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Introduction

Nano-silica (NS) has been successfully incorporated to cementitious blends to improve their mechanical properties [START_REF] Jo | Characteristics of cement mortar with nano-sio2 particles[END_REF][START_REF] Qing | Influence of nano-sio2 addition on properties of hardened cement paste as compared with silica fume[END_REF][START_REF] Khaloo | Mechanical and microstructural properties of cement paste incorporating nano silica particles with various specific surface areas[END_REF][START_REF] Biricik | Comparative study of the characteristics of nano silica -, silica fume -and fly ash -incorporated cement mortars[END_REF][START_REF] Lee | Experimental investigation and theoretical modeling of nanosilica activity in concrete[END_REF][START_REF] Rupasinghe | Investigation of strength and hydration characteristics in nano-silica incorporated cement paste[END_REF][START_REF] Hanif | Properties improvement of fly ash cenosphere modified cement pastes using nano silica[END_REF]. Indeed, this material of choice combines a specific surface higher than that of silica fume and an efficient pozzolanic activity as it is made of amorphous silica, just like silica fume. It is therefore a promising addition to cementitious materials. Indeed, the improvement of performances induced by Nano-silica (NS) particles may help reducing CO 2 emissions without compromising the mechanical performance and durability of modern cementitious materials, in particular by considering ternary blends [START_REF] Said | Properties of concrete incorporating nano-silica[END_REF]. Nevertheless, existing experimental evidences on the effect of NS particles can be inconclusive. For instance, the 28 day compressive strength unevenly depends on both the weight fraction of NS in the binder and its specific surface [START_REF] Khaloo | Mechanical and microstructural properties of cement paste incorporating nano silica particles with various specific surface areas[END_REF]. For instance, to maximize the 28 days compressive strength of a cement paste of water to binder ratio w/b = 0.23, the optimal weight fraction of NS of specific surface 200m 2 /g is about 3%, against 1.5% for NS of specific surface 380m 2 /g due to dispersion problems [START_REF] Khaloo | Mechanical and microstructural properties of cement paste incorporating nano silica particles with various specific surface areas[END_REF]. On the contrary, if the water to cement ratio is 0.5, the compressive strength increases up to 12% weight of added NS particles of specific surface 60m 2 /g [START_REF] Jo | Characteristics of cement mortar with nano-sio2 particles[END_REF]. The compressive strength at all ages and w/c = 0.3 or w/c = 0.5 increases with the weight fraction of added NS of specific surface 250m 2 /g up to 6% weight [START_REF] Lee | Experimental investigation and theoretical modeling of nanosilica activity in concrete[END_REF]. Depending on the water to binder ratio, the considered amount of NS, their specific surface and the amount of superplasticizer, the improvement of the 28 days compressive strength of a cement paste can be moderate (from 47MPa to 50 MPa) [START_REF] Lee | Experimental investigation and theoretical modeling of nanosilica activity in concrete[END_REF], significant (from 79MPa to 97MPa) [START_REF] Qing | Influence of nano-sio2 addition on properties of hardened cement paste as compared with silica fume[END_REF], or impressive (from 55MPa to 98MPa) but highly variable [START_REF] Khaloo | Mechanical and microstructural properties of cement paste incorporating nano silica particles with various specific surface areas[END_REF]. As a result, there is a need for a deeper understanding of the effect of NS on the hydration kinetic, workability and compressive strength of a cement paste by mean of modelling [START_REF] Lee | Experimental investigation and theoretical modeling of nanosilica activity in concrete[END_REF].

Most of existing studies associate NS particles to a superplaticizer so as to recover similar rheology [START_REF] Jo | Characteristics of cement mortar with nano-sio2 particles[END_REF][START_REF] Qing | Influence of nano-sio2 addition on properties of hardened cement paste as compared with silica fume[END_REF][START_REF] Biricik | Comparative study of the characteristics of nano silica -, silica fume -and fly ash -incorporated cement mortars[END_REF][START_REF] Lee | Experimental investigation and theoretical modeling of nanosilica activity in concrete[END_REF][START_REF] Quercia | Scc modification by use of amorphous nano-silica[END_REF][START_REF] Rupasinghe | Investigation of strength and hydration characteristics in nano-silica incorporated cement paste[END_REF]. Nevertheless, the superplaticizer can interfere with the hydration kinetics. On the contrary, the present study is focused on the effect of nano-silica alone, so as to obtain clear trends and enable modelling of the hydration kinetics, which is monitored by mean of isothermal calorimetry [START_REF] Jo | Characteristics of cement mortar with nano-sio2 particles[END_REF][START_REF] Rupasinghe | Investigation of strength and hydration characteristics in nano-silica incorporated cement paste[END_REF] and thermogravimetric analysis (TGA) [START_REF] Biricik | Comparative study of the characteristics of nano silica -, silica fume -and fly ash -incorporated cement mortars[END_REF]. For instance, the consumption of Portlandite by the pozzolanic reactions can be investigated by performing thermogravimetric analysis at different ages [START_REF] Lee | Experimental investigation and theoretical modeling of nanosilica activity in concrete[END_REF]. As an alternative, X-ray diffraction also unveils that the pozzolanic activity of NS is greater than that of silica fume [START_REF] Qing | Influence of nano-sio2 addition on properties of hardened cement paste as compared with silica fume[END_REF].
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The effect of NS particles on the rheology of fresh cement pastes has already been explored [START_REF] Quercia | Water demand of amorphous nano silica and its impact on the workability of cement paste[END_REF]: NS particles featuring a high specific surface clearly arms the workability of the cement paste. NS particles have often been introduced in combination to a variable amount of plasticizer: increasing weight fractions of NS particles are clearly correlated to higher plasticizer content to recover similar rheology [START_REF] Biricik | Comparative study of the characteristics of nano silica -, silica fume -and fly ash -incorporated cement mortars[END_REF][START_REF] Quercia | Scc modification by use of amorphous nano-silica[END_REF][START_REF] Rupasinghe | Investigation of strength and hydration characteristics in nano-silica incorporated cement paste[END_REF]. Moreover, the amount of plasticizer required to disperse the NS particles depends on the specific surface of NS [START_REF] Khaloo | Mechanical and microstructural properties of cement paste incorporating nano silica particles with various specific surface areas[END_REF]. The present study aims at investigating the effect of NS particles alone on the rheology of the paste. It is studied according to the DLVO theory [START_REF] Derjaguin | Theory of the Stability of Strongly Charged Lyophobic Sols and of the Adhesion of Strongly Charged Particles in Solutions of Electrolytes[END_REF][START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Sol Particles Having an Electric Double Layer[END_REF], where the Van der Waals attraction and the electrostatic repulsion are to be evaluated. To this end, the concentrations of ions in the pore solution of a fresh cement paste and the resulting complexation of ions on the surface of the NS particles inducing the surface charges need to be modelled [START_REF] Davis | Surface ionization and complexation at the oxide/water interface: I. computation of electrical double layer properties in simple electrolytes[END_REF][START_REF] Milonjić | Determination of surface ionization and complexation constants at colloidal silica/electrolyte interface[END_REF][START_REF] Viallis-Terrisse | Interaction des Silicate de Calcium Hydratés, principaux constituants de ciment, avec les chlorures d'alcalins. analogie avec les argiles[END_REF][START_REF] Viallis-Terrisse | Zeta-potential study of calcium silicate hydrates interacting with alkaline cations[END_REF]. The pore solution model of Eijk and Brouwers [START_REF] Brouwers | Alkali concentrations of pore solution in hydrating opc[END_REF] is to be adapted to account for the sulphate concentration due to gypsum.

The puzzling effect of the added NS on the compressive strength of the cement paste can be discussed in the view of the proposed evidences regarding hydration and rheology. On the one hand, the hydration is accelerated due to the specific surface of NS particles, thus explaining the impressive early strength. On the other hand, the compressive strength can be impaired by the effect of NS on the rheology of the cement paste. Finally, ternary blends incorporating both fly ash and NS particles exhibit improved early strength [START_REF] Hanif | Properties improvement of fly ash cenosphere modified cement pastes using nano silica[END_REF]. Therefore, a ternary blend incorporating NS particles and fly ash is designed so as to exhibit an early strength and a long term strength similar to that of a pure cement paste, but reduced CO 2 emissions.

Effect of nano-silica on the hydration kinetics of the cement paste

The effect of nano-silica on the hydration kinetics of the cement paste is monitored by mean of isothermal calorimetry and thermogravimetric analysis.

Materials, proportions and mixing procedure

Different cement pastes featuring various amounts of NS (1.5%, 3% and 5% by the weight of binder) are considered and compared with reference one (0% of NS). Two types of mixtures made with water-to-binder ratio 0.35 and 0.45. The considered cement is CEM I 52.5 N, from Calcia. Other mixes incorporating fly ash are also investigated (Tab. 1.2). The chemical and physical properties of considered materials are summarized in table 1.1. As observed, the BET surface of NS particles is ten times higher than that of silica fume (20 m 2 /g), which could increase the water demand of cementitious matrix and affect its hydration kinetic. In addition, the rapid cooling of these nano-silicates warns any crystallization; NS particles are composed of amorphous silica, like silica fume, giving them a pozzolanic aspect which is difficult to be evidenced, regarding the low substitution rates.

The considered white powder of NS particles is hydrophilic fumed silica, CAS number 112945-52-5, also known as pyrogenic silica, obtained by thermal flame hydrolysis [START_REF]Reference document on best available techniques for the manufacture of large volume inorganic chemicals -solids and others industry[END_REF].

Regarding CO 2 emissions, the lime C bonded in the clinker of the considered cement represents 51% of the weight of the cement. Hence, the carbon dioxide C emissions related to the calcination is about 0.4 t/t of cement. The emissions related to reach the temperature required for obtaining clinker and the grinding process depend on the origin of the energy: in France, a life cycle analysis estimated the equivalent release of CO 2 to 0.866 t/t of CEM I [START_REF]Association Technique de l'Industrie des Liants Hydrauliques, Module d'informations environnementales de la production de ciments courants en France[END_REF]. The silica fume and the fly ash are assumed to be by-products of steel industry or electricity production, thus releasing no equivalent CO 2 . Lastly, the pyrogenic silica nanoparticles are produced by evaporating SiCl 4 and burning it with O 2 and H 2 [START_REF]Reference document on best available techniques for the manufacture of large volume inorganic chemicals -solids and others industry[END_REF]. This process alone emits about 0.64 ton of CO 2 per ton of nano-silica. In addition, the silicon may be sourced from ferrosilicon and producing the ferrosilicon emits about 2.5 ton of CO 2 per ton of nano-silica [START_REF] Lindstad | Greenhouse gas emissions from ferroalloy production[END_REF].

Table 1.1: The considered materials, along with some of their features. A specific protocol is applied in preparing nano-silica suspension. This preparation is performed under an extractor hood; water is firstly weighed then nano particles are added and handily mixed with water before their mixing with a mixer for 2 min. This protocol is similar to that defined in [START_REF] Senff | Effect of nano-silica on rheology and fresh properties of cement pastes and mortars[END_REF][START_REF] Liu | Effect of nano-caco3 on properties of cement paste[END_REF], in the sense that the solid nano-silica particles are introduced in the water as-is, without any alkaline additive, thus forming a gel. The mixing time is long enough for the mix to become globally homogeneous, even if the NS particles might be agglomerated at the smallest scale. The advantage of a laboratory-prepared suspension is the absence of stabilizer used in commercialized products. The high pH induced by such alkaline stabilizers could affect the reaction mechanism and kinetic of the cementitious matrix, particularly in presence of pozzolanic materials. The different cement pastes, detailed in table 2, are prepared in a 15L-mixer, according to the procedure detailed in figure 1.1. After mixing, prismatic molds of 4×4×16 cm and cylindrical ones of 11×22 cm are filled with prepared pastes, and a shock [START_REF] Afnor | Méthodes d'essais des ciments partie 1 : détermination des resistances[END_REF] and vibrating [START_REF] Afnor | Essais pour béton durci -partie 2 : confection et conservation des éprouvettes pour essais de résistance[END_REF] table are respectively used, in order to avoid pores and ensure compact mixtures. Indeed, the use of nano particles affects greatly the rheology of manufactured specimens, which made very difficult their implementation. The considered additions features different specific surfaces and chemical compositions. These features must be accounted for as the hydration of the formulated cement paste is modelled.

Modelling of cement hydration in brief

The hydration model for blended cements proposed in [START_REF] Lavergne | Estimating the mechanical properties of hydrating blended cementitious materials: An investigation based on micromechanics[END_REF] is extended to NS particles. Asis, the model provides an estimate of the advance of the various chemical reactions occurring in the cement paste. Both the hydration reactions of the cement and the pozzolanic reactions of silica fumes and fly ashes are accounted for. In addition, the mineral additions provide additional surfaces promoting the chemical reactions: this catalytic effect, called the filler effect, partly attenuates the dilution effect, that is the replacement of the cement by less reactive materials. The filler effect could also be described as a seeding effect as nanoparticles are considered [START_REF] Gu | Modifying cement hydration with ns@pce core-shell nanoparticles[END_REF], involving nucleation as its physical origin. Nevertheless, the dependence to the interparticle distance also points shearing mechanisms as another plausible physical origin [START_REF] Berodier | Understanding the filler effect on the nucleation and growth of c-s-h[END_REF] for quartz fillers, fly ashes, slag and limestone fillers. The considered reactions are exothermic, bind water and reduce the capillary porosity, thus leading to the increase of the compressive strength of the cement paste.

NS particles are very similar to silica fume particles: both are made of amorphous silica, stemming from a rapid cooling. NS particles are therefore modelled as pozzolanic additions, just like silica fumes. Nevertheless, as NS particles feature a very high specific surface, the filler effect is likely more important than for silica fumes. Therefore, the rate α i describing the consumption of the chemical species i varies directly with the specific surface of the binder, including that of the NS particles:

αi (t) = w c S c + w N S S N S w c S 0 g(RH, T ) f (α i (t), N ) (1) 
where S 0 = 385m 2 /kg is a reference specific surface, g(RH, T ) and f (N ) are respectively functions accounting for the relative humidity RH, the temperature T and the chemical composition N at time t. The specific surface of the binder is a weighted sum of the Blaine specific surface of the cement S c and a specific surface for the NS particles S N S , the weights being the weight fractions of the cement w c and NS particles w N S . The equation above can easily be extended to ternary blend by accounting for there weight fraction and an equivalent Blaine specific surface. For instance, the equivalent specific surface for silica fumes was set to 2000m 2 /kg in [START_REF] Lavergne | Estimating the mechanical properties of hydrating blended cementitious materials: An investigation based on micromechanics[END_REF]. The experimental tests performed in the sequel are expected to provide an estimate for the equivalent Blaine specific surface for NS particles.

1.3. Experimental results

Isothermal calorimetry

Measuring the heat released by the chemical reactions provides a valuable insight on the advance of the chemical reactions at early age. By using isothermal microcalorimetry at a uniform temperature of 20°C, the temperature dependence of the different reaction rates can be omitted as the results are interpreted. It is shown on figure 1.2 that cement pastes incorporating NS particles release heat more rapidly than both the reference cement paste and the cement paste incorporating silica fumes. This effect is visible at both water-to-binder ratio w/b = 0.35 and w/b = 0.45. Indeed, as the measurement of the heat flux starts, a large flux is observed. It could be related to initial dissolution of alite, the rapid release of alkaline ions in the solution, the dissolution of gypsum and the rapid formation of a layer of hydration products on the cement grains occurring within the first minutes after the mix [START_REF] Taylor | Cement Chemistry[END_REF][START_REF] Neville | Properties of Concrete[END_REF]. It might also be related to a slight difference between the temperature of the freshly mixed cement paste and the temperature imposed by the calorimeter. Therefore, the cumulated released heat can be estimated by integrating the heat flux starting from the first minimum, a few minutes after the mix (Fig. 1.3). It is observed that the cumulated released heats reach comparable values within a few days for all mixes. Hence, the NS particles do not seem to lead to higher ultimate hydration degree, but they improve the hydration kinetics. This observation is consistent with the filler effect. Indeed, by introducing an equivalent Blaine specific surface of 5000m 2 /kg for the NS particles, compared to 2000m 2 /kg for the silica fumes, the effect of the NS particles on the cumulated released heat is properly modelled (Fig. 1.3). The raise of the heat flux has already been observed by isothermal calorimetry up to 72 hours [START_REF] Jo | Characteristics of cement mortar with nano-sio2 particles[END_REF] and 40 hours [START_REF] Rupasinghe | Investigation of strength and hydration characteristics in nano-silica incorporated cement paste[END_REF], even if variable amounts of superplasticizer were introduced. It has also been reported in the absence of superplasticizer and attributed to the increased number of nucleation sites [START_REF] Isfahani | Effects of nanosilica on early age stages of cement hydration[END_REF]. Furthermore, it is also observed in [START_REF] Isfahani | Effects of nanosilica on early age stages of cement hydration[END_REF] that cement pastes containing NS release more heat prior to 11h and less heat between 11h and 72h : these results are consistent with the final cumulated heat being nearly unaffected by the substitution of cement by NS particles. The threshold of 11h introduced in [START_REF] Isfahani | Effects of nanosilica on early age stages of cement hydration[END_REF] is depicted as the beginning of the diffusion-controlled deceleration stage and the lower released heat after 11h is attributed to the diffusion coefficient being smaller due to denser hydration products. Nevertheless, since the maximum heat flux occurs earlier for cement pastes containing NS particles, it is likely that the diffusioncontrolled deceleration stage starts before 11h, thus weakening the claim that NS particles influence the hydration kinetics in various ways. Indeed, separating the acceleration stage and the diffusion-controlled stage of hydration is an involved task and can hardly be achieved by setting a fixed threshold.

Thermogravimetric analysis

While isothermal calorimetry is an experiment of choice for getting insight on the hydration degree at early age, thermogravimetric analysis is able to track the amount of Porlandite, bound water and calcite in the cement paste at later ages. Thermogravimetric analysis have been performed on the different pastes at time t = 1, 3, 7, 28, 90 days after mix. To a certain extend, the considered testing procedure is similar to that described by Pane & Hansen [START_REF] Pane | Investigation of blended cement hydration by isothermal calorimetry and thermal analysis[END_REF]: the sample is ground, then soaked in methanol for a week to stop hydration reactions, then dried for a week in a desiccator (using silica gel). Finally, the sample is heated at a rate of 10°C/min and the mass loss is recorded as a function of temperature and derived using finite differences. Finally, a Gaussian filter is applied for smoothing (Fig. 1.4). Nevertheless, vacuum was not applied as the samples were dried, resulting in a significant mass loss below 140°C and the amount of bound water cannot be correctly estimated. In addition, the methanol likely reacted with the Portlandite [START_REF] Day | Reactions between methanol and portland cement paste[END_REF][START_REF] Beaudoin | Validity of using methanol for studying the microstructure of cement paste[END_REF], thus leading to a reduced amount of Portlandite and abnormally high estimated amount of calcite. As a result, the measured TGA curve cannot be treated to recover quantitative estimates of the amount of bound water, calcite and Portlandite. Nevertheless, all derivatives feature a significant peak related to the dehydration of Portlandite and a minimal amount of Portlandite can be segmented using the tangential method [START_REF] Lothenbach | Thermogravimetric analysis[END_REF]. As a consequence, there is a significant amount of Portlandite in all the considered cement pastes (Tab. 1.3) up to 90 days and all these cement pastes likely feature alkaline pore solutions: none of these pastes can be described as a low pH cement paste. In addition, since the amount of carbonates in the binder is known, a corrected estimate of the Portlandite content can be computed based on the measured amount of Portlandite and calcite (Fig. 1.5). While the corrected Portlandite content of the reference cement paste increases, those of binary mixes where part of the cement is substituted by amorphous silica are stable of decrease. This is a clue that a pozzolanic reaction occurs and it is visibly stronger for 5% NS particles than for 7.4% silica fume. Lastly, it is visible that the Portlandite content at later ages decreases with the weight fraction of NS particles. The Portlandite content also slightly increases as the water/binder ratio increases from w/b = 0.35 to w/b = 0.45, which can be due to the effect of moisture on the hydration kinetics. By looking at figure 1.5, it seems that the corrected Portlandite content still slightly decreases between 7 and 90 days for the mix containing 5 % NS at w/b = 0.45. The authors must acknowledge that their results may not sound enough for this trend to be significant. Nevertheless, decrease or consumption of Portlandite between 7 and 28 days related to NS are reported in references [START_REF] Qing | Influence of nano-sio2 addition on properties of hardened cement paste as compared with silica fume[END_REF][START_REF] Biricik | Comparative study of the characteristics of nano silica -, silica fume -and fly ash -incorporated cement mortars[END_REF][START_REF] Rupasinghe | Investigation of strength and hydration characteristics in nano-silica incorporated cement paste[END_REF]. While NS particles could be expected to react rapidly, it must be recalled that the temperature is kept low, at 20°C and that the activation energy of the pozzolanic reaction is higher than that of hydration reactions.

Effet of nano-silica on the rheology of the cement paste

It is known that NS particles increase the water demand of a cement paste and this effect is often directly related to their particular specific surface, as for other pozzolans [START_REF] Walker | Physical properties and reactivity of pozzolans, and their influence on the prop-erties of lime-pozzolan pastes[END_REF]. Incorporating such small particles in a cementitious mix is expected to improve the particle packing density, which is often associated to better rheological properties [START_REF] De Larrard | Structures granulaires et formulation des bétons -Concrete Mixture -Proportionning -A scientific approach[END_REF]. Nevertheless, since NS particles raise the viscosity of the mix, the interactions between these particles must be investigated. To this end, the DLVO theory [START_REF] Derjaguin | Theory of the Stability of Strongly Charged Lyophobic Sols and of the Adhesion of Strongly Charged Particles in Solutions of Electrolytes[END_REF][START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Sol Particles Having an Electric Double Layer[END_REF] can be applied to describe the competition between Van der Waals attraction and electrostatic repulsion between particles (Fig. 2.1).

Modelling the interparticle potential in cement suspensions explains the observed flocculation of cement particles [START_REF] Yang | Interparticle potential and sedimentation behavior of cement suspensions: Review and results from paste[END_REF]. Indeed, the zeta potential of cement grains is related to the mineral phases of the Bogue composition, as silicate phases (C 3 S, C 2 S) possess negative charges and aluminate hydrates covering C 3 A and C 4 AF are positively charged [START_REF] Zhang | Study on Microstructure and Rheological Properties of Cement-Chemical Admixtures-Water Dispersion System at Early Stage[END_REF]. Nevertheless, given the high ionic strength, pH, calcium and sulfate concentration of the pore solution, these charges remain limited and the zeta potentials are in range -7mV -+12mV [39], thus triggering the flocculation. The zeta potentials of mineral additions such as quartz, limestone and fly ash also remain in this range [START_REF] Lowke | The zeta potential of cement and additions in cementitious suspensions with high solid fraction[END_REF]. Indeed, both cement hydrates and silica fume possess a small positive surface charge in spite of the high pH due to the high concentration of calcium [START_REF] Plank | Effectiveness of polycarboxylate superplasticizers in ultra-high strength concrete: The importance of pce compatibility with silica fume[END_REF]. Lastly, the zeta potential is strongly affected by the pH and concentration of ions in solutions: for instance, zeta potential of +35mV have been observed on type F fly ash suspensions saturated by Portlandite [START_REF] Nägele | The zeta-potential of cement[END_REF]: a lot of calcium ions are adsorbed on the surface of the particles. On the contrary, in a fresh cement paste, the calcium ions compete for adsorption against sodium and potassium ions, thus reducing the zeta potential.

A practical model coupling the DLVO theory and equilibrium of complexation reactions has been designed to study the stability of C-S-H [START_REF] Viallis-Terrisse | Interaction des Silicate de Calcium Hydratés, principaux constituants de ciment, avec les chlorures d'alcalins. analogie avec les argiles[END_REF][START_REF] Viallis-Terrisse | Zeta-potential study of calcium silicate hydrates interacting with alkaline cations[END_REF] and pyrogenic silica [START_REF] Davis | Surface ionization and complexation at the oxide/water interface: I. computation of electrical double layer properties in simple electrolytes[END_REF][START_REF] Milonjić | Determination of surface ionization and complexation constants at colloidal silica/electrolyte interface[END_REF]. It is hereby coupled to an improved model predicting the concentrations of ions in the pore solution of the cement paste [START_REF] Brouwers | Alkali concentrations of pore solution in hydrating opc[END_REF]. While the range of Van der Waals attraction increases with the radius of the particles, that of electrostatic repulsion is tightly related to the concentrations of ions in the pore solution. Hence, though the flocculation of cement particles and classical pozzolanic additions is well-known, the flocculation of smaller NS particles needs to be investigated. To this end, the DLVO theory is to be briefly recalled in the next section.

The DLVO theory

The DLVO theory [START_REF] Derjaguin | Theory of the Stability of Strongly Charged Lyophobic Sols and of the Adhesion of Strongly Charged Particles in Solutions of Electrolytes[END_REF][START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Sol Particles Having an Electric Double Layer[END_REF] is intended to explain the stability of colloidal suspensions. Attractive Van der Waals forces promote flocculation while repulsive electrostatic forces due to surface charges on the particles may prevent this collapse of suspended particles into aggregates.

Van der Waals interaction energy

The Van der Waals interaction energy between two spherical particles of radii R 1 and R 2 separated by a distance δ writes [START_REF] Hamaker | The London-van der Waals attraction between spherical particles[END_REF]:

W vdw = - H 12 4R 1 R 2 δ 2 + 2δR 1 + 2δR 2 + 4R 1 R 2 δ 2 + 2δR 1 + 2δR 2 + 4R 1 R 2 + 2ln δ 2 + 2δR 1 + 2δR 2 δ 2 + 2δR 1 + 2δR 2 + 4R 1 R 2
(2) where H is the Hamaker constant. If the distance between the particles is small (δ << R 1 and δ << R 2 ), it is approximated to:

W vdw ≈ - H 6δ R 1 R 2 R 1 + R 2 (3) 
On the contrary, if the distance between the particle is large (δ >> R 1 and δ >> R 2 ), the classical trend of the Van der Waals interaction energy is recovered:

W vdw ≈ - 16H R 3 1 R 3 2 9δ 6 (4) 
The Hamaker constant is set according to the model of Flatt [START_REF] Flatt | Dispersion forces in cement suspensions[END_REF] for colloidal particles in water:

H = 0.3413 10 -20 J (ρ 1 -1) (ρ 2 -1) (5) 
where ρ 1 and ρ 2 are the densities of the particles.

Electrostatic interaction

Particles in liquids feature a surface charge related to the formation of an electric double layer. As a result, there is an electrostatic force between particles which can be be attractive or repulsive depending on their surface charges. Hogg et. al. [START_REF] Hogg | Mutual coagulation of colloidal dispersions[END_REF] have derived the interaction energy per surface unit between two planes at potential Ψ 1 , Ψ 2 , the potential in the bulk solution being null. The only requirement is that the potentials are low enough (q i Ψ(r) << k B T , where q i is the charge of ions, k B = 1.38064852e -23JK -1 is the Boltzmann constant and T is the temperature) so that the Poisson's equation can be linearised as performed by Debye and Hückel (Appendix A). The interaction energy per surface unit W e,plane writes:

W e,plane (δ) = k 0 r 1 2 (Ψ 2 1 + Ψ 2 2 ) 1 - ch(kδ) sh(kδ) + Ψ 1 Ψ 2 1 sh(kδ) (6) 
where 0 = 8.854187817e -12 A 2 .s 4 kg -1 .m -3 is the permittivity of vacuum and r is the relative permeability of water (≈ 80), k = 2I/(k B T 0 r ) is the inverse of the Debye length, I = 0.5 i q 2 i n b i is the ionic strength and δ is the distance between the planes. If the particles are close to one another (δ << R 1 , R 2 ), the Derjaguin approximation [START_REF] Derjaguin | Untersuchungen über die reibung und adhäsion, iv[END_REF] can be applied to estimate the interaction energy between the spheres starting from the equation above [START_REF] Hogg | Mutual coagulation of colloidal dispersions[END_REF]. Hence, the electrostatic force between the particles writes:

F (δ) = 2π R 1 R 2 R 1 + R 2 W e,plane (δ) (7) 
Consequently, the interaction energy between two particles can be estimated as:

W e (δ) = +∞ δ F (τ )dτ = π 0 r R 1 R 2 R 1 + R 2 (Ψ 2 1 + Ψ 2 2 )ln(1 -e -2kδ ) + 2Ψ 1 Ψ 2 ln 1 + e -kδ 1 -e -kδ (8) 
The potentials Ψ 1 , Ψ 2 at the surface of the particles are tightly related to the adsorption affinity of the ions.

Potential at the surface of particles

The potential at the surface of cement particles, mineral additions and C-S-H are computed according to the complexation surface model where the surface is in equilibrium with the bulk solution [START_REF] Davis | Surface ionization and complexation at the oxide/water interface: I. computation of electrical double layer properties in simple electrolytes[END_REF]. Indeed, it is assumed that the potential of a particle is left unmodified by the proximity of other particles. This assumption is reasonable if and only if the distance between the particles is larger than the Debye length. In this case, interactions between particles are often estimated by applying a superposition principle. The models of Milonjić [START_REF] Milonjić | Determination of surface ionization and complexation constants at colloidal silica/electrolyte interface[END_REF] and Viallis-Terrisse et al. [START_REF] Viallis-Terrisse | Interaction des Silicate de Calcium Hydratés, principaux constituants de ciment, avec les chlorures d'alcalins. analogie avec les argiles[END_REF][START_REF] Viallis-Terrisse | Zeta-potential study of calcium silicate hydrates interacting with alkaline cations[END_REF] are respectively applied for the surface of pyrogenic silica and C-S-H: three complexation reactions can occur at the silanol SiOH site (Fig. 2.2). Each reaction introduces a new metal complex and a new equilibrium constant: SiO -, SiOCa + and SiOM, where M refers to K or Na (Tab. 2.1, 2.2). These metal complexes are responsible for the surface charge σ of the particle. Let n s be the number of site at the surface of the particle per unit surface and n SiOH , n SiO -, n SiOCa + , n SiOM be the number of each metal complex per unit surface. Due to the conservation of the number of sites, n s = n SiOH + n SiO -+ n SiOCa + + n SiOM . In addition the surface charge σ which triggers the potential is σ = e(-n SiO -+ n SiOCa + ). Solving the Debye and Hückel equation for a single surface at z = 0, Gouy and Chapman introduced a diffuse double layer where the potential Ψ(z) decreases exponentially with the distance to the surface (Ψ(z) = Ψ 0 e -kz ∀z > 0 where k is the Debye length) [START_REF] Gouy | Sur la constitution de la charge électrique à la surface d'un électrolyte[END_REF][START_REF] Chapman | a contribution to the theory of electrocapillarity[END_REF]. The electric field derives from this potential and the discontinuity of the normal component of the electric field is related to the surface charge:

σ = 0 r kΨ 0 (9) 
The previous equation is consistent with the Grahame equation in case of small potentials.

As a consequence to this equation, the charge can be substituted by the potential Ψ 0 . An equilibrium constant is defined for each complexation reaction. The activities of metal complexes a SiOH are equal to their surface densities n SiOH and the activities of ions a i = n i γ i in solution at zero potential are evaluated according to the extended Debye-Hückel equation for natural water [START_REF] Truesdell | WATEQ: A Computer Program for Calculating Chemical Equilibria of Natural Waters[END_REF][START_REF] Ball | User's manual for WATEQ4F, with revised thermodynamic data base and test cases for calculating speciation of major, trace and redox elements in natural waters[END_REF]: 

ln(γ i ) = - q 2 i 8π 0 r k b T k 1 + ka i 0 + ln(10) b i I (10) 
↔ SiOM+ H + K 3 = a SiOM a H + a SiOH a M + 10 -12.1
Table 2.2: Complexation reaction at the surface of pyrogenic silica according to the model of Milonjić [START_REF] Davis | Surface ionization and complexation at the oxide/water interface: I. computation of electrical double layer properties in simple electrolytes[END_REF][START_REF] Milonjić | Determination of surface ionization and complexation constants at colloidal silica/electrolyte interface[END_REF] at 298 K. The site surface density of pyrogenic silica is n s = 0.0785 Å-2 . *The equilibrium constant for the complexation of calcium at the surface of silica is set by assuming that the calcium concentration zeroing the charge is similar to that of C-S-H reported in [START_REF] Viallis-Terrisse | Interaction des Silicate de Calcium Hydratés, principaux constituants de ciment, avec les chlorures d'alcalins. analogie avec les argiles[END_REF][START_REF] Viallis-Terrisse | Zeta-potential study of calcium silicate hydrates interacting with alkaline cations[END_REF] The considered metal complex at the surface of amorphous NS particles [START_REF] Milonjić | Determination of surface ionization and complexation constants at colloidal silica/electrolyte interface[END_REF].

Depending on number and kind of formed complex, the particle may acquire a surface charge.

where a i 0 is the effective diameter of the ion [START_REF] Kielland | Individual activity coefficients of ions in aqueous solutions[END_REF] and b i is an additional fit parameter [48, 49] (Tab. 2.3).

If the concentrations of all ions in the solution are known, the set of previous equations (equilibrium constants, conservation of surface sites, link between surface charge and potential) can be solved to retrieve an estimate of the potential of particles. Therefore, an estimate of the concentration of ions in the pore solution of the cement paste will be described in the next section.

Concentrations of ions in the pore solution of a cement paste

The concentrations of ions in the pore solution of a cement paste are estimated according to the model of Eijk and Brouwers [START_REF] Brouwers | Alkali concentrations of pore solution in hydrating opc[END_REF]. As inputs, this model requires an estimate of the hydration degree and the total water-filled porosity φ, including the gel porosity in the C-S-H. Indeed, the formula of C-S-H is considered as the one of saturated globule C 1.7 SH 1.8 in the colloid model of C-S-H CM-II [START_REF] Jennings | Refinements to colloid model of c-s-h in cement: Cm-ii[END_REF] and the remaining water must be accounted for in the water-filled porosity. Let j/c be the mass mix ratios and ρ j be the density of each species of the mix (including water w). m N a /c and m K /c are respectively the mass fractions of Na and K in the cement. The concentration of these ions in mol/L evolves due to their release from the clinker and sulphates and their adsorption on the formed hydrates [START_REF] Brouwers | Alkali concentrations of pore solution in hydrating opc[END_REF]:

[N a + ] = (0.35 + 0.65α(1 -b N a /(w/c)α))m N a /c M N a φ j j/c ρ j (11) 
[K + ] = (0.70 + 0.30α(1 -b K /(w/c)α))m K /c M K φ j j/c ρ j (12) 
where b N a =0.3 and b K = 0.27. Additional ions from fly ashes or initial water can also be incorporated in these estimates. Since the cement paste is saturated of Portlandite Ca(OH) 2 and water, the solubility products can be introduced:

[Ca 2+ ][OH -] 2 γ(Ca 2+ )(γ(OH -)) 2 = K CH 10 SI (13) 
The saturation index of Portlandite is set to SI = 0.5 to retrieve the supersaturation observed in [START_REF] Lothenbach | Thermodynamic modelling of the effect of temperature on the hydration and porosity of portland cement[END_REF]. The concentration of hydrogen ions and the pH can be estimated according to the self-ionisation constant of water:

[H + ][OH -]γ(H + )γ(OH -) = 10 -pH [OH -]γ(OH -) = K W ( 14 
)
where the self-ionisation constant of water K W depends on temperature and pressure [START_REF] Bandura | The ionization constant of water over wide ranges of temperature and density[END_REF]. The model of Eijk and Brouwers does not account for the sulfate ions SO 2- 4 from the gypsum and it triggers an overestimation of the pH in the early age. Since gypsum is not completely 10 dissolved in the fresh cement paste, it is assumed in the present model that the solution is saturated with respect to gypsum as long as gypsum is present:

[Ca 2+ ][SO 2- 4 ]γ(Ca 2+ )γ(SO 2- 4 ) = K gypsum (15)
As the gypsum is consumed, the solubility products of ettringite K af t and monosulfoaluminate K af m [START_REF] Thomas | Effect of hydration temperature on the solubility behavior of ca-, s-, al-, and si-bearing solid phases in portland cement pastes[END_REF] can be combined to form a new solubility product K af t/af m involving the activity of calcium and sulphate ions:

([Ca 2+ ][SO 2- 4 ]γ(Ca 2+ )γ(SO 2- 4 )) 2 = K af t/af m (16) 
This solubility product corresponds to the reaction:

C 6 A SH 26 ↔ C 4 A SH 6 + 2Ca 2+ aq + 2SO 2- 4aq + 20H (17) 
The solubility products at standard temperature (T 0 = 298.15K) and pressure (P 0 = 0.1MPa) are reported in table 2.5. In addition, these solubility products can be computed for other temperatures [START_REF] Thomas | Effect of hydration temperature on the solubility behavior of ca-, s-, al-, and si-bearing solid phases in portland cement pastes[END_REF] and pressures according to the van Hoff equation. Assuming that the molar heat capacities and the molar volumes of the chemical species are independent from the temperature and the pressure, the solubility product is computed as:

ln(K)(T, P ) = ln(K)(T 0 , P 0 )+ ∆ r H 0 -T 0 ∆ r Cp 0 R 1 T 0 - 1 T + ∆ r Cp 0 R ln T T 0 - ∆ r V 0 RT (P -P 0 ) (18)
where the enthalpy of reaction ∆ r H 0 , change of heat capacity ∆ r Cp 0 and change of molar volume ∆ r V 0 reported in table 2.5 have respectively been computed starting from those of the chemical species (Tab. 2.4). Table 2.4: Enthalpy of formation, heat capacity and molar volume of each chemical species at 25°C and 0.1MPa. For ion species, the apparent molar volume of ions are sourced from [START_REF] Couture | The partial molal volumes of ions in aqueous solution: I. dependence on charge and radius[END_REF]. The apparent molar volume of SO 4 2is deduced from the partial molar volume of solutes Na 2 SO 4 , K 2 SO 4 , ZnSO 4 , NiSO 4 reported in [START_REF] Couture | The partial molal volumes of ions in aqueous solution: I. dependence on charge and radius[END_REF]. The partial molar heat capacity of calcium ions is set to 42 J.mol -1 .K -1 so as to comply with the expression of the solubility product of Portlandite reported in [START_REF] Lambert | Alkaline earth hydroxides in water and aqueous solutions[END_REF] on page 115. More accurate descriptions of the molar heat capacities and molar volumes as functions of temperature and pressure [START_REF] Helgeson | Theoretical prediction of the thermodynamic behavior of aqueous electrolytes by high pressures and temperatures; iv, calculation of activity coefficients, osmotic coefficients, and apparent molal and standard and relative partial molal properties to 600 degrees c and 5kb[END_REF][START_REF] Appelo | Equations for calculating hydrogeochemical reactions of minerals and gases such as co2 at high pressures and temperatures[END_REF] are to be considered if the explored environmental conditions strongly differs from the standard temperature and pressure.

Species formula ∆ f H, kJ.mol -1 C p , J.mol -1 .K -1 V cm 3 .
Lastly, the neutrality of the solution is to be ensured:

[N a + ] + [K + ] + [H + ] + 2[Ca 2+ ] = [OH -] + 2[SO 2- 4 ] (19) 
A fixed point algorithm is designed to solve this set of equations. Indeed, if the ionic strength is known, all activities can be computed and the concentrations of all ions can be expressed as a function of [OH -] thanks to equilibrium constants. These expressions are then substituted in the equation 19 to compute [OH -] as the positive root of a polynomial of order 4. Finally, a new estimate of the ionic strength is built according to the newly computed concentrations and the procedure can be repeated until convergence. The yield stress τ 0 can be estimated starting from the slump test [START_REF] Roussel | fifty-cent rheometer" for yield stress measurements: From slump to spreading flow[END_REF]. The expression of the estimated yield stress depends on the final heigh H and radius R of the sample:

τ 0 = 225ρgΩ 2 128π 2 R 5 H << R τ 0 = ρg 1 √ 3 H H >> R (20)
where g is the gravity, ρ is the density of the paste, Ω is the volume of the cone and H 0 its heigh. Between these extreme situations, the estimated yield stress τ 0 is computed as the minimum of both formula. Then, starting from this yield stress τ 0 , a critical diameter d c can be defined to estimate whether of not segregation can occur to an aggregate of density ρ a [START_REF] Roussel | A theoretical frame to study stability of fresh concrete[END_REF]:

d c = 18τ 0 |ρ a -ρ| g (21) 
The results of the slump tests are reported in table 2.6, along with the estimated shear strengths and segregation diameters. Only one mix containing NS particles could be tested: for other mixes, either the paste cannot be properly cast in the minicone or it sticks to it (Fig. 2.3). Nevertheless, the rheology of the cement paste containing 1.5% weight of NS in the binder at water to cement ratio 0.45 proves very different from that of other mixes of water to cement ratio 0.45. Indeed, it is similar to that of cement pastes of water to cement ratio 0.35. As a result, NS particles clearly make the paste more viscous. By performing tests on various cement paste, it has been proposed that 3D printing requires a shear strength in the range 300-900 Pa [START_REF] Le | Mix design and fresh properties for high-performance printing concrete[END_REF]. While the pure cement paste (w/c=0.45) is obviously too fluid to be printed, substituting only 1.5% weight of NS makes it slightly too viscous! To perform compressive strength tests, vibrating the samples right after casting is required for most mixes incorporating NS particles.

Outcome of the proposed model

The proposed model of the interparticle potential is consistent with the experimental findings. Indeed, despite their smaller size, the NS particles are expected to flocculate since this potential steadily decreases as the spacing between particles decreases (Fig. 2.4). The attractive Van der Waals forces always wins against the electrostatic repulsion, even if the range of Van der Waals forces is smaller for nanoparticles than for silica fume. It is related to the very small range of electrostatic forces, that is the Debye length.

The model is run on the cement reported in table 1.1, using a water to cement ratio of 0.45 and considering the weight fraction of K 2 O and Na 2 O to respectively be 0.97% and 0.08% (Fig. 2.4). Owing to the very high ionic strength (I = 0.45mol/L), the Debye length is as small as 1/k=0.45nm at the hydration degree of 1%. This small Debye length is combined to small particle potentials : the potential of both C-S-H globules and NS particles is about +1.5mV. Concentrations of K + , Na + , OH -, Ca 2+ and SO 2- 4 respectively are 330mmol/L, 21mmol/L, 189mmol/L, 5mmol/L and 86mmol/L, thus inducing a pH of 13 and a conductivity of 5.3S/m. The conductivity of the pore solution is estimated starting from the ion concentrations and the ionic strength [START_REF] Snyder | Estimating the electrical conductivity of cement paste pore solutions from oh-, k+ and na+ concentrations[END_REF].

The sulphate resistant cement reported in [START_REF] Lothenbach | Thermodynamic modelling of the effect of temperature on the hydration and porosity of portland cement[END_REF] ( C 3 S=61%, C 2 S=18%, C 3 A=3.9%, C 4 AF=5.8%, C C=3.7%, S S=3.6%) contains much less alkali (K 2 O=0.22%, N 2 O=0.13%). As a result, the ionic strength of a cement paste of water-to-cement ratio 0.4 at a hydration degree of 1% is lower, at 0.177mol/L and the Debye length is larger at 1/k=0.7nm. The potential at the surface of particles becomes about +14mV for both C-S-H and SiO 2 . Nevertheless, despite the extended range and strength of repulsive electrostatic interactions, the NS particles are still expected to flocculate. The positive potential of the particles is related to a larger calcium concentration (12mmol/L). Concentrations of K + , Na + , OH -, Ca 2+ and SO 2- 4 respectively are 82mmol/L, 37mmol/L, 101mmol/L, 12mmol/L and 21mmol/L, thus inducing a pH of 12.8 and a conductivity of 2.6S/m. These concentrations are consistent with those provided in [START_REF] Lothenbach | Thermodynamic modelling of the effect of temperature on the hydration and porosity of portland cement[END_REF]. The proposed model also accounts for the observed slight increase of pH between 2.4 and 6 days attributed to the depletion of gypsum. Indeed, at 6 days, the estimated concentrations respectively becomes 111mmol/L, 78mmol/L, 197mmol/L, 3mmol/L and 0.5mmol/L. Again, the agreement with the experimental measurements of concentrations reported in [START_REF] Lothenbach | Thermodynamic modelling of the effect of temperature on the hydration and porosity of portland cement[END_REF] is to be noticed. Considering a higher water-to-cement ratio of 0.55 could enable a stable suspension of silica fume and NS at 1% hydration degree as the interparticle potential features a local maximum (Fig. 2.4). Indeed, the ionic strength is lower (I = 0.147mol/L) and the Debye length increases to 1/k = 0.8nm. The calcium concentration is raised to 15mmol/L and the pH is 12.8, the potential of both C-S-H and NS being close to 18mV.

The amount of calcium adsorbed at the surface of C-S-H globules is significant. The amount of calcium in the globule is evaluated using the formula C 1.7 SH 1.8 for a globule of density 2.604 g/cm 3 [START_REF] Jennings | Refinements to colloid model of c-s-h in cement: Cm-ii[END_REF]. As a result, the amount of calcium adsorbed at the surface of a spherical C-S-H globule of diameter 4.2nm would represent about 20% of the calcium forming its chemical structure. It decreases to about 11% at 60°C. The temperature and pressure does not affect the main outcome of the model. Indeed, the NS particles are expected to flocculate at temperature in the range 5°C -60 °C, pressure in the range 0.1MPa -10MPa and waterto-cement ratio lower than 0.45. The interaction energy between particles is estimated. Left : the considered pore solution is that of a cement paste of water to cement ratio 0.45 and hydration degree α = 1%. The absence of local maximum implies flocculation. Right : the considered pore solution is that of the sulfate resistant cement paste of water to cement ratio 0.55 and hydration degree α = 1%.

Limitations of the model

The proposed model introduces a single potential, as if the Stern layer was thin. Therefore, differences between the surface potential, the Stern potential and the Zeta potential are not discussed. To be more accurate, the estimated potential would correspond to the Stern potential, while the charge includes both the charge of the particle and that of the complexed ions. Moreover, the computed interactions can be erroneous as the distance between the particles becomes comparable to the thickness of the Stern layer which is related to the effective diameter of the complexed ions and lies in the range 4-8 Å [START_REF] Brown | Determination of surface potential and electrical double-layer structure at the aqueous electrolyte-nanoparticle interface[END_REF]. As a result, the proposed plots are limited to spacing larger than 1nm and the proposed model is useless if the morphology of the C-S-H gel is studied by molecular dynamics as in [START_REF] Ioannidou | Precipitation, gelation and mechanical properties of Calcium-Silicate-Hydrate gels[END_REF]. But it does not affect the evidence brought by the model: at spacing higher than 1nm, Van der Waals attraction prevails over the electrostatic repulsion and the suspension flocculates.

The flocculated particles can be assumed to form floccules, that are loosely packs of particles attracting each other. Even if the interaction potential featured a minimum at 1nm, the volume fraction c p of the particles of diameter d in the resulting gel could be estimated as c p = 0.32d 3 /(d + 0.5nm), leaving c p = 28% for NS (d = 12 nm) and c p = 22% for C-S-H globules (d = 4.2nm), the volume fraction of 32% being sourced from sedimentation experiments on cement [START_REF] Yang | Interparticle potential and sedimentation behavior of cement suspensions: Review and results from paste[END_REF]. The porosity in the C-S-H can later be filled due to the formation of new globules. Regarding the rheology, the porosity in the NS floccules can be described as a water demand, valued at w/N S ≈ 1g/g. For instance, in the mix C950NS050 at w/b = 0.45, once the water trapped in NS floccules is subtracted, the remaining water occupies 49% of the volume, as in a cement paste of w/b = 0.3. Indeed, the rheological properties of that blended cement paste is comparable to that of a pure cement paste featuring a very low w/b: the slump is small, segregation of aggregates is not expected and bleeding unlikely.

The proposed model is limited to Van-der-Waals and electrostatic interactions. As a result, it does not account for steric and electrostatic repulsions which would occur if superplasticizer such as polycarboxylate was added to the mix. The repulsive effect of superplasticizer and organic admixture on the rheology of cement paste is modelled as a Stern layer in [START_REF] Uchikawa | The role of steric repulsive force in the dispersion of cement particles in fresh paste prepared with organic admixture[END_REF]. The thickness on such a layer is comparable to the length of the considered polymeric chains, Table 3.1: Compressive strengths of the different cement paste as a function of time. Uncertainties are computed using 95% confidence intervals of the 6 tests, unless specified otherwise in parenthesis. The porosity φ relative to the trapped air is estimated by comparing the measured density of the sample to its expected value. valued at about 100nm. Hence, the range of these repulsions is likely much larger than that of considered electrostatic repulsions and Van der Waals attractions by at least one order of magnitude. The height of that repulsive barrier likely depends on the number of polymer chains adsorbed on the particles, likely related to the concentrations of ions in the solution and the functional groups of the considered polymer. The range of the steric repulsion is likely related to the length of the polymeric chains: it suggests that short-sized polymer might be sufficient to deflocculate NS particles, since the range of the Van der Waals attraction is related to their radii. The adsorption of a superplasticizer could be modelled by adding it as a new complex and measuring the corresponding equilibrium constants. Nevertheless, the molecule of the superplasticizer is likely larger than the Debye length, thus questioning the use of both the equation of Hogg et al. and the Gouy-Chapman theory. In addition, the complexation of calcium on the superplasticizer would also have to be accounted for [START_REF] Sowoidnich | Calcium complexation and cluster formation as principal modes of action of polymers used as superplasticizer in cement systems[END_REF].

On the one hand, the high specific surface of nano-silicate improves the hydration kinetics. On the other hand, the nano-silicate particles strongly alter the rheology of the cement paste. As a result, the effect of nano-silicate particles on the progressive increase of the compressive strength is expected to be complex.

3. The convoluted effect of nano-silicate on the development of the compressive strength

Compressive strength as a function of time

The compressive strengths of the different cement pastes are measured at t = 1, 3, 7, 28 and 90 days according to EN 196-1 and respectively reported in table 3.1. 4 × 4 × 16 cm 3 prismatic samples are cast, unmolded at the age of 1 day, stored in sealed plastic bags in a moist room until the strength tests are performed. Three 3-point bending tests are performed and 6 uniaxial compression tests are performed on the resulting cubic halves. Unsurprisingly, the compressive strength increases with age and decreases with the water-to-binder ratio. For water-to-binder ratio of w/b = 0.35, it is observed that the compressive strength decreases as NS is substituted to cement. On the contrary, for w/b = 0.45, the compressive strength of cement pastes containing NS particles is much higher than that of the reference (up to 36 MPa compared to 20MPa at the age of 1 day). Indeed, it increases up to 3% weight of NS particles and decreases at 5% NS particles. On the one hand, the acceleration of cement hydration by NS particles explains the increase of compressive strength. On the other hand, the effect of NS particles on the rheology of the cement paste explains the decrease of compressive strength. Indeed, the trapped air in samples incorporating NS particles is much higher than that of the reference. Finally, the secant Young moduli of the cement pastes have been measured at different ages and reported in figure 3.1. Two 11cm×22cm cylinders are loaded for most of the mixes using an extensometer with 3 LVDT sensors and the difference between the identified Young moduli is about 1GPa. It is also shown that the relationship between the compressive strength and the elastic stiffness is not significantly altered by incorporating NS particles: both are still predominantly dependent on the porosity. For thick concrete structures like bridges or containment building, accelerating the release of heat by incorporating NS could trigger an inappropriate rise of the internal temperature. Substituting the cement by other mineral additions such as limestone fillers or fly ash could solve such an issue and reduce the environmental footprint of the cement paste.

Formulating a ternary blend containing NS and fly ash

To investigate ternary blends incorporating NS particles, fly ash has been introduced. The weight fraction of NS particles in the binder is 3.3% while that of fly ash is 19.1%, leaving 77.6% as the weight fraction of the cement. On the one hand, the NS particles are expected to accelerate the hydration of the cement. On the other hand, the dilution effect of fly ash is expected to mitigate this acceleration. By performing isothermal calorimetry, it is shown that the heat released by the exothermic reactions in the ternary blend is actually comparable to that of the reference (Fig. 3.2). Moreover, the heat released by the ternary blend is significantly higher than that of cement blended with fly ash: the NS particles clearly accelerates the chemical reactions. Regarding thermogravimetric analysis (Fig. 3.3), the ternary mix features estimated amount of Portlandite lower than that of the reference, due to either the dilution effect or pozzolanic reactions. Since the Portlandite content in the ternary mix reaches a maximum and then globally decreases, a pozzolanic reaction is likely occurring.

In addition, due to the pozzolanic reactions, the mixes containing fly ash are expected to reach a compressive strength similar to that of the reference at later age, as observed on table 3.1. Moreover the ternary blend also features a compressive strength higher than that of the pure cement paste at one day. Nevertheless, the compressive strength of the ternary blend is not as high as that of the pure cement paste after one day. Indeed, the fly ash slowly reacts and the fresh cement paste containing NS and fly ash is more viscous than pure cement paste, to the point that the trapped air is increased, leading to the observed lower compressive strength at 90 days. The ternary blended cement paste is also slightly less dense than the corresponding pure cement pastes, by about 4-5%.

This ternary blend featuring a development of the compressive strength similar to that of the reference cement would enable a 11% decrease of CO 2 emissions related to the reduction of cement content, the emissions related to the NS particles being accounted for. Indeed the carbon emission would decrease to 0.775t/t. Nevertheless, even if the prices of cement, NS particles and fly ash were respectively 200e/t, 3e/kg and 30e/t, the price per weight of the ternary binder would be about 260e/t and the cost of emission reductions would be about 650eper ton of CO 2 , that is well above the actual price of CO 2 in Europe (about 10e/t, as of 2018). Nevertheless, these figures are very sensitive to the prices of materials and the present study is limited to isothermal conditions at 20°C while precast and thick concrete structures experience a rise of the internal temperature. The hydration model [START_REF] Lavergne | Estimating the mechanical properties of hydrating blended cementitious materials: An investigation based on micromechanics[END_REF] is able to estimate the temperature rise during semi-adiabatic tests as measured according to standards EN 196-9 [START_REF] Afnor | Méthodes d'essais des ciments -partie 9 : Chaleur d'hydratation -méthode semi-adiabatique[END_REF]. To simulate these tests 360 g of binder, 1000g of sand and 162g of water are virtually introduced in a Langavant calorimeter of parameters a = 80J.h -1 .K -1 and b = 0.277J.h -1 .K -2 . The estimated temperature is plotted on figure 3.4: while substituting cement by fly ash is expected to reduce the maximum temperature, NS particles are expected to induce a slight increase of the maximum temperature for the ternary blend.

Conclusion

Nanosilica particles induce an accelerated hydration of the cement which is made obvious by isothermal calorimetry. This effect is attributed to their specific surface and can be quantitatively accounted for in a hydration model. Moreover, it is shown that cement paste incorporating 5% NS particles contains a reduced but significant amount of Portlandite at 90 days: NS particles are more efficient than silica fumes as a pozzolanic reactant, but the pore solution likely remains highly alkaline even if 5% weight of NS particles are incorporated in the mix. Therefore, such cement pastes could be considered as a potential candidate to repair or build steel reinforced concrete members.

Regarding the effect of NS on rheology, the workability of the mix significantly decreases. Indeed, given the ionic strength of the pore solution and the calcium concentration, the range of electrostatic repulsion is limited and the zeta potential is low, thus altering the rheology of the mix and increasing the water demand. The effect on the slump is so effective that NS particles can be efficiently used as a thickening agent of cement paste whenever a reduced slump is required, such as 3D printing of structures. Indeed, the shear strength of the cement paste is significantly increased by incorporating NS particles.

On the one hand, the NS particles accelerates the hydration kinetics, thus leading to very high early strength. On the other hand, the NS particles alter the rheology to the point that the strength of the cement paste decreases due to the additional trapped air. The relationship between the Young modulus and the compressive strength of the cement paste is not significantly affected by incorporating NS particles. It must be recalled that all our experiments were performed without plasticizer to ease the understanding of the physical phenomenon and introducing some plasticizer could resolve the issue related to rheology.

Finally, a ternary blend can be formulated so as to turn the improved hydration kinetics into a substantial reduction of CO 2 emissions by partially substituting fly ash to the cement without compromising the early strength or the long term strength. Nevertheless, further investigations on durability issues such as shrinkage, permeability and creep are required prior to any structural use of these new materials.
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 11 Figure 1.1: Mixing procedure
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 12 Figure 1.2: Released heat per weight of binder during isothermal calorimetry tests. w/b = 0.35 (left) and w/b = 0.45 (right).
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 13 Figure 1.3: Cumulated released heat per weight of binder during isothermal calorimetry tests. w/b = 0.35 (left) and w/b = 0.45 (right). Dashed lines represent the estimate of the released heat by the hydration model.
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 14 Figure 1.4: A thermogravimetric analysis is performed on C950NS050, w/b = 0.45 at 90 days. The derivative of the mass per mass of binder with respect to temperature is plotted as a function of the temperature. Peaks of Portlandite and Carbonates are visible.
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 15 Figure 1.5: Corrected weight of Portlandite in cement pastes per weight of binder as a function of time. Left: w/b = 0.35, right: w/b = 0.45
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 21 Figure 2.1: Attractive Van der Waals forces and the repulsive electrostatic forces between two particles are displayed. The pictured situation corresponds to that of NS particles in a cement paste as proposed herein: despite the surface charges, the potential rapidly decreases due to the small Debye length 1/k and the Van der Waals attraction overcomes the electrostatic repulsion for all distances δ, thus triggering the flocculation.

  Figure2.2: The considered metal complex at the surface of amorphous NS particles[START_REF] Milonjić | Determination of surface ionization and complexation constants at colloidal silica/electrolyte interface[END_REF]. Depending on number and kind of formed complex, the particle may acquire a surface charge.
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 23 Figure 2.3: A minicone test is performed on the fresh cement paste C985NS015 featuring 1.5% NS at water-to-cement ratio 0.35. The initial heigh of the minicone is 150mm and the final height is about 130mm : this cement paste does not significantly flow under its own weight.
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 24 Figure 2.4: The interaction energy between particles is estimated. Left : the considered pore solution is that of a cement paste of water to cement ratio 0.45 and hydration degree α = 1%. The absence of local maximum implies flocculation. Right : the considered pore solution is that of the sulfate resistant cement paste of water to cement ratio 0.55 and hydration degree α = 1%.
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 31 Figure 3.1: The Young modulus is plotted versus the compressive strength for different cement pastes tested at different age and water to cement ratios of 0.35 and 0.45 (crosses).

Figure 3 . 2 :Figure 3 . 3 :

 3233 Figure 3.2: Cumulated released heat per weight of binder during isothermal calorimetry tests, w/b = 0.45. Dashed lines represent the estimate of the released heat by the hydration model [25].

Figure 3 . 4 :

 34 Figure 3.4: Temperatures during semi-adiabatic calorimetry tests are estimated by using the hydration model [25].

Table 1 .

 1 3: Minimal amounts of Portlandite measured by thermogravimetric analysis, in weight per weight of binder (%). These amounts are likely much lower than the actual amount of Portlandite due to carbonation occurring as the samples were prepared.

						w/b = 0.35					w/b = 0.45
		age, days	1	3	7	28		90	1	3	7	28	90
		C1000	7.79 8.98 10.39 10.37 10.43 8.83 11.34 13.64 12.64 13.69
	C985NS015	7.39 7.46 8.45	8.9	11.58 8.46 9.56 12.02 12.17 12.99
	C970NS030	6.25 6.44 6.82	6.79	9.31 8.32 7.79	8.89	8.17 12.12
	C950NS050							4.47 5.78	5.4	6.53	7.72
	C926SF074	6.04	8	8.27	9.09	8.65 6.96	9.8	9.69 11.47 10.99
	C811FA189	7.36 9.06 6.81	9.29	8.07 8.05 11.33 7.38 11.55 10.96
	C776FA191NS033							6.3	4.9	6.64	6.06	8.03
		20							20	1.5% NS		reference
	w CH , % weight	0 5 10 15	10 0 1.5% NS C1000 C926SF074 C985NS015 C970NS030	10 1 t, days reference 7.4% silica fume 3% NS	10 2	w CH , % weight	0 5 10 15	10 0 C1000 C926SF074 C985NS015 C970NS030 C950NS050	10 1 t, days	7.4% silica fume 3% NS 5% NS	10 2

Table 2 .

 2 1: Complexation reaction at the surface of C-S-H according to the model of Viallis-SiOH + Ca 2+ ↔ SiOCa + + H + K 2 =

	Terrisse et. al. [15, 16]. The site surface density of C-S-H is n s = 2/41	Å-2 .
	reaction	equilibrium constant	value
	SiOH ↔ SiO -+ H + SiOH + M +	K 1 = a SiOCa + a H + a SiO -a H + e a SiOH a SiOH a Ca 2+ e -eΨ k B T eΨ k B T	10 -12.3 10 -9.4

Table 2 . 5

 25 

	mol -1	source

: Considered reactions, solubility products, enthalpy of reactions, change of heat capacity and volume change of reactions at 25°C and 0.1MPa. equation K ∆rH, kJ.mol -1 ∆rCp, J.mol -1 .K -1 ∆rV cm 3 .mol

Table 2 .

 2 6: Minicone slump tests of different cement pastes. The minicone is 150mm heigh, the lower and upper diameters being respectively 100mm and 50mm.

		density, g/cm 3 spread diameter, mm heigh, mm shear strengh, Pa segregation diam-
						eter, cm
				w/b = 0.35		
	C1000	2.02	145	45	514	160
	C926SF074	1.99	115	90	1041	300
	C811FA189	1.94	155	50	549	150
				w/b = 0.45		
	C1000	1.89	280	10	28	6
	C985NS015	1.89	105	100	1070	277
	C926SF074	1.86	235	30	68	17
	C811FA189	1.83	260	20	41	10
	2.6. Application to the stability of C-S-H and nano-silica suspensions	
	2.6.1. Minicone test				

Appendix A. The double layer potential

Let's compute the energy of two parallel plates (z = -δ/2 and z = -δ/2) at potential Ψ 1 , Ψ 2 separated by water. The potential Φ is related to the density of charges through the Poisson equation:

where n i (r) is the number concentration of the ion i, q i is the charge of the ion, 0 = 8.854187817e-12 A 2 .s 4 kg -1 .m -3 is the permittivity of vacuum, r is the relative permeability of water (≈ 80). The chemical potential of ions µ i is assumed to be similar to the one of ideal gas if the effect of charge is omitted. As a result, the electrochemical potential of ions i writes:

where n i (r) is the concentration of ions i and n b i , µ b i are respectively the concentration and the electrochemical potential of ions in the bulk of the solution where Ψ(r) = 0. Upon equilibrium, the electrochemical potential of ions is uniform. Consequently, the local ion concentration n i (r) is set according to a Boltzmann distribution:

where k B = 1.38064852e -23JK -1 is the Boltzmann constant. As a result, the Poisson-Boltzmann equation writes:

The potential is assumed to be small (q i Ψ(r) << k B T ). As a result, the previous equation can be linearised to write the Debye and Hückel equation:

where k = 2I/(k B T 0 r ) is the inverse of the Debye length and I = 0.5 i q 2 i n b i is the ionic strength.

If the plates are large enough with respect to this length, the potential is only variable in the z direction and the solution to the previous equation is:

The electric field E = -∇Ψ derives from this potential:

The electric field in the conducting particles is null and the surface charges σ 1 , σ 2 must balance the jump of the electric field at the surface of the particles:

Appendix A.0.1. The osmotic pressure between two planar surfaces Isothermal changes of the electrochemical potentials of ions is related to changes of the pressure Π through the Gibbs-Duhem equation:

where N i is the number of ions i in the volume V .

The electrochemical potential (Eq. A.2) can be introduced in the previous equation:

The Poisson equation is applied to introduce the potential in the second term of the previous equation:

Then, using the expression of the potential in equation A.6, it must be noticed that ∆Ψ(r) dΨ(r) dδ =

The pressure is then integrated, the pressure being null if δ is infinite:

Since q i Ψ(r) << k B T , the ion concentration can be approximated by

(k B T ) 2 ). Accounting for the neutrality of the bulk solution leads to the following expression of the pressure:

The expression above can be applied at any point z within [-δ/2; δ/2]. Applying it at z = 0 writes:

Depending on the the values of potentials and δ, the osmotic pressure can be positive or negative, thus acting as a repulsive or attractive force per surface unit. Consequently, an interaction energy per surface unit W e,plane can be defined so that the pressure can be derived from it [START_REF] Hogg | Mutual coagulation of colloidal dispersions[END_REF]:

2 ) 1 -ch(kδ) sh(kδ) + Ψ 1 Ψ 2 1 sh(kδ) (A.17)

Consequently, using the Derjaguin approximation [START_REF] Derjaguin | Untersuchungen über die reibung und adhäsion, iv[END_REF], the electrostatic force between two colloidal particles of radiuses R 1 , R 2 and potential Ψ 1 ,Ψ 2 separated by a distance δ << R 1 , R 2 is: .18)