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Investigating the pozzolanic reaction of post-consumption glass powder and the role of portlandite in the formation of sodium-rich C-S-H

Introduction

Socio-economic and environmental benefits could be drawn from the use of locally available resources. For the case of concrete, various by-product supplementary cementitious materials (SCM) have been studied to assess their potential use as reactive addition or cement replacement. Some of them have led to improvements of some concrete properties and have been widely used for many years such as silica fume, fly ash, and slag. Additional alternative materials are currently being studied for similar applications, especially in regions where well known and standardised SCMs are not available.

Among them, post-consumption soda-lime glass, for which the predominant siliceous amorphous phase, mainly composed of silica, makes this material very suitable for cement based materials as it can react due to pozzolanic reaction. Yet, the presence of alkalis in soda-lime glass (typically 12-16 wt.% [START_REF] Hasanuzzaman | Properties of Glass Materials[END_REF]) limits its use as pozzolanic material due to concerns about the possible formation of expansive and deleterious alkali silica gels (N,K-(C)-S-H) formation [START_REF] Hou | Formation of ASR gel and the roles of C-S-H and portlandite[END_REF].

It is well documented that partial replacement of aggregates by waste glass can lead to expansion due to the formation of alkali-silica reaction (ASR) gels while fine glass powder (GP) acts as pozzolanic material [START_REF] Shi | Characteristics and pozzolanic reactivity of glass powders[END_REF][START_REF] Zheng | Pozzolanic reaction of glass powder and its role in controlling alkali-silica reaction[END_REF]. Schwarz et al. [START_REF] Schwarz | Influence of a fine glass powder on cement hydration: Comparison to fly ash and modeling the degree of hydration[END_REF] have demonstrated that for a substitution of 5 to 20% of cement and diameters smaller than 100 μm, the glass powder has higher levels of pozzolanicity than fly ash.

Similarly, the results of [START_REF] Idir | Mechanisms of action of glass powders and glass aggregates on alkali-silica and pozzolanic reactions[END_REF][START_REF] Shao | Studies on concrete containing ground waste glass[END_REF][START_REF] Chen | Waste E-glass particles used in cementitious mixtures[END_REF][START_REF] Lee | Effects of crushed glass cullet sizes, casting methods and pozzolanic materials on ASR of concrete blocks[END_REF] showed that for glass powder with a diameter of less than 75 μm the pozzolanic reaction is largely privileged over ASR. Further studies [START_REF] Idir | Pozzolanic properties of fine and coarse color-mixed glass cullet[END_REF][START_REF] Shayan | Performance of glass powder as a pozzolanic material in concrete: A field trial on concrete slabs[END_REF][START_REF] Federico | Waste glass as a supplementary cementitious material in concrete -Critical review of treatment methods[END_REF] agreed that for GP below #100 sieve (150 μm) and used at cement replacement levels below 30%, glass mortar bars expansion satisfies the reference value (maximum value of 0.1% at 16 days) in accordance with ASTM C1567 [START_REF]ASTM C1567-13 Standard Test Method for Determining the Potential Alkali-Silica Reactivity of Combinations of Cementitious Materials and Aggregate (Accelerated Mortar -Bar Method)[END_REF]. Overall, several studies have associated ASR with coarse glass particles while finely ground glass reduces this risk significantly and exhibits more pozzolanic activity [START_REF] Schwarz | Influence of a fine glass powder on cement hydration: Comparison to fly ash and modeling the degree of hydration[END_REF][START_REF] Shao | Studies on concrete containing ground waste glass[END_REF][START_REF] Shayan | Performance of glass powder as a pozzolanic material in concrete: A field trial on concrete slabs[END_REF][START_REF] Shayan | Value-added utilisation of waste glass in concrete[END_REF]. In the case of coarse glass cullet in cement pastes, the particles progressively dissolve and the released silica ions react with calcium to form calcium silicate hydrates (C-(N,K)-S-H) with low Ca/Si ratios and containing alkalis. However, the deficit of calcium near GP grains eventually induces the formation of silica gel preferably than C-S-H [START_REF] Idir | Pozzolanic properties of fine and coarse color-mixed glass cullet[END_REF]. Even though this behaviour could be expected to be the same for different particle size, it is well recognised that fine glass powder does not undergo ASR and rather improve the long-term mechanical and durability properties of concrete [START_REF] Idir | Pozzolanic properties of fine and coarse color-mixed glass cullet[END_REF][START_REF] Shayan | Value-added utilisation of waste glass in concrete[END_REF][START_REF] Frohard | Durability of green concretes : impact of alternative cementitious materials on the corrosion of steel in reinforced concrete[END_REF]. Former studies have proposed different explanations of the relationship between the size of glass particles and their behaviour in the cementitious matrix. While it is commonly accepted that the pozzolanic reaction takes place faster than the ASR gel formation [START_REF] Schwarz | Influence of a fine glass powder on cement hydration: Comparison to fly ash and modeling the degree of hydration[END_REF][START_REF] Idir | Pozzolanic properties of fine and coarse color-mixed glass cullet[END_REF], Bazant et al. [START_REF] Baz̆ant | Mathematical model for kinetics of alkali-silica reaction in concrete[END_REF] have shown, using a mathematical model, that below a given pessimum size (around 1-2 mm), the swelling pressure generated by alkali-silica gel decreases with the size of reactive particles. Thus, based on this assumption, fine glass powder will not lead to any expansion of concrete. On the other hand, Tang et al. [START_REF] Tang | Alkali reactivity of glass aggregate[END_REF] have correlated the expansion with the CaO/(Na2O+SiO2) ratio of gels formed. When this ratio is higher than 0.3, the gels have no significant effect on the expansion. In the case of small hydrating glass particles, the products have a locally lower alkali to calcium ratio as reported by Shi [START_REF] Shi | Corrosion of Glasses and Expansion Mechanism of Concrete Containing Waste Glasses as Aggregates[END_REF].

Another explanation proposed by Maraghechi et al. [START_REF] Maraghechi | The role of residual cracks on alkali silica reactivity of recycled glass aggregates[END_REF] suggests that the internal residual cracks in the glass grains are responsible for the development of ASR reaction in the glass while the thin microcracks of small particles are innocuous.

Even though the pozzolanic reactivity of GP is recognized, its mechanisms of reaction are still unclear.

This might be due to the fact that SCMs and cement hydration reactions occur at the same time but at different rates, which is a complication for the fine distinction between the hydration products of each compound [START_REF] Lothenbach | Supplementary cementitious materials[END_REF] [START_REF] Scrivener | TC 238-SCM: hydration and microstructure of concrete with SCMs[END_REF]. Therefore, the present work focuses on the pozzolanic reaction of fine particles of soda-lime glass with calcium hydroxide (Ca(OH)2, abbr. CH) in order to provide a better understanding of the mechanism of GP hydration. It should be emphasized, as detailed in this study, that lime-pozzolan reaction conditions are different from those encountered in cementitious pore solutions. As such, additional research is needed to investigate the behaviour of glass powder in hydrated blended cements.

Materials and methods

Materials

The conducted investigation focuses mainly on the reaction of post-consumption soda-lime glass powder (GP) and portlandite (CH, chemical grade with 95% purity). The physico-chemical properties of the materials used in this study are reported in Table 1,2. The oxide and mineral compositions (wt. %) were obtained by X-ray fluorescence (XRF) and X-ray diffraction (XRD), respectively. The physical properties were measured by laser granulometry, pycnometry, Blaine and N2 adsorption tests.

Sample preparation

Three sets of pastes were prepared with a propeller mixer (2min, 2000rpm) in a glove box under nitrogen atmosphere in order to limit the carbonation of the portlandite. The GP/CH weight ratios were set to 1/1, 3/1 and 1/3, while the water (distilled) to binder (GP+CH) ratio was fixed to w/b=0.75 (Table 3). The pastes were cast in plastic containers, sealed and stored in a desiccator with soda-lime to avoid CO2 contamination before testing at the ages of 7, 14, 28, 56, and 91 days of hydration. At each age of testing, the pastes were manually coarsely ground (d50 of ~600 µm) and placed immediately in isopropanol for 15 min to stop the hydration. The isopropanol was removed first using a Buchner funnel, then by solvent exchange with diethyl ether, which can be easily removed by a short vacuum drying process without affecting the hydrate assemblage [START_REF] Zhang | Comparison of methods for arresting hydration of cement[END_REF]. Finally, the powders were manually ground to reach d50≈40 µm. The resulting powders were tested at each age using thermogravimetric analysis (TGA) and XRD.

Thermogravimetric analyses (TGA)

The apparatus used for the TGA investigations was a TA instrument SDT Q600. The analysis were performed from 30 to 1000°C with a heating rate of 20°C/min using a 150µL alumina crucible, filled with ~50mg of the sample. Nitrogen with a flow of 50 mL/min was used as a purging gas. Since the hydration was stopped, the thermogravimetric investigations were used to determine the water content of the sample, which is needed to calculate the Mass Absorption coefficient (MAC) for hydrated samples.

Quantitative X-Ray diffraction analyses (QXRD)

X-ray powder diffraction data were acquired using CuKα radiation with a PANalytical X'pert Pro MRD diffractometer equipped with a PIXcel 1D detector with an active length of 3.347 °2θ. The tube operating current and voltage were, respectively, 50 mA and 40 kV. The investigations were carried out on back-loaded samples in a Bragg-Brentano (θ-2θ) geometry, using Soller slits of 0.04 rad, incident divergence and anti-scatter slits of 0.5°. All measurements were collected over an angular range of 5 to 70° 2θ with a step size of 0.0263° 2θ and a counting time of 176 s, totalling a time of 30 min per scan. Samples were rotated at 8 rpm around the vertical goniometer axis during data acquisition to improve particle statistics. Furthermore, the internal and external standard methods were employed with an Alfa Aesar α-Al2O3 corundum standard, with a frequent scanning of the standard to consider the decay of the X-ray tube. The standard was previously calibrated to 98.2% crystalline content using a certified corundum standard from the National Institute of Standards and Technology (NIST 676a).

Quantitative XRD analyses were performed using Xpert HighSocre Plus 4.7a from PANalytical for modelling the experimental XRD patterns. A first-degree (two parameters) polynomial background with a 1/2θ parameter was adopted for all tested samples as it produced the most reliable fitting with the PONKCS phases [START_REF] Scarlett | Quantification of phases with partial or no known crystal structures[END_REF]. The Rietveld refinement parameters were iteratively adjusted on raw materials and kept constant for the remaining analysis. The PONKCS method was used to quantify unreacted GP and hydration products. The glass powder was modelled as a single phase using a set of pseudo-Voigt peaks, and the C-S-H was modelled using an HKL file based on Tobermorite 14Å crystal structure [START_REF] Bonaccorsi | The Crystal Structure of Tobermorite 14 A (Plombierite), a C-S-H Phase[END_REF]. The diffuse scattering signals of these two amorphous phases were defined using the Pawley curve fitting algorithm on 100% anhydrous GP sample and on a 180-days hydrated sample of silica fume and portlandite (ratio of 1 to 3) for C-S-H. Finally, the GP PONKCS phase was calibrated using a 50/50 reference mix of glass powder and the crystalline corundum standard, while the C-S-H amount was determined by difference using the external standard method since its composition varies over hydration time.

SEM-EDS quantitative analyses (QEDS)

Scanning electron microscopy was performed on hydrated pastes mixed in a fast-setting epoxy resin at the ages of 28, 56 and 91 days. The observations were carried out on coarsely ground samples since the typical slices were too brittle to support the polishing, and therefore couldn't produce a fine surface finish on large area. Once the resin has set, the samples were levelled using a 600 grit SiC paper and then polished using a perforated cloth with 3 μm and 1 μm diamond suspensions with isopropanol as a lubricant. The samples were rinsed between each step with isopropanol in an ultrasonic bath to minimise contamination. In order to avoid surface charging during SEM analysis, a carbon coating with a thickness of about 15 nm was applied to the samples after 2 hours of vacuum drying. The observations were carried out in a Hitachi S-3400 N SEM equipped with an Oxford Inca Energy 250 energy-dispersive spectrometer (EDS). An accelerating voltage of 15kV and a magnification of 400× were used allowing analyses of 300 μm × 240 μm fields of view.

The chemistry of approximately 700 micro-volumes was investigated using 20 s dwell time to obtain high quality EDS spectra, which were post-processed with the NIST software DTSA-II to achieve quantitative analyses. Pure synthetic C2S (for Ca and Si), pure synthetic C3A (for Al), olivine (for Mg and Fe), anhydrite (for S), orthoclase (for K), tugtupite (for Na and Cl), and sphene (for Ti) were used as standards to calibrate the quantification process. Invalid measurements caused by local charging and surface irregularities were excluded using the Duane-Hunt limit. Afterwards, qualitative chemical mappings of the analysed regions were acquired by averaging three frames using a map dwell time of 512 s.

Statistical analyses were carried out to deconvolute the results using two methods: least-square fitting of the marginal probability density functions and multivariate Gaussian mixture clustering using the maximum likelihood estimation. As further described elsewhere [START_REF] Wilson | Automated coupling of NanoIndentation and Quantitative Energy-Dispersive Spectroscopy (NI-QEDS): A comprehensive method to disclose the micro-chemo-mechanical properties of cement pastes[END_REF][START_REF] Wilson | Unveiling micro-chemo-mechanical properties of C-(A)-S-H and other phases in blended-cement pastes[END_REF][START_REF] Krakowiak | Inference of the phase-tomechanical property link via coupled X-ray spectrometry and indentation analysis: Application to cement-based materials[END_REF], each data point i was described by its chemical properties as dimensions (xi = [Sii/Cai; Sii/Nai; Sii /(Cai+Nai); SOXi]) and then assigned to a cluster j using multivariate deconvolution. The aim of this procedure was to estimate for each cluster j (particularly for the C-S-H) a vector of mean composition and its covariance matrix.

Results

GP pozzolanic reaction

The powder XRD patterns provide significant information about the changes that occur in the pastes as a function of the reaction time. The dry mixes patterns show very pronounced diffraction peaks of portlandite, along with the typical amorphous halo of GP spreading from 15° to 42° 2θ (Fig. 1). Other minor peaks corresponding to calcite and quartz are also detected in the patterns. Over time, all systems show a similar trend of consumption of GP and CH. In the same time, relatively broad peaks appear on the diffractograms at ~ 2θ (d-spacing) of 7.13° (12.37 Å), 29.24° (3.05 Å), 31.88° (2.80 Å) and 49.95° (1.82 Å), which indicates the formation of new products. These peaks correspond to the C-S-H(I) as defined by Taylor [START_REF] Taylor | Cement chemistry. 2nd ed[END_REF], with a slight shift to higher angles (i.e. reduction of the interlayer distance). The structure of this product is very similar to the natural tobermorite-type C-S-H, (CaO)5(SiO2)6(H2O)n [START_REF] Nonat | The structure and stoichiometry of C-S-H[END_REF], and has a layered structure with a d-spacing extending from about 11 Å at Ca/Si = 1.3 to 13 Å at Ca/Si = 0.8 [START_REF] Taylor | Cement chemistry. 2nd ed[END_REF].

It is worth to mention that the peaks are better defined with higher nano-crystallinity in the mixes with 50% and 75% GP (Fig. 1 (a) and (c)), while they only start showing at a later age in the 25GP75CH mix (specifically at 91d in Fig. 1 (b)). This concurs with Taylor's prediction stipulating that the crystallinity of C-S-H(I) decreases with the increase of Ca/Si [START_REF] Taylor | Cement chemistry. 2nd ed[END_REF] [START_REF] Renaudin | Structural characterization of C-S-H and C-A-S-H samples-Part II: Local environment investigated by spectroscopic analyses[END_REF]. On the other hand, the average thickness of C-S-H layers (corresponding to the first broad peak ~ 7° 2θ) is also affected by the sodium retention in the interlayer. Bach et al. [START_REF] Bach | Retention of alkali ions by hydrated low-pH cements: Mechanism and Na+/K+ selectivity[END_REF] has reported a decrease of the d-spacing from 13.98 Å at Na/Si = 0 to 12.79 Å at Na/Si = 0.15. Therefore, silica and sodium availability near the glass grains is likely to decrease Ca/Si and increase the Na/Si ratio and thus promote a locally higher crystalline C-S-H with a reduced interlayer distance. The weight percentages of reacted materials obtained by the QXRD/PONKCS method are reported in Table 4.

TGA was used to determine the chemically bound water content and the weight loss corresponding to the portlandite decomposition. Moreover, the amount of calcium carbonates, calculated from the derivative of the TGA curve (DTG curve), was used to correct the calcite formed from the portlandite carbonation during the analysis, despite the precautions to prevent it. Finally, the bound water content (excluding the water contained in CH) was used to correct the initial amount of materials in the sample which was then used to calculate the degree of reaction of GP (Table 4). A comparison between the CH content calculated from the DTG curves using the tangent method and the results of the Rietveld analysis is shown in Fig. 2.

In the 75GP25CH mix, almost all calcium hydroxide is consumed. It was anticipated that the pH of the pore solution would drop and therefore GP dissolution will stop or at least slow down significantly.

However, a continuous dissolution of glass particles in this mix is observed (Table 4). This suggests that the alkalis originating from GP maintain the pH high enough to keep its dissolution. Furthermore, the bound water content in this mix is high compared to the two other mixes and keeps increasing over time. This might suggest the formation of silicate gel rims around the GP particles with higher affinity to bind water. However, the weight ratios of ''chemically bound water'' to ''C-S-H'' (formed products) are similar between the three systems. For instance, the weight percentages of water in C-S-H for the three systems at 91 days are in the range of 33-36 wt.%. Nevertheless, these values are higher than the results reported in [START_REF] Rodriguez | Thermal stability of C-S-H phases and applicability of Richardson and Groves' and Richardson C-(A)-S-H(I) models to synthetic C-S-H[END_REF], showing a variation between 21-26 wt. % of C-S-H water depending on the Ca/Si ratio. Therefore, it is more likely that different types of C-S-H and potentially some silica gel are present in the same system, which may explain the higher water content. The composition of the C-S-H will be further investigated in the section 3.2.

As shown in Fig. 3, the reaction degree of glass powder as a function of time was calculated by dividing the reacted amount of glass powder by the nominal amount in the mixture. Interestingly, the rates of GP consumption after 28 days are fairly similar between the three mixes. Moreover, the GP dissolution decreases over time, which can be attributed to the formation of reaction product layers on the surface of glass grains that prevent further dissolution of silica as shown in Fig. 4. This suggests that the reaction of GP is dependent at first on the surface of particles exposed to the high alkaline pore solution [START_REF] Idir | Pozzolanic properties of fine and coarse color-mixed glass cullet[END_REF], and then controlled by the diffusion of silica through layers of products formed on the surface.

One of the main parameters limiting the use of glass powder at high substitution rates is the large amounts of alkali (mainly Na + ) present in this material. Indeed, the alkalis increase the risk of alkali silica gel formation which can have a deleterious effect on cementitious materials. However, it has been reported that the amount of alkalis bound by the solid phases is strongly enhanced in presence of high pH [START_REF] Labbez | C-S-H/solution interface: Experimental and Monte Carlo studies[END_REF][START_REF] Labbez | Experimental and theoretical evidence of overcharging of calcium silicate hydrate[END_REF] and low Ca/Si C-S-H [START_REF] Idir | Pozzolanic properties of fine and coarse color-mixed glass cullet[END_REF][START_REF] Renaudin | Structural characterization of C-S-H and C-A-S-H samples-Part II: Local environment investigated by spectroscopic analyses[END_REF], which is the case of GP. In fact, the adsorption of alkali compensates the negative charge at the C-S-H surface due to the deprotonation of ≡SiOH to ≡SiO - sites that increases with the pH [START_REF] Lothenbach | Calcium silicate hydrates: Solid and liquid phase composition[END_REF]. Therefore, in the absence of competing adsorbing cations such as Ca 2+ , the alkali ions uptake (Na/Si and K/Si) can reach a range of 0.3-0.5 [START_REF] Idir | Pozzolanic properties of fine and coarse color-mixed glass cullet[END_REF][START_REF] Wilson | Unveiling micro-chemo-mechanical properties of C-(A)-S-H and other phases in blended-cement pastes[END_REF][START_REF] Lothenbach | Calcium silicate hydrates: Solid and liquid phase composition[END_REF][START_REF] Hôpital | Alkali uptake in calcium alumina silicate hydrate (C-A-S-H)[END_REF]. To investigate further this C-(N)-S-H, the point analysis mode of the SEM/EDS was used to acquire the chemical composition of more than 700 points over numerous areas of the sample. The data were statistically analysed and represented as clustered data points. Fig. 6 displays the data collected on the studied systems at 56 days as a function of Si/Ca, Si/Na atomic ratios and the sum of oxides (SOX), while Table 5 

regroups average chemical properties of the C-(N)-S-H cluster at the different ages of hydration. The average composition of the C-(N)-S-H and measured compositions (by XRF) of GP

and CH were also added in Fig. 6.

Overall, the EDS analysis shows progressive changes in the microstructure of C-(N)-S-H that are similar to the TGA and XRD results. One major observation is the high standard deviation of the chemical composition of the products, as it is heavily influenced by the zone where the analysis was conducted. The average chemical compositions of C-(N)-S-H, reported in Table 5, shows a decrease in Ca/Si ratio over time, from 2.03 to 1.59 in 50GP50CH and 0.98 to 0.79 in 75GP25CH while the Na/Si remains in the 0.14-0.19 range. These results are in agreement with XRD pattern analysis discussed above showing a decrease of Ca/Si and an increase of the Na/Si ratios. On the other hand, the sum of oxides (SOX) gives an indication about the amount of water contained in the C-S-H. When this value is lower than ≈ 1, the investigated volume includes a part that is not measured by the EDS, such as H2O or CO2. Therefore, the SOX tends toward ≈ 1 for anhydrous materials, and hydrates are included in the range SOX ≈ [0.55, 0.76] while anhydrous-hydrous mixtures lie in-between [START_REF] Wilson | Automated coupling of NanoIndentation and Quantitative Energy-Dispersive Spectroscopy (NI-QEDS): A comprehensive method to disclose the micro-chemo-mechanical properties of cement pastes[END_REF]. Thus, the low reported values of SOX indicates that the formed C-S-H have a high affinity to bind water. However, this amount decreases over time of hydration (i.e. SOX increases).

The EDS results also show the formation of rims around the glass particles with low Ca and high Si and Na content (Ca/Si ~ 0.36-0.67 and Na/Si ~ 0.19-0.31), which suggests that silica gel could be the main hydration product in this zone. However, the Ca/Si tends to increase by moving away from the GP to the area between particles (Fig. 7). Yet this zone was occupied initially by CH particles that are hardly detected by EDS probe due to their small size after partial dissolution. Hence, in particular for the 25GP75CH mix which contains high unreacted portlandite content, it is difficult to deconvolute the collected data and to determine accurately whether the analysed area is composed of only C-S-H or a C-S-H/CH mixture. Consequently, a high Ca/Si ratio of ~4 is found for the C-S-H. This may be related to the interaction volume (~1.5 µm depth) of the EDS probe, which in this case might be larger than the single features [START_REF] Snellings | Use of X-ray diffraction to quantify amorphous supplementary cementitious materials in anhydrous and hydrated blended cements[END_REF][START_REF] Scrivener | A Practical Guide to Microstructural Analysis of Cementitious Materials[END_REF].

Discussion

The results of the carried out investigations provide a better understanding of glass powder pozzolanic reaction for various CH to GP ratios. The reaction sequence starts by the dissolution of Ca(OH)2 which increases the pH of the pore solution. The nucleophilic attack of OH -on glass induces its dissolution, and thus supplies silica and sodium to a system already rich with Ca 2 + . This leads to the precipitation of high Ca/Si C-S-H especially on the periphery of GP particles inducing a decrease of its dissolution rate. When the CH is locally consumed, the released silica ions start to react with Ca-rich C-S-H to form more polymerised C-S-H with lower Ca/Si ratios. In the same time, the high pH of the system increases the deprotonation of the silanol groups of the calcium silicate hydrates [START_REF] Lothenbach | Calcium silicate hydrates: Solid and liquid phase composition[END_REF] leading to the appearance of charges on C-S-H surface. This negative charge is compensated at first by the ioniccovalent bonds of calcium ions and SiO -groups [START_REF] Renaudin | Structural characterization of C-S-H and C-A-S-H samples-Part I: Long-range order investigated by Rietveld analyses[END_REF], and after the consumption of calcium ions, by the adsorption of alkalis [START_REF] Bach | Retention of alkali ions by hydrated low-pH cements: Mechanism and Na+/K+ selectivity[END_REF]. Consequently, the alkali uptake in Si-rich C-S-H can reach a Na/Si ratio of 0.17-0.19 as it is the case for the 75GP25CH mix.

To this step, the GP acts fundamentally like a pozzolan by consuming CH to form C-S-H with relatively high Na content. However, rims have been observed at the periphery of glass particles with particularly low Ca/Si while this ratio increases by departing further from the glass grains. For the mix 75GP25CH, this observation has been attributed to the total consumption of CH while the GP still dissolves and lowers the Ca/Si ratio (~ 0.36) of the inner C-S-H. Thus, in the absence of Ca 2 + ions, this could lead eventually to the apparition of ASR gel around the particles [START_REF] Hou | Formation of ASR gel and the roles of C-S-H and portlandite[END_REF]. On the other hand, similar rims are observed in the 50GP50CH mix but with relatively stable Ca/Si ratio (respectively ~ 0.67, 0.65 and 0.64 at 28, 56 and 91 days). This slight variation might be related to the slow-down of Ca and Si chemical transport through the layers of C-S-H and the availability of CH in the system. Therefore, it is more likely that the mechanism of glass reaction is the same for different sizes. However, in the case of glass powder, the high specific surface allows a more homogeneous and slower diffusion through the layers of products, leaving time to silica to react pozzolanically with portlandite.

Even though the optimal substitution rate of GP depends on a several parameters such as particles size distribution (i.e. specific surface), composition, pore solution, alkali in cement, etc., it is preferable to ensure sufficient CH amount as long as GP continues to react, in order to keep an average Ca/Si of C-S-H higher than 0.8 and thus minimize the risk of ASR. Therefore, the weight substitution of cement by glass powder could reach 25%, assuming a typical composition of soda-lime glass (70% of SiO2, 9.5% of CaO) and that 1g of standard cement produces around 0.2 g of portlandite [START_REF] Scrivener | Quantitative study of Portland cement hydration by X-ray diffraction/Rietveld analysis and independent methods[END_REF]. However, this rough estimation is based solely on model systems consisting of GP and portlandite, without taking into account the availability of calcium in blended OPC-GP systems, sodium sorption in cement C-S-H and the effect of aluminium on the dissolution of silica [START_REF] Zheng | Pozzolanic reaction of glass powder and its role in controlling alkali-silica reaction[END_REF], the difference in the pore solution, etc.

Further investigations of the behaviour of GP in the cementitious matrix (with various ratios) are recommended to assess the risk of ASR in the long term.

Conclusion

In this work, the mechanisms of the pozzolanic reaction of glass powder and the evolution of the formed products were investigated through GP-CH systems. The following conclusions can be drawn according to the findings of this study:

1. The pozzolanic reaction of GP with CH leads to the formation of relatively crystalline C-(N)-S-H, with variations of the Ca/Si and Na/Si ratios depending on the relative proportions of GP and CH, and the relative proximity of the GP grains.

2. For the studied GP-CH systems, the soda-lime glass degree of dissolution depends, at first, on the surface exposed to high alkaline pore solution and then on the diffusion of Si and Ca through the layers of C-S-H formed on the periphery of glass particles.

3. The composition of C-(N)-S-H changes over hydration time, and can slowly progress to alkali-silica gel if all CH is depleted.

4. The higher specific surface of fine GP allows better contact between the dissolved silica and the calcium in pore solution, allowing the pozzolanic reaction to take place. This is in accordance with previous studies associating the ASR with coarse glass cullet and the pozzolanic reaction with fine GP.

Table 5. Average chemical ratios of C-(N)-S-H data points as a function of time (average values

are presented with their standard deviation). 
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 5 Fig. 5 depicts composite chemical mappings of the sample 75GP25CH at 56 days obtained by superposing the mappings of three elements: (a) Ca in red, (b) Si in blue and (c) Na in yellow. The different phases present in this system can then be identified in Fig 5(f) based on their colour code in (i.e. chemical composition): unreacted CH appears in red, anhydrous GP appears in light violet due to the high Si content with Ca (~10 wt.%) and Na (~13 wt.%) and the C-(N)-S-H appears in purple. The change of colours between Fig 5(f) and Fig 5(d) highlights the sorption of sodium ions in C-S-H.
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 12 Fig. 1. XRD diffractograms of studied systems: (a) 50GP50CH, (b) 25GP75CH and (c) 75GP25CH.
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 34 Fig. 3. Degree of reaction of GP as a function of time for the studied mixes. The error bars show the range of the measurements.
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 5 Fig. 5. Chemical mappings of a powdered 75GP25CH sample at 56d: (a) Ca, (b) Si and (c) Na. Composite chemical mappings with multilayer combinations of (d) Ca+Si, (e) Si+Na and (f) Ca+Si+Na, which facilitate the recognition of repartitions of the anhydrous and hydrous phases. The black regions represent the epoxy embedding the grains of hydrated pastes.

Fig. 6 .

 6 Fig. 6. Results of the statistical clustering for systems: (a) 50GP50CH, (b) 25GP75CH and (c) 75GP25CH in representations Si/Ca vs. Si/Na (left) and Si/Ca vs. Sum of oxide (SOX) (right).

Ca/Si (atomic ratio) Na/Si (at. ratio) (Ca+Na)/Si (at. ratio) Sum of oxides (wt.)

  

	50GP50CH	28d	2.03 ±0.35	0.14 ±0.06	2.17 ±0.36	0.58 ±0.08
		56d	1.94 ±0.31	0.15 ±0.03	2.11 ±0.38	0.60 ±0.05
		91d	1.59 ±0.29	0.17 ±0.04	1.77 ±0.34	0.66 ±0.06
	25GP75CH	56d	3.92 ±0.88	0.23 ±0.04	4.16 ±0.90	0.60 ±0.03
	75GP25CH	28d	0.98 ±0.25	0.18 ±0.03	1.15 ±0.19	0.59 ±0.05
		56d	0.82 ±0.19	0.18 ±0.06	1.01 ±0.20	0.63 ±0.06
		91d	0.79 ±0.18	0.19 ±0.03	0.99 ±0.21	0.64 ±0.03
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