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The behavior of confined and surface water in hydrophilic systems is known to differ from bulk behavior. C-S-H is a hydrophilic micro/meso-porous phase with a large surface area. Understanding how water behaves in C-S-H is crucial to elucidate phenomena associated with water sorption and dynamics, which includes mass transport properties and durability, sorption-induced volume changes, thermal properties, and viscoelastic response. Molecular simulations are a powerful tool to quantify water behavior on the atomic level. In this work, these simulations are deployed to quantify the changes in the main physical properties -namely, density, self-diffusion, viscosity, bulk modulus, thermal expansion, heat capacity, and heat of adsorption -of liquid water confined in C-S-H as a function of the pore size under osmotic equilibrium. Then, we focus on surface water and how the properties of water change as a function of the distance from the C-S-H surface. For (slit) pores smaller than about 3-5 nm, the properties of water exhibit a transition from liquid-like to a more solid-like behavior. Surface water behavior differs from bulk behavior up to the fourth adsorbed layer. The results provided are critical inputs for multiscale modeling concerning the properties of confined and bound water. Also, they provide new physical insights to revisit sorption models and understand drying processes.

Introduction

The interactions of water with pore surfaces are a crucial factor in determining how water will behave. In hydrophilic phases such as C-S-H, the water adsorbed onto the surface is less mobile, is more compact, and exhibits different energetics from bulk water [START_REF] Abdolhosseini Qomi | Advances in atomistic modeling and understanding of drying shrinkage in cementitious materials[END_REF], [START_REF] Honorio | Surface water in C-S-H: effect of the temperature on (de)sorption[END_REF]). When the pore is small enough so that the effects of two opposing surface walls superpose, the behavior of the adsorbed fluid deviates even further from its bulk form [START_REF] Abdolhosseini Qomi | Advances in atomistic modeling and understanding of drying shrinkage in cementitious materials[END_REF]). In C-S-H, interlayer water is precisely in this strongly confined situation. Understanding how water behaves in C-S-H is crucial to elucidate the mechanisms associated with water sorption and dynamics, which includes mass transport properties and durability, sorption-induced volume changes, electromagnetic response (for non-destructive evaluation), thermal properties, and viscoelastic response. Here, molecular simulations are deployed to quantify the changes in the main physical propertiesnamely, density, self-diffusion, permeability, viscosity, bulk modulus, thermal expansion, heat capacity, and heat of adsorption -of liquid water confined in C-S-H as a function of the pore size under osmotic equilibrium. Molecular simulation is the well-suited technique for this task because it allows computing properties under well-controlled thermodynamic conditions in the relevant scale (often difficult to assess experimentally properly). Then, we focus on surface water and how the properties of water change as a function of the distance from the C-S-H surface.

Molecular Models and Methods

Molecular simulations are performed using the C-S-H atomic structure proposed by Kunhi [START_REF] Kunhi Mohamed | An atomistic building block description of C-S-H -Towards a realistic C-S-H model[END_REF] with structural formula 1.67CaO.SiO2. nH2O. ClayFF [START_REF] Cygan | Advances in Clayff Molecular Simulation of Layered and Nanoporous Materials and Their Aqueous Interfaces[END_REF]) is adopted as a force field. Extensive validation of the structural features of the atomistic model in comparison with experimental data is provided by [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S-H[END_REF]. Various pore sizes are constructed by increasing the interlayer distance for one of the pores present in this C-S-H model. Grand canonical Monte Carlo simulations are performed to get the equilibrium water content for each pore size under ambient conditions (temperature of 300 K and 100% RH [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S-H[END_REF]). Simulations for surface water are performed for a single pore size that is big enough so that superposing effects of the opposing pore surfaces are negligible and a significant portion of the pore behaves like bulk water (see details in [START_REF] Honorio | Surface water in C-S-H: effect of the temperature on (de)sorption[END_REF]). Properties are computed using the appropriate fluctuation formula as detailed in each study. 

Results and Discussion

Figure 1 shows the evolution of various properties as a function of the interlayer distance in C-S-H under ambient conditions. The isochoric heat capacity cv, molar incremental enthalpy of adsorption ha, and bulk modulus K of water increase with the confinement. Regarding transport properties, self-diffusion increases with confinement with a change in the dynamical regime for interlayer pores below 3 nm thick [START_REF] Honorio | Water self-diffusion in C-S-H: Effect of confinement and temperature studied by molecular dynamics[END_REF]). The shear viscosity of water strongly increases with confinement, which is in agreement with experimental observations on various nanoporous systems [START_REF] Honorio | Permeability of C-S-H[END_REF]). For pores above 5-7 nm thick, water retrieves its bulk behavior overall. This means that larger portions of water have a bulk-like behavior, so that the contribution of surface water to the total behavior is less Sim.
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pronounced. Properties like self-diffusion and dielectric permittivity are markedly anisotropic: the response perpendicular to the pore plan is strongly reduced in the case of self-diffusion [START_REF] Honorio | Water self-diffusion in C-S-H: Effect of confinement and temperature studied by molecular dynamics[END_REF]) and vanishes in the case of dielectric permittivity (Ait Hamadouche et al. ( 2023)). Figure 2 shows how the isochoric heat capacity cv, molar incremental enthalpy of adsorption ha, and bulk modulus K of surface water vary as a function of the layer position. Two poromechanical conditions are considered: liquid water-saturated (RH = 100%) and constant partial fluid pressure (Pr = 1 atm). The first layer is closer to the C-S-H surface. Each layer is 2.4 Å thick based on the analysis of water oxygen profiles, as detailed in Honorio et al. (2023a). Layers 1-3 are within the interphase defined by the C-S-H rough surface and microportlandite clusters adsorbed. The heat capacity peaks are close to the phase boundary between surface water and bulk water. The analysis of enthalpy of adsorption confirms the high hydrophilicity of the surface, with the position closer to the surface being energetically more favorable than the bulk portion of the pore (layer 5 and above). The bulk modulus of the first layers is significantly larger, corroborating the picture in which surface water exhibits a more rigid, solid-like behavior. The results above enable revisiting the classes of pore water required to fully explain the pore water behavior in cement-based materials. Only three classes of pore water are needed: 1. Interlayer water: it is the water confined in pores smaller than 3-4 nm. Due to the cohesion forces, the most prevalent interlayer distance is associated with the basal distance (the most stable one). Pores smaller than the ones associated with the basal distance are energetically unfavorable due to steric repulsion. The analysis of disjoining pressure profiles shows that mechanical instabilities may arise for some pore size immediately above (in the range of interlayer distance of 1.5 to 1.6 nm) the basal distance, which means that the distribution of interlayer pore size should be very narrow. Interlayer water can be seen as pore water since it diffuses, and (ii) the interlayer water molecules can exchange with neighboring pores reversibly under hydro-thermal variations (i.e. water can be dried out or readsorbed in the interlayer under the right RH and temperature conditions). The collapse of the interlayer space only occurs at extremely low RH (< 1%), which is not relevant for most of the applications. Property change under confinement is accompanied by changes in water molecules arrangements and H-bond network structure [START_REF] Honorio | Heat capacity, isothermal compressibility, isosteric heat of adsorption and thermal expansion of water confined in C-S-H[END_REF]). 2. Surface (or interfacial) water: it is the water adsorbed onto the C-S-H surface in pores with interlayer distance above about 5-7 nm, so that the effects of opposing C-S-H do not superpose. Most of surface water is located within the interphase containing C-S-H surface roughness, calcium counterions and hydroxides adsorbed on the surface. The total thickness of this interphase is about 7.5 Å according to density profiles (of water, silica, and adsorbed ions) (Honorio et al. (2023a)) and also according to the slip length determined from the analysis of hydrodynamics in C-S-H channels [START_REF] Honorio | Permeability of C-S-H[END_REF]). The first 3 to 4 water layers (defined according to the density profiles of water oxygen) adsorbed on the C-S-H surface have a distinct behavior from bulk water and should be Water Layer T considered as surface water. Each water layer is 2.4 Å thick up to temperatures exceeding around 300°C (Honorio et al. (2023a)). 3. Bulk water: water in the central portion of pores larger than 5-7 nm shows already bulk-like behavior.

Properties strongly affected by anisotropic effects, such as diffusion, permeability and dielectric permittivity, also show bulk-like behavior in the direction parallel to the pore surface. For these properties, the behavior in the direction perpendicular to the pore surface is roughly suppressed [START_REF] Honorio | Water self-diffusion in C-S-H: Effect of confinement and temperature studied by molecular dynamics[END_REF][START_REF] Ait Hamadouche | Dielectric permittivity of C-S-H[END_REF]), Honorio et al. (2023a)). With this classification, gel and capillary pores are a mix of both surface and bulk water, with the latter dominating in the case of large gel and capillary pores.

Conclusions

The behavior of confined and surface water was quantified using molecular simulations, which is a wellsuited technique enabling to assess the nanoscale under controlled conditions. Both surface and interlayer water exhibit reduced dynamics with an intermediary behavior between liquid and solid. The physical phenomena at the origins of the changes in the behavior of interlayer and surface water are water molecules arrangements, H-bond network structure, and changes in the system's local energetics. Only three distinct classes of water are needed to explain pore water in C-S-H: (i) interlayer water (pores smaller than 3-4 nm), (ii) surface water (water adsorbed onto C-S-H surface up to 1 nm distance from the surface in pores with interlayer distance above about 5-7 nm), and (iii) bulk water (water in the central portion of pores larger than 5-7 nm). These results are helpful inputs for multiscale modeling concerning confined and surface water properties. Also, they provide new physical insights to revisit sorption models and understand drying processes.

Figure 1 :

 1 Figure 1: Properties of water confined in C-S-H as a function of the effective pore size (as defined in Honorio (2022)): isochoric heat capacity cv, molar incremental enthalpy of adsorption ha, bulk modulus K, selfdiffusion Dyx (parallel to the pore plane), shear viscosity 𝜂, and dielectric constant 𝜀.

Figure 2 :

 2 Figure 2: Properties of surface water per layer (layer 1 being closer to the surface; layers 5 and above being in the bulk zone of the pore): isochoric heat capacity cv, enthalpy of adsorption ha, and bulk modulus K.
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