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Why does the modified Arrhenius' law fail to describe the hydration modeling of recycled aggregate?
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In the present study, the chemo-thermal modeling of time-dependent hydration phenomenon of the recycled-aggregate-based mortar and natural-aggregate-based mortar has been achieved via the modified Arrhenius' law and 3D finite element analyses. The experimental measurements about the heat release rate and total hydration heat have been taken into account for the numerical experiments later on. The numerical results confirm that hydration gradient across the cement paste matrix is disturbed by the existence of aggregates during the hydration process for both mortars. The gap spaces between cement paste and aggregates at Interfacial Transition Zone (ITZ) have been studied via Replica Method. However, the comparison among the numerical and experimental findings reveals that the numerical solutions provide different outcomes at ITZ for recycling mortar specimens. This matter substantiates that the modified Arrhenius' law can not be applied to the recycling mortar hydration modeling and needs to be revised to take into account the additional considerations pertaining to the thermo-chemically activated reactions through the recycled aggregates including cement pastes at very early age. Some fresh routes in the analytical and numerical modeling of the recycled-sand-based mortars are discussed.

Introduction

Problem statement

The exploration of the natural resources for construction purposes leads to millions of tonnes of construction and demolition wastes every year. Traditionally, the demolition wastes have been used for the road pavements. Unfortunately, the demolition wastes have not been well applied in the building construction as building materials due to the fact that the mechanical strength is not good enough to be used in the building constructions very often. However, the environmentally and economically-based motivation of the European Union Directive proposal 2008/98/EC demands to apply the recycled materials up to 70% by 2020 [START_REF] Blengini | Life cycle assessment guidelines for the sustainable production and recycling of aggregates: the sustainable aggregates resource management project (SARMa)[END_REF]. There are several research joint-projects to handle the abovementioned goal. It is straightforward to emphasize that there may have different origins as well as aging issues in the same recycled aggregate mixture. Therefore, the use of the stochastic approaches as long as chemo-physical aspects is extremely essential to deal with these materials and explore their reliability and feasibility matters. As mentioned before, due to the fact that the hydration process of the above-mentioned materials entails the stochastic issues, e.g. the mechanical strength and chemo-physical properties, the recycled aggregates for cement-based materials are not widely applied to the building constructions. As a result, the use of the recycled-aggregates is still restricted to some restricted applications only. There are many studies in dealing with the recycled aggregate for the cement-based materials in the cement and concrete society. Most of these contributions focus on the statistical analyses [START_REF] Silva | Properties and composition of recycled aggregates from construction and demolition waste suitable for concrete production[END_REF] to assess the recycled concrete strength. According to the stochastic features of the recycled aggregates, these materials should be deemed as random materials. There are two main approaches in studying the recycled concrete nowadays [START_REF] Jeong | Random materials modeling : Statistical approach proposal for recycling materials[END_REF]:

1. The first one is to estimate the physical characteristics like water absorption, density and porosity [START_REF] Bravo | Mechanical performance of concrete made with aggregates from construction and demolition waste recycling plants[END_REF],

2. The second one is to determine the mechanical strength of materials and structures [START_REF] Koenders | Compressive strength and hydration processes of concrete with recycled aggregates[END_REF].

Despite the fact that most research studies deal with the physical properties variation as indicated earlier, the 3D hydration phenomenon analysis about the recycled-sand-based mortars has not been studied yet [START_REF] Koenders | Compressive strength and hydration processes of concrete with recycled aggregates[END_REF][START_REF] Pepe | Structural concrete made with recycled aggregates: Hydration process and compressive strength models[END_REF]. According to the recent study [START_REF] Jeong | Chemo-physical modeling of cement mortar hydration: Role of aggregates[END_REF][START_REF] Jeong | Thermo-chemical heterogeneous hydration gradient modeling of concrete and aggregates size effect on ITZ[END_REF], the modified Arrhenius' law can be used to estimate the degree of hydration on the two-phase mortars as well as the hydration gradient around the aggregates 1 . Furthermore, the ITZ zone where the gap space next to aggregate is always observed, is highly linked to the gradient hydration, i.e. greater gradient hydration value conducts greater gap spaces. Additionally, the numerical simulations involving the experimental observation over the Interfacial Transition Zone (ITZ) during early hydration period has never been realized for the recycled aggregates.

The current study is devoted to study the ITZ and the empty spaces around the ITZ by means of the numerical modeling and experiments for both natural-sand-based mortars and recycled-sand-based mortars. The paper focuses on how and why the ITZ in the recycled mortars differs from the ordinary mortar samples either. Furthermore, the 1 It is required to note that the modified Arrhenius's law in the present paper is quite different from the original Arrhenius' law [START_REF] Arrhenius | On the influence of carbonic acid in the air upon the temperature of the ground[END_REF][START_REF] Arrhenius | On the influence of carbonic acid in the air upon the temperature of the ground[END_REF]. This term is used for the cement-based materials as known in [START_REF] Ulm | Modeling of thermochemomechanical couplings of concrete at early ages[END_REF][START_REF] Ulm | Couplings in early-age concrete: From material modeling to structural design[END_REF][START_REF] Ulm | What is a massive concrete structure at early ages? some dimensional arguments[END_REF][START_REF] Lackner | Chemoplastic material model for the simulation of early-age cracking: From the constitutive law to numerical analyses of massive concrete structures[END_REF].

2 influence of the recycled aggregates size, i.e. coarse and fine aggregates on the mechanical strength has been also studied based on the numerical simulations of the hydration. It is straightforward to point out the numerical modeling issue using the two-phase assumption involving the pseudo-random spherical packing is carried out for the first time for the recycled-sand-based mortars herein. The main challenge is to scrutinize the aforementioned modeling for the recycled-based materials. To achieve this assignment, the chemo-thermal process of hydration has been taken into account by means of the modified Arrhenius' law [START_REF] Ulm | Modeling of thermochemomechanical couplings of concrete at early ages[END_REF][START_REF] Ulm | Couplings in early-age concrete: From material modeling to structural design[END_REF][START_REF] Mounanga | Étude du couplage thermochimique au sein de matrices cimentaires en cours d'hydratation[END_REF] on the recycled mortar focusing on the role of recycled aggregates on the hydration phenomenon and ITZ. The 3D numerical modeling has been carried out via the FEM for two-phase mortar assumption, i.e. the cement paste matrix and aggregates. Finally, the local and heterogeneous effects in the inter-grain spaces and their impacts are investigated via the numerical outcomes and experiments using the Replica method herein [START_REF] Ringot | Investigation of interfacial cracking in hydraulic concrete by a replica procedure[END_REF][START_REF] Leklou | Study by the method of the replica of the influence of granular inclusions in the cement matrix at early age[END_REF].

Paper highlights

• Calorimetric measurement of natural-sand-based and recycled-sand-based mortar specimens using the Langavant calorimetric bottle.

• Chemo-thermal modeling based on the modified Arrhenius' law for determining the time-dependent hydration distribution across the natural and recycled-sand-based mortar specimens.

• Quasi-random geometrical spherical packing algorithm application in generating the aggregates distribution.

• Time dependent gradient hydration computation around the natural and recycled aggregates.

• ITZ observation via the Replica method.

• Recycled aggregates size effect study on ITZ.

Paper organization

The paper is organized as following. The second section is devoted to a brief introduction to the biphasic modeling via fully coupled chemo-thermal analysis. The basic equations and assumptions in conjunction with the numerical modeling issue and Extracted Aggregate Groups concept are reviewed. The experimental studies have been brought in the third section. The materials description, methods and outcomes have been shown in this section including the Langavant calorimetric bottle measurements, physico-chemical characterizations and mechanical points of view. The experiments have been achieved on the natural-sand-based mortar called as M1 and the recycled-sand-based mortars called as M2, M2-1 and M2-2. The numerical experiments have been achieved for the above-indicated samples via fully coupled chemo-thermal modeling whose computations lead to the non-linear transient computations. The comparison between numerical and experimental results have been done in section 5. This section exclusively deals with ITZs via Replica method for M1 and M2. The gaps due to the hydration gradient at 24h, 48, 72h and 168h have been investigated. Some drawbacks about the modeling simulation of the recycled-sand-based mortar M2 are emphasized. At the last section, some conclusions and some way outs are mentioned and suggested for the further investigations.

Theoretical backbone

Degree of hydration evolution via the modified Arrhenius' law and ITZ study

The degree of hydration is widely considered as a major parameter during the early age of cement-based materials in the cement and concrete society and it is also used in the numerical computations of the massive concrete structures as well [START_REF] Ulm | What is a massive concrete structure at early ages? some dimensional arguments[END_REF][START_REF] Lackner | Chemoplastic material model for the simulation of early-age cracking: From the constitutive law to numerical analyses of massive concrete structures[END_REF]. There is also a bunch of relations in which the degree of hydration and its penalized value [START_REF] Waller | Relations entre composition des bétons, exothermie en cours de prise et résistance en compression[END_REF][START_REF] Xu | Modeling hydration properties and temperature developments of early-age concrete pavement using calorimetry tests[END_REF][START_REF] Tydlitát | Application of large-volume calorimetry for monitoring the early-stage hydration heat development in cement-based composites as a function of w/c[END_REF], i.e. ξ ∞ are used to obtain the cement and concrete properties, e.g. Le Chatelier's contraction, modulus of elasticity, rheological parameters and swelling deformations (see pages 162-164 in [START_REF] Michaud | Vers une approche chimio-poro-visco-elastique du comportement au jeune age des betons[END_REF] for more details). The degree of hydration is used to describe the cementitious materials evolution notably during the early age [START_REF] Powers | Structure and physical properties of hardened portland cement paste[END_REF]. There are several definitions in the literature (see Brunauer and Copeland in [START_REF] Brunauer | The chemistry of concrete[END_REF], Taylor in [START_REF] Taylor | The chemistry of cement hydration[END_REF][START_REF] Taylor | Cement Chemistry, Second Edition[END_REF], Parrot et al. in [START_REF] Parrott | Monitoring portland cement hydration: Comparison of methods[END_REF],

Papadakis et al. in [START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF][START_REF] Ramézani | Étude du phénomène d'hydratation de la pâte de ciment: modélisation numérique de la cinétique chimique[END_REF] and Fagerlund in [START_REF] Fagerlund | Chemically bound water as measure of degree of hydration method and potential error[END_REF]). Basically, the degree of hydration can be divided into two different categories. The first category emphasizes the overall definitions which mostly signify the chemical shrinkage or similar descriptions [START_REF] Xu | Modeling hydration properties and temperature developments of early-age concrete pavement using calorimetry tests[END_REF][START_REF] Tydlitát | Application of large-volume calorimetry for monitoring the early-stage hydration heat development in cement-based composites as a function of w/c[END_REF][START_REF] Mounanga | Predicting Ca(OH)2 content and chemical shrinkage of hydrating cement pastes using analytical approach[END_REF][START_REF] Kumar | Heat evolution during the hydration of portland cement in the presence of fly ash, calcium hydroxide and super plasticizer[END_REF] and the second one relates to the chemical compounds concentration excluding or including the additive chemical weight functions and imaging techniques [START_REF] Mostafa | Heat of hydration of high reactive pozzolans in blended cements: Isothermal conduction calorimetry[END_REF][START_REF] Pang | A comparison study of portland cement hydration kinetics as measured by chemical shrinkage and isothermal calorimetry[END_REF]. Several methods can be used to determine the degree of hydration of cement, e.g. image analysis. The image analysis would be a suitable method and it is generally applied for the mature materials. This method is quite difficult to use at early age due to the fact that very little hydration takes place and the quantity of hydrates is low and not easy to be assessed with enough accuracy.

The second definition would entail the reactivity issue. As explained above, the reactivity of each cement compound is different from each other [START_REF] Lea | Lea's chemistry of cement and concrete[END_REF] 2 . In the present study, the hydration degree has been determined globally excluding various clinker phases. Therefore, the used activation energy is considered as apparent, as it signifies a multi-reactional process. The modeling is based on the same assumption. This approach, based upon the consideration of a two-phase material (aggregate and cement paste), has been chosen in order to simplify the hydration modeling and focus on the impact of natural and recycled aggregates on the global hydration process of cement. Based on this assumption, the heat release and hydration progress can be fully coupled as follows :

Ω ∂ξ(x, t) ∂t dV = Ω A(ξ(x, t)) exp - E a R T (x, t)) dV on Ω CO (t) ⊂ R 3 ×]0, T ] (1a) Ω ρC p ∂T (x, t) ∂t dV = - Ω Div (-λ T (x, t)) dV + Ω Q ∞ ∂ξ(x, t) ∂t dV on Ω(t) ⊂ R 3 ×]0, T ] (1b)
where, A(ξ(x, t)) is the driven-mechanism of hydration known as chemical affinity and energy barrier that quantifies the influence of temperature on cement hydration kinetics. E a is also known as the apparent activation energy which is a critical parameter for the calculation of maturity and equivalent age characteristics of concrete (see [START_REF] Bresson | La prévision des résistances des produits en béton[END_REF][START_REF] D'aloia | Determining the apparent activation energy of concrete: Ea-numerical simulations of the heat of hydration of cement[END_REF][START_REF] Schindler | Effect of temperature on hydration of cementitious materials[END_REF][START_REF] Poole | Methods for calculating activation energy for portland cement[END_REF] and Appendix A for more details about the apparent activation energy concept and its determination). R stands for the perfect constant gas. ρ and C p are mass density and specific heat capacity, respectively. λ represents the thermal conductivity of materials and Q ∞ is the total body hydration heat. The hydration phenomenon of cement-based materials called exothermic or thermo-activated process, has been well studied in [START_REF] Ulm | Modeling of thermochemomechanical couplings of concrete at early ages[END_REF][START_REF] Taylor | The chemistry of cement hydration[END_REF][START_REF] Taylor | Cement Chemistry, Second Edition[END_REF][START_REF] Lea | Lea's chemistry of cement and concrete[END_REF][START_REF] Maekawa | Modelling of Concrete Performance: Hydration, Miscrostructure and Mass Transport[END_REF][START_REF] Ulm | Comportement du béton au jeune âge (Traité MIM, série Matériaux de construction[END_REF]. In fact, the released heat can affect not only the structural thermal gradient among the concrete elements during the hydration but also inside the material due to the aggregates existence.

Apart from the structural thermal gradient issues, the thermal gradient can be also occurred inside the material due to the inclusions, e.g. the aggregates. Consequently, the heterogeneous gradient temperature field explicitly conducts the Young's modulus evolution of the cementitious materials depending on aggregates number and its spatial distribution during the hydration period. This deals with the Interfacial Transition Zone which would be more likely the weakest zone in where the empty space and higher porosity can be readily observed. Very few studies look at the meso-structure and micro-structure and the presence of the aggregates through the cement paste. This issue is frequently forgotten or dismissed because of its complexity. As a result, the mechanical behavior of the cement-based materials are lumped in the marco-scale and consequently, the effective properties are taken into account.

In the previous studies [START_REF] Jeong | Chemo-physical modeling of cement mortar hydration: Role of aggregates[END_REF][START_REF] Jeong | Thermo-chemical heterogeneous hydration gradient modeling of concrete and aggregates size effect on ITZ[END_REF], the effect of the grains and their so-called diffusive impacts through the cement paste matrix are demonstrated using the direct multi-physics coupling via the finite element method. According to the above-addressed contributions, the heterogeneous hydration gradient and its stiffness evolution have been found out through the cement paste including the glass beads and aggregates [START_REF] Jeong | Chemo-physical modeling of cement mortar hydration: Role of aggregates[END_REF][START_REF] Jeong | Thermo-chemical heterogeneous hydration gradient modeling of concrete and aggregates size effect on ITZ[END_REF]. Hence, the aggregates role on the hydration process and more importantly the natural aggregates and recycled aggregates will be studied via the experiments and numerical modeling. The main drawback in the recycled aggregates application into cement and concrete is that it gets more complex issue due to the random chemo-physical properties. Moreover, the study of ITZ of recycled-aggregatebased mortar and concrete would be more difficult because of the statistical features in the recycled aggregates. To understand the ITZ behavior of recycled-aggregate-based mortars during the hydration process, two-phase mortar assumption is deemed in where the first phase is the cement paste matrix releasing heat during the hydration period and the second one is the recycled aggregates [START_REF] Younis | Strength prediction model and methods for improving recycled aggregate concrete[END_REF].

The main question is that "Can the chemo-thermal modeling via the modified Arrhenius' law describe any gap space at ITZ in the recycled-aggregate-based mortars and concrete?". The forthcoming subsection brings some assumptions in conjunction with the numerical experiments and the random features of recycled aggregates which are utilized for the modeling purposes later.

Statistically-motivated assumption and EG definition

s indicated previously, two-phase mortar is considered for the numerical simulations herein. The recycled aggregates are quasi-randomly distributed in the cement paste matrix. The use of old cement as long as old aggregates conducts a dispersion for the physico-thermal properties at various points. This arises from unknown sources in where the recycled aggregates come from, manufacturing procedures and demolition involving the crushing and washing actions. The above-mentioned random features can be described via the Gaussian distribution [START_REF] Silva | Properties and composition of recycled aggregates from construction and demolition waste suitable for concrete production[END_REF]. The stochastic physical properties of the Extracted ggregate Groups (EG) can be extracted via the mean value and standard deviation (Figure 1). Our main assumption in the statistically-motivated method is that EGs (Extracted ggregate Groups) can be found out in all aggregates wherever sampling is done. Now, the question is how much big they are and what sampling shape they have. Let us get started with a big storage of recycled aggregates. lthough, the recycled aggregate have a stochastic nature due to the undetermined origins, the extracted samples, i.e. EGs, have nearly the same behavior.

Based upon the statistical point of view, the extracted aggregate samples should have the same Gaussian distribution very often. The above-mentioned assumption in associated with EG can be summarized as below:

1. ll recycled aggregates should not contain any contaminant like asphalt, glass and any other organic materials like wood and plastic paper clay and soil, 2. ll recycled aggregates solely contain old cement paste, 3. ll recycled aggregates should be well mixed up whatever their origin and aging issue to produce nearly the same chemo-physical properties in a statistical manner. The applied cement is a Portland cement known as CEM I 52.5 R in accordance with the European standard [START_REF]Cement -part 1: Compositions, specifications and conformity criteria for common cement[END_REF] extracted from Saint Pierre La Cour factory in France. The mortars description are briefly summarized in Table 1.

The density and Blaine fineness are equal to 3140 [ kg m 3 ] and 440 [ m 2 kg ], respectively. The chemical composition of the cement is also given in Appendix B. The measurement of the moisture content and absorption coefficient of aggregates are essential issues. Indeed, if the mixture proportioning methods enable the determination of the optimum dosage of water in mortar, it should be taken into account the absorbed water by the aggregates to determine the effective water content. The effective water content is defined as the difference between the total water present in the fresh mortar and the water absorbed by aggregates. In this study, the wet sand has been used. The wet sand has been pre-saturated in a plastic box and kept at room temperature (nearly 20°C ) within one week. The amount of water added to the pre-saturation is equal to the 7 amount of absorbed water plus 10%, so the water content is equal to water content in % at 24h plus 10%. The water absorption is determined by standard method known as EN 1097-6 [START_REF] Nf En | 6 : détermination de la masse volumique réelle et du coefficient d'absorption d'eau[END_REF]. The mortars have been formulated to have an effective water to cement mass ratio ( W eff C ) of 0.5 and an identical volume of sand of around 60% in both mortars (sand to cement ratio of 3 based on dry natural aggregate). Hence, the water in the aggregate ratio has to be subtracted from the used water in the mortar batching. The proportions are presented in Table 1.

Physio-chemical features determination: Applied aggregates

As indicated before, two types of sand are studied herein. The first one is a standard natural siliceous sand (NS)

in accordance with NF EN 196-1. The second one is a recycled sand (RS) which is obtained by crushing concrete waste. They have been taken from a waste recycling area in France. The aggregate size distribution is presented for all studied mortar samples in Figure 2. The porosity accessible to water of the recycled aggregates has been also obtained via the procedure based on AFPC AFREM (1997). Every single mortar sample has been dried within two weeks in a drying oven at 60 ± 2 °C.

The drying stage has been stopped when the mass variation becomes lower than 0.05%. Afterwards, the samples have been saturated with water and under vacuum during 48 hours. At the end of the saturation stage, the mass of sample has been verified. The samples volume is also determined using hydrostatic weighing technique. The porosity of applied sands has been represented in Table 2.

The saturated density and water absorption coefficient of the applied sands have been obtained via NF EN 1097-6 as well. The high porosity value for the recycled aggregates comparing to the natural aggregate involves more water absorption and less density. Interestingly, these values are different according to the granulometry curves of M2-1 and M2-2. A slightly better quality of aggregate can be observed for larger aggregates , i.e. M2-2 than smaller one, i.e. M2-1. 8 

Thermal properties experiments

The thermal properties, i.e. thermal conduction coefficient λ and heat capacity ρC p have been determined for the natural sand and recycled aggregates which are applied to M1, M2, M2-1 and M2-2, respectively. These properties are measured using the 'heating Film' method [START_REF] Bastian | Determining the thermophysical properties of construction materials by the plane source method in transitory and asymptotic regime[END_REF]: the boundary conditions are imposed by a heater with a given heating power. To pursue these experiments, the heater with a paper coated with a semi-conducting graphite material known as Teledeltos paper subjected to an electrical potential difference is utilized [START_REF] Mounanga | Rapid determination of the thermophysical properties of various materials. method of the hot plane film[END_REF][START_REF] Poullain | Determination of the thermophysical properties of evolutive porous media: application to civil engineering materials[END_REF]. The mortar bar temperature increase is recorded by two thermocouples fixed on the heated surfaces (T h , h subscript stands for "heated") and on the opposite surface (T nh , nh subscript stands for 'non-heated') in Figure 3. The use of thermal grease, between the thermocouples and the sample surfaces and clamping system enables to diminish the effect of contact resistance. The test would last 10 minutes for every single specimen. The temperature versus time data will be extracted via postprocessing including the inverse method [START_REF] Poullain | Determination of the thermophysical properties of evolutive porous media: application to civil engineering materials[END_REF]. This results in the thermal conduction coefficient and the heat capacity determination. According to the outcomes in Figure 4a, the thermal conduction coefficients are quite different between the natural sand and the recycled aggregates. In fact, the natural sand has higher value of thermal conduction coefficient, 0.443

[ W m °K ] than the recycled sands (less than 0.157 [ W m °K ]). This lies in fact that the pore space inside the aggregates 9 contains air as an insulation substance and it provides less thermal conduction coefficients. This feature depends on the aggregate size and smaller aggregates can provide better thermal insulation properties. Therefore, high heat capacity value would be expected in the recycled aggregates than the natural sand (Figure 4b). (M1). It would be due to the fact that the recycled aggregates would contain more empty spaces than natural sand.
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The porosity of the sand and recycled aggregates used in our mortar specimens has been presented in Table 2.
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Based on the experimental outcomes, we arrive at two conclusions : First, the natural-sand-based mortar M1 216 releases much more important heat during the hydration than the recycled-sand-based mortar M2. Also, the size of 217 recycled aggregates does not seem influence the heat release but the regularity of the recycled aggregate size can 218 increase slightly the heat release during the hydration process as well as the temperature (Figure 5a and Figure 5b). It 219 is important to mention that the exactly same quantity of cement has been used for all specimens. As depicted in Figure 6a, M1 specimen presents greater Young's modulus than M2 specimen. It is straightforward to call that the higher heat release of hydration has been observed in M1 specimens 4 . The weak value of the Young's modulus has been found out for the recycled aggregates in the present study. This arises from the fact that the pore space is higher than the natural aggregates. The compressive strength for all our specimens has been extracted at 28 days after mixing action with a servo-hydraulic press (standard AFNOR NF 18-406). According to the experimental results, M1 shows higher compressive strength than all recycled-sand-based mortars (Figure 6b). The above-mentioned phenomenon signifies that specimen M1 which releases high heat of hydration, conducts greater compressive strength comparing to the recycled aggregates. It comes from the fact that M1 contains more important hydration products. More hydration action can provide more hydrate products and consequently, the last issue helps the increase of compressive strength. Another reason behind the increase of mechanical strength should be affected by the aggregate features. The results of tensile bending strength is also shown in Figure 6c.

Numerical experiments and hydration gradient

The numerical modeling of the thermo-activated phenomenon which produces the heat release during the very early age and early age of hydration is presented in this section. The modeling issue of the hydration process by means of the 3D-FEM is explained at first. The geometrical configurations of the numerical samples will be described and delineated for the simulation purposes. Afterwards, the chemo-thermal coupling issue and numerical experiments are handled. The 3D-FEM numerical experiments have been achieved on the natural-sand-based mortars (M1) and recycled-sand-based mortars with two distinct granulometries as indicated earlier (M2, M2-1 and M2-2).

3D-FEM modeling of hydration using the two-phase mortar assumption

As pointed out before in section 2, the thermo-activated modeling of the very early age hydration can be done via the Arrhenius's law in conjunction with the first law of thermodynamics 5 . This pathway leads to the two-phase or so-called biphasic cement and concrete modeling. Obviously, the biphasic numerical modeling sustains the averaged out or equivalent degree of hydration.

Geometrical configurations

To achieve the numerical experiments herein, the Extracted Aggregate Groups (EAGs) concept has been taken into account. The size of the above-mentioned EAG is assumed to be equal to 20 [mm] 6 . In the current contribution, the shape of EAG is considered as a sphere. The reason behind this assumption is the isotropic chemo-thermal features during the hydration process in the calorimeter device. Furthermore, this matter will trim away some artefact's stemming from the boundary conditions. As indicated before, the biphasic cement mortar is taken into consideration herein. To pursue this goal, it is required to provide the cement matrix and sand grains or so-called grains as a whole.

To achieve this assignment, the pseudo-random geometric spherical packing algorithm is used to provide the grains using the basic concept in [START_REF] Kadushnikov | Investigation of the Density Characteristics of Three-Dimensional Stochastic Packs of Spherical Particles Using a Computer Model[END_REF][START_REF] Jerier | Modélisation de la compression haute densité des poudres métalliques ductiles par la méthode des éléments discrets[END_REF][START_REF] Jerier | A geometric algorithm based on tetrahedral meshes to generate a dense polydisperse sphere packing[END_REF][START_REF] Jerier | Packing spherical discrete elements for large scale simulations[END_REF]. The grains have been created by means of a user-written MATLAB-COMSOL code [START_REF]Comsol MultiPhysics: User's guide[END_REF][START_REF]Comsol MultiPhysics: Matlab Interface Guide[END_REF][START_REF] Jeong | A new multi-scale modeling approach based on hygro-Cosserat theory for self-induced stress in hydrating cementitious mortars[END_REF][START_REF] Ramézani | Role of cement paste composition on the self induced stress in early-age mortars: Application of the cosserat size number[END_REF]. The granulometry curve requirements as well as the normal distribution issues have been successfully

provided via the user-written code. In Figure 7a, the geometrical configurations of the cement matrix and sand grains or so-called grains are depicted for M2-1 specimens. The mesh density for the finite element analyses of M2-1 is shown in Figure 7b (See Appendix D for more details). 5 It is well worth mentioning that the latter law can be used for both reversible and irreversible thermodynamic processes. No matters the chemo-physical processes are reversible or not. 6 It is of great importance to note that the EAG shape is generally arbitrary. It can take several geometrical shapes, e.g. cube, sphere, star-like shape and so on. 

Chemo-thermal coupling via 3D-FEM simulation

As pointed out previously, the chemo-thermal 3D-simulations deal with heat transfer across the cement matrix and sand grains and the cement matrix chemically-driven exothermic reactions during the hydration process. This sustains a fully-coupled 3D-FEM simulation. Based on the non-linear features of the cement paste chemical reactions, the chemo-thermal modeling turns to be non-linear transient-state simulations. Due to the fact that the cement matrix and sand-grains go altogether and this sustains extremely fine mesh density, a great amount of Degree Of Freedoms (DOFs) should be solved under fully-coupled non-linear transient state conditions. The physical and thermal properties for the simulation purposes are summarized in Table 3. As defined in (1a) and (1b), the transient-state feature of the chemo-thermal coupling can be seen. The strong coupling issue arises from the fact that the temperature distribution is substantially affected by the source/sink term in (1b) and the degree of hydration is not only time-dependent but also space-dependent state field variable. Therefore, one can obtain either the temperature distribution or the degree of hydration distribution. This is exactly what it is done via the 3D-FEM numerical experiments herein. In the next sub-subsection, the numerical experiments of the natural-sand-based cement mortar (M1) and recycled-sand-based cement mortar (M2) are described and discussed.

(ξ) in [ 1 s ] A(ξ) = Aξ B (1 -ξ) C A(ξ) = Aξ B (1 -ξ) C A(ξ) = Aξ B (1 -ξ) C A(ξ) = Aξ B (1 -ξ) C Total body heat hydration, Q ∞ in [ J m 3 ] 6.
The additional studies about the recycled-sand-based cement mortars with 0.0-0.8 [mm] (M2-1) and 0.8-2 [mm] (M2-

2) have been brought later on.

Simulation outcomes : Hydration and hydration gradient of M1 and M2 samples

The numerical outcomes for natural-sand-based mortars (M1) and recycled-sand-based mortar (M2) are given as following:

• Temperature

As illustrated in Figure 8, the ambient temperature always remains around 20°C while the temperature of the specimen reach up to 56°C for M1 specimen and 48°C for M2 specimen. The comparison between the numerical and experimental findings is highlighted in Figure 8. As delineated in Figure 8a and Figure 8b, the numerical outcomes well agree with the experimental findings. This gives rise very accurate estimations for degree of hydration in the present paper. It is straightforward to emphasize that the equivalent degree of hydration term is utilized herein. This matter lies in the fact that the recycled-sands include the cement paste. Therefore, the equivalent degree of hydration has been computed herein. The maximum temperature distribution has been extracted via 3D-FEM (Figure 9).

• Hydration

The degree of hydration is a major parameter in which one can assess properly the cement mortar variation after mixing action. The numerical chemo-mechanical modeling yields the degree of hydration variation versus time. This issue gets more important for the very early age and early age. The numerical outcomes of the equivalent degree of hydration are plotted in Figure 10. The comparison between Figure 10a and Figure 10b shows that the recycled-sand-based mortar M2 provides greater degree of hydration comparing to M1, whereas it produces less heat release. As a matter of fact, M2 goes very fast and brings less heat increase as shown in Figure 8b. The gradient of hydration concept is very essential tool in determining the gaps creations around the grains and cement paste during very early age and early age [START_REF] Jeong | Chemo-physical modeling of cement mortar hydration: Role of aggregates[END_REF][START_REF] Jeong | Thermo-chemical heterogeneous hydration gradient modeling of concrete and aggregates size effect on ITZ[END_REF]. Basically, the larger hydration gradient values deal with the greater gap spaces. As seen in Figure 11, despite the fact that the temperature and degree of hydration distributions are quite uniform, the hydration gradient draws non-homogeneous distribution 7 . Indeed, the hydration gradient takes into account either the chemo-thermal features or the grain size and its distribution known as granulometry.

• Gradient hydration

As displayed in Figure 11 and Figure 12, the gradient of degree of hydration or so-called hydration gradient for M2 is higher than that found out earlier for M1. According to the numerical outcomes, this signifies that the 

Simulation outcomes : Hydration and hydration gradient of M2-1 and M2-2 samples

In this sub-subsection, more numerical experiments have been carried out using two additional granulometries, i.e. 0.8-2.0 [mm] and 0.0-0.8 [mm] called as M2-1 and M2-2 in the present contribution. The thermal, hydration and hydration gradient issues have been scrutinized by taking advantage of the mentioned numerical modeling.

• Temperature

In Figure 13, the comparison between numerical and experimental curves for M2-1 and M2-2 is shown. As plotted in Figure 13a and Figure 13b, the numerical curves fairly agree with the experimental ones again. As pointed out previously, this prepares very accurate numerical estimations for the degree of hydration and hydration gradient. The temperature curves takes maximum value and it steadily drops toward the ambient temperature.

The ambient temperature would be expected at the end of simulation. However, the numerical experiments have been achieved up to 75 hours after hydration. The maximum temperature values are between M1 and M2 values as shown in Figure 13. It is well worth noting that the numerical outcomes are fairly agreed with the experimental ones for lower temperature peaks (See Figure 8 and Figure 13). This matter stems from the numerical aspects. In Figure 14, the temperature distribution is exhibited for M2-1 and M2-2. Likewise Figure 9, the temperature distribution is more likely uniform and very small temperature drop can be found out at outer surfaces of numerical samples. This substantiates the uniformly distributed heat release during the early age of cement mortars.

• Hydration

The degree of hydration can be also extracted for M2-1 and M2-2 in a similar manner (Figure 15). The findings demonstrate that M2-2 slightly goes faster than M2-1.

• Gradient hydration

In Figure 16 and Figure 17, the maximum hydration gradient distributions are presented. One can see the heterogeneous hydration gradient distribution again. As shown in Figure 16 and Figure 17, the hydration gradient is slightly greater for M2-2 than M2-1 and more heterogeneous distribution can be found out for M2-1. 

Interface between aggregate and cement observation via Replica method for M1 and M2

To study the development of the Interfacial Transition Zone (ITZ) between cement matrix and aggregate during the hydration process in M1 and M2, the simple replica method has been utilized. For Scanning Electron Microscopy (SEM) observations, a EVO40 (Carl Zeiss ) is used to perform the observations in the current contribution. The simple replica technique is firstly developed by Ollivier in [START_REF] Ollivier | A non destructive procedure to observe the microcracks of concrete by scanning electron microscopy[END_REF] and followed by a series of papers [START_REF] Jeong | Chemo-physical modeling of cement mortar hydration: Role of aggregates[END_REF][START_REF] Ringot | Characterisation of initial state of concrete with regard to microcracking[END_REF][START_REF] Ringot | Development of the map cracking in concrete under compressive loading[END_REF][START_REF] Berthaud | A test for delaying localization in tension. experimental investigation[END_REF][START_REF] Leklou | Microscopic observations of samples affected by delayed ettringite formation (DEF)[END_REF][START_REF] Leklou | Effect of wetting-drying cycles on mortar samples affected by def[END_REF] for the visualization aspects devoted to the cement-based materials. The experimental observation findings using the simple replica method are shown in Table 4 and Figure 18, Figure 19, Figure 20 and Figure 21. As expected before, the hydration issue sustains the gap space between the aggregate and cement paste matrix and these gaps have been painstakingly observed from 24 to 168 hours after mixing action. It is required to remind that ITZ is of great interest in the cement and concrete society. This zone is believed to be as large as some µm next to aggregate (roughly from 40 ∼ 60 µm). The gaps next to the aggregates at ITZ for specimen M1 and M2 are exhibited in Table 4. According to the experimental findings in Table 4, Figure 18, Figure 19, Figure 20 and Figure 21, it can be con- cluded that M1 specimen makes bigger gap space than M2 specimen nearly up to 40%. These results coincide with Le and co-workers' study about the porosity variation in ITZ around natural-sand-based and recycled-sand-based mortars in [START_REF] Le | Influence of the moisture condition of recycled concrete aggregates on the interfacial transition zone (itz) and the compressive strength of mortar[END_REF]. Consequently, the induced gaps stem from the fast hydration evolution, high hydration gradient concentration next to the aggregates and cement paste matrix as well. ccording to the numerical outcomes for M1 and M2 specimens, greater hydration gradient has been obtained for M2 (Figure 11 and Figure 12). This means that it is more likely to get greater gap spaces for M2 rather than M1. The experiments demonstrate that it does not happen and the opposite trend can be seen. This trend emphasizes that the non-reactive aggregate assumption is no longer appropriate choice for the modeling purposes. Moreover, some features about the surface state would be missing in the numerical experiments. It is well worth mentioning that the above-mentioned assumption has been successfully achieved in the past studies and it provides perfect prediction about the gaps spaces across cement mortars with natural aggregates and glass beads. This issue will be discussed in details in the conclusion section. To check the hydration evolution in ITZ both specimens, i.e. M1 and M2, are taken into account taking advantage of the SEM chemical analysis. Based on the SEM chemical analysis (Figure 22 and Figure 23), some hydrate products have been found out as CH (highlighted as ), CSH (highlighted as B) and Sulphoaluminate (highlighted as C) and all these products are well formed in M1, whereas this does not take place for M2 samples.

The chemical analyses in Figure 22 confirm the recent study outcomes either [START_REF] Le | Influence of the moisture condition of recycled concrete aggregates on the interfacial transition zone (itz) and the compressive strength of mortar[END_REF]. In [START_REF] Le | Influence of the moisture condition of recycled concrete aggregates on the interfacial transition zone (itz) and the compressive strength of mortar[END_REF], some significant differences have been reported between the natural-sand-based and recycled-sand-based mortars. In fact, the recycled aggregate would contain a great amount of soluble gypsum and consequently, the water-soluble sulfate facilitates the ettringite formation during the mixing action with the fresh cement paste [START_REF] Barbudo | Correlation analysis between sulphate content and leaching of sulphates in recycled aggregates from construction and demolition wastes[END_REF]. The above-mentioned phenomenon greatly push forward with finer aggregate [START_REF] Tovar-Rodríguez | Expansion of mortars with gypsum contaminated fine recycled aggregates[END_REF]. These issues ought to be handled and incorporated into the modified rrhenius' law for the recycled concrete hydration modeling purposes. s displayed in Figure 22, the portlandit in the recycled-sand-based mortar is not well formed, whereas CH and CSH crystals are well formed in the natural-sandbased mortars [START_REF] Sidorova | Study of the recycled aggregates nature's influence on the aggregate-cement paste interface and ITZ[END_REF].

Conclusion and outlooks

The thermo-chemical analyses involving the experiments for the natural-sand-based and recycled-sand-based mortars have been accounted for in the present contribution. The transient hydration modeling at very early age has been achieved using a modified Arrhenius' law. For the numerical modeling purposes, the EAG (Extracted aggregate Group) concept has been proposed and taken into account to deal with the stochastic chemo-physical features of recycled aggregates which obeys the normal distribution. The numerical modeling has been done via FEM on EAG samples. The comparison between the numerical experiments and SEM observations reveals that the numerical modeling can be perfectly used for the natural-sand-based mortars, whereas it does not agree with experiments for the recycled-sand-based mortars. In fact, the high hydration gradient has been observed around the aggregates by means of the numerical modeling, whereas the small gap space has been observed at ITZ. This phenomenon is contrary to the studies in the past years and it means that the modified Arrhenius's law would be no more appropriate way in modeling of the recycled mortar. To better understand the above-mentioned phenomenon, the SEM observations have been carried out revealing that some hydrate products like C-H-S and Ca(OH) 2 can be observed at either ITZ of natural-sand-based mortars or recycled-sand-based mortars. However, the hydrate product formation is not perfectly done at ITZ of the recycled-sand-based mortar, e.g. M2. Moreover, the sulphoaluminate crystal can be seen at ITZ of M2. This issue stems from the non-reactive assumption for the recycled sands or so-called grains and some possible interfacial issues in conjunction with the recycled-sand-based mortars. The present study clarifies that the recycledsands should be incorporated into the hydration phenomenon. The aforementioned matter implies that the degree of hydration and hydration gradient would be less than those values reported for the recycled-sand-based mortars in the present paper. As a matter of fact, the hydration process modeling should be divided into the fresh cement paste matrix and old cement paste matrix whose existence comes from the recycled aggregates. Consequently, the study of the hydration phenomenon of the recycled sands in which the old cement can be activated and take a part in the hydration process, is of great interest. The present work proves that the impact of old cements inside the recycled aggregate is no longer negligible and it must be deemed in the numerical modeling using the so-called modified Arrhenius's law.

Indeed, three essential issues should be taken into account to get the realistic outcomes for the recycled-aggregates:

1. It is of great importance to distinguish between the dry recycled aggregates and fully saturated recycled aggregates. Due to that fact that they do not provide the same chemo-physical and hydration mechanisms at all [START_REF] Le | Influence of the moisture condition of recycled concrete aggregates on the interfacial transition zone (itz) and the compressive strength of mortar[END_REF].

2. The chemo-physical mechanisms of re-activation of the old cements inside the fully saturated recycled aggregates are not entirely investigated to sustain the rational mathematical modeling based on the thermodynamics principles involving the chemical reactions like those done in [START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF][START_REF] Papadakis | Effect of composition, environmental factors and cement-lime mortar coating on concrete carbonation[END_REF][START_REF] Papadakis | Experimental investigation and mathematical modeling of the concrete carbonation problem[END_REF]. Basically, the analytical and numerical studies of the hydration of the concrete including the recycled aggregates are fairly new issue [START_REF] Koenders | Compressive strength degree of hydration recycled aggregates modeling[END_REF]. A great amount of efforts are still required to bring the basic understandings for hydration modeling issue for the concrete containing the recycled aggregates. It is straightforward to emphasize that the old cements lead to their anhydrous product precipitation. As a result, the ITZs around the recycled aggregates are thiner and they give rise less porosity than the natural aggregates [START_REF] Evangelista | Concrete with fine recycled aggregates: a review[END_REF].

3. The water absorption issue would be considered for the numerical modeling purposes around the recycled aggregates due to the fact that the local water migration may be taken place at these regions. This would be driven via the sluggish activation of old cements whose action needs water and transformation of non-connected pores into connected ones.

The next investigation would focus on the above-mentioned items as well as the interface between grains and cement paste for the cement and mortars including the recycled aggregates. The local absorption zones around the recycled aggregates may be considered by means of source/sink term in the mass conservation law and comprehensive study of the water absorptions at grain scales. The old cement chemistry would be deeply studied like those done earlier by Papakadis and co-workers [START_REF] Papadakis | Physical and chemical characteristics affecting the durability of concrete[END_REF][START_REF] Papadakis | Effect of composition, environmental factors and cement-lime mortar coating on concrete carbonation[END_REF][START_REF] Papadakis | Experimental investigation and mathematical modeling of the concrete carbonation problem[END_REF]. Furthermore, the size effect of the recycled-sand-based mortars and the recycled aggregate regularity issue would be of interest in according to the preliminary outcomes. The chemicallymotivated aspects can be also incorporated into the mechanical aspects via the micro-dilatation theory [START_REF] Cowin | Linear elastic materials with voids[END_REF][START_REF] Puri | Plane waves in linear elastic materials with voids[END_REF][START_REF] Cowin | The viscoelastic behavior of linear elastic materials with voids[END_REF]. Lately, the micro-dilatation theory has been enhanced [START_REF] Ciarletta | On stress analysis for cracks in elastic materials with voids[END_REF][START_REF] Iovane | Finite element analysis of static problems for elastic media with voids[END_REF][START_REF] Iovane | Finite element dynamic analysis of anisotropic elastic solids with voids[END_REF][START_REF] Chirita | Strong ellipticity and progressive waves in elastic materials with voids[END_REF][START_REF] Ramézani | Analytical and numerical studies on Penalized Micro-Dilatation (PMD) theory: Macro-micro link concept[END_REF][START_REF] Ramézani | Non-linear elastic micro-dilatation theory: Matrix exponential function paradigm[END_REF] and applied to the cement-based materials [START_REF] Jeong | Modeling of the induced chemo-mechanical stress through porous cement mortar subjected to CO2: Enhanced micro-dilatation theory and 14C-PMMA method[END_REF][START_REF] Jeong | Porous media modeling and micro-structurally motivated material moduli determination via the micro-dilatation theory[END_REF] and other porous materials [START_REF] Ramézani | Micro-dilatation theory application to the spongy bones : Theoretical aspects and numerical modeling[END_REF]. The chemo-thermo-mechanical coupling brings some interesting routes in the micro-cracking and porosity variation within the hydration process for either natural-based aggregates or recycled-based aggregates. 
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Figure 1 :

 1 Figure 1: Schematic illustration of EG (Extracted ggregate Groups) in the recycled aggregates storage at recycling platform.

3. Experimental study 3 . 1 .

 31 Materials : Natural and recycled-sand-based mortar specimens The mortar specimens have been made with different types of aggregate in the current study. The first one contains natural aggregates with 0.0-2.0 [mm] granulometry and it is called M1. The second one contains recycled aggregates only with the same granulometry like M1 and it is called M2 herein. To deep understand the effect of aggregates size, two additional recycled-sand-based mortars have been prepared and tested using the smaller sizes, 0.0-0.8 [mm] named as M2-1 and 0.8-2.0 [mm] called as M2-2. It means that the M2-1 contains the smaller aggregates, whereas M2-2 contains the larger aggregates only. The applied mortars are categorized as below: 1. Mortar No. 1 : Cement Portland Mortar called "M1", 2. Mortar No. 2 : Recycled-aggregate-based mortar called "M2", (a) Mortar No. 3 : Recycled smaller aggregate-based mortar "M2-1", (b) Mortar No. 4 : Recycled larger aggregate-based mortar "M2-2".

Figure 2 :

 2 Figure 2: Aggregate size distribution curves for natural-sand-based mortar (M1) and recycled-sand-based mortar (M2) specimens.

Figure 3 :

 3 Figure 3: Illustration of thermal properties determination, a) Experimental device configuration and b) Schematic illustration of the applied method for the thermal properties characterization [47].

Figure 4 :

 4 Figure 4: Thermal properties of natural sands (M1) and recycled sands (M2, M2-1 and M2-2), a) Thermal conduction coefficient and b) Heat capacity.

Figure 5 :

 5 Figure 5: a) Temperature and a) Heat of hydration versus time from zero until 82.5 hours for all specimens.

220 3 . 5 .Figure 6 :

 356 Figure 6: a) Dynamic Young's modulus, b) Uni-axial compressive strength at 28 days after mixing action for all mortar specimens and c) Tensile bending strength at 28 days after mixing action for all mortar specimens.
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Figure 7 :

 7 Figure 7: Illustration of geometrical configurations of M2-1 numerical EAG specimens, a) Cement matrix including 4149 sand grains and b) Mesh density.

Figure 8 :

 8 Figure 8: Degree of hydration versus time after mixing action, a) Natural-sand-based mortar (M1) and b) Recycled-sand-based mortar (M2).
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Figure 9 :

 9 Figure 9: Maximum temperature distribution in °C, a) Natural-sand-based mortar (M1) and b) Recycled-sand-based mortar (M2).

Figure 10 :

 10 Figure 10: Degree of hydration versus time after mixing action, a) Natural-sand-based mortar called M1 and b) Recycled-sandbased mortar called M2.

Figure 11 :

 11 Figure 11: Maximum gradient of hydration distribution of natural-sand-based mortar (M1), ∇ξ in [ 1 m ], a) Surface view and b) Slice view.

Figure 12 :

 12 Figure 12: Maximum gradient of hydration distribution of recycled-sand-based mortar (M2), ∇ξ in [ 1 m ], a) Surface view and b) Slice view.

Figure 13 :

 13 Figure 13: Comparison between the numerical and experimental results, a) Recycled-sand-based mortar (M2-1) and b) Recycledsand-based mortar (M2-2).
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Figure 14 :Figure 15 :

 1415 Figure 14: Maximum temperature distribution in °C, a) Recycled-sand-based mortar (M2-1) and b) Recycled-sand-based mortar (M2-2).
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Figure 16 :

 16 Figure 16: Maximum gradient of hydration distribution of natural-sand-based mortar called as M2-1, ∇ξ in [ 1 m ], a) Surface view and b) Slice view.

Figure 17 :

 17 Figure 17: Maximum gradient of hydration distribution of recycled-sand-based mortar called as M2-2, ∇ξ in [ 1 m ], a) Surface view and b) Slice view.
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Figure 18 :

 18 Figure 18: SEM images extracted by the replicas method using the same polished face next to the external surface for M1 and M2 specimens at, a) 24 hours after mixing action for M1 and b) 24 hours after mixing action for M2.

Figure 19 :

 19 Figure 19: SEM images extracted by the replicas method using the same polished face next to the external surface for M1 and M2 specimens at, a) 48 hours after mixing action for M1, b) 48 hours after mixing action for M2.
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Figure 20 :

 20 Figure 20: SEM images extracted by the replicas method using the same polished face next to the external surface for M1 and M2 specimens at, a) 72 hours after mixing action for M1, b) 72 hours after mixing action for M2.

Figure 21 :

 21 Figure 21: SEM images extracted by the replicas method using the same polished face next to the external surface for M1 and M2 specimens at, a) 168 hours after mixing action for M1, b) 168 hours after mixing action for M2.
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Figure 22 :Figure 23 :

 2223 Figure 22: SEM images extracted via the replica method for the chemical analysis and hydrate phrase observation at 48h, a) Natural-sand-based mortar, M1 and b) Recycled-sand-based mortar, M2.

Figure D1 :

 D1 Figure D1: Analysis of the quasi-random geometrical spherical packing for 0.0-0.80 [mm] granulometry curve, a) No. of grains versus diameter histogram, b) Accumulative number of grains versus diameter and c) Radial distribution function histogram known as g(r) function.

Table 1 :

 1 Composition of chosen mortars, M1, M2, M2-1 and M2-2.

	Description	NSBM * RSBM ** RSBM ** RSBM **
	Mortar name	M1	M2	M2-1	M2-2
	Cement in [gr]	450	450	450	450
	Dry sand in [gr]	1350	1350	1350	1350
	Water absorption coefficient in [%]	0.6	7.5	10.4	9.8
	Effective amount of water, W eff in [gr]	225	225	225	225
	Absorbed water in [gr]	8.1	101.3	140.4	132.3
	Batch water in [gr]	216.9	123.7	84.6	92.7
	Sand-to-cement ratio S /C in [-]	3	3	3	3

* NSBM stands for Natural-Sand-Based Mortar. ** RSBM stands for Recycled-Sand-Based Mortar.

Table 2 :

 2 Presentation of the physico-chemical features of the applied natural and recycled sands in the present paper.

	Descriptions		Applied sand type		
		Natural sand Recycled-sand	Recycled-sand	Recycled-sand
		M1 (0-2mm) M2 (0-2mm)	M2-1 (0-0.8mm) M2-2 (0.8-2mm)
	Water absorption in % (SD * )	0.6 (N/A ** )	7.5 (0.15)	10.4 (0.02)	9.8 (0.07)
	Density in [kg/m 3 ] (SD * )	2630 (N/A ** ) 2070 (13)	1555 (7)	2101 (3)
	Porosity (Volume %) in [ m 3 m 3 ] (SD * ) 15 (N/A ** )	29.5 (1.5)	49.5 (0.2)	32.5 (0.5)
	* SD stands for Standard Derivation. .				

** N/A stands for Not Applicable.

Table 3 :

 3 Physical and thermal properties of cement paste used for all mortar specimens (M1, M2, M2-1, M2-2).

	Physical and thermal properties name	M1	M2	M2-1	M2-2
	Heat capacity, ρC p in [ MJ m 3 °K ] Thermal conduction coefficient, λ in [ W m°K ] Apparent activation energy, E a in [ J mol ]	0.91 0.443 33500	1.83 0.157 33500	1.59 0.063 33500	1.77 0.110 33500
	Chemical affinity, A				

Table 4 :

 4 Gap space measurements via the Replica method for M1 and M2 at 24h, 48h, 72h and 168h.

	Time after hydration action in [hours]	24h	48h	72h	168h
	Natural-sand-based mortar, M1 in [µm]	21.50 21.72 22.69 23.81
	Recycled-sand-based mortar, M2 in [µm] 7.08	9.46 10.04 12.40

  ∇ξ R 3 norm of gradient of hydration vector in [ 1 m ]

	A(ξ(x, t)) chemical affinity coefficient in [ 1 s ]
	ξ(x, t) degree of hydration in [-]
	E a apparent activation energy in [ J mol ]
	m cem cement mass in [gr]
	Q hydration hydration heat in [ J gr ]
	W eff effective amount of water in [gr]
	Vector quantities
	∇ξ gradient of hydration vector in [ 1 m ]
	ρ	material density in [ kg m 3 ]
	A	chemical affinity coefficient in [ 1 s ]
	B	chemical affinity first exponent in [-]
	C	chemical affinity second exponent in [-]
	C p specific heat capacity in [ J kg °K ]
	C mor total thermal capacity of the mortar in [ J °C ]
	h	thermal convection coefficient in [ J m 2 °K ]
	Q ∞ total body hydration heat in [ J m 3 ]
	T amb ambient temperature in [°K]
	Sets	
	R	real set
	R + positive real set
	R 2 2D Euclidean space
	R 3 3D Euclidean space
	Scalar quantities

S C

sand-to-cement ratio in [-]

W C water-to-cement ratio in

[-] 

The reactivity of the C

A is greater than the reactivity of the C 3 S and C 2 S.

It is well worth to recall that the adiabatic tests may be a better choice to determine the total hydration heat in a general manner. Basically, the Langavant calorimetry test does not conduct the adiabatic conditions and it provides rather the semi-adiabatic conditions[START_REF] Hay | Assessment of uncertainties in calibration of langavant calorimeters[END_REF][START_REF] Afnor Nf P | Mesure de la chaleur d'hydratation des ciments par calorimétrie semi adiabatique dite méthode du calorimètre de langavant[END_REF][START_REF]Methods of testing cement, Part 9: Heat of Hydration-Semi-adiabatic Method[END_REF][START_REF] Briffaut | Numerical simulations of the qab and langavant semiadiabatic tests: Analysis and comparison with an experimental measurement campaign, in: S. issue of the[END_REF][START_REF] Briffaut | Analysis of semi-adiabiatic tests for the prediction of early-age behavior of massive concrete structures[END_REF]. It is straightforward to emphasize that NF EN 196-9 standard has been used in the present work[START_REF]Méthodes d'essai des ciments[END_REF]. This conducts the semi-adiabatic tests for the hydration heat release of the cement-based materials in a fairly accurate manner.

It is necessary to note that the Young's modulus would be caused by several parameters inside the mortar, e.g. size of aggregates, presence of voids, water and the cement quantities and so on.

It is of great importance to mention that enough mesh density is applied to obtain very accurate FEM results. This extremely fine mesh density will sustain a huge number of DOFs. Consequently, the homogeneous gradient hydration does not come from the meshing issues via finite element analysis.

Appendix A Energy of activation definition

The energy of activation as explained in the body text, accounts for the chemical reactions in the so-called modified Arrhenius's law [START_REF] Ulm | Couplings in early-age concrete: From material modeling to structural design[END_REF][START_REF] Mounanga | Étude du couplage thermochimique au sein de matrices cimentaires en cours d'hydratation[END_REF].

Based upon [START_REF] Freiesleben | Maleinstrument til kontrol af betons hardening [Measurement device for controlling hardening of concrete[END_REF], the linear relation has been suggested as follows:

According to (A1), the activation energy turns to be constant beyond 293 [°K] [START_REF] Freiesleben | Maleinstrument til kontrol af betons hardening [Measurement device for controlling hardening of concrete[END_REF]. Therefore, we account for only the constant value, 33500

[ J mol ] for all computations due to fact that we never reach temperature below 293 [°K] herein.

Appendix B Chemical composition of the applied cement

The chemical composition of the applied cement for the present study is summarized in Table B1. 

Appendix C Semi-adiabatic calorimeter device setup

The measurements are made over seven days until the heat release turns to be asymptotic versus time. Using a semi-adiabatic calorimeter, the variation of temperature of concrete within time has been immediately measured up after the mixing action. For each mixture, the heat of hydration is determined based upon the accumulated heat in the calorimeter and the heat dispersed in the environment. At time t, the hydration heat, Q hydration per mass of cement is obtained by the following formula [START_REF] Boulay | Draft operating protocol to determine the level of heat released during cement hydration on a concrete specimen placed in a quasi-adiabatic calorimeter designed for concretes (QAB), Special issue of the[END_REF][START_REF] Briffaut | Étude de la fissuration au jeune âge des structures massives en béton : influence de la vitesse de refroidissement, des reprises de bétonnage et des armatures[END_REF]:

where, C con is the total thermal capacity of mortar at the calorimeter in [ 

Appendix D Quasi-random spherical packing histograms

The newly developed quasi-random spherical packing algorithm is put into practice to generate the 0.0-0.8, 0.8-2.0 and 0.0-2.0 [mm] granulometry curves. It is well worth noting that the spherical packing method can be divide into two categories, i.e. geometrical and dynamic methods [START_REF] Kadushnikov | Investigation of the Density Characteristics of Three-Dimensional Stochastic Packs of Spherical Particles Using a Computer Model[END_REF][START_REF] Jodrey | Computer simulation of close random packing of equal spheres[END_REF][START_REF] Mueller | Numerically packing spheres in cylinders[END_REF] including the iterative growth algorithms [START_REF] Lubachevsky | Geometric properties of random disk packings[END_REF][START_REF] Kansal | Computer generation of dense polydisperse sphere packings[END_REF]. The main advantage of the geometrical methods is the stability and fast generation issue. This method is computationally affordable and it generates several grains in an extremely fast manner. The other issue is that the geometrical methods can be easily parallelized via Message Passing Interface (MPI) libraries [START_REF] Snir | MPI the Complete Reference: The MPI Core, MPI the Complete Reference[END_REF][START_REF] Karniadakis | Parallel scientific computing in C++ and MPI: a seamless approach to parallel algorithms and their implementation[END_REF]. The generated grains are used to prepare the histogram and cumulative histograms to verify whether the generated grains are fairly close to the granulometry curves (Figure D1).

It is well worth emphasizing that the above pseudo-random geometric spherical packing gives rise the fluids radial distribution function in accordance with the condensed matter physics [START_REF] Kouetcha | Etude structurale et détermination de la fonction de corrélation de paire du graphne et du graphite[END_REF]. This issue substantiates that the use of this algorithm is extremely suitable for the very early age and early age of cement mortars and concrete due to the fluid-like behavior within very early age and early age of hydration. Another outstanding issue is that this neatly handles the randomly-motivated considerations pertaining to the grains generation. 

Nomenclature