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Le paradigme central de la science des matériaux et de l'ingénierie des matériaux consiste à établir des corrélations entre les procèdes de fabrication, la (micro)structure, les propriétés et la performance des matériaux. Ces corrélations, en particulier les relations structure-propriété, sont fondamentales dans l'étude des matériaux cimentaires. L'étude et la compréhension de ces corrélations constituent une stratégie cruciale pour faire face à la montée en complexité des compositions minéralogiques et chimiques des systèmes cimentaires. Les approches de modélisation et de simulation apparaissent comme des outils importants pour établir ces corrélations, en particulier lorsqu'elles sont basées sur des principes scientifiques fondamentaux. Dans ce travail, je présente des techniques de modélisation et de simulation utilisées dans un cadre multi-échelles et multi-physiques dans le but d'établir des corrélations composition-propriété dans les systèmes cimentaires. Ce manuscrit suit une organisation par échelle, avec le premier chapitre consacré aux informations de l'échelle moléculaire, suivi d'un chapitre sur la façon de mettre à l'échelle les informations provenant de l'échelle nanométrique jusqu'à l'échelle des applications de génie civil.

Tout d'abord, il est montré comment les simulations moléculaires peuvent être utilisées pour calculer les constantes élastiques, les propriétés thermiques, les propriétés de transport de masse, les propriétés électromagnétiques et les propriétés de couplage des phases pertinentes pour les systèmes cimentaires. Il est également montré comment ces simulations permettent de dévoiler les processus physiques associés à la sorption et aux couplages hygro-thermo-mécaniques dans une approche ascendente. Ensuite, une discussion sur les mésoéchelle(s) d'intérêt -dans le passage de l'échelle atomistique au continuum, mais aussi les mésoéchelles dans le domaine de la mécanique des milieux continus jusqu'à l'échelle macroscopique (celle des applications industrielles) des matériaux cimentaires -est présentée. On montre comment la théorie de la micromécanique fournit des estimations de propriétés effectives dans un contexte multi-physique mais aussi des informations sur les champs locaux. Les recherches en cours et les perspectives étendant la stratégie multi-échelle multiphysique et multi-technique à de nouveaux phénomènes et applications sont enfin présentées.

First, it is shown how molecular simulations can be used to calculate the elastic constants, thermal properties, mass transport properties, electromagnetic properties, and coupling properties of phases relevant to cement systems. It is also shown how molecular simulations help unveil the physical processes associated with sorption and hygrothermo-mechanical couplings bottom-up. Then, a discussion on the mesoscale(s) of interest in the passage atomistic-tocontinuum and in the realm of continuum mechanics up to the macroscopic scale (of industrial applications) of cementbased materials is presented. It is shown how Micromechanics theory provides estimates of effective properties in a multi-physics context but also information about local fields. Ongoing research and perspectives extending the multiscale multi-physics and multi-technique strategy to new phenomena and applications are finally presented.
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Introduction

My research focuses on analytical and numerical methods to model the behavior of civil engineering materials and structures, mainly cement-based materials and concrete structures, in a multi-scale and multi-physics framework.

The central paradigm of materials science and materials engineering involves establishing materials Processing-(Micro)Structure-Property-Performance correlations [Olson, 1997]. These four primary elements can be understood as forming a chain (Fig. 1.1), allowing to • Understand and predict materials behavior (material science relationships involving causes and effects): models based on the main mechanisms of the problem can be proposed for the understanding and prediction of behaviors, for example, by defining a certain property of the material as a function of its processing, composition and (micro-)structure.

• Optimize and design materials with tailored properties or performance (material engineering relationships involving objectives and means): from a given performance specification, inverse models are proposed for the optimization and design of materials. For example, a goal would be to meet a specific performance specification (e.g., mechanical strength), and one of the means would be to change the composition of the material.

These correlations, particularly structure-property relationships, are also fundamental in the study of cement-based materials [START_REF] Bullard | Measurement and modeling needs for microstructure and reactivity of next-generation concrete binders[END_REF]. They are important for understanding the behavior of these materials and, from a more ambitious perspective, optimizing these materials for tailored performances. The "systematic development of structure-property relationships, through curation of fundamental material component data and validated modeling based on fundamental scientific principles" is recognized as a critical strategy for coping with the rise in the complexity of the mineralogical and chemical compositions of cement systems [START_REF] Bullard | Measurement and modeling needs for microstructure and reactivity of next-generation concrete binders[END_REF]. Although modeling strategies are less frequently adopted than 
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Figure 1.1: Chain model of the central paradigm of materials science and engineering (adapted from [Olson, 1997]).

experimental "trial-and-error exploration of the design space and mixture qualification process", they have the potential of "revolutionizing" concrete materials design, including design for service life [START_REF] Bullard | Measurement and modeling needs for microstructure and reactivity of next-generation concrete binders[END_REF].

Modeling approaches serve to (i) predict the behavior of the materials and structures; (ii) understand its physical origin; (iii) extrapolate the predictions to conditions in which experiments can be prohibitive, and (iv) optimize the design of civil engineering materials and structures according to performance specifications or tailored properties. A multi-scale-multi-technique framework is needed to develop models based on fundamental scientific principles (e.g., [START_REF] Vassaux | Toward High Fidelity Materials Property Prediction from Multiscale Modeling and Simulation[END_REF]). Understanding the behavior of cement-based materials, or engineering them for tailored applications (e.g., for durability, for enhanced or new properties), requires a multi-physics approach. The relevance of Multi-Scale, Multi-Physics, and Multi-Technique modeling for establishing composition-(micro)structure-property correlations in cement-based materials is briefly discussed in the sequel.

Multi-Scale and Multi-Technique

In materials modeling, various scales can be critical for establishing Process-Structure-Property-Performance correlations. Figure 1.2 shows the relevant scales in materials science and engineering and how time and space scales are generally correlated in the context of multi-scale analysis. In a multi-scale approach, it is possible to associate relevant physical phenomena to the appropriate scale and then model the macroscopic behavior of the materials, properly accounting for their multi-scale nature. Following the example of what is observed in the experimental evaluation and characterization techniques, specific modeling and simulation techniques are more appropriate depending on the scale considered. A multi-technique framework is therefore required. The techniques used in my research are:

• Theoretical developments, including analytical homogenization and micromechanics [START_REF] Honorio | Multiscale estimation of ageing viscoelastic properties of cement-based materials: A combined analytical and numerical approach to estimate the behaviour at early age[END_REF], Honorio, 2017, Honorio et al., 2018a, Honorio et al., 2017a, Wyrzykowski et al., 2017[START_REF] Honorio | Statistical variability of mechanical fields in thermo-poro-elasticity: Multiscale analytical estimations applied to cement-based materials at early-age[END_REF], Honorio et al., 2020a[START_REF] Honorio | Electrical properties of cement-based materials: Multiscale modeling and quantification of the variability[END_REF], Königsberger et al., 2021, Honorio et al., 2022b];

• Numerical methods for continuum mechanics and structural mechanics [Honorio et al., 2014, Honorio et al., 2016a[START_REF] Honorio | Multiscale estimation of ageing viscoelastic properties of cement-based materials: A combined analytical and numerical approach to estimate the behaviour at early age[END_REF], Hervé-Secourgeon et al., 2021, Azenha et al., 2021];

• Classical atomistic (classical Monte Carlo and molecular dynamics) [START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF], Brochard et al., 2017[START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF], Honorio, 2019[START_REF] Honorio | Anomalous water and ion dynamics in hydroxyapatite mesopores[END_REF], Honório et al., 2019, Honorio et al., 2019a, Honorio et al., 2020e, Honorio et al., 2020a, Honorio et al., 2020f, Honorio et al., 2020d[START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF], Honorio, 2021, Honorio et al., 2021a, Honorio et al., 2022b, Honorio et al., 2022a, Barbosa and Honorio, 2022[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], Honorio and Brochard, 2022, Hawchar and Honorio, 2022] and coarse-grained simulations [Honorio, 2018, Ait-Hamadouche andHonorio, 2022a]; and more recently,

• Data science tools [Honorio et al., 2022c].

This manuscript will focus on Molecular Simulations and Micromechanics theory.

Micromechanics is a powerful theory enabling for estimating the macroscopic properties of cement-based materials in a multi-physics framework using as input the system's composition, assumptions on the microstructure, and component property (i.e., the properties of each phase present in the material). Component property data is, however, lacking for some key phases in cement systems. Molecular simulations arise as a tool to provide such missing property data. These simulations provide a fundamental description of nanoscale processes at the origin of the various properties of materials. With this multi-scale and multi-technique approach, it is possible to tackle problems at the intersection of civil, mechanical, and materials engineering as well as physics and chemistry.

Multi-Physics

In my works, composition-property correlations have been investigated in a multiphysics framework, including • Thermal properties (heat capacity [Honorio et al., 2018a, Honorio et al., 2020d, Honorio et al., 2020f, Barbosa and Honorio, 2022, Hawchar and Honorio, 2022[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], Honorio et al., 2022a], thermal conductivity [Honorio et al., 2018a, Barbosa and Honorio, 2022[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF]). The thermal behavior is critical for building envelopes aiming at ensuring thermal insulation (cement-based rendering mortars are often used for this purpose) and in massive structures at early-age (which are subjected to differential temperature rise due to the heat released by cement hydration that cannot be evacuated from the structure surfaces [Honorio, 2015]).

Electrons

• Mass transport properties (diffusion [Honorio et al., 2019a, Honorio et al., 2022b] and permeability [Honorio, 2022a]). The mass transport behavior is crucial for understanding durability, which is directly affected by humidity and aggressive agent transport into the porous structure of cement-based materials.

• Electromagnetic properties (electrical conductivity [START_REF] Honorio | Electrical properties of cement-based materials: Multiscale modeling and quantification of the variability[END_REF][START_REF] Honorio | May self-diffusion of ions computed from molecular dynamics explain the electrical conductivity of pore solutions in cement-based materials?[END_REF] and dielectric permittivity [Honorio et al., 2020a]). The electromagnetic response is key to non-destructive evaluation and testing and structural health monitoring in civil engineering.

• Coupling properties in thermo-poro-mechanics [Honorio et al., 2018a, Honorio, 2019]. The coupled phenomena (thermal expansion, drying shrinkage, and poromechanics-related problems such as crystallization pressure development) are also important to understanding the behavior and durability of cement-based materials.

• Sorption processes [Honorio, 2019, Honorio et al., 2020d, Honorio et al., 2021a, Abdolhosseini Qomi et al., 2021[START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF], which are at the origin of various critical phenomena in cement-based materials, including drying shrinkage, reactivity, creep, etc.

Thus, a holistic view of cement-based materials properties accounting for these various physics is critical to understand property development and aging, and durability.

The studies above focus mainly on cement-based materials, but I have worked on other porous inorganic materials such as clays [START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF], Brochard et al., 2017[START_REF] Honorio | Effective stresses and estimations of the apparent Biot coefficient in stacked clay layers[END_REF][START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF], Brochard and Honório, 2021, Bore et al., 2021, Honorio and Brochard, 2022] and hydroxyapatite [START_REF] Honorio | Anomalous water and ion dynamics in hydroxyapatite mesopores[END_REF], Honório et al., 2019].

Outline

This manuscript follows a scale-wise organization, with the first chapter devoted to information from the molecular scale, followed by a chapter on how to upscale such nanoscale information up to the scale of Civil Engineering applications.

Chapter 1 shows how molecular simulations can be used to calculate the elastic constants, thermal properties, mass transport properties, electromagnetic properties, and coupling properties of phases relevant to cement systems. It is also shown how molecular simulations help unveil the physical processes associated with sorption and hygro-thermo-mechanical couplings bottom-up.

Chapter 2 discusses the mesoscale(s) of interest in the passage atomistic-tocontinuum and the realm of continuum mechanics up to the macroscopic scale (of industrial applications) of cement-based materials. It is presented how Micromechanics theory provides estimates of effective properties in a multi-physics context but also information about local fields. It is also shown how coarse-grained simulations give information on the mesocale between the atomic level and the micrometer scale.

The manuscript finishes with the conclusions and perspectives.

Chapter 2

Information from the molecular scale 

Introduction

Constituent (or "phase" property) is one of the main inputs in multi-scale modeling.

In cement-based materials (or more generally in complex multi-phase geomaterials), experimentally obtaining phases properties might be challenging because of

• The difficulty of isolating the phase in heterogeneous materials, in particular when these phases appear mixed with other with similar composition, as is often the case in cement systems. (Resorting to the synthesis of the phase is a solution to this problem but that brings new challenges, including knowing if the synthesized phase is equivalent to the phase found in cement-based materials.)

• Key phases exhibit compositional and structural variability, including notably C-(A)-S-H, AF-phases, and pore solutions [START_REF] Vollpracht | The pore solution of blended cements: a review[END_REF].

• The difficulty of probing the appropriate scale, which is the case of assessing the behavior of solid phases that occur as small crystallites or in small quantities (e.g., ASR products), quantifying the behavior of water in hydrates (including water confined in micro-and meso-pores or surface water), and quantifying ion sorption and dynamics.

The increasing complexity of chemical compositions of new cement systems make the presence of some a priori less common hydrate phases (e.g., M-S-H, other AFphases beyond ettringite and monosulfoaluminate, C-S-H with alkali substitutions) more likely; and in some cases, these phases are even produced in significant quantities. This aspect encourages the effort of completing property data databases [START_REF] Bullard | Measurement and modeling needs for microstructure and reactivity of next-generation concrete binders[END_REF] for the various potential phases that can be found in cement systems.

Furthermore, some basic properties are not yet experimentally measured even for some well-known phases in ordinary Portland cement (OPC) systems. This is the case of the thermal conductivity of ettringite (which is quite surprising knowing that the thermal problem is central in the durability problems involving ettringite [START_REF] Taylor | Delayed ettringite formation[END_REF] and in the application of this mineral for thermal energy storage [Struble andBrown, 1984, Chen et al., 2019]). Also, surface-absorbed and confined water behavior, which is fundamental to understanding C-S-H behavior and durability processes in cement-based materials, remains elusive and difficult to assess experimentally [Abdolhosseini Qomi et al., 2021].

This chapter shows how molecular simulations have been used in my works to provide fundamental property data (elastic constants, thermal properties, mass transport properties, electromagnetic properties, and coupling properties) for various phases relevant to cement systems. Figure 2.1 shows the snapshots of the atomic structures of the systems studied. In some cases, molecular simulations have provided for the first time property data for the phase studied (e.g., some properties [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]et al., , Honorio et al., 2022b] ] (Ca/Si=1.67 following [Kunhi Mohamed et al., 2018]), C-A-S-H [START_REF] Hawchar | C-A-S-H Thermoelastic Properties at the Molecular and Gel Scales[END_REF] (Ca/Si=1.7 following [Kunhi Mohamed et al., 2020]), tobermorite [Honorio, 2019] (Hamid's 11 Å tobermorite [Hamid, 1981]), crystalline ASR products [Honorio et al., 2020d, Honorio et al., 2020f, Honorio, 2021] (based on shlykovite [START_REF] Zubkova | Crystal structures of shlykovite and cryptophyllite: comparative crystal chemistry of phyllosilicate minerals of the mountainite family[END_REF]), montmorillonite [START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF][START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF], Honorio and Brochard, 2022], monosulfoaluminate [Honorio et al., 2020e], Friedel's salt [Honorio et al., 2022a], ettringite and metaettringite [Honorio et al., 2020e, Honorio et al., 2021a[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], bulk pore solutions [Honorio et al., 2019a, Honorio et al., 2020a], and clinker minerals (triclinic C 3 S [ [START_REF] Barbosa | Triclinic tricalcium silicate: Structure and thermoelastic properties from molecular simulations[END_REF] andC 3 A [Honorio et al., 2020e]).

of crystalline ASR products, (meta)ettringite, Friedel's salt, C-A-S-H). The second part of this chapter will be devoted to the molecular modeling of sorption processes, which are critical for the drying and durability of cement-based materials. It will be shown how molecular simulations are a powerful tool to analyze complex aspects of sorption in cement systems, such as disjoining pressure and effective interactions, hysteresis (under sorption), the role of (heterogeneous) cavitation, and capillary condensation.

Properties from molecular simulations

Classical molecular simulations can be considered as a toolbox to compute properties once the atomic structure of the phase is known and relevant force fields are available.

Various empirical force fields have been developed for (or are appropriate for molecular modeling of) the various constituents of cement systems (see [START_REF] Mishra | cemff: A force field database for cementitious materials including validations, applications and opportunities[END_REF] for a review). In my works, I have used ClayFF [START_REF] Cygan | Molecular Models of Hydroxide, Oxyhydroxide, and Clay Phases and the Development of a General Force Field[END_REF], Cygan et al., 2021] and CSHFF [START_REF] Shahsavari | Empirical force fields for complex hydrated calcio-silicate layered materials[END_REF] to model calcium silicate phases. In the work on tricalcium silicate, we have tested various force fields [START_REF] Barbosa | Triclinic tricalcium silicate: Structure and thermoelastic properties from molecular simulations[END_REF]. To better capture the structural features and elastic properties of AF-phases, we have proposed AFFF: a force field for AF-phases [Honorio et al., 2020e]. This force field is a reparametrization of ClayFF combined with parameters for sulfates of [START_REF] Cannon | Sulfate Anion in Water: Model Structural, Thermodynamic, and Dynamic Properties[END_REF] adapted for AF-phases. An updated version of AFFF introduces harmonic covalent bonds and angles for sulfates [Honorio et al., 2021a]. AFFF parameters are available in LAMMPS format in https://github.com/tuliohf/Cement_Molecular/.

The primary strategies to get properties using molecular simulations are presented in the sequel. The most practical choices in simulation strategy are highlighted.

Structural features

The comparison of the structures obtained from molecular simulation with experimentally resolved structural descriptors provides a way of validating the choices of force fields. The structural features of the systems shown in Figure 2.1 were first validated against the available experimental data on various structural descriptors, including X-ray diffraction patterns, radial distribution functions, structural factors, lattice parameters, and atomic distances. Other interesting descriptors can be used to measure order/disorder (e.g., bond-orientational order [START_REF] Steinhardt | Bond-orientational order in liquids and glasses[END_REF], excess entropy [START_REF] Baranyai | Direct entropy calculation from computer simulation of liquids[END_REF]) and assess water structure (H-bonds statistics). These structural descriptors are briefly presented in the following.

Lattice parameters and interatomic distances are basic parameters to verify the structural consistency of molecular models (atomic structure combined with force fields).

Radial and pair distribution functions provide information on the structural features of ordered and disordered materials that can be used to validate atomistic models and simulations. The partial radial distribution function g i-j (r) (RDF) of species i and j reads (e.g. [START_REF] Thorneywork | Communication: Radial distribution functions in a two-dimensional binary colloidal hard sphere system[END_REF]):

g i-j (r) = ρ i-j (r) ρ 0 = 1 N t ρ 0 x i x j N i k=1 N j l̸ =k δ⟨r + r k -r l ⟩ (2.1)
where N t is the total number of particles, ρ 0 is the number density, x i = N i /N t is the fraction of species i (respectively, x j = N j /N t ), and r k is the position vector of particle k of species i (respectively, r l is the position vector of particle l of species j). The weighted average of the partial pair distribution function reads [START_REF] Soyer-Uzun | Compositional Evolution of Calcium Silicate Hydrate (C-S-H) Structures by Total X-Ray Scattering[END_REF]:

g w (r) = ij x i x j f i (Q)f j (Q)g i-j (r) ⟨f (Q)⟩ 2 (2.2)
where ⟨f

(Q)⟩ = i x i f i (Q), f i (Q)
is assumed to be equal to the effective number of electrons Z for species i. The pair distribution function N i-j can be computed from g w by (e.g. [START_REF] Fischer | Neutron and x-ray diffraction studies of liquids and glasses[END_REF], Meral et al., 2011]):

N i-j = 4πr 2 ρ 0 g w (r) (2.3)
In the case of C-S-H, radial and pair distribution functions obtained from simulations and experiments are compared in ref. [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]. The simulated structure exhibits similar features to the experimental peaks observed in previous studies in C-S-H with Ca/Si of 1.6 and 1.75 [Soyer-Uzun et al., 2012].

Structure factor quantifies material scattering and is obtained from the Fourier transform of radial distribution function:

S ij (q) = 1 + 4ρ 0 ϕ ∞ 0 (g i-j (r) -1) r 2 sin(qr) qr dr (2.4)
where is ρ 0 is the average number density of particles, q is the scattering vector. This parameter has been used to evaluate medium-range order in C-S-H [START_REF] Bauchy | Order and disorder in calcium-silicate-hydrate[END_REF]. The structure factor was also computed for the C-S-H model studied in [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF] and was compared with the experimental data provided by Soyer-Uzun et al. [START_REF] Soyer-Uzun | Compositional Evolution of Calcium Silicate Hydrate (C-S-H) Structures by Total X-Ray Scattering[END_REF]. X-ray diffraction (XRD) patterns are related to the structure factor, the average number density of particles, and the orientation averaged form factor. XRD patterns have been computed for various systems in Figure 2.1 to validate the molecular modeling approach in yielding structurally sound systems. For example, Figure 2.2 shows the X-ray diffraction patterns obtained from simulations with AFFF at various RH at ambient temperatures compared with experimental patterns. Experimental and simulated patterns exhibit the main peaks at the same orientations.

The loss of well-defined peaks in metaettringite was fairly captured by the simulations. This example illustrates how simulation can provide structures consistent with the experimental data. This result builds confidence in using molecules simulation to explore the structural changes obtained under certain conditions that may be difficult to explore experimentally. (A) XRD patterns of ettringite and metaettringite according to the RH at 300 K: comparison of simulation using AFFF [Honorio et al., 2021a] and data from the literature [Baquerizo et al., 2016, Skoblinskaya andKrasilnikov, 1975]. (B) Selected snapshots of simulated systems showing how the Ca 6 Al 2 (OH) 12 columns (indicated by the yellow shadows) in ettringite are not well defined in metaettringite.

Excess entropy provides a quantification of the relative order in a molecular system, which is related to the structure, thermodynamics, and transport properties of liquid and disordered systems [START_REF] Pacaud | Thermodynamic precursors, liquid-liquid transitions, dynamic and topological anomalies in densified liquid germania[END_REF]. The concept has been applied to measure order in C-S-H [START_REF] Bauchy | Order and disorder in calcium-silicate-hydrate[END_REF][START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF] and (meta)ettringite [Honorio et al., 2021a]. The pair (first-order) excess entropy S 2 can be computed from the pair radial function g i-j using [Baranyai andEvans, 1989, Pacaud andMicoulaut, 2015]:

S 2 k B N = - 2π V i,j ∞ 0 [g i-j (r) ln g i-j (r) -g i-j + 1] r 2 dr (2.5)
where N is the total number of particles, k B is the Boltzmann constant, V is the volume, and x i is the molecular fraction of particle of type i in the system. This formula allows calculating the pair-wise contribution S 2 i-j to the total entropy according to the choice of pairs i, j. In the case of C-S-H, the excess entropy is a non-monotonous function of the interlayer spacing d [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]: for d >≈ 5 nm, the total, water, and electrolyte excess entropies are an increasing function, indicating that adding water to the system only contributes to the increase in its entropy. A (less intuitive) decrease in system excess entropy is observed in c-lengths ranging from 33 to 50 Å. Regarding AFt, the excess entropy is significantly higher in metaettringite when compared to ettringite [Honorio et al., 2021a], which is in agreement with the lack of well-defined peaks in metaettringite XRD patterns and the visual analysis of the snapshots in Figure 2.2.

H-bond statistics are other structural descriptors relevant to analyze hydrated systems. H-bond network statistics inform on the degree of constraints in water and have been linked to changes in the thermo-mechanical properties of layered silicates [Honorio et al., 2020f, Honorio et al., 2021b]. Various criteria exist to define an H-bond [Marcus, 2009], for example, a distance of donor-acceptor oxygens 2.5< d HB <3.5 Å and angle between O-H and O...O vectors θ HB ≤100 • . Changes in H-bonds statistics are analyzed in Section 3.3 for C-S-H with varying slit pore size thickness. As discussed in Section 3.2, H-bonds changes can be associated with the hysteresis under sorption in microporous materials [START_REF] Chen | Role of hydrogen bonding in hysteresis observed in sorption-induced swelling of soft nanoporous polymers[END_REF], including ettringite [Honorio et al., 2021a].

Elastic constants

Two approaches are generally adopted to get the full stiffness tensor C ijkl :

• Finite differences. Based on the definition [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

C ijkl = ∂σ ij ∂ϵ kl T,ϵ kl (2.6)
in which σ and ϵ are the second-rank stress and strain tensors, and T is the temperature. The finite difference method can be deployed using energy minimization or under finite temperature (the former strategy is expected to lead to a more rigid system). With this approach, the simulation box is slightly deformed (within the elastic domain) in each one of the six axial and tangential directions, followed by an NVT run in which the ensembleaveraged pressure tensor is computed. Generally, the average of both negative and positive deformations is considered in the computations to account for asymmetric under loading.

• Fluctuation formula. C ijkl can be computed under finite temperature from a simulation in N σT ensemble using the fluctuation of the strain tensor with [START_REF] Parrinello | Strain fluctuations and elastic constants[END_REF]:

C ijkl = kT ⟨V ⟩ N σT [⟨δϵ ij ⊗ δϵ kl ⟩ N σT ] -1 .
where ⟨δ.⟩ ens operator denotes ensemble average, and ⟨δA ⋆ δB⟩ ens = ⟨A ⋆ B⟩ ens -⟨A⟩ ens ⋆ ⟨B⟩ ens denotes the fluctuation (co-variance) in ensemble ens of random variables A and B according to a product ⋆ to be defined, in the case above " ⊗ " is the dyadic product. Even though a single simulation in N σT ensemble is needed with this approach, convergence must be carefully checked, and often long simulations are required.

The general definition of the Lagrangian deformation tensor ϵ ij for a triclinic system is obtained from the matrices associated with the metric of the reference h 0 = [a 0 , b 0 , c 0 ] x,y,z and deformed h = [a, b, c] x,y,z supercell (i.e., the columns of h matrices correspond to the components of the lattice vectors in an orthogonal frame x, y, z):

ϵ ij = 1 2 (h -1 0 ) T h T hh -1 0 -I , ( 2.7) 
where I is the identity matrix, and the superscript [⋆] T is a matrix transpose. This definition of deformation tensor is general because it can cope with the lowest symmetry system (triclinic) and finite deformations, but of course, the definition also holds for systems with higher symmetry (up to isotropy) and infinitesimal deformations.

Once the full stiffness tensor is obtained, the "isotropized" estimates of the elastic constants (bulk, shear, and Young moduli, as well as Poisson ratio) can be computed using the Voigt-Reuss-Hill (VRH) approximation [Hill, 1952]. The indentation modulus can then be computed from VRH moduli providing data for direct comparison with indentation experiments.

In my works, the elastic constants have been computed for the following phases in cement systems:

• Clinker minerals. Tricalcium silicate [START_REF] Barbosa | Triclinic tricalcium silicate: Structure and thermoelastic properties from molecular simulations[END_REF] and tricalcium aluminate [Honorio et al., 2020e] have been studied. Full elastic tensor of the triclinic polymorph T1 of C 3 S, which is the stable phase at ambient temperature of pure tricalcium silicate [Taylor, 1997], was provided for the first time. The values obtained for the T1 polymorph are similar to the ones found for M1 and M3 polymorphs (more common polymorphs found in industrial cement where substitutions occur in C 3 S structure) [START_REF] Claverie | Assessment of mechanical, thermal properties and crystal shapes of monoclinic tricalcium silicate from atomistic simulations[END_REF].

• C-(A)-S-H. Full elastic tensors have been computed for C-S-H (S. Ait Hamadouche, Master thesis) and (no cross-linked) C-A-S-H [START_REF] Hawchar | C-A-S-H Thermoelastic Properties at the Molecular and Gel Scales[END_REF]. The elastic constants obtained for C-A-S-H were close to the ones reported for C-S-H (based on defective tobermorite structures also with a Ca/Si of 1.6 to 1.7) [START_REF] Shahsavari | Empirical force fields for complex hydrated calcio-silicate layered materials[END_REF] but lower than the values reported for cross-linked C-A-S-H [START_REF] Geng | Preferred orientation of calcium aluminosilicate hydrate induced by confined compression[END_REF], Zheng et al., 2020].

The existence of (interlayer) cross-linking is C-A-S-H is under debate in the literature, with some authors arguing that no experimental evidence clearly indicates the presence of cross-linked C-(A)-S-H [Kunhi Mohamed et al., 2020]. 
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!VRH E F • AF-phases. Full elastic tensors have been computed for ettringite, and metaettringite [Honorio et al., 2020e, Honorio, 2022b], monosulfoaluminate [Honorio et al., 2020e], and Friedel's salt [Honorio et al., 2022a] using AFFF in all cases. Simulations were performed for various water contents for ettringite, and monosulfoaluminate [Honorio et al., 2020e]. The changes in the elastic constants in the transition of ettringite into collapsing ettringite followed by transformation into metaettringite were also quantified [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF]. In the cases of metaettringite and Friedel's salt, the molecular simulations were the first estimates of the elastic constants in the literature. (Note that structural features and interfacial processes in Friedel's salt has been extensively studied with molecular simulations [START_REF] Kalinichev | Molecular Dynamics Modeling of Chloride Binding to the Surfaces of Calcium Hydroxide, Hydrated Calcium Aluminate, and Calcium Silicate Phases[END_REF], Kalinichev et al., 2000, Kirkpatrick, 2005, Kirkpatrick et al., 1999]).

Friedel's salt exhibits a low temperature (LT), and a high temperature (HT) polymorph with a transition occurring at approximately 35°C [START_REF] Terzis | The crystal structure of Ca2Al(OH)6Cl • 2H2O[END_REF], Renaudin et al., 1999]. The simulation showed that some elastic constants, when plotted as a function of the temperature, display a significant change in the vicinity of 35°C in Friedel's salt, as shown in Figure 2.3.

• ASR products. Full elastic tensors were computed for the first time for crystalline ASR products based on shlykovite structure [Honorio et al., 2020f]. Isomorphic substitutions of the charge balance ions Li, Na, K, and Cs were considered in the simulations. The elastic constants obtained were affected by the substitution of charge balance ions. The VRH moduli of Na and K products (as well as the upscaled values considering the gel scale as a higher level -see next chapter for details on upscaling strategies) compare well with the nanoindentation data.

Most of the studies above deploy the finite difference approach (fluctuation approach has been used in ref. [START_REF] Honório | Molecular modelling of the heat capacity and anisotropic thermal expansion of nanoporous hydroxyapatite[END_REF]).

Thermal properties

Heat capacity

Molecular simulations of the heat capacity of fluids can be performed in a full classical framework, whereas the heat capacity of solids might require a multi-scale approach in which quantum corrections are introduced.

In a full classical approach, the heat capacity can be computed using the finite difference or fluctuations approaches:

• Finite difference where the definitions of isochoric and isobaric heat capacity are used:

C V = ∂E i ∂T V ; C P = ∂H p ∂T P (2.8)
where V and P are the volume and pressure, E i is the internal energy, and H p = E i + P V is the enthalpy.

• Fluctuation formula are given by [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

C V = ⟨δE 2 i ⟩ N V T k B T 2
(2.9)

C P = ⟨δH 2 p ⟩ N P T k B T 2 (2.10)
In a semi-classical approach, quantum effects are accounted for, but the vibrational density of states are obtained using classical methods [Dickey andPaskin, 1969, Berens et al., 1998]. In this approach, the heat capacity at constant volume is [START_REF] Winkler | Thermodynamic properties of MgSiO3 perovskite derived from large scale molecular dynamics simulations[END_REF]:

C V = dE vib dT = 3N k B ∞ 0 ℏω n(ω, T ) kT 2 exp ℏω kT g(ω)dω (2.11)
where 3N k B corresponds to the Dulong-Petit law, ω is the angular frequency, ℏ is the reduced Planck constant, n(ω, T ) =

1 exp[ ℏω kT ]-1 is Bose-Einstein distribution, and g(ω)
is the vibrational density of the states (VDOS) [Dickey andPaskin, 1969, Berens et al., 1998]:

g(ω) = 1 π ∞ -∞ j ⟨m j v j (t).v j (0)⟩ ⟨m j v 2 j (0)⟩ exp [iωt] dt (2.
12)

The VDOS is obtained from the mass-weighted velocity auto-correlation function ⟨m j v j (t).v j (0)⟩, with m j being the mass of particle j; and v j (t) being the velocity vector of particle j at time t (see the supporting material in [START_REF] Honorio | Drained and undrained heat capacity of swelling clays[END_REF] for calculation details). Various authors show that the incorporation of quantum corrections is often required to reproduce the experimental heat capacity of crystalline materials correctly [START_REF] Winkler | Thermodynamic properties of MgSiO3 perovskite derived from large scale molecular dynamics simulations[END_REF], Oganov et al., 2000, Qomi et al., 2015, Claverie et al., 2021]. Due to the high phonon frequency in crystals (i.e., when ℏω ∼ k B T in ambient conditions), quantum effects become non-negligible, leading to a heat capacity that should be lower than the classical estimate may yield. Semi-classical simulations are to be performed in the NVE ensemble to avoid the fictitious forces from the thermostats. Timesteps of at least 0.1 fs are needed to capture the oscillatory allure of mass-weighted velocity autocorrelation functions properly. To illustrate this approach, Figure 2.4 (A) and (B) display the normalized total velocity auto-correlation ⟨v j (t).v j (0)⟩/⟨v j (0) 2 ⟩, and normalized mass-weighted velocity auto-correlation ⟨m j v j (t).v j (0)⟩/⟨m j v j (0) 2 ⟩ functions of ettringite. These functions were used to calculate the VDOS g(ω) (Figure 2.4 (C)).

A hybrid approach combining the semi-classical method for the dry mineral and a classical approach for the water has been shown to best capture the heat capacity of hydrated minerals (with molecualr water), including swelling clays [START_REF] Honorio | Drained and undrained heat capacity of swelling clays[END_REF]], C-A-S-H [START_REF] Hawchar | C-A-S-H Thermoelastic Properties at the Molecular and Gel Scales[END_REF] and AFms [Honorio ) and then subtract the contribution of the dry mineral (the classical approach applied to the dry mineral yields Dulong-Petit law (C class V -min = 3N s k B [START_REF] Honorio | Drained and undrained heat capacity of swelling clays[END_REF]). The contribution of water in the classical approach is therefore

C class V -w = C class V -3N s k.
The total heat capacity is then obtained as the sum of the inter-layer, and dry mineral (C semi-class V -min

) contributions [START_REF] Honorio | Drained and undrained heat capacity of swelling clays[END_REF]: 2.13) where

C V = C class V -w + C semi-class V -min = C class V -3N s k B + C semi-class V -min ( 
C semi-class V -min
is computed from the semi-classical approach detailed above applied only to the dry mineral.

For comparison with experimental data, it is helpful reporting the heat capacities in terms of specific heat capacities c V , c P (in a unit of energy per mass.Kelvin) The specific heat capacities can be computed from the total heat capacity C V , C P using c V = C V / (m total ) and c P = C P / (m total ), with m total being the mass.

The difference between c P and c V can be computed using Mayer's relation (e.g. [Wallace, 1998]):

c P -c V = T ρ C ijkl α ij α kl , (2.14)
where ρ is the density, and α ij is the tensor of thermal expansion.

In my works, the heat capacity has been computed for the following phases in cement systems:

• Clinker minerals. The heat capacities of triclinic tricalcium silicate [START_REF] Barbosa | Triclinic tricalcium silicate: Structure and thermoelastic properties from molecular simulations[END_REF] were computed, for the first time, using full classical and semi-classical approaches. The semi-classical yielded values similar to the one obtained for the monoclinic polymorphs, with which the T1 structure shares a superstructure. These results corroborate previous studies [START_REF] Claverie | Assessment of mechanical, thermal properties and crystal shapes of monoclinic tricalcium silicate from atomistic simulations[END_REF], Winkler and Dove, 1992, Oganov et al., 2000, Qomi et al., 2015] showing that the estimates accounting at least partly for quantum effects are required to capture the heat capacity of crystals properly.

• C-(A)-S-H. The heat capacities were computed for C-A-S-H [START_REF] Hawchar | C-A-S-H Thermoelastic Properties at the Molecular and Gel Scales[END_REF] using the full classical, semi-classical, and hybrid approaches. The latter two approaches yielded results closer to the available data from the literature [START_REF] Roosz | Thermodynamic properties of C-S-H, C-A-S-H and M-S-H phases: Results from direct measurements and predictive modelling[END_REF].

• AF-phases. The heat capacities were computed for ettringite and metaettringite [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF] and Friedel's salt [Honorio et al., 2022a] using AFFF.

The hybrid approach returned results more consistent with the available data from the literature. Figure 2.5 compares full classical, semi-classical, and hybrid approaches estimates for ettringite and metaettringite [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF]. or flexible SPC/E water models are adopted), semi-classical and hybrid approaches [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF]. Dulong-Petit estimate (3N k B ) is shown for comparison. (B) Heat capacity c P at constant pressure, according to the hybrid approach, of ettringite (and metaettringite) as a function of the RH compared with experimental data from refs [Ederova andSatava, 1979, Baquerizo et al., 2016]. (C) c P -c V of ettringite (and metaettringite) function of the RH computed from the full rigidity tensor and tensor of thermal expansion (only the hybrid approach is shown). All results refers to ambient temperature (298 K).

• ASR products. The heat capacities of crystalline ASR products based on the shlykovite structure [Honorio et al., 2020f] were computed using the full classical approach for the first time. The values obtained were affected by the charge balance ions substitutions (Li, Na, K, and Cs). Estimates with the semi-classical and hybrid approaches are yet to be worked out.

Thermal conductivity

The thermal conductivity tensor can be computed from molecular simulations using equilibrium and non-equilibrium methods. Non-equilibrium methods include the direct thermostating method [START_REF] Ikeshoji | Nonequilibrium molecular dynamics calculation of heat conduction in liquid and through liquid-gas interface[END_REF], and the reverse perturbation method [Müller-Plathe, 1997]. The main equilibrium method is the Green-Kubo formalism, detailed in the following.

Using Green-Kubo formalism, the thermal conductivity is the time integral of the ensemble average of the heat flux J i (i = x, y, z) auto-correlation (e.g., [START_REF] Boon | Molecular Hydrodynamics[END_REF]):

λ ij = V k B T 2 ∞ 0 ⟨J i (0) ⊗ J j (t)⟩dt (2.15)
The terms Φ ij = ⟨J i (0) ⊗ J j (t)⟩ are the components of the heat flux auto-correlation function (HFACF). The heat flux vector is computed from the viral stress, kinetics, and potential energy per atom:

J p = 1 V p E p v p - p σ p v p (2.16)
where E p is the sum of the kinetics and potential energy, v is the velocity vector, and σ p is the stress tensor for atom p.

The conductivity λ ij computed from Eq. 2.15 might be prone to fluctuations and convergence problems as t → ∞ in the integration. A solution to overcome this problem is to compute the thermal conductivity tensor using the frequencydependent response of the complex conductivity [START_REF] Termentzidis | Cross-plane thermal conductivity of superlattices with rough interfaces using equilibrium and non-equilibrium molecular dynamics[END_REF]:

λ ij (ω) = V k B T 2 ∞ 0 ⟨J i (0) ⊗ J j (t)⟩ exp [iωt] dt (2.17)
The static thermal conductivity λ 0 ij can be obtained from fitting, in the lowfrequency range, the modulus |λ ij (ω)| of the complex conductivity with the expression |λ ij (ω)| = λ 0 ij + Aω ξ , where λ 0 ij , A and ξ are free parameters in the fitting procedure [START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF].

In my works, the thermal conductivity tensor has been computed for the following phases in cement systems:

• Clinker minerals. The full thermal conductivity tensor for T1 tricalcium silicate was computed for the first time [START_REF] Barbosa | Triclinic tricalcium silicate: Structure and thermoelastic properties from molecular simulations[END_REF]. The calcula-tion was made using the Green-Kubo formalism accounting for the frequencydependent response of the complex conductivity. Compared to previous results on the monoclinic polymorph [START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF], our results suggest improvement in molecular modeling of the thermal conductivity of the C 3 S since we obtain a volumetric thermal conductivity in better agreement with the experimental values reported for the cement powder of 1.55 W/(m.K) [Bentz, 2007].

• AF-phases. The full thermal conductivity tensor of ettringite and metaettringite [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF] were computed for the first time using AFFF. Estimates obtained using standard Green-Kubo formalism yielded similar results to the ones obtained from the complex frequency-dependent thermal conductivity. On average, the diagonal components of the tensor of thermal conductivity of ettringite (in a Cartesian frame) follow

λ xx > λ yy > λ zz (3.09 ± 0.90 > 2.83 ± 0.85 > 2.41 ± 0.88 W/(m.K))
. The out-of-diagonal components λ ij (i ̸ = j) are close to zero (considering the standard deviation of the simulations), suggesting that the Cartesian frame approximately corresponds to the principal frame. In the ettringite domain, volumetric thermal conductivity λ v =Tr(λ ij )/3 = λ ii /3 is 2.76±0.51 W/(m.K). This value can be compared with the conductivity of ettringite recently reported in the literature of 2.19±0.4 W/(m.K) [START_REF] Du | Multiphase Model for Predicting the Thermal Conductivity of Cement Paste and Its Applications[END_REF]. The values obtained at low RH are: for collapsing ettringite λ v =4.45±0.73 W/(m.K) (a quite high value considering the typical conductivity of hydrated minerals; further studies are thus needed to validate this result), and for metaettringite λ v =2.06±0.65 W/(m.K).

The thermal conductivity of C-S-H, jennite, and tobermorites were computed using molecular simulations [START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF], Sarkar and Mitra, 2021, Hong et al., 2020]. The thermal conductivity of ASR products and C-A-S-H is yet to be worked out.

Mass transport properties 2.4.1 Diffusion

Bulk fluids. The dynamics of bulk fluids can be quantified in terms of the Mean Squared Displacement (MSD):

r i (t) 2 ≈ D i t α with i = x, y or z (2.18)
where D ii is the self-diffusion coefficient, r i (t) are the components of the displacement vector r(t) at time t, and α is the anomalous diffusion exponent: α = 1 for Fickean diffusion; anomalous regimes are classified in subdiffusion for 0 < α < 1 and superdiffusion for α > 1. Fickean diffusion corresponds to a random walk, while anomalous diffusion results from a break of ergodicity in the system's behavior, which can have different physical origins such as fluid confinement, different particle sizes, and aging phenomena [START_REF] Metzler | Anomalous diffusion models and their properties: non-stationarity, nonergodicity, and ageing at the centenary of single particle tracking[END_REF]. The MSD can be directly computed from an MD simulation for a group of particles, and the diffusion regimes can be discussed as a function of the particle type.

In isotropic systems showing Fickean dynamics, the self-diffusion coefficient can be computed using Einstein's equation for 3D systems [START_REF] Allen | Computer Simulation of Liquids[END_REF]]:

D M SD = 1 6 lim t→∞ ⟨| r(t) | 2 ⟩ t (2.19)
where the operator | . | denotes the module of a vector.

Self-diffusion coefficient can also be computed using the velocity auto-correlation (VAC) function via the Green-Kubo relation [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

D V AC = 1 3 ∞ 0 ⟨v(0).v(t)⟩ dt (2.20)
where the velocity v(t) is directly sampled for a group of atoms with MD simulations. MD simulations with periodic boundary conditions (PBC) introduce artifacts that render the computation of self-diffusion coefficients dependent on the simulation box size. In a cubic simulation box of length L, the corrected diffusion coefficient D ( L → ∞) can be obtained from the diffusion coefficient D P BC computed with periodic boundary conditions using [START_REF] Yeh | Diffusion and Electrophoretic Mobility of Single-Stranded RNA from Molecular Dynamics Simulations[END_REF]:

D(L → ∞) = D P BC + k B T ξ 6πηL (2.21)
where ξ ≈ 2.837298 is the self-term for a cubic lattice at room temperature, and η is the viscosity of the fluid, which in the case of SPC/E water is reported to be insensitive to simulation cell size [START_REF] Yeh | Diffusion and Electrophoretic Mobility of Single-Stranded RNA from Molecular Dynamics Simulations[END_REF]. MSD and VAC methods were used to compute the self-diffusion coefficients of water and ions in bulk aqueous solutions mimicking the composition of the pore solutions in cement-based materials [Honorio et al., 2019a]. It is relevant to investigate bulk solutions because the most significant part of the dynamics of water and ions in pore solutions within cement-based materials can be described by the dynamics of the fluid portions less affected by pore walls. The ionic transport occurring in the pore zones affected by the interface (Stern layer) is reported to be negligible when compared to transport in the bulk pore, especially for aqueous solutions with a concentration similar to pore solutions in cement-based materials [START_REF] Samson | Modeling ion and fluid transport in unsaturated cement systems in isothermal conditions[END_REF], Revil, 1999].

The compositions of the systems studied are experimental data [START_REF] Lothenbach | Influence of limestone on the hydration of Portland cements[END_REF] for ordinary Portland cement (PC) systems in a formulation with a water-to-cement w/c ratio of 0.4. Seven scenarios PC1-PC7 corresponding to various ages are chosen to be simulated. The species with a concentration below 5 mM are not taken into account. The ionic concentrations were adjusted to comply with the electroneutrality of the simulated systems. The resulting aqueous solutions compositions are within the variability experimentally observed in the pore solution [Honorio et al., 2019a, Honorio et al., 2020a]. The scenarios PC1-PC7 are retained (snapshots of atomic configurations at the bottom) to study the age dependency of the pore solution composition. PC1-PC2 corresponds to very early-age, PC3-PC4 to early-age and PC5-PC7 to late ages typical compositions for OPC system with a w/c of 0.4 [START_REF] Vollpracht | The pore solution of blended cements: a review[END_REF]. of cement systems [START_REF] Vollpracht | The pore solution of blended cements: a review[END_REF]. Figure 2.6 shows the evolution of the concentration of the ionic species plotted as a function of age. Three main stages are identified regarding the ionic composition of the pore solution for a given cement system [Honorio et al., 2019a]:

• very early age up to setting (first hours): PC1 and PC2;

• early-age related to property development (within the first days): PC3 and PC4;

• late stage associated with the service life of cement-based materials: PC5 to PC7.

Such classification has been useful in linking the dynamics of ions to the electrical properties of cement-based materials [START_REF] Honorio | Electrical properties of cement-based materials: Multiscale modeling and quantification of the variability[END_REF]. A snapshot of the atomic configurations in a system equilibrated in an NVT simulation at 300 K is shown for each age. Table 2.1 gathers the self-diffusion coefficients computed using Eq. 2.19. These results agree with data from the literature regarding the self-diffusion of water and ions according to simulation, and experiments [START_REF] Tinnacher | Ion adsorption and diffusion in smectite: Molecular, pore, and continuum scale views[END_REF][START_REF] Honorio | Anomalous water and ion dynamics in hydroxyapatite mesopores[END_REF], Hammond, 1997, Mark and Nilsson, 2001, Zangi and Engberts, 2005]. Calcium ions present slower dynamics, which can be associated with their size and higher valence than other ions. Hydroxide and sulfate ions also exhibit dynamics slower than water. The ionic compositions in PC2 and PC3 slightly decelerate water dynamics, while the ionic compositions in PC7 slightly accelerate water dynamics; Table 2.1: Self-diffusion coefficients D i (in 10 -9 m 2 /s) at 300 K and 1 atm of species i computed using Eq. 2.19 [Honorio et al., 2019a]. For comparison, we provide data from the literature: a [START_REF] Tinnacher | Ion adsorption and diffusion in smectite: Molecular, pore, and continuum scale views[END_REF] (Sim.), b [START_REF] Honorio | Anomalous water and ion dynamics in hydroxyapatite mesopores[END_REF](Sim.), c [Hammond, 1997](Exp. infinitely diluted), d [START_REF] Mark | Structure and Dynamics of the TIP3P, SPC, and SPC/E Water Models at 298 K[END_REF] (Sim.), e [START_REF] Zangi | Physisorption of Hydroxide Ions from Aqueous Solution to a Hydrophobic Surface[END_REF] (Sim.) water dynamics is similar to the dynamics of pure water for the other pore solutions. The dynamics of ions are generally much more variable depending on the pore solutions. Sodium ions, for example, exhibit dynamics similar to that of a dilute solution at the very early-age (PC1 and PC2) and faster dynamics at PC3 and later ages. Sulfate and potassium also show dynamics acceleration with the evolution of the composition of the solution with age. The differences in solution dynamics and structure were also evaluated by analyzing the normalized velocity auto-correlation functions and non-Gaussian parameters, water orientation time correlation functions, and H-bonds counting in ref. [Honorio et al., 2019a]. Confined fluids. Self-diffusion coefficients under confinement are subject to anisotropic response. In the case of C-S-H (or other layered phases), the tensor of diffusion has the form:

Water Na + K + Ca 2+ SO 2- 4 OH -1 PC1 2.
D(z) =    D ∥ (z) 0 0 0 D ∥ (z) 0 0 0 D ⊥ (z)    (2.22)
where the parallel D ∥ (z) and perpendicular D ⊥ (z) components are inhomogeneous along z direction, and the components along x and y direction were verified to be similar [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF].

D x = D y ≡ D ∥ [
The components of the tensor of diffusion can be computed using (equilibrium) molecular dynamics simulations, as detailed in the following.

• Diffusion parallel to the walls in a slit pore. Using Einstein's formula, the parallel components of the diffusion tensor can be computed by (e.g., [START_REF] Boon | Molecular Hydrodynamics[END_REF]):

D ∥ = 1 4 lim t→∞ [r x (t)] 2 + [r y (t)] 2 t (2.23)
where r i (i = x, y) are the components of the displacement vector. As for bulk fluids, corrections periodic boundary conditions artifacts are proposed in the literature [START_REF] Simonnin | Diffusion under Confinement: Hydrodynamic Finite-Size Effects in Simulation[END_REF].

• Diffusion perpendicular to the walls in a slit pore. The diffusion perpendicular to the wall in a slit pore involves collisions with the walls and the effects of the confinement potential V c (z) resulting in an overall non-Fickean dynamics. At short timescales, t ≪ H 2 /D ⊥ , the dynamics of a single particle should be Fickean because the particle has not yet experienced any collision on the confining walls or has been subjected to the restoring force from the confinement potential [START_REF] Burov | Aging and nonergodicity beyond the Khinchin theorem[END_REF]. At larger timescales, a subdiffusive regime takes place. The MSD along z-direction [r z (t)] 2 can be linked to diffusion coefficient D ⊥ using a formalism based on Smoluchowski equation, in which the collisions and, in a simplified fashion, the confinement potential V c (z) (assumed as constant) are taken into account [START_REF] Kusumi | Confined lateral diffusion of membrane receptors as studied by single particle tracking (nanovid microscopy). Effects of calcium-induced differentiation in cultured epithelial cells[END_REF]:

[r z (t)] 2 = H 2 6 - 16H 2 π 4 ∞ n=1(odd) 1 n 4 exp -D ⊥ nπ H 2 t (2.24)
Within this formalism, the diffusion model is equivalent to a free Brownian diffusion within an infinitely high square well potential [START_REF] Kusumi | Confined lateral diffusion of membrane receptors as studied by single particle tracking (nanovid microscopy). Effects of calcium-induced differentiation in cultured epithelial cells[END_REF].

In agreement with what was discussed above, at times t = 0, the slope of the MSD profile is proportional to D ⊥ , as in the Fickean case; then, the MSD goes asymptotically to H 2 /6, as a manifestation of a subdiffusive regime [START_REF] Kusumi | Confined lateral diffusion of membrane receptors as studied by single particle tracking (nanovid microscopy). Effects of calcium-induced differentiation in cultured epithelial cells[END_REF]. Finite-size corrections have also been proposed for D ⊥ following the form of Eq. 2.21 [START_REF] Botan | Diffusion in bulk liquids: finite-size effects in anisotropic systems[END_REF].

The effect of the temperature in both parallel and perpendicular self-diffusion coefficients of water confined in C-S-H are shown in Figures 2.7 (A) and (C), respectively. The simulations were performed according to five temperatures. PBC corrections are applied to the parallel self-diffusion coefficients. The self-diffusion of water confined in C-S-H can be fitted by the expression [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF]:

D i (d, T ) = D ref 1 -exp - d -20 16.7 exp - E a R 1 T - 1 300 (2.25)
where R is the gas constant, and i corresponds to the parallel or perpendicular direction. For the parallel component, D ref = D bulk is the bulk value of water self-diffusion for a reference temperature (here, T =300 K). For the perpendicular component, and since the dynamics are reduced in that direction, D ref ≈ D bulk /14. The activation energy E a (d) depends on the pore-size, as shown in Figure 2.8, and can be fitted according to the expression (for d in Å) [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF]:

E a (d) = -A 1 (1 -exp [-A 2 (d -A 3 )]) 2 + A 4 (2.26)
where the fitting parameter are (A 1 , A 2 , A 3 , A 4 ) =(4.18 kJ/mol, 0.054 1/Å, 30.64 Å, 22.11 kJ/mol) for the parallel component, and (A 1 , A 2 , A 3 , A 4 ) = (7.01 kJ/mol, 0.061 1/Å, 27.00 Å, 22.40 kJ/mol) for the perpendicular component. Unlike the diffusion coefficient, no significant anisotropy is observed in the activation energy. The activation energy exhibits a non-monotonous dependence on the pore size with a maximum at d ≈ 28Å. This value in which the peak appears is close to the one observed for the dynamic transition observed in Figures 2.7 (B) and (D) showing that two regimes can be observed with D xy and D z scaling as ∝ d β with β = 12-13 for d <≈26 Å, and β = 0.6-0.7 for d >≈26 Å with a slight dependence of the system temperature. In Section 3.3, it is discussed that for interlayer distances d >≈26 Å, the radial distribution functions (RDF) of confined water are very similar to the one of bulk water [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]. For smaller basal spacings, though, a peakier RDF is observed, which indicates a significant change in water structure. Peakier RDF and slow dynamics [START_REF] Gado | Slow dynamics in gelation phenomena: From chemical gels to colloidal glasses[END_REF] can be related to a transition from a liquid to an arrested (or glassy [START_REF] Youssef | Glassy Nature of Water in an Ultraconfining Disordered Material: The Case of Calcium-Silicate-Hydrate[END_REF]) state [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]. Eq. 2.25 shows that the temperature dependence of the diffusion of confined water approximately follows an Arrhenius thermal activation. The associated activation energy exhibits a non-monotonous dependence on the pore size with a maximum at d ≈ 28 Å. Note that the expressions above are only valid for H > 9.5 Å, not capturing, therefore, the strongly decelerated dynamics in smaller pores (for H < 9.5 Å the Eq. 2.25 yields non-physical negative self-diffusion coefficients). Further developments are needed to link self-diffusion to the corrected/collective diffusion, and macroscopic diffusion [Coasne, 2016].

Viscosity

The most usual way of computing the viscosity of fluids in a molecular simulation is from the auto-correlation of the (out-of-diagonal components) of pressure tensor based on the Green-Kubo formalism. For the shear viscosity [Medina et al., 2011, Allen and[START_REF] Allen | Computer Simulation of Liquids[END_REF]:

η = 1 a n α,β lim t→∞ V k B T ∞ t=0 ⟨P αβ (t)P αβ (0)⟩dt (2.27)
some authors consider that P αβ are only three out-of-diagonal components of pressure tensor P xy , P xz , and P zy and thus a n =3 [START_REF] Allen | Computer Simulation of Liquids[END_REF]; other authors also include the differences between the diagonal elements (P xx -P yy )/2 and (P yy -P zz )/2, thus a n =5 [Medina et al., 2011, Allen and[START_REF] Allen | Computer Simulation of Liquids[END_REF]]. For the bulk viscosity [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

η bulk = 1 3 α,β lim t→∞ V k B T ∞ t=0
⟨P αβ (t)P αβ (0)⟩dt (2.28) where P αβ are the diagonal components of pressure tensor P xx , P yy , and P zz . To get the properties of confined fluids, V in the equations above should be the volume effectively occupied by the fluid, which can be computed using the sum of the Voronoï volume of water molecules. To define the upper integration bound in the equations above, the decay of the stress auto-correlations must be checked (for confined water, a choice of a few picoseconds is generally enough). Contrary to self-diffusion, the viscosity of SPC/E water is insensitive to simulation cell size [START_REF] Yeh | Diffusion and Electrophoretic Mobility of Single-Stranded RNA from Molecular Dynamics Simulations[END_REF].

Other strategies can be deployed to compute the shear viscosity of confined water [Honorio, 2022a]. Non-equilibrium Molecular Dynamics (NEMD) of Poiseuille flow gives velocity profiles (see next Section) that can be fitted to get the viscosity. Another strategy is an indirect calculation: if the self-diffusion coefficient of confined water is known, the shear viscosity η can be calculated using Einstein-Stokes equation (e.g., [START_REF] Batchelor | An Introduction to Fluid Dynamics[END_REF]):

η = k B T 6πDa (2.29)
where a is a coefficient corresponding to the radius of an equivalent spherical fluid particle, and D is the self-diffusion coefficient. The radius of a water molecule can be approximated by the van der Waals radius of oxygen so that a = 1.52 Å.

Based on a recent work [Honorio, 2022a], Figure 2.9(A) shows the shear viscosity of water confined in C-S-H using the three strategies. Direct computation (using auto-correlations) yields a non-negligible standard deviation. The three approaches are reasonably in agreement converging to the shear viscosity of SPC/E bulk water for pore sizes H above approximately 3-4 nm. The values obtained for the viscosity in the larger pores are in close agreement with the values reported in the literature for SPC/E water η =0.64-0.72 cP(=mPa.s=10 -3 Pa.s) (see [START_REF] Tazi | Diffusion coefficient and shear viscosity of rigid water models[END_REF] for a collection of various references). Figure 2.9(B) compares the viscosity of water confined in C-S-H with data from the literature on other nanoporous materials (clays [Low, 1976] and silica [START_REF] Haneveld | Capillary filling of sub-10nm nanochannels[END_REF], Persson et al., 2007, Thamdrup et al., 2007, Jarlgaard et al., 2006]). The results are normalized with respect to the corresponding shear viscosity of bulk water since SPC/E shows a smaller viscosity than experiments in water. The global evolution of viscosity of confined water in C-S-H with the pore size follows a similar trend to the other data. [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], and direct auto-correlation functions (Eq. 2.27); (B) Shear viscosity normalized with respect to the shear viscosity of bulk water (η bulk , not to be confused with the bulk viscosity) comparison of results in (A) with experimental data from the literature on other nanoporous materials. The results of Low [Low, 1976] refer to interlayer distance in clays. The experimental studies [START_REF] Haneveld | Capillary filling of sub-10nm nanochannels[END_REF], Persson et al., 2007, Thamdrup et al., 2007, Jarlgaard et al., 2006] refers to silica nanochannels. In both graphics, the value of the shear viscosity of bulk water is shown for comparison.

Permeability

Following usual hydrodynamics, the (intrinsic) permeability tensor κ (with each component with dimension [L 2 ]) can be obtained from the average of the velocity:

v = 1 H Hp/2 -H/2 vdz = κ η ∇p (2.30)
where H is the effective thickness of the pore, z is the orthogonal distance from the pore central plane, and ∇p = [∇p x , ∇p y , 0] x,y,z is the pressure gradient. Molecular simulations can be deployed to get velocity profiles in nanochannels resulting from pressure gradient-induced flows accounting for the relevant stick/slip boundary conditions [Bocquet andBarrat, 1993, Bocquet andBarrat, 1994].

The solution of the dynamics of a Newtonian fluid described by the Navier-Stokes equation in the case of laminar flow due to a pressure gradient is [START_REF] Bazant | Tensorial hydrodynamic slip[END_REF]: 2.31 reduces to a scalar form in the case of isotropic identical lower and upper boundary conditions [START_REF] Předota | Electric Double Layer at the Rutile (110) Surface. 3. Inhomogeneous Viscosity and Diffusivity Measurement by Computer Simulations[END_REF]. The first term is the usual parabolic profile from Poiseuille flow in the direction of the pressure gradient; the second term is a slip-driven plug flow in the A pf ∇p direction; and the third term is a linear shear flow in the B sf ∇p direction, which vanishes when b and Vinogradova, 2008]. The tensors A pf and B sf can be diagonalized when b ± is symmetric. The corresponding principal values are the pairs

v(z) = - H 2 4η 1 2 1 - 2z H 2 I + A pf + 2z H B sf ∇p (2.31) Equation
+ = b -[Bazant
A s (b + 1 , b - 1 ), A s (b + 2 , b - 2 ) and B s (b + 1 , b - 1 ), B s (b + 2 , b - 2 )
, respectively, with

A s (b + , b -) = b + + b -+ 4b + b -/H H + b + + b - (2.32) B s (b + , b -) = b + -b - H + b + + b - (2.33)
In the case of anisotropic textures, A pf and B sf are to be rotated appropriately. [START_REF] Zhan | Molecular insight into the boundary conditions of water flow in clay nanopores[END_REF]. Hydrophilic surfaces generally lead to negative slip length due to the layers of adsorbed fluid. Hydrophobic surfaces lead to positive slip lengths. An intermediary midwetting surface could be found so that no slip is observed; only in this specific condition slip boundary conditions is not relevant.

In the case of C-S-H, the density and velocity profiles obtained for mesopores for a forced flow along in-plane directions are shown in [START_REF] Bazant | Tensorial hydrodynamic slip[END_REF]). Each texture can be defined in their principal directions (here noted, 1 and 2); the textures are aligned when each pair

{b + 1 , b - 1 } and {b + 2 , b - 2 } is colinear. (B)
Negative slip, no-slip, and positive slip boundary conditions associated with hydrophilic, midwetting, and hydrophobic surfaces (adapted from [START_REF] Zhan | Molecular insight into the boundary conditions of water flow in clay nanopores[END_REF]).

for the viscosity in the larger pores are in close agreement with those reported in the literature for SPC/E water η =0.64-0.72 cP [START_REF] Tazi | Diffusion coefficient and shear viscosity of rigid water models[END_REF] (the pore-size dependence of water viscosity was discussed in Section 2.4.2).

In the case of the Poiseuille flow in Eq. 2.31, the integral in Eq. 2.30 yields [START_REF] Bazant | Tensorial hydrodynamic slip[END_REF]:

κ = H 2 12 κ * = H 2 12 (I + 3A pf ) (2.34)
where κ * = (I + 3A pf ) is the dimensionless permeability. The expression above shows that the permeability increases with the slip-driven plug flow (according to the direction A pf ∇p) but is unaffected by the slip-driven shear flow (associated with B sf ) [START_REF] Bazant | Tensorial hydrodynamic slip[END_REF]. For upper and lower aligned textures of the pore surfaces (even if the textures are different), the permeability tensor will also be aligned with the textures. In this case, the principal values of κ * [START_REF] Bazant | Tensorial hydrodynamic slip[END_REF] 

are κ * s (b + 1 , b - 1 ) and κ * s (b + 2 , b - 2 ) with κ * s (b + , b -) = H + 4(b + + b -) + 12b + b -/H H + b + + b - (2.35)
H = 103.2 Å H = 82 Å H = 62.4 Å H = 42.6 Å B A b + b - b + b - R 2 = 0.999 R 2 = 0.998 R 2 = 0.988 R 2 = 0.582 Figure 2
.11: Profiles of (A) density and (B) velocity for mesopores in C-S-H at 300 K for a pressure gradient applied along the x-direction [Honorio, 2022a]. The vertical dashed and solid lines indicate the position for the (negative) slip boundary; the distance between two vertical solid lines is the effective pore size according to the density profile of water oxygens. Density profiles are shifted one unit upwards for readability. Fittings (solid lines following the symbols in velocity profiles) using Eq. 2.31 are provided for each velocity profile.

The intrinsic permeability at the channel scale is shown in Fig. 2.12(A), considering no-slip and slip boundary conditions. In the latter, bilinear (defining micro-and meso-pore domains) and exponential fits are considered; and the average of upper and lower slip lengths is used as input. Stick boundary condition leads to larger permeability than (negative) slip boundary conditions. The bilinear fits of the slip lengths lead to a singularity in the vicinity of H p =20 Å. The exponential fits ensure continuity but with a non-monotonous evolution (a minimum is also observed in the vicinity of H=20 Å). B A Figure 2.12: (A) Intrinsic permeability calculated using Eq. 2.34 as a function of the interlayer space in slit channels with stick and slip boundary conditions [Honorio, 2022a]. The bilinear (defining micro-and meso-pore domains) and exponential fits of the slip length are considered. (B) Corrected intrinsic permeability κ c = f η f H κ calculated in slit channels with stick and slip boundary conditions. Only the exponential fit of slip lengths is considered. The inset zooms in the small micropores range.

Two correction factors are proposed for the intrinsic permeability:

κ c = f η f H , where f η = η bulk /η(H)
is the correction regarding the confinement dependence of the viscosity accounting for the decrease in viscosity with decreasing pore size; and f H = H/(H + d sol ) is the correction regarding the volume occupied by the channel (in the layered configuration studied, the entire volume of the system is (H +d sol )S s , where S s is the surface area parallel to the pore plane, and d sol is the thickness of the solid layer; for the system studied here d sol =4.11 Å). Both corrections are only significant for small H. The corrected intrinsic permeability is shown in Fig. 2.12(B) considering stick and slip boundary conditions. The stick boundary conditions lead to larger corrected permeability than the slip boundary. The corrected permeability, considering the slip length, for a nanochannel thickness of 10 Å (comparable to the hydraulic radius reported by Powers for C-S-H gel as 0.5 nm [Powers, 1958]) is on the order of 10 -22 m 2 , which is in agreement with the measurements on C-S-H.

Electromagnetic properties

Electromagnetic methods, particularly dielectric and electrical measurements, have been deployed to assess the water content of porous materials, including cementbased materials [START_REF] Klysz | Determination of volumetric water content of concrete using ground-penetrating radar[END_REF], Rhim and Buyukozturk, 1998, Laurens et al., 2002, Cataldo et al., 2018]). The success of such methods relies on the high contrast between the electrical conductivity and dielectric permittivity of water solutions with ionic species and the solid phases.

Dielectric permittivity

Bulk aqueous solutions. The theoretical background for calculating the dielectric response of aqueous solution is presented in the sequel. The frequency-dependent dielectric permittivity ε(f ) can be computed from the correlations of polarization at equilibrium [Köhler andFindenegg, 1972, Rinne et al., 2014a]:

ε(f ) -1 = χ(f ) = - 1 3V k B T ε 0 ∞ 0 e -2πif t P(0). Ṗ(t) dt (2.36)
where Ṗ(t) is the time-derivative of the total polarization P(t) = n i=1 q i r i (t) of a system with n particles i with charge q i , position r i (t) (e.g. [START_REF] Praprotnik | Molecular dynamics integration and molecular vibrational theory. III. The infrared spectrum of water[END_REF]). The total system polarization P is related to the electric field E via the complex frequency-dependent dielectric susceptibility χ(f ) = χ ′ (f ) -iχ ′′ (f ) by P(f ) = χ(f )ϵ 0 E(f ) where ϵ 0 is the vacuum permittivity.

For a salt aqueous solution, the total polarization is the sum of the contributions of the water P W and ionic P I polarizations: P = P W + P I . The ionic current J I is related to the ionic polarization by J I (t) = ṖI (t), and to the electric field E via the frequency-dependent ionic conductivity σ e (f ) = σ ′ e (f ) -iσ ′′ e (f ) by J I (f ) = σ e (f )ε 0 E(f ). The microscopic relaxation behavior is described by the correlations functions associated with water-water, ion-water, and ion-ion contributions, respectively [Rinne et al., 2014a, Rinne et al., 2014b]:

ϕ W (t) = ⟨P W (0).P W (t)⟩ 3V k B T ε 0 (2.37) ϕ IW (t) = ⟨P W (0).J I (t) -J I (0).P W (t)⟩ 3V k B T ε 0 (2.38) ϕ I (t) = ⟨J I (0).J I (t)⟩ 3V k B T ε 0 (2.39)
From which the regularized susceptibility ∆χ(f ) can be decomposed into three separate contributions ∆χ 

(f ) = χ W (f ) + χ IW (f ) + ∆χ I (f ) with
χ W (f ) = ϕ W (0) -i2πf ∞ 0 e -2πif t ϕ W (t)dt (2.40) χ IW (f ) = -2 ∞ 0 e -2πif t ϕ IW (t)dt (2.41) ∆χ I (f ) = - i 2πf ∞ 0 e -2πif t -1 ϕ I (t)dt (2.42)
The dielectric response for the bulk aqueous solutions (Figure 2.6) mimicking the pore solutions in cement-based materials (as done for the self-diffusion coefficients [Honorio et al., 2019a]) was also determined. Most high-frequency electromagnetic remote sensing method is carried out in a frequency range of around 1 GHz. In this frequency range, the effect of free water (or bulk water) is predominant. The contribution of adsorbed water is expected to manifest in low frequency range [Miura et al., 1998, Hager andDomszy, 2004]. Thus, interesting information can be obtained from the analysis of bulk solutions representative of the pore solutions.

The dielectric spectra obtained for the pore solutions with MD simulation can be fitted using the Cole-Cole relaxation model [START_REF] Cole | Dispersion and Absorption in Dielectrics I. Alternating Current Characteristics[END_REF]:

ϵ(f ) = ϵ CC -ϵ ∞ 1 + (i2πf τ CC ) 1-α CC + ϵ ∞ (2.43)
where ϵ CC and τ CC are, respectively, the Cole-Cole amplitude and characteristic relaxation time; and, α CC is an exponent parameter ranging from -1 to 1 (α CC =0 corresponding to Debye model). An ϵ ∞ = 1 is adopted since the force fields employed in MD simulation do not comprise atomic polarization. To fit simultaneously the real and imaginary parts of the dielectric spectrum, the function ∆χ i (f ) ∆χ i (f ) (where
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s Figure 2.13: Frequency-dependent dielectric permittivity ϵ = ∆χ + 1 of the pore solution [Honorio et al., 2020a]: comparison of the mean value computed from dielectric spectra of PC1-PC7 with the experimental data from the literature [START_REF] Guihard | Permittivity measurement of cementitious materials and constituents with an open-ended coaxial probe: combination of experimental data, numerical modelling and a capacitive model[END_REF] on real pore solutions. The real ϵ ′ and imaginary ϵ ′′ parts are shown. The light blue zones depict the standard deviation associated with the MD results. ∆χ i (f ) refers to the spectrum data to be fitted and . denotes the complex conjugate) is minimized. The parameters of Cole-Cole fits are gathered in Tab. 2.2. Simulation and experimental data on bulk water from the literature are also provided. The static dielectric permittivity of SPC/E water is known to be lower than the experimental value (e.g., [START_REF] Zarzycki | Temperaturedependence of the dielectric relaxation of water using non-polarizable water models[END_REF]). We obtain 69.0 for SPC/E water, which agrees with other values from the literature (e.g. [START_REF] Smith | Computer simulations of NaCl association in polarizable water[END_REF]] 67 ± 10).

Figure 2.13 compares the frequency-dependent dielectric permittivity ϵ = ∆χ+1 of the pore solution obtained from MD simulation with experimental data [START_REF] Guihard | Permittivity measurement of cementitious materials and constituents with an open-ended coaxial probe: combination of experimental data, numerical modelling and a capacitive model[END_REF] on synthesized pore solution based on the composition of a CEM I concrete. A good agreement is observed with respect to the imaginary part of the dielectric spectra. The difference between the experimental part can be attributed to the well-known deviation from the experimental value of the static dielectric constant SPC/E water (e.g., [START_REF] Zarzycki | Temperaturedependence of the dielectric relaxation of water using non-polarizable water models[END_REF]). In agreement with our Cole-Cole fits that yields low α, Guihard et al. [START_REF] Guihard | Permittivity measurement of cementitious materials and constituents with an open-ended coaxial probe: combination of experimental data, numerical modelling and a capacitive model[END_REF] observe that Debye fits can describe reasonably well the dielectric spectra of the pore solution.

Confined water. To compute the dielectric response of confined water, the microscopic relaxation process described by Eq. 2.37 must be put in the tensorial form [START_REF] Ballenegger | [END_REF]Hansen, 2005, Bonthuis et al., 2011]:

ϕ W,ij (t) = ⟨P W,i (0).P W,j (t)⟩ 3V cav k B T ε 0 (2.44)
where i, j are the x, y or z directions in a Cartesian frame, and V cav is the volume of the cavity occupied by water. The water self-contribution to the susceptibility and dielectric response is computed as in the case of the bulk solution but accounting for the possible anisotropies due to the cavity geometry. As for the bulk solutions, the frequency-dependent components of the dielectric permittivity tensor are given as the Fourier transform of ϕ W,ij (t) [START_REF] Froltsov | Dielectric response of polar liquids in narrow slit pores[END_REF]].

In the case of a slit pore with an infinite slab of fluid confined in the z direction by two infinite layers separated by a distance L, the dielectric permittivity tensor can be written, as in the case of self-diffusion, as a function of the parallel ε ∥ and perpendicular ε ⊥ components:

ε(f, z) =    ε ∥ (f, z) 0 0 0 ε ∥ (f, z) 0 0 0 ε ⊥ (f, z)   
(2.45)

The frequency-dependent components of the dielectric permittivity tensor reads [START_REF] Froltsov | Dielectric response of polar liquids in narrow slit pores[END_REF]:

ε ∥ (f ) = 1 + χ ∥ (f ) and 1 ε ⊥ (f ) = 1 -χ ⊥ (f ).
In the case of C-S-H, only the static dielectric response of water confined in C-S-H, at the layer level, has been quantified in the literature using simulations [START_REF] Masoumi | Effective Interactions between Calcium-Silicate-Hydrate Nanolayers[END_REF]. The frequency-dependent complex response was provided for the first time in the results shown in Figure 2.14 for the in-plane components [START_REF] Ait | Molecular modelling of the hysteresis under sorption and RH-dependent elastic constants of C-S-H" (Cosupervision F. Benboudjema) 3. Nejd Hammami[END_REF]. The perpendicular component is negligible due to the translational invariance. The water response for interlayer distance d larger than 5 nm is similar to that of bulk water. Significant changes in the dielectric response with the d are observed in smaller pores. Again, Cole-Cole [START_REF] Cole | Dispersion and Absorption in Dielectrics I. Alternating Current Characteristics[END_REF] model fits reasonably well the response: the obtained relaxation time increases significantly with d decrease, and the α CC show a non-monotonous evolution with d for values of d larger than 4 nm (α CC converges to a positive value close to zero, in this case).

Electrical conductivity

Bulk aqueous solutions. The static electrical conductivity of an ionic system is given by the integral of the ionic current auto-correlation function (e.g., [START_REF] Caillol | Theoretical calculation of ionic solution properties[END_REF]):

σ P S = 1 3V k B T ∞ 0 ⟨J I (0).J I (t)⟩ dt (2.46)
where ⟨.⟩ stands for statistical ensemble averages. The ionic current J autocorrelation function ⟨J I (0).J I (t)⟩ = N i=1 q i v i (0). N i=1 q i v i (t) can be written in terms of velocity v auto-and cross-correlation functions. Using the VAC formula for the self-diffusion coefficient (Eq. 2.20), the total static electrical conductivity of the electrolyte can be decomposed into two terms: [START_REF] Ait | Molecular modelling of the hysteresis under sorption and RH-dependent elastic constants of C-S-H" (Cosupervision F. Benboudjema) 3. Nejd Hammami[END_REF]. The (isotropic) response of bulk water is shown for comparison (experimental values according to Buchner et al. [START_REF] Buchner | Dielectric Relaxation of Aqueous NaCl Solutions[END_REF] and simulation values for SPC/E water according to Rinne et al. [Rinne et al., 2014a]). The microscopic response obtained from MD simulation was fited with a simplex exponential decay (e.g., Debye model) and with a high degree exponentially decaying polynomial capturing local oscillations. The functions regarding each interlayer distance are shifted 50 units upwards for readability (the horizontal gray line marks the zero for each curve); bulk water values are shifted 500 units upwards. To quantify the (an)isotropy in the parallel components of the dielectric tensor, the difference ε yy -ε xx is calculated for the (C) real and (D) imaginary parts of the dielectric response for selected slit pore sizes.

σ P S = σ N E P S + σ X P S = σ N E P S (1 -∆) (2.47)
where

σ N E P S = e 2 k B T N i z 2 i c i D i (2.48) σ X P S = - e 2 k B T N i N j>i z i z j c i c j D ij (2.49)
with c j being the molar concentration of ion i whose charge number is z i ; and the coefficient

D ij = 1 3 ∞ 0 ⟨⃗ v i (0).⃗ v j (t)
⟩ accounts for the velocity correlations of ions i and j, where the self-diffusion coefficient (Eq. 2.20) is retrieved for D ii = D i . Equation 2.48 is the Nernst-Einstein relation. The analysis of the ion pair-states in the electrolyte provides critical information regarding the relative contribution of σ N E P S and σ N E P S terms to the overall conductivity. Figure 2.15 shows a schematic representation of the main ion pair states in aqueous solutions (e.g., [Rinne et al., 2014a]): Contact Ion-Pairs (CIP), single Solvent-separated Ion Pairs (SIP), Doubly Solventseparated Ion Pairs (DSIP), and Free Ions (FI). CIP is ion pairs in contact: no water molecule is in-between CIP. SIP and DSIP are ion pairs in which one and two, respectively, water molecules are found in between the ions. If three or more water molecules separate a given ion pair, these ions are considered as FI. CIP exhibits correlated velocities, which translate in a not vanishing D ij , whereas the ion velocity auto-correlation of other ion pairs, notably FI, tends to 0. CIP involving ions with opposite charges a+ and a-does not carry a net charge, therefore, not contributing to overall Direct Current (DC) conductivity. In molecular dynamics computations of the ion self-diffusion coefficient D i , these CIP that are not carrying charge are accounted for, though. The Nernst-Einstein relation describes the conductivity of an electrolyte works when ions cannot interact (for example, FI in a diluted system). In a system where the ions can interact (CIP, SIP, DSIP), the deviation parameter ∆ is always positive (apart from the possibility of super-ionicity) [START_REF] Harris | Selfdiffusion, velocity cross-correlation, distinct diffusion and resistance coefficients of the ionic liquid[END_REF]. Consequently, the Nernst-Einstein relation overestimates the conductivity.

In the study of bulk solution mimicking pore solutions in cement systems, ion pair states were assessed using radial distribution functions [Honorio et al., 2019a, Honorio et al., 2020a]. The simulations show that cation-sulfates pairs are mostly CIPs, except for sodium-sulfate pair that is a DSIP at very early-ages pore solution (age <1 day) [Honorio et al., 2020a]. These CIP involve single-charged cations (K + , Na + ) in contact with (doubly charged) sulfates (SO 2- 4 ). Such CIPs carry a charge and therefore contribute to the DC-conductivity. In the simulations, only a small fraction of cation-hydroxide pairs is a CIP [Honorio et al., 2020a]. When the total fraction of CIPs is small, and these occur between ions with dissimilar charges, then the main contribution in Eq. 2.47 is expected to come from the Nernst-Einstein term (Eq. 2.48). The deviations from the Nernst-Einstein relation are expected to be still less significant in pore solution from cement systems with larger w/c due to a dilution effect. Indeed, previous studies report that the Nernst-Einstein equation seems sufficiently accurate to capture the experimentally measured electrical properties of concrete [Lu, 1997, Garboczi and Bentz, 1996, Snyder and Marchand, 2001], and other geomaterials [Revil, 2013]. Following the Nernst-Einstein relation but using as input self-diffusion computed from MD simulations, it was shown that the electrical conductivity is proportional not to the ionic strength I = 1 As for the dielectric response, the frequency-dependent complex electrical conductivity can also be calculated from molecular simulations. The frequencydependent ionic conductivity can be computed using the cross-correlations [START_REF] Caillol | Theoretical calculation of ionic solution properties[END_REF], Rinne et al., 2014a]:

σ e (f ) = 1 3V k B T ∞ 0 e -2πif t J I (0). Ṗ(t) dt (2.50)
The frequency-dependent ionic conductivity can be decomposed into the two terms

σ e (f ) = σ IW (f ) + σ I (f ) with σ IW (f ) = -i2πf ϵ 0 ∞ 0 e -2πif t ϕ IW (t)dt (2.51) σ I (f ) = ϵ 0 ∞ 0 e -2πif t ϕ I (t)dt (2.52)
Therefore, the static conductivity can be computed via

σ e (f = 0) = σ I (f = 0) = ϵ 0 ∞ 0 ϕ I (t)dt.
The anisotropic electrical conductivity of confined electrolytes (e.g., in C-S-H) can also be computed. This aspect is yet to be worked out.

Coupling properties

Thermoelasticity: coefficient of thermal expansion

Finite difference and fluctuation approaches can be used to calculate the full thermal expansion tensor:

• Finite differences is performed based on the definition in an anisotropic framework (.e.g [START_REF] Cagin | Thermodynamic and elastic properties of polyethylene at elevated temperatures[END_REF], Ray, 1983]):

α ij = ∂ϵ ij ∂T σ ij (2.53)
• Fluctuation formula. The thermal expansion tensor is obtained from the cross fluctuations of the enthalpy H p , and the deformation tensor in the NσT ensemble [START_REF] Cagin | Thermodynamic and elastic properties of polyethylene at elevated temperatures[END_REF], Ray, 1983, Honório et al., 2019]:

α ij = ⟨H p ϵ ij ⟩ N σT -⟨H p ⟩ N σT ⟨ϵ ij ⟩ N σT k B T 2 .
(2.54)

In my works, the thermal expansion tensor has been computed for the following phases in cement systems using the fluctuation approach:

• Clinker minerals. The thermal expansion tensor was calculated for tricalcium silicate [START_REF] Barbosa | Triclinic tricalcium silicate: Structure and thermoelastic properties from molecular simulations[END_REF]. The value at the principal basis reveals a significant anisotropy regarding the thermal expansion, with the expansion along the first principal direction being roughly twice the value in the third principal direction. The triclinic polymorph presents a smaller thermal expansion than the monoclinic polymorphs [START_REF] Claverie | Assessment of mechanical, thermal properties and crystal shapes of monoclinic tricalcium silicate from atomistic simulations[END_REF], Qomi et al., 2015].

• C-(A)-S-H. For the first time, the full thermal expansion tensor has been computed for C-A-S-H [START_REF] Hawchar | C-A-S-H Thermoelastic Properties at the Molecular and Gel Scales[END_REF]. The thermal expansion of C-A-S-H shows a significant anisotropy, as expected in layered phases. The average volumetric thermal expansion α v /3 =Tr(α ij )/3, is similar to the values reported for C-S-H in the literature including inverse analysis with micromechanics [Ghabezloo, 2011] and molecular simulations [START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF], Krishnan et al., 2016].

• AF-phases. The thermal expansion tensors have been computed for ettringite, metaettringite [Honorio et al., 2020e, Honorio, 2022b], and Friedel's salt [Honorio et al., 2022a] using AFFF. As for the elastic constants, the simulations were performed for various water contents for ettringite, and monosulfoaluminate [Honorio et al., 2020e]. In the cases of metaettringite and Friedel's salt, the molecular simulations were the first estimates of this property in the literature. In the case of Friedel's salt, the diagonal components (and α v ) peak at around 35°C, which can be associated with the LT→HT transition (displacive phase transitions involving symmetry changes can be accompanied by significant changes in the coefficients of thermal expansion or discontinuities in the case of second-order transitions [Testardi, 1975]).

• ASR products. Full thermal expansion tensors were computed, also for the first time, for crystalline ASR products based on shlykovite structure [Honorio et al., 2020f]. This property also exhibited ion-specificity, in particular in the component of the thermal expansion along a-direction (the coefficient decreases with the ion size: α a followed the order Li > Na > K > Cs).

Poroelasticity: Biot coefficient

The apparent Biot coefficient b quantifies how pore pressure P w is transferred to the solid skeleton in a porous medium (e.g., [Honorio et al., 2017a]):

b i = ∂σ ∂P w V (2.55)
where P w is the water pressure. Whenever the concept of Terzaghi effective stress holds, the apparent Biot coefficient is strictly 1. Poromechanics' usual interpretation [Coussy, 2010] posits that Terzaghi's effective stress principle holds whenever the solid skeleton is poorly compressible and the pores are saturated. At the nanoscale, even for rigid solid layers and saturated pores, apparent Biot coefficients may differ from 1. This result was observed in tobermorite [Honorio, 2019] and swelling clays [Honorio et al., 2017a], indicating that a poromechanics framework accounting for nanoscale effects is required to explain the behavior of these materials.

Drying shrinkage

Volume changes at the molecular scale due to RH decrease were evaluated for ettringite [Honorio et al., 2021a], and C-S-H [START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF].

Ettringite. The tensor of (crystal) shrinkage ϵ dry (RH) was computed from the lattice parameters obtained from the GCMC-NσT simulations (the GCMC stage enacts water exchange with an infinite reservoir of water with fixed temperature and chemical potential, which can be directly related to the RH; the NσT stage allows for the changes in simulation box dimensions). Figure 2.16(A)-(D) shows the changes in lattice parameters and volume of ettringite due to desorption. Simulations show a good agreement with the experimental data of [START_REF] Baquerizo | Impact of water activity on the stability of ettringite[END_REF], Zhou et al., 2004].

According to the hexagonal crystal symmetry of ettringite, ϵ sh. (RH) has three independent components in the form:

ϵ dry (RH) =    ϵ xx (RH) ϵ xy (RH) 0 ϵ xy (RH) ϵ yy (RH) 0 0 0 ϵ zz (RH)    (2.56)
where the components ϵ xz = ϵ yz = 0 and (due to the symmetry) ϵ xy = ϵ yx . The hypothesis of infinitesimal strain is incompatible with the significant dimension changes in ettringite. Therefore, the analysis should adopt the Lagrangian finite strain tensor (Eq. 2.7, which accounts for large strains). [START_REF] Baquerizo | Impact of water activity on the stability of ettringite[END_REF], Zhou et al. [START_REF] Zhou | Metaettringite, a decomposition product of ettringite[END_REF], and Gard (apud [START_REF] Zhou | Metaettringite, a decomposition product of ettringite[END_REF]). (E) Density changes as a function of the water content comparison against Baquerizo et al. [START_REF] Baquerizo | Impact of water activity on the stability of ettringite[END_REF] and the trend (dashed line) proposed by same authors: ρ = 2.600 -0.02925(n + 6) in g/cm 3 (adapted to the notation used here).

The components of the Lagrangian tensor of crystal shrinkage ϵ dry of ettringite are shown in Figure 2.17 (A) and (C) as a function of the RH and the water content, respectively. The fit of the lattice parameters from Figure 2.16 is used to compute the deformations, as detailed in [Honorio et al., 2021a]. In the ettringite domain, the infinitesimal strain hypothesis approximates the results obtained as shown in Figure 2.17 .17: Components of strain tensor obtained from simulations using the data from Fig. 2.16 as a function of (A) the RH (with (B) zoom in the small strain domain), and (C) the water content (with (D) zoom in the small strain domain) [Honorio et al., 2021a]. Linear fitting of the small strain domain is provided for both cases. [START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF] compared against experimental data from the literature for C-S-H with different Ca/Si ratios during desorption [START_REF] Gutteridge | A study of the changes in weight, length and interplanar spacing induced by drying and rewetting synthetic CSH (I)[END_REF], Smith and Bayliss, 1972, Bayliss, 1973].

C-S-H. GCMC-NVT simulations were performed to get the effective interactions at various RH (see Section 3.1). The results of these simulations provide a way of quantifying the changes in basal spacing due to the RH variations. Simulation results display a larger basal spacing compared to experiments, which is associated with the presence of Ca(OH) 2 clusters (microportlandite) in the interlayer C-S-H space of the C-S-H model adopted [Kunhi Mohamed et al., 2018]. These clusters are known to lead to larger basal spacings [Abdolhosseini Qomi et al., 2021] when compared with systems with lower interlayer calcium content. The rate of decrease of the stable basal distance in our simulation is less pronounced than in the experimental data. The effects of layer deformability (neglected in our simulations), might be one of the aspects at the origin of this difference. Ongoing GCMC-NσT simulations on C-S-H (as done for ettringite) can shed light on the effects of layer deformability.

Acoustic response

The acoustic behavior at the molecular level may be assessed using the thermoelastic properties as detailed in the following. The volumetric sound velocity [START_REF] Bhowmick | Effect of strain on the thermal conductivity of solids[END_REF]:

S v = 1 3 1 3 1 S 3 l + 2 S 3 t (2.57)
is computed from the average of longitudinal sound velocity (according to each Cartesian axial direction) S l = C 11 +C 22 +C 33 3ρ and the transverse sound velocity

S t = C 44
ρ , both obtained from the elastic constants moduli and the density ρ. The mean free path of phonons l m can be estimated in the framework of kinetic theory using the thermal properties and acoustics parameters [Ziman, 2001]:

l m = 3λ v ρC V S v (2.58)
In the same framework, the relaxation time of phonons τ m is given by [START_REF] Bhowmick | Effect of strain on the thermal conductivity of solids[END_REF]:

τ p = 3λ v ρC V S 2 v (2.59)
These parameters have been computed for triclinic tricalcium silicate at ambient conditions (300 K) for the first time, as reported in Table 2.3. The values can be compared with the ones computed for monoclinic M3 C 3 S [START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF].

Sorption processes and behavior of adsorbed water

Nanoscale processes are at the heart of sorption in microporous adsorbing materials such as C-S-H, AF-phases, ASR products, etc. Understanding these processes et al., 2021]. However, important questions remain unanswered (or, at least, poorly understood) regarding the behavior of adsorbed water (surface water or confined water) under relative humidity and temperature changes. This section deals with the recent results shedding light on the molecular processes associated with sorption and the behavior of adsorbed water in cement systems applications.

Disjoining pressure and effective interactions

The disjoining pressure can be directly computed from GCMC simulations that reproduce osmotic equilibrium conditions between the porous phase and an infinite fluid reservoir. As detailed below, the effective interactions between layers can be calculated from disjoining pressure isotherms.

In porous materials, the thermodynamic potential associated with drained experimental conditions is written as a function of the Helmholtz free energy F , the number of the fluid molecules N w , and the fluid's chemical potential µ (e.g., [START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF]):

Λ = F -µN w (2.60)
This potential gives the "effective interactions" or "potential of mean force" (PMF) between two nanolayers under the osmotic equilibrium.

Given a system with a controlled interlayer distance d, Λ reads [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF][START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF]:

Λ(d) = Λ 0 (d 0 , µ, T ) -S s d d 0 P d(d) (2.61)
where S s is the surface area (constant in our case) and P is the confining pressure.

The confining pressure P is associated with the thermodynamic potential Λ through [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF][START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF]:

P = 1 S s ∂Λ ∂d µ,T (2.62)
The confining pressure can be directly calculated from the usual virial formula along the z-direction. The disjoining pressure Π is the pressure difference between the pore and the external bulk water reservoir: Π=P -P bulk .

In adsorbing layered materials, typical confining pressure isotherms are oscillating curves with decaying amplitudes when plotted as a function of the interlayer distance [Brochard et al., 2017]. The dehydrated state corresponds to the first branch of the curve in which the confining pressure strongly increases with the decrease of d due to steric repulsion between the solid layers as well as the counterions in the interlayer space. The first oscillation corresponds to the monohydrated state; the subsequent i oscillations correspond to the i-hydrated states up to the pore water state. Accordingly, the swelling energies also exhibit a multi-well configuration when plotted versus basal spacing. This is a critical element of hydration transitions. The (meta)stable domains, stable basal spacings, and discrete water layering in C-S-H nanopores can be identified from the confining pressures and PMF profiles.

Disjoining pressure and effective interaction profiles also inform on the (e.g., [Abdolhosseini Qomi et al., 2021]):

• Cohesive pressure P co =min Π(d): the pressure needed to disjoin two solid layers, which corresponds to the global minimum in the pressure isotherms.

• Surface energy γ s = -1/(2S s ) ∞ deq P d(d): the energy required to separate two layers placing them infinitely apart.

• Out-of-pore-plane elastic modulus E zz can be computed from the slope in the pressure isotherms at a given interlayer distance d i :

E zz = -d i ∂P ∂d d i
, where we have choose d i = d min .

These properties can be compared to experimental data [Abdolhosseini Qomi et al., 2021].

In my work, disjoining pressures and effective interaction were calculated for the systems below:

• Swelling clays. Disjoining pressure and effective interaction profiles of Naand Ca-montmorillonite were provided [START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF][START_REF] Honorio | [END_REF]. The stable interlayer distances (minimum in the PMFs) agree with experimental data and previous molecular simulations [START_REF] Smith | Molecular Simulations of the Pressure, Temperature, and Chemical Potential Dependencies of Clay Swelling[END_REF], Tambach et al., 2006, Karaborni et al., 1996]. The analysis of disjoining pressure and PMF profiles enables explaining the coexistence of hydration states and the stability of clays at the scale of the stack of layers, giving new insights to explain the thermo-poro-mechanical behavior of clays bottom-up [START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF], Brochard et al., 2017]. as a function of the interlayer distance for various RH at 300 K during adsorption and desorption [START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF].

• C-S-H. The effects of temperature, chemical potential, and pressure on the disjoining pressure and effective interactions were studied for tobermorite [Honorio, 2019]. The disjoining pressure isotherms of tobermorite are negligibly affected by changes in water pressure under liquid saturated conditions. Using a realistic C-S-H model, the disjoining pressure and effective interactions exhibited a strong RH and pore size dependence [START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF], as shown in Figure 2.19. In C-S-H, the total disjoining pressure is mostly "joining" than disjoining, and Ca counterions play an important role in that, as shown in previous works [START_REF] Gmira | Microscopic physical basis of the poromechanical behavior of cementbased materials[END_REF], Pellenq et al., 2008[START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]; calcium counterions are the primary source of cohesion in C-S-H while water has a disjoining behavior. • ASR products. Disjoining pressure and effective interaction profiles were calculated for Na-and K-shlykovite [Honorio et al., 2020d]. Figure 2.20 shows the water content, disjoining pressure Π and free energy Λ profiles as a function of the interlayer distance for Na-and K-shlykovite under ambient conditions. The equilibrium basal distance in K-shlykovite is larger than in Na-shlykovite, which is expected since the radius of potassium is larger than sodium's. The cohesive pressures are similar for both cases. The surface energy for Na-shlykovite is slightly larger than for K-shlykovite. As detailed in the next chapter, the PMF profiles are used as input in coarse-grained simulations.

Hysteresis, cavitation and capillary condensation

Hysteresis under sorption is explained as resulting from the metastability of the adsorbed fluid during adsorption, desorption, or both [Abdolhosseini Qomi et al., 2021]. Both desorption mechanisms (pore blocking and cavitation) and capillary condensation are associated with metastable transitions [START_REF] Coasne | Adsorption, intrusion and freezing in porous silica: the view from the nanoscale[END_REF], Pellenq et al., 2009]. Sorption hysteresis loop disappears in small nanopores, and capillary condensation becomes continuous and reversible at a critical temperature [START_REF] Coasne | Adsorption, intrusion and freezing in porous silica: the view from the nanoscale[END_REF]. Critical temperatures and pore sizes can be defined for the disappearance of hysteresis (T ch and H ch ), and for the reversibility/continuity of capillary condensation transition (T cc and H cc ). For a temperature T and a pore size H in the ranges T ch < T < T cc , H cc < H < H ch capillary condensation transition occurs reversibly without hysteresis; whereas in the ranges at T bulk < T < T ch , H ch < H, capillary condensation is hysteretic [START_REF] Neimark | Bridging scales from molecular simulations to classical thermodynamics: density functional theory of capillary condensation in nanopores[END_REF]. Desorption in nanoporous materials occurs according to pore blocking or cavitation [START_REF] Coasne | Adsorption, intrusion and freezing in porous silica: the view from the nanoscale[END_REF]. With pore blocking, the pores empty when the constrictions isolate them from the neighboring bulk liquid phase. Pore blocking occurs if the liquid in the pore resists the depression caused by drying until the liquid in the pore evaporates. With cavitation, a gas bubble nucleates (and grows) within the nanopore while the constrictions remain saturated with liquid. Cavitation occurs if the liquid in the pore cannot resist the depression caused by drying, which leads to spontaneous bubble nucleation. The occurrence of both mechanisms concomitantly in the same pore material has been reported [START_REF] Kikkinides | Origin of Hysteresis of Gas Adsorption in Disordered Porous Media: Lattice Gas Model versus Percolation Theory[END_REF], Reichenbach et al., 2011]. Cavitation is pointed out as a critical phenomenon in the drying of cement-based materials [START_REF] Maruyama | Cavitation of water in hardened cement paste under short-term desorption measurements[END_REF], Rastogi et al., 2022]. Cavitation can be either homogeneous or heterogeneous, and both cases seem relevant for cement-based materials [START_REF] Rastogi | The role of cavitation in drying cementitious materials[END_REF].

Despite important developments in the last decade deploying molecular simulation techniques [START_REF] Bonnaud | Thermodynamics of Water Confined in Porous Calcium-Silicate-Hydrates[END_REF], Pinson et al., 2015, Zhou et al., 2019], sorption hysteresis in microporous phases in cement systems is yet to be fully understood.

In my works, hysteresis under sorption was studied for the following systems:

• C-S-H. GCMC simulations were performed for various RH under ambient temperature [START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF]. Figure 2.21 (A) and (B) show the desorption and adsorption isotherms, respectively, of the slit pores. For C-S-H interlayer pores of widths d ≥ 20.3 Å, the desorption isotherms are continuous until a rapid decrease in the water content is observed. This steep decrease in the moisture content at a given RH has been discussed in the literature as being usually associated with a single-step process cavitation in slit-shaped pores [START_REF] Sarkisov | Modeling of Adsorption and Desorption in Pores of Simple Geometry Using Molecular Dynamics[END_REF], Vishnyakov and Neimark, 2003, Coasne and Pellenq, 2004]. For pores > 21.3 Å, cavitation occurs at an RH higher than that of bulk water (i.e., at RH=60 % for the largest pore of 25.3 Å interlayer distance). This observation might be attributed to the existence of hydrophobic sites [START_REF] Rasmussen | Monte Carlo Simulation of Cavitation in Pores with Nonwetting Defects[END_REF] in an overall hydrophilic surface (as is the case of C-S-H). The critical pore sizes associated with hysteresis loop disappearance (H ch ≈ 21.3 Å) and reversibility of capillary condensation transition (H cc ≈ 19.3 Å) were identified for the C-S-H for the first time for ambient temperatures. The value obtained for H cc is on the order of the value estimated from theoretical considerations [START_REF] Evans | Fluids in narrow pores: Adsorption, capillary condensation, and critical points[END_REF], Coasne, 2016].

• ASR products. GCMC-NσT simulations show that the water content and volume of Na and K-shlykovite remain stable for RH ranging from 20 to 100% [Honorio et al., 2020d]. The water content on shlykovite does not change significantly in a system under RH control, which corroborates that crystalline ASR products do not swell in the same way that swelling clays [START_REF] Shi | Synthesis, characterization, and water uptake property of alkali-silica reaction products[END_REF].

No hysteresis was observed in Na and K-shlykovite with the simulations.

• Ettringite. Sorption isotherms obtained from GCMC-NσT simulations are shown in Figure 2.22 in comparison with the experimental data [START_REF] Skoblinskaya | Changes in crystal structure of ettringite on dehydration. 1[END_REF]. The simulated desorption branch agree with the experimental data. For the cycles with rewetting from RH of 30 and 1%, close loop reversible hysteresis is observed by both experiments and simulations. However, for the cycle with rewetting from 0.1% RH, the reversibility of the adsorption branch at high RH (> 60%) is not captured by the simulations. The direct simulations in the osmotic ensemble on microporous phases exhibiting significant volume changes under sorption generally cannot capture experimental reversibility at high RH (a review of simulations in the osmotic ensemble and associated difficulties can be found in ref. [START_REF] Coudert | Thermodynamic Methods and Models to Study Flexible Metal-Organic Frameworks[END_REF]). This observation was reported for various microporous materials such as MOFs (i.e., metal-organic frameworks, see [START_REF] Bousquet | Free energy landscapes for the thermodynamic understanding of adsorption-induced deformations and structural transitions in porous materials[END_REF], Ghoufi et al., 2012]). Therefore, provided the significant volume changes associated with ettringite desorption, it is expected that the reversibility in the adsorption cycle is not observed in the simulations at high RH, as is the case in the experiments. Other better-suited simulation techniques (e.g., Wang-Landau free energy [START_REF] Bousquet | Free energy landscapes for the thermodynamic understanding of adsorption-induced deformations and structural transitions in porous materials[END_REF] or using force fields fine-tuned to impose the flexibility of the crystal framework [START_REF] Yang | Understanding the Thermodynamic and Kinetic Behavior of the CO 2 /CH 4 Gas Mixture within the Porous Zirconium Terephthalate UiO-66(Zr): A Joint Experimental and Modeling Approach[END_REF]) have been proposed to capture the reversibility at high RH. Upon drying, H-bonds between OH groups from neighboring columns and between OH groups and sulfates are formed, making it difficult to water molecules ingress in the structure upon rewetting. In the ettringite domain, H-bonds breaking and formation are reversible and follow the same path as desorption. Following the discussion in Chen et al. [START_REF] Chen | Role of hydrogen bonding in hysteresis observed in sorption-induced swelling of soft nanoporous polymers[END_REF], hysteresis under sorption originates from a complex coupling between the fluid grand free energy and the microporous solid energy landscapes. related to the fluid grand free energy, being therefore an important ingredient to understand hysteresis under sorption.

Structure of water in microporous hydrates

Confinement and surface adsorption induces changes in the water structure, which is expected to result in different physical properties. In my works, structural changes of water were analyzed for the systems below.

• C-S-H. Water structural changes are quantified using the radial distribution function in Figure 2.23. For systems with interlayer spacing as large as approximately 3-5 nm, the structure of confined water retrieves the one observed in bulk conditions. The first peak in Ow-Ow RDF is slightly shifted to the left and is narrower with the confinement. Figure 2.23 (C) shows the position of the first peak (the argument of g Ow-Ow (r) when it reaches its maximum) in Ow-Ow RDF as a function of the c-length (here, the c-length is the interlayer distance plus 13.7 Å). From c-lengths above 4 nm, the position of the peak is > 2.7 Å, close to the values corresponding to bulk water. For smaller c-lengths, a decrease in this peak position shows that the confined water densifies with the confinement. Densification with decreasing pore sizes is also observed in the Hw-Hw RDFs. Regarding H-bond statistics, the total H-bonds HB are computed as the sum of the contribution of water oxygen HB W W , hydroxide groups HB HH , water oxygen and hydroxide groups HB W H , layer oxygen and water oxygen HB LW , and layer oxygen and hydroxide HB LH [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]. The HB W W retrieves the value associated with bulk water for interlayer distances exceeding about 5 nm. A larger number of H-bonds is observed when one accounts for the contributions of oxygens out of water molecules, and this contribution is more significant the smaller the pore. This result indicates that confined fluids are more constrained in what concerns H-bonds than the bulk system. More constraints can explain water's higher bulk modulus in ultra-confined systems.

A B [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]. The peaks indicating the nearest, second (first peak), second, third, etc., nearest correlations are labeled. The bifurcation of the second peak in Ow-Ow RDF for a c-length below 4 nm is also indicated. The positions of (C) the first peak in Ow-Ow RDF and (B) second peak in Hw-Hw RDF (the first peak is imposed by the equilibrium bond and angle in the respective harmonic potentials used in flexible SPC/E water).

• Ettringite. Calculation of H-bond statistics for ettringite shows that the contributions to the total H-bonds HB can be divided into H-bonds between water oxygen HB W W , columns OH groups HB CC , water oxygen and columns OH groups HB W C , sulfate oxygen and water HB SW , and sulfate oxygen and columns OH groups HB SC [Honorio et al., 2021a]. Due to the decrease in water content, HB as well as the H-bond involving molecular water (HB W W , HB SW , HB W C ) decrease with desorption. The increase in HB CC and HB SC with desorption shows that direct interaction between OH groups from neighboring columns and between OH groups and sulfates becomes more significant with drying. These newly formed H-bonds contribute to the cohesion of the dried material, making it difficult for water molecules to ingress in the structure upon rewetting. In the ettringite domain, H-bonds breaking and formation are reversible and follow the same path as desorption, as indicated by the adsorption curves with rewetting at RH of 30 and 1%. The total H-bonds vary linearly with the water content irrespective of the sorption branch considered.

• Crystalline ASR products. The contributions to the total H-bonds HB can be divided in water-water HB W W , layer OH groups HB LL and water, and layer OH groups self HB W L contributions [Honorio et al., 2020f]. The number of HB W W and HB W L (and therefore HB) are ion specific following the leading order Cs > K > Na > Li. In all cases, the total H-bonds remain lower than the value of bulk SPC/E water (3.2 to 3.4 H-bonds per water molecule [Marcus, 2009]). The individual contributions of HB W W and HB W L follow the same trends. Properties of Na-and K-shlykovite can be linked to HB according to the overall trends: the elastic moduli (except for K-shlykovite) and heat capacity increases with HB, and the coefficient of thermal expansion decreases (except for α b ) with HB. One possible explanation for these trends is that an increase in the HB per water molecule increases the constraints in the system, which translates into an increase in the rigidity and reduction of the coefficient of thermal expansion. This observation shows that one of the primary mechanisms through which charge balance ions change the thermomechanics of shlykovite is through the modification of H-bond networks.

Properties of confined and surface water

The physical properties of confined water can be computed using the following fluctuations formula in the grand canonical ensemble (µVT or hybrid µVT-NVT adapted to microporous materials as discussed in Section 3.1):

• Bulk modulus K (reciprocal of the isothermal compressibility β T = 1/K) [START_REF] Allen | Computer Simulation of Liquids[END_REF]]:

K = ⟨N w ⟩ 2 µV T kT ⟨δN 2 w ⟩ µV T V (2.63)
• Specific heat capacity at constant volume c V [Shang, 2013, Schofield, 1966]:

c V = 1 mkT 2 ⟨δE 2 ⟩ µV T - ⟨δEδN w ⟩ 2 µV T ⟨δN 2 w ⟩ µV T
(2.64)

• Volumetric coefficient of thermal expansion α [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

α = ⟨P ⟩ µV T T K - ⟨δU δN w ⟩ µV T ⟨N w ⟩ µV T kT 2 + ⟨U ⟩ µV T ⟨δN 2 w ⟩ µV T ⟨N ⟩ 2 µV T kT 2 (2.65)
or generalizing for an anisotropic frame as [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]:

α ij = ⟨P ij ⟩ µV T β T T - ⟨δU δN ⟩ µV T ⟨N ⟩ µV T kT 2 + ⟨U ⟩ µV T ⟨δN 2 ⟩ µV T ⟨N ⟩ 2 µV T kT 2
(2.66)

• Molar incremental enthalpy h a [Nicholson, 1982]:

h a = ∂H p ∂N w T,Pw = ⟨δEδN w ⟩ V T ⟨δN 2 w ⟩ µV T (2.67)
where N w is the number of water molecules; m is the mass; E and U are the total and potential energies, respectively; H p is the enthalpy. The molar incremental enthalpy h a of the adsorbed phase describes how H p varies upon adsorption of N w molecules of fluid at a fixed T and external fluid pressure P w . This quantity is directly associated with the isosteric heat of adsorption q st = h bulk -h a , with h bulk being the molar enthalpy of the bulk fluid [Abdolhosseini [START_REF] Qomi | Advances in atomistic modelling and understanding of drying shrinkage in cementitious materials[END_REF]. Figure 2.24 shows the properties of confined water in C-S-H under liquid saturated conditions at 300 K [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]. The fluctuation formula above was used to get the effective property of confined water but without accounting for the heterogeneity of properties along the pore thickness. The thermomechanical properties of water confined in C-S-H depend on pore size, following the example of transport and electromagnetic properties [START_REF] Manzano | Confined Water Dissociation in Microporous Defective Silicates: Mechanism, Dipole Distribution, and Impact on Substrate Properties[END_REF], Honorio, 2019, Masoumi et al., 2019, Youssef et al., 2011]. For the bulk modulus, heat capacities, and coefficients of thermal expansion, the bulk values are retrieved for interlayer distances as small as 16.3-26.3 Å (i.e., c-lengths of approximately 3-4 nm). In smaller pores, the properties of water are more solid-like, in agreement with observations of transitions liquid-to-glassy and glassy-to-solid, also reported for self-diffusion (as discussed in Section 2.4.1).

To assess properties of surface water, the response at the water layer scale is assumed to be close to grand canonical conditions: the water molecules in each layer can exchange with the water molecules in the neighboring layers [Honorio et al., 2022d]. This assumption is valid if the water layers thickness is much smaller than the total pore thickness so that this pore be considered as a large reservoir with the layers is highlighted by showing the initial layering (at time t =0) following a color code and how the system evolves to a mixed state (especially to the layers towards the bulk zone) in a timescale of 100 ps.

Adopting the local-µVT approximation per layer, the same fluctuation formula can be deployed to compute properties in the µVT ensemble. The layers were defined according to the density profiles of water oxygen: each oscillation in these [Honorio et al., 2022d]: potential energy U , isochoric specific heat capacity c v , molar incremental enthalpy h a , bulk modulus K, and (volumetric) coefficient of thermal expansion α.

profiles determines a layer. Figure 2.26 shows how the potential energy U , isochoric specific heat capacity c v , molar incremental enthalpy h a , bulk modulus K, and (volumetric) coefficient of thermal expansion α averaged per water layer evolve for both poromechanical conditions considered. All these parameters show a marked dependence on the distance from the C-S-H adsorbing surface. The first three layers are directly influenced by surface roughness and the presence of microportlandite clusters. For all the properties considered, water retrieves the bulk values after layers 4 or 5. Property data per layer can be useful in revisiting the sorption models generally used for cement-based materials, especially with respect to the assumption made regarding mono and multi-layer structuring, adsorption energy, and boundary between bulk and surface water.

Conclusion

This chapter showed how molecular simulations are a toolbox to compute missing or hard to (experimentally) determine properties of phases present in cement systems. I presented how these simulations have been used in my works to provide property data on various phases in cement systems: C-(A)-S-H [Honorio, 2019[START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF], Honorio et al., 2022b, Hawchar and Honorio, 2022], AF-phases [Honorio et al., 2020e, Honorio et al., 2021a[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], Honorio et al., 2022a], ASR products [Honorio et al., 2020d, Honorio et al., 2020f, Honorio, 2021], bulk pore solutions [Honorio et al., 2019a, Honorio et al., 2020a], and clinker minerals [Honorio et al., 2020e, Barbosa andHonorio, 2022]. And that in a multi-physics framework, including elastic properties, thermal properties, mass transport properties, electromagnetic properties, and coupling properties. For most properties, the anisotropy in the response at the unit cell level was quantified. In some cases, the results obtained from simulations contributed to the mission of completing property data databases for the various phases that can be found in cement systems [START_REF] Bullard | Measurement and modeling needs for microstructure and reactivity of next-generation concrete binders[END_REF].

The second part of this chapter coped with the molecular mechanisms of sorption. The properties of confined and surface water were quantified using the adapted techniques from statistical physics and molecular simulations. The quantification of effective interaction provides a critical input for simulations dealing with the mesoscale associated with the atomistic-to-continuum bridge. A strategy to quantify microporous phases sorption-induced deformations was discussed in applications for C-S-H [START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF], Honorio et al., 2022d], AF-phases [Honorio et al., 2021a] and ASR products [Honorio et al., 2020d]. Physical insights on sorption processes regarding water layering, the role of (heterogeneous) cavitation in drying, and the origins of hysteresis under sorption will allow future work to revisit the sorption models used in cement-based materials research.

Introduction

In multiscale multi-physics modeling, upscaling techniques are required to link composition to effective properties at the macroscale or the scale of applications. Micromechanics and Statistical physics are powerful tools in this framework.

Micromechanics is the study of the mechanical, thermal, electromagnetic, and transport behavior of materials with a microstructure (or heterogeneous materials) [Milton, 2002, Torquato, 2002]. This theory provides estimations of macroscopic properties of heterogeneous materials in a multi-physics framework using as input the system's composition, assumptions on the microstructure, and component property (i.e., the properties of each phase present in the material). With micromechanical models, it is possible to associate the relevant physical phenomena to the appropriate scale and then model the macroscopic behavior of the materials, properly accounting for their multiscale nature. The theory can be extended to upscale complex phenomena, including aging viscoelasticity [Sanahuja, 2013[START_REF] Honorio | Multiscale estimation of ageing viscoelastic properties of cement-based materials: A combined analytical and numerical approach to estimate the behaviour at early age[END_REF], Honorio, 2017], mechanical strength [START_REF] Pichler | Spherical and acicular representation of hydrates in a micromechanical model for cement paste: prediction of early-age elasticity and strength[END_REF], Pichler and Hellmich, 2011, Pichler et al., 2013[START_REF] Honorio | Statistical variability of mechanical fields in thermo-poro-elasticity: Multiscale analytical estimations applied to cement-based materials at early-age[END_REF], as well as complex frequency-dependent dielectric permittivity spectra [START_REF] Hashin | A variational approach to the theory of the elastic behaviour of multiphase materials[END_REF], Guihard et al., 2020, Honorio et al., 2020a] in cement-based materials.

However, the atomistic-to-continuum bridged for some key phases in cement systems is not trivial due to the existence of a critical intermediary level that must be treated independently. This is the case of C-(A)-S-H and ASR products (and also clays), for which a "granular"/colloidal (meso)scale is present. This nano-tomicro mesoscale is too big for full atomistic simulation but too small to direct apply (without validation) some results from usual continuum mechanics. Full atomistic molecular dynamics simulations are generally limited to simulation box sizes on the order of tens to hundreds of nanometers and simulated times on the order of the microsecond. Representative Elementary Volumes (REV) of the nano-to-micro mesoscale in the case of layered silicates (e.g., C-S-H, clays) are on the order of at least a few hundreds of nanometers. Nanoscale phenomena such as thermal fluctuations and couplings between chemical transformations and mechanical deformation are significant at this mesoscale [START_REF] Ioannidou | A review of coarse grained and mesoscale simulations of C-S-H[END_REF]. In this context, coarsegrained (CG) simulations arise as a powerful tool to overcome time and length scale limitations in full atomistic simulations and provide information on the nano structuration of phases with colloidal particles, and that can be made using input from the molecular scale. These simulations follow the principles of Statistical Mechanics, whose main goal "is to relate the macroscopic properties of a system of many particles (atoms, molecules, spins, etc.) to its microscopic properties, which include the interparticle interactions as well as the spatial statistics of the particles" [Torquato, 2002] . This theoretical framework enables describing the mesoscale systems rigorously [START_REF] Ioannidou | A review of coarse grained and mesoscale simulations of C-S-H[END_REF], justifying the choice for coarse-graining the interactions and the matter granularity, as well as the upscaling of information from the molecular scale. For calculation of properties such as elasticity, the strategy presented in the last chapter remains valid for coarse-grained simulations.

The upscaling strategies in a multiscale multi-technique framework are schematized in Figure 3.1. Strategy 1 corresponds to using Micromechanics and available data on constituent properties. The available data here can be properties measured at the micrometer scale (e.g., by indentation) or obtained from "pure" phases tested macroscopically. Strategy 2 corresponds to the use of molecular simulations (as described in Chapter 2) to get property data and then use this data directly as input in Micromechanics. Strategy 3 corresponds to the use of molecular simulations to get effective interactions to be used as input in coarse-grained simulations, which finally gives property data to be used as input in Micromechanics. Finally, strategy 4 is to perform coarse-grained simulations using general interaction potentials or interaction tuned to capture some behavior; the results can be then used as input in Micromechanics to get the properties at the macroscale. Strategies 1 to 3 have been deployed in my works, as presented next.

The chapter discusses the mesoscale(s) of interest in the passage atomistic-tocontinuum and also in the realm of continuum mechanics. It is shown how coarsegrained simulations give information on the nano structuration of phases with colloidal particles. Then, it is discussed how Micromechanics, a continuum-mediumbased theory, and the Statistical Physics language of coarse-grained simulation provide consistent information about the "granular" mesoscale in colloidal phases such as C-S-H. It is presented how Micromechanics theory provides estimates of effective properties in a multi-physics context and also information about local fields. Upscaling strategies of aging viscoelasticity related properties, compressive strength, transport properties, thermal properties, and electromagnetic properties are presented in applications to cement-based materials.

Mesoscale(s)

Various intermediary scales -or mesoscales -between atoms and structural applications are relevant for cement and concrete research. According to the applications, different mesocales are targeted. In concrete modeling, "mesoscale" generally refers to the scale associated with the REV, in which the heterogeneities have a characteristic size on the order of tens of µm up to a few mm. The heterogeneities at the mesoscale comprise aggregates (coarse and/or fine), a cement paste or mortar matrix, an interfacial transition zone (ITZ), and in some cases, a macroporosity (e.g., air voids) This definition is to be confronted with the usual scale definitions based on Micromechanics textbooks (e.g., [Milton, 2002]) in which the microscale refers to the scale of the heterogeneity itself, the mesoscale to the scale of the REV and the macroscale to the scale of the structure for which the behavior can be assumed to be homogeneous. The mesoscale of the cement hydration community is that of microstructure development (from tenths up to thousands of meters) [START_REF] Ioannidou | A review of coarse grained and mesoscale simulations of C-S-H[END_REF]. These two mesoscales are relevant for micromechanics modeling.

Finally, the nano-to-micro "colloidal" mesoscale, already mentioned above, is of particular interest because of its significance for the comprehension of gel structure and properties. Techniques allowing assessing this mesoscale are discussed in the sequel.

Coarse-grained simulations

Coarse-grained simulations on ASR and C-S-H gels are presented following recent work [Ait-Hamadouche and[START_REF] Honorio ; Ait-Hamadouche | Nanomechanics of ASR gels from coarse-grained simulations[END_REF]Honorio, 2022a].

ASR gels

To date, most of the studies on ASR focus on experimental characterization in the macroscopic scale, or in a scale in which ASR products appear mixed with other phases in cement-based materials. More recent developments provide atomiclevel understanding of the structure of crystalline [START_REF] Shi | Synthesis, characterization, and water uptake property of alkali-silica reaction products[END_REF], Honorio et al., 2020d] and disordered [START_REF] Dupuis | Alkali silica reaction: A view from the nanoscale[END_REF] ASR products. But concerning the intermediary gel scale, there is a knowledge gap regarding ASR products' structural features and properties.

Coarse-grained simulations can help by providing estimates of gel properties that remain elusive. The viscous behavior is acknowledged to be critical in understanding ASR development [START_REF] Struble | Unstable swelling behaviour of alkali silica gels[END_REF], Ichikawa and Miura, 2007, Gholizadeh Vayghan et al., 2016, Bažant and Steffens, 2000, Bažant and Rahimi-Aghdam, 2017]. However, few works focus on measuring the viscous properties of ASR gels. The picture of ASR gels as viscous fluids that, upon formation, immediately flow into the neighboring pores is often evoked to explain the distribu-tion of ASR products in cement-based materials [Gholizadeh Vayghan et al., 2016]. The viscosity of ASR gels and how it evolves with gelation is yet to be quantified. In a recent work [Ait-Hamadouche and[START_REF] Honorio ; Ait-Hamadouche | Nanomechanics of ASR gels from coarse-grained simulations[END_REF]Honorio, 2022a], the capability of CG simulations to capture gel mesotexture formation and properties of ASR products is tested. The PMFs obtained from full atomistic simulations for Na-and K-ASR products reported in [Honorio et al., 2020d] are used as input in the CG simulations. Using PMFs obtained from atomistic simulations has the advantage of better describing the details relevant to the system studied instead of relying on general function forms. The functional forms of the PMFs in Figure 2.20 deviates from the potentials often deployed in CG simulation of calcium silicates (i.e., Mie or generalized Lennard-Jones potentials with or without Yukawa term [START_REF] Masoero | Nanostructure and Nanomechanics of Cement: Polydisperse Colloidal Packing[END_REF], Ioannidou et al., 2014, Ioannidou et al., 2016]) by showing a non-monotonous increase in the energy in the attractive portion. This locally oscillatory behavior leads to local changes in the forces correlations. [START_REF] Honorio ; Ait-Hamadouche | Nanomechanics of ASR gels from coarse-grained simulations[END_REF]. The PDFs are depicted in a log-scale for better identification of the behavior of the distribution tails.

In the coarse-grained simulations, grains are modeled as spherical particles with diameter 20 Å consistent with experiments [START_REF] Gaboriaud | 29Si NMR and Small-Angle X-ray Scattering Studies of the Effect of Alkaline Ions (Li+, Na+, and K+) in Silico-Alkaline Sols[END_REF]. The use of monodisperse spheres limits the maximum packing density η g that can be obtained under zero stress (e.g., [Torquato, 2002]): η g = 0.64 for the maximum random packing density and η g = 0.74 for the close-packing for face-centered cubic (fcc) or hexagonal close-packed (hcp) spheres. Monodisperse spheres are sufficient to fully describe the range of packing density reported in the literature for ASR gels: these gels would present a porosity f g (= 1 -η g ) ranging from 0.4 to 0.8 [START_REF] Geng | An insitu 3D micro-XRD investigation of water uptake by alkali-silica-reaction (ASR) product[END_REF] (i.e., a packing density ranging from 0.2 to 0.6). [START_REF] Honorio ; Ait-Hamadouche | Nanomechanics of ASR gels from coarse-grained simulations[END_REF]. The experimental data of [START_REF] Yang | The Viscosity Properties of Sodium Silicate Solutions[END_REF] on static shear viscosity of sodium silicate gels (the gray curves) are shown for comparison.

The gelation and densification processes are compared according to various structural features, including the pore size distribution (PSD), specific (iso-)surface area, radial distribution functions, and scattering intensity. Figure 3.2 shows snapshots of the mesostructures of Na-ASR and K-ASR gels as a function of the packing density.

Coarse-grained simulation provides a description of ASR gel structural features and properties in agreement with the available experimental data [START_REF] Honorio ; Ait-Hamadouche | Nanomechanics of ASR gels from coarse-grained simulations[END_REF]]. The simulations yield numerical samples of ASR gels that are structurally consistent with SAXS results [START_REF] Gaboriaud | 29Si NMR and Small-Angle X-ray Scattering Studies of the Effect of Alkaline Ions (Li+, Na+, and K+) in Silico-Alkaline Sols[END_REF]. The elastic properties and viscosity computed from simulations reasonably agree with the available experimental data, which builds confidence in using coarse-grained simulations to unveil details of the structure and behavior of ASR gels that remain elusive or hard to probe experimentally. As demonstrated in the case of C-S-H, CG simulations should be seen as a valuable tool for investigating ASR gels at the mesoscale.

The ASR gel mesotexture is shown to be alkali-specific. The analysis of gel structure shows a clear dependence on the effective interactions (or PMF), which are a function of the charge balance alkali in ASR products. The Na-ASR PMF is multistable while the K-ASR only shows one clear minimum; also, Na-ASR PMF goes slightly slower to zero than K-ASR PMF. Microstructural descriptors affected by the charge balance alkali are the pore size distribution (PSD), specific surface area, particle neighbor arrangements, and cluster size. Na-ASR shows a coarser mesotexture with larger clusters than in K-ASR gel. Both PSD are bi-modal in denser systems with a pore class associated with micropores akin to interlayer pores and another pore class associated with mesopores (or gel pores), as also observed in C-S-H [START_REF] Ioannidou | A review of coarse grained and mesoscale simulations of C-S-H[END_REF]. K-ASR shows a larger specific surface area than Na-ASR. These results and the slightly larger gel pores in Na-ASR suggest that the ion specificity may play a role in the transport properties and swelling of the gel.

The nanomechanics of ASR gel morphology is also ion-specific. The eigenstresses build-up (Fig. 3.3), elastic properties (Fig. 3.4), and viscosity (Fig. 3.5) also exhibit a dependence on the charge balance alkali in ASR products. The Na-ASR gel shows more considerable variability in the eigenstresses developed upon densification. Na-ASR products show larger elastic Young and shear moduli than K-ASR, and consistently also a larger (bulk and shear) viscosity than K-ASR. Both viscosities increase exponentially with the packing density, in particular after percolation. Both gels exhibit a viscosity akin to honey or ketchup at the packing densities just after percolation.

These results might be helpful in future work focusing on the viscoelastic behavior of ASR gels. Further works may cope with morphologies more complex than monodisperse spheres and other ions relevant to ASR products aging.

C-S-H gels

For C-S-H gels, a multi-scale strategy is also adopted but following an approach in which layers are explicitly represented and their flexibility is accounted for. First, the general theory of nanolayers flexibility is presented, followed by the coarse-grained simulation of C-S-H per se.

Theory of flexibility of nanolayers

The general form of the free energy associated with the flexibility of a nanolayer is given by Landau-Helfrich bending free energy [Helfrich, 1973]:

U LH = S 1 2 D f i (κ -κ 0 ) 2 + k g K g + γ dS (3.1)
where D f i is the bending modulus; κ = (κ 1 + κ 2 ) is the mean curvature in terms of principal curvatures κ 1 and κ 2 ; κ 0 is the spontaneous curvature; K g = κ 1 κ 2 is the Gaussian curvature; k g is the saddle-splay modulus; γ is an external tension; and the integral is performed over the layer surface S. The curvature in a direction a contained in the xy plane is related to the displacement δ(x, y) orthogonal to xy plane by κ a = ∂ 2 δ(x,y) ∂a 2 . This bending free energy remains valid provided that the in-plane lengths L of the membrane are much larger than the atomic granularity (related to the typical size of an atom, i.e., a few Å) and much smaller than the persistence length. The persistence length l p is a fundamental characteristic of flexibility, frequently used in colloid and polymer science. Using de Gennes and Taupin definition [De Gennes and Taupin, 1982]:

l p = a exp 2πD f i /(k B T ) (3.2)
where a is the monomer size. The persistence length is a characteristic size defining when a chain or membrane can be treated as a rigid particle (if size L ≪ l p ) or as a crumpled random landscape due to thermal fluctuations (if L ≫ l p ). In other words, l p can be viewed as the minimal length above which the chain or 2D-particle crumples under thermal agitation [START_REF] Suter | Large-Scale Molecular Dynamics Study of Montmorillonite Clay: Emergence of Undulatory Fluctuations and Determination of Material Properties[END_REF]. From Eq. 3.2, l p increases exponentially with the bending stiffness. Theoretical considerations show that in the case of foil-like particles, when their average distance d < l p , the particles are expected to stack with increasing packing density [De Gennes and Taupin, 1982].

In the case of C-S-H, no spontaneous curvature is expected (κ 0 = 0) since the layers are overall symmetric with respect to their mid-plane (This is not the case of other phyllosilicates such as chrysotile, and potentially M-S-H [Bernard, 2022]). It can be reasonably assumed that no topology changes occur due to thermal fluctuations, so the term on k g remains constant [Helfrich, 1973]. Finally, we may adopt zero external surface tension. Thus, only the term related to the bending modulus in Eq. 3.1 is relevant for C-S-H. C-S-H flexibility is expected to be on the order of 10 -17 J as smectite [START_REF] Suter | Large-Scale Molecular Dynamics Study of Montmorillonite Clay: Emergence of Undulatory Fluctuations and Determination of Material Properties[END_REF][START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF] and tobermorite [Honorio and Brochard, 2017] layers. Thus, 2πD f i /(k B T ) ≈ 10 4 , meaning that the persistence length in C-S-H should be several orders of magnitude larger than an Angstrom. For comparison, the persistence length of smectite layers is on the order of 100 nm [START_REF] Suter | Large-Scale Molecular Dynamics Study of Montmorillonite Clay: Emergence of Undulatory Fluctuations and Determination of Material Properties[END_REF]. Furthermore, considering that the C-S-H layer length L is much larger than its thickness h s and the atom size, thin plate (Kirchhoff-Love) theory can be used (Figure 3.6(A)), and the free energy associated with bending takes the form:

U LF = 1 2 i,j,k,l∈{x,y} D f i ∂ 2 u z ∂i∂j ∂ 2 u z ∂k∂l (3.3)
where u z is the displacement orthogonal to the plane of the plate. For a thin plate of thickness h, the bending modulus in direction i is given by:

D f i = h 3 E i 12(1 -ν ij ν ji ) (3.4)
with h being the layer thickness, E i the Young's modulus in the i direction and ν ij the Poisson's ratio in the i direction under a load in the perpendicular in-plane direction j.

The texture of nanolayered adsorbing minerals also depends on the interplay between flexibility and effective interactions. Figure 3.6(B) depicts two extreme types of microtextures of nanolayered materials: stacked or "brick-like" and entangled or "spaghetti-like" types [START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF], Zabat et al., 1997]. Rigid layers with strong interparticle cohesion forces would favor a "brick-like" texture; flexible layers with less pronounced interparticle cohesion would favor a "spaghetti-like" texture. The implication to transport and mechanical properties are significant [START_REF] Zabat | Surface topography and mechanical properties of smectite films[END_REF]. Brick-like texture exhibits larger pore sizes and fewer contact points between stacks, leading to larger permeability (which is linear with the porosity but generally scales with the square of pore size) and more brittle failure. Conversely, spaghetti-like texture exhibits smaller pores and a much larger contact surface between particles, which lead to lower permeability and more ductile failure. The existence of bent configurations in the mesoscale is also to be assessed as a function of the particle aspect ratio and concentration regime. Long thin particles are more prone to show bent configurations [START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF]. As discussed above, in concentrated regimes (not very flexible), nanolayers are expected to stack coherently [De Gennes and Taupin, 1982].

The characteristic length l trans (Figure 3.6(C)) associated with the interplay between the flexibility and the effective interactions reads [START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF]:

l trans = (∆d) 2 D f i ∆Λ P /S 1/4 (3.5)
where δd is the variation in the interlayer distance, ∆Λ P /S is the associated variation in the effective interactions per surface area S. For l trans ≫ L, the nanolayer is comparatively too rigid, and very little bending is observed. Conversely, for l trans ≪ L, the nanolayer is comparatively very flexible, deforming significantly within a short distance with respect to the layer dimension when interspersed inbetween layers not sharing translational or orientational correlations. Considering [START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF], Zabat et al., 1997]. (C) At left, sketch of a simple stack of clay layers undergoing a transition of hydration state from (n + 1)W to nW state. At right, a sketch of the transition between two hydration states and the superposition of solid layers: l trans characterizes the distance over which a layer bends in-between stack due to the interplay of flexibility and hydration forces [START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF].

the energy barriers associated with the effective interaction in C-S-H, the length over which the layers bend during a hydration transition or mechanical load is expected to be in the order of a few nanometers.

Coarse-grained simulations

Various morphologies are generally identified for C-S-H including [Richardson, 2004, Zhang et al., 2018]: isotropic globules, foil-like (2D) particles, and fibrillar (1D) particles. Strong experimental evidence supports the 2D foil-like structures as one of the most relevant to C-S-H gel [Richardson, 2000, Richardson, 2004, Richardson et al., 2010, Scrivener et al., 2019]. Herein, 2D foil-like morphology is considered here since it is the most prevalent in C-S-H. Simulations at the molecular scale are used to get potentials of mean force (PMFs) describing:

• Intraparticle interactions: the uniaxial elasticity in the layer plane and layer's flexibility (2-and 3-body interactions, respectively).

• Interparticle interactions: layer face-to-face effective interactions under liquid saturated drained conditions based on grand potential interactions obtained in [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF] for a realistic C-S-H model [Kunhi Mohamed et al., 2018] with Ca/Si of 1.67.

These PMFs are used as input in coarse-grained simulations at the gel scale. The configurations obtained from these simulations are then used to assess the structural features and properties at the gel scale. We compare the simulation results with experimental data from the literature whenever possible.

To compute the intraparticle PMFs, we calculate the rigidities k 2b and k 3b . We consider the C-S-H layer as a structure discretized in spherical mass points, with 2body interactions defining the stretch potential between mass points i and j (U 2b ). Similarly, 3-body interactions define bending potential between mass points i, j, and m (U 3b ). Then, this approach is combined with linear elastic beam theory by equating the harmonic potentials used in CG simulations with the free energy expressions of beam theory [START_REF] Keremides | Potential-of-Mean-Force Approach for Molecular Dynamics-Based Resilience Assessment of Structures[END_REF]. Therefore k 2b and k 3b take the forms :

k 2b = EA/L a ; k 3b = 12EI i /L a (3.6)
where E is the (in-plan) Young's modulus, L a = 12.85 Å (=σ g ) is the distance between the center of two mass points (taken as the diameter of each spherical mass), A = πσ 2 g /4 is section of each mass point, and 4 is the moment of geometric inertia. The bending modulus D f i and rigidities obtained with this approach are displayed in Table 3.1.

I i = 1 4 π (σ g /2)
These bending modulus values are in the same order as that found in a previous study on the flexibility of tobermorite [Honorio and Brochard, 2017]. Simulations on a single fibril (chain of spherical grains) are performed to verify this approach. In these simulations, a flexion effort was generated through an imposed displacement Table 3.1: Bending modulus and rigidities (k 2b and k 3b ) of C-S-H layers.

D f i [N.m] 1.66×10 -17 k 2b [kcal/mol.Å 2 ] 80.3 k 3b [kcal/mol.rad 2 ] 9950
δ i = δ i-1 + ∆δ, with ∆δ = 0.02 Å at the distance of one-quarter from each edge of the chain. Based on the Kirchhoff-Love plate theory, for this configuration, the elastic free energy is a quadratic function of the displacement δ :

U = 6 4 L 3 D i δ 2 .
Our values agree with Kirchhoff-Love plate theory, and also the expression proposed by [START_REF] Prathyusha | Dynamically generated patterns in dense suspensions of active filaments[END_REF] linking D f i and k 3b :

D f i = k 3b × 2 σ
Ltot (with L tot being the length of the spherical grain chain).

To investigate the effect of layers flexibility on the meso-structuration of C-S-H gel, we launched three simulations named F01, F1, and F10, meaning that the rigidities used as input in coarse-grained simulations were multiplied respectively by 0.1, 1, and 10. The grain size was chosen based on experimental values and in agreement with the PMF. The grain's diameter with a value of 12.85 Å corresponds to the arg[U (r) = 0] value in the interparticle PMF. The disk thickness is 308.4 Å, corresponding to the average diameter reported for a disk shape in C-S-H particle [START_REF] Maruyama | Hinderance of C-S-H sheet piling during first drying using a shrinkage reducing agent: A SAXS study[END_REF].

In a simulation box of 1000 nm, 400 disks are randomly placed. Then, we adopt the method proposed by [START_REF] Masoumi | Nanolayered attributes of calcium-silicate-hydrate gels[END_REF] using high-frequency pressure oscillations and annealing in MD simulations to bring the system to the most favorable packing density. We use the Nosé-Hoover thermostat and barostat. We begin our simulation with small timesteps to avoid numerical instabilities, then we perfom a significant number of cycles, with a cycle being composed of two stages: (i) NVT runs at a temperature T = 3000 K and then at ambient conditions (T = 300 K); and (ii) NPT runs at T = 300 K with at first a pressure P = 200 atm, followed by a gradual decrease to 1 atm.

The aggregation of C-S-H layers forming the C-S-H gel is displayed in Fig. 3.7(a). The three configurations, F01, F1, and F10, composed of stacks of layers, have differences that can be visually identified. For example, the layers in F01, being less stiff, appears in more pronounced bent/curved configurations than those in F1 and F10. Moreover, for F1, there is predominately face-to-face contact between the layers, while for F10, there is also face-to-edge contact. Some experimental and simulation studies have investigated the number of C-S-H layers in stacks: experiments found an average number of layers n = 10.9 [START_REF] Chiang | Microstructure Determination of Calcium-Silicate-Hydrate Globules by Small-Angle Neutron Scattering[END_REF], simulations found clusters containing up to forty stacked layers at η g = 70 % [START_REF] Masoumi | Nanolayered attributes of calcium-silicate-hydrate gels[END_REF]. In our simulations, it can be visually identified stacks constituted of at least 10 layers. Finally, Fig. 3.7 (b) gives a better view of the space occupied by the solid part and the remaining void.

We also compute the effective Young modulus of C-S-H as a function of the packing density at zero stress η 0 according to the flexibility of the layers (Fig. 3.8). The estimate of a selfconsistent scheme for ellipsoidal inclusion with an aspect ratio of a r = 12.85/154.2 = 0.0833 is provided for comparison. [Ait-Hamadouche and Honorio, 2022a] Higher flexibility leads to a slightly larger Young modulus, but the results are within the standard deviations and are therefore inconclusive. For comparison, we also provide the estimates of the self-consistent scheme for ellipsoidal inclusion with an aspect ratio of a r = 12.85/154.2 = 0.0833. The Voigt-Reuss-Hill (VRH) moduli of C-S-H calculated at the molecular scale are used as input in the homogenization. The percolation threshold of the self-consistent scheme with this oblate inclusion is η p = 0.28, which is in agreement with previous work [START_REF] Sanahuja | Modelling elasticity of a hydrating cement paste[END_REF]. CG simulation leads to a slightly earlier percolation. Other packing densities are yet to be assessed. For this, longer simulations (on the order of the µs [START_REF] Masoumi | Nanolayered attributes of calcium-silicate-hydrate gels[END_REF]) are needed to get configurations at larger packing densities.

Perspectives include using polydisperse disks to represent the C-S-H gel to reach higher packing fractions associated with low and high-density C-S-H. Also, future work can deal with the computation of the other properties of gels.

Micromechanics

Strategies deployed in my works to get effective properties using Micromechanics in a multi-physics context are briefly described. The application of these strategies in the study of cement systems made are presented..

Representation of the microstructure

In the choice of the representation of the microstructure, the scale separation criterion must be considered (e.g., [Zaoui, 2002]):

d 0 ≪ d i ≪ l REV ≪ l str (3.7)
where d 0 is the size under which continuum mechanics is no more valid, d i is the characteristic length of the inhomogeneities, l REV is the size of the REV, and l str is the characteristic size of the structure in which the behavior of the material is to be considered as homogeneous.

Figure 3.9: Representation of the microstructure of concrete adopted in [START_REF] Honorio | Multiscale estimation of ageing viscoelastic properties of cement-based materials: A combined analytical and numerical approach to estimate the behaviour at early age[END_REF] to upscale aging linear viscoelastic properties: an approach combining analytical and numerical homogenization. Various representations of the microstructure of cement-based materials exist with varying number of scales, assumptions on system morphology and inclusion shape, and the use of different models to describe the volume fraction of the constituents. Figures 3.9 and 3.10 show the microstructures representation adopted in my work. In Figures 3.9, a two-coated sphere morphology is used to represent the cement paste and mortar microstructures, as also proposed in other studies [START_REF] Stora | Modelling and simulations of the chemo-mechanical behaviour of leached cement-based materials: Leaching process and induced loss of stiffness[END_REF]Béjaoui, 2006]. At the cement paste level, the hydrating particle is embedded in a high-density (HD) products layer, which is, in turn, embedded in a low-density (LD) products layer. At the mortar scale, the sand particle is embedded in an Interface Transition Zone (ITZ) layer, which is, in turn, embedded in the cement paste layer. The Generalized Self-Consistent (GSC) scheme [START_REF] Herve | n-Layered inclusionbased micromechanical modelling[END_REF] is used to obtain the homogenized properties of the cement paste and mortar. Mori-Tanaka (MT) [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF] scheme is used to estimate the properties within each coat. Numerical homogenization is used to estimate the properties at the concrete scale adopting a matrix/ polyhedral inclusion morphology, with the mortar functioning as matrix and coarse aggregate particles as inclusions. This microstructure representation allows accounting for the existence of high and low C-S-H products (or inner and outer products, respectively). The scale separation at the cement paste level can be questioned since the typical size of some crystalline phases overlaps the size of cement particles and capillary pores.

In a more recent study [Honorio et al., 2022c], 16 microstructure representations are compared in order to fully explore the relevant representations mostly adopted for cement systems. The representations are shown in Figure 3.10 (8 representations assume only spherical inclusions, the other 8 adopt similar scale separation but with ellipsoidal inclusions). Each representation combines different assumptions regarding the number of scales to be considered, the shape of the constituent phases, or the model to describe phase assemblage. For phase assemblage, [START_REF] Powers | Studies of the Physical Properties of Hardened Portland Cement Paste[END_REF], Tennis and Jennings (TJ) [START_REF] Tennis | A model for two types of calcium silicate hydrate in the microstructure of Portland cement pastes[END_REF], and Königsberger-Hellmich-Pichler (KHP) [START_REF] Königsberger | Densification of C-S-H is mainly driven by available precipitation space, as quantified through an analytical cement hydration model based on NMR data[END_REF]] models. Self-Consistent [Hill, 1965] or MT schemes are deployed to upscale cement paste elastic properties.

In the application of analytical micromechanics, the philosophy of "as simple as possible as complex as necessary" helps understanding the relative contribution of the main input variables (associated with the composition and microstructure representation). Simple representations with spherical inclusions can already capture most of the first-order effects in cement-based materials. Increasing the complexity of the model representation by may improve the precision of predictions. For example, adopting non-spherical inclusions for some phases lead to a better description of mechanical properties [START_REF] Pichler | Spherical and acicular representation of hydrates in a micromechanical model for cement paste: prediction of early-age elasticity and strength[END_REF], Königsberger et al., 2021].

In the case of a cement system in which the simple models as Powers' are not necessarily valid, thermodynamic models (e.g., [START_REF] Lothenbach | Thermodynamic modelling of the hydration of Portland cement[END_REF] arise as a powerful tool to provide phase assemble in a material agnostic way.

Finally, in studies using Strategy 2, the information from the molecular simulations is directly used as input in Micromechanics models. In the case of C-S-H, the anisotropies at the molecular level need to be accounted for, and representations of the microstructure as in Figure 3.11 are adopted [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], Honorio, 2022a, Ait Hamadouche et al., 2022]. 

Bridging scales

Effective response of the gel as a function of the packing density 

Conductivity-like properties

By mathematical analogy, various physical properties can be seen as akin to conductivity type and, therefore, the same mathematical expressions for the homogenization schemes apply [Torquato, 2002]. Table 3.2 summarizes the conductivity-like properties. All the problems listed relate an average flux to an average (or applied) intensity via an effective property. This effective property is a scalar in the case of isotropy or a 2 × 2 matrix in the anisotropic case. Note that the fluid permeability (or hydraulic conductivity) can be treated as a different class of property by other authors [Torquato, 2002], and approaching this problem as a conductivity-like problem is an approximation that can be useful in capturing the permeability of cement systems [START_REF] Cui | Permeability and pore structure of OPC paste[END_REF].

Schemes based on Eshelby-like solution

Eshelby's strategy in elasticity (see Section 4.3) can be adapted to deal with conductivity-like properties [START_REF] Hatta | Effective thermal conductivity of a misoriented short fiber composite[END_REF]. The effective conductivity of a N -phase heterogeneous material is given by:

λ = N p=1 f p λ p : A p (3.8)
where λ p and f p are the conductivity tensor (assuming a uniform conductivity per phase) and volume fraction, respectively, of phase p; and A p is the localization tensor of phase p. 

J = -K∇i J ∇i
In the case of elliptical inclusions randomly distributed and oriented in a representative elementary volume (REV), a solution based on the Eshelby approach gives an approximation for A p :

A p ≈ A d p ( N r=1 f r A d r ) -1 (3.9) 
where

A d p = (I + S E p ((λ ref ) -1 λ p -I)) -1 (3.10)
is the localization tensor in the dilute case, with I being the (second-rank) identity matrix, and S E p the (second-rank) Eshelby-like tensor [START_REF] Hatta | Effective thermal conductivity of a misoriented short fiber composite[END_REF]. The variable λ ref stands for the conductivity of the reference medium. According to the choice of a reference medium, one obtains the following homogenization schemes • Mori-Tanaka (MT, or Maxwell Garnet) scheme: the matrix is chosen as the reference medium λ ref = λ 0 , i.e., all interactions among phases are mediated by the matrix, which is a good approximation for materials with a matrix/inclusion morphology with a moderate volume fraction of inclusions.

• Self-Consistent (SC, or Bruggeman) scheme: the effective medium itself is chosen as the reference medium λ ref = λ, i.e., all phases have the same status and the effective medium itself mediate the interactions among phases. This solution functions for morphologies in which a matrix cannot be clearly identified but can also be helpful in modeling materials with matrix/inclusion morphology, especially when there is a change of the hosting matrix phase according to evolution parameters (e.g., the electrical conductivity of cement systems as discussed below).

In the case of spherical inclusion exhibiting a microscopic isotropic behavior, and for heterogeneous materials macroscopically isotropic, the tensorial expressions above reduce to expressions below.

• For MT scheme:

λ -λ 0 λ + 2λ 0 = N r=1 f r λ r -λ 0 λ r + 2λ 0 (3.11)
• For SC scheme:

N r=1 f r λ r - λ λ r + 2 λ = 0 (3.12)
where the subscript 0 denotes the (isotropic) matrix phase.

Schemes based on multilayered composite spheres

The presence of interphases can be modeled with the Generalized Self-Consistent (GSC) scheme based on the composite-sphere morphology. GSC scheme has been deployed to model the transport properties of the ITZ [START_REF] Caré | Application of a n-Phase Model to the Diffusion Coefficient of Chloride in Mortar[END_REF] and also in microstructure representations of cement system separating high-density, and low-density product layers [Honorio et al., 2018a]. The GSC results for effective conductivities is the recursive equation [Herve, 2002, Caré andHervé, 2004]:

λ GSC i = λ i + 1 -f i 1 λ GSC i¯1 -λ i + f i 3λ i (3.13)
where λ GSC i is the effective conductivity of a matrix/composite-sphere composite in which the composite-sphere is constituted of (i -1) concentric coats and a core (associated here to subscript 0), all embedded in a matrix (here, represented by the subscript i). With simple manipulations, it is possible to show that this form for a 2-phase material is equivalent to that of a 2-phase MT scheme under micro-and macro-isotropy.

Properties of C-S-H gel

To upscale the conductivity-like properties of C-S-H gel using input from molecular simulations, the SC scheme was deployed but assuming a locally transverse isotropic behavior. Other authors used a similar strategy to upscale the thermal conductivity of C-S-H [Qomi et al., 2015, Sarkar andMitra, 2021].

In a slit pore with an infinite slab of fluid confined between two walls, the conductivity-like properties can be written as a function of the parallel and perpendicular components in a Cartesian frame, as already discussed in the previous Chapter. In the case of diffusion, the local behavior writes (as in Eq. 2.22):

A B Figure 3.12: Effective (A) diffusion and (B) permeability of C-S-H gel for various effective gel pore sizes H g [Honorio, 2023].

D =    D ∥ 0 0 0 D ∥ 0 0 0 D ⊥    (3.14) 
The C-S-H gel microstructure is assumed to be composed of two phases: microporous solid particles (subscripts ,s ) and gel porosity (subscript ,g ). The pore size associated with microporous solid particles should be the equilibrium basal spacing (here, d eq = 13.7 Å, which is the most prevalent pore size in C-S-H layers stacks for the C-S-H model used in most of my works [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF], as discussed in the previous Chapter). Typical gel pore sizes range from 2 to 10 nm diameter (e.g., [Abdolhosseini Qomi et al., 2021]). For a two-phase material and under the assumption of macroscopically isotropic behavior (which implicates that all orientations of the anisotropic equiaxed inclusions are equiprobable), the expression for the SC scheme with microscopically transverse isotropic behavior for both phases simplifies into the following implicit equation:

D = 7(1-fg)D ∥,s D ∥,s +2 D + 5(1-fg)D ⊥,s D ⊥,s +2 D - 7fgD ∥,g D ∥,g +2 D - 5fgD ⊥,g D ⊥,g +2 D 7(1-fg) D ∥,s +2 D + 5(1-fg) D ⊥,s +2 D -7fg D ∥,g +2 D -5fg D ⊥,g +2 D (3.15)
where f g is the gel porosity. (I recall that the packing density η g = 1 -f g of low and high-density C-S-H is generally assumed to be η g =0.64 for low density (LD) and η g =0.74 for high density (HD) C-S-H [START_REF] Constantinides | The effect of two types of C-S-H on the elasticity of cement-based materials: Results from nanoindentation and micromechanical modeling[END_REF]). An explicit solution for the non-negative real root of this expression can be obtained but is not reported here because too lengthy (the complex and negative solutions are not physical for conductivities). This solution was used in the upscaling of the following C-S-H gel properties:

• Diffusion. The perpendicular component of self-diffusion in C-S-H (as shown in Fig. 2.7) is one order of magnitude lower than the parallel component, so it can be fairly approximated as zero in homogenization procedure [Honorio, 2023]. Figure 3.12(A) shows the effective diffusion as a function of the packing density of the gel. The effective diffusivity computed for LD and HD C-S-H is 0.012D bulk and 0.0034D bulk , respectively. These values compare well with experimental data from the literature: 0.02-0.05D bulk from Quasi-Elastic Neutron Scattering experiments [START_REF] Li | Dynamic behavior of hydration water in calcium-silicatehydrate gel: A quasielastic neutron scattering spectroscopy investigation[END_REF]; 0.017D bulk from Incoherent Elastic Neutron Scattering experiments [START_REF] Fratini | Hydration Water Dynamics in Tricalcium Silicate Pastes by Time-Resolved Incoherent Elastic Neutron Scattering[END_REF]; and 0.03D bulk from Pulsed Field Gradient Nuclear Magnetic Resonance experiments [START_REF] Korb | Microstructure and texture of hydrated cement-based materials: A proton field cycling relaxometry approach[END_REF]. In ref. [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF] the results were obtained using as input the non-zero perpendicular component obtained from MD simulations; this choice yields results similar to the ones above. [Powers, 1958]. The low permeability of C-S-H gel is explained by negative slip boundary conditions, loss of dimensionality, and viscosity increase with confinement [Honorio, 2022a].

• Dielectric permittivity. The perpendicular component of local permittivity is also approximately zero [START_REF] Ait | Molecular modelling of the hysteresis under sorption and RH-dependent elastic constants of C-S-H" (Cosupervision F. Benboudjema) 3. Nejd Hammami[END_REF], and this anisotropy (ε || ̸ = ε ⊥ ) would persist in pore thickness up to the hundreds of nanometers [de Luca et al., 2016]. Figure 3.13 shows the effective permeability as a function of the frequency of both real and imaginary parts of the dielectric permittivity for various packing densities of the gel. The values at the static limit of LD and HD C-S-H are within the range of 2-20 obtained from inverse analysis based on micromechanics and experiments [START_REF] Guihard | Effective medium theories in electromagnetism for the prediction of water content in cement pastes[END_REF]. The Cole-Cole model [START_REF] Cole | Dispersion and Absorption in Dielectrics I. Alternating Current Characteristics[END_REF] (Eq. 2.43) also fits well the results at the gel scale [START_REF] Ait | Molecular modelling of the hysteresis under sorption and RH-dependent elastic constants of C-S-H" (Cosupervision F. Benboudjema) 3. Nejd Hammami[END_REF].

Properties of cement paste, mortar and concrete

Conductivity-like properties at larger scales were upscaled following Strategy 1.

Figure 3.14: Thermal conductivity at cement paste level [Honorio et al., 2018a]: estimates (full lines) compared to experimental data (symbols) [Mounanga, 2003] according to four different w/c ratios. The inset shows the evolution of the degree of hydration for each w/c (points are experimental data and full lines are the fitted evolutions).

• Thermal Conductivity. Micromechanical estimates of the thermal conductivity of cement pastes (following a microstructure representation similar to the one in Figure 3.9) are shown in Figure 3.14 [Honorio et al., 2018a]. The thermal conductivity estimates monotonously decrease with time in agreement with the observation of other authors [Bentz, 2007, Qomi et al., 2015], while the experimental results [Mounanga, 2003] used for comparison instead show a slight increase with time. The trend observed in the estimates is expected since the solid phases conduct more heat than the liquid water in the conditions considered. In both cases, only a minor variation of the thermal conductivity with time is observed. This aspect reinforces the argument of Bentz [Bentz, 2007] in adopting a constant 1.0 W/m.K value as a reasonable estimation of the thermal conductivity of cement pastes at all ages (which is the recommendation made for thermo-mechanical modeling of concrete at early-ages [Azenha et al., 2021]). Experimental data seems to suggest a decrease in thermal conductivity with w/c. At the same time, in the analytical estimates, this is a clear trend in agreement with the results reported by other authors [Bentz, 2007, Qomi et al., 2015].

A B [START_REF] Christensen | Impedance Spectroscopy of Hydrating Cement-Based Materials: Measurement, Interpretation, and Application[END_REF]. SC estimates obtained with MCM (using as input lognormal distributions for the conductivities of the solids and pore solutions, and a standard deviation of the pore solution conductivity of 1 S/m is adopted) and from least square fitting of the experimental data are shown; Hashin-Shtrikman upper and lower bounds are identical to the MT estimates using the pore solution as a matrix and using the solid as the matrix, respectively. The pore solution's conductivity results using the master curve presented in [START_REF] Honorio | Electrical properties of cement-based materials: Multiscale modeling and quantification of the variability[END_REF] (Fig. 1) are used in the homogenization. (B) Formation factor F = σ/σ P S of a cement paste with w/c = 0.5 as a function of the capillary porosity: comparison between experimental [START_REF] Christensen | Impedance Spectroscopy of Hydrating Cement-Based Materials: Measurement, Interpretation, and Application[END_REF] and model data. The inset shows the effective electrical conductivity of the cement paste with w/c = 0.5 and the associated standard deviation as computed with MCM.

• Electrical conductivity. The estimates of the electrical conductivity of cement pastes (with a microstructure representation as the case "SC1s" in Figure 3.10) are shown in Figure 3.15 [START_REF] Honorio | Electrical properties of cement-based materials: Multiscale modeling and quantification of the variability[END_REF] in comparison with the experimental data of [START_REF] Christensen | Impedance Spectroscopy of Hydrating Cement-Based Materials: Measurement, Interpretation, and Application[END_REF]. Monte Carlo Micromechanics (MCM) is introduced in this study [START_REF] Honorio | Electrical properties of cement-based materials: Multiscale modeling and quantification of the variability[END_REF] as a method to quantify uncertainty/ variability in the electrical conductivity using micromechanics. The variability observed in the electrical conductivity of the pore solutions [START_REF] Vollpracht | The pore solution of blended cements: a review[END_REF][START_REF] Honorio | May self-diffusion of ions computed from molecular dynamics explain the electrical conductivity of pore solutions in cement-based materials?[END_REF] was used as input in a Monte Carlo approach, in which the distribution of the electrical conductivity of the pore solutions was assumed to be log-normal (to avoid sampling negative conductivities). The effective electrical conductivity of the paste was computed with the SC and MT schemes. In the latter case, estimates in which the pore phase is assumed as the hosting matrix (HS+) and the case in which the solid phase (here assumed to exhibit a low, but non-zero, conductivity similar to that attributed to C-S-H of 0.0246 S/m [START_REF] Honorio | Electrical properties of cement-based materials: Multiscale modeling and quantification of the variability[END_REF]) is chosen as the hosting matrix (HS-) are shown (these scenarios correspond to the Hashin-Shtrikman bounds [START_REF] Hashin | A variational approach to the theory of the elastic behaviour of multiphase materials[END_REF]). The first case gives estimates close to the experimental data before the setting; the second case is at late ages. SC scheme captures reasonably well the experimental data following the transition from the complex fluid before setting to a porous solid. Variability computed with MCM is also reported. Comparison with the experimental formation factor F = σ/σ P S of a cement paste with w/c = 0.5 is also provided as a function of the capillary porosity. et al., 1999] on water-saturated cement paste with w/c of 0.4 and 0.5 (the authors report results on three samples for each age tested).

• Dielectric permittivity. Using input from molecular simulations for the pore solution (composition associated with a w/c of 0.4), estimates of the effective static dielectric constant of a cement paste are shown in Figure 3.16 in comparison with the experimental data of [START_REF] Andrade | Cement paste hardening process studied by impedance spectroscopy[END_REF] on watersaturated cement pastes with a w/c 0.4 (at 7 days of age) or 0.5 (for various ages). A good agreement is observed between the model estimates and the experimental data for a paste with w/c = 0.4 at 7 days. Due to a dilution effect, cement pastes with higher w/c are expected to exhibit a lower dielectric response. Note, however, that the tendency of a decreasing effective static permittivity is observed in both experimental and model results.

Elastic properties properties

As for conductivity-like properties, schemes based on Eshelby solution and composite sphere morphology are briefly recalled. By mathematical analogy, the linear elasticity problem is similar to the viscosity problem [Torquato, 2002].

Schemes based on Eshelby solution

The effective stiffness and compliance tensors of a heterogeneous material composed of N anisotropic inclusions are given, respectively, by: For a macroscopically applied stress Σ or strain E on REV contour.

In the case of elliptical inclusions randomly distributed and oriented in a representative elementary volume (REV), the solution proposed by Eshelby [Eshelby, 1961] gives an approximation for A p :

A p ≈ A d p : ( N r=1 f r A d r ) -1 (3.20)
where

A d p = (I + S E p : ((C ref ) -1 : C p -I)) -1 (3.21)
is the strain localization tensor in the dilute case, with I being the (fourth-rank) identity element, and S E p the (fourth-rank) Eshelby tensor [Eshelby, 1961]. The variable C ref stands for the stiffness of the reference medium. According to the choice of a reference medium, one obtains the schemes again • Mori-Tanaka (MT) scheme: the matrix is chosen as the reference medium

C ref = C 0
• Self-Consistent (SC) scheme: the effective medium itself is chosen as the reference medium C ref = C, i.e., all phases have the same status and the effective medium itself mediate the interactions among phases.

In the case of spherical inclusions exhibiting a microscopic isotropic behavior, and for a heterogeneous materials macroscopically isotropic, the tensorial expression above reduces to the system of two equations below.

• For MT scheme:

K -K 0 K + 4 3 G 0 = N r=1 f r K r -K 0 K r + 4 3 G 0 ; Ḡ -G 0 Ḡ + 4 3 H 0 = N r=1 f r G r -G 0 G r + 4 3 H 0 (3.22)
• For SC scheme:

N r=1 f r K r - K K r + 4 3 Ḡ = 0; N r=1 f r G r - Ḡ G r + H SC = 0 (3.23)
where with H r = 3 2 Kr+ 4 3 Gr Kr+2Gr G r , and the subscript 0 denotes the (isotropic) matrix phase.

Schemes based on multilayered composite spheres

As in the case of conductivity-like properties, the GSC scheme in elasticity has been deployed to model the ITZ [Ulrik Nilsen and Monteiro, 1993, Hashin and Monteiro, 2002, Honorio et al., 2017a, Nadeau, 2002, Nadeau, 2003] and also in microstructure representations of cement system separating high-density and low-density product layers [START_REF] Honorio | Multiscale estimation of ageing viscoelastic properties of cement-based materials: A combined analytical and numerical approach to estimate the behaviour at early age[END_REF]. The GSC estimate for the bulk modulus is a simple recursive equation [START_REF] Herve | n-Layered inclusionbased micromechanical modelling[END_REF]:

K GSC i = K i + 1 -f i 1 K GSC i-1 -K i + 3f i 3K i +4G i (3.24)
where K GSC i is the effective conductivity of a matrix/composite-sphere composite in which the composite-sphere is constituted of (i -1) concentric coats and a core (associated here to subscript 0) embedded in a matrix (here, represented by the subscript i). With simple manipulations, it is possible to show that this estimate for the bulk modulus for a 2-phase material is equivalent to that of a 2-phase MT scheme under micro-and macro-isotropy. The expression for the shear modulus requires the solution of a non-linear implicit equation [START_REF] Herve | n-Layered inclusionbased micromechanical modelling[END_REF].

Properties of C-S-H and cement paste

The SC scheme, as presented above, was used to estimate the effective elastic constant at the C-S-H gel scale in comparison with coarse-grained simulation in Analytical homogenization was proposed as one method to estimate the elastic constants development in cement pastes at an early age in a benchmark promoted within COST action TU 1404. In my participation, I have adopted the microstructure representation as in Figure 3.9 together with the simplest form of the schemes presented above (i.e., assuming micro-and macro-isotropic behavior and spherical inclusions). The results ("model 4" in the benchmark) exhibit a good agreement with the experimental data, as shown in Figure 3.17, when the hydration is previously fitted. In an additional scenario, I have also used a cement hydration kinetics model (based on boundary nucleation and growth kinetics [Honorio et al., 2016c]) (here denoted as "Model 4 (no kinetics fitting)") to get the hydration kinetic function. Even though the initial kinetics agreed well with the experimental data, and hence the modeled cumulative heat curve almost overlapped with the experimental data, a relatively poor agreement was obtained in the deceleration phase of hydration kinetics, where the rate of hydration and the cumulative heat were considerably underestimated. The estimations of the model rejoin the experimental curve in the diffusion-driven stage of the model.

Considering all the microstructure representations in Figure 3.10, micromechanics-based estimates of elastic constants were compared with experimental data in a database collected considering various authors as detailed in [Honorio et al., 2022c]. The results concerning the microstructure representations with better performance (among the 16 representations) are shown in Figure 3.18. These results confirm the better performance of the SC scheme in capturing early-age property development. Overall the precision in estimates of early-age behavior (degree of hydration DOH < 0.7) was lower than the estimated at late ages. The estimates obtained from micromechanics-based estimates were compared with the ones predicted by data science techniques; and the opportunities of using both techniques as allies were discussed [Honorio et al., 2022c].

Aging linear viscoelasticity

The homogenization of the aging linear viscoelastic behavior can be performed using the correspondence principle early proposed by Mandel [Mandel, 1958], which can be written in terms of Volterra integral [Volterra, 1959] operators. This operator is defined as the multiplication operator "•":

(f • g)(t, t 0 ) ≡ t t=-∞ f (t, t ′ )d t ′ g(t ′ , t 0 ) (3.25)
for time-dependent functions f and g. In a set F of functions, the ring (F ; +, •) satisfies the conditions of a division ring: all nonzero elements have a multiplicative inverse, but the multiplication is not necessarily commutative. Analogously, division rings for a set of matrices F and the Volterra matrix inner product (F; +,

• * ), and for a set of tensors F and the Volterra double contraction products (F; +,

• : ) can be defined.

Using the correspondence principle and these definitions, the stress-strain relationships in aging linear viscoelasticity are written as [Sanahuja, 2013]: Using this correspondence principle, the MT, SC, and GSC schemes can be rederived in an aging linear viscoelasticity framework. The MT and SC solutions in aging linear viscoelasticity were proposed by Sanahuja [Sanahuja, 2013]. As a result of my PhD, I have proposed the solution for the GSC scheme in aging linear viscoelasticity [Honorio et al., 2017a] using tools of non-commutative algebra.

without space-filling with space-filling This theory was applied to get the aging viscoelastic behavior of cement-based materials at early-age [START_REF] Honorio | Multiscale estimation of ageing viscoelastic properties of cement-based materials: A combined analytical and numerical approach to estimate the behaviour at early age[END_REF]. Analytical schemes were used to estimate the properties at the level of hydration products, cement paste, and mortar following the microstructure representation in Figure 3.9. Numerical homogenization was used to study the concrete scale. This combined approach allowed investigating two mechanisms leading to an aging behavior: simulations taking into account the space-filling process as leading to an intrinsically aging behavior of C-S-H were compared to simulations in which this effect was not considered. Figure 3.19 shows the estimates of basic creep of concrete compared to experimental results [START_REF] Craeye | Early age behaviour of concrete supercontainers for radioactive waste disposal[END_REF]. The estimates of basic creep were in agreement with the usual values obtained experimentally for similar concretes. At all levels (cement paste, mortar, and concrete), the material creeps more at the very early age when the behavior accounting for the space-filling is adopted.

The theory developed above generalizes linear viscoelasticity and, therefore, can also apply to non-aging viscoelasticity. Within the COST Action TU1404, I have participated in a modeling benchmark on upscaling non-aging viscoelasticity of cement-based materials [START_REF] Königsberger | Homogenization of nonaging basic creep of cementitious materials: A multiscale modeling benchmark[END_REF]. In this benchmark, three micromechanics creep models with different microstructure representations have been compared with experimental data. All estimates yielded errors below 5% with respect to various experimental datasets. Model adopting non-spherical shapes for hydrates yielded better predictions.

Thermal expansion

The coefficient of thermal expansion (CTE) can be obtained from the stress localization tensor B (e.g., [Zaoui, 1998]

): ᾱ = N p=1 f p B p : α (3.28)
The problem of thermal expansion is analogous to the others in poromechanics (e.g., drying strains) and can also be applied to the cases in which one phase exhibits swelling (as is the case of some durability problems in cement systems).

In the case of micro-and macro-isotropy and assuming N spherical inclusions, the solution of MT and SC schemes are given, respectively, by [Honorio et al., 2018a]:

α M T = f 0 α 0 + N i=1 f i α i K i (4G 0 + 3K 0 ) 4G 0 + 3K i / f 0 + N i=1 f i K i (4G 0 + 3K 0 ) 4G 0 + 3K i (3.29) α SC = N i=1 f i α i K i (4G SC + 3K SC ) 4G SC + 3K i / f 0 + N i=1 f i K i (4G SC + 3K SC ) 4G SC + 3K i (3.30)
In the case of a two-phase material, the expression of MT reduces to the expression provided in [START_REF] Wang | Multiscale Thermoelastic Analysis of the Thermal Expansion Coefficient and of Microscopic Thermal Stresses of Mature Concrete[END_REF].

Micromechanics estimates using the microstructure representation of Figure 3.9 are compared with the experimental data from [START_REF] Wyrzykowski | Moisture dependence of thermal expansion in cement-based materials at early ages[END_REF] on the evolution of the CTE of cement pastes and mortar at early-age. Hydration kinetics and phase assemblage were modeled following the clinker composition of the cement Figure 3.20: Linear CTE of cement paste and mortar at early age [Honorio et al., 2018a]: estimates (full and dashed lines) compared to experimental data (dots) from [START_REF] Wyrzykowski | Moisture dependence of thermal expansion in cement-based materials at early ages[END_REF]. Full lines are "sealed" estimations, and dashed lines are "saturated" estimations. The corresponding estimations of the linear CTE of ITZ are shown in the upper inset. The lower inset shows the experimental heat flux as provided by [START_REF] Wyrzykowski | Moisture dependence of thermal expansion in cement-based materials at early ages[END_REF] in the context of COST TU 1404 Action.

provided by the authors and fitted on simple Johnson-Mehl-Avrami-Kolmogorov exponential expressions with characteristic times adjusted by means of a more refined hydration model [START_REF] Tennis | A model for two types of calcium silicate hydrate in the microstructure of Portland cement pastes[END_REF]. ITZ is accounted for adopting a 20 µm thickness. It is assumed that water contributes actively to the thermal expansion before setting. Then, after setting, drained behavior is adopted for LD C-S-H and capillary pores while HD C-S-H remains in an undrained state. With these assumptions, a minimum observed within the first day can be obtained. No minimum is observed with fully 'undrained/saturated' conditions, and the effective CTE is expected to decrease with time since water CTE is much higher than solids CTE.

Heat capacity

Since the heat capacity refers to the ratio of extensive quantities: heat and mass (or volume) (or more precisely, to the amount of heat needed to increase in a Kelvin the temperature of a given amount of material), rigorously a simple weighted average with respect to the mass fraction f m i (or volume fraction, or molar fraction if the heat capacity is given per volume or per mol) applies to get the "effective" heat capacity (e.g. [START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF]):

c P = N i f m i c p,i (3.31)
The same expression can be written for c V and similar properties such as the density.

In these cases, no Micromechanics per se needs to be applied.

Figure 3.21: Heat capacity for cement paste [Honorio et al., 2018a]: estimations (full and dashed lines) compared to experimental data (symbols) from [Mounanga, 2003] according to four different w/c ratios. Full lines are estimations without accounting for the coupling with thermal expansion; dashed lines are estimations accounting for the coupling with thermal expansion.

The estimates of the heat capacity of cement pastes were compared with experimental results [Mounanga, 2003] under ambient conditions, as shown in Figure 3.21. All the errors exceed 30%. These high errors can be explained by (i) the lack of data concerning the thermal properties of some hydrates, (ii) the variations of the thermal properties of confined water, and (ii) the simplified description of hydration kinetics (only a few points are furnished by [Mounanga, 2003], and some evolutions are proposed in terms of empirical relations). As in the experimental data, the estimations monotonously decrease with time, tending to an asymptotic value at late ages. Measured heat capacity at the very early age can be more than 150%, this asymptotic value; the variations in the model estimations are less pronounced. Experimental data do not establish a clear relation between w/c ratio and the heat capacity (for a given time). On the other hand, estimations of heat capacity show a clear tendency: the higher the w/c, the higher the heat capacity. This tendency is expected in non-dried samples since the porosity is larger in high w/c samples, and the heat capacity of water occupying the porosity is much bigger than solids'. Other experimental [Bentz, 2007] and simulation [START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF] results in the literature report the same trend. Understanding why the rigorous framework providing the homogenized heat capacity seems to not work in the case of cement system is one goal of the ANR THEDESCO (as detailed in Section 2.2.4 in the next Chapter).

Local information in elasticity and strength estimates 4.7.1 Fluctuations of fields: estimations of intraphase field distributions

Besides averaged information per phase (or interphase distribution of fields as in Eqs. 3.18 and 3.19), more precise local information regarding the intraphase estimations of the distribution of fields can be obtained using analytical homogenization methods. The fluctuation or covariance (forth-rank) tensor of a stress field within phase i is

Q i ≡ ⟨δσ ⊗ δσ⟩ i (3.32)
where " ⊗ " denotes the dyadic product. The fluctuations are larger in the applied stress or strain load direction and smaller in the perpendicular direction. The standard deviation ω i , or the statistical variability, of a field in a given direction klmn can be approximated by the square root of the components of the fluctuation tensor defined in Eq. 3.32 [START_REF] Bobeth | Static elastic and thermoelastic field fluctuations in multiphase composites[END_REF]:

ω i, klmn ≡ (Q i, klmn ) 1/2 (3.33)
As shown in the last sections, the average stress ⟨σ⟩ i per phase can be obtained through localization relations. In order to compute the second moment (i.e. ⟨σ ⊗ σ⟩ i ), the definitions of local u and effective U elastic energies can be used [START_REF] Brenner | A modified affine theory for the overall properties of nonlinear composites[END_REF]:

u(x) = 1 2 σ(x) : ε(x) -ε (0) (x) = 1 2 [σ(x) ⊗ σ(x)] :: S(x) (3.34) U = ⟨u(x)⟩ = 1 2 Σ : S eff : Σ -σ res (x) : ε (0) (3.35)
where the effective elastic energy is obtained from the local energy by applying Hill's lemma [START_REF] Brenner | A modified affine theory for the overall properties of nonlinear composites[END_REF].

The second moment of stress field in a phase i can be then obtained by deriving U with respect to the local compliance S i [START_REF] Buryachenko | Thermoelastic stress fluctuations in random-structure coated particulate composites[END_REF]:

⟨σ ⊗ σ⟩ i = - 2 f i ∂U ∂S i (3.36)
Assuming ε (0) constant per phase, the second moment of stresses is [START_REF] Buryachenko | Thermoelastic stress fluctuations in random-structure coated particulate composites[END_REF], Brenner et al., 2004, Brenner et al., 2001]:

⟨σ ⊗ σ⟩ i = 1 f i Σ ⊗ Σ :: ∂S eff ∂S i + N i=1 f i ε (0) i : 2Σ : ∂ t ⟨B⟩ i ∂S i + ∂ ⟨σ res ⟩ i ∂S i (3.37)
This result can be used with different homogenization schemes. Strategies to solve this derivative are provided in [Buryachenko andKreher, 1995, Brenner et al., 2004].

In the previous equations, it can be seen that in the absence of external mechanical loading Σ, fluctuations within the phase exist if the residual stresses are nonzero. These results regarding second moments are valid to any degree of anisotropy [START_REF] Buryachenko | Thermoelastic stress fluctuations in random-structure coated particulate composites[END_REF]]. In the macro-isotropic case, for spherical inclusions, the expressions are reduced [START_REF] Buryachenko | Thermoelastic stress fluctuations in random-structure coated particulate composites[END_REF]] to the ones presented by [START_REF] Bobeth | Field fluctuations in multicomponent mixtures[END_REF] in the absence of transformation fields or [START_REF] Bobeth | Static elastic and thermoelastic field fluctuations in multiphase composites[END_REF] in the presence of transformation/residual fields. This analytical approach to calculate mechanical field intraphase variability was compared with the stress field distribution obtained from finite elements simulation as shown in Figure 3.22. The finite elements simulation considered numerical inclusion/matrix samples with spherical, convex Voronoi polyhedral, and convex Voronoi polyhedral flattened inclusions. Uniaxial stress was applied in both numerical and analytical approaches. The standard deviation of both approaches yielded standard deviation of the same order, with analytical results giving larger deviations. Compared to the case with spherical inclusions, the stress distribution curves in the composite with Voronoi inclusions are broadened. As expected, the flattened polyhedral inclusions lead to still broader distributions of stresses within the aggregates considering all directions.

Applying the analytical approach to cement-based materials, it is possible to quantify how stiffer aggregates lead to larger fluctuations in stress distribution. Two effects are observed in a multiscale framework: (i) localization of stresses in stiffer phases to the detriment of less stiff phases; (ii) propagation of fluctuations towards smaller scales as detailed in [START_REF] Honorio | Statistical variability of mechanical fields in thermo-poro-elasticity: Multiscale analytical estimations applied to cement-based materials at early-age[END_REF]. These effects compete in determining the statistical variability of stresses within hydration products. For C-S-H, the standard deviation of stresses for a hydrostatic load are on the order of magnitude of the stresses applied at the concrete scale even if C-S-H is much less stiffer than other phases (aggregates, clinker). Concerning the effect of age, different behaviors can be observed according to the scale considered. Discounted the very early-age (before 1 day), the standard deviation of stresses decreases with age (due to solidification) at concrete and mortar scales, and increases in hydration products scales (due to the decrease of contrast of stiffness) [START_REF] Honorio | Statistical variability of mechanical fields in thermo-poro-elasticity: Multiscale analytical estimations applied to cement-based materials at early-age[END_REF].

A direct way of using the estimations of the fluctuations of stresses is in the computation of the strength of composites (as discussed in the next section) or to understand cracking overall and processes involving stress relaxations or creep. The numerical results in Figure 3.22 exhibit a clearly non-symmetric distribution of mechanical fields also observed in coarse-grained simulations (Figure 3.3). In a forthcoming work [START_REF] Babaei | Micromechanical analysis of thermo-mechanics and hydro-mechanics of hardened cement paste[END_REF] in collaboration with SCK-CEN (Belgium), asymmetrical distribution with similar shapes were also observed under drying, and thermal expansion (self-equilibrated) loads in numerical samples fo cement paste obtained from microstructural modeling. Determining the functional form of the probability distributions of the stress fields in heterogeneous materials and their dependence on load and composition is still to be fully worked out. 

Estimation of compressive strength

The mechanical strength can be estimated from the intraphase distribution of stresses associated with a (stress) failure criterion. Here, a normal distribution of stress fields is assumed (in the lack of a more precise choice capturing the asymmetry mentioned above). Being stresses a tensorial quantity, it is necessary to deal with a multivariate distribution ℘(⟨σ⟩ i , q i ) of the stress tensor in a given constituent phase i. For compressive strength, adopting the Von Mises criterion, which corresponds to the second invariant of stresses:

σ 2 V M = 1 2 (σ 11 -σ 22 ) 2 + (σ 22 -σ 33 ) 2 + (σ 33 -σ 11 ) 2 + 6 σ 2 23 + σ 2 31 + σ 2 12 (3.38)
the resulting distribution is 6-variate, with each degree of freedom corresponding to one term on the right-hand side of the equation. In the following, it is assumed that the stress components are independent random variables. The distribution of the difference of two random independent variables X 1 (⟨X 1 ⟩ , q 1 ) and

X 2 (⟨X 2 ⟩ , q 2 ) is X 1-2 (⟨X 1 ⟩ -⟨X 2 ⟩ , q 1 + q 2
). Note that in the resulting distribution of the difference, the variances are summed. The product of a random variable X 1 and a scalar a verifies aX 1 (⟨X 1 ⟩ , q 1 ) = X 1 (a ⟨X 1 ⟩ , a 2 q 1 ). With these properties of independent random variables, the distributions of Von Mises stress can be computed from the Euclidean norm (or 2-norm) of a multivariate distribution with k χ = 6 degrees of freedom accounting for each term of the right-most side of Eq. 3.38. The multivariate distribution of normally distributed random variables ⟨X i ⟩ 2 /q i is given by the noncentral chi-squared distribution whose PDF is:

f χ (k χ , λ; x) = 1 2 exp - x + λ 2 x λ kχ 4 -1 2 J kχ 2 -1 √ λx (3.39)
where J v (y) = (y/2) v ∞ j=0 (y 2 /4) j j!Γ(v+j+1) is the modified Bessel function of the first kind. The mean of the noncentral chi-squared distribution is the sum of the degrees of freedom k χ and non-centrality parameter λ = kχ i=1

⟨X i ⟩ q i 2 . The variance of noncentral chi-squared distribution is q χ = 2(k χ + 2λ).
In a REV Ω, a given phase i with compressive strength f c,i is expected to fail in a uniaxial test if in a volume fraction f cr the von Mises stress exceeds (2/3)f 2 c,i [START_REF] Lavergne | Estimating the mechanical properties of hydrating blended cementitious materials: An investigation based on micromechanics[END_REF]. The compressive strength of the REV is, therefore:

f c,Ω = min ∀i⊆Ω   f c,i 2 3 qχ kχ F -1 χ (1 -f cr )   (3.40)
where F -1 χ is the inverse of the Cumulative Distribution Function (CDF) of the noncentral chi-squared distribution f χ in Eq. 3.39. The value of the critical volume fraction f cr must be chosen so that the strength of the composite f c,Ω does not exceed the strength f c,i of the constituent phases i [START_REF] Lavergne | Estimating the mechanical properties of hydrating blended cementitious materials: An investigation based on micromechanics[END_REF].

With this approach, the analytical estimates of the compressive strength of cement pastes are computed and compared against experimental data in Figure 3.23. [START_REF] Honorio | Statistical variability of mechanical fields in thermo-poro-elasticity: Multiscale analytical estimations applied to cement-based materials at early-age[END_REF] with experimental compressive strength of cement pastes obtained from the literature [START_REF] Wyrzykowski | Numerical benchmark campaign of COST Action TU1404 -microstructural modelling[END_REF], Honorio et al., 2016a, Pichler et al., 2013, Termkhajornkit et al., 2014, Lam et al., 2000]. At left, the results of Wyrzykowski et al. [START_REF] Wyrzykowski | Numerical benchmark campaign of COST Action TU1404 -microstructural modelling[END_REF] refer to a w/c of 0.3; at the center, the results of Honorio et al. [Honorio et al., 2016a] refer to a w/c of 0.5. In both cases, the evolution of Young moduli with age is presented in the respective articles. Analytical estimations are provided as a function of the critical volume fraction f cr and homogenization scheme (MT ou SC) used to get the effective properties of the hydration product layer scale.

The estimations are made at hydration layer scales, and both SC and MT schemes are used for homogenizing each hydration product's layer. At this scale, the adopted intrinsic compressive strength of hydrates is f c,0 = 141.5 MPa [START_REF] Wyrzykowski | Numerical benchmark campaign of COST Action TU1404 -microstructural modelling[END_REF]. Various values of the critical volume fraction f cr are considered. As in [START_REF] Lavergne | Estimating the mechanical properties of hydrating blended cementitious materials: An investigation based on micromechanics[END_REF], f cr nearing 0.1 returns reasonable estimations of compressive strength (larger f cr lead to overestimations of the strength). The results show that the strength estimations are scheme-dependent, notably at early ages. The hydration products' layer homogenized by SC scheme provides better estimations at the very early ages than with the MT scheme. It must be noted, however, that at the very early age, the assumption of spherical (or equiaxed) inclusions and isotropy of phases seem insufficient to capture the cement paste's strength. This aspect was observed by Pichler et al. [START_REF] Pichler | Spherical and acicular representation of hydrates in a micromechanical model for cement paste: prediction of early-age elasticity and strength[END_REF], which propose acicular inclusions to model hydrates in cement paste scale. Improvements could also be obtained by accounting for the fluctuations coming from the anisotropy of inclusions. The results presented here indicate, however, that these simplifying assumptions of spherical (or equiaxed) inclusions and (micro-)isotropy seem enough to capture the compressive strength of cement paste at late ages. In this direction, the estimates of compressive strength at late ages are compared with experimental data [Honorio et al., 2016a, Pichler et al., 2013, Termkhajornkit et al., 2014, Lam et al., 2000] provided as a function of the gel-space ratio. The gel-space ratio γ g is defined as the ratio between the volume of gel (i.e. hydration products plus "gel" micropores) and the sum of the volumes of gel and capillary pores [START_REF] Powers | Studies of the Physical Properties of Hardened Portland Cement Paste[END_REF]. This parameter is often associated with the strength of cement-based materials. For instance, the compressive strength of the cement pastes f c,cp is reported to scale with γ n g with n between 2 and 3 [Bentz, 2005]. As can be seen in Figure 3.23(right), The estimates provided here at late ages are in agreement with other results regarding the relation of the compressive strength of cement pastes with gel-space ratio.

Conclusion

In this chapter, upscaling methods dealing with the various mesoscales of interest in cement systems research were presented. These methods provide an way of establishing composition-(micro)structure-property correlations in cement systems in good agreement with experiments. The gel mesoscale is highlighted as a critical scale. This scale arises an open-to-adventure playground to promote the handshake between the techniques better suited to model the molecular scale and the techniques better suited to model the continuum.

In my works, the upscaling strategies 1 to 3 (as schematized in Figure 3.1) have been deployed in a multi-physics framework. Investigation of various properties can benefit from adopting strategies 2 or 3, in which multiscale modeling uses input information from the molecular scale. This is yet to be fully worked out for thermal properties and electrical conductivity. Effects of unsaturated conditions and related sorption-induced deformations are still poorly understood in a complete bottom-up framework. The multiscale multi-technique multi-physics strategies outlined here can be extended to cope with these conditions in future work.

Local information about mechanical fields variability is key to understanding mechanical failure. Molecular simulations have been used to shed light on failure mechanics of simple materials [START_REF] Brochard | Scaling of brittle failure: strength versus toughness[END_REF]. Reactive force fields furnish a way to analyze failure at the local level. In applications to cement systems, Mohr-Coulomb failure criterion is shown valid to describe the failure of C-S-H at the molecular scale [Qomi et al., 2014a]. Looking at the characteristic length of the process zone, only failure in very brittle materials can be fully understood at the molecular level [START_REF] Souguir | Stress concentration and instabilities in the atomistic process of brittle failure initiation[END_REF]. A multiscale multi-technique framework is yet to be fully worked out in this topic.

Chapter 4 Conclusion and perspectives 1 Conclusions

This manuscript discusses strategies to establish composition-(micro)structureproperty correlations for cement-based materials in a multi-physics and multiscale framework. This framework requires a multi-technique approach since each scale of interest demands adapted techniques. Micromechanics and statistical physics combined provide a robust multiscale, multi-technique framework to cope with all the complexities of cement-based materials. Modeling what is happening at the molecular scale and proposing upscaling strategies to quantify the repercussion at larger scales is crucial to understanding the behavior of cement-based materials.

In chapter 2, the molecular scale is shown to play a critical role in determining the origins of key phenomena in cement-based materials. Molecular simulations are presented as a toolbox to compute missing properties of phases present in cement systems. The elucidation of the origins of mechanical, thermal, transport, and electromagnetic response and their coupling with sorption-related processes can benefit from analyses starting from the molecular scale.

Chapter 3 presents upscaling methods dealing with the various mesoscales of interest in cement systems research. These methods provide a way of establishing composition-(micro)structure-property correlations in cement systems in good agreement with experiments. The gel mesoscale is highlighted as a critical scale. This scale arises an open-to-adventure playground to promote the handshake between the techniques better suited to model the molecular scale and the techniques better suited to model the continuum.

Perspectives

The perspectives of this work concern both materials science and materials engineering frameworks applied to civil engineering materials. Critical features of cement-based materials behavior still need to be fully worked out and will benefit from a multiscale, multi-technique framework. This manuscript contributes in the direction of completing constituent property tables and understanding the effects of sorption in C-S-H, AF-phases, and ASR products bottom-up. Once composition-(micro)structure-property correlations are established, one can also look at the opportunities of engineering the materials for a target performance.

On-going work and short to mid-term perspectives ("Other perspectives") are presented in the following.

Ongoing work 2.1.1 Temperature and RH-dependence of thermal properties bottomup

Associated projects: Master project (2020) and on-going PhD of F.

Masara (ANR JCJC THEDESCO)

Critical questions regarding the thermal behavior of cement-based materials remain unanswered. In particular, the physical origins of the following aspects are still to be addressed:

• Thermal expansion: cement-based materials exhibit at least two non-trivial behaviors: (i) the CTE is a non-monotonous function of the relative humidity, reaching a maximum value at approximately 70% RH [START_REF] Wang | May reversible water uptake/release by hydrates explain the thermal expansion of cement paste? -Arguments from an inverse multiscale analysis[END_REF]; and, (ii) the CTE often reach a minimum value at the first days (Fig. 3.20).

• Heat capacity: the effective heat capacity of composites is expected to be the average of the heat capacities of all phases weighted by their (volume or mass) fractions, i.e., described by a mixture law [START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF]. However, estimations of heat capacity of cement-based materials using mixture laws are not in reasonable agreement with experimental data [Honorio et al., 2018a] (as shown in Fig. 3.21)).

Modeling strategies that can describe these peculiar behaviors of cement-based materials from the underlying physics will represent an advance in the field by enhancing confidence in the predictions of the performance and durability of cementbased materials.

The goal of the project THEDESCO (ANR JCJC funding) is to provide models of the thermal expansion and heat capacity of cement-based materials that are informed by the relevant physical phenomena in a multiscale framework, and that can be used in the engineering practice. The strategy proposed combines classical molecular simulations with poromechanics, homogenization techniques, and finite element (FE) analysis. As presented in the first chapter, the first results concern the thermoelastic properties of water confined in C-S-H [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF], and the temperature and RH-dependence of interfacial behavior in C-S-H [START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF]. Ongoing work copes with the repercussion of the molecular processes in the heat capacity and thermal expansion of cement-based materials in a multiscale strategy.

Further developments in the direction of understanding the behavior of cementbased materials at high temperatures are also envisioned. The goal is to advance the comprehension of the molecular mechanisms of fire-induced spalling in concrete. The theories explaining spalling point out to the pore fluid pressurization and/or thermal stresses build-up (due to restrained thermal strains) as the underlying mechanism [START_REF] Liu | A new perspective on nature of fire-induced spalling in concrete[END_REF], Phan, 2008, Dwaikat and Kodur, 2009, Kalifa et al., 2000, Mindeguia et al., 2015]. Thermodynamic considerations in explosive properties of water in geomaterials suggest that other mechanisms leading to fluid instability might also be relevant, including rapid heating of liquid water, liquid decompressions, and cavitation [START_REF] Thiéry | Explosive properties of water in volcanic and hydrothermal systems[END_REF]. In the previous chapters, several works coping with the molecular processes at the origin of electromagnetic and transport properties under liquid-saturated conditions have been discussed. The unsaturated cases have not been fully explored in bottom-up investigations starting from the molecular scale. Also, further developments are needed to link self-diffusion to the corrected/collective diffusion, and macroscopic diffusion [Coasne, 2016]. The corrected (or collective) diffusion coefficient is associated, in the framework of the linear response theory, with the flux and the chemical potential gradient (e.g., [Coasne, 2016]) and can also be computed from the velocity correlation function but accounting for cross-correlation terms. The macroscopic diffusion coefficient links, at equilibrium, the flow to the macroscopic concentration gradient. These three diffusion coefficients are equivalent only under the assumptions of negligible velocity cross-correlation terms with respect to auto-correlation terms; and linear adsorption isotherm so that the Darker factor is approximately 1 [Coasne, 2016].

In the case of electromagnetic properties, the frequency-dependent response of meso and microporous phases such as C-(A)-S-H and AF-phases is yet to be measured. In the case of impedance measurements (directly related to the frequencydependent electrical conductivity), the associated molecular responses are yet to be investigated. Fundamental questions remain unanswered regarding ion specificity and the role of interfaces.

Changes in pore saturation are generally accompanied by sorption-induced volume changes that also need to be considered. At the molecular level, these changes occur in particular by a reduction of interlayer spacing in the case of C-(A)-S-H and AFms, which alters the confinement conditions of water and ions, potentially impacting polarization time correlations and dynamics (i.e., the microscopic features driving electromagnetic and transport properties). The same can be said regarding the columnar structure of ettringite. The sorption-induced volume changes also affect the mesocale (gel) structure in the case of C-(A)-S-H. Coarse-grained simulation can be helpful in modeling the structure and resulting electromagnetic and transport properties. However, a well-suited coarse-grained representation for this kind of property must be adopted.

Building on the recent work dealing with the saturated case [START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], Honorio, 2022a, Honorio et al., 2020a, Ait Hamadouche et al., 2022], the unsaturated case can be explored for both electromagnetic and transport properties (diffusion and permeability) of C-S-H at the molecular scale. The same strategy can be applied to AF-phases and their various hydration states. The expected results will provide new physical insights helping in the comprehension of transport processes in cement-based materials and the interpretation of electromagnetic measurements. Well-suited multiscale approaches enabling the linking of atomic-level process to the macroscopic are also to be validated for the unsaturated case. Various compositions of the pore solutions are relevant to cement systems, and the composition is dependent on age, and reactive system composition (cement type, use of supplementary cementitious materials) [START_REF] Vollpracht | The pore solution of blended cements: a review[END_REF]. The study of bulk pore solutions [Honorio et al., 2020a] with complex multi-ionic composition can also be extended to the unsaturated case. Data science techniques can be helpful in these studies by enabling the exploration of correlations among composition (water content, ion nature), microstructure, and electromagnetic and transport properties. Crystallization in porous materials is a major cause of damage of materials, involved in the degradation of heritage [START_REF] Flatt | Chemo-mechanics of salt damage in stone[END_REF], Flatt et al., 2006, Tsui et al., 2003], geotechnical disorders [START_REF] Sass | Damage to the historic town of Staufen (Germany) caused by geothermal drillings through anhydritebearing formations[END_REF], geomorphological processes [Wellman andWilson, 1965, Serafeimidis andAnagnostou, 2013], and pathologies of cement-based materials. The latter includes ASR [START_REF] Rajabipour | Alkali-silica reaction: Current understanding of the reaction mechanisms and the knowledge gaps[END_REF], sulphate attack [START_REF] Liu | Does concrete suffer sulfate salt weathering?[END_REF], and delayed ettringite formation [START_REF] Taylor | Delayed ettringite formation[END_REF], Zhang et al., 2021]. The mechanisms of crystallization pressure, however, remains one the most poorly understood phenomenon in the mechanics of porous media [START_REF] Flatt | A commented translation of the paper by C.W. Correns and W. Steinborn on crystallization pressure[END_REF].

In the project ESOPE, the molecular mechanisms at the origins of the crystallization pressure are investigated. Molecular simulation approaches combined with microfluidics experiments will be deployed to unveil the origin and quantify the crystallization pressure phenomena in model systems (NaCl salt/aqueous solutions). Simulations of the solubility of NaCl using free energy methods and thermodynamic [Hawchar, 2022]. The blue dashed lines correspond to Aragones et al. [START_REF] Aragones | Solubility of NaCl in water by molecular simulation revisited[END_REF] results. The solid magenta curves represent experimental results, and the red curves correspond to Hawchar Master thesis [Hawchar, 2022] simulations. Improved solubility estimations were obtained with new simulations using Yagasaki et al. [START_REF] Yagasaki | Lennard-Jones Parameters Determined to Reproduce the Solubility of NaCl and KCl in SPC/E, TIP3P, and TIP4P/2005 Water[END_REF] 

integration was set up during the Master project of B.M. Hawchar based on the study of [START_REF] Aragones | Solubility of NaCl in water by molecular simulation revisited[END_REF]. The approach allows the computation of the chemical potential of aqueous solution and solid NaCl under various stress conditions. The intersection of the chemical potential of the solid and that of the aqueous solution as a function of the molality gives the solubility of the solution (Fig. 4.1). These simulations, combined with thermodynamic considerations, allowed to revisit Correns law (the equation relating supersaturation and crystallization pressure which is often used to describe the process in porous media [START_REF] Flatt | A commented translation of the paper by C.W. Correns and W. Steinborn on crystallization pressure[END_REF]) accounting for a general stress state in the solid. During his PhD, B.M. Hawchar will tackle the case of the simulation of crystal growth under confinement and the experimental part of the project. The developments in this project will open the window for future investigations focusing on unveiling the molecular mechanisms associated with crystallization pressure in the durability problems in cement-based materials. The random structure of cement-based materials at the cement paste, mortar, and concrete scale can be simulated using tools for molecular simulations. These techniques can be helpful in simulating aggregate, filler, or reactive powder packing. Increasing the packing density of aggregates in concrete, and therefore reducing the amount of cement, is one of the most straightforward ways of reducing the impact of using cement-based materials [Van Damme, 2018].

The development tools to model the packing of an aggregate mix might help in the optimization of the use of locally available aggregates. Local aggregates may present a large variability in features that are known to affect the packing density, such as aggregate shape and size distribution. Most of the solutions proposed so far in the literature to optimize the packing density relies on empirical approaches or extensive experimental campaigns [de Larrard and Sedran, 2002]. These strategies generally do not properly explore all formulation space regarding the possible combinations of aggregates locally available. In this context, there is a need for simulation tools for optimizing the packing density in which the features of locally available resources can be accounted for.

In the works performed so far, truncated and shifted Mie potential are used to approximate a hard sphere potential [START_REF] Jover | Pseudo hard-sphere potential for use in continuous moleculardynamics simulation of spherical and chain molecules[END_REF]. This allowed simulating the maximum random packing in mono and polydisperse systems. Grand Canonical Monte Carlo simulations can be used to simulate aggregate packing, and a combination of simulations in different ensembles (in an annealing-like process) can be used to explore high packing density random configurations.

The tool has also been deployed to simulate formwork wall effects in concrete: the formwork perturbs the arrangement of aggregates leading to a microstructure gradation as a function of the distance from the surface. This gradation results in property variation from the concrete surface: close to the formwork surface, the elastic moduli can be roughly half of the value in the bulk zone, and transport properties are increased in the vicinity of the surface due to high cement paste volume fraction [START_REF] Bissonnette | Concrete Surface Engineering[END_REF]. To validate the approach, we verify that the simulation reproduces the profile of highly confined monodisperse particles [START_REF] Nygård | Anisotropic Pair Correlations and Structure Factors of Confined Hard-Sphere Fluids: An Experimental and Theoretical Study[END_REF]. Then, confined polydisperse particles following the coarse aggregates granulometric curves and volume fractions of the real concrete formulation are simulated as shown in Fig. 4.2. Molecular simulation codes enable the calculation of density profiles (as a function of center particle counting, which is the same strategy to assess water layering in nanoslit pores) that can be converted into volume fraction profiles through a convolution operation. The results show that the characteristic size perturbed by the presence of the formwork is on the order of half of the maximum aggregate size [START_REF] Sayari | Numerical and Experimental Investigation of Wall Effect in Concrete[END_REF]. Then, property profiles can be estimated using micromechanics and assuming a slowly varying microstructure gradation so that a REV can be approximated (similar assumptions are required when homogenization schemes are applied to get profile property of Functionally-Graded Materials (FGMs) [Paulino, 2007]).

Perspectives of the work include proposing an optimization strategy using as input the volume fraction and granulometric curve of aggregates (fine and coarse) but also filler and cement particles. Future work can also deal with the introduction of interaction to account for small particles flocculation or even go towards the simulation of rheological processes in the fresh state.

Other perspectives

This section concerns projects that are still in their initial stages as well as ideas that are still to be fully worked out.

Sorption-induced deformations: multiscale aspects

Associated projects: IUF project submitted in 2022; Proposal of a PhD project with ADI funding with Nagoya University/Tokyo University (still in preparation)

Despite the decades of research dedicated to better understanding, modeling, and controlling drying shrinkage, fundamental questions remain unanswered, such as how drying alters C-(A)-S-H molecular and gel structures, how this alteration control drying deformations extension and reversibility, and what are the origins of hysteresis under sorption in cement-based materials [Abdolhosseini Qomi et al., 2021]. Understanding these fundamental aspects is crucial to control drying shrinkage. In this direction, studies using atomistic simulation have proposed solutions to reduce or even eliminate drying shrinkage in cement systems [START_REF] Moshiri | Structure and morphology of calcium-silicate-hydrates cross-linked with dipodal organosilanes[END_REF], Yang et al., 2018]. Counterion specific effects might be at the origin of the more pronounced shrinkage observed in cements with increasing alkali content [Wittmann, 2008]. The effects of other cations need to be investigated, including cesium for nuclear applications and species such as aluminum and magnesium.

Future work will cope with understanding how specific (counter)ions effects affect sorption, disjoining pressures, effective interactions, and hysteresis under sorption in C-(A)-S-H and AFms. Other ions prone to binding in C-(A)-S-H can also be studied, including molecules known as reducing shrinkage agents. A multiscale strategy, including explicit simulation of the gel mesoscale, might add to the comprehension of the repercussions of these nanoscale effects up to the scale of industrial applications of concrete.

Ion specific effects, ion exchange, and ion binding

Associated projects: IUF project submitted in 2022

Ions in cement-based materials, including potentially aggressive agents, have three possible destinies: (i) being chemically bonded in a hydrate phase, (ii) being physically adsorbed onto hydrates, or (iii) being free ions in the pore solution. Chemical and physical binding concerns mostly C-(A)-S-H and AF-phases. Ion specificity in AF-phases can be related to the variety of AFt and AFm phases: each associated with a different ion chemically bonded in similar structures. The atomiclevel processes associated with physical adsorption are yet to be fully understood. Changes in the ionic composition of the pore solution may promote ion exchange. The processes in which AF-phases and C-(A)-S-H exchange chemically and physically bonded ions with the pore solution are poorly understood. These processes are crucial to understanding chloride, carbonate, and sulfate binding for durability purposes [START_REF] Yuan | Chloride binding of cement-based materials subjected to external chloride environment -A review[END_REF]. Atomic-level comprehension of ion binding and ion exchange may provide new insights for ion immobilization and materials design for durability.

Future work will cope with understanding ion binding and exchange in C-(A)-S-H and AF-phases using molecular simulation. C-S-H surface is prone to the development of electrical double layers in which both cations (first layers) and anions can be adsorbed. Ion exchange can be evaluated using free energy methods [START_REF] Rotenberg | On the driving force of cation exchange in clays: Insights from combined microcalorimetry experiments and molecular simulation[END_REF]. Anions and cations relevant for durability and sorption-induced deformation can be investigated. In the case of AF-phases, sulfate, carbonates, chloride, hydroxide, and aluminosilicate ions are yet to be fully worked out.

Phase quantification and experimental techniques assessing small scales

Associated projects: ANR PCI HEAT COFFEE

Experimental investigation is the primary technique deployed to establish composition-property correlations in cement systems. Even though my work focus on modeling and simulation, I have participated in the supervision of PhD projects with a (mostly) experimental vocation (PhD projects of P. Saba, M. Razafimbelo, and T. Sayari). I plan to develop skills in experimental techniques that can be helpful for providing input or for validation of the models across scales. These techniques include notably methods for phase quantification and property measurements at macro and small scales.

In a forthcoming PhD project (in the context of ANR PCI HEAT COFFEE), accelerated experiments will be studied for assessing due to ASR and Delayed Ettringite Formation (DEF) degradations. Quantification techniques will be deployed. Techniques to characterize submicroscale will be considered, taking advantage of the rich environment of the Saclay plateau regarding facilities for small scale characterization.

Data science for composition-property correlations

Associated projects: Master project (2021) and ANR JCJC THEDESCO

Machine Learning (ML) techniques arise as promising tools to directly establish composition-microstructure-property correlations without a priori assumption of the microstructure characteristics [START_REF] Agrawal | Perspective: Materials informatics and big data: Realization of the "fourth paradigm" of science in materials science[END_REF]. The huge amount of experimental data produced on cement-based materials in the last century can be used to build databases that can be interrogated by ML.

In cement and concrete research, ML has been deployed since the 90's to predict generally mechanical properties. Other methods include support vector machines [START_REF] Yan | Prediction of elastic modulus of normal and high strength concrete by support vector machine[END_REF], decision trees [START_REF] Behnood | Predicting modulus elasticity of recycled aggregate concrete using M5 model tree algorithm[END_REF], evolutionary algorithms [START_REF] Golafshani | Automatic regression methods for formulation of elastic modulus of recycled aggregate concrete[END_REF]. Elastic properties have also been extensively studied using ML [Ben Chaabene et al., 2020], with a strong focus on the impact of using recycled aggregates. As input variables, the composition in terms of cement and water content, as well as supplementary cementitious materials (SCM) and admixture mass or volume, are often adopted [Ben Chaabene et al., 2020]. Neither the effects of the mineralogical composition of cement nor the effects of age (and property development, especially at early-age) are generally considered in these studies.

A multi-technique modeling approach combining Machine Learning (ML) and Micromechanics-Based (MB) methods has been recently proposed to link cement system composition, and degree of hydration to the elastic properties of the material [Honorio et al., 2022c]. The technique can also be deployed to other properties. In the context of the ANR THEDESCO project, a database of thermal properties is to be built.

Data science techniques can also be helpful in tackling composition variability intrinsic to cement systems. For example, these techniques can be deployed to explore correlations among pore solution composition (in terms of water content, ion nature, ionic composition) and transport properties. Combinatorial approaches have been used with reactive force fields to general library of C-S-H atomic structures [Qomi et al., 2014b]. The approach can be extended to C-A-S-H and other substitutions in C-S-H.

Cement-based materials under irradiation

Associated projects: PEIR M1 project of M. Trifa; PhD project submitted for funding by CEA Saclay

Cement-based materials are widely deployed in the nuclear power industry (in power plants and storage/disposal of radioactive waste). When exposed to radiation, concrete exhibits a degradation of mechanical properties originating from the swelling of certain siliceous aggregates, deformations induced or promoted indirectly by irradiation (shrinkage/creep related to temperature-activated drying), order/disorder alterations of phases in cement systems, and structural modifications of the constituent in concrete [START_REF] Krishnan | Effect of irradiation on silicate aggregates' density and stiffness[END_REF], Krishnan et al., 2017, Le Pape et al., 2020]. Major efforts have been put into understanding the mechanisms of degradation of cement-based materials under irradiation to extend the service life of nuclear plants. Bottom-up approaches arise as a promising strategy to tackle this topic.

The study of even apparently simple systems such as portlandite reveals complex behavior. Portlandite shows delayed H 2 release under irradiation. The mechanisms of transport of H 2 are not fully understood and might involve swelling of crystal network [de Noirfontaine et al., 2018], and the possible contribution of Grotthuss mechanism (an exchange of a proton and a vacant site between two oxygen [Agmon, 1995, Dupuis et al., 2017]). Reactive force fields are used to understand these processes in an ongoing investigation.

A PhD project proposal has been submitted on this topic. Molecular simulations will be deployed to quantify the effects of irradiation on the main mineral phases of cement-based materials (C-(A)-S-H, portlandite, and AF-phases).

AF-phases, M-S-H, C-A-(K)-(N)-S-H etc..

Associated projects: IUF project submitted in 2022 for AFms, miscellaneous projects proposed to undergraduate students at ENS

The goal of completing fundamental property data database can benefit from the multiscale multi-physics strategy outlined in this manuscript. Information concerning AF-phases deserves attention since they cover a large number of phases in cement systems. The physical properties of most of these phases remain unknown to date. AF-phases critical for carbonate, sulfate, and chloride immobilization, such as hemi-and mono-carboaluminates and Kuzel salt, are yet to be fully investigated with molecular simulations. The properties of hydrotalcite and thaumasite are also to be quantified. The processes leading to the sorption-induced deformations observed in AF-phases are yet to be fully worked out.

Other phases to be investigated in a multiscale, multi-physics, multi-technique framework are M-(A)-S-H, C-A-(K)-(N)-S-H (i.e., C-(A)-S-H with alkali substitutions/ binding), gels in geopolymer systems, etc. 
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Figure 1 . 2 :

 12 Figure 1.2: Time and space scales in modeling materials and structures: modeling and experimental techniques and the appropriate scales.

Figure 2 . 1 :

 21 Figure 2.1: Snapshots of atomic structures of the systems studied: C-S-H[START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF], Honorio et al., 2022b] (Ca/Si=1.67 following[Kunhi Mohamed et al., 2018]), C-A-S-H[START_REF] Hawchar | C-A-S-H Thermoelastic Properties at the Molecular and Gel Scales[END_REF] (Ca/Si=1.7 following[Kunhi Mohamed et al., 2020]), tobermorite[Honorio, 2019] (Hamid's 11 Å tobermorite[Hamid, 1981]), crystalline ASR products[Honorio et al., 2020d, Honorio et al., 2020f, Honorio, 2021] (based on shlykovite[START_REF] Zubkova | Crystal structures of shlykovite and cryptophyllite: comparative crystal chemistry of phyllosilicate minerals of the mountainite family[END_REF]), montmorillonite[START_REF] Honorio | Hydration Phase Diagram of Clay Particles from Molecular Simulations[END_REF][START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF], Honorio and Brochard, 2022], monosulfoaluminate[Honorio et al., 2020e], Friedel's salt[Honorio et al., 2022a], ettringite and metaettringite[Honorio et al., 2020e, Honorio et al., 2021a[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], bulk pore solutions[Honorio et al., 2019a, Honorio et al., 2020a], and clinker minerals (triclinic C 3 S [[START_REF] Barbosa | Triclinic tricalcium silicate: Structure and thermoelastic properties from molecular simulations[END_REF] and C 3 A[Honorio et al., 2020e]).

  Figure 2.2:(A) XRD patterns of ettringite and metaettringite according to the RH at 300 K: comparison of simulation using AFFF[Honorio et al., 2021a] and data from the literature[Baquerizo et al., 2016, Skoblinskaya andKrasilnikov, 1975]. (B) Selected snapshots of simulated systems showing how the Ca 6 Al 2 (OH) 12 columns (indicated by the yellow shadows) in ettringite are not well defined in metaettringite.

Figure 2 . 3 :

 23 Figure 2.3: Components of stiffness tensor (in Voigt notation) of Friedel's salt as a function of the temperature [Honorio et al., 2022a]. The main components are shown in (A)-(C), whereas (D) shows the components with a value close to 0 with respect to the standard deviation of the simulations (on the order of a few GPa). Savitzky-Golay filter was deployed to smooth simulation data in (A)-(D). (E) Elastic moduli and (F) Poisson ratio obtained from VRH approximation.

Figure 2 . 4 :

 24 Figure 2.4:(A) Normalized total velocity auto-correlation ⟨v j (t).v j (0)⟩/⟨v j (0) 2 ⟩, (B) normalized mass-weighted velocity auto-correlation ⟨m j v j (t).v j (0)⟩/⟨m j v j (0) 2 ⟩, and (C) VDOS g(ω) per RH at ambient temperature (298 K)[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF].

Figure 2 . 5 :

 25 Figure 2.5:A) Comparison of the specific heat capacity c V at constant volume of ettringite and metaettringite obtained using full classical methods (when rigid or flexible SPC/E water models are adopted), semi-classical and hybrid approaches[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF]. Dulong-Petit estimate (3N k B ) is shown for comparison. (B) Heat capacity c P at constant pressure, according to the hybrid approach, of ettringite (and metaettringite) as a function of the RH compared with experimental data from refs[Ederova and Satava, 1979, Baquerizo et al., 2016]. (C) c P -c V of ettringite (and metaettringite) function of the RH computed from the full rigidity tensor and tensor of thermal expansion (only the hybrid approach is shown). All results refers to ambient temperature (298 K).

Figure 2 . 6 :

 26 Figure 2.6: Evolution of the concentrations of the main ionic species (concentrations exceeding 5 mM) in ordinary Portland cement (PC) pore solutions[Honorio et al., 2019a, Honorio et al., 2020a]. The scenarios PC1-PC7 are retained (snapshots of atomic configurations at the bottom) to study the age dependency of the pore solution composition. PC1-PC2 corresponds to very early-age, PC3-PC4 to early-age and PC5-PC7 to late ages typical compositions for OPC system with a w/c of 0.4[START_REF] Vollpracht | The pore solution of blended cements: a review[END_REF].

Figure 2 . 7 :

 27 Figure 2.7: Self-diffusion coefficient of water confined in C-S-H as a function of the interlayer spacing for various temperatures [Honorio et al., 2022b]: (A) parallel and (C) perpendicular components; (B) and (D) respective Log-Log plots showing a dynamic transition near d >≈26 Å. Full lines in (A) and (B) correspond to fitting with Eq. 2.25.

Figure 2 . 8 :

 28 Figure 2.8: Activation energy of the self-diffusion of water confined in C-S-H according to the [Honorio et al., 2022b] (A) parallel and (B) perpendicular selfdiffusion coefficients.

Figure 2 . 9 :

 29 Figure2.9: Shear viscosity of water confined in C-S-H as a function of the effective pore size H[Honorio, 2022a]: (A) Values computed for C-S-H from fitting NEMD velocity profiles, using Einstein-Stokes and (parallel to the pore wall) self-diffusion coefficient[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], and direct auto-correlation functions (Eq. 2.27); (B) Shear viscosity normalized with respect to the shear viscosity of bulk water (η bulk , not to be confused with the bulk viscosity) comparison of results in (A) with experimental data from the literature on other nanoporous materials. The results of Low[Low, 1976] refer to interlayer distance in clays. The experimental studies[START_REF] Haneveld | Capillary filling of sub-10nm nanochannels[END_REF], Persson et al., 2007, Thamdrup et al., 2007, Jarlgaard et al., 2006] refers to silica nanochannels. In both graphics, the value of the shear viscosity of bulk water is shown for comparison.

Figure 2 .

 2 10(A) depicts a scheme showing the (parabolic) velocity profile from a Poiseuille flow confined between two surfaces with different textures described by the boundary conditions b + (upper surfaces) and b -(lower surface). These values of the slip boundary can assume negative, null, or positive values according to the fluidwall interactions (Figure 2.10(B))

Figure 2 . 10 :

 210 Figure 2.10: (A) Scheme showing a (parabolic) velocity profile from a (Poiseuille) flow confined between two surfaces with arbitrary textures described by the boundary conditions b + (upper) and b -(lower) (adapted from[START_REF] Bazant | Tensorial hydrodynamic slip[END_REF]). Each texture can be defined in their principal directions (here noted, 1 and 2); the textures are aligned when each pair {b+ 1 , b - 1 } and {b + 2 , b - 2 } is colinear. (B)Negative slip, no-slip, and positive slip boundary conditions associated with hydrophilic, midwetting, and hydrophobic surfaces (adapted from[START_REF] Zhan | Molecular insight into the boundary conditions of water flow in clay nanopores[END_REF]).

Figure 2 .

 2 Figure 2.14: Frequency-dependent dielectric permittivity of confined water in C-S-H for various interlayer distances d: (A),(B) real and (D),(E) imaginary parts[START_REF] Ait | Molecular modelling of the hysteresis under sorption and RH-dependent elastic constants of C-S-H" (Cosupervision F. Benboudjema) 3. Nejd Hammami[END_REF]. The (isotropic) response of bulk water is shown for comparison (experimental values according to Buchner et al.[START_REF] Buchner | Dielectric Relaxation of Aqueous NaCl Solutions[END_REF] and simulation values for SPC/E water according to Rinne et al.[Rinne et al., 2014a]). The microscopic response obtained from MD simulation was fited with a simplex exponential decay (e.g., Debye model) and with a high degree exponentially decaying polynomial capturing local oscillations. The functions regarding each interlayer distance are shifted 50 units upwards for readability (the horizontal gray line marks the zero for each curve); bulk water values are shifted 500 units upwards. To quantify the (an)isotropy in the parallel components of the dielectric tensor, the difference ε yy -ε xx is calculated for the (C) real and (D) imaginary parts of the dielectric response for selected slit pore sizes.

2 nFigure 2 .

 22 Figure 2.15: (a) Schematic representation of Contact Ion-Pairs (CIP), single Solvent-separated Ion Pairs (SIP), Doubly Solvent-separated Ion Pairs (DSIP), and Free Ions (FI), where a and b are the cation and anion charges, respectively[START_REF] Honorio | May self-diffusion of ions computed from molecular dynamics explain the electrical conductivity of pore solutions in cement-based materials?[END_REF]. (b) Atomic configuration of a bulk solution mimicking the pore solution of a cement paste at the very early-age in references[Honorio et al., 2019a, Honorio et al., 2020a]: water molecules are depicted as transparent sticks. CIPs observed among potassium and sulfates, and sodium and hydroxide are identified.

Figure 2 . 16 :

 216 Figure 2.16: Anisotropic volume changes of ettringite under desorption: comparison of (A)-(C) lattice parameters (a, b and c) and (D) volume changes obtained from simulations against the experimental data of Baquerizo et al.[START_REF] Baquerizo | Impact of water activity on the stability of ettringite[END_REF], Zhou et al.[START_REF] Zhou | Metaettringite, a decomposition product of ettringite[END_REF], and Gard (apud[START_REF] Zhou | Metaettringite, a decomposition product of ettringite[END_REF]). (E) Density changes as a function of the water content comparison against Baquerizo et al.[START_REF] Baquerizo | Impact of water activity on the stability of ettringite[END_REF] and the trend (dashed line) proposed by same authors: ρ = 2.600 -0.02925(n + 6) in g/cm 3 (adapted to the notation used here).

  (B) and (D) as a function of the RH and water content, respectively. The components of the Lagrangian tensor of crystal shrinkage of ettringite are proportional to the water content.

  Figure2.17: Components of strain tensor obtained from simulations using the data from Fig.2.16 as a function of (A) the RH (with (B) zoom in the small strain domain), and (C) the water content (with (D) zoom in the small strain domain)[Honorio et al., 2021a]. Linear fitting of the small strain domain is provided for both cases.

Figure 2 . 18 :

 218 Figure 2.18: Changes in the basal spacing of C-S-H quantified in GCMC-NVT simulations[START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF] compared against experimental data from the literature for C-S-H with different Ca/Si ratios during desorption[START_REF] Gutteridge | A study of the changes in weight, length and interplanar spacing induced by drying and rewetting synthetic CSH (I)[END_REF], Smith and Bayliss, 1972, Bayliss, 1973].

Figure 2 . 20 :

 220 Figure 2.20: Crystalline ASR products (Na-and K-shlykovite) controlled on the RH [Honorio et al., 2020d]: (a)-(b) water content, (c)-(d) disjoining pressure Π and (e)-(f) free energy Λ profiles as a function of the basal spacing for Na-and K-shlykovite (left and right, respectively) at 296 K and under an imposed water pressure P W (µ W ) of 1 atm. The insets in (c)-(f) zoom in on the oscillatory portions of the pressure and energy profiles.
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 2222 Figure 2.21: (A) Water desorption isotherms for C-S-H basal distances between 13.7 and 25.3 Å and bulk water versus RH. The 13.7 Å basal distance pore is the equilibrium interlayer pore. The water content at a given RH (N w ) is normalized to the number of water molecules at 100 % RH (N). (B) Adsorption isotherms for C-S-H interlayer distances between 13.7 and 25.3 Å. (C) Sorption isotherms for the same range of C-S-H interlayer spacings and bulk water. The graphs are moved upward for clarity[START_REF] Masara | Sorption in C-S-H at the molecular level: Disjoining pressures, effective interactions, hysteresis, and cavitation[END_REF].

Figure 2 . 23 :

 223 Figure 2.23: Radial distribution function of (A) Ow-Ow and (B) Hw-Hw pairs of water confined in C-S-H compared to bulk water[START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S[END_REF]. The peaks indicating the nearest, second (first peak), second, third, etc., nearest correlations are labeled. The bifurcation of the second peak in Ow-Ow RDF for a c-length below 4 nm is also indicated. The positions of (C) the first peak in Ow-Ow RDF and (B) second peak in Hw-Hw RDF (the first peak is imposed by the equilibrium bond and angle in the respective harmonic potentials used in flexible SPC/E water).

Figure 2 .Figure 2 .

 22 Figure 2.25: (A) Sketch of the local-µVT conditions used to compute the properties of surface water using fluctuation formula in µVT ensemble [Honorio et al., 2022d]. (B) Initial layering (at time t =0) in C-S-H following a color code per layer and how the system evolves to a mixed state in a timescale of 100 ps. Layers were defined according to the density profiles of water oxygens Ow.

Figure 2 . 26 :

 226 Figure2.26: Properties per water layer according to two drained poromechanical conditions[Honorio et al., 2022d]: potential energy U , isochoric specific heat capacity c v , molar incremental enthalpy h a , bulk modulus K, and (volumetric) coefficient of thermal expansion α.
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 31 Figure 3.1: Upscaling strategies in a multiscale multi-technique framework.

Figure 3 . 2 :

 32 Figure 3.2: Snapshots of the mesostructures of Na-ASR and K-ASR gels as a function of the packing density η g : networks (at top) and isosurfaces (at the bottom).

Figure 3 . 3 :

 33 Figure 3.3:Eigenstresses evolution with densification of Na-and K-ASR gels for various packing densities[START_REF] Honorio ; Ait-Hamadouche | Nanomechanics of ASR gels from coarse-grained simulations[END_REF]. The PDFs are depicted in a log-scale for better identification of the behavior of the distribution tails.
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 3435 Figure 3.4: Evolution of Young E and shear G moduli of Na-ASR (top) and K-ASR (bottom) as a function of the packing density at zero stress η 0 [Ait-Hamadouche[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF]. The self-consistent estimate, using the Voigt-Reuss-Hill (VRH) bulk and shear moduli obtained from molecular simulations on Na and K-shlykovite as input, is provided for comparison.

Figure 3 . 6 :

 36 Figure 3.6: (A) Separation of scales in nanolayers and stack of layers scales: conditions under which the assumptions of homogeneous plate theory holds[START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF]. (B) Representation of the "extreme" nanotextures of nanolayers materials (e.g., clays, C-S-H): (left) stacked or "brick-like" and (right) entangled or "spaghettilike" types[START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF], Zabat et al., 1997]. (C) At left, sketch of a simple stack of clay layers undergoing a transition of hydration state from (n + 1)W to nW state. At right, a sketch of the transition between two hydration states and the superposition of solid layers: l trans characterizes the distance over which a layer bends in-between stack due to the interplay of flexibility and hydration forces[START_REF] Honorio | Flexibility of nanolayers and stacks: implications in the nanostructuration of clays[END_REF].

Figure 3 . 7 :

 37 Figure 3.7: Layers aggregation (a) and isosurface (b) of C-S-H gel according to the flexibility of the layers for η g = 0.25 [Ait-Hamadouche and Honorio, 2022a].

Figure 3 . 8 :

 38 Figure 3.8: Effective Young modulus of C-S-H a function of the packing density at zero stress η 0 according to the flexibility of the layers.The estimate of a selfconsistent scheme for ellipsoidal inclusion with an aspect ratio of a r = 12.85/154.2 = 0.0833 is provided for comparison.[Ait-Hamadouche and Honorio, 2022a] 

Figure 3 . 10 :

 310 Figure 3.10: Cement paste microstructure considered for micromechanics upscaling schemes in [Honorio et al., 2022c]: Input volume fractions are obtained from Powers, Königsberger-Hellmich-Pichler (KHP) or Tennis and Jennings (TJ) models. SC or MT are deployed to upscale cement paste elastic properties. For 2-scale representations, C-S-H gel effective properties are upscaled using the SC scheme. All the other phases, including pores, are considered as spherical inclusions. SC scheme is deployed to upscale cement paste elastic properties. For the representations with ellipsoidal inclusions: with the Powers model, hydrates are considered as prolate particles a r = 10; with the TJ model, C-S-H LD and HD are considered as prolate particles a r = 10, and CH and AFm as oblate particles a r = 0.2.

Figure 3 .

 3 Figure 3.11: Representation of the microstructure of C-S-H gel following Strategy 2 (when information from the molecular simulations is directly used as input Micromechanics models)[START_REF] Honorio ; Honorio | Thermal conductivity, heat capacity and thermal expansion of ettringite and metaettringite: Effects of the relative humidity and temperature[END_REF], Honorio, 2022a, Ait Hamadouche et al., 2022].
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 313 Figure 3.13: Effective frequency-dependent dielectric permittivity of C-S-H gel: (A) real and (B) imaginary part for various packing densities η g and interlayer distance of gel pore d g [Ait Hamadouche et al., 2022].

Figure 3 .

 3 12(B) shows the effective permeability as a function of the packing density of the gel. The effective permeability computed for LD and HD C-S-H are 10-15 ×10 -23 m 2 and 8.5-10×10 -23 m 2 , respectively. These results are in good agreement with the value of 7 ×10 -23 m 2 calculated by Powers based on experiments

Figure 3 .

 3 Figure 3.15: (A) Effective electrical conductivity of the cement paste with w/c = 0.4: comparison of micromechanics estimates with experimental results from[START_REF] Christensen | Impedance Spectroscopy of Hydrating Cement-Based Materials: Measurement, Interpretation, and Application[END_REF]. SC estimates obtained with MCM (using as input lognormal distributions for the conductivities of the solids and pore solutions, and a standard deviation of the pore solution conductivity of 1 S/m is adopted) and from least square fitting of the experimental data are shown; Hashin-Shtrikman upper and lower bounds are identical to the MT estimates using the pore solution as a matrix and using the solid as the matrix, respectively. The pore solution's conductivity results using the master curve presented in[START_REF] Honorio | Electrical properties of cement-based materials: Multiscale modeling and quantification of the variability[END_REF] (Fig.1) are used in the homogenization. (B) Formation factor F = σ/σ P S of a cement paste with w/c = 0.5 as a function of the capillary porosity: comparison between experimental[START_REF] Christensen | Impedance Spectroscopy of Hydrating Cement-Based Materials: Measurement, Interpretation, and Application[END_REF] and model data. The inset shows the effective electrical conductivity of the cement paste with w/c = 0.5 and the associated standard deviation as computed with MCM.

Figure 3 . 16 :

 316 Figure 3.16: Effective static permittivity of a cement paste: comparison against the experimental data of [Andrade et al., 1999] on water-saturated cement paste with w/c of 0.4 and 0.5 (the authors report results on three samples for each age tested).

  C p and S p are the stiffness and compliance tensors (assuming a uniform behavior per phase), respectively, of phase p; A p and B p are the strain and stress localization tensors, respectively; f p is the volume fraction. The localization relations allow estimating the average mechanical fields per phase (or interphase variability of stresses): σp = B p : Σ (3.18) εp = A p : E (3.19)

  Figure 3.8 accounting for the 2D shape of layers.

Figure 3 . 17 :

 317 Figure 3.17: Comparison of the experimental data and simulation results for different models proposed in the benchmark of COST TU1404 action [Wyrzykowski et al., 2017] for (a) dynamic and static elastic Young's modulus and (b) dynamic shear modulus. Experimental results from the dynamic measurements are presented with open square markers, and from the static measurements with open triangle markers. Model 4 refers to my results.

Figure 3 .:

 3 Figure 3.18: Micromechanics-based estimate performances for elastic prediction of the training set for some of the microstructure representations in Fig. 3.10 (only the representations with the best performance are shown here) [Honorio et al., 2022c]: experimental elastic constants from the training dataset (Young modulus E, Poisson ratio ν, bulk K and shear G moduli) plotted against the estimated values using various homogenization methods. Influence of the degree of hydration on the performances: the empty blue circles correspond to DOH <0.7, and the solid black circles correspond to DOH >0.7, i.e., predictions at late ages.

Figure 3 . 19 :

 319 Figure 3.19: Basic creep at concrete scale[START_REF] Honorio | Multiscale estimation of ageing viscoelastic properties of cement-based materials: A combined analytical and numerical approach to estimate the behaviour at early age[END_REF]: comparison of homogenization estimates with experiments from[START_REF] Craeye | Early age behaviour of concrete supercontainers for radioactive waste disposal[END_REF]. Mesostructures with spherical (full lines) and Voronoï (dashed lines) inclusions for scenarios with (right) and without (left) space-filling are shown.

Figure 3 .

 3 Figure 3.22: Effects of inclusion shape [Honorio et al., 2018b]: At the top, comparison of analytical estimates of stress distributions in matrix and inclusions with results from 3D finite element simulations on numerical samples with three different inclusion shapes. The Young moduli of the matrix and inclusion are E mat = 20 GPa and E inc = 65 GPa, respectively; the Poisson ratio of all phases is 0.2. A uniaxial load is applied in the x-direction. The analytical estimations are shown, assuming a normal distribution of stresses. At the bottom, numerical samples considered in 3D finite elements simulations: (a) spherical, (b) convex Voronoi polyhedral, and (c) convex Voronoi polyhedral flattened inclusions (with an aspect ratio of 3).

Figure 3 .

 3 Figure 3.23: Comparison of analytical estimates[START_REF] Honorio | Statistical variability of mechanical fields in thermo-poro-elasticity: Multiscale analytical estimations applied to cement-based materials at early-age[END_REF] with experimental compressive strength of cement pastes obtained from the literature[START_REF] Wyrzykowski | Numerical benchmark campaign of COST Action TU1404 -microstructural modelling[END_REF], Honorio et al., 2016a, Pichler et al., 2013, Termkhajornkit et al., 2014, Lam et al., 2000]. At left, the results of Wyrzykowski et al.[START_REF] Wyrzykowski | Numerical benchmark campaign of COST Action TU1404 -microstructural modelling[END_REF] refer to a w/c of 0.3; at the center, the results of Honorio et al.[Honorio et al., 2016a] refer to a w/c of 0.5. In both cases, the evolution of Young moduli with age is presented in the respective articles. Analytical estimations are provided as a function of the critical volume fraction f cr and homogenization scheme (MT ou SC) used to get the effective properties of the hydration product layer scale.
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 13 Molecular mechanisms of the crystallization pressure Associated projects: Master project (2022) and on-going PhD of B.M. Hawchar (CNRS 80 prime, project ESOPE)

Figure 4 . 1 :

 41 Figure 4.1: Chemical potential of solid NaCl aqueous solution as a function of the molality[Hawchar, 2022]. The blue dashed lines correspond to Aragones et al.[START_REF] Aragones | Solubility of NaCl in water by molecular simulation revisited[END_REF] results. The solid magenta curves represent experimental results, and the red curves correspond to Hawchar Master thesis[Hawchar, 2022] simulations. Improved solubility estimations were obtained with new simulations using Yagasaki et al.[START_REF] Yagasaki | Lennard-Jones Parameters Determined to Reproduce the Solubility of NaCl and KCl in SPC/E, TIP3P, and TIP4P/2005 Water[END_REF] potential.
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 14 Statistical physics tool for understanding the macroscopic structure of cement systems Associated projects: Master project (2021) of L. Renault. A chapter in the PhD of T. Sayari Aggregate volume fraction Distance from the surface [mm]

Figure 4 . 2 :

 42 Figure 4.2: Simulated aggregate volume fraction profile according to the granulometric curves of three concrete mix designs [Sayari et al., 2023]: F1 VeR-CoRs concrete with Dmax = 25 mm, F2 CETU concrete with Dmax = 25 mm and a different aggregates distribution, and F3 the B11 concrete with Dmax = 12.5 mm (the total volume fraction is the same and is equal to 40%).
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Table 2 . 2 :

 22 Cole-Cole fit parameters from MD simulations of pore solution and SPC/E water, and data from the literature on water. a[Honorio et al., 2020a]. b Buchner et al.[START_REF] Buchner | Dielectric Relaxation of Aqueous NaCl Solutions[END_REF] experiments. c Rinne et al.[Rinne et al., 2014a] MD simulations.

		ϵ CC	τ CC	α
	PC1	73.6 ± 2.9 9.97 ± 0.97	0.000± 0.060
	PC2	67.1 ± 2.6 10.26± 0.97 0.009 ± 0.060
	PC3	73.9 ± 3.2 12.55 ± 1.33 0.000± 0.061
	PC4	60.7 ± 2.7	9.33 ±1.14	0.000± 0.050
	PC5	56.0 ± 2.1 9.80 ± 0.96 0.040 ± 0.056
	PC6	55.2 ± 2.4 9.33 ± 1.27 0.098 ± 0.055
	PC7	60.4 ± 3.0 10.30 ± 1.52 0.052 ± 0.063
	SPC/E a 68.2 ± 2.7 8.35 ± 0.94 0.033 ± 0.055
	SPC/E b	78.4	8.27	0.000
	SPC/E c	69.9	10.72	0.014

Table 2 . 3 :

 23 Volumetric S v , transverse S t and longitudinal S l acoustic velocities; and the mean free path l m and relaxation time τ p of phonons of triclinic tricalcium silicate at ambient conditions (300 K)[START_REF] Barbosa | Triclinic tricalcium silicate: Structure and thermoelastic properties from molecular simulations[END_REF]]. a Computed here from the thermoelastic properties presented in[START_REF] Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF].

		This work M3 a
	S v (km/s)	5.5	4.4
	S t (km/s)	5.0	3.9
	S l (km/s)	8.36	7.1
	l m (Å)	4.4	9.5
	τ m (fs)	81	216
	requires a description at the molecular scale. Recent advances in understanding
	these processes have been obtained with molecular simulations [Abdolhosseini Qomi
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 32 Mathematical analogy of the linear forms describing the problems of conductivity-like properties: Thermal conductivity, electrical conductivity, dielectric permittivity, diffusivity, hydraulic conductivity.

	Effective property	Constitutive law	Average flux	Average intensity
	Thermal conduct.	Fourier	Heat flux	Temperature gradient
	λ	q = -λ∇T	q	∇ T
	Electrical conduct.	Ohm	Electric current	Electric field
	σ e	J = σ e ∇V e	J	∇V e = E
	Dielectric permit. Clausius-Mossotti	Electric displ.	Electric field
	ε	D e = -ε∇V e	D e	∇V e = E
	Diffusivity	Fick	Mass flux	Concentration gradient
	D	J = -D∇c	J	∇c
	Hydraulic conduct.	Darcy	Mass flux	Hydraulic gradient
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