project involved the following countries: Spain, Germany, Sweden, Netherlands, the UK, Belgium, France, Finland and Switzerland. A short plug, and a long plug loaded using bentonite blocks swelling pressure were fabricated.

The Demonstration of Plugs And Seals (DOPAS) was an European project which involved countries such as Switzerland, France, Czech Republic, Sweden, Finland, the UK, and Germany. Within the DOPAS project, the Full Scale Sealing experiment comprised the design and the construction of a bentonite core placed between two concrete plugs (Figure 4). The full length of the structure was 35 meters, with an internal diameter of 7.6 meters.

It included among others a pre cast Low-pH wall of 2 m thick and a Low-pH cast concrete of 5 meters thick. The temperature variation in the plugs did not exceed 15°C and after 3 months the pH was below 11. A compressive resistance around 51 MPa and a Young modulus of 28 GPa for the self-compacting concrete was obtained. The Low pH materials are formulated to essentially meet two requirements, a reduced alkalinity, a lower pH and a lower hydration heat. Depending on the nature of the materials, grouts [7] or concrete, for instance shotcrete, several other requirements have to be met in term of penetration ability, fluidity, bleeding, and workability.

The hydration of cementitious materials

Carbonation is the main focus of this thesis. However, as carbonation affects mainly the hydrated phases yielded by the hydration of anhydrous phases present in the cement, the hydration mechanisms of cementitious materials (regardless of its alkalinity) is detailed thereafter. The main hydration products' from anhydrous cement phases are detailed thereafter. Anhydrous phases of the CaO-SiO2 system, yield hydrates called calcium silicate hydrates (C-S-H) (E-1), the main hydrates of the cement paste, and portlandite a calcium hydroxide (CH) (E-2). For C-S-H, at equilibrium, the molar ratio of C/S expressed as x (E-1) ranges between 0.67 which is considered to be the lower limit to the existence of C-S-H and 1.7 [8,9] or 2.0 [10] the upper limit of C-S-H obtained without the presence of detected portlandite. The C/S ratio measured from chemical analysis of hydrated Portland cement ranges between 1.2-2.2. 1.7 is considered as the mean value of the C/S ratio for Portland cement and C3S paste [11][12][13]. In equation E-2, b is the total calcium content available in the silicate phases. In the case of tricalcium silicate's (C3S) hydration, a commonly accepted value for x is 1.7 and (b-x) is equal to 1.3.

𝑥𝐶𝑎 2+ + 𝐻 2 𝑆𝑖𝑂 4 2-+ 𝑛𝐻 2 𝑂 ⇆ 𝑥𝐶𝑎𝑂 . 𝑆𝑖𝑂 2 . (𝑛 + 1 -𝑎)𝐻 2 𝑂 + 𝑎𝐻 2 𝑂 E-1 (𝑏 -𝑥)𝐶𝑎 2+ + 2(𝑏 -𝑥)𝑂𝐻 -⇆ (𝑏 -𝑥)𝐶𝑎(𝑂𝐻) 2 E-2
The aluminate phase, C3A is a highly reactive phase: it leads to a rapid setting accompanied by a significant heat release. In absence of setting regulating-addition a flash setting occurs. The consequences are the lack of workability and mechanical resistance, high thermal expansion, and limitation of the hydration of calcium silicates phases.

Calcium sulfate is thus added (gypsum, anhydrite) to regulate the setting. This explains the presence of sulfate in hydrated aluminate phases formed such as ettringite (C3A.3CS ̅ .H32) a tri-sulfoaluminate (AFt). Ettringite tends to dissolve into a monosulfoaluminate (AFm) phase when the concentration of sulphate decreases.

Hydration of the ferrite phase yields the same phases as the aluminate phase, due to Al and Fe solid solution.

Properties of low pH materials:

To decrease the pH, the alkalinity of the basic hydrates has first to be lowered. This is obtained by dilution of sodium and potassium hydroxides and reduced overall calcium content. The lower hydration heat is obtained by the decrease of the cement content.

To attain the Low-pH materials properties, a decrease of the clinker content is necessary. Only substitutive reactive materials that lead to a lower alkalinity can be used. Lowering the alkalinity implies the decrease of the calcium to silica ratio (C/S) to values lower than 1.0 (Figure 5). In this respect, pozzolanic and hydraulic compounds were found to be adequate substitutes to clinker. These replacement materials encompass fly ashes, silica fume, metakaolin and blast furnace slag. The key aspects are the silica content and the availability of the silica within the supplementary materials. It has been shown that due to its high silica content (≈ 95%) and the reactivity of its silica, which is available in an amorphous form, silica fumes represent the most effective pH lowering supplementary materials. A pH value of 11 is often targeted for low pH materials. This implies a minimal silica incorporation of 55% by mass to reach a pH value of 11 (Figure 6). The downside of the incorporation of such high amounts of silica is the decrease of the mix's workability. Ternary formulations (Table 3) made of CEM I, silica fume and fly ash remediated this pitfall. By blending the mix with supplementary material of lower silica content (fly ash) a paste with a reduced viscosity is obtained.

The development of Low-pH materials and the study of their durability have been closely related. This prevails for the materials detailed previously and used in industrials scale construction projects. Among the durability studies, in France, Codina [2,14] worked on binary, ternary and quaternary mixes in order to formulate, characterize and discriminate the most appropriate Low-pH material to be used in the French context. Her studies comprised the acquisition of chemical and physical parameters. In her durability study, she assessed the extent of leaching induced by water, the mechanical resistance, the porosity, and the chlorides' ion diffusion. Her work highlighted for the five blends studied (three ternary, one quaternary and one binary) a reduced hydration heat, a refined porosity despite a higher overall porosity, and a pores solution pH between values of 11.7-12.4. The leaching by water, yielded a minor rate of decalcification (4 times lower than the CEM I). The following works include at least one of the ternary Codina's mix, which was retained as a reference Low-pH. Dauzères' work [15] was focused on the interaction between developed cementitious materials and the clayey environment and the evolution of the cementitious materials itself upon leaching of the geological aqueous environment [15]. The monitoring of the chemical and the physical properties including aqueous species diffusion evidenced two different mechanisms occurring at the interface of Low-pH material and the COX clay and between a CEM I and the COX clay. It was observed, a reduced alteration of the clay in contact with the Low-pH materials but an intensive degradation induced by the geological water (< 1.5 mm degraded at 5 months) leaching. Contrarily, the CEM I was found to intensively alter the clay by inducing illitisation, but the effect of the leaching was negligeable due to calcite formation at the CEM I cement paste's surface. Following Dauzères studies [15], Drouet's work [16] was focused on the effect of the relative •▴ ◽⨯ humidity (RH) and the temperature on the carbonation mechanism. Drouet's studies [16] evidenced a higher carbonation depth with the raise of the temperature, a control by both the solubility of the reactive phases involved and the hydric properties of the cementitious material. Drouet's work put forward the relation between RH associated with the beginning of the capillary condensation and the highest rate of carbonation observed for all materials. Later, Auroy's work [17] on the mineralogical and the microstructural properties of carbonated materials revealed the major changes induced by the carbonation. A higher diffusivity and cracking rate was observed in low pH materials while CEM I materials demonstrated a decreased diffusivity after carbonation due to the clogging and the lower cracking's rate. This last study brought questions about the durability of blended cementitious materials upon carbonation since Low pH materials are highly blended materials with a long-term durability requirement in the deep geological framework. Further studies are thus required to identify, understand and confirm the underlying mechanisms that control the durability of low-pH materials in atmospheric carbonation conditions, and to estimate the extent of the consequences of the carbonation, since carbonation is the major chemical alteration expected during the disposal operating phase.

The next section will detail the mechanisms of carbonation and its consequences on the cementitious materials' hydrates.

The reaction of carbonation

Cracks are one of the numerous consequences of the carbonation. Besides the weakening of the cementitious materials induced by the cracks, they aggravate the corrosion of the steel reinforcement. The carbonation induces an acidification of the pore solution, which tends to unpassivate the steels. Furthermore, cracks are preferential ways for amplified air supply, which promotes an increased corrosion rate. This phenomenon leads to highly fragilized structures. The carbonation of cementitious materials could be defined as the reaction of the Ca from Cabearing phases with dissolved CO2 into the pores solution (E-3)

C𝑂 3 (𝑎𝑞) 2-+ 𝐶𝑎 (𝑎𝑞) 2+ ⇄ CaC𝑂 3 (𝑠) E-3
In the following, the general carbonation process will be presented before addressing the case of the cementitious materials.

The carbonation process requires the prior dissolution of CO2 into an aqueous medium. The three predominant dissolved species of CO2 are the carbonic acid (H2CO3), the bicarbonate (HCO3 -), and the carbonate ion (CO3 2 ). The concentration of dissolved CO2 in aqueous solution at equilibrium (E-5) is given based on the relation between CO2

pressure and its concentration (E-4) and Henry's law [21]. The concentration of CO2(g) is expressed in mol.L -1 , H is the constant of Henry's law for CO2 (in mol.L -1 .Pa -1 ); 𝛼 𝐶𝑂 2 𝑔 is the volume fraction of CO2 in the gas in equilibrium with the aqueous phase, R is the perfect gas constant (8.32 J.mol -1 .K -1 ) and T the temperature (in K). H is proven to be close to H0 the constant of Henry's law for H2O in diluted solution. The relation between the concentration of CO2 in air and it dissolved concentration in aqueous medium is given by the E-6 [22].

[ At CO2 pressure below 10 5 Pa, the activities of CO2 dissolved species could be simplified and expressed as their concentrations. The dissolved species encountered for the CO2 are governed by several equilibria (from E-7 to E-10). Equation E-7 has a finite reaction rate, as CO2 structural modification is involved. On the contrary, the reactions of Equations E-8 and E-9 can be considered as instantaneous since only a proton exchange occurs [23]. The pH of the pores solution plays a key role in carbonation since the pH defines the predominant CO2 dissolved species as evidenced from E-7 to E-9. The dissolution of CO2, leads to an acidification of the reaction medium (Figure 7).

Mechanism of calcium carbonates formation

Calcium carbonates are generated by the reaction of carbonate ions with Ca 2+ . Pre-nucleation clusters (PNCs) [26][27][28][29] are assumed to be the first (stable) structure formed [30]. PNCs are presumed to transform into amorphous calcium carbonates likely by a non-classical nucleation pathway: a solid state transition [31]. However, the dissolution and precipitation crystallization remain the main mechanism as reported by Nielsen et al. [32]. Despite uncertainties on the structure of the clusters, a growth mechanism based on aggregation followed by dehydration was proposed. The transformation of highly hydrated calcium carbonate amorphous phase into an ordered structure is suggested to strongly depends on the dynamics of the water constituting the cluster [33], their electrostatic interaction with Ca 2+ , and the H-bond formed with CO3 2- [34]. The H bond of CO3 2-are thought to generate a network, which contains loosely bond H20. Stable ordered structures (crystalline polymorphs) are thought to emanate from amorphous systems which hold less loosely bonded H2O [33]. Characteristics short-range order was observed in amorphous calcium carbonates, this phenomenon is called polyamorphism. Gebauer et al. [35] and Fernandez-Martinez et al. [36] evidenced several short order domains characteristic of calcite, vaterite and aragonite, in amorphous calcium carbonates.

The hydrated amorphous calcium carbonates could persist several months at room temperature, while anhydrous amorphous species directly transform into one of the crystalline polymorphs. Those polymorphs are the monohydrocalcite, ikaite, calcite, aragonite, and vaterite. The three later are the more recurrent in cementitious materials and their structural properties are listed in Table 4. [24]. Carbonates species' formation constant are extracted from [21,25]. The products yielded by the carbonation were reported by several studies. Trimethylsilylation experiments [38] gave insight on the silica gel formation. High molecular weight (𝑆𝑖 6 𝑂 19 14-) transient product were evidenced during the formation of the silica gel. The amorphous nature of the silica gel yields a diffuse background observed between 20-30°(2θ) in X-ray diffractograms obtained with Cu Kα source [39]. 

Studies on carbonation-carbonation mechanisms

The carbonation also occurs for anhydrous calcium silicates phases in presence of an adequate relative humidity as observed by [40]. Ill-crystallize calcium carbonate and the three crystalline forms of calcium carbonate are detected.

Table 5 gathers results and observations from carbonation studies.

Black et al. [29] observed the formation of aragonite which they explained by the presence of silica gel or low C/S ratio C-S-H during the carbonation. Considering Sauman et al. [41] and Anstices et al. [42] results, Black et al. [29] explanation could justify the presence of aragonite. Nonetheless, in the case of C3S paste carbonation at low and high 𝑃 𝐶𝑂 2 [43] no aragonite was observed. show a discrepancy among the reported polymorphic distribution. Similar polymorphic distribution was observed for C3S at both high and low 𝑃 𝐶𝑂 2 but the properties of the silica gel obtained in each case are different. A lower silicate chain length and higher crosslinking was observed at high CO2 pressure. Consequently, the analysis of the reaction products cannot be limited to the polymorphic distribution alone. The nature of both the calcium carbonates formed and the silica gel should be considered. Besides the polymorphic abundance, the relative kinetics of the carbonation of the calcium bearing hydrates holds uncertainties. It was first described a mechanism involving solely portlandite carbonation. Then further studies reported the simultaneous carbonation of portlandite and C-S-H. Finally, Parrot and Killoh studies [46] outlined, in a 39 years old carbonated concrete, fully carbonated C-S-H in presence of portlandite.

Consequences of carbonation 1.5.3.1 Influence of the conditions

Impact of relative humidity:

To take place, carbonation requires both the carbon dioxide and the calcium to be in aqueous phase but diffusion is much faster in gaseous than in aqueous phase. The higher carbonation kinetics is thus obtained between 40-60%

RH [24,[47][48][49]]. Drouet's conclusion on high alkalinity and LAC [16] study is that a RH corresponding to the triggering point of the capillary condensation is the optimum for the carbonation of each material considered. The hydric condition of the environment surrounding the materials controls the carbonation rate due to the dependency between the materials' saturation and the external RH. The RH of the environment along with the microstructure impose the degree of saturation of the material. A fully saturated material carbonates slower than a partially saturated one. Indeed, carbonation will then be limited by the diffusion of CO2, that is 10 4 times lower in water compared to air [50]. Oppositely, the carbonation rate is also decreased when the saturation of the cement pore structure is too low (typically RH domain lower than 40%) to allow optimum CO2 dissolution in water. The polymorphism is also influenced by RH. Calcite is the polymorph obtained during carbonation in fully saturated medium and at high RH ≈ 80%. Drouet's work [16] has shown a predominant proportion of metastable calcium carbonates phases during carbonation at low relative humidity [16]. This was confirmed by the study of the carbonation at increasing RH from other materials than cementitious materials', such as calcium hydroxide nanoparticles [51]. The transformation from metastable phases to a more stable phase is thought to be limited at low RH, which would explain the absence of significant conversion to stable phases [52].

Impact of temperature and pH:

Temperature and pH strongly influence the polymorphs obtained. Tai and Chens [53] investigation on calcium carbonates yielded at 24 and 58°C shows a dependency with respect to both the temperature and the pH. They highlight several tendencies. At 58°C, above pH 11, the main polymorph found is calcite, while below a pH value of 10.5, aragonite is the predominant calcium carbonate. At a lower temperature, 24°C, three domains are observed, calcite is the main polymorph above a pH value of 12, between 12 and 11 aragonite is predominant, and below 10 vaterite is the main polymorph. The tendency is clear at high pH, irrespective of the temperature calcite seems to be the predominant polymorph and at high temperature and low pH, aragonite is the predominant species.

However, at lower temperature a more contrasted behaviour is observed since aragonite is found within a medium pH range (10)(11)(12) and vaterite is the main species at lower pH values.

Impact of w/b and curing period:

The curing period allows the hydration to extend in time, which is beneficial for LAC that have longer hydration period than high alkalinity materials [4]. That hydration is closely related to the mechanical resistance of the material, given the higher proportion of C-S-H yielded. A higher curing period is observed to induce both a more refined porosity due to the formation of C-S-H but also a porosity which is less connected [17], the latter impacts the microstructure therefore the progress of the carbonation. The same tendency is evidenced during natural carbonation of OPC at different w/b = 0.30 and 0.50, namely the decrease in total porosity and the clogging of porosity between 100 and 10 nm.

Representativeness of the carbonation pressure:

The effect of the concentration of CO2 raises the question of the representativeness between accelerated carbonation and natural carbonation. The aim of an accelerate carbonation is to access advanced carbonation states that are indicative of a natural progress of the chemical, the mineralogical, and the microstructural properties.

Studies at several CO2 concentration from 1% to 100% [5,6,[54][55][56][57][58][59] are available. They reveal that several modifications are closely related to the exposure at high CO2 concentration, namely the change in microstructure and the carbonation kinetics reflected through the carbonation depth. The carbonation depth tends to increase when the CO2 concentration is increased, from 0 to 50% of CO2 in volume [60]. The alteration of pores of diameter less than 10 nm was shown to be greater during high concentration carbonation. Those pores were reduced from 11.7 to 1.85% at 20% CO2 and only to an extent of 5% when the CO2 concentration was set to 3%. Literature seems to agree on the use of low concentration during carbonation without a consensus on the most appropriate concentration to use. Several studies has proposed 3% to be an adequate concentration [5,59].

Consequences on microstructure and the transport:

Cui et al. [57] studies on Portland cement concrete on carbonation report a higher carbonation depth at 𝑃 𝐶𝑂 2 ranging between 2 and 20% compared to a 𝑃 𝐶𝑂 2 of 50%. SEM analysis unveils a denser microstructure, due to calcite clogging. A higher reactivity induced by a higher 𝑃 𝐶𝑂 2 , is responsible for a greater extent of clogging. A deepen CO2 access to the pores network is limited by the obstructed pores present in the first millimetres of the materials and this explains the lower carbonation depth in presence of high 𝑃 𝐶𝑂 2 . The calcium carbonates formed within the porosity generates a denser materials in OPC type material [61] especially at low w/b ratio [62]. The alteration of the microstructure affects the gas diffusion and the hydric state and therefore the carbonation which depends both on the microstructure (pores network, gas diffusion) and the materials' chemistry. Despite few results evidencing in high alkalinity paste a coarsening of the pore structure such as an increase of pores with diameter higher than 100 nm [63], the predominant mechanism at high alkalinity is the porosity clogging, with an overall decrease of the porosity. The contribution of micro-cracking might explain the apparition of this porosity [6].

Particularity of blended cementitious materials-effect of the composition

The LAC are characterized by both a finer and a higher porosity due to their greater C-S-H content. The blended cementitious materials exhibit different behaviour compared to high alkalinity materials in carbonation condition representative to natural carbonation. The low alkalinity materials overall resistance to carbonation is assumed to be minored due to their lower calcium content [58]. Nonetheless, among LAC, the type of porosity is expected to plays a key role on the carbonation resistance, as a refined and less connected porosity is appropriate for a higher resistance. Indeed, a decrease of the pore diameter induces a higher saturation, which lowers the diffusion of CO2.

III. MATERIALS AND METHODS

Program and overall approach

This work aims to identify the main chemical and physical mechanisms and parameters related to the changes generated by carbonation in Low-pH materials. The focus was therefore on the chemical evolutions, the changes in the mineralogy, the microstructure, and the kinetics of carbonation. The timeframe of the studies imposed the resort to an accelerated carbonation, which had to be representative of natural carbonation, therefore the representativeness of the carbonation implemented was questioned.

Cementitious materials are complex composite materials with an organizational range, extended from the nanoscale to the macroscale. Mortars, incorporate cement, sand, water, and in the case of concretes, aggregates are also added. The binder, which results from cement hydration represents itself a multiphasic system (Table 2). This organizational complexity, could prevent deciphering the mechanisms of interest and their consequences on specific phases. Considering the case of carbonation, the binder deserves a particular attention as, through the calcium silicate hydrate, it represents the main calcium-bearing phase, while being responsible of the mechanical and the cohesive properties.

With regard to the complexity of the carbonation mechanism, the experimental system requires: (1) a decrease in compositional complexity (compared to cementitious binder) to allow access to mechanisms at molecular level; (2) a tailored chemistry to permit an understanding of the impact of the chemical parameters such as C/S and Al/Si ratios; and (3) the coupling between the chemistry (microscale) and the transport (macroscale).

Materials and methods

We've adopted a "model material" approach, i.e. the use of materials of controlled mineralogical and chemical compositions, constituted of pure phases. The study of the consistency of the accelerated carbonation conditions used, imposed the recourse to two types of materials: paste and powders. Since, the carbonation in porous system is diffusion dependant; the kinetics of the carbonation of a paste is substantially slowed down and dependant on the microstructure. However, to access the ultimate state of carbonation and the properties of the products yielded we also considered the study of powders of pure phases.

We selected two types of material which includes, powders based on quaternary system (CaO-SiO2-H2O-Al2O3) and pastes based on ternary system (CaO-SiO2-H2O). This approach constitutes a first step avoiding issues related to the complexity associated with a true multiphasic cement paste but it presents the advantage of allowing a rigorous mass balance after carbonation of the silicate phase. The overall approaches including the materials used are schematically described in Figure 8. 

Materials

Powders

The powders were made of calcium (alumino)silicate hydrates with an increased content on aluminium and calcium. The incorporation of aluminium aimed at being representative of C-S-H occurring in cementitious gels. The content on Al was limited to an Al/Si=0.1 in order to focus on behaviour at low Al content. Several methods allow the obtention of C-A-S-H powders. The first, the double decomposition synthesis route, consists in the use of calcium nitrate and sodium silicate mixed in water. The main drawback of this approach is the necessary recourse to washing, which tends to be partially efficient if only water is used. As sodium becomes a compensating charge in the calcium silicate structure [64], even washing with basic solutions does not prevent a persistent alkali content [8]. The second, the silica lime route consists in the use of calcium oxide and silica. Two pathways are used, the first one is the three steps synthesis: firstly, calcium oxide and silica are mixed in ultrapure water to obtain the C-S-H, secondly the aluminium source are prepared, and thirdly the C-S-H and the aluminium source are mixed [65,66].

Several aluminium sources are available, Faucon et al. [67] used aluminium nitrate, but this route always requires the synthesis product's washing by sodium hydroxide. An alternative aluminium source to nitrate aluminium could be a solution of hydrated tricalcium aluminate. In this case, once the C-S-H obtained, the adequate amount of the filtrated solution of tricalcium aluminate is added to the C-S-H powder. Another approach consists in a one-step synthesis based on a silica lime reaction. The C-A-S-H powders can be obtained through a one pot synthesis, by mixing the powders of the reactants with an ultrapure water [68][69][70]. C3S or calcium oxide could be used as calcium 
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Changes in Chemistry and Mineralogy ThermoGravimetric Analysis , Nuclear Magnetic Resonance ( 29 Si, 27 Al), X-Ray Diffraction Industrial LAC Pastes Complex composition sources. A variant method, the mechanochemically synthesis route involves the recourse to intermittent milling in devices such as roller mill pot during the synthesis time [29,71].

To control the C/S ratio, Lecoq and Nonat developed a synthesis method, which allowed the synthesis of high C/S ratio C-S-H of controlled C/S, based on the conductivity's evolution during the synthesis [72]. A continuous monitoring system by conductimetry, which according to the evolution of the calcium concentration in the synthesis suspension, the targeted calcium concentration is maintained by replacing an adequate volume of the solution by a volume of water. C3S was used as a precursor, C-S-H with C/S ratio neighbouring 1.8 was obtained. Usually at C/S > 1.5 portlandite is currently produced in the synthesis. Chen et al. [8] reported the synthesis of C-S-H at C/S = 1.7 obtained by C3S hydration and a (6M) ammonium nitrate leaching.

We made the choice of a one pot synthesis for the C(-A)-S-Hs, powders using:

-Fumed silica aerosil 200 provided by Evonik industries 99.8% purity, ≈ 200 m².g -1 -CaO Alfa Aesar 99.95% -CaOAl2O3 Alfa Aesar 99.95% -Ultrapure water Milli-Q (18.2MΩ.cm, 25°C) -High-density polyethylene bottle sealed with polytetrafluoroethylene and parafilm

The syntheses were performed in a CO2-free glovebox, the powders were mixed and the water added thereafter.

Once sealed the syntheses were kept agitated by rotation at 15 rpm and maintained at 22 C ± 2°C during 6 months.

The choice of the reactant was motivated by the absence of polluting elements that could alter the purity of the synthesis, which might be the case in the double decomposition method. Nonat & Lecoq's method was not required since the C/S ratios targeted for the powders were below 1.4. We've resorted to the one pot synthesis method, since it has not proven any consistent drawback related to the quality of the synthesis' product [68,69].

The pastes

The requirement of model materials in the form of pastes is essential to take into account the contribution of the gas diffusion during the carbonation and the contribution of the microstructure and medium [73] on the carbonation reaction.

Different ways to obtain monolithic cementitious materials have been documented [8,70,74]. Several works relied on compacted powders. Ensuring first a minimal water content by imposing a certain RH to the powders (obtained by one of the synthesis methods detailed previously in the powder obtention part), the powders are then pressed together. This approach does not allow however for the full range of durability study methods. For instance, leaching studies involve the immersion of the compacted powders in suspension. This was reported to induce disintegration.

It is thus preferable to work on true pastes obtained by hydration of anhydrous cement. Recent studies reported the fabrication of pastes using calcium oxide and silica gel [74].

We aimed at model pastes that cover the full range of cementitious material alkalinity including Low-pH ones. The requirement of Low-pH model pastes implied the incorporation of high amount of reactive silica in the pastes. We made the choice of a suspension of dispersed nanosilica with 50 wt% of water. Silica fine particles are adequate for a high reaction rate which shortens the time period to reach the highest reactivity. The calcium source was chosen to be a pure phase of usual cement anhydrous phase, the C3S found in alite. The choice of an anhydrous cement phase is justified by the will to generate paste with microstructure generated by hydration as it is the case in cementitious materials. The synthesis route retained involves as calcium source the C3S and a suspension of nanosilica as silica source. The components of the pastes are listed thereafter:

-C3S (Mineral Research Processing) produced in France -Rheomac AS 150, provided by BASF -Superplasticiser (MasterGlenium Sky 537 from BASF) -Water

The content of silica was adjusted to obtain pastes of C/S = 0.80, 0.87, 0.95, 1.40 and 3.00. An increased viscosity was evidenced by the pastes with decreasing C/S. The use of a high surface silica induced a high-water demand and an increase of viscosity of the fresh mix. The viscosity increase was overcome using polycarboxylate superplasticizer. The superplasticizer content was increased empirically to ensure the continuous mobilization of the fresh mix without the formation of segregated silica gel during the fabrication. The water demand imposed paste with high water/ binder (C3S+Silica) ratio (0.5-0.8). The detail of the fabrication of the pastes is the focus of the first chapter (2 nd part of the manuscript), which is dedicated to the model pastes.

Two samples sizes were fabricated using two different moulds size. The first type was dedicated to chemical and microstructural analyses (∅ = 30 mm H = 120 mm), the second sample's type was devoted to shrinkage measurement (∅ = 14 mm H= 90 mm). The pastes were cured first in their mould for 1 month, unmolded then placed in curing water for two months (≈25°C). The leaching of the samples was limited by using a curing water containing grounded samples in deionized water for C/S < 3.0 pastes. C3S pastes curing solution was fabricated adding calcium oxide to deionized water. In addition to the model materials one of the full scale sealing project's low-pH formulation was fabricated, the latter is part of the retained materials in the French disposal framework. The formulation was based on equal wt% content on cement and silica fume (Table 6). The cement a CEM I 52.5 N from Lafarge, Le Teil (France), (composition detailed in appendix D in the first chapter) and a mechanically densified silica fume provided by Condensil (S95 DM) were used. The workability of the fresh mix was adjusted by a superplasticiser a MasterGlenium Sky 537 provided by BASF. The same curing period was retained all pastes (models pastes and industrial LAC). The curing solution was obtained by crushing some samples in deionized water to limit eventual leaching. The evolution of the properties of this material is discussed in the third chapter, which focuses on the carbonation of model materials. 
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Methods

Carbonation device

Prior to carbonation the samples were maintained in desiccator equipped with fans to avoid humidity gradient, the desiccator's RH was maintained by saturated solution of Mg(NO3)2 salt which generates a RH of 54% at 20°C. The desiccator's room temperature was at 21°C ± 2°C. Once the sample reached a weight loss which correlates with the water loss expected on desorption isotherm. The samples were covered with an aluminium adhesive foil to allow unidirectional carbonation through one of the cylinders'end face. The accelerated carbonation was implemented in an experimental set-up developed by Drouet [16], which includes a climatic chamber and a control system for CO2 partial pressure. The carbonation conditions were set to 25°C ± 0.2°C, PCO2: 3.0% ± 0.2%, and 55% RH.

X-Ray Diffraction

X ray diffraction allows the characterization of the materials' long-range order, so to say their crystallinity. Bragg's law expresses the condition of wave diffraction on ordered atomic planes.

𝑛𝜆 = 2𝑑 (ℎ𝑘𝑙) sin(𝜃) E-13
where λ is the wavelength of the diffracted intensity, d(hkl) the distance between two diffraction planes of the same family identified by hkl Miller index, θ the angle between two reflection planes (of the same hkl family) and the incident and diffracted beams.

The qualitative approach aimed at the control of the powders' syntheses, the verification of the absence of undesired phases, the presence of expected phases (C-S-Hs, CH, the calcium carbonates). The diffractograms obtained are compared to reference phases' diffractograms in the ICCD database.

Several quantitative approaches exist based on the use of an internal/ external standard, or the Rietveld method.

An adequate quantification is hard to obtain in cementitious materials due to the multiphasic contain and especially the presence of nano-crystalline phase such as C(-A)-S-H and unreacted amorphous silica. The use of a significant amount of internal standard is required but this led to a dilution of the specimen. We thus preferred to conduct a Rietveld analysis despite its weaknesses. For example, the lack of a model structure that fully describes the C-A-S-H phase limits the accuracy of the phase quantification. We resorted to Richardson' files [75] because, although not allowing a perfect consideration of C-A-S-Hs' structural features, they proved to be satisfactory in our Rietveld analyses ran through HighScore Plus software.

Data were acquired on a PANalytical X'Pert device equipped with a copper source (45 kV, 40 mA) and using copper Kα radiation (λ = 1.54 Å). Acquisitions were made with a Bragg-Brentano geometry and in a ϴ-ϴ configuration. The detector used an X'Celerator, allowed a wide-angle scan (5° to 55°) with an angular step of 0.017° in less than 20 minutes.

Water vapour sorption

The C-S-H content is determined following a method derived from the one proposed by Olson and Jennings [13] and relying on water vapour sorption obtained on a DVS Advantage device. Acquisitions were run at 25°C ± 0.1°C, and the automatic 'dm/dt' mode was set for the relative humidity (RH) decrease. Prior to analysis the pastes were crushed and sieved in a CO2-free glove box. Particles exceeding 150 µm were eliminated by sieving and the powders saturated using deionized water. More details can be found in [76]. Olson and Jennings [13] assumed a constant specific surface irrespective of the C/S ratio, and that the amount of adsorbed water at 20% RH correlates linearly with the C-S-H surface. They consequently associate a quantity of adsorbed water to an amount of C-S-H with a calibration on a system where the amount of C-S-H can be obtained independently by mass balance (namely a C3S paste). In our case, the adsorbed water at 20% RH, estimated by an isotherm sorption, is compared to the data of Olson and Jennings to obtain the C-S-H content in mol per Litre of paste. Despite relying on numerous hypotheses, this method provides consistent trends when comparing cementitious materials with increasing content on supplementary materials [6].

Water gravimetry

The samples' saturated density (dsat) were measured by hydrostatic weighing (E-14). They were considered as saturated once a constant weigh was obtained. Their saturated weigh, in air (mair) and in water (mw) were measured. Part of the saturated samples were then dried at 80 and 105°C (to allow comparison with literature) and weight (mT°C) to estimate their porosity ∅ (E-15).

𝑑 𝑠𝑎𝑡 = 𝑚 𝑎𝑖𝑟 𝑚 𝑎𝑖𝑟 -𝑚 𝑤 E-14 ∅ = 𝑚 𝑎𝑖𝑟 -𝑚 𝑇°𝐶 𝑚 𝑎𝑖𝑟 -𝑚 𝑤 E-15

X-Ray micro computed tomography µ-CT:

An acquisition of radiograph on 0-360° domain is obtained during the rotation of the sample. The radiographs are obtained by processing the attenuated intensity by the sample using Beer-Lambert law. The attenuation of the incident beam by the sample is relative to the density of the phases on the beam path, are accounted the mean atomic number and the energy beam which affect the phase absorption coefficient. 3D representation of the lineic absorption coefficient allows the reconstruction of the studied sample. Analyses were run on a Skyscan 1173 device with a flat detector. The conditions were set as follow: the angular step was defined to 0.4°, the operating voltage ranged between 115-130 kV, an exposure time of 1100 ms was chosen, as well as an averaging frame between 8-

10. An images pixel size of 16.8 µm was acquired.

Properties such as the homogeneity of the pastes (distribution of phases, bubbles), the presence of crack and their propagation or the position of carbonation front were accessed. The limitation is mainly the resolution and the contrast in term of grey level which allows to differentiate one feature to its surroundings. The approach adopted to delimit the front area is based on the logistic function detailed thereafter.

𝐿𝑜𝑔𝑖𝑠𝑡𝑖𝑐 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑢𝑠𝑒𝑑 = 𝐴 + 𝐵 (1 + 𝐶𝑒 (-𝐷+𝐹)² )

E-16

A: sigmoid lower y-axis value, B: difference between the sigmoid higher y-axis value and its lower y-axis value, C: random factor, D: grey level value associated to the position fitted, F: sigmoid midpoint In Figure 12 the beginning of the front is taken as 1.04A and the end of the front as 0.996 (A+B). The reciprocal of the logistic function yields the position associated to the beginning and the end of the front. The carbonation of the pastes led to a densified carbonated area with a higher grey level value. The grey level values extracted correspond to the mean grey value per slice 2 voxels thick.

Mercury intrusion Porosimetry

The method is based on the application of an external mercury pressure. Mercury is a non-wetting liquid, which contact angle is higher than 90°. Its penetration is thus not favoured due to its surface tension. The pressure applied is the mean to control the intrusion (E-17). The simplification of E-17 gives E-18 from which the distribution of pore size openings can be obtained from the cumulative amount of intruded mercury at a given pressure.

-𝑃 𝑐 = 𝛾 ( 1 𝑟 𝑚 + 1 𝑟 𝑚 ′ ) E-17 𝑃 = - 4𝛾 cos(𝜃) 𝑑 E-18
where Pc is the capillary pressure, P the mercury pressure applied, γ the Hg surface tension at 25°C in the void (0.485 N/m), rm and rm' the meniscus curvature radii, θ contact angle ≈ 140°, and d is the diameter.

The geometrical approach does not consider several experimental aspects such as the modification of the contact angle during the analysis due the changes in chemistry and the contamination of the surfaces. Furthermore, a unique pore shape is assumed. The method masks topological characteristics of the pore network such as its roughness (influence on the surface/volume ratio), tortuosity, and interconnection rate. An important bias encountered is the probable alteration of the material during the analysis since the unfilled part of the material is under vacuum, and the part filled is undergoing localized pressure; this obviously generates a field constraint with strong gradients.

Nevertheless, experiences on brittle porous medium such as silica aerogel hasn't shown destruction of the porous media over applied pressure [77]. Knowing the bias of the methods, only tendencies are extracted, presuming that those discrepancies are similarly expressed on all the samples. The samples were crushed then immersed into liquid nitrogen before 24 hours freeze-drying. Acquisitions were made on a Micromeritics Autopore IV.

NMR

Each type of NMR experiment is specifically described in the concerned chapter (see the 2 nd part), only the general principle of 29 Si, 27 Al MAS NMR need to be introduced in this section.

The nuclear magnetic resonance analysis of solids informs on the chemical environment of the nucleus probed, such as the coordination and the type of nuclei interacting. The interaction between a non-zero spin isotope and an external magnetic field (𝐵 0 ) generates at equilibrium a diamagnetic spin magnetization aligned with the external magnetic field. When put out of equilibrium, the coupling between this spin magnetization and the external field induces a precession at the frequency 𝜔 0 called the Larmor frenquency. This precession is proportional to the gyromagnetic ratio (γ) of the nucleus and the intensity of the magnetic field:

𝜔 0 = -𝛾𝐵 0 E-19
The presence of electrons in the environment of the nuclei induces a shielding of the magnetic field. This phenomenon is observed through a shift in the precession frequency of the considered nucleus (E-20).

𝜔 𝑐𝑠 = -𝛾(1 -𝛼)𝐵 0 E-20
The chemical shift is expressed in proportion of the Larmor frequency in ppm:

𝛿 𝑐𝑠 (𝑝𝑝𝑚) = 𝜔 𝑐𝑠 𝜔 0 × 10 6 E-21
The shielding observed depends on the relative orientation of the field with the principal axis of the considered interaction (for example the chemical shift). Within a powder there is a distribution of the molecular orientation, which generates a distribution of the chemical shift due to the anisotropy of the system. In order to limit the broadening of the resonances, the powders are spun at an angle corresponding to the diagonal of a cube with respect to the direction of the field. This method is called magic angle spinning (MAS). The aim is the access to the isotropic component of the chemical shift. The multiphasic composition of the cementitious materials prevents an accurate quantification of each phase, therefore the tracking of the evolution of a specific component. However, in our case, due to the relatively simple chemistry (C-S-H, portlandite, carbonates and amorphous silica), the identification, the quantification and the tracking of the evolution on content of specific phases was possible. A STA 409 PC Luxx device was used, the loss associated to 120 mg of powder was recorded under a nitrogen flow of 80 ml/min, and a heating rate of 10°C/min between 25°C and 1150°C.

TGA

SEM-EDS

Scanning electron microscopy allowed the investigation on the texture of our samples. Analysis on secondary electron (SE) mode and on the backscattered electron (BSE) mode inform on the morphology and the chemical contrast respectively. The latter mode was used combined with energy dispersive X ray analysis (EDS) which allowed the elemental chemical analysis. Analyses were performed on a ZEISS EVO MA15 microscope equipped with a Quantax detector for chemical mapping. The samples were freeze dried and mounted using epoxy resin prior to the polishing with an alcohol-based diamond suspension. Data were acquired at 15 kV and 1 nA, a grid of 609 points, and recorded at 200× magnification.

Gas diffusion

We recoursed to through diffusion experiment on discs (Ø = 30.0 mm H = 8 mm), to estimate the gas diffusion coefficient. The discs were placed between an upstream chamber filled with synthetic air (20% O2 and 80% N2) and a downstream chamber filled with 100% N2.

Shrinkage measurement

The length variation associated to drying and carbonation were measured by linear variable differential transformer (LVDT sensors) manufactured by Solartron Metrology. The analysis set up included the sensors equipped with a control module, an electrical supply module and a data acquisition computer. For the purpose of this study, dedicated samples with smaller diameter were fabricated (∅ = 14 mm H = 90 mm), in order to minimize the drying period. Methods such as pH measurement reflect the interaction between dissolved species in the porous structure and the solid, which is an average picture of the alkalinity developed within the materials. The chemical elemental composition analysis, which lies at a reduced scale compared to pH measurement, is obtained by running SEM-EDS analysis, the later allows a spatial discrimination based on the composition. A µm 3 resolution is both approached and limited by the electron-matter interaction. To reach information at the nanometer scale we made use of NMR.

The latter informs both on the chemical composition and the structural organization of the C(-A)-S-H, based on nuclei endowed with a spin. In the framework of this study 27 Al and 29 Si environment were probed, properties such silicates mean chain length, aluminium incorporation and chemical composition defined as C/S and Al/Si ratios.

Moreover, the detection of residual content on amorphous or nanocrystalline phases such as silica gel or calcium aluminates phases were accessible.

Microstructure and gas transport:

Cementitious materials' microstructures are strongly affected by the carbonation since changes in hydric properties, clogging, and coarsening happen at different extent according to the chemistry and the initial microstructure. The microstructural properties such as the porosity were probed with complementary techniques to follow up the changes induced by carbonation. An estimation of the total porosity is accessible thanks to oven drying and water gravimetry but the distribution of the pores volume is only accessible with MIP. Since the porosities below 3 nm are not probed by MIP, the combination of those methods allows access to the full range of porosity demonstrated by the materials. The recourse to µCT allows at a higher scale (≳ ≈ 16 µm considering our sample size) the access to features such as cracks, inhomogeneity including the presence of bubbles or unreacted materials. Information related to the texture by an imaging technique at higher resolution was assessed thanks to scanning electron microscopy. However contrarily to the 3D imaging yielded by µCT, the information obtained by SEM mapping is limited to the surface. Gas diffusion experiment informs on the nature and the evolution of the pores network especially in the case of carbonation where phenomena such as clogging, pore coarsening and cracking are expected.

IV. BIBLIOGRAPHY CHAPTER 1: MODEL SYSTEM FOR CEMENTITIOUS MATERIALS

The first chapter presents our approach to obtain model cementitious material with controlled chemistry and mineralogy, in the form of pastes. A broad range of alkalinity was targeted to cover the domain of alkalinity encountered in cementitious materials with a peculiar effort on the obtention of low alkalinity materials, which was the main challenge due to the high silica content required. The properties of the fabricated are detailed and discussed. The features of the obtained materials are compared to industrial's one. The work presented in this part, especially the representativeness of the model system proposed was the prerequisite for the third chapter, which deals with the carbonation of model pastes.

It takes the form of an article submitted to Cement and Concrete Research currently under review

Introduction

Despite its crucial societal importance, the chemical durability of concrete structures is difficult to predict. This is largely due to the conjunction of a metastable phase assembly in the binder with a multiscale mechanical and porous structure. Correctly predicting crack propagation or reactive transport for example, needs a thorough understanding of the governing phenomena across several length scales [1]: the cement paste at the nano and meso scale [2], the aggregate and the interfacial transition zone at the meso scale [3,4], and finally the structure itself at the macroscale [5]. An unavoidable prelude to multiscale numerical modelling, thermodynamical or mechanical, is thus the understanding of the material at each scale taken separately.

Along this line, a lot of progress has been obtained in the last decades by focusing on concrete at the smallest scale:

the mineralogical assembly of the cement paste [6][7][8][9][10][11]. An ordinary Portland cement (OPC) paste is in itself a highly complex heterogeneous system made of empty pores, water saturated pores, calcium silicate and aluminate oxides and carbonates. This has led researchers to further simplify the system by restricting the chemistry to the hydration products of calcium tri-(C3S) or di-(β-C2S) silicates [12][13][14][15][16][17][18][19]. It was thus possible to deconvolute the impact of silicates and aluminates chemistry and successfully rationalize non trivial behaviour such as induction and creep [2,19]. However, new needs in term of reduction of CO2 emission or radioactive waste management has led to the development of low calcium cement formulation and in particular of the so-called low-alkalinity cements (LAC). Just as for OPC, the long-term prediction of the durability of LAC requires the design of a model chemical system reproducing the LAC main characteristics in terms of mineralogy and porosity.

For OPC, the paste formed by hydration of C3S or β-C2S constitutes a relevant model of the calcium silicate subsystem since it leads to the precipitation of the two main calcium-bearing hydrates of Portland cements, namely calcium-silicate hydrate (C-S-H) and portlandite (calcium hydroxide CH). While C-S-H is largely responsible for the mechanical properties of the pastes, portlandite is a key component as it buffers the pH value at 12.5 (at 25°C). This latter fact is not true however for LACs which have very different specificities when compared to OPCs, the main one being a much smaller amount of portlandite and a pH of the poral solution (around 11) that is 1 to 3 points lower than in usual cements (≈13.5) [20][21][22][23][24]. Such low pH values are commonly achieved by adding significant amounts of secondary cementing materials poor in calcium [25]. As a result, the C/S ratio of the paste is much lower than usual and the development of another chemical model is needed. This is particularly important since the long-term durability of LAC is still an open question, especially with respect to carbonation which is highly pH dependent. Consequently, the aim of this paper is to synthesize and describe model synthetic low-alkalinity porous systems representative of LAC pastes.

Several attempts have already been presented in the literature. Firstly, Chen et al. [26] exposed C3S hardened pastes to ammonium nitrate (6M) in order to dissolve portlandite and lower the CaO/SiO2 ratio of the C-S-H. Alternatively, other authors created porous compacts of C-S-H powders obtained by aqueous mineral synthesis in excess water [27][28][29][30][31][32][33][34][35][36]. These methods demonstrated each, one main drawback inherent to their fabrication methods, i.e. the chemical attack or the mechanical compaction may induce a dissimilarity in the porous medium with regard to that generated by hydration. The chemical attack alters both the hydrates [37] and the pore network [38]. For compacts, comparison with hardened cement pastes does not provide strong evidence of their full representativeness [39]. In addition, compact disintegration subsequent to water immersion has already been observed, which makes them unsuitable for transport modelling [29]. More recently, another approach was proposed by Kunther et al. [40] while studying the influence of the C/S ratio on the mechanical properties of C-S-H. It consists in using a combination of calcium oxide and amorphous silica mixed with water in presence of a superplasticiser (SP) to produce pastes with adjustable average C/S ratios. However, the chemical analysis of paste obtained in that manner reveals highly scattered C/S ratios. For instance, in [40], the paste with an average C/S ratio of 1.25 includes areas with C/S ratios of 0.80 and others with C/S of 1.50. This could be the expression of a limited control of the pastes' local chemistry.

Moreover, the use of calcium oxide instead of C3S might have produced a microstructure not representative of a cement paste. Indeed, the hydration kinetics of cement pastes are largely controlled by the dissolution rate of C3S [41][42][43] which thus indirectly affects the development of hydrate microstructures [44][45][46]. Consequently, the use of calcium oxide instead of C3S, as in the study of Kunther et al. [40], induces different hydration kinetics and might lead to a paste model system not fully representative of usual LAC pastes.

In this study, keeping the idea of Kunther et al. [40] for obtaining pastes by exploiting the pozzolanic reaction of nanosilica but replacing CaO by C3S , we synthesized a series of model pastes of controlled chemistry, that is narrowly distributed C/S ratios of means between 0.8 and 3.0. We describe the methodology used to obtain the model pastes and detail their chemical, mineralogical, microstructural properties. Finally, we discuss their relevance as model subsystems for real LAC pastes.

Materials and methods.

Synthesis of the model synthetic pastes.

The pastes were prepared using stoichiometric amounts of finely ground C3S and amorphous nanosilica (SiO2) [47] in order to maximise the hydration rate. Triclinic C3S was provided by Mineral Research Processing (Meyzieu, France) and presented a specific area of 4600 cm²/g. The nanosilica was Rheomac AS 150, provided by BASF in the form of an aqueous suspension (50 wt%) with a median diameter D50 equal to 100 nm. The workability of the fresh mix was adjusted using a commercial polycarboxylate superplasticiser (MasterGlenium Sky 537 from BASF). The pastes were prepared in batches of 1.40 L using a planetary mixer. Before using expensive C3S, tests were conducted using OPC with a similar specific surface to that of C3S. The tests aimed at determining the most appropriate batching sequence, water-to-binder ratio (w/b) and superplasticiser dosage. The resulting compositions were then tested using C3S and modified accordingly. The pastes incorporated significant amounts of nanosilica (up to 42 wt% for C/S = 0.80, see Table ); this induced two major issues: (1) the high water demand of nanosilica [48,49], and

the significant flocculation of nanosilica in the presence of calcium ions [50]. Consequently, the w/b ratio and the SP dosage had to be increased when the C/S decreased. In the case of the paste with a C/S ratio of 0.80, the w/b ratio and SP dosage reached high values, i.e. 0.78 and 8.0% respectively. Table 1 gives the formulation of the pastes that we were able to produce. The exact batching sequence is provided in the Supplementary materials section. Reference cement pastes.

To assess the representativity of the synthetic pastes, two cement pastes based on CEM I were prepared: an OPC paste (CEM I) and a reference LAC, namely the T1 blend (CEM I + SF + FA) proposed by Codina et al. [20] and studied later by Auroy et al. [23] (Table 2). The pastes components chemical analyses are reproduced from [20] in the Supplementary materials section. The SP dosage of the model synthetic pastes -especially for the lower C/S ratios (0.95, 0.87 and 0.80) -was quite high compared to the reference cement pastes. It should be pointed out that nanosilica was incorporated in the model paste, whereas silica fume and fly ash were used in the reference paste. This is why the SP dosage had to be increased to partially offset the water demand of the fine nanosilica particles.

Mineralogical and chemical characterisation.

The pH of the poral solution was measured using the ex situ leaching (ESL) method [51][52][53]. Owing to the absence of alkalis in the binders, ESL is known to yield similar results with respect to the reference method (extraction).

Thermogravimetric analysis (TGA) was performed using a Netzsch STA 409 PC Luxx apparatus. Analyses were run under a constant N2 flowrate (80 ml/min). The weight losses were recorded from 25°C to 1150°C with a heating rate of 10°C/min. The quantification of portlandite (using tangential method), expressed in mol/l is obtained by considering the weight loss (between 420-580°C) associated to 120 mg of powdered sample of each model paste and their saturated volumes and apparent densities [54].

Powder X-ray diffraction (XRD) patterns were collected using an XPD PANalytical X'Pert diffractometer with a Bragg-Brentano geometry in an ϴ-ϴ configuration and a Cu Kα radiation source (45 kV, 40 mA). The use of an X'Celerator detector made possible to scan a 2ϴ angular area ranging from 5° to 55° with an angular step of 0.017° in less than 20 minutes.

Silicon magic-angle spinning nuclear magnetic resonance ( 29 Si MAS NMR) single-pulse data was collected using a Bruker Avance III 500 spectrometer operating at the Larmor frequency resonance of 99.3 MHz. Conditions were set to π/2 pulses of 3.5 µs, recycle delays of 20 s, spinning in 7 mm zirconia rotor at 5.5 kHz, and a minimum of 4000 scans for each spectrum. Tetramethylsilane was used as an external standard (0 ppm) to report the chemical shifts.

The 29 Si MAS NMR results were processed using an internally developed software [55,56]. The spectra were fitted using gausso-lorentzian line shapes with chemical shifts and widths kept identical for all pastes (Table 3 and appendix).

A ZEISS EVO MA15 scanning electron microscope (SEM) equipped with a Quantax detector for energy-dispersive spectrometry (EDS) was used for chemical mapping together with backscattered electrons (BSE) imaging.

Acquisitions were collected at 15 kV and 1 nA. Pastes were freeze-dried, mounted using epoxy resin, and then polished using an alcohol-based diamond suspension. Grids of 609 points recorded at 200× magnification were acquired for each sample. Due to the working voltage used, an electron-matter interaction depth of about 1-10 µm within the material was generated.

Microstructure characterisation.

Microtomographic projections were acquired on a Bruker SkyScan1173 device equipped with a flat detector (2240 × 2240 pixel) using the following operating conditions: 115-130 kV and 61-69 µA. We obtained 360° scans with a rotational step of 0.3°, exposure time of 1100 ms, a frame averaging from 8 to 10, and images with a pixel size of 16.8 µm.

The porosity and density of the pastes were obtained using the buoyancy method. Firstly, cylinders were resaturated under vacuum and water [57], and their volume and weight were measured. They were then dried at 80°C in the presence of CaCl2 and 105°C until constant weight was reached in order to compute porosity.

The pore entry size distribution (PSD) of the pastes was characterised using mercury intrusion porosimetry (MIP) with a Micromeritics Autopore IV. Prior to the tests, the specimens were crushed into centimetric pieces that were immersed in liquid nitrogen and then freeze-dried for 24 hours.

The C-S-H content of the pastes was estimated using the method proposed by Olson and Jennings [58] based on the quantification of the water content at 20% RH. Here we did not strictly follow the protocol recommended by Olson and Jennings. Rather we estimated the water content at 20% RH using a desorption experiment and a sorption balance (DVS Advantage). Acquisitions were run at 25°C ±0.1°C, and the automatic 'dm/dt' mode was set for the relative humidity (RH) decrease. Prior to analysis the pastes were crushed and sieved in a CO2-free glove box.

Particles exceeding 150 µm were eliminated by sieving and the powders saturated using deionized water. More details can be found in [59]. Such an approach offered a very significant gain of time but might have overestimated the C-S-H content due to the hysteresis between the adsorption and desorption path. The reader should also be aware that the method of Olson and Jennings assumes that the C/S ratio of the C-S-H is equal to 1.7 that is well suited for the C3S and CEM I pastes but not for the others. This might have also induced uncertainties in the C-S-H quantification process. This point would require more attention.

Results

Reference cement pastes

The characteristics of reference cement pastes, OPC or LAC were fully in line with what was expected from the literature and need not to be extensively reported here (see later the NMR spectra in Figure 3, the MIP in Figure 7, and XRD as Supplementary materials). The main difference in terms of mineralogy for the LAC compared to OPC is the absence of portlandite and the presence of calcium-bearing amorphous silica (unreacted product or silica gel). absence of aluminium [69]. Without further evidence, and considering its breadth, it was thus preferred to attribute tentatively this resonance to the occurrence of an amorphous silica (Q 3 gel). The distribution of the silicate tetrahedra environment as a function of the C/S ratio was obtained by decomposition of the 29 Si resonances and reported in Table 3. Details of the decomposition procedure and results are provided as Supplementary materials. 

Q 0 Q 1 Q 2 Q 2b Q 3 gel Q 4 LAC CEM I Q 3
Table 3: Relative occurrence of silicate environments in synthetic and model pastes from 29 Si MAS-NMR. narrowly distributed with a CV between 5% and 6%, with the exception of the paste with a C/S ratio of 0.95 with a CV of 12% (Table 4). Representativity of the chemistry and mineralogy of the model synthetic pastes.

Paste Q 0 Q 1 Q 2b Q 2p Q 3 Q 4 δ (
XRD and TGA proved that the pastes with C/S ratios lower than 1.40 contained C-S-H only, whereas the paste based on pure C3S showed the concomitant precipitation of portlandite. This is in line with what is expected from a LAC and a CEM I paste respectively. 29 Si MAS-NMR analysis of the pastes evidenced C-S-H silicates environment distribution evolving continuously with the C/S ratio between what is observed in a LAC and in a CEM I paste.

Furthermore, EDS chemical analysis highlighted the relative homogeneity of the C-S-H pastes with actually an even narrower scatter in the C/S ratios, compared to those usually observed in cementitious materials but in line with what is observed in pure calcium silicate hydrate pastes [70,71]. In that respect, the synthetic pastes formed a representative model of the silicates mineralogical assembly found in LAC pastes.

The pH values of the poral solutions obtained using the ESL method are given in Figure 7. 

Microstructure of the model synthetic pastes.

The saturated density, porosity and chemical composition (C-S-H and CH contents) are reported in Table 5. The estimated C-S-H content was higher for the pastes with C/S ratios lower than 3.00: this was in line with the expected formation of extra C-S-H from silica through pozzolanic reactions. The paste porosity increased and the density decreased when the target C/S ratio decreased. However, as the C/S ratio was decreased by addition of nanosilica, a concomitant increase of the w/b ratio was needed to maintain the workability of the synthetic pastes. The variations in porosity and density was thus probably more associated to the water content than to a change of chemistry. Figure 8 illustrates the PSD of the synthetic pastes obtained by MIP. For sake of comparison, the cement pastes are also presented. While the PSD of the pastes with C/S ratios of 3.00 and 1.40 revealed the expected presence of the C-S-H gel porosity in the 10 nm range, the pore structure was considerably refined for the lower C/S ratio. Again, this could be related to the filling effect induced by the precipitation of pozzolanic C-S-H. The increase of the porous volume on the other hand was probably related to the increased w/b ratios of the synthetic pastes.

Representativity of the microstructure of the model synthetic pastes.

The synthetic pastes had a narrower PSD and a higher pore volume than the one of the reference LAC paste, again due to the w/b ratio needed for their mixing as previously stated in the Materials and methods section. However, the PSD of the low C/S synthetic pastes had no pores with critical entry diameter above 10 nm (Figure 8). This was 

reminiscent

Discussion

At first sight and as exposed in the results section, the mineralogical assembly of the model synthetic pastes seemed to correctly represent the one expected from LAC pastes. To examine further this issue, the atomic and molecular structure of their C-S-H, as revealed by NMR, was examined in details and compared to the ones of cement pastes.

It is common practice to estimate the mean chain length (MCL) of the C-S-H dreierketten silicate chains from the distribution of the silicate environment obtained by 29 Si MAS-NMR. Accordingly, the MCL was obtained in the synthetic pastes using the C-S-H crystal chemical model of Richardson [START_REF] Richardson | Model structures for C-(A)-S-H(I)[END_REF]. Indeed, the following simplified expression (Equation 1) relates the MCL to the NMR relative intensities of the Q 1 and Q 2 (Q 2b and Q 2p ) environments:

MCL = 2 ( Q 1 +Q 2b +Q 2p Q 1
) Equation 1

Figure 10 shows the C-S-H MCL of the pastes depending on their targeted C/S, along with predictions from the Richardson tobermoritic model and some data from literature. In the higher C/S range (above 1.5), the C-S-H of the pastes demonstrated a chain length variation that was not fully described by the simple tobermoritic model. This behaviour is similar to what is commonly observed in cement paste and is rationalized through an additional charge compensation mechanism, which involved calcium insertion in interlayers [START_REF] Richardson | Model structures for C-(A)-S-H(I)[END_REF][START_REF] Nonat | The structure and stoichiometry of C-S-H[END_REF]. However, within the lower C/S domain (C/S ≤ 1.0), the mean chain length of the C-S-H in the synthetic pastes followed reasonably well the prediction of a tobermoritic behaviour. 2) and the mean chain length (MCL) were calculated using:

MCL = 1 -ν ν and C S = 2 3 + ν 1 -ν Equation 2
where the fraction of vacant sites ν (Equation 3) within the C-S-H structure was evaluated by decomposition of the NMR contributions:

ν = 1 2 Q 1 3 2 Q 1 +Q 2 +Q 3

Equation 3

Excluding the Q 3 resonance attributed to a silica gel, the C/S ratio predicted from the Richardson defective tobermoritic model agreed reasonably well with the bulk C/S ratio of the pastes (Figure 11). This meant not only that the paste where indeed devoid of portlandite, as seen by XRD and TGA, but also that their C-S-Hs' structure behaved identically to the ones encountered in real (LAC) cement paste where the defective tobermorite structural model is now well established [START_REF] Myers | Generalized structural description of calcium-sodium aluminosilicate hydrate gels: The cross-linked substituted tobermorite model[END_REF]. This confirmed the representativity of the mineralogy of synthetic pastes silicate with respect to the one of LAC paste of identical C/S. Finally, it might be useful to stress the fundamental difference between the C/S pertaining to NMR on the one hand and to SEM-EDS analyses and to the pH of the poral solutions on the other hand (Figure 11). NMR analyses account for properties at the molecular scale and thus reflects the local availability of Ca and Si at the C-S-H scale. In contrast pH is a macroscopic property reflecting phase equilibria within the sample, namely C-S-H and portlandite. Lastly, SEM-EDS probes the sample at the micro scale and its mean value is thus expected to reproduce the bulk composition of the paste within experimental errors. These considerations are illustrated in Figure 11 where C/S ratios obtained by SEM-EDS and by modelling the 29 Si NMR spectra as well as the pH are compared to the bulk C/S ratio recalculated excluding the silicon incorporated in amorphous silica (estimated from the 29 Si NMR spectra).

The latter C/S ratio was taken as being the one of the C-S-H/portlandite assemblage. 

Conclusion

In this study we synthesized a series of synthetic pastes with C/S ratios between 0.80 and 3.0 and evaluated its potential as a model silicate subsystems for LAC pastes. From a chemical and mineralogical standpoint, the synthetic pastes appeared as good models, reproducing satisfactorily the mineralogical assemblage. The structure of the C-S-H and the amount of portlandite formed, or not, followed what was expected from a LAC paste. Furthermore, the pH of the poral solutions also conformed very well to predictions with respect to the C/S ratios. This objective was met by choosing C3S and nanosilica with the appropriate dosage. However, the use of nanosilica induced a highwater demand and the formulation had to be optimized through an increased w/b ratio and high superplasticiser dosage. Consequently, the synthetic pastes had a higher pore volume. All the while, the evolution of the PSDs of the synthetic pastes with the C/S ratio was similar to those of the reference pastes. The protocol proposed in the present work thus constituted an interesting route to design synthetic pastes to model the silica subsystem of LAC pastes.

This might be particularly useful to model experimentally complex reactive transport within low-alkalinity cements, such as carbonation. In addition, since a narrow variation of C/S ratios was obtained for each targeted value, this series could be suitable for studying the influence of the C/S ratio on various properties of cementitious materials, such as the C-S-H gel mechanical properties. Such studies will have to factor in however, the fact that the pore volume of the model pastes was much higher than those usually encountered in real cement pastes Finally, to be complete, it must be emphasised that one of the main shortcomings of these model synthetic pastes was their tendency to crack; the density of cracks increased when the C/S ratio decreased. This could be hypothesized to be an intrinsic property due to the polymerisation of the C-S-H induced by incorporation of silicate in the C-S-H during the pozzolanic reaction. Indeed, chain length variation is known to generate change in volume [26]. Shaping test samples for transport studies will thus require particular care.

Appendix B: decomposition of NMR spectra. 
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CHAPTER 2: ROLE OF LOW AL CONTENT IN C-S-H STRUCTURE AND EVOLUTION IN PRESENCE AND IN ABSENCE OF CO2

The second chapter focuses on the model powders synthesized. Contrarily to the first chapter, this chapter deals exclusively with the structural and chemical properties of synthetic C-S-H and low Al/Si C(-A)-S-H powders. The evolution of their properties in presence and in absence of CO2 is also addressed. The effect of an increasing Al and Ca content is explored. Dealing with powders instead of pastes gives access to the ultimate carbonation state. It allows discussing the representativity of the carbonation condition employed as well as the durability of the materials. The diffusive contribution of the microstructure is lost when working with powders but it allows comparison with observations made on pastes as will be done in chapter 3. Specifically, this second chapter aims to unveil the impact of Al chemistry in the quaternary system CaO-Al2O3-SiO2-H2O. NMR experiment and modelling were used as the main tool to detect atomic and molecular configuration and environment changes.

This work takes the form of a manuscript in preparation for submission to Inorganic Chemistry
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Abstract

The structural modifications associated with the carbonation of synthetic C-(A-)S-Hs at low Al/Si ratios (from 0 to 0.1) were characterized, focusing on low calcium to silica ratio (C/S) but exploring a large C/S domain (from 0.80 to 1.40). The method of choice was 27 Al, 29 Si magic angle nuclear magnetic resonance (MAS NMR), one-pulse and multiple-quantum (MQ) MAS NMR. Moreover, X-ray diffraction and conventional thermogravimetric techniques were also used. First, the structure of the pristine C-(A-)S-Hs was investigated. 27 In industrial materials, C-S-Hs form by hydration of anhydrous phases containing various metals and alkali-metals such as Mg, Na, K, and Al. Some of these species are ultimately incorporated within the C-S-H structure and can potentially modify its reactivity. Aluminium noticeably substitutes for silicon within the C-S-H [3]. The hydrate is then called a calcium-aluminium-silicon hydrate and noted C-A-S-H. Numerous studies can now be found on C-A-S-H properties such as the solubility and ion exchange behaviour [4][5][6], the effect of Al incorporation on the mechanical properties [7][8][9], the morphological and microstructural changes related to C-A-S-H compositions [2,10,11] as well as the mechanisms of silicates' substitution by Al [9,[12][13][14][15][16][17].

Studies on C-A-S-H structure and the nature of Al environment are thereafter detailed. Al-substituted tobermorite evidences tetrahedral and octahedral environments. Kalousek et al. [18] suggested C-A-S-H and C-S-H as a solid solution and proposed that aluminium substitutes silicon in the C-S-H tetrahedral sites. The possibility of tetrahedral Al substitution in tobermorite was also established by Kormaneni et al. [19]. Similar incorporation was proposed by Richardson et al. [20] in cementitious materials and the bridging site of the C-S-H dreierketten chain was proposed to be the unique Al incorporation site. The same authors also proved the occurrence of octahedral Al environments but their exact nature remained an open question. Faucon et al. [21] also supported the insertion of Al in C-A-S-H tetrahedral site but proposed that isomorphic substitution, while favoured in the bridging sites, could occur in addition at the pairing site. Concerning the observation of pentahedral and octahedral sites, the octahedral ones were assumed to be induced by Ca substitution by Al in the C-A-S-H's main CaO layer. Andersen et al. [22] proposed from an array of evidences mainly based on magic angle nuclear magnetic resonance (MAS NMR) that part of the octahedrally coordinated environment with a NMR resonance at 5 ppm be associated to aluminate moieties on the C-A-S-H's surfaces (the so-called third aluminate hydrate, or TAH). The pentahedral species detected along with TAH had been previously proposed by Faucon et al. [21] to compensate the tetrahedral aluminium charge deficit. Based on crystal chemical considerations, Andersen et al. [22] concluded instead that aluminium for calcium substitution in the main calcium oxide layer was unlikely. It is thus apparent that despite the number of available studies on C(-A)-S-H structural properties, several aspects still require a deeper understanding.

Tehadredral Si for Al substitution in C(-A)-S-H is well established but details on the exact Al location are still debated (occurrence or not in pairing sites, oxygen sharing between adjacent chains). More importantly, the nature and properties of TAH and pentahedral Al remains to be clarified. This knowledge is however essential to understand the changes generated in cementitious materials under aggressive conditions.

Numerous studies on cementitious materials durability particularly on their carbonation [23][24][25][26][27][28][29][30][31][32][33][34][35][36][37][38] were made these last years and the topic is still the focus of current studies [39][40][41]. This is justified by the high degree of alteration that originates from the carbonation and its deleterious consequences on the materials durability. Carbonation initiates favourable conditions for an active corrosion of steel reinforcement. For now, several aspects such as the kinetics of carbonation and the structure and properties of the carbonated products remain only partially understood, mainly due to the focus on the evolution of the overall cementitious material, at the expense of the observation of mechanisms that occur at the microscale.

In this study we aimed an understanding the role of aluminium at low Al content (Al/Si = 0.05 and 0.1) in the carbonation mechanisms at a molecular and atomic level. We synthetized C(-A)-S-Hs with increasing C/S ratios between 0.80 and 1.40, at three Al/Si ratios 0.0, 0.05 and 0.1. These samples were submitted to an accelerated (PCO2 = 3%) and a natural (PCO2 = 0.04%) carbonation. The environments of the incorporated Al within the C-A-S-H structure were probed by 27 Al multiple quantum (MQ) MAS NMR. The representativeness between the two types of carbonation was assessed as well as the progress of the carbonation and the mechanisms involved. We focused on the consequences of carbonation at a molecular scale, by investigating the nature of the product yielded by C(-A)-S-Hs' ultimate state of carbonation and the influence of Al on the carbonation kinetics.

Materials and methods

Materials

The C(-A)-S-Hs powders were synthesized from ultrapure water (Milli-Q, 18.2 MΩ.cm), calcium oxide powder calcium aluminate provided by Alfa Aesar, and fumed silica (Aerosil 200) from Evonik industries. A water/solid weight ratio of 50 was used for all syntheses. The C-A-S-Hs were obtained following a one-step synthesis: the stoichiometric amount of powders and water were mixed in HDPE bottles to ensure the compositions displayed in Table 1. The bottles were rotated at 15 rpm and kept at 22 C ± 2°C during 6 months. Following the hydration time, the solutions were filtrated and the obtained pastes were dried to yield the C-A-S-H powders. The whole process, mixing, synthesis and handling, was performed under N2 atmosphere to avoid undesired carbonation.

Table 1: Nominal composition of the C-(A-)S-H that were synthesized

Methods

Thermogravimetric analysis (TGA) presented in the form of the differential of the thermogravimetric analysis (DTG) profiles were acquired using a Netzsch STA 409 PC Luxx apparatus. A constant N2 flowrate (80 ml/min) as well as a heating rate of 10 °C/min were ensured during the acquisition. The weigh losses associated to the temperature range from 25°C to 1150°C were recorded.

C-A-S-Hs' mineralogical characteristics were investigated by powder X-ray diffraction (XRD). The data were collected using an XPD PANalytical X'Pert diffractometer operated at 45 kV and 40 mA. Acquisition were made on a Bragg-Brentano geometry, in a ϴ-ϴ configuration, and using Cu Kα radiation as a light source.

Nuclear Magnetic Resonance spectroscopy MAS NMR data were collected at ambient temperature, on a Bruker 500WB Avance II spectrometer (11.72 T) operating at a Larmor frequency resonance of 99.3 MHz and 130.06 MHz, for 29 Si and 27 Al respectively. A Bruker 4 mm (outer diameter of the zirconia rotor) CPMAS probe was used at a spinning frequency of 12.5 kHz.

For C(-A)-S-H samples, 29 Si MAS NMR spectra were acquired following a 90° single pulse excitation after a pre-saturation period (made of a train of 20 90° pulses, in order to allow quantitative analysis of the spectra) followed by a recovery delay of 20 s. No variation in the line shape was observed for longer recovery delays. For 27 Al MAS NMR spectra, a short single pulse of 1 µs (tip angle of about π/8 to ensure a quantitative response) and a recycle delay of 2 s were used. Typically, 2000-4000 scans were acquired. Chemical shifts were referenced to an external samples 1M AlCl3 aqueous solution (0 ppm) and powder tetrakistrimethylsilane (TKS) with the highest intensity peak situated at -9.9 ppm (from that of tetramethylsilane) for 27 Al and 29 Si, respectively. 27 Al MQMAS NMR experiments were performed in order to obtain a higher resolution of the various peaks observed under MAS and a better determination of the NMR parameters. Indeed, these two-dimensional experiments provide a first dimension free of the second-order quadrupolar (SOQ) broadening, correlated to the standard MAS NMR (second) dimension which is impacted by the SOQ broadening. Additionally, such experiments allow one to separate the broadening induced by the distribution of the isotropic chemical shift and the quadrupolar interaction parameter. Such distributions of the NMR parameters are inherent to disordered materials such as C-A-S-H, as clearly shown here. They often result in strong overlapping featureless peaks in (one-dimensional) MAS NMR spectra making their analysis rather difficult. In this work, when necessary, models of NMR parameter distribution were used as introduced in previous works [42][43][44] and employed routinely in analysis of aluminosilicate glasses [45][46][47]. NMR data were processed and fitted using an in-house software [44]. Parameters are given as mean values that also correspond to the most probable values associated to the detected distribution. This choice is explained by the disordered nature of the environments.

For analysis of the NMR data, the tobermoritic structure model was adopted which implies the distinction of the different sites within the C(-A)-S-H silicates chains according to the dreierketten pattern: paired tetrahedral, noted Q 2p and forming dimers, and bridging tetrahedron, noted Q 2b , linking the pairs. The number of bridging tetrahedra (Q 2b ) was therefore defined as half of the population of the pairing tetrahedra (Q 2p ) i.e.: Q 2p = 2Q 2b . Silicates end chain unit connected only once, to one other silicate, are noted Q 1 .

Natural and accelerated carbonation of the powders were realized in climatic chambers at 25°C, under the following conditions: 55% of relative humidity, PCO2 of 0.04% and 3% for natural and accelerated carbonation, respectively.

Results

Thermogravimetric behaviour before and after carbonation

The Differential of the thermogravimetric profiles (Figure 1) mainly exhibited the typical C(-A)-S-H's weight loss, which persisted until 850°C. Nonetheless, two domains could be distinguished, the first from 0 to 725°C and the second which spread from 725 to 850°C. The loss exhibited in the first domain was attributed to C(-A)-S-H's dehydroxylation and water loss (peak with minima at 180°C). C-A-S-Hs demonstrated a more pronounced weight loss in the 300 to 525°C domain compared to C-S-Hs (Figure b,c). This weight loss could be imputed to the presence of minor phases such as hydrated calcium aluminate not detected by XRD due to their minor content and their lack of crystallinity. Those species could not be quantified since their weight loss is not resolved from the one of the C-A-S-H. The loss observed in the second domain (from 725 to 850°C) was associated to the formation of wollastonite [48]. the Q 2b and Q 2p , observed at -83.1 and -85.4 ppm respectively [49,50]. Q 2b and Q 2p correspond to the bridging and the pairing silicates tetrahedra of the dreierketten pattern.

The incorporation of Al within C-S-Hs produced a wider distribution of silicon environments as evidenced by the broadening of the resonances which was more pronounced with the increase of Al content (Figure 2). The silicon isotropic chemical shift is known to increase by 3-5 ppm [45] when connected to one aluminium atom (i.e. Si*-O-Al versus Si*-O-Si) so that incorporation of Al is expected to lead to a higher dispersion of the chemical shifts.

Unfortunately, the resolution of 29 

27 Al MAS NMR

The 27 Al MAS NMR spectra displayed in Figure 3 shows the typical environments of aluminium in the C-A-S-Hs: octahedral (Al(VI)) units from 0 to 20 ppm, pentahedral (Al(V)) units from 30 to 50 ppm and tetrahedral Al(IV) units from 55 to 80 ppm. One can notice the changes induced by both the C/S ratios and the Al content on the Al environments. An increase of octahedral [52] and pentahedral units at higher C/S ratios was observed. At C/S = 0.80, the aluminium was mainly found in tetrahedral environments in the silicate chains and to a smaller extent in an octahedral coordination state related to the formation of calcium aluminates hydrate phases. At higher C/S ratios, the pentahedral Al species and third aluminate hydrates (TAH) constituted the major phases for a C/S ratio higher or equal to 1.2. Tetrahedral units were characterized by a broad asymmetric peak and a global increase of the chemical shift was observed with increasing C/S ratio. A resolved peak at around 66 ppm can be ascribed to a calcium aluminate species the strätlingite [53] (not observed in XRD), however its octahedral resonance could not be discriminated and was assumed to lie in the octahedral band associate to calcium aluminates resonances. The content on strätlingite barely exceeded 2% of the total Al content. Its presence was detected in samples with Al/Si: 0.1 at C/S = 0.80 and 0.95.

Figure 3: 27 Al MAS-NMR of the C-A-S-Hs samples. Spectra's surface normalized to the same value in order to allow comparison.

The proportion of Al detected in tetrahedral environments (determined by fitting the 27 Al MAS NMR spectra as detailed in the supplementary materials (Table S1), see also below the NMR parameters determined from the MQMAS spectra) was retained as the effective C-A-S-H's Al/Si ratio, considering thus, only the Al inserted in silicates chains as part of the C-A-S-H. The higher Al incorporation rate was observed at low C/S ratios (0.80 and 0.95) and high Al/Si ratio (0.1). This behaviour is in agreement with previous studies [9,15,51,[54][55][56][57][58][59]. C-S-Hs of low C/S are The aluminium was also found in several octahedral species. Except TAH, calcium aluminium hydrates represented 24-45% of the total Al content. Due the reduced initial Al amount and their poor crystallinity, those phases were neither detected in XRD and ATG nor distinctly identified in one pulse NMR. The broad resonance displayed in 1D 27 Al at 10 ppm is typical of species such as hydroxy-AFm [61], C3AH6, and non-equilibrium phases such as CAH10 C2AH8, C4AH13-19, (see Table 2) The 2D MQMAS spectra of CA0.8-0.05 and CA0.8-0.1 are displayed on Figure 6a, b respectively. It is important to note that because of the non-homogeneous excitation of sites with respect to their quadrupolar interaction, the MQMAS spectroscopy is non quantitative and sites with small (or vanishing) quadrupolar interactions can appear with a reduced intensity (the same is true of sites with too large quadrupolar interaction), contrarily to the quantitative MAS NMR spectra [62]. In this work, the experimental conditions (RF pulse lengths) have been experimentally optimized for the observation of the tetrahedral sites. In the CA0.8 MQMAS NMR spectra (Figure 5), the broad tetrahedral peak was dominant. In contrast, the octahedral peak was narrower along both directions of broadening (dashed lines), i.e. by a distribution of the isotropic chemical shift and of the quadrupolar coupling constant CQ. The shape of the tetrahedral peak in the MQMAS spectra for CA0.8-0.05 and CA0.8-0.1 is a typical line shape reflective of a disordered environment and is similar to the one observed in aluminosilicate glasses [45]. A slight variation in the tetrahedral peak shape and position was observed when the Al content increased (see Table S1). This peak could be well fitted using a model of NMR distribution as introduced for aluminosilicate glasses [45,47], as shown in Figure 6. A second resonance in the tetrahedral domain was observed for CA0.8-0.1 (Figure 6b) which was attributed to strätlingite since its isotropic shift 𝛿 𝑖𝑠𝑜 was similar to the one reported by Kwan et al. [53]. Moreover, this environment exhibited a lower mean quadrupolar constant and a smaller chemical shift distribution compared to the tetrahedral environment originated from Al incorporation in C-A-S-H. Kwan et al. [53] reports as well an octahedral resonance for strätlingite at 9.7 ppm, which was presumed to be part of the calcium aluminates resonance observed around 10 ppm. The broadening of the 29 Si spectra and the low content on strätlingite did not permit to discriminate strätlingite signal on 29 Si MAS-NMR. The MAS NMR spectra of C-A-S-Hs at C/S ratio of 0.95 and higher showed the same tetrahedral environment associated to Al incorporation in C-A-S-H (Figure 7b), however, they exhibited a narrower distribution of the quadrupolar parameters and the chemical shift compared to lower C/S ratio (0.80). The pentahedral environment detected was similar for all C/S ratios, higher or equal than 0.95. The TAH and the calcium aluminium hydrate at around 10 ppm signal were the dominant octahedral environments. Figure 8 shows the simulation of the MQMAS NMR spectra for CA0.95-0.1 and CA1.40-0.1, along with the isotropic chemical shift and the quadrupolar NMR parameter distribution related to each environment. Two environments were found necessary for the simulation of the tetrahedral aluminium peak (the requirement of the two environments used were distinctly evidenced by MQMAS spectrum of partially carbonated samples, see Figure 18). This suggests that Al migrated with time from pentahedral and octahedral environment to tetrahedral sites, and that Al(V) and TAH species were correlated species. This phenomenon appeared to be more pronounced at lower Al/Si and no further change was observed 1 year later. . To highlight the progress of the carbonation, the evolution of the calcium carbonate phases (vaterite, aragonite) and of the C-A-S-H diffracted intensities related to the CaO main layer are represented in Figure 12 with respect to the duration of the carbonation for C/S ratios of 0.8 and 1.4 and for an Al/Si: 0.05 and 0.1. The contrast of the carbonation's speed highlighted the effect of the calcium content. The C-A-S-Hs with the higher C/S ratios required longer time to attain the steady calcium carbonate diffracted intensity typical of the fully carbonated state. An incomplete carbonation after 145 days was observed at the highest C/S ratio and Al content. The progress of the carbonation seemed to be controlled by the calcium content but also the Al content of the overall system. Comparing CA1.40-0.05 and CA1.40-0.1 the sample with the higher Al content demonstrated the slower carbonation rate. 

DTG of carbonated product

The thermal analyses of the carbonated products (Figure 13) demonstrated a loss centered at 120°C and at 650°C (Figure 13). The first loss was related to the water loss of non-carbonated C-A-S-H and the silica gel formed after carbonation. The loss centered at 625°C and limited to 780°C was known to be the domain of degradation of calcium carbonates such as aragonite and vaterite [32,63]. This domain was narrower than usually observed, due to the absence of calcite, which is usually indicated by losses between 800 and 900°C. Our results evidenced through the carbonates' losses exhibited below 800°C the presence of metastable carbonates, due to the carbonates' losses exhibited below 800°C, which correlates with the phases evidenced by XRD (aragonite and vaterite). Partial carbonation is demonstrated by the sample with the higher C/S ratio CA1.40-0.05, as supported by a reduced loss seen in the calcium carbonates region (loss centered at 625°C) and a higher weight loss centered at 120°C associated to C-A-S-Hs' water loss (compared to fully carbonated samples).

29 Si in the carbonated product

The significant impact of the degradation induced by accelerated carbonation on silicates environments is illustrated in Figure 14 for C0.80, C1.20, CA1.2-0.05 and CA0.80-0.1 in the pristine and carbonated state. The Al content did not seem to affect the type of products obtained; silicon atoms were dominantly in Q 3 and Q 4 units forming network typical of silica gel. However, the silica gel yielded by C-S-Hs' carbonation had a higher degree of polymerization (Figure 15 &Table S2).

The polymerization of the gel increased with the C-S-H's calcium content. A strong decrease of the polymerization of the silica gel is observed in presence of aluminium reflected through a higher Q 3 content (Figure 14) as shown by Gambuzzi et al. [45]. 

Al in the carbonated product (1D+2D)

The 27 Al MAS NMR spectra of carbonated samples highlighted a well resolved Al environment for fully carbonated C-A-S-Hs (Table S1 & Figure 16). Only part of the hydrated calcium aluminate signal in octahedral domain was affected by carbonation. No signals of TAH and Al (V) were detected. double chains [19,[64][65][66]. The same attributions can be made here. The 29 Si resonance at -92 ppm (Figure 2b,c) suggested the appearance of crosslinked chains, which confirmed the presence of Q 3 (1Al) environment.

Q 2p Q 1 Q 2 Q 3 gel
The increase of the C/S ratio from 0.80 to 0.95 manifested itself by strong changes in the 27 Al tetrahedral resonances.

Except the maintained Q 3 feature seen in the 29 Si spectra, the 27 Al MQMAS spectra exhibited two new environments located around 70 and 76 ppm. For the resonance at 70 ppm, we suggest at higher C/S ratio the presence of the same bridging tetrahedra observed at C/S = 0.80 but in an environment with modified geometry and charge distribution (a smaller mean quadrupolar coupling constant was measured, see Table S1) due to an increased calcium shielding. This would explain the difference of chemical shift of 4 ppm, from 66 to 70 ppm [67,68]. This attribution seemed reasonable given the concomitant chemical shift increase with the C/S ratio, and the presence of bridging tetrahedra despite the shortening of the chains at high C/S ratio.

We propose the environment observed at 76 ppm to result from the insertion of Al in pairing position. The increase of the C/S ratio is known to induce shorten chains such as dimers, allowing thus the possible insertion of aluminium in others available position such as pairing position [17]. Furthermore, the presence of Al in non-bridging position is supported by the presence of minor Q 1 (1Al) unit exhibited in 29 Si spectra at high C/S ratio (1.2, 1.4) ≈ -76 ppm.

The resonance at 76 ppm is proposed in [22,64,65] to correspond to tetrahedral Al in bridging position. In the literature, this aluminium environment is suggested to be the signature of tetrahedral aluminium compensated by pentahedral and octahedral Al species located in C-A-S-Hs' interlayer and surfaces. This is supported both by the commonly accepted higher stability of the substitution on the bridging site over the pairing position, and the recurrence of the maximum silicon substitution rate usually reported close to 0.3, [5,64,69]. Therefore, the high chemical shift observed is proposed to be explained by the vicinity between the TAH and the pentahedral species, and the inserted Al in C-A-S-H's bridging silicate chains.

Considering the tetrahedral environment at 76 ppm, charge compensated by Al (V, VI) as proposed by the literature, the decrease of the content of pentahedral and octahedral species (observed in this work following the synthesis) should lead to a strong modification of the properties of the tetrahedral environment. The modification of those compensating charges should induce a change in the chemical shift and in the quadrupolar parameter. However, despite the conversion of TAH and pentahedral environment into tetrahedral Al, no change was observed in the parameters related to the tetrahedral environment. The vicinity of TAH and pentahedral Al to C-A-S-H, as suggested by Andersen et al. [22], is supported by the mobilization of Al in C-A-S-H but it seemed that the charge compensation mechanism might not be sufficient to explain the higher chemical shift observed with the increase of the C/S ratio.

Following our observations, a more plausible answer to the high chemical shift demonstrated would be the higher Ca shielding combined to the presence of Al in pairing position in shorten chains which both might affect structural features such as the bond distance, angles and the geometry, thus the chemical shift [68].

The accelerated carbonation of the C(-A)-S-Hs yielded aluminosilica gel and calcium carbonates as expected. The same calcium carbonates polymorphic abundance was observed during accelerated and natural carbonation, which supports the representativeness of the accelerated carbonation implemented with compared to the natural carbonation. The presence and the nature of Al insertion in C-A-S-H, did not influence the formation of the carbonated products. However, the C-A-S-Hs of high C/S ratios 1.2 and 1.4 were observed to carbonate slower than the C-A-S-Hs of low C/S. This might be explained by both the high calcium content and the presence of Al not incorporated in C-A-S-H responsible of the formation of distinct phases, (nonetheless in vicinity of the C-A-S-H) such as TAH and Al(V). The carbonation of C-A-S-Hs of high C/S was characterized by a slower rate of degradation attributed to the presence of TAH and pentahedral Al at the surface and within C-A-S-H interlayers.

Conclusion

The effect of Al incorporation and the evolution in presence and in absence of CO2 of C(-A)-S-H of C/S ratios from 0.80 to 1.40, at low Al/Si (0, 0.05, 0.1) were investigated by XRD, 29 Si and 27 Al NMR spectroscopy, and TGA. At low C/S, similarly to previous findings, Al was found to be mainly incorporated in tetrahedral bridging positions that are the bridging position of dreierketten pattern in single silicate chain, and in silicates crosslinked chains. However, these two environments could not be resolved. At higher C/S ratios, Al was detected in two distinctly resolved tetrahedral positions, which are suggested to correspond to aluminates in substitution of bridging silicates, and pairing silicates in single chain. The incorporation of Al in pairing position was confirmed by resonance at 29 Si frequencies higher than -80 ppm (Q 1 (1Al) species) and the broadening of 29 Si spectra towards lower fields. All C/S ratios evidenced octahedral environment that was attributed to calcium aluminates hydrates. The increase of C/S ratios from 0.80-0.95 induced the concomitant formation of pentahedral species and a second type of octahedral 

Introduction

Atmospheric carbonation of cement corresponds to the reaction between the CO2 from the atmosphere and the calcium ions (Ca 2+ ) that are present in the poral solution [1]. As a consequence, calcium carbonate is precipitated [2,3] at the expense of Ca-bearing hydrates; among them, calcium hydroxide (portlandite, CH) and calcium silicate hydrates (C-S-H). The main consequence of carbonation is the strong reduction in pH of the poral solution that can initiate active corrosion of steel reinforcement [4,5]. Atmospheric carbonation has been studied for long, and the mechanisms are now well-known and described. This made it possible to propose models to describe the carbonation of concretes [6][7][8][9][10][11].

Nonetheless, the available models and the subsequent description of carbonation are far from being fully satisfactory and some issues remain. Although portlandite and calcium carbonate can be easily quantified using thermogravimetric analysis (TGA), the other Ca-bearing hydrates (C-S-H and sulfo-aluminates for instance) cannot.

It is then difficult to obtain comprehensive and reliable experimental results such as mineralogical profiles that are needed for validating geochemists' simulations [12].

Similarly, the link between the changes in chemistry, microstructure and macroscopic properties is not clearly described up to now. For instance, the change in total porosity induced by carbonation remains uncertain. Although the change in solid volume induced by the carbonation of portlandite is a trivial issue, that of C-S-H is not for two main reasons. Firstly, the molar volume of C-S-H remains an issue. At high C/S ratio (ca. 1.7) it was shown to be around 70-72 cm 3 /mol [13][14][15]. Sometimes, C-S-H are described as solid solutions with tobermorite and jennite as pure poles [16], the molar volume of the corresponding C-S-H is not constant and lies between 59 and 78 cm 3 /mol [17] or even 48 and 81 cm 3 /mol [18]. The second point is the molar volume of the end-product of C-S-H carbonation, namely silica gel, which also remains uncertain. Kulik proposed two distinct values: 23 cm 3 /mol [19] and then 29 cm 3 /mol [20]. Note that Wu and Ye [21] proposed the range 12-25 cm 3 /mol.

Another point of interest is carbonation shrinkage [22][23][24][25] and the resulting cracking [26][27][28][29] that was shown to depend on the mineralogical composition of the considered material (mainly portlandite and C-S-H) [27]. In some cases (i.e. substituted binders such CEM III, CEM V and low-alkalinity blend) a strong increase of the gas diffusion coefficient is observed in the carbonated zone [30] whereas a decrease is obtained for the corresponding OPC paste.

The link between carbonation shrinkage and mineralogy remains uncertain and requires attention.

It is then the objective of this study to use two model pastes [31], the mineralogical composition of which was designed in order to be able to study separately the influence of carbonation on C-S-H. The changes in mineralogy and microstructure were probed which allowed to study the consequences of carbonation in terms of volume changes and shrinkage. The results also highlight the central role of portlandite.

Materials

The model pastes dedicated to this study were formulated in order to have the chemical, the mineralogical and the microstructural properties associated to high alkalinity and low alkalinity cementitious material (See [31] for more information about their detailed properties and formulation). The paste with the lower C/S ratio was obtained by hydration of C3S in presence of nanosilica in order to consume the nominal portlandite issued from C3S into a pozzolanic reaction with silica. The nanosilica used, the Rheomac AS 150 was provided by BASF as silica colloidal suspension (50 wt% water), with particles' D50 equal to 100 nm. The triclinic C3S was furnished by Mineral Research Processing (Meyzieu, France) with a specific area of 4600 cm²/g. The silica content was adapted to yield the required C/S (1.4; 3.0). To adjust the workability of the lower C/S paste, a superplasticizer (MasterGlenium Sky 537 from BASF) was added to the mix. Detailed compositions of the preparations are given in Table 1. For each composition, two different moulds' sizes were used (∅ = 14 mm H = 90 mm; ∅ = 30 mm H = 120 mm). The samples were kept one month in their moulds, then cured two additional months under water after unmoulding.

Deionized water and calcium oxide were used to prepare C3S pastes' curing solution, for the C-S-H paste curing solution, crushed samples were added to deionized water, with the specific aim of minimizing an eventual leaching for both pastes. The samples of smaller diameter (∅ = 14 mm) were designed for measurement of length variation induced by drying and carbonation.

The characterization of these two model pastes is fully reported in [31]. Their main properties are recalled in Table 2. The C3S paste displayed portlandite and C-S-H contents comparable to those of a fully hydrated paste despite a residual signal of anhydrous tricalcium silicate detected by x-ray diffraction (XRD) [32]. The pure C-S-H paste evidenced a higher porosity and lower saturated density compared to the paste obtained by hydration of C3S. This results from the higher w/b ratio due the requirement during fabrication to maintain a workable paste. The difference in water content resulted in a different microstructure for the two pastes, which will be detailed in the microstructural properties section.

Methods

Accelerated carbonation

Prior to carbonation all the samples were maintained in a desiccator (equipped with fans to avoid humidity gradients) in which the RH was fixed to 55% using a saturated solution of Mg(NO3)2 [33]. At hygral equilibrium (when the mass variation became constant), the specimens were covered with adhesive aluminium foil to ensure unidirectional carbonation. They were then introduced into the carbonation chamber [34] where they were carbonated at 25°C ± 0.2°C, 55% RH ± 1%and 3.0% CO2 ± 0.2%. Carbonation was monitored for nearly one year (326 days and 316 days for the C3S and C-S-H pastes respectively).

Mineralogy

XRD was used to identify the change in mineralogy induced by carbonation. The cylinders were cut orthogonally to the carbonation direction and the diffractograms were acquired on the solid surface [35], using a PANalytical X'Pert TGA was performed using a Netzsch STA 409 PC Luxx apparatus. Analyses were run under a constant N2 flowrate (80 ml/min). The weight losses were recorded from 25°C to 1150°C with a heating rate of 10°C/min [37]. The quantification of portlandite and calcium carbonate amounts was done using the tangential method [38] considering the mass loss (between 420-900°C) associated to 120 mg of powdered sample. 29 Si MAS NMR single-pulse experiment was performed on a Bruker Avance III 500 spectrometer operating at the Larmor frequency resonance of 99.3 MHz. The operation conditions were set to π/2 pulses of 3.5 µs, recycle delays of 20 s, spinning in 7 mm zirconia rotor at 5.5 kHz, and a minimum of 4000 scans for each spectrum.

Tetramethylsilane was used as an external standard (0 ppm) to report the chemical shifts. The 29 Si MAS NMR results

were processed using the free DMfit software package [39]. The spectra were fitted using gausso-lorentzian line shapes with chemical shifts and parameters recalled in supplementary materials section.

Microstructure

Microtomographic projections were acquired on a Bruker SkyScan1173 device equipped with a flat detector (2240 × 2240 pixel) using the following operating conditions: 115-130 kV and 61-69 µA. We obtained 360° scans with a rotational step of 0.3°, exposure time of 1100 ms, a frame averaging from 8 to 10, and images with a pixel size of 16.8 µm. A profile of grey level along the vertical axis was plotted for each slice 2 voxels deep. The carbonation front was obtained by applying a logistic function (E-22) to the sigmoid part of the curve obtained by plotting the grey level with respect to the position (the slices). The carbonation front was delimited as follows. Its beginning was defined as the position associated to 104% of the logistic function lower grey value (A) and its end by the position associated to the 96% of the logistic function highest value (B). In other words, the carbonation front was located between the position values associated to 0.96*B and 1.04*A.

𝐿𝑜𝑔𝑖𝑠𝑡𝑖𝑐 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑢𝑠𝑒𝑑 = 𝐴 + 𝐵 (1 + 𝐶𝑒 (-𝐷+𝐹)² )

E-22

where A: sigmoid lower y-axis value, B: difference between the sigmoid higher y-axis value and its lower y-axis value, C: random factor, D: grey level value associated to the position fitted, F: sigmoid midpoint The carbonation front was mainly followed by X-µCT. To obtain an estimation of the carbonation depth by the usual colour indicator, phenolphthalein samples dedicated to XRD analyses were cut in half along their vertical axis and one half was sprayed with phenolphthalein. The acidification induced by the carbonation led to pH values below 9, at which pH value the colour indicator becomes colourless when it is purple at pH values around 13.

Density and total porosity of the pastes were measured using the buoyancy method and disks (Ø = 30.0 mm H = 8 mm). Prior to the tests, the samples were re-saturated under vacuum and water. The mass loss associated to an oven drying at 80°C and 105°C allowed estimation of the total (accessible) porosity of the samples. Some other samples were crushed in centimetric pieces, immersed in liquid nitrogen then freeze dried during 24h prior to analysis. Four samples were used for each analysis. A Micromeritics Autopore IV device was used at a maximal pressure of 414 MPa (corresponding to pores of 3 nm in diameter).

Gas diffusion

Through diffusion experiment were implemented on three carbonated discs of each paste (Ø = 30.0 mm H = 8 mm).

For this purpose, the samples to be tested were placed between two chambers filled with synthetic air, oxygen (O2) and nitrogen (N2) at ambient temperature and 55% RH. Note that the total pressure in the two chambers was the same (atmospheric pressure, Figure 1). Also note that due to the presence of water vapour, the gas concentration within the two chambers was slightly lower than 100% (about 98.7%) but this was not accounted for in the assessment of the gas diffusion coefficient. 

RH controlled

Cement paste

Three fully carbonated disks (Ø 308 mm) were first saturated in a desiccator under water with a vacuum [40] and then equilibrated at 55% RH and ambient temperature (20°C ± 2°C). They were then sealed into position using epoxy adhesive and O-rings to avoid gas leakage during the diffusion test. The respective diffusion of oxygen and nitrogen through the disks was monitored using gas micro-chromatography and the resulting diffusion coefficients were evaluated using the 2 nd Fick's law [41].

In parallel to the direct measurements, the simple model proposed by Papadakis et al. [42,43] was used to assess the diffusion coefficient of CO2 of the two carbonated pastes. The model of Papadakis creates a link between the carbonation depth xc and the square root of time t:

x c (t) = k√t with k = √ 2D CO 2 c [CO 2 ] [Ca] carbo E-23
where k is the carbonation rate (m/s 0. 

𝐷 𝐶𝑂 2 𝑐 = 𝑘 2 ( [𝐶𝑎] 𝑐𝑎𝑟𝑏𝑜 2[𝐶𝑂 2 ] ) E-24
More details are given in the results section.

Shrinkage measurement

Two of the smaller cylinders (Ø14 mm and H80 mm) were first re-saturated under vacuum and water [40] before they were introduced in a climatic chamber where they were subjected to drying at 25°C and 55% RH (note that the specimens were not protected against the CO2 present in the atmosphere during that phase). After 195 days of drying they were introduced in the accelerated carbonation device where they were subjected to 3% CO2 at 25°C and 55% RH for 70 more days. Length change was monitored throughout the test using LVDT sensors (Solartron Metrology).

Results

Mineralogy

Figure 2 presents some of the diffractograms that were obtained on the two pastes after accelerated carbonation.

For the sake of clarity only three of them were selected in the non-carbonated part of the specimen, in the carbonation front and in the carbonated zone. It is plain to see that the carbonation of the C-S-H paste (C/S = 1.4) led to the dissolution of the C-S-H and precipitation of calcium carbonate: mainly vaterite and to some extent calcite.

This was consistent with the conclusion of šauman [44] and Auroy et al. [45] that stated that the presence of vaterite was indicative of C-S-H carbonation. In the carbonation front (40.8 mm from the surface exposed to CO2), one can clearly see the coexistence of calcium carbonate and C-S-H (broad peak near 29° [46][47][48]). In the carbonated zone (15.0 mm), the signal related to C-S-H has completely disappeared and a very large diffraction band can be observed between 18° and 27° that is characteristic of amorphous silica gel (Figure 3) [49].

The carbonation of the C3S paste was somewhat different: portlandite was never completely dissolved (even in the carbonated zone) and calcite was the main calcium carbonate that was detected. The C-S-H was also not believed to be completely dissolved (even though it most virtually impossible to detect them due to the presence of calcite) because of the absence of the large diffraction band discussed above. 
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Silica gel

Figure 4 presents the mineralogical assemblage obtained using XRD. Note that these results should be apprehended only in a qualitative manner. The C-S-H appeared to be completely and evenly depleted in the carbonated zone of the C-S-H paste whereas portlandite and C-S-H remained in significant amounts in the carbonated zone of the C3S paste. The latter also appeared not to be homogeneous: the first four millimetres were more carbonated than the rest of the carbonated zone in which the amount of calcium carbonate was reduced and the amounts of remaining portlandite and C-S-H increased.

Rietveld refinements were conducted to estimate the relative proportions of the three CaCO3 polymorphs (vaterite, aragonite and calcite) in the carbonated zones of the two pastes. The results confirmed the observations of Figure 2. Vaterite was the main polymorph that was precipitated in the carbonated zone of the C-S-H paste (around 90% in weight). It must be noted though that some calcite (less than 10%) was detected throughout the carbonated zone as well as aragonite close to the surface exposed to CO2. Conversely calcite was, by far, the main polymorph that was precipitated in the carbonated zone of the C3S paste. Aragonite and vaterite were only detected close to the surface exposed to CO2. There is no clear explanation for the absence of vaterite in the depth of the carbonated zone of the C3S paste despite the carbonation of its C-S-H. Nonetheless, discrepancies in Ca-supersaturation [50][51][52] in pH values [53], since formation of calcite is reported at saturation index (SI) higher than vaterite's SI, or the effect of the nucleation surface [54] as disturbance of the solvated surface could decrease the energy growth barrier to the order of thermal energy, those phenomena might explained the observed behaviour. The 29 Si NMR spectra (Figure 6) gave an insight of the influence of carbonation on C-S-H. The silicates environments are specified Q n with 0≤n≤4. n designed the number of silicate connected to a tetrahedral silicate noted Q. Similarly to tobermorite, the C-S-H natural crystalline analogous, C-S-H environments are characterized by n values comprised from 0 to 2. Three main environments are found in C-S-H, which are consistent to the literature [55,56].

The first corresponds to silicate end chain unit, namely Q 1 , with resonance at about -80 ppm. The two others are Q 2 sites which include, Q 2b and Q 2p environment, associated to the bridging tetrahedral silicate with resonance around -83 ppm and the pairing silicates around -85 ppm, respectively. Those environments are the three unit of the tobermorite dreierketten structure [57,58]. Silicate in C-S-H forms chain with variable length, high calcium content in C-S-H leading to a higher proportion of low coordination silicates Q 1 [36] i.e. C-S-Hs with shorter silicates chain.

In the carbonated zone of the C-S-H paste (Figure 6-a), between 0 and 40 mm from the exposed surface, no signal related to C-S-H was detected, rather, large resonances (Q 3 gel and Q 4 gel 100 and 110 ppm respectively) could be observed. This indicated that the C-S-H was completely degraded/dissolved and that silica chains polymerized to form an amorphous silica product (silica gel) [59]. This confirmed the observations made using XRD (Figure 2 and The quantitative mineralogical profiles that were obtained using TGA are presented on Figure 7. The carbonation depth was about 40-45 mm for the C-S-H paste and the carbonation front was quite sharp (Figure 7-a). The CaCO3 content in the carbonated zone appeared to be lower than that of the C-S-H in the non-carbonated part (Table 2) by about 10% in average (see remaining Ca in Figure 7). This did not mean that some C-S-H remained in the carbonated zone as its absence was unambiguously proven by NMR (Figure 6). Rather, this could to be due to some discrepancy in the TGA quantification or could indicate that some Ca remained in the silica gel instead of precipitating CaCO3. In this latter case, the C/S ratio of the silica gel would not exceed 0.14.

Things were not so clear for the C3S paste: the carbonation front was not well defined and the carbonation depth was twice lower than that of the C-S-H paste, about 17-22 mm. As already shown by XRD (Figure 2 and Figure 4)

portlandite remained in the carbonated zone, and the residual content was estimated to 25% (wt%). As for the C-S-H paste, the CaCO3 content was lower than the initial content of C-S-H: the difference between the two of them was used to evaluate the amount of residual C-S-H in the carbonated zone to about 60% (wt%, Figure 7-b). This result is important because it allows estimating the amount of Ca that was involved in the carbonation reaction. For the C3S paste, it was less than the total Ca content: it corresponded to 75% of CH and 40% of the C-S-H whereas it 
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gel corresponded to all the C-S-H for the C-S-H paste (Table 3). Despite a strong difference in their initial Ca content, the carbonation of the two pastes appeared to have yielded similar amounts of CaCO3 (9.3 versus 9.8 mol.l -1 ). 

Microstructure/cracking

Carbonation led to a decrease in total porosity and an increase in density (Table 4) as commonly observed [42,[64][65][66][67][68]. It is noteworthy that the change in dry density induced by carbonation (i.e. induced by the fixation of CO2) was quite similar for the two pastes. This is for sure consistent with the fact that the amounts of carbonated Ca was similar for the two pastes (9.8 and 9.3 mol/L of paste for the C-S-H and C3S pastes respectively, see Table 3). The fact that the porosity reduction was twice higher for the C-S-H paste was surprising. This was explained simply by considering the phases that were present in the carbonated pastes and the corresponding volumes (see. Subsection Volume Change). The pore size distribution was also significantly modified by carbonation (Figure 8). In both cases, the bimodal distribution was shifted to an almost unimodal distribution located near 10 nm [27,45], the intensity of which seemed to depend on the degree of carbonation (close to 100% for the C-S-H paste and limited for the C3S paste).

In the carbonated C-S-H paste, the amount of the C-S-H pores (3 nm in diameter) was almost nil. This was consistent with the NMR results that showed that the C-S-H was depleted after carbonation. This was not the case for the carbonated C3S paste for which 60% of the C-S-H remained after carbonation. Another point of interest was the change in critical pore diameter [69][70]: the pore structure was coarsened for the C-S-H paste (the critical pore diameter was shifted from 20 nm to 150 nm by carbonation) whereas the pores were clogged for the C3S paste (the critical pore diameter was reduced from 35 nm to 20 nm by carbonation). Carbonation was then expected to increase the transport properties (and then gas diffusion) of the C-S-H paste and to reduce those of the C3S paste.

Note that this divergent behaviour has already been observed for OPC and substituted binders [26] [27] [30]. The examination of the C3S paste showed two main zones (Figure 12). The first (I, the first five millimetres from the surface) appeared in light grey (denser than the rest) and was then expected to be the most carbonated part of 

I II IV III

the cyclinder. This corresponded quite well with the mineralogical results that showed that the CaCO3 content was maximal. The grey level of the second zone (II, from 5 to 20 mm) was lower than that of zone I indicating that it was less carbonated. This was verified by the mineralogical results that showed that C-S-H remained in significant amount. The last zone (III) corresponded to the non-carbonated part (darker grey). The carbonation front appeared to be tortuous due to the presence of cracks that locally provides pathways for CO2 and increased the carbonation depth close to the cracks.

Figure 12: View of the three zones that were observed using X-µCT in the C3S paste after carbonation (326 days). The presence of some cracks was underlined using white dashed lines.

Carbonation rate/gas diffusion

Figure 13 shows the progress of carbonation depth with the square root of time. All the techniques used (X-µCT, phenolphthalein and XRD) were in good agreement. As expected, the carbonation rate of the C-S-H paste was higher than that of the C3S paste (2.1 mm/d 0.5 versus 1.1 mm/d 0.5 ). Here the reduced quantity of calcium in the C-S-H paste may have played a role in increasing the carbonation rate [71][72][73][74][75]. The results of the gas diffusion tests also gave valuable information. The value of the diffusion coefficient of the carbonated C3S paste was 2.710 -8 m 2 /s. This value is in good agreement with the results usually observed in carbonated OPC pastes [30,65]. Because it was severely cracked (Figure 9), it was impossible to measure the gas diffusion coefficient of the C-S-H paste. Instead, the gas diffusion coefficient was assessed using Papadakis' model (Eq. E-3). In doing so, the experimental carbonation rate k was used as input data. Firstly and for validation purpose, the model of Papadakis was also used to evaluate the diffusion coefficient of the carbonated C3S paste. In so doing, the quantity of carbonatable calcium ([Ca] carbo ) was estimated using the TGA results (Figure 7):

[Ca] carbo = 75% of [CH] + 1.7 × 40% of [C -S -H] = 9.3 mol/L of paste E-25
The diffusion coefficient of the carbonated C3S paste was evaluated to 5.210 -8 m 2 /s. This was twice the measured value (2.710 -8 m 2 /s) but the order of magnitude of the diffusion coefficient estimated by Papadakis' model was correct. For the C-S-H paste, all the C-S-H was assumed to be available for carbonation, this was supported by the NMR results (Figure 6). Consequently, E-24 simply became:

𝐷 𝐶𝑂 2 𝑐 = ( [𝐶𝑎] 𝑐𝑎𝑟𝑏𝑜 2[𝐶𝑂 2 ] ) 𝑘 2 = 1.4𝑘 2 [𝐶 -𝑆 -𝐻] [𝐶𝑂 2 ] E-26
where [𝐶𝑎] 𝑐𝑎𝑟𝑏𝑜 = 1.4 × [𝐶 -𝑆 -𝐻] = 9.8 mol/L of paste

[CO 2 ] = 1.2510 -3 mol/L (3% CO2).
The value of the diffusion coefficient of CO2 in the carbonated C-S-H paste (C/S = 1.4) was evaluated to be 20.010 - 8 m 2 /s; one order of magnitude greater than the value measured in the carbonated C3S paste. This strong difference was explained by two concomitant phenomena: (1) the critical pore diameter of the carbonated C-S-H paste is higher than that of the carbonated C3S paste (150 nm versus 20 nm, see Figure 8) and (2) the significant cracking induced by carbonation in the C-S-H paste (Figure 9). Because the amount of pores/voids of entry diameter of 150 nm remained limited in the carbonated C-S-H paste, cracking was believed to be the major cause for the high gas diffusion coefficient in line with the conclusions of Dutzer et al. [30]. Moreover, it must be noted that despite a strong difference in calcium quantity in the two pastes (Table 2), the amount of Ca that was effectively carbonated was more or less the same for the two pastes (9.8 and 9.3 mol/L of paste for the C-S-H and C3S pastes respectively). The difference in Ca-buffer (alkaline reserve) between the two pastes then should not play any role; gas diffusion in the carbonated layer and the cracks induced by carbonation were then believed to be the main reason for the difference in carbonation rates between the two pastes. This was, once again, consistent with the conclusions of Dutzer et al. [30]. In line with the conclusions of Auroy et al. [27], these results highlight the competition between the reduction in total porosity induced by CaCO3 precipitation (leading to a reduction in transport properties) and cracking induced by carbonation shrinkage (leading to an increase in transport properties).

Volume change / link between mineralogy and microstructure?

All the above-mentioned results were used to evaluate the change in volume and in weight induced by carbonation.

The C/S = 1.4 paste was examined first because it was the simpler system. The non-carbonated paste was considered to be a porous medium made of C-S-H only (with C/S = 1.4, cf. Figure 14). The C-S-H carbonation reaction was assumed to be the following:

C 1.4 -S -H 1.4 + 1.4C → 1.4CC(Vaterite) + S -H t + (1.4 -t)H E-27
As observed using XRD, the CaCO3 resulting from the carbonation of the C-S-H was assumed to be vaterite (Figure 5). Without further information, the H/S ratio of the C-S-H was assumed to be 1.4 so that the C-S-H specific gravity was close to 2.604 [15] and the end product of the decalcification of the C-S-H was assumed to be an hydrated silicagel (S-H, Figure 6). If we first consider the non-carbonated C-S-H paste (C/S = 1.4), it is easy to calculate the molar volume of the C-S-H

(please note that we used here the porosity obtained by drying at 80°C):

𝑉 𝑚 (𝐶 -𝑆 -𝐻) = 1-∅ 𝑛𝑐 [𝐶-𝑆-𝐻] = 1-0.35 7 ≈ 69 cm 3 /mol E-28
The obtained value is close to that measured by Allen et al. [14] (72 cm 3 /mol) and further used by Jennings [15] The case of the C3S paste (C/S = 3.0) was more complicated than the C-S-H paste (C/S = 1.4) because the noncarbonated paste included portlandite (CH) in addition to C-S-H (Figure 15). Moreover, carbonation was is expected to lie between 19 and 36 cm 3 /mol. This means that the carbonation of high C/S C-S-H (between 1.4 and It could thus be concluded that the change in porosity is mostly due to C-S-H, even though the proportion of CH that was carbonated is greater than that of C-S-H. This is consistent with the conclusions of other studies [68,77,79].

Carbonation shrinkage

Figure 16 presents the length variation of the cylinders (Ø14 mm) that were submitted to drying and then accelerated carbonation. The drying shrinkage of the C3S paste quickly reached a stable value (0.3% = 3 mm/m) that is consistent with the results of Mindess et al. [80] whereas the C-S-H paste kept shrinking and was not stabilized even at 195 days. This could be due to (1) the refined pore structure of the C-S-H paste (Figure 8) that induced very low water transport properties and (2) to the atmospheric carbonation (0.04% CO2) of the C-S-H paste during drying that could have induced some carbonation shrinkage during the preliminary drying phase. After 195 days of drying, the specimens were submitted to 3% CO2 that immediately generated additional shrinkage.

Assuming that there was interaction between drying and carbonation and that drying was terminated at 195 days, carbonation shrinkage was simply estimated by subtracting the contribution of drying: 𝜀 𝑐 = 𝜀 𝑡𝑜𝑡 -𝜀 𝑑 . The shrinkage of the C-S-H paste appeared to be much higher than that of the C3S paste (Table 10). This strongly suggests that, carbonation shrinkage is due to the C-S-H as it was already proposed by Sereda et al.

[23] [24]. More specifically, carbonation shrinkage is due to the decalcification of the C-S-H and the subsequent polymerization of silica chains. The measured values from Table 10 were then compared to the results obtained by Chen et al. [76] who measured the shrinkage generated by NH4NO3 decalcification of a C3S paste. It is obvious that the carbonation shrinkage values measured here are consistent with those obtained by decalcification by Chen et al. [76]. The following 2 nd order polynomial was proposed to fit the data:

𝜀 𝑐 = 0.264∆ 2 (𝐶 𝑆 ⁄ ) + 0.513∆(𝐶 𝑆 ⁄ ) E-38
This simple approach allows estimating the shrinkage generated by the decalcification of high C/S C-S-H (between 1.4 and 1.7). Please note that this function is not expected to be valid for lower C/S values. More results would be more than welcome to verify this. remaining C-S-H was detected in the carbonated zone). Consequently, the total porosity was strongly reduced by the precipitation of CaCO3 but the decalcification of C-S-H and the polymerization of silica chains generated shrinkage and then significant cracking. Porosity reduction and cracking have adverse effects on transport: porosity reduction is expected to decrease the transport properties whereas cracking is expected to increase them. In the case of the C-S-H paste, cracking prevailed over porosity reduction and the CO2 diffusion coefficient of the carbonated paste was high which led to high carbonation rate.

Conversely, the carbonation of the C3S paste (including C-S-H and portlandite) was different. Portlandite was dissolved to maintain the Ca 2+ in the poral solution but the dissolution was not complete and remaining portlandite was detected in the carbonated zone. This was already observed and is generally attributed to the formation of CaCO3 layers that hinders the dissolution of portlandite. Therefore, Ca was taken from the C-S-H to maintain equilibrium but C-S-H decalcification only remained partial oppositely to the C-S-H paste. Due to the precipitation of CaCO3 the total porosity was reduced after carbonation but less than the C-S-H paste (because C-S-H is the main contributor to porosity reduction) and only few cracks were observed. As a consequence, porosity reduction prevailed over cracking and the CO2 diffusion coefficient of the carbonated C3S paste was low which led to low carbonation rate. The reader must keep in mind that despite a strong difference in their initial Ca content, the carbonation of the two pastes appeared to yield similar amounts of CaCO3. So the difference in carbonation rate was expected to be mainly due to the difference in CO2 diffusion coefficient.

These results clearly showed the protective effect of portlandite: when present portlandite dissolves to maintain the Ca 2+ concentration in the poral solution, prevents the decalcification of C-S-H and thus limits the shrinkage and cracking induced by the polymerization of silica chains. This was already discussed in [12].

Another point that deserves the reader's attention is cracking. Cracking has been known as an intrinsic consequence of carbonation [45]. Cracking is a prominent phenomenon for carbonation because it improves gas diffusion in the carbonated zone and then increases the carbonation rate. So the presence of portlandite is beneficial for the resistance to carbonation, not only because of the associated alkaline reserve but especially because it limits the decalcification of C-S-H and then cracking. Cracking not only strongly influences the carbonation rate of cementbased materials, cracking also modifies the consequences of carbonation at a lower scale:

 the presence of cracks through the carbonated zone provides pathways for CO2 that can increase the carbonation depth at the vicinity of the cracks (cf. Figure 12) and make the carbonation front tortuous at the centimetre scale;

 the presence of finely distributed cracks induced by the decalcification of C-S-H can also generate heterogeneities in the decalcification/carbonation level (cf. Figure 11) at the millimetre scale.

Conclusion

The use of two model pastes (C3S paste and C-S-H paste with C/S = 1.4) made it possible to investigate the mechanisms of atmospheric carbonation. The consequences of carbonation were somewhat contrasted depending on the presence/absence of portlandite. Portlandite acts as a Ca-buffer that helps protecting the C-S-H from decalcification when exposed to CO2. In the absence of portlandite, the C-S-H are rapidly and completely decalcified and the resulting silica chains polymerize to form silica gel. This process generates shrinkage (as for Ca-leaching) and then cracking. Carbonation then generates two adverse effects: (1) the precipitation of CaCO3 leads to porosity reduction and then decreases the CO2 diffusion coefficient in the carbonated zone and (2) cracking provides pathway and then increases the CO2 diffusion coefficient. The role of portlandite is then of tantamount importance for carbonation.

The results of this study also made it possible to evaluate the volume changes induced by carbonation. The molar volume of C-S-H and silica gel (the end-product of C-S-H decalcification) were estimated, which allowed to calculate the volume change induced by the decalcification and the carbonation of C-S-H. The results showed that the decalcification of C-S-H generates an increase in porosity that is more than compensated by the precipitation of CaCO3. The carbonation of C-S-H then generates a decrease in total porosity. Consequently, C-S-H contributes much more to porosity reduction than portlandite.

Besides, the comparison of carbonation shrinkage measurements with the NH4NO3 leaching results of Chen et al.

[76] confirmed that carbonation shrinkage was associated to the decalcification of C-S-H. A simple polynomial relation was proposed to estimate the shrinkage using the change in C/S ratio of the C-S-H.

Appendices

Appendix A: NMR deconvolution parameters and results. G: Gaussian L: Lorentzian Q 0 was not deconvoluted since its intensity could not confidently be distinguished from the noise. 

Carbonation of an industrial LAC

Along with the model pastes, one of the binary formulations retained in the DOPAS FSS project (CEM I 50%+SF 50%) (section 1.1 and Table 6) was also fabricated. Several aims were followed namely, a better understanding of the carbonation mechanism based on the knowledge gained on model materials properties (chapter 1 in section 0), and the highlight of key durability parameters such as the calcium and aluminium content and the nature of the carbonated microstructure (chapter 2: section 0, chapter 3: section 0 ). Since this industrial material is retained in the framework of the French disposal, extensive durability understanding is required. The results detailed in the following correspond to one carbonation term (50 days) at 25°C, RH 55% and PCO2: 3%, as the experiment is still ongoing.

The typical diffractograms of the main regions of the carbonated LAC are displayed in partly controls aspects such as the materials' water content, the carbonates nucleation pathways, and also the presence of foreign ions (from the cement) are believed to be responsible to the difference in polymorphic orientation observed between the LAC and the C-A-S-H powders. A system with high pH and pore solution saturated with vaterite favour the formation of calcite [1], this was one the explanation proposed for the abundant calcite formation in C3S paste. Moreover, the paste's water saturation is highly influenced by the nature of the The 29 Si MAS NMR profiles of the carbonated paste is showed in Figure 22, the environment evidenced in the fully carbonated zone (0-14.6 mm) are associated to silica gel (Q 3 and Q 4 environment), the same observation was made for the model C-S-H paste (chapter 2, figure 6). The presence of highly polymerized environment in the uncarbonated part of the material is consistent with both XRD and TGA analyses which showed residual content of carbonate further than the carbonation front. These carbonates could be partly explained by the amount of limestone (3% limestone and 97% clinker), a discrepancy in the distinction between C-S-H and carbonates polymorphs in XRD estimation and slight carbonation during materials preparation. Nonetheless, a broad carbonation front was observed which correlated the high proportion of silica gel environment detected between 18.6-24.4 mm compared to the pristine material. Silica gel/unreacted silica environment is also detected in the pristine material. Since the industrial LAC contains 50 wt% of added silica, it is usual to observe silica gel/unreacted silica environment in LAC after years due to incomplete reactivity. 11. One should keep in mind that the aluminium environments are not extracted, the spectra were poorly resolved and the pastes evidenced a small Al content 0.04 ± 0.03. 
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The details of the decomposition are given in Table 12. The industrial LAC carbonation depth at 50 days is reported in Figure 24. Despite the fact that only one carbonation term is reported because of ongoing experiment, similar carbonation kinetics were evidenced by the model C-S-H paste C/S = 1.4 and the industrial LAC. The latter demonstrated lower chemical buffering capability 40% less than the model C-S-H paste but at the same time appeared less cracked than the C-S-H paste (Figure 23). One effect compensating the other, this might explain the similar carbonation rate. This appears to be another example of the interplay between the material chemistry and its transport property. The estimation of the linear shrinkage of both the model pastes and the industrial LAC are detailed thereafter in (Figure 25), both the drying and the carbonation shrinkage were measured. A higher carbonation shrinkage is observed in the model pastes with C/S lower than 3.0 especially at C/S = 1.40 and 0.95 (Table 13). Despite the lack of extensive carbonation data for the model pastes with C/S < 1.40, we can nevertheless associate the higher carbonation shrinkage to the heavy cracking evidenced in model pastes at C/S = 1.40 and 0.95 (Figure 27). Cracks were present in the C3S paste and in the industrial LAC but at a significantly lower extent. The content on distinct partially reacted phase such as silica fume is thought to mitigate the extent of carbonation shrinkage, which might explain the similar extent of carbonation shrinkage in the C3S paste and the industrial LAC despite the higher extent of crack in the latter.

An attempt to discriminate the contributions of the carbonation shrinkage is shown in Figure 26, among the model paste of lower C/S ratio 0.95, 0.87, 0.80 it is obvious that the main contribution of the shrinkage is attributable to the C-S-H carbonated. Nonetheless the pastes tend to incorporate increasing amount of un reacted silica when decreasing the C/S ratio. This amount of unreacted silica corroborates the lesser carbonation shrinkage observed when decreasing the pastes C/S ratio 0.95, 0.87, 0.80. The approach implemented was proven successful as the recourse to model materials allowed to segregate distinct carbonation's consequences, highlighting elemental contribution to the carbonation both at molecular and macroscopic scale. A new contribution to the carbonation mechanism was unveiled by estimation such as solid volume variation after carbonation and the influence of the joint impact of Ca and Al in the carbonation kinetics.

The data gained in term of polymorphism, pore network evolution, solid volume variation, estimated hydrates and carbonation products volume, as well as the evolution of hydrates degradation are adequate both to enrich database and strengthen carbonation modelling, which was part of this work since the modelling of model materials' carbonation is the focus of a submitted publication, nonetheless further comprehension are still required.

The cracks observed in the paste at the low C/S ratio need additional study to be accurately explained. Despite the correlation between the polymerized silicates chain and the shrinkage observed, strong evidences are needed to detail the underlying mechanisms relating the silicates' polymerization, the shrinkage and the crack patterns. An experimental approach including the use of µCT and 14 C-PMMA impregnation (autoradiography technique) and NMR might help to follow hydrate degradation and crack initiation and porosity evolution. A modelling approach is required to couple the evolution of local mechanical properties during atmospheric carbonation with the overall material property; this requires to take into account the microstructure, the chemistry the transport and local mechanical properties, which might also help understand mechanisms at the pore scale, since the microstructure seems to control mechanisms such as polymorphic orientation. Besides, an extended mechanical investigation (compressive strength, creep) on the pristine and the carbonated pastes are required to fully characterize the pastes developed.

A further step necessitates the formulation of a quaternary system pastes (CaO-SiO2-H2O-Al2O3), which might be obtained by the addition of Al suspension from dissolved C3A into the fresh mix. This will allow the consideration of Al chemistry therefore a better representativity toward industrial material. An influence of the microstructure would be highlighted when confronting the results obtained on pastes (with/ without Al) and powders (C-A-S-Hs).

Comparison between shrinkage in quaternary and ternary systems would also help to investigate Al contribution to linear shrinkage.

An improved understanding of the role (and the nature) of TAH and pentahedral Al species might require 29 Si enriched materials and 29 Si- 27 Al correlation to ease probing silicon and Al environment by NMR. Absorption spectrometry such as extended X-ray absorption fine structure (EXAFS) and XANES which are not limited by the nanocrystalline nature of the binder would inform on the atomic environment of elements and the local order.

µCT, diffusion de gaz, mesure de retrait). Ces matériaux permettent la prise en compte de la contribution de la diffusion dans la carbonatation puisque ces derniers possèdent une microstructure (contrairement aux poudres, objets du chapitre 2). Cette troisième partie apporte des réponses sur des volets tels que la contribution du pouvoir tampon du matériau lors 
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Figure 6 :

 6 Figure 6: Equilibrium pH with respect to the silica content of a cement paste. (modified from[1]).

H 2 OFigure 7 :

 27 Figure 7: Molar fraction of H2CO3, HCO3 -and CO3 2-according to the pH in water at 20°C at equilibrium, from[24]. Carbonates species' formation constant are extracted from[21,25].

Figure 8 :

 8 Figure 8: Scheme of the multi-technique approach. The different types of materials and the dedicated techniques are highlighted.

Figure 9 :

 9 Figure 9: Fabricated pastes C/S = 3: shrinkage samples (∅ = 14 mm H= 90 mm) and remaining samples (∅ = 30 mm H= 120 mm) cut to generate samples of different lengths for different carbonation terms.

Figure 10 :

 10 Figure 10: Pastes covered with adhesive aluminium foil after conditioning and prior to carbonation.

Figure 11 displays

 11 Figure 11 displays the pore size distribution for two uncarbonated pastes the LAC and the model C-S-H paste C/S = 1.4). Despite a similar total porosity obtained by water gravimetry and oven drying for both pastes (52% at 80°C and 56% at 105°C for C/S = 1.4), the industrial LAC demonstrated a broad distribution including a refined porosity with a critical pore entry diameter around 4 nm against 20 nm for the C-S-H paste. The industrial LAC's and the C-S-H pastes' pore entry diameter threshold is nonetheless observed at similar values, around 30 nm.

Figure 11 :

 11 Figure 11: Comparison between the pore size distribution obtained by mercury intrusion porosimetry for the uncarbonated CEM I + SF (silica fume) and the model C-S-H paste C/S = 1.4 (3 samples were analysed for each formulation)

Figure 12 :

 12 Figure 12: Example of a logistic function fit for the grey level transition area of C/S=1.4 carbonated sample.

  Thermogravimetric analysis is run on a Netzsch STA 409 PC Luxx apparatus for the quantification of the different hydrated phases present in the cementitious materials. The calcium carbonates formed by the carbonation as well could be identified and quantified. The domains associated to the different losses are thereafter specified, one can see the overlapping of several domains [78]: -110-130°C: degradation of the C-S-H and the Aft, the water loss associated to the C-S-H is extended until 550°C -170-190°C: AFm degradation -230-240°C: decomposition of the gypsum -300-450°C: katoite dehydroxylation -350-450°C: brucite decomposition -400-600°C: portlandite dehydroxylation -575-579°C: transformation of α-quartz into β-quartz -600-900°C: decarbonation -780-800°C: decomposition of the magnesian part of the dolomite -800-1200°C: transformation of the C-S-H into α and β wollastonite

Figure 13 :

 13 Figure 13: Experimental set up in climatic chamber for shrinkage measurement.

Furthermore, the

  low C/S ratio resulted in longer dreierketten chains in the C-S-H of the LAC cement paste. The porosity of the LAC paste presented a more refined pore structures with a closure of the porosity in the 10 to 100 nm range due to pore filling by precipitation of pozzolanic C-S-H.Mineralogy of the model synthetic pastesX-ray diffractograms of the model pastes with C/S ratios from 0.80 to 3.00 are shown in Figure1. The paste with a C/S ratio of 3.00 corresponds to the sample prepared without silica and, logically, its diffractogram corresponded to what was expected from the hydration of pure C3S, i.e. it mainly showed diffraction peaks of the portlandite and C-S-H patterns[60][61][62][63]. Only traces of reflections corresponding to remaining C3S were detected, indicating that hydration was almost complete[18]. Pastes with C/S ratios of 1.40 mainly displayed C-S-H signals and traces of portlandite and unreacted C3S. Finally, for C/S ratios lower than 1.40, the diffractograms only exhibited the C-S-H diffraction pattern.

Figure 1 :

 1 Figure 1: XRD patterns of the synthetic pastes. As the C/S ratio decreases, Portlandite reflections progressively disappeared from the diffractogram. While still barely visible at C/S 1.4, they were absent for synthetic pastes of lower C/S ratios. C-S-H indexing was based on [64-66], ICDD files CH: 44-1481, C3S: 31-0301

Figure 2 :

 2 Figure 2: DTA-DTG of the model pastes. Besides losses due the removal of water within C-S-H, the typical thermal loss of portlandite was massively observed in the C3S paste. In contrast, only a residual portlandite content was evidenced in the C/S = 1.40 paste, and it totally disappeared at lower C/S ratios.

Figure 3 :

 3 Figure 3: 29 Si MAS-NMR spectra of the series of model synthetic pastes with varying C/S ratios and of the reference pastes. Synthetic pastes of higher C/S ratio had lower proportion of Q 2 (middle chain) to Q 1 (end chain) silicate coordination evidencing the expected decrease in dreierketten chain length with increasing C/S ratios. The spectra of the end members of the synthetic series where very similar to the ones of the reference pastes. The reference CEM I and LAC pastes showed Q 0 and Q 3 / Q 4 resonances due to unreacted calcium silicates and to unreacted silica fume or amorphous silica gel products respectively. -130 -120 -110 -100 -90 -80 -70 -60 δ (ppm) 29 Si

Figure 4 Figure 4 :

 44 Figure4shows the chemical analysis (SEM) results obtained for the model synthetic paste with the lowest (0.80) C/S ratio. A typical electron density contrast image given by BSE mapping is shown in Figure4(a) and the subsequent mapping of the C/S ratio distribution obtained using EDS on a 400×550 µm 2 (21×29 points) subzone is displayed in Figure4 (b). These results revealed an almost homogeneous distribution of the C/S ratio at the scale of EDS sampling (20x20 µm 2 surface with an analysis depth of ~1-10 µm) with a limited standard deviation (coefficient of variation CV = 5%).

Figure 5 and

 5 Figure 5 and Figure 6: show the C/S ratio occurrence in each model synthetic pastes. All the samples presented average C/S ratios that were very close to the targets except the C3S paste results that were scattered over a wider range probably due to the expected precipitation of portlandite crystals. In contrast, the other samples were

Figure 5 :Figure 6 :

 56 Figure 5: Distribution of the CaO/SiO2 ratio obtained using SEM-EDS for the C3S paste

  For the purpose of comparison, the values are plotted together with literature data and with the model proposed by Haas & Nonat [72]. The pH of the synthetic pastes poral solution (measurement made at 20 ± 2°C, with temperature compensation) demonstrated a decrease while the target C/S ratios were lowered. Our data falls within the variance shown by literature data and confirmed that the model synthetic pastes also successfully reproduced the low alkalinity character of LAC pastes.

Figure 7 :

 7 Figure 7: pH of the poral solutions of the synthetic pastes measured using the ex-situ leaching method, redrawn from [12,73-83] along with the model proposed by Haas & Nonat [72]. The pH of the pore water

Figure 8 : 80 Figure 9 :

 8809 Figure 8: PSD from mercury intrusion porosimetry for reference (right) and synthetic pastes (left).The PSD of the high C/S ratio synthetic pastes conformed to the one of an OPC (CEM I) paste, and the one for the lower C/S ratios to the one of the LAC (CEMI+SF+FA) reference paste.

Figure 10 :

 10 Figure 10: C-S-H mean chain length of the synthetic pastes (from 29 Si MAS NMR) along with literature data [12,40,74,75,88,90-93]. The MCL obtained for our model pastes correlated well with the MCL of the cementitious materials reported in the literature

Figure 11 :

 11 Figure 11: Comparison of the bulk C/S ratios (excluding the silicon in the amorphous non C-S-H part of the sample, unreacted products or silica gels, estimated by 29 Si NMR) with the results of SEM-EDS and with the ones expected from modelling pH measurements (Haas and Nonat model) and NMR ones (Richardson model).

Figure S1 :

 S1 Figure S1: Examples of decompositions of the 29 Si NMR spectra.

Appendix C: diffractograms of the reference systemFigure S2 :

 S2 Figure S2: Diffractograms of the reference pastes. For the OPC (CEM I) paste, besides aluminates, C-S-H and portlandite signals were observed. No portlandite reflections were present in the LAC (CEM I + SF + FA) paste. Besides the C-S-H signal, an intense diffuse background located between 20-28 °(2θ) typical of unreacted silica and small reflections of quartz occurred. ICDD CH: 44-1481, AFt:41-1451, mullite: 15-0776, C4AF: 30-0226, an:31-0301/31-0302 (C3S/C2S)

1. 2 Introduction

 2 Al MQMAS NMR revealed a distorted aluminium tetrahedral site in the C-A-S-Hs at low C/S (0.80) and two tetrahedral environments at high C/S (0.95,1.20, 1.40). These results suggest the incorporation of Al in bridging and pairing positions, at high C/S. Furthermore, in this C/S range, the structure of the pristine C-A-S-Hs was observed to evolve substantially upon aging. This change involved the mobilization of part of the TAH and of the pentahedral aluminium into C-A-S-Hs' tetrahedral environment. It occurred during the 6 months following the synthesis. The synthetic C-(A-)S-Hs were submitted to accelerated carbonation which was showed to be representative of the natural carbonation by the nature of the products generated, especially by the calcium carbonates polymorphic distribution (vaterite + aragonite). MAS NMR showed that the carbonation of all the studied C-(A-)S-H yielded identical hydrated aluminosilicate gel, independently of the C/S ratios and the Al content: a novel tetrahedral aluminium environment is formed embedded in a polymerized network comprising mainly Q 3 and Q 4 silicate units. The presence of TAH and pentahedral aluminium is observed to induce a slower carbonation kinetics which supports the assumption that TAH and pentahedral Al species are in vicinity of C-A-S-H phases and limit therefore the CO2 diffusion by their presence both at the surface and within the C-A-S-Hs' interlayer.Calcium Silicate Hydrates (C-S-H) is the main binding phase of Ordinary Portland Cement (OPC), by large the most manufactured inorganic material in the world today. As the crystal chemistry of C-S-H largely dictates the mechanical properties of the bulk material, an accurate understanding of the C-S-H's molecular properties is of great importance for the prediction of concrete structure's design and concrete durability assessment. Consequently, the C-S-H phase has been the focus of several structural studies for almost70 years. Bernal et al. in 1952 proposed a C-S-H with an infinite silicates chain as found in tobermorite, a natural crystalline calcium silicate hydrate. Numerous models also based on naturally occurring minerals' structure have been proposed. For instance, Taylor's model relied on jennite and 14 Å tobermorite structures and Richardson & Groves model's [1] was based on portlandite and jennite. An improved version of the latter, advanced by Richardson in 2008 [2], took into consideration the variable degree of silicates polymerization. Those models have been essential for understanding the structure and the reactivity of the C-S-Hs.

Figure 1 :Figure 2 :

 12 Figure 1: DTA of the C-S-Hs and C-A-S-Hs of Al/Si ratios of 0.05 and 0.1 Loss associated to C(-A)-S-H between 0-725°C, and wollastonite between 725-850°C.

  Si MAS NMR spectra resonances of new Al environments were hardly distinguished, especially at low Al/Si.A general increase of mean chains length (MCL) and degree of the polymerization degree was suggested by both the moderate growth of intensity related to Q 3 environment (the tail around -90 ppm) at low C/S ratios (0.80, 0.95) and the substantial increase of the intensity of Q 2 silicates. Both the broadening of the resonances and the increase of connectivity relates coherently with the effective and homogenous (no clusterization) insertion of Al in C-S-Hs. The broadening observed at high Al content and high C/S ratios brought out resonance around -76 ppm which could be explained by the presence of Al in non-bridging position generating thus Q 1 (1Al) units[51].

  higher silicate MCL, allowing thus in the dreierketten pattern, a higher rate of bridging silicates' substitution by aluminates tetrahedra (Figure4).

Figure 4 :

 4 Figure 4: C-S-H (left) and formation of C-A-S-H (right) by Al insertion in bridging silicates sites.The different silicates sites are highlighted, scheme adapted from[60] 

Figure 5 :

 5 Figure 5: Al 3Q-MAS NMR spectra of (a) CA0.8-0.05 and (b) CA0.8-0.10. The contour lines (blue) are drawn from 10% to 100% of the maximum heights. The dotted lines represent the direction of broadening induced by an isotropic chemical shift (CS) and second-order quadrupolar induced shift (QIS) distribution.

Figure 6 : 1 . 4 . 2 . 2 . 1 . 2 Figure 7 :

 61422127 Figure 6: CA0.8-0.05 and CA0.8-0.10 simulated and experimental MQMAS NMR spectra (left panel) and distribution of δiso plotted against CQ (right panel) are shown on figure (a) and (b), respectively.

Figure 8 1

 81 Figure 8: CA1.4-0.1 distribution of δiso plotted against CQ 1.5 Evolution of the C-A-S-H 1.5.1 Aging of the pristine product in absence of CO2

Figure 9 : 1 1. 5 . 2 1 . 5 . 2 . 1

 91521521 Figure 9: 27 Al MAS NMR spectra from 2 months after synthesis to 6 months after synthesis for (a) CA1.2-0.05/0.1 (b) CA1.4-0.05/0.1

Figure 10 :

 10 Figure 10: X-ray diffractograms of C-S-Hs at C/S: 0.80 and 1.40. The pristine uncarbonated states are showed together with natural (after 17 days at PCO2: 0.04%) and accelerated (after 18 days at PCO2: 3%) carbonation products. The same polymorphs were yielded by the two types of carbonation.Regardless of the C/S ratios, carbonation was total after 18 days of accelerated carbonationOnly characteristic C-S-H's signal was observed from the pristine C-A-S-Hs, this highlighted a solid solution between C-S-H and C-A-S-H (at least at low Al/Si) and the absence of detectable crystalline impurities in the syntheses. The carbonated C-A-S-Hs demonstrated the same polymorphic orientation as the C-S-Hs during natural and accelerated carbonation (essentially vaterite, and aragonite as a minor phase). The main difference appeared in the kinetics of carbonation. After 34 days of accelerated carbonation, the ultimate carbonation state was not reached for the higher C/S samples, as indicated by the C-A-S-H's peak around 29.1°(2θ) and the presence of a reflection at low angle (7.4°(2θ)) characteristic of the basal distance. The C-A-S-Hs of higher C/S ratios (1.4, 1.2) and higher aluminium content (Al/Si = 0.1) presented the slower carbonation kinetic.

Figure 11 :

 11 Figure 11: x-ray diffractograms of C-A-S-Hs (Al/Si = 0.1) at C/S of 0.80 and 1.40. The pristine uncarbonated states are showed together with natural (38 days at PCO2: 0.04%) and accelerated (34 days at PCO2: 3%) carbonation products. The same polymorphs are observed compared to C-S-Hs' carbonation (see Figure 10) but a slower carbonation kinetics is evidenced at high C/S ratio in presence of Al.

Figure 12 :

 12 Figure 12: Intensities of observed phases at different carbonation terms for CA0.8-0.05 and CA1.4-0.05.

Figure 13 :

 13 Figure 13: DTG of the carbonated C-A-S-Hs Al/Si=0.05, partial carbonation for CA1.40-0.05 is evidenced by reduced loss centered at 625°C.

Figure 14 :

 14 Figure 14: 29 Si MAS NMR spectra of non-carbonated (continued lines) and carbonated (dotted lines) (a) C-S-Hs at C/S ratios of 0.80 and 1.40 (b) C-A-S-Hs C/S: 0.80 and 1.20 at Al/Si: 0.1 and 0.05.

Figure 15 : 1 Figure 16 :

 15116 Figure 15: Comparison of Q 3 and Q 4 evolution for carbonated C(-A)-S-Hs.

Figure 17 :

 17 Figure 17: 2D 27 Al MQMAS spectrum of carbonated CA0.8-0.05.

Figure 18

 18 Figure 18: 2D 27 Al MQMAS spectrum of carbonated CA1.4-0.05.

  site, generally referred to as TAH. Previous works proposed the compensation of inserted Al in tetrahedral position by TAH and pentahedral Al as an explanation of the simultaneous increase of Al frequency with the C/S. Our observations invalidate this hypothesis since we noticed unchanged (tetrahedral) NMR parameter upon the disappearance of pentahedral species and TAH. Instead, we observed the transformation of pentahedral and TAH aluminium within C-A-S-H into tetrahedral environment, the resonances of the latter despite the degradation of Al (V) and TAH were maintained.The effect of the carbonation led to the formation of a calcium aluminosilicate gel and carbonates. The gel was characterized by a single Al environment, independent of the initial composition, distinguishable from both C-A-S-Hs' high and low C/S tetrahedral environments. The carbonation kinetics was found to depend on TAH and pentahedral Al species. The incorporation of Al in tetrahedral position and the presence of calcium aluminates hydrate except pentahedral species and TAH, did not demonstrate a strong influence on the carbonation kinetics, since all C-S-Hs and C-A-S-Hs at low C/S ratio showed the similar rate of degradation. The formation of aluminates species typical of high C/S (TAH and Al (V)), which were found to be intimately related to the C-A-S-Hs structures induced a slower rate of carbonation. We believe that those species reduce the CO2 access to C-A-S-Hs 𝑖𝑠𝑜 (ppm) 𝐶 𝑄 (MHz)𝛿 𝑖𝑠𝑜 (ppm) 𝐶 𝑄 (MHz) 𝛿 𝑖𝑠𝑜 (ppm) 𝐶 𝑄

  diffractometer and Cu-K radiation ( = 1.54 Å). The diffractograms were compared to the following ICDD reference files: portlandite (CH), 44-1481; vaterite, 01-74-1487; calcite, 05-0586; aragonite, 70-9854; triclinic tricalcium silicate (C3S), 31-0301. Rietveld analyses were run for quantification purpose; however, one should keep in mind the lack of crystal chemical model allowing a perfect description of the C-S-H. Besides C-S-H, the occurrence of silica gel and amorphous carbonate in partially carbonated materials increased the uncertainty on the crystalline phases' quantification. Despite this downside, combination of C-S-H models proposed by Richardson [36] lowers the unreliability on phase quantification induced by C-S-Hs' diffuse background.

Figure 1 :

 1 Figure 1: Principle of the gas diffusion test

Figure 2 :Figure 3 :

 23 Figure 2: Diffractograms of the pastes at the end of accelerated carbonation (316 and 326 days for the C-S-H and C3S pastes respectively)

Figure 4 :Figure 5 :

 45 Figure 4: Mineralogical assemblage after accelerated carbonation (316 and 326 days for the C-S-H (top) and C3S (bottom) pastes respectively) obtained using XRD

Figure 4 ).Figure 6 :

 46 Figure4). In the carbonation front (around 43.8-44.6 mm), there was a decreased evidence of silica gel but the C-S-H was obviously affected by carbonation because the relative intensities of the Q 1 and Q 2 environments were different from those of the non-carbonated C-S-H (beyond 47.6 mm) and typical of a more polymerized

Figure 7 :

 7 Figure 7: Quantitative mineralogical profiles obtained using TGA after accelerated carbonation (316 and 326 days for the C-S-H and C3S pastes respectively). The horizontal bar stands for the thickness of the disk that was sampled and tested using TGA. The vertical bar stands for the uncertainty of the measurement (evaluated to 5%)

Figure 8 :Figure 9 Figure 9 :

 899 Figure 8: Pore size distribution obtained using MIP after accelerated carbonation

Figure 10 :Figure 11 :

 1011 Figure 10: View of the four zones that were observed using X-µCT in the C-S-H paste after carbonation (316 days)

Figure 13 :

 13 Figure 13: Carbonation rates of the two pastes

Figure 14 :

 14 Figure 14: Effect of the carbonation on a C-S-H paste; the hydrates are fully carbonated and replaced by silica gel and calcium carbonate.

( 72 cm 3 /

 723 mol for C/S = 1.7) and the one computed using molecular dynamics by Pellenq et al.[13] (70.8 cm 3 /mol for C/S = 1.65). After complete carbonation of the C-S-H paste (C/S = 1.4), the same kind of calculation was conducted to estimate the properties of the silica gel (S-H), namely molar volume 𝑉 𝑚 (𝑆 -𝐻) and molar mass 𝑀 𝑚 (𝑆 -𝐻): 𝑉 𝑚 (𝑆 -𝐻) = (1-∅ 𝑐 )-1.4[𝐶-𝑆-𝐻]𝑉 𝑚 (𝑉𝑎𝑡)

Figure 16 :

 16 Figure 16: Length variation of the Ø14 mm cylinders exposed to drying (25°C 55% RH) and then accelerated carbonation (25°C, 55% RH and 3% CO2)

Figure 17 :

 17 Figure 17: Comparison of the carbonation shrinkage results with the data of Chen et al. [76]

Figure 18 : 1 . 1 . 4 Discussion

 18114 Figure 18: Shrinkage versus decalcification level ∆(𝑪 𝑺 ⁄ ) of high C/S C-S-H

Table S3 : 3 .

 S33 Values of the carbonation depths obtained by µCT for the samples C/S =

Figure 19 .

 19 The carbonated region is characterized by both a calcium carbonates signals, a diffuse contribution generated by the silica gel, and the extinction of the main C-S-H signal between 30-35°(2θ). The carbonation front's region is associated to the reduced calcium carbonates signals, and the predominance of the C-S-H's signal. The uncarbonated region shows mainly C-S-H signals.

Figure 19 :

 19 Figure 19: Carbonated industrial LAC's XRD profiles, especially the diffractograms of uncarbonated area, carbonated front area and fully carbonated zone are showed. a: aragonite, v: vaterite, c: calcite, filled triangle: C-S-H. Carbonated zone (surface), carbonated front (15 mm), uncarbonated zone: pristine material. The distribution of the different phases based on Rietveld analysis is shown on Figure 20. The calcium carbonates polymorphism evidenced vaterite and calcite as the mains phases, nonetheless residual amount of aragonite was observed. The carbonation of C-A-S-H's powder (2 nd chapter see section 0) mainly yielded vaterite and residual aragonite's content. Since the industrial LAC are essentially made of C-A-S-H. The effect of the microstructure which

  RH medium are reported to support the formation of calcite[1]. Both explanations, i.e. vaterite sursaturation and the water content are believed to generate calcite in the industrial LAC. One should keep in mind that due to numerous uncertainties related to the use of the Rietveld quantification in our materials, significant discrepancies are related to the estimated values yielded, nonetheless the tendencies demonstrated are thought to be reliable. Similarly to the C-S-H paste at C/S = 1.4 the carbonated zone reflects only carbonation products.

Figure 20 :

 20 Figure 20: Relative proportion of the different phases obtained by Rietveld analysis

Figure 21 :

 21 Figure 21: Carbonation's profiles obtained by TGA analysis, the complementary to the calcium carbonates estimated by mass balance represents the hydrates of the CaO-SiO2-Al2O3-H2O quaternary system.

Figure 22 :

 22 Figure 22: 29 Si MAS NMR profiles of the carbonated industrial LAC

Figure 23 :Figure 24 :

 2324 Figure 23: µCT of the industrial LAC at 50 days of accelerated carbonation at PCO2 = 3%

Figure 25 :Figure 26 :

 2526 Figure 25: Individual linear shrinkage of the materials studied, from 0-195 days the drying shrinkage is acquired, then the materials were carbonated at PCO2 = 3%

  a solid volume increase considering the estimated molar volume difference between the C-S-H on one side and the vaterite and the silica gel on the other side. These results suggest that the carbonation of C-S-H at C/S ratio (1.4-1.7) could not be associated to a solid volume decrease. The cracking observed during carbonation is justified by the decalcification, the silicate's polymerization and the difference in mechanical properties between silica gel and the C-S-H disabling the material to withstand the mechanical strains. Moreover, the presence of unreacted silica was correlated to a lesser linear shrinkage. The study of an industrial LAC envisaged in the French disposal context correlated the observations and the understanding eased and gained from by the model materials.

  de la carbonatation, les évolutions microstructurales et le couplage entre les deux phénomènes précédemment cités. La carbonatation de deux matériaux modèles (C/S = 3,0 et 1,40) sont traités et comparés à celle d'un matériau bas-pH formulé à partir d'un mélange à 50% de CEM I et à 50% de fumée de silice. Une carbonatation complète a été observée dans la pâte faite de C-S-H (C/S = 1,40) le signal propre au C-S-H n'était plus détecté (DRX, RMN), mais dans le cas de la pâte au C/S = 3.0 servant de modèle de matériaux cimentaires usuels type OPC, seule une carbonatation partielle a été vue. Ce résultat met en évidence entre autre le rôle de la portlandite dans le matériau à plus haut C/S. Du point de vue de la microstructure, la porosité totale du matériau diminue du fait de la précipitation de carbonate de calcium mais la décalcification des C-S-Hs et leur polymérisation est source de retrait et de fissuration. Bien que la réduction de porosité et la fissuration ont deux effets opposés sur le transport, dans le cas de la pâte de C-S-H l'effet de la fissuration prévaut sur celle de réduction de la porosité ce qui corrèle avec la valeur élevée du coefficient de diffusion du CO2 de la pâte carbonatée. Ces conditions amènent à un taux de carbonatation élevé. La dissolution de la portlandite contenue dans la pâte de C/S = 3,0 n'est pas complète dans la région carbonatée. La présence d'un réservoir de Ca en excès tel que la portlandite limite la dissolution du C-S-H. Il est à noter que peu de fissures sont observées dans cette pâte. Les résultats obtenus comparés à la littérature mettent en évidence la décalcification des C-S-Hs comme moteur du retrait. Une loi polynomiale a été proposée pour corréler le retrait développé par le matériau et la variation du rapport C/S de son liant. La comparaison entre le matériau modèle au rapport C/S = 1,40 et le matériau industriel bas pH fabriqué fait ressortir un comportement similaire en terme de profil de dégradation des C-S-Hs. Cela comprend une carbonatation totale des C-S-Hs dans la zone carbonatée, mettant en évidence ici l'absence d'effet tampon d'une source de Ca telle que la portlandite qui serait présente en excès et qui amènerait à la préservation du liant. Le pouvoir tampon de la pâte industrielle est estimée à 60% de celle de la pâte au rapport C/S =1,40. Une cinétique similaire de dégradation est observée dans les deux pâtes, expliquée par la prédominance de fissures issues de la dégradation avancée des C-S-Hs.
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Table 1 : Compositions of the cementitious materials used for Industrial scales sealing projects (non exhaustive list). (in kg/m 3 )
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		ESDRED	FSS		TSX	POPLUG
		Short	Long	Self compacting	Shotcrete	LH-	Binary
		plug	plug	concrete	concrete	HPC	mix
	Water	277.2	230	204	200	97	125
	CEM I/ Cement	184.3	165	130	190	97	120
	Aggregate	1633.4	1635	682	408	1040	1805
	Silica fume	122.9	110	130	190	97	80
	Superplasticizer	5.5	2.8	14.7	14	10.3	
	Accelerant	18.5	16.5		2.7		
	Air entrapper	0.6					
	Filler		70	408.4			256
	Sand			699	1347	895	
	Silica flour					194	
	Posiva, a Finnish's expert organization in nuclear waste management designed an end tunnel plug in the project
	POPLUG. A structure of 6 m length with a diameter between 4.35 m and 6.35 m was built. A compressive strength
	exceeding 50 MPa, a temperature increase of 5°C and a pH lower than 11 were achieved.		
	The formulation used during the TSX, ESDRED, DOPAS projects and one of the two formulations used in the POPLUG
	project are detailed in Table 1.					

Table 2 Table 2 : Composition of an anhydrous and hydrated OPC using cement nomenclature.
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	The partial fusion of limestone and clay at about 1450°C forms the clinker. In order to control the (future) setting
	rate of the clinker's hydrates, gypsum or anhydrite is added. The obtained powder is a hydraulic binders also called
	Porltland cement. Cements gain their mechanical properties through hydration. The anhydrous cement powder
	contains several mineral phases which following the addition of water form a paste which harden. The different
	cement used by the cement industry are subdivided in 5 types, CEM I the Portland cement, CEM II called the Portland
	composite cement which is made of clinker, pozzolanic and hydraulic compounds, CEM III which is a mix of Portland
	cement and slag (also called ground granulated blast furnace slag), CEM IV which is a pozzolanic cement, and CEM
	V a composed cement. The development of these cements fits into several frameworks including the development
	of building materials for the construction but also ecological and sustainable development in order to reduce carbon
	emissions. The most usual cement encountered is the Portland cement also called ordinary Portland cement (OPC).
	Its main phases are Alite (tricalcium silicate), Belite (dicalcium silicate), aluminate phases (mainly tricalcium
	aluminate) and a ferrite phase (tetracalcium aluminoferrite). Their main crystal structures (specified in brackets)
	are modified by foreign ions present in the ores used to generate the cement. The proportion of the minerals
	constituting the major phases, are detailed in Main phases' content and proportion (wt %) Chemical formula	Cement nomenclature	Hydrated phase
	Dicalcium silicate (20-25)	2CaO, SiO2	C2S	C-S-H; CH
	Tricalcium silicate (60-65)	3CaO, SiO2	C3S	C-S-H; CH
				C4AH13; C3AH6; C2AH8;
	Tricalcium aluminate (8-12)	3CaO, Al2O3	C3A	C3A.3CS ̅ .H32; CAH10;
				C3A.CS ̅ .H12
	Tetracalcium aluminoferrite (8-10)	4CaO, Al2O3, Fe2O3	C4AF	C4(A,F)H13; C3(A,F)H6 C3(A,F).3CS ̅ .H32; C3(A,F).CS ̅ .H12
	H2O: H, CaO: C, SiO2: S, Al2O3: A, Fe2O3: F, CO2: C ̅ , S ̅ : SO3 (sulfates are from gypsum, anhydrite…)

Table 3 : Composition of developed Low-pH materials (not exhaustive list).
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		Materials	Composition
		Grouts [18], Shotcrete	CEM I 60%+SF 40%
	Binary	Shotcrete [3] Self-compacting concrete [19]	CEM I 50%+SF 50%
		Shotcrete[3]	CEM I 35%+SF 35%+FA 30%
	Ternary	High performance concrete [2]	CEM I 37.5%+SF 32.5%+FA 30.0% CEM I 20.0%+SF 32.5%+BFS 47.5%
	Binary	Cement [4]	CEM III/B 90%+Nanosilica10%
	Quaternary	High strength concrete & grout [20] Cement [2,14]	CEM I 40%+BFS 30%+FA 25%+SF 5% CEM I 33%+BFS 13.5%+FA 13.5%+SF 40%

Table 4 : Properties of crystalline calcium carbonates.
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		Calcite	Vaterite	Aragonite
	Lattice system	Rhombohedral hexagonal	orthorhombic
	Lattice parameters	a = 4.989	a = 7.135	a = 4.959
		b = 17.062	c = 16.98	b = 7.968
				c = 5.741
	Molar volume (cm 3 /mol)	35	38	34
	Density (g/cm 3 )	2.76	2.68	3.01
	Recent studies highlighted the existence of several structures for a polymorph such as vaterite, which advocate
	variations in the structural organization (bond length and angle); this polymorphism is explained by the narrow
	thermal range (room temperature) in which falls the free energy of several of the stable structures [37].

1.5 The carbonation reaction in cementitious materials 1.5.1 The carbonation of the CaO-H2O-SiO2 system.

  

	Calcium silicate hydrates are subjected to carbonation due to their calcium content. The ultimate decalcification
	state leads to a fully degraded C-S-H. The hydrated silica polymerizes to form silica gel made of silicates unit with
	incorporated water in the network. The mechanism proposed detailed a mobilization of the calcium into carbonates
	phases (E-11).	
	𝑥𝐶𝑎𝑂 𝑦𝑆𝑖𝑂 2 𝑧𝐻 2 𝑂 + 𝑥𝐻 2 𝐶𝑂 3 → 𝑥𝐶𝑎𝐶𝑂 3 + 𝑦𝑆𝑖𝑂 2 . 𝑡𝐻 2 𝑂 + (𝑥 + 𝑧 -𝑡)𝐻 2 𝑂	E-11

Table 5 : Reported results from literature on calcium carbonate polymorphism and carbonation kinetics.

 5 Moreover calcite was not observed in the case of natural carbonation even in presence of portlandite. These results

			Kinetics		Polymorphism
				High CO2			Low CO2
			Low	50-76%	RH100%	Low	High RH<	RH100%
			RH			RH	100%
			(2)	10%CO2	30%CO2		Calcite	calcite
	Sauman et al. [41]		Calcite	calcite		Vaterite
				vaterite			Aragonite
				aragonite		
	Dunster et al. [38]	(1)			
	Morandeau et al. [44]				
	Hunt & Tomes [45]				
				Calcite			Calcite
				vaterite			vaterite
	Groves et al. [43]				
			Shorter silicate chains but	Longer silicate chains less
				highly polymerized		crosslinked
	Black et al. [29]	C/S>0.67	(3)				Aragonite vaterite
		C/S<0.67					aragonite
				Calcite			Calcite
	Anstice et al.[42]		vaterite			vaterite
				Aragonite*			Aragonite
			*low abundance or not detected	
			(1) simultaneous carbonation of C-S-H and CH
			(2) observed kinetics correlate with the Ca content
			(3) observed kinetics does not correlate with the Ca content

Table 6 : Details of the formulation and some properties of the industrial LAC (50%CEM I + 50%SF)
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	Industrial material	LAC
	Cement (g)	714.6
	Silica fume (g)	714.6
	Added water (g)	857.6
	w/b ratio	0.6
	Superplasticiser (wt. % of binder)	0.9
	Batching time (min)	5
	C/S atomic ratio (mean/median/σ)	0.84/0.88/0.2
	Al/Si atomic ratio (mean/median/σ)	0.04/0.04/0.03
	Porosity (80°C-105°C)	52-55%

Table 1 : Composition of the model pastes for 1L

 1 

	C/S ratio	3.00	1.40	0.95	0.87	0.80
	C3S (g)	1218.8	791.7	586.0	563.9	506.2
	Colloidal silica slurry (g)	0.0	475.8	664.5	726.3	734.3
	Added water (g)	609.4	379.9	264.1	239.3	244.5
	w/b ratio	0.50	0.63	0.73	0.72	0.78
	Superplasticiser (wt% of binder)	0.0	3.0	8.0	7.0	8.0
	Batching time (min)	5	8	15	17	20

Table 2 : Composition of the reference pastes for 1L
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	Reference materials	LAC (CEM I + SF + FA)	CEM I
	C/S ratio	0.53	3.3
	Cement (g)	470.4	1396.7
	Fly ash (g)	378.2	-
	Silica fume (g)	406.8	-
	Added water (g)	502.2	558.0
	w/b ratio	0.40	0.40
	Superplasticiser (wt. % of binder)	1.0	0.0
	Batching time (min)	5	5

Table 4 : Mean value and standard deviation of the C/S ratio distribution of the model pastes
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	Target C/S		0.80	0.87	0.95	1.40	3.00
	Average C/S value		0.83	0.89	1.06	1.36	2.53
	Standard deviation		0.04	0.05	0.10	0.08	0.31
	Coefficient	of	5%	6%	9%	6%	12%
	variation (CV)						

Table 5 : Composition and properties of the synthetic and reference pastes obtained by TGA, µCT and the buoyancy method. The C-S-H content was obtained following the method of Olson and Jennings [53]. (see Materials and method section)
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	Model pastes	Reference pastes

Table SI :

 SI Parameters of the decomposition of the29 Si NMR spectra of the synthetic pastes. No Q 0 peak was considered for the C3S paste as its contribution was of the order of the noise.

		C/S ratio	0.8-3.00
		δ (ppm)	-79.2
	Q 1	FWHM (ppm) xG+(1-x)L	2.9 0.05
		GB	1.02
		δ (ppm)	-83.1
	Q 2 b	FWHM (ppm) xG+(1-x)L	2.9 0.05
		GB	1.1
		δ (ppm)	-85.4
	Q 2 p	FWHM (ppm) xG+(1-x)L	2.21 0.01
		GB	0.8
		δ (ppm)	-92
	Q 3 +Q 3 gel	FWHM (ppm) xG+(1-x)L	11.3 0.2
		GB (ppm)	4.7

G: Gaussian, L: Lorentzian, GB: Gaussian enhancement

Table 2 : C-A-S-Hs 27 Al peak intensities, Al h refers to amorphous and ill-crystallized calcium aluminates hydrated potentially hydroxy-AFm, C3AH6, CAH10 C2AH8, C4AH13-19. Target C/S-Al/Si Al/Si (from 27 Al NMR) % Al incorporated in C-S-H as Al(IV) %Al
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	%Al (VI)
	(V)
	%Al h %TAH

Table 1 : Composition of the model pastes for 1 L of paste

 1 

	C/S ratio	3.00	1.40
	C3S (g)	1218.8	791.7
	Colloidal silica slurry (g)	0.0	475.8
	Added water (g)	609.4	379.9
	w/b ratio	0.50	0.63
	Superplasticiser (wt% of binder)	0.0	3.0
	Batching time (min)	5	8

Table 2 : Composition and main properties of the two model pastes
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	C/S atomic ratio	3.0	1.4
	C/S of the C-S-H	1.7	1.4
	Porosity (80°C)	38%	52%
	Porosity (105°C)	41%	56%
	Saturated density	1.89	1.76
	C-S-H (mol/L of paste)	5.6	7.0
	CH (mol/L of paste)	7.3	0.0
	E (GPa)	15 ± 1	10 ± 1

Table 3 : Amount of calcium involved in the carbonation reaction
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	Paste	Amount of Ca that was carbonated	Value (mol/L of paste)
	C3S paste	75% of [𝐶𝐻] + 40% of [𝐶 -𝑆 -𝐻]	0.757.3+0.41.77.3 = 9.3
	C-S-H paste	100% of [𝐶 -𝑆 -𝐻]	1.47.0 = 9.8

Table 4 : Porosity and density of the carbonated pastes
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		C-S-H paste (C/S = 1.4)	C3S paste (C/S = 3.0)	Unit
	Density (saturated)	1.98	2.11	g/cm 3
	Total porosity (80°C)	35%	28%	-
	Total porosity (105°C)	36%	29%	-
	Density (dry -80°C)	1.63	1.83	g/cm 3
	Density (dry -105°C)	1.62	1.82	g/cm 3
	Change in porosity (80°C)	-20%	-10%	-
	Change in dry density (80°C)	+0.39	+0.32	g/cm 3

Table 5 and

 5 Table 6 detail the volume and mass calculation of the different phases present in the non-carbonated

		Porosity
	Porosity	
	Carbonation	Vaterite (CC)
	C-S-H	
	(C/S = 1.4)	S-H
	Non carbonated paste	Carbonated paste
	and fully carbonated paste (C/S = 1.4).	

Table 5 : Volume and mass of the different phases of the non-carbonated paste (C/S = 1.4)
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		Volume	Mass
	Voids	Ønc	0
	C-S-H	(1-Ønc)	𝜌 𝑑 𝑛𝑐
	Total	1	𝜌 𝑑 𝑛𝑐
	Ønc porosity of the non-carbonated paste
	𝜌 𝑑 𝑛𝑐 dry density of the non-carbonated paste

Table 6 : Volume and mass of the different phases in the carbonated paste (C/S = 1.4)
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		Volume	Mass
	Voids	Øc	0
	Vaterite	1.4[C-S-H]Vm(vat)	1.4[C-S-H]Mm(vat)
	S-H	(1-Øc)-1.4[C-S-H]Vm(vat)	𝜌 𝑑 𝑐 -1.4[C-S-H]Mm(vat)
	Total	1	𝜌 𝑑 𝑐
	Øc porosity of the carbonated paste	
	𝜌 𝑑 𝑐 dry density of the carbonated paste	

[C-S-H] concentration of C-S-H in the non-carbonated paste

Vm(vat) molar volume of vaterite (38 cm 3 /mol) Mm(vat) molar mass of vaterite (100.1 g/mol)

  1.7) cannot be expected to generate an increase in porosity as it was observed by Wu and Ye[21] Shah et al.[78].

	∆𝑉 𝑐 (𝐶 -𝑆 -𝐻) = 𝑉 𝑚 (𝑆 -𝐻) + (	𝐶 𝑆 ) 𝑉 𝑚 (𝐶𝐶) -𝑉 𝑚 (𝐶 -𝑆 -𝐻)	E-35

Table 9 : change in solid volume (cm 3 /mol) induced by the carbonation of C-S-H, according to E-15
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	(𝐶𝐶)	Aragonite	Calcite	Vaterite	Unit
	C/S = 1.4	+18.6	+20.0	+24.4	cm 3 /mol
	C/S = 1.7	+28.8	+30.5	+35.4	cm 3 /mol
	Lastly, considering the case of the C3S paste of this study, one can easily estimate the change in solid volume induced
	by the carbonation of both CH and C-S-H using (calcite was assumed to be the only calcium carbonate polymorph
	precipitated):				
	∆𝑉 𝐶-𝑆-𝐻 = 40%[𝐶 -𝑆 -𝐻] 0 ∆𝑉 𝑐 (𝐶 -𝑆 -𝐻) = 0.4 × 5.6 × 30.5 ≈ + 68 cm 3 /L of paste	E-36
	∆𝑉 𝐶𝐻 = 75%[𝐶𝐻] 0 (𝑉 𝑚 (𝐶𝑎𝑙) -𝑉 𝑚 (𝐶𝐻)) = 0.75 × 7.3 × 2 ≈ + 11 cm 3 /L of paste

Table 10 : Results of the carbonation shrinkage test
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		𝜀 𝑡𝑜𝑡	𝜀 𝑑	𝜀 𝑐
	C-S-H paste (C/S = 1.4)	1.4% (14 mm/m)	0.7% (7 mm/m)	0.7% (7 mm/m)
	C3S paste (C/S = 3.0)	0.5% (5 mm/m)	0.3% (3 mm/m)	0.2% (2 mm/m)

Table S1 : Contributions of the different environments (in %) from C/S:1.4 paste decomposition

 S1 

	%	0-3.6 mm	15.02-20.02 mm	36.02-39.02 mm	41.04-41.08 mm	43.8-44.6 mm	46.64-47.44 mm	Pristine
	Q 1				2	10	34	52
	Q 2B		-		3	20	22	13
	Q 2P				5	42	44	25
	Q 3 gel Q 4 gel	28 72	14 86	20 80	35 55	28		5

Table S2 : Contributions of the different environments (in %) from C/S: 3.00 paste decomposition

 S2 

	%	0-2 mm	6.8-7.6 mm 16.6-18.2 mm 20.4-21.4 mm 27.9-30.1 mm	Pristine
	Q 1		22	42	55	64	68
	Q 2B	6	11	18	15	12	11
	Q 2P		26	40	30	24	21
	Q 3 gel	2	7				
	Q 4 gel	92	34				

Table S3 : NMR deconvolution parameters

 S3 

		δ (ppm) C/S=1.4 C/S=3.0	Value of x in xG/(1-x)L	𝑊𝑖𝑑𝑡ℎ ̅̅̅̅̅̅̅̅̅ (ppm)
	Q 0			-	
	Q 1	-78.9	-78.9	0.8	2
	Q 2b	-83.3	-83.5	0	2.7
	Q 2p	-85.5	-85.3	0.2	2.3
	Q 3 gel	-101.6	-100.5	0	5.4
	Q 4 gel	-112.3	-112.4	0.8	8.8

Table 11 : Distribution of 29 Si MAS NMR between silicates environment of C-A-S-H and silicates in silica gel/ silica fume, based 29 Si MAS NMR spectra decomposition. C-A-S-H = (%Q 1 +%Q 2b +%Q 2p ), Silica gel/silica fume = (%Q 3 gel+%Q 4 gel).
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								Pristine
							23.4-24.4 mm
							18.6-19.6 mm
							13.8-14.6 mm
							4.2-5.2 mm
								0-2 mm
			-70	-80	-90	-100	-110	-120	-130
					δ (ppm) 29 Si
		0	4.2-5.2 mm 13.8-14.8 mm	18.6-19.6 mm	23.4-24.4 mm Pristine
	C-A-S-H	0%		0%		2%	55%	67%	74%
	Silica gel/Silica fume	100%		100%		98%	45%	33%	26%

Table 12 : Parameters used in the 29 Si MAS NMR spectra decomposition
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		Q 1	Q 2b	Q 2p	Q 3 gel	Q 4 gel
	δ (ppm)	-80	-83	-86	-93±1	-111
	x in xG/(1-x)L	0	0.81	0	1	1
	width (ppm)	4±1	2.2	2.3	12.5	11
		G: Gaussian distribution, L: Lorentzian distribution	

mm CO 2
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SECOND PART 1.7 Supplementary materials

Appendix A: details of the batching sequence.

The final batching sequence obtained for the model pastes including nanosilica was as follows:

1. Addition of C3S in the planetary mixer (mixing speed at 95 rpm).

2. Addition of all the water, including half of the total amount of SP.

3. Mixing at 250 rpm for 30 s. 4. Slow incorporation of nanosilica (at 400 rpm) while monitoring the fresh mix rheology to avoid flocculation and a viscosity increase that could eventually make it irreversibly unworkable. Addition of SP to maintain the workability of the fresh mix. The duration of this step depended on the amount of nanosilica added (Table 1).

5. Preparation of the test specimens: the paste was poured into polytetrafluoroethylene (PTFE) moulds (Ø30 × H110 mm) and vibrated. This phase proved complicated due to the strong thixotropic behaviour of the fresh mix, which worsened when the silica content was increased.

6. The specimens were kept one month in their sealed moulds at ambient temperature. After unmoulding, they were cured for two more months under a batch of water to which small amounts of crushed samples were added to ensure that chemical equilibrium was reached in the curing solution.

Summary of the first chapter:

Based on the results presented in the first chapter, the fabricated pastes' chemical, mineralogical and microstructural features confidently allow to consider them as model system for cementitious material especially in the case of studies related to C-S-H and CH. Their simplified chemistry was designed to permit a carbonation study, which includes a volume and a mass balance. The main weakness of the fabricated pastes lies in the cracking observed at lower C/S ratio. This aspect is obviously deleterious in studies of mechanisms strongly dependent on gas transfer, since cracks offer preferential pathway for gas transfer. More mechanical characterization such as creep and compressive strength need to be assessed to fully understand the materials developed, the hydration mechanisms as well have to be investigated with regard to the C/S ratios.

Supplementary materials

Appendix A Table S1: Mean value of 27 Al NMR parameters as determined from the MQMAS NMR spectra of the environments observed in the studied C-A-S-H samples (*samples containing strätlingite). In brackets are given the standard deviation of the NMR parameter distribution. Only species detected in MQMAS NMR spectra are given. 𝜼 𝒒 is taken as 0.7 ± 0.3. 

Appendix B

Summary of chapter 2:

The The model pastes' results in chapter 3 take the form of a manuscript in preparation for future publication incomplete and then remaining hydrates (CH and C-S-H) were side by side with end-products of carbonation (silica gel and calcium carbonate) in the carbonated paste (Figure 15). It must be noted that we have implicitly assumed that a C-S-H with C/S lower than 1.7 could be described by an ad-hoc combination of silica gel and C-S-H of C/S = 1.7. Alternatively, it would have been necessary to describe the link between C/S and molar volume just like in the work of Wu & Ye [21] but this would have been much more difficult and uncertain.

Figure 15: Effect of the carbonation on a C-S-H + CH paste (C3S paste). The carbonation products and partially carbonated hydrated coexist

Following the observations (XRD and 29 Si NMR), the carbonation of CH and C-S-H was assumed to precipitate calcite (neither aragonite nor vaterite) and silica gel (S-H); please note that the C-S-H was considered to be under the form C1.7-S-H1.8 [15]:

Table 7 and Table 8 detail the volume and mass calculation of all the different phases present in the noncarbonated and (partially) carbonated C3S paste (C/S = 3.0).

Table 7: volume and mass of the different phases in the non-carbonated paste (C/S = 3.0)

Volume Mass 

CH

Remaining hydrates

End-products of carbonation As for the C-S-H paste (C/S = 1.4), the results of the non-carbonated C3S paste were used to evaluate the molar volume of the C-S-H, according to:

The obtained value (68 cm 3 /mol) was very close to that of the C-S-H paste (69 cm 3 /mol). In a second step, the results of the (partially) carbonated C3S paste were used to evaluate the properties of the silica gel.

The molar volume of silica gel was similar to that obtained for the C-S-H paste (37 versus 40 cm Because one mol of S-H is less voluminous than one mol of C-S-H, the decalcification of the C-S-H leads to significant reduction in the solid volume (about 29 cm 3 /mol). This is consistent with the conclusions of Chen et al. [76]. The obtained value is also consistent with the results of Morandeau et al. [68,77] who found that ∆𝑉 𝑑 (𝐶 -𝑆 -𝐻) was between 20 and 40 cm 3 /mol. Nonetheless, the precipitation of calcium carbonate also plays a significant role in volume change during the carbonation of C-S-H (E-31). It is plain to see that the reduction of solid volume generated by the decalcification of C-S-H is compensated by the precipitation of calcium carbonate (Table 9), resulting in the reduction of total porosity. Indeed, the change in volume depends on the calcium carbonate polymorph that is precipitated and on the C/S ratio of the C-S-H but the increase in solid volume induced by the carbonation of C-S-H

Summary of the model pastes carbonation:

A thorough characterization of carbonation's consequences from the molecular scale to the cement paste's scale was presented along with the quantification of the extent of each alteration's type. A reduced C-S-H's alteration in presence of high calcium content especially portlandite was observed. This was the expression of a buffering effect of portlandite toward C-S-H's carbonation, which tends to preserves the C-S-H. A higher extent of carbonation was exhibited by the paste with both lower alkalinity and buffering capability, and higher porosity. The C-S-H paste after carbonation was extensively cracked which highlights the ineffectiveness of the phases formed to maintain the material integrity since silica gel and calcium carbonate mechanical properties are considerably lower than C-S-H's.

The carbonation affects the materials at a macroscopic level, reflected through solid volume variation. The estimated variation of the solid volume induced by the degradation of the C-S-H was found to be compensated by the silica gel and the carbonates formed, consequently contradicting previous suggestions assuming a porosity increase, this despite the observed heavy cracking by the C-S-H paste The recourse to model materials helped question the LACs' carbonation behaviour reported in the literature.

Thanks to the tailoring of the model materials, a detailed mechanistic understanding was brought based on the decoupling of carbonation's contributions. Results on aspects such as shrinkage and solid volume variation are Scarce, which justifies our contribution to the topic.

The buffering capability of the industrial LAC was therefore evidenced to be 60% of the model C-S-H (C/S = 1.4) paste. Nevertheless, similar carbonation rate was evidenced of which the heavy cracking evidenced by the C-S-H paste is believed to be the cause. Contrarily to the C-S-H paste one should keep in mind that the industrial LAC are C-A-S-H paste. They also contain unreacted silica which can contribute to the reduced linear shrinkage. However considering recent studies on C-A-S-H mechanical properties [3], the Al content might have an influence on the reduced linear shrinkage but the mechanism remains to be explained. Nevertheless, the carbonation of the industrial LAC corroborated the behaviour observed in model powder especially, i.e. the higher carbonation rate observed in low C/S ratio C-A-S-H. The cracks appeared to be a major carbonation consequence in both model materials and industrial material which requires further study as suggested by the results from carbonation modelling on the model pastes Seigneur N., Kangni-Foli E. et al. [4] Only few carbonation results were obtained for the model pastes with C/S ratios lower than 1.4 because of the extent of cracks (see Figure 27) and the difficulty to handle those samples. The C/S = 0.95 was carbonated but it was not possible to extract the required chemical and microstructural information.

CONCLUSIONS AND PROSPECTS

Recent studies highlighted experimental evidences related to an increased sensibility of low-pH materials with regard to atmospheric carbonation. The likely recourse to low-pH materials in the framework of the French geological repository made IRSN question their durability and this question is at the origin of this thesis. Its aim was to gain a better understanding of the carbonation mechanism in low-pH materials, which is required for IRSN evaluation of the disposal facility construction's licence application. The complexity of both the carbonation mechanisms and cements composition were partly circumvented by the approach chosen: the model material approach. This approach took the form of designing a cementitious model materials based on pure phases, formulated pastes based on pozzolanic reaction of C3S and nanosilica and also synthetized C(-A)-S-H's powders. The materials (powders and pastes) were of increasing C/S ratio ranging from 0.8 to 3.0, while the powders' Al/Si content varied from 0 to 0.1. The materials were tailored to be simplified system, nonetheless representative of cementitious materials allowing the distinction and the correlation between the contributions of the chemistry, the mineralogy and the microstructure. The effect of Ca and Al content, the evolution of the pores structures as well as the deformation related to drying and carbonation were explored.

The durability of the cementitious materials was first observed to be related to the calcium content. The materials with the higher calcium content (powders and pastes) were observed to carbonate with the slowest kinetics, this was attributed to the materials' buffering capability. The presence of aluminium was observed to affect the carbonation kinetics. The presence of phases such as TAH and pentahedral Al, generated conjointly by high Ca content and the presence of Al, correlated with a slower carbonation kinetics compared to the observed C-S-H's degradation kinetics controlled by the sole Ca content. The decrease observed in the carbonation rate (for C-A-S-H) is assumed to arise from the nature of both TAH and pentahedral Al species. They are suggested to be located at the surface and within C-A-S-H's interlayer, respectively. Therefore, at a molecular scale, those Al species are assumed to be closely related to the cementitious materials building block (C-A-S-H). We proposed a CO2 access limiting effect generated by the presence of TAH and pentahedral Al species. The Ca and Al content was observed to affect the structure of the C-S-H, the increasing Ca content induced shorten silicates chain where Al incorporation was observed to take place in both silicates' pairing and bridging position. When exposed to CO2, the property of the products generated after carbonation, in the case of calcium carbonate polymorphs, is highly oriented by the alkalinity. Calcite was observed upon C-S-H carbonation in C3S paste, instead of vaterite, the polymorph usually detected for C-S-H carbonation. This was explained by the presence of portlandite which dissolution is believed to induce a sursaturation of dissolved vaterite/Ca, which explains the polymorphic orientation in presence of high alkalinity toward calcite's formation. The control of silica gel polymerization's degree by the calcium and the aluminium content was also evidenced. The carbonation of C-A-S-H of high Ca and Al content evidenced increased proportion of silica gel's low polymerization unit (Q 3 ). However, independently of the Ca and Al content, the same tetrahedral Al environment (distinct from pristine material Al (V) sites) is generated after carbonation. The macroscopic effect of carbonation evidenced a compensated and increased solid volume in presence of portlandite (C3S paste) and the absence of new porosity formed. The C-S-H paste's (C/S = 1.4) solid volume estimation after Those methods might bring the stronger evidences needed to support the CO2 access limiting effect attributed to the surface and interlayer's Al species, which would bring deeper understanding on the nature of those Al species.

SUMMARY IN FRENCH

La prédiction à très long terme des propriétés de durabilité de matériaux cimentaires récents tels que les matériaux cimentaires bas-pH est désormais indispensable. Ces matériaux sont notamment proposés dans le cadre du stockage géologique de déchets HA et MAVL en France Recent studies have highlighted for Low-pH materials an increased permeability, cracking and pore size distribution upon carbonation. IRSN as a French nuclear safety expert raised the question (through this study) of the durability of Low-pH materials in the framework of the carbonation. The carbonation is defined in cementitious materials as the reaction of calcium (Ca) from Ca-bearing phases with the dissolved CO2 in the pore structure, initially present in the atmosphere. A model material approach was adopted in order to unveil the chemical changes and to allow mass balances after carbonation. The results obtained evidenced the role of the calcium content and the aluminium content. Materials with high Ca content evidenced the slower carbonation kinetic. In presence of aluminium and high calcium content TAH and pentahedral Al species were formed, their presence and reactivity correlated with a decreased rate of C-A-S-H's degradation compared to the one induced by the sole high ca content in C-S-H. The microstructural evolutions and the changes in volumes and the shrinkage were quantified, the coupling between the chemistry and the transport properties was demonstrated comparing the model materials and the industrial low-pH material. 

MOTS CLÉS