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A MULTISCALE APPROACH FOR THE PHYSICO-CHEMICAL DEFORMATIONS OF SOLIDIFYING CEMENT-BASED MATERIALS

At early stages of hydration, solidifying cementitious systems exhibit dimensional variations caused by their thermal, hydrous, chemical and microstructural evolutions. If restrained, these deformations can induce the development of internal stresses high enough to generate cracking of the hardening material. This study focuses on early-age autogenous strain of cement-based materials, which develops following two main processes: Le Chatelier contraction (also called chemical shrinkage) and self-desiccation shrinkage. Chemical shrinkage results from the difference of absolute density between reactants (anhydrous cement and water) and hydration products. Early-age self-desiccation shrinkage is generally attributed to the development of a negative capillary pressure in the porous network related to the water consumption by the hydration reactions. The purpose of this research work is to propose a multiscale approach to model the rate of autogenous shrinkage of cement-based materials at very early-age, between 0 and 48h. Le Chatelier contraction is computed from the chemical equations of hydration and the specific volume of each phase, whereas a homogenization method based on the self-consistent scheme is applied to calculate the self-desiccation shrinkage. Computed results are discussed and analyzed. Good agreements between experiments and simulations are achieved and a sensitivity study is performed to assess the influence of the cement fineness and the fraction of granular inclusion on early-age autogenous strain.

1.

INTRODUCTION

Under autogenous conditions, the setting and the hardening of cementitious matrices are accompanied by strains related to hydration heat release, Le Chatelier contraction and selfdesiccation of the porous network. This paper focuses on the two latter phenomena. Le Chatelier contraction is related to the phase change of anhydrous elements of the cement (clinker) in hydrated elements. This chemical transformation is associated to a decreasing of the specific volume of the cement paste [START_REF] Chatelier | Sur les changements de volume qui accompagnent le durcissement des ciments[END_REF][START_REF] Powers | Studies of the physical properties of hardened portland cement paste[END_REF]. The self-desiccation is related to the progressive desaturation of the porous medium caused by the water consumption during the hydration process and prevails on the chemical shrinkage at the setting time. According to various studies, it would be associated mainly to the capillary pressure which increases with the reduction in interstitial water used for cement hydration [START_REF] Kovler | Overview and future trends of shrinkage research[END_REF]. Models based on empirical relations have been developed with an aim of calculating the strains due to autogenous shrinkage in cement pastes and mortars [START_REF] Tazawa | Chemical shrinkage and autogenous shrinkage of hydrating cement paste[END_REF]. But these macroscopic models do not take into account the microstructure heterogeneities. The homogenization methods have been developed for the determination of the equivalent mechanical properties of heterogeneous materials. Explicit methods are based on simple representations of the microstructure with analytical resolutions of cellular problems [START_REF] Bornert | Homogénéisation en mécanique des matériaux[END_REF]. Numerical methods enable to consider a richer microstructure but need a numerical resolution of cellular problems [START_REF] Bentz | Application of digital-image-based models to microstructure, transport properties, and degradation of cement-based materials' in 'Modelling of Microstructure and Its Potential for Studying Transport Properties and Durability[END_REF][START_REF] Guidoum | 3d numerical analysis of long term behaviour on concretelike composite material[END_REF][START_REF] Grondin | Multi-scales modelling for the behaviour of damaged concrete[END_REF]. Recently, these methods have been applied to the calculation of the mechanical properties and the autogenous shrinkage of cement pastes at early-age [START_REF] Acker | Creep and shrinkage of concrete: physical origins and practical measurements[END_REF][START_REF] Bernard | A multiscale micromechanics-hydration model for the early-age elastic properties of cement-based materials[END_REF][START_REF] Pichler | A multiscale micromechanics model for the autogenousshrinkage deformation of early-age cement-based materials[END_REF][START_REF] Torrenti | Mechanical threshold of cementitious materials at early age[END_REF]. However, these various models do not link the chemical shrinkage observed before the setting and the autogenous shrinkage at earlyage.

In this work, we propose a model to compute the autogenous strain evolution of cement paste and mortar at very early-age. This model makes it possible to calculate, at first, the chemical shrinkage related to Le Chatelier contraction, and then the self-desiccation shrinkage. A hydro-mechanical cellular problem is solved in a Representative Elementary Volume (REV) and the equivalent mechanical properties are deduced by applying the selfconsistent scheme with an iterative method. Then, the macroscopic autogenous shrinkage is computed from the local stresses average.

First of all, a brief review enounces the relations used for the calculation of the phase volumes during the cement hydration. Then, the resolution of the hydro-mechanical problem is presented. In the last part of this paper, calculation results are compared to experimental measurements.

THE MULTISCALE APPROACH

2.1

The microstructure evolution of the cement paste during hydration The degree of hydration i ξ of each clinker is calculated according to the Arrhenius law defined by its normalized affinity ( ) i A ξ and its characteristic time associated with the reaction X τ in the following way [START_REF] Taylor | Cement Chemistry[END_REF]:

( ) i i i d A dt ξ τ ξ = (1) 
The volume of each residual cement phase i V can be calculated as [START_REF] Bernard | A multiscale micromechanics-hydration model for the early-age elastic properties of cement-based materials[END_REF]:

0 ( ) (1 ( )) i i i V t V t ξ = - (2) 
where 0 i V is the initial volume of clinker i. In the same way, the volume of the residual water is equal to:

0 0 0 ( ) ( ) . . ( ) i C w w w w w i w i i i i w i i n M V t V V t V V t n M ρ ξ ξ ρ = - = - (3) 
where 0 w V is the initial volume of water, i w V the volume of consumed water to hydrate the cement phase i of molar mass i M , w M the molar mass of water and / w i n n the mole number of water consumed to hydrate one mole of cement phase of the apparent density C ρ . The volume of hydrated phases can be calculated according to the volume of elements which have reacted as for the following chemical reaction:
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. And we can write: 0 ( ) ( ) 1,
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2.2

The equivalent hydro-mechanical behaviour law We consider a representative elementary (REV) volume V formed by a matrix m V and several types of inclusions i V , supposed to be spherical and with the same size. The choice of the matrix depends on the evolution of the cement hydration. The material is very fluid before the setting of the cement paste and its elastic modulus can be neglected [START_REF] De Schutter | Specific heat and thermal diffusivity of hardening concrete[END_REF]. At the beginning of the setting, the material becomes solid and its elastic modulus increases according to the age of the cement paste. The stiffness of the material starts to increase when there is percolation of the solid elements in the volume. Some numerical methods [START_REF] Torrenti | Mechanical threshold of cementitious materials at early age[END_REF][START_REF] Bentz | Percolation phases in a three-dimensional cement paste microstructure model[END_REF] and experimental methods [START_REF] Weiss | Experimental determination of the "Time-Zero". Early-age cracking in cementitious systems[END_REF] have been developed for the determination of the percolation threshold. In the model presented in this paper, we suppose a theoretical percolation defined by the self-consistent scheme. In fact, the percolation takes place when the volume fraction of the solid phase becomes higher than that of the liquid phase. So, before the setting of the cement paste, the matrix is formed by the capillary porosity (water and voids) and the solid phases are the inclusions. After the setting, we consider a matrix formed by the CSH phase in which all other phases are included as well as the capillary porosity. We define the cement paste as a biphasic medium composed of: a porous medium ( s V ) composed by the anhydrous and hydrous elements and the fraction of capillary pores ( ett V ) in which the ettringite can be formed with the crystallization pressure ( 57MPa π =

), and a medium ( p V ) formed by the capillary porosity with the capillary pressure c p . The following cellular problem is solved on the REV:

s p ett : in V in V in V i c C p σ ε σ δ σ πδ = = - = - (5) 
Whereσ is the stress tensor, ε the strain tensor, i C the stiffness tensor of the phase i and δ the second-order identity tensor. After the setting, the desaturation of the capillary pores generates a capillary pressure c p . We have chosen to use an empirical law of the capillary pressure in relation to the liquid saturation (S) [START_REF] Baroghel-Bouny | Characterization and identification of equilibrium and transfer moisture properties for ordinary and high-performance cementitious materials[END_REF]:

(1 1/ ) ( ) ( 1) 
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where M and m are constant parameters depending on the material, such as for a cement rich in [START_REF] Kovler | Overview and future trends of shrinkage research[END_REF] C S (57.28 %) ( 37.5479

M M P a = , 2.1648 m =
for a cement paste with a water to cement ratio W/C = 0.34).

In this work, we are interested in the behaviour of cement-based materials at the very early age (from 0 to 48h). By applying the Levin's theorem for the homogenization of elastic heterogeneous media, the resolution of the cellular problem allows to deduce the equivalent macroscopic behaviour law on the macroscopic scale [START_REF] Dormieux | Micromechanical approach to the behavior of poroelastic materials[END_REF] which is defined by the relation between the average stresses V σ and the average strains V ε .

Before the setting, the chemical shrinkage of the cement paste is the main component of the autogenous strain. The model developed by Mounanga et al. [START_REF] Mounanga | Predicting Ca(OH) 2 content and chemical shrinkage of hydrating cement pastes using analytical approach[END_REF] is adopted to calculate the chemical shrinkage of the cement paste as:

( )

i i i t M ε ε ∆ = ∆ . Where i ε ∆ is the chemical shrinkage (in 3 / cement mm g
) produced for the hydration of 1g of the anhydrous phase i

( 3 C S , 2 C S , 3 C A , 4 C AF , 2
CSH and 6 3 3 2 C AS H ) and i M the mass fraction (in / cement g g ) of this phase hydrated at the time t.

At the setting, the material begins to gain stiffness and the capillary pressure starts to exert a tensile load on the mineral skeleton of the cement paste. By supposing that the volume is free to deform under a uniform pressure, we deduce the relation from the macroscopic strain by applying the self-consistent scheme for cement pastes (eq. 7) and the Mori-Tanaka model for mortars (eq. 8 inspired by the works of Pichler et al. [START_REF] Pichler | A multiscale micromechanics model for the autogenousshrinkage deformation of early-age cement-based materials[END_REF]).
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where hom cp k hom s k is the homogenized compressibility modulus of the cement paste, hom s k that of its solid phase and hom m k that of mortar. In the case of mortars, all aggregates are supposed to be spheres of the same diameter with a volume fraction a f and a compressibility modulus a k .

APPLICATIONS

Calculations have been made considering a cement whose Bogue's composition is: 62% of . The kinetic parameters of the cement hydration and the elastic modulus of each cement paste phase have been chosen from the literature review [START_REF] Bernard | A multiscale micromechanics-hydration model for the early-age elastic properties of cement-based materials[END_REF][START_REF] Haecker | Modeling the linear elastic properties of portland cement paste[END_REF]. For each phase a minimum and a maximum value are given: min E and max E respectively. To take into account the pore pressure in the calculation of the mechanical behaviour law, two pore phases have been distinguished: a volume fraction of pores saturated with water and a volume fraction of pores saturated with air and water vapour. The following compressibility moduli for these phases have been retained: 2.2

w k GPa =
for the water pores and 0.141

g k G P a =
for the air pores [START_REF] Haecker | Modeling the linear elastic properties of portland cement paste[END_REF].

Comparison between numerical and measurement results

For the calculation of the Young modulus, we suggest to use the following algorithm based on a progressive increase in the moduli of phases starting from the beginning of the diffusion Calculated results obtained for cement pastes with W/C = 0.3 and W/C = 0.4 are in good agreement with experimental measurements (figure 2). Results obtained on the calculation of the chemical shrinkage and the autogenous shrinkage are closed to the experimental strain curves, measured by gravimetry, since the first water-cement contact up to 24h (figure 3). After 24h, the calculated results underestimate the experimental values of autogenous shrinkage. It can be explained by a real capillary pressure higher than that simulated by the model.

dif t t = up to 72 s t h = for which the macroscopic modulus is closed to max E : if dif t t ≤ : i i m i n E E = , then if dif s t t t < < : max min min ( )/ ( ) i i i i d i f E E E t t E = - - + and if s t t ≥ : max i i E E = .

Influence of the granular inclusion

In this part, we present simulation results on the early-age autogenous strain of mortars with a W/C ratio of 0.4. The Young modulus of the sand grains has been chosen equal to 60GPa and the Poisson's ratio equal to 0.28. The numerical results show that the increase of the sand to cement ratio (S/C) leads to an increase of the calculated Young modulus (figure 4). On figure 5, the ratio between the autogenous shrinkage (µm/m) of mortars on the autogenous shrinkage of the cement paste is plotted after setting (8h). The augmentation of the Young modulus as a function of the sand content is explained by the higher stiffness of the granular inclusions in comparison with the cement paste. The early-age deformations due to capillary pressure effects are therefore lower when the sand content increases. 

CONCLUSION

In this work, we propose a multiscale approach for the calculation of the early-age autogenous shrinkage of cement-based materials. The cement paste components are taking into account in the calculation by using the chemical relations of the cement hydration [START_REF] Bernard | A multiscale micromechanics-hydration model for the early-age elastic properties of cement-based materials[END_REF]. Before the setting of the cement paste, a chemical shrinkage occurs and has been computed from the chemical shrinkage of each cement components [START_REF] Mounanga | Predicting Ca(OH) 2 content and chemical shrinkage of hydrating cement pastes using analytical approach[END_REF]. After the setting of the cement paste, the material can be modelled by a porous medium formed by a solid phase and a capillary porosity. By solving a hydro-mechanical cellular problem in a representative elementary volume, taking into account the pore pressure, and by applying the self-consistent scheme, we have calculated the homogenized mechanical properties and the macroscopic strain of cement pastes and mortars. Results obtained by the multiscale model show that we can predict the advance of the evolution of the chemical and autogenous shrinkage and the elastic properties. Calculations of the autogenous shrinkage are relatively close to the experimental measurements. However, during the setting, we have observed a small difference between the experimental and numerical values for the Young modulus of cement pastes. That can be explained by a viscous behaviour of the cement paste during the setting time, which changes from a fluid behaviour to a solid state. The modelling of this viscous part of the material behaviour will be the next step of this research work.
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 1 Figure 1: Confrontation of the calculated Young modulus and experimental measurements.
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 2 Figure 2: The chemical shrinkage and the autogenous shrinkage of a cement paste with W/C=0.4 (IS: initial setting, FS: final setting).
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 3 Figure 3 : Influence of the sand content S/C on the homogenized Young modulus.
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 4 Figure 4 : Influence of the sand content S/C on the autogenous shrinkage.