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Introduction

In a context of sustainable development and energy saving, bio-based building materials are designed to replace conventional products in order to reduce environmental impacts. Bio-based materials are relevant because they are made from renewable raw materials and allow carbon sequestration thanks to photosynthesis during their growth [START_REF] Amziane | Bio-aggregate-based Building Materials[END_REF][START_REF] Van Der Werf | Life Cycle Analysis of field production of fibre hemp, the effect of production practices on environmental impacts[END_REF][START_REF] Boutin | Etude des caractéristiques environnementales du chanvre par l'analyse de son cycle de vie[END_REF][START_REF] Ip | Life cycle greenhouse gas emissions of hemp-lime wall constructions in the UK[END_REF][START_REF] Pretot | Life cycle assessment of a hemp concrete wall: Impact of thickness and coating[END_REF][START_REF] Pittau | Fast-growing bio-based materials as an opportunity for storing carbon in exterior walls[END_REF][START_REF] Boutin | Analyse du cycle de vie: Compounds thermoplastiques chargés fibres de chanvre et Mur en béton de chanvre banché sur ossature bois[END_REF]. Among them, hemp based materials have been studied extensively. Hemp concretes, generally made of hemp shiv and lime based binder, have good hygrothermal characteristics [START_REF] Amziane | Bio-aggregate-based Building Materials[END_REF][START_REF] Pretot | Life cycle assessment of a hemp concrete wall: Impact of thickness and coating[END_REF][START_REF] Boutin | Analyse du cycle de vie: Compounds thermoplastiques chargés fibres de chanvre et Mur en béton de chanvre banché sur ossature bois[END_REF][START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF][START_REF] Collet | Experimental investigation of moisture buffering capacity of sprayed hemp concrete[END_REF][START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF][START_REF] Evrard | Sorption behaviour of Lime-Hemp Concrete and its relation to indoor comfort and energy demand[END_REF][START_REF] Tran Le | Transient hygrothermal behaviour of a hemp concrete building envelope[END_REF][START_REF] Collet | Performance hydrique de bétons de chanvre: effet de l'enduit sur leur capacité de régulateurs hydriques, 31ème Rencontres AUGC ENS Cachan[END_REF][START_REF] Arnaud | Experimental study of parameters influencing mechanical properties of hemp concretes[END_REF][START_REF] Rahim | Characterization of flax lime and hemp lime concretes: Hygric properties and moisture buffer capacity[END_REF][START_REF] Rahim | Characterization and comparison of hygric properties of rape straw concrete and hemp concrete[END_REF], as described below.

From a hygric point of view, hemp concretes show a high hygroscopic behavior due to the coupling of hemp shiv and binder [START_REF] Amziane | Bio-aggregate-based Building Materials[END_REF][START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF][START_REF] Collet | Experimental investigation of moisture buffering capacity of sprayed hemp concrete[END_REF][START_REF] Evrard | Sorption behaviour of Lime-Hemp Concrete and its relation to indoor comfort and energy demand[END_REF][START_REF] Tran Le | Transient hygrothermal behaviour of a hemp concrete building envelope[END_REF]. It was shown that hemp concretes have sigmoid sorption curves, characteristics of macro-porous media [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF][START_REF] Evrard | Sorption behaviour of Lime-Hemp Concrete and its relation to indoor comfort and energy demand[END_REF][START_REF] Collet | Caractérisation hydrique et thermique de matériaux de génie civil à faibles impacts environnementaux[END_REF][START_REF] Chamoin | Optimisation des propriétés (physiques, mécaniques et hydriques) de bétons de chanvre par la maîtrise de la formulation[END_REF][START_REF] De Bruijn | Moisture fixation and thermal properties of lime-hemp concrete[END_REF]. It was also shown that the GAB model very closely fits the sorption isotherms [START_REF] Collet | Experimental investigation of moisture buffering capacity of sprayed hemp concrete[END_REF][START_REF] Rahim | Characterization of flax lime and hemp lime concretes: Hygric properties and moisture buffer capacity[END_REF][START_REF] Rahim | Characterization and comparison of hygric properties of rape straw concrete and hemp concrete[END_REF][START_REF] Collet | Comparison of the hygric behaviour of three hemp concretes[END_REF]. In addition, hemp concretes have a high water vapor permeability about 10 -11 -10 -10 kg/(m.s.Pa)) [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF][START_REF] Rahim | Characterization of flax lime and hemp lime concretes: Hygric properties and moisture buffer capacity[END_REF][START_REF] Rahim | Characterization and comparison of hygric properties of rape straw concrete and hemp concrete[END_REF][START_REF] Collet | Caractérisation hydrique et thermique de matériaux de génie civil à faibles impacts environnementaux[END_REF][START_REF] De Bruijn | Moisture fixation and thermal properties of lime-hemp concrete[END_REF][START_REF] Collet | Comparison of the hygric behaviour of three hemp concretes[END_REF]. Thanks to these properties, these materials show high moisture buffering capacities with moisture buffer values globally close to or higher than 2 g/(m 2 .%RH), so they are classified as good or excellent hygric regulators according to the NORDTEST project [START_REF] Collet | Experimental investigation of moisture buffering capacity of sprayed hemp concrete[END_REF][START_REF] Rahim | Characterization of flax lime and hemp lime concretes: Hygric properties and moisture buffer capacity[END_REF][START_REF] Rahim | Characterization and comparison of hygric properties of rape straw concrete and hemp concrete[END_REF][START_REF] Collet | Comparison of the hygric behaviour of three hemp concretes[END_REF].

From a thermal point of view, hemp concretes have low conductivities due to their low densities. Thermal conductivities range from 0.06 to 0.19 W/(m.K) for dry densities varying from 200 to 850 kg/m 3 [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF][START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF][START_REF] Rahim | Characterization and comparison of hygric properties of rape straw concrete and hemp concrete[END_REF][START_REF] De Bruijn | Moisture fixation and thermal properties of lime-hemp concrete[END_REF][START_REF] Walker | Moisture transfer and thermal properties of hemp-lime concretes[END_REF][START_REF] Benfratello | Thermal and structural properties of a hemp-lime biocomposite[END_REF][START_REF] Evrard | Transient hygrothermal behaviour of lime-hemp materials[END_REF][START_REF] Nguyen | Contribution à l'étude de la formulation et du procédé de fabrication d'éléments de construction en béton de chanvre[END_REF][START_REF] Magniont | Contribution à la formulation et à la caractérisation d'un écomatériau de construction à base d'agroressources[END_REF][START_REF] Nozahic | Vers une nouvelle démarche de conception des bétons de végétaux lignocellulosiques basée sur la compréhension et l'amélioration de l'interface liant / végétal : application à des granulats de chenevotte et de tige de tournesol associés à un liant ponce / chaux[END_REF][START_REF] Dinh | Contribution au développement de béton de chanvre préfabriqué utilisant un liant pouzzolanique innovant[END_REF]. Cerezo gives a linear relationship between thermal conductivity and density of hemp concretes [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF]. Thermal conductivity of bio-aggregate-based building materials is thus related with density. It also depends on several parameters such as formulation (binder, aggregate, aggregate to binder ratio), production method and water content. Collet and Pretot [START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF] reported that thermal conductivity could increase by 15-20% from dry state to 90%RH.

Life cycle assessments (LCA) carried out on hemp concrete walls including a wood frame show that hemp concrete walls have lower environmental impacts than those of walls made of usual construction materials, with ACCEPTED MANUSCRIPT equivalent performance [START_REF] Boutin | Etude des caractéristiques environnementales du chanvre par l'analyse de son cycle de vie[END_REF][START_REF] Ip | Life cycle greenhouse gas emissions of hemp-lime wall constructions in the UK[END_REF][START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF]. These studies highlight the benefits of using hemp in terms of global warming potential. Indeed, bio-sourced materials are regarded as carbon sinks through photosynthesis. On the other hand, it is shown that the environmental impacts result mainly from the production phase of the raw materials and in particular from the binder production, the main contributor [START_REF] Pretot | Life cycle assessment of a hemp concrete wall: Impact of thickness and coating[END_REF].

Thus, the use of an alternative binder can improve the environmental balance of hemp concrete while keeping satisfactory mechanical, hygric and thermal characteristics. In this context, this study aims to replace lime based binder by clay matrix. Actually, natural clay shows low environmental impacts: the resource is available in large quantities, the energy required to extract, transform and produce materials from earth is extremely low and it is a recyclable material. Compared with hemp-lime, an earth-hemp mixture is estimated to be more than 20 times less costly in grey energy (49 MJ/m³ against 1166 MJ/m³), with a carbon impact more than 5 times lower (196 kgCO2/m³ against -35 kgCO2/m³) [START_REF] Busbridge | Hemp-Clay: an initial investigation into the thermal, structural and environmental credentials of monolithic clay and hemp walls[END_REF], while leading to reduce end-of-life management costs. In addition, earth material is highly performant from a hygric point of view, due to its capacity to regulate ambient relative humidity [START_REF] Cagnon | Hygrothermal properties of earth bricks[END_REF]. Allinson and Hall [START_REF] Allinson | Hygrothermal analysis of a stabilised rammed earth test building in the UK[END_REF] studied the hygrothermal performance of rammed earth using both experimental and numerical tools. This study concluded on the good moisture capacity of stabilized rammed earth. From a thermal point of view, earth is not a good thermal insulator due to its high density, but the coupling with bio-based aggregate should reduce the composite thermal conductivity.

Several bio-aggregates are used with earth matrix to manufacture bio-based building materials, among them: hibiscus cannabinus fibers [START_REF] Millogo | Experimental analysis of Pressed Adobe Blocks reinforced with Hibiscus cannabinus fibers[END_REF][START_REF] Millogo | How Properties of Kenaf Fibers from Burkina Faso Contribute to the Reinforcement of Earth Blocks[END_REF], straw bale [START_REF] Ashour | An experimental investigation on equilibrium moisture content of earth plaster with natural reinforcement fibres for straw bale buildings[END_REF], wood [START_REF] Ashour | An experimental investigation on equilibrium moisture content of earth plaster with natural reinforcement fibres for straw bale buildings[END_REF][START_REF] Bouguerra | Effect of microstructure on the mechanical and thermal properties of lightweight concrete prepared from clay, cement, and wood aggregates[END_REF], oat fibers [START_REF] Paulina | Experimental Characterization of an Earth Eco-Efficient Plastering Mortar[END_REF], corn cob [START_REF] Pinto | Corn's cob as a potential ecological thermal insulation material[END_REF], millet [START_REF] Bal | Water content dependence of the porosity, density and thermal capacity of laterite based bricks with millet waste additive[END_REF], sawdust [START_REF] Meukam | Caractérisation thermophysique et mécanique de briques de terre stabilisées en vue de l'isolation thermique de bâtiment[END_REF], coconut coir [START_REF] Khedari | Development of fibre-based soil-cement block with low thermal conductivity[END_REF] or phytomass [START_REF] Maddison | The humidity buffer capacity of clay-sand plaster filled with phytomass from treatment wetlands[END_REF]. In these studies, the bio-aggregates contents are very low, inducing densities higher than 1000 kg/m 3 in most cases, and thus thermal conductivities higher than 0.5 W/(m.K). This makes these materials unsuitable for thermal insulation purposes.

On the other hand, a few papers can be found with higher bio-aggregate contents that induce lower densities of earthen construction materials [START_REF] Labat | From the experimental characterization of the hygrothermal properties of straw-clay mixtures to the numerical assessment of their buffering potential[END_REF][START_REF] Goodhew | Sustainable earth walls to meet the building regulations[END_REF][START_REF] Niang | Hygrothermal performance of various Typha-clay composite[END_REF][START_REF] Brouard | Mechanical and hygrothermal behavior of clay -Sunflower (Helianthus annuus) and rape straw (Brassica napus) plaster bio-composites for building insulation[END_REF][START_REF] Busbridge | AN INVESTIGATION OF THE THERMAL PROPERTIES OF HEMP AND CLAY MONOLITHIC WALLS[END_REF][START_REF] Vinceslas | Light Earth Performances For Thermal Insulation: Application To Earth-Hemp[END_REF]. In these studies, thermal conductivity ranges between 0.055 and 0.18 W/(m.K) for dry densities ranging from 235 to 586 kg/m 3 . The effect of aggregate content on the thermal conductivity of composites is studied in [START_REF] Millogo | Experimental analysis of Pressed Adobe Blocks reinforced with Hibiscus cannabinus fibers[END_REF][START_REF] Bouguerra | Effect of microstructure on the mechanical and thermal properties of lightweight concrete prepared from clay, cement, and wood aggregates[END_REF][START_REF] Khedari | Development of fibre-based soil-cement block with low thermal conductivity[END_REF][START_REF] Al Rim | Influence of the proportion of wood on the thermal and mechanical performances of clay-cement-wood composites[END_REF][START_REF] Ashour | The influence of natural reinforcement fibres on insulation values of earth plaster for straw bale buildings[END_REF][START_REF] Ledhem | Properties of wood-based composites formulated with aggregate industry waste[END_REF]. The increase in aggregate or fiber content induces a reduction of thermal conductivity. For instance, for clay-cement-wood composites, the thermal conductivity decreases from 0.24 to 0.08 W/(m.K) when the wood shavings mass content increases from 10 to 50% [START_REF] Al Rim | Influence of the proportion of wood on the thermal and mechanical performances of clay-cement-wood composites[END_REF]. This variation is linked with the composite density and porosity, and a linear relationship between thermal ACCEPTED MANUSCRIPT conductivity (λ) and density (ρ) is defined in [START_REF] Al Rim | Influence of the proportion of wood on the thermal and mechanical performances of clay-cement-wood composites[END_REF]: λ= 0.228ρ -0.006. In Bouguerra et al [START_REF] Bouguerra | Measurement of thermal conductivity, thermal diffusivity and heat capacity of highly porous building materials using transient plane source technique[END_REF], the thermal conductivity of wood cement-clay based composites decreases from 0.439 to 0.132 W/(m.K) when the wood aggregates mass content ranges from 0% to 50%.

Stabilization can affect thermal conductivity of earth composites. The incorporation of pozzolan or sawdust addition in stabilized soil building blocks induces a decrease in the density and thermal conductivity while the moisture content of these materials modifies their thermal performance [START_REF] Meukam | Thermo physical characteristics of economical building materials[END_REF].

Lastly, the water content also impacts the thermal conductivity of composites. For rape straw clay mix and sunflower bark clay composites, the thermal conductivity increases respectively by 48.5% and by 34.5% from dry state to 98 % RH [START_REF] Brouard | Mechanical and hygrothermal behavior of clay -Sunflower (Helianthus annuus) and rape straw (Brassica napus) plaster bio-composites for building insulation[END_REF]. This increase is due to the replacement of air in the pores by water, which is a better heat conductor than air [START_REF] Meukam | Caractérisation thermophysique et mécanique de briques de terre stabilisées en vue de l'isolation thermique de bâtiment[END_REF][START_REF] Meukam | Thermo physical characteristics of economical building materials[END_REF][START_REF] Kymäläinen | Flax and hemp fibres as raw materials for thermal insulations[END_REF].

Regarding the hygric properties of bio-aggregates -earth composites, the sorption isotherms show a sigmoid shape. In [START_REF] Labat | From the experimental characterization of the hygrothermal properties of straw-clay mixtures to the numerical assessment of their buffering potential[END_REF][START_REF] Niang | Hygrothermal performance of various Typha-clay composite[END_REF], the mass moisture content ranges between 4.8 and 8% at 80 % RH. The equilibrium water content increases with the plant matter content and depends on the nature of the plant, as shown in [START_REF] Ashour | An experimental investigation on equilibrium moisture content of earth plaster with natural reinforcement fibres for straw bale buildings[END_REF] for earth plasters containing wheat straw, barley straw and wood shavings. This work investigates the use of clay as a binding matrix in hemp composites. In a previous study [START_REF] Mazhoud | Mechanical properties of hemp-clay and hemp stabilized clay composites[END_REF], several composites were designed using clay or stabilized clay and considering several mix proportioning regarding the intended use (floor, wall, roof). The mechanical performances of the designed composites were assessed. The present work focuses on hygric and thermal performances of these composites. The characterization is based on the measurement of the sorption isotherm, the moisture buffer value and the thermal conductivity. The impact of clay stabilization and hemp content on these hygric and thermal properties is highlighted. Then, due to the high hygroscopic capacity of these materials, the effect of water content on thermal conductivity is investigated. The investigations include experimental measurements and self-consistent scheme modelling.

Materials and methods

Clay
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The clay was used as a binding matrix in two ways: as it is or stabilized. In this study, the term "binder" refers to "binding matrix".

The clay was the sludge from the rinsing bath of the gravel production site of Vaurifier in France. The sludge was first decanted, then dried at 100°C, milled with a knife mill, and finally sieved with a square mesh of 2 mm (Fig. 1). Fig. 2 gives the particle-size distribution curve and Table 1 summarizes the main physical characteristics. All the particles are smaller than 80 m, in line with the gravel production process. This material is mainly composed of silt with a medium particle size of 9.7 m. The Atterberg liquid limit is medium. The chemical composition of studied clay and its X-Ray diffractograph can be found in [START_REF] Mazhoud | Mechanical properties of hemp-clay and hemp stabilized clay composites[END_REF]. This clay is composed of quartz, muscovite and kaolinite, ranked by content order. The stabilized clay was made of clay stabilized with 5% of lime-based binder (Thermo) from BCB and 5% of Portland cement (CEM I 52.5 N CE CP2 NF) from Lafarge (Saint Pierre la cour) following the stabilization study performed in [START_REF] Mazhoud | Mechanical properties of hemp-clay and hemp stabilized clay composites[END_REF]. The chemical composition of these commercial binders can be found in [START_REF] Mazhoud | Mechanical properties of hemp-clay and hemp stabilized clay composites[END_REF].

Shiv

The hemp shiv used in this study was a commercial product Biofibat (from CAVAC France). Its characteristics were obtained following the recommendations of RILEM Technical Committee 236 Bio-aggregates based

Building Materials [START_REF] Amziane | Bio-aggregates Based Building Materials : State-of-the-Art Report of the RILEM Technical Committee 236-BBM[END_REF].

The dry bulk density of hemp shiv was about 107± 3.3 kg/m 3 . Its particle size distribution measured by mechanical sieving and by image analysis is presented in Fig. 3. Its width ranges from 0.14 mm to 6.8 mm, with a medium value W50 of 2.9 mm. The length ranges from 0.6 mm to 40.6 mm, with a medium value L50 of 11.5 mm. The equivalent diameter ranges from 0.36 mm to 12.48 mm, with a medium value ED50 of 5.8 mm. 

Formulations and specimen production
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This work investigated two kinds of materials composed with the same hemp shiv and two types of binder matrix: HCC made with clay and HSCC made with stabilized clay. In order to produce materials for different applications (floor, wall and roof), four hemp to binder ratios (H/B) were considered for each kind of binder. The water demand of each binder depends on its composition. Thus, in order to reach the same mixture consistencies of the mixtures, the water content was adjusted: it was higher for stabilized clay than for clay. The different formulations are summarized in Fig. 5 and Table 2.

In order to avoid any water absorption competition between binder and hemp shiv during the mixture preparation, the binder paste was prepared separately. Firstly, dry binder and water were mixed in a mixer to form a binder paste for about 2 min (with water to binder mass ratio of 0.4 and 0.6 for HCC and HSCC respectively). At the same time, the hemp shiv was mixed separately with water by hand with water to hemp mass ratio of 0.4. Thereafter, the moist hemp was progressively added to the binder paste and mixing went on for approximately 5 min until a homogeneous mix was obtained.

The mixture was then placed in oiled cubic molds (10×10×10 cm) in 2 layers. Each layer was compacted at 0.1

MPa with a compressive testing machine leading to specimen size of about 10×10×7 cm (Fig. 4). After manufacturing, the specimens were covered and they were stored at room temperature for a period of at least 5 days, after which the cover and the specimens were removed from the mold. Finally, the specimens were stabilized at 23 °C and 50% of relative humidity. The monitoring of mass, with daily weighing of specimens, allowed to ensure that the stabilization was reached. 
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Densities and porosity

The density is the ratio of the mass to the volume of the specimen. The mass was measured with an analytical balance with a readability of 0.01 g and a linearity of 0.01 g. Each dimension (length, width, height) was the average of four values measured with an electronic calliper (accurate to 0.01 mm). The density was measured on the four specimens of each formulation.

The skeleton density s was measured using the pycnometry method [START_REF] Astm | Standard test methods for specific gravity of soil solids by water pycnometer[END_REF]. Firstly, the specimen was dried at 60 °C until a constant mass was reached (variation of mass lower than 0.1 % between three consecutive weightings 24 h time-step). Then, the specimen was powderized in a blender and the powder was dried in a desiccator, at ambient temperature. Finally, the dry powder was introduced into a pycnometer of about 600 ml, immersed in toluene and regularly shaken until no bubbles could be seen. Then, the pycnometer was totally filled with toluene. Successive weightings of pycnometer, empty pycnometer (m1), pycnometer with dry sample powder
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(m2), pycnometer with sample powder filled with toluene (m3), pycnometer filled with toluene (m5) and pycnometer filled with water (m5) led to the mass of sample and to its volume. The skeleton density was calculated with Eq.( 1). Three measurements were performed for each formulation.

𝜌 = = = = = ( )( ) ( )( ) (1) 
The total porosity n was calculated from the skeleton density (s) and the apparent dry density (app) of material (Eq.( 2)):

𝑛 = (2) 
2.5. Hygric characterization

Sorption isotherm at 23 °C

The sorption isotherm or hygroscopic curve relates the amount of equilibrium moisture content to the ambient relative humidity for a given temperature.

Sorption isotherms can be measured according to continuous or discontinuous methods [START_REF] Sing | Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity (Recommendations 1984)[END_REF]. In this study, the sorption isotherms were measured according to the discontinuous method: the moisture content was determined at successive stages of increasing relative humidity. The specimens were dried in an oven at 60 °C until the mass change was less than 0.1% between three consecutive weightings with 24 h time-step. Then, the specimens were stabilized in a climate chamber (Memmert HPP260) which regulates temperature and relative humidity. The specimens were weighed two to three times a week. The sorption isotherm was measured at 23 ± 0.1 °C.

Relative humidities considered in this study were 0, 35, 50, 65, 80 and 90 % RH. The water content w was calculated from the mass of the specimen with Eq. ( 3).

𝑤 = (3)

Where m is the mass of the specimen in steady state conditions (kg) and 0 m is the mass of the specimen in the initial dry state (kg).
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Several models have been developed to describe the sorption curve like BET model [START_REF] Brunauer | Adsorption of gases in multimolecular layers[END_REF][START_REF] Barrett | The determination of pore volume and area distributions in porous substances. I. Computations from nitrogen isotherms[END_REF], GAB model ( 4) [START_REF] Guggenheim | Applications of statistical mechanics[END_REF][START_REF] Anderson | Modifications of the Brunauer, Emmett and Teller Equation1[END_REF][START_REF] Anderson | Modifications of the Brunauer, Emmett and Teller Equation II1[END_REF][START_REF] Boer | dynamical character of adsorption[END_REF], Van Genuchten model [START_REF] Van Genuchten | A Closed-form Equation for Predicting the Hydraulic Conductivity of Unsaturated Soils[END_REF]. In this study, the selected model was the GAB one. This model relates the water content to the specific surface area of the material for multilayer sorption. Even if it is physically valid when there is no capillary condensation; the GAB model covers a wide range of relative humidity (5 to 80-90 % RH) and is convenient to fit experimental adsorption data all over the RH range. The GAB model is expressed as follows:

= . . ( . )( . . . ) (4) 
Where m w is the monomolecular water content (kg/kg), CG and k are the fitting parameters of the GAB model, and  is the relative humidity (-).

The fitting of the model to the experimental values was performed using a least-squares minimization procedure.

Moisture buffer value

The moisture buffer value MBV quantifies the moisture buffering capacity of a material. It is measured under dynamic conditions following the method defined in the NORDTEST project [START_REF] Rode | Moisture Buffering of Building Materials[END_REF]. This value relates the amount of moisture uptake (and release), per open surface area, under daily cyclic variation of relative humidity according to equation (3). This value is mainly, but not only, a property of the material. Actually, the mass transfer coefficient at the boundary also plays a role. The control of air velocity in the surroundings of the specimens is therefore essential to be representative of conditions of use. It is checked to be around 0.1 m/s as required in NORDTEST protocol [START_REF] Rode | Moisture Buffering of Building Materials[END_REF].

𝑀𝐵𝑉 = ∆ ( 5 
)
Where MBV is the Moisture Buffer Value (g/(m².%RH)), m  is the moisture uptake / release during the period (g), A is the open surface area (m²) and low high RH / are the high/low relative humidity level (%).

Within the NORDTEST project, a round robin test was performed on nine representative building materials. It gives initial results and leads to a classification of moisture buffer values from negligible to excellent (Fig. 6).
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Fig. 6. Ranges for practical moisture buffer value classes [START_REF] Rode | Moisture Buffering of Building Materials[END_REF].

The test method requires prismatic specimens sealed on five out of six sides using aluminium tape to ensure that vapor exchange only occurs through a single face of the specimen. After stabilization at (23°C; 50% RH), specimens were exposed to daily cyclic variations: 8 hours at high relative humidity (75%) followed by 16 hours at low relative humidity (33%) in a climate chamber (Vötsch VC4060). The specimens were regularly weighed out of the climate chamber: five times during the absorption period and two times during the desorption period.

The test continued until the change in mass m is the same between the last three cycles with less than 5% of discrepancies. For each specimen, the MBV was thus the average value calculated from the last 3 cycles. The MBV of the materials is the average value of the three specimens.

Thermal conductivity 2.6.1. Experimental measurement

The thermal conductivity represents the ability of a material to conduct heat under temperature gradient and steady state conditions. It quantifies how much heat flows in a material.

The measurements were performed with a transient state method using the commercial CT-meter device from SMEE with a hot wire (5 cm long). The main advantage of this method, compared to steady-state methods like hot plate, is that transient methods do not induce (or limit) water migration during test [START_REF] Hladik | Métrologie des propriétés thermophysiques des matériaux[END_REF]. Thus, they allow measurement at wet state. The sensor was sandwiched between two specimens. The contact surface of specimens was as flat as possible in order to ensure good contact between the specimens and the probe.
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The measurement is based on the analysis of the temperature rise versus heating time. The heat flow and heating time were chosen to reach high enough temperature rise (>10°C) and high correlation coefficient (R 2 ) between experimental data and theoretical curve given by Eq [START_REF] Ip | Life cycle greenhouse gas emissions of hemp-lime wall constructions in the UK[END_REF]. For all formulations, the heating power and time used in this study were 0.212 W and 120 s, respectively. For all materials, two pairs were formed from four specimens. As this method leads to localized measurement, for each pair, tests were repeated at least 5 times at different places, to ensure the representativeness of the thermal conductivity values. The thermal conductivity of each pair was the average of five measurements, having a variation coefficient lower than 5%. The thermal conductivity of one material was given by the average value measured on the two pairs.

∆𝑇 =

(ln(𝑡) + 𝐾)

Where q is the heat flow per meter (W/m) and K is a constant which takes into account the thermal diffusivity of the material.

The effect of water content on the thermal conductivity of composites was investigated for a humidity range representative of humidity met in buildings. After measurement at dry state, the test was performed at 35, 50, 65 and 80 % RH, from the lowest to the highest relative humidity. For dry state, the specimens were dried in an oven at 60 °C, they were then cooled to ambient temperature in dessicator where the measurement was performed (Fig. 7). For wet state, the specimens were stabilized in a climate chamber (Memmert HPP260). For each point, the stabilization of mass was reached when the change in mass was less than 0.01% in 24 h. 2.6.2. Modelling of thermal conductivity by self-consistent scheme
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The self-consistent scheme allows estimating the thermal conductivity of heterogeneous materials from the thermal conductivity of each component and its volume ratio. This scheme has been successfully used in several studies to model the thermal conductivity of building materials and hemp concretes [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF][START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF][START_REF] Bourdot | Characterization of a hemp-based agromaterial: Influence of starch ratio and hemp shive size on physical, mechanical, and hygrothermal properties[END_REF][START_REF] Rahim | Effect of moisture and temperature on thermal properties of three bio-based materials[END_REF][START_REF] Arnaud | Modélisation par homogénéisation autocohérente de la conductivité thermique de bétons et laines de chanvre[END_REF] considering three phases or double homogenization. The approximation of the equivalent conductivity was based on the assumption that the energy embedded in the heterogeneous medium is equivalent to that of the equivalent homogeneous medium submitted the same boundary conditions. The heterogeneous medium, with spherical inclusions, is assumed to be an assembly of composite spheres of various sizes. For a two-phase medium, a sphere of radius Ra (phase a) is embedded in a concentric spherical shell of external radius Rb (phase b). This composite sphere is embedded in a homogeneous and isotropic equivalent medium (Fig. 8). The equivalent thermal conductivity in this case is expressed as follows:

= 1 + ; 𝑛 = (7) 
where λa(resp,b) is the thermal conductivity of the phase a (resp. b), n is the volume ratio of the phase a.

This method can be applied to a three-phase medium by considering an additional shell (Fig. 8). The equivalent thermal conductivity eq of the tricomposite homogenized medium is given by the relation (8): 

= 1 + × × × (8 
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In this study, the two phases model was used at dry state, considering air as phase a and solid matrix (including hemp shiv and binder) as phase b, n was thus the porosity of the material. The three phase model was used for wet material considering air as phase a, water as phase b and solid phase as phase c. ε was the porosity of the material and δ was calculated from water content and porosity. Firstly, for each formulation, the experimental data at dry point were fitted with the self-consistent scheme to identify the thermal conductivity of the solid phase using the least square method. Then, the variation of thermal conductivity with water content was calculated considering the thermal conductivity of the solid phase in the three-phase model.

Results and discussion

Density and porosity of composites

After mass stabilization of the specimens at dry state, the density values range from 347 kg/m 3 to 470 kg/m 3 for HCC, and between 383 kg/m 3 and 523 kg/m 3 for HSCC. For a given hemp content, the density is higher with stabilized clay.

The values obtained in this study are slightly lower than the values found in previous studies for the same formulations of cylindrical specimens [START_REF] Mazhoud | Mechanical properties of hemp-clay and hemp stabilized clay composites[END_REF], where the density values range from 373 kg/m 3 to 510 kg/m 3 for HCC, and from 410 kg/m 3 to 578 kg/m 3 for HSCC. This slight difference can be explained by the edge effects:

with cubic molds, the stacking is less compact in the corners.

Table 3 gives the apparent density at 23 °C and 50%RH, at dry state and the total porosity of studied materials.

Fig. 9 gives the variation of the dry density of composites versus hemp content.

After mass stabilization of the specimens at dry state, the density values range from 347 kg/m 3 to 470 kg/m 3 for HCC, and between 383 kg/m 3 and 523 kg/m 3 for HSCC. For a given hemp content, the density is higher with stabilized clay.

The values obtained in this study are slightly lower than the values found in previous studies for the same formulations of cylindrical specimens [START_REF] Mazhoud | Mechanical properties of hemp-clay and hemp stabilized clay composites[END_REF], where the density values range from 373 kg/m 3 to 510 kg/m 3 for HCC, and from 410 kg/m 3 to 578 kg/m 3 for HSCC. This slight difference can be explained by the edge effects:

with cubic molds, the stacking is less compact in the corners. The density of composite app, calculated from mix proportioning is expressed with:
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𝜌 = and 𝑉 = (9) then = - + (1 -𝑉 ) (10) 
Where H is the density of stacked hemp particles, B is the density of the dry binding matrix and Vair is the relative entrapped air volume.

Whatever the binding matrix, the reverse of density increases linearly with the hemp content H/(H+B) according to the relationship given in Fig. 9. The density of the dry binding matrix is calculated from WB/B (0.4 for HCC and 0.6 for HSCC) and known density of clay and stabilizers. The values are 1270 kg/m 3 for HCC and 1020 kg/m 3 for HSCC. The intercept of the curves leads to the calculation of the apparent density of the entrapped air volume (297 l/m 3 for HCC and 407 l/m 3 for HSCC). It appears that HSCC present more entrapped air during the production than HCC, which is not so clear analyzing the total porosity (Table 3). The slope of the curve leads to the calculation of the density of the stacked shiv particles (143 kg/m 3 for HCC and 141 kg/m 3 for HSCC).

Interestingly, the density of shiv in the mix appears a little higher than the bulk density of dry hemp shiv but lower than the particles density evaluated by [START_REF] Amziane | Bio-aggregate-based Building Materials[END_REF]: 256 kg/m 3 . It appears that the volume affected to the particles in the mix includes voids, due to the particles entanglement. The void volume associated to the shiv particles is estimated to 45% of the apparent volume of the shiv particles in the mix (i.e. the particle volume occupied 55% of the apparent volume of the shiv particles in the mix). Like for density, the total porosity values increase with the increase of hemp content. They range from 76 to 81%
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for HCC, and from 73 to 79% for HSCC. These values are in the range of the values found in the literature for hemp-based composites [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF][START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF][START_REF] Nguyen | Contribution à l'étude de la formulation et du procédé de fabrication d'éléments de construction en béton de chanvre[END_REF]. Including data obtained for the two types of composites (Fig. 10), the total porosity of the composites decreases linearly when the apparent dry density increases with very good correlation (R 2 = 0.959). Fig. 10. Total porosity of the designed composites versus their apparent dry density.

Hygric characterization

This section gives the results on sorption isotherm and on Moisture Buffer Value. Analyses are performed regarding the effect of hemp content and stabilization of clay on these characteristics.
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Sorption isotherm at 23 °C

Fig. 11 and Fig. 12 respectively show the adsorption isotherms obtained for hemp clay composites (HCC) and for hemp stabilized clay composites (HSCC) with different hemp to binder ratios. For HCC, the 90% RH point was not measured because of mold growth on the surface of the specimens after 48 hours of exposure to this relative humidity.

The dots correspond to the average values experimentally obtained from the mass water contents of the four specimens of a given formulation. The standard deviation values were so low that they can be considered negligible. The lines give the fittings with the GAB model. Table 4 gives the GAB model parameters obtained for the different formulations.

For all the formulations, a very good correlation between the GAB model and the experimental points is observed (R² very close to 1). All the obtained curves are sigmoid and are classified as type II or III according to the IUPAC's classification. [START_REF] Sing | Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity (Recommendations 1984)[END_REF]. This is consistent with the fact that such types of curves are traditionally identified for porous media with macro pore scale.

For the range of the considered relative humidity, the water contents are slightly higher for HSCC than for HCC.

Thus, for HSCC, the water contents reach 7.9 % to 9.5 % at 90 %RH, and 4.6 % to 6.4 % at 80 %RH. For the HCC, the water contents reach 3.9% to 5.9% at 80 %RH. It can also be observed that the water content is also influenced by the hemp content. The water contents obtained for the HCC and HSCC are higher than those obtained on clay bricks with a small amount of barley or wheat [START_REF] Ashour | Equilibrium moisture content of earth bricks biocomposites stabilized with cement and gypsum[END_REF]. For unstabilized bricks, the water contents obtained with 3% wheat in the composition are 3.6% at 80% RH and 5.6% at 90% RH. With 3% barley in the composition, the water contents at 80 and 90% RH are 3.6 and 5%, respectively. When the bricks are stabilized with 10% cement, the water contents obtained with 3% wheat are 3.7% at 80% RH and 5% to 90% RH (for barley, 3 and 4% in water content respectively). The differences in water content between the HCC, the HSCC and the stabilized brick formulations in Ashour et al study [START_REF] Ashour | Equilibrium moisture content of earth bricks biocomposites stabilized with cement and gypsum[END_REF] are attributed to the difference in bio-aggregate content, which is much lower in the Ashour et al study.
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The water contents obtained for HSCC are slightly lower than those found on clay-cement wood-aggregate composites [START_REF] Bouguerra | Isothermal moisture properties of wood-cementitious composites[END_REF]. For a wood content of 30%, the water contents are about 4.2% at 65% RH, 6.7% at 80% RH and 11% at 90% RH. For a wood content of 40%, the water contents are about 4.3% at 65% RH, 7.8% at 80% RH and 12.9% at 90% RH. The higher the relative humidity, the greater the difference between the water content of HSCC and that of the clay cement wood aggregate composites.

Fig. 13 and Fig. 14 show the evolution of the mass water content as a function of hemp content for HCC and HSCC respectively, for each relative humidity. Whatever the type of binder, the water content increases quite linearly with the hemp content with very good correlation coefficients. The linear regressions for each relative humidity can be used to link the mass water content of the formulations to the sorption curves of the components (binders and shiv). Assuming a direct relation between the adsorption isotherm of the composite and the adsorption isotherm of the binder and of the hemp according to their mass proportions (B: binder, H : hemp), the mass water content of given formulation can be calculated with Eq. ( 11):

w = α + β (11) 
Where H and B are the hemp content and the binder content, α and β correspond to the adsorption isotherms of hemp and of binder respectively.

The Eq. ( 11) can be written as follows:

w = a + b (12) 
With a = α-β et b = β. The parameters a and b are provided by the linear regression obtained for each RH level on the Fig. 13. Then, the estimated sorption α and β are evaluated.

Fig. 15 shows the identified adsorption isotherms obtained for hemp, binder of HCC and binder of HSCC in the composites. The two curves obtained for the hemp (from HCC and from HSCC) are almost superimposed, the water contents are in the range of values found in the literature [START_REF] Magniont | Contribution à la formulation et à la caractérisation d'un écomatériau de construction à base d'agroressources[END_REF][START_REF] Samri | Analyse physique et caractérisation hygrothermique des matériaux de construction : approche expérimentale et modélisation numérique[END_REF].

The identified adsorption isotherm of the binder of HCC in the composite presents slightly negative values.

Therefore, this binder matrix do not contribute to the sorption of the mixture. On the other hand, the identified adsorption isotherm of the binder of HSCC is positive. The obtained values are in the range of the values

ACCEPTED MANUSCRIPT

obtained by Cagnon et al [START_REF] Cagnon | Hygrothermal properties of earth bricks[END_REF] in their works on five earth bricks (the water contents are between 4-5% at 95% RH).

The proposed equation (Eq. ( 11)) for the prediction of the water contents was benchmarked against the experimental values obtained for all materials. Fig. 16 points out that there is very high correlation between the experimental and predicted values. In fact, it can be seen that the proposed equations provide a good prediction of the water contents. Thus, for composites made with the considered implementation method, this tool makes it possible to predict, for the different studied binders, the sorption isotherms for any formulation. 

ACCEPTED MANUSCRIPT

Moisture buffer value

Fig. 17 shows the ambient relative humidity in the climate chamber during the test. The average value of relative humidity (RH) is slightly lower than 75 % during absorption (about 71.13 %) and slightly higher than 33%

during desorption (about 35.2 %) because the door of the climatic chamber is regularly open to weigh specimens (peak on the curve).
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Fig. 17 also gives an example of moisture uptake and release during the MBV test. For all the studied materials, the measures performed on the three specimens give very close results for moisture uptake and release and thus for moisture buffer value.

The steady state is reached from the third cycle: the change in mass Δm and the moisture buffer value vary less than 5% within each cycle. Table 5 gives the average value and the standard deviation of the MBV calculated from cycles 3 to 5 in adsorption, desorption and average for all the composites. The value is very slightly higher in desorption than in adsorption. According to the NORDTEST project classification, all the studied materials have an excellent moisture buffer capacity (MBV > 2 g/(m².%RH)). Consequently, they can be considered as excellent hygric regulators that contribute to hygrothermal comfort.

Fig. 18 shows the evolution of the moisture buffer value (MBV) of all composites as a function of density. For HCC, the MBV decreases linearly when the density increases. For HSCC, the moisture buffer value is almost constant over the studied density range.

The variation of the moisture buffer value of the composite as a function of hemp content is shown in Fig. 19.

Hemp stabilized clay composite (HSCC) have higher MBV than hemp clay composite (HCC). The stabilization of clay enhances the MBV by 2-12% depending on the hemp content.

For all composites, the MBV obtained are in the range of values found in the literature. For lime-hemp composites, MBV values range from 1.94 to 2.24 g/(m².%RH) [START_REF] Rahim | Characterization of flax lime and hemp lime concretes: Hygric properties and moisture buffer capacity[END_REF][START_REF] Collet | Comparison of the hygric behaviour of three hemp concretes[END_REF][START_REF] Collet | Comparing hemp composites made with mineral or organic binder on thermal, hygric and mechanical point of view[END_REF][START_REF] Le | Etude des transferts hygrothermiques dans le béton de chanvre et leur application au bâtiment[END_REF]. The MBV of HCC and HSCC are better than those obtained for Poly-Lactic Acid-based composites for which the moisture buffer value is 1.77 g/(m².%RH) [START_REF] Collet | Comparing hemp composites made with mineral or organic binder on thermal, hygric and mechanical point of view[END_REF] and similar to those obtained for hemp-straw composites (MBV = 2.27 g/(m².%RH) for  = 179 kg/m 3 ) [START_REF] Collet | Hemp-straw composites: thermal and hygric performances[END_REF].

The moisture buffer value results both from storage and transfer capacities of materials. For HCC, an increase in the hemp content induces an increase in storage capacities which leads to an increase in the MBV. For HSCC, when H/(H+B) increases, a compensation of storage and transfer capacities leads to constant MBV. In order to confirm this hypothesis, complementary investigations regarding water vapor permeability could be performed. 
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Thermal characterization

This section gives the experimental results and analyses regarding hemp content, stabilization of clay and water content. Then, the thermal conductivity is modelled with self-consistent scheme. kg/m 3 . These thermal conductivity values make these composites suitable for distributed insulation.

The results show a linear correlation between thermal conductivity and composite density. More, for the two kinds of binder, the thermal conductivity follows the same linear relationship with density with a high correlation coefficient (Eq. ( 13)).

In comparison with the literature for hemp concrete, these thermal conductivity values are in the range of the values in [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF] and [START_REF] Walker | Moisture transfer and thermal properties of hemp-lime concretes[END_REF]. They are slightly lower than the values given in [START_REF] Nguyen | Contribution à l'étude de la formulation et du procédé de fabrication d'éléments de construction en béton de chanvre[END_REF] for compacted hemp concrete and in
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[10] for sprayed hemp concrete for similar density. The linear relationship is close to the one observed in [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF][START_REF] Walker | Moisture transfer and thermal properties of hemp-lime concretes[END_REF] (Eq. ( 14)).

Compared to the values found in literature for earth-based composite, the thermal conductivity of the studied materials are in the range of the values given on straw-clay composites, where the thermal conductivity values range from 0.071 to 0.120 W/(m.K) with density about 241 to 531 kg/m 3 [START_REF] Labat | From the experimental characterization of the hygrothermal properties of straw-clay mixtures to the numerical assessment of their buffering potential[END_REF]. The thermal conductivity of studied materials is higher than values found on hemp concrete with alternative unfired binders as lime replacement in [START_REF] Haik | Alternative unfired binders as lime replacement in hemp concrete[END_REF], where the thermal conductivity values range from 0.06 to 0.07 W/(m.K) for density about 330 kg/m 3 . On the other hand, these results are slightly lower than the values given for hemp clay composite in [START_REF] Vinceslas | Light Earth Performances For Thermal Insulation: Application To Earth-Hemp[END_REF] and for clay-cement wood composites [START_REF] Al Rim | Influence of the proportion of wood on the thermal and mechanical performances of clay-cement-wood composites[END_REF].

Linear regression of thermal conductivity versus density of the designed composites (HCC and HSCC):

𝜆 = 0.0001879 × 𝜌 + 0.0234 (13) 
Linear regression of thermal conductivity versus density of hemp concrete established by Cerezo [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF]: Fig. 21 gives the thermal conductivity of HCC and HSCC versus hemp content at dry state. Hemp stabilized clay composite (HSCC) have higher thermal conductivity than hemp clay composite (HCC). It is highlighted that the deviation about 5 %. These values are in the range of values found in the literature. For hemp-lime concretes, the thermal conductivity values of the solid phase range from 0.612 to 0.791 W/(m.K) depending on hemp to lime ratio in [START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF], and it is 0.63 W/(m.K) in [START_REF] Rahim | Effect of moisture and temperature on thermal properties of three bio-based materials[END_REF]. and water contents versus the experimental data. In all cases, there is a good correlation between experimental data and self-consistent scheme. The self-consistent scheme leads to better results for HCC than for HSCC and better results for relative humidities up to 65 %RH.

𝜆 = 0.0002 × 𝜌 + 0.0194 (14) 
For all formulations and for relative humidities less than or equal to 65%, the difference between experimental data and modelled values is less than 5%. Above 65% RH, the deviation reaches 6.5% at 80% RH for HCC-0.4

and HCC-0.75, 8.5% at 90% RH for HSCC-0.455 and HSCC-0.5. It remains below 5% for the other formulations. The deviations observed are correlated with lower modelled slopes than experimental ones (30-42% lower for HSCC formulations and 33-55% lower for HCC formulations). 
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Conclusion

This work investigates the use of clay as binder of hemp composite and it highlights the effect of clay stabilization and hemp to binder ratio on hygrothermal properties.

The density of the hemp composites decreases when hemp content increases. It is higher with stabilized clay than with unstabilized clay. The density values range from 347 kg/m 3 to 469 kg/m 3 for HCC, and from 382 kg/m 3 to 523 kg/m 3 for HSCC. Analyzing the links between formulation and density, it appears that, the shiv particles in the mix are systematically associated to a void volume close to the particles volume.
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The designed composites are hygroscopic and breathable materials. Their sorption curves are sigmoid. For each kind of matrix, a linear correlation between hemp content and water content is identified. This allows to evaluate the contribution of hemp shiv and binder to the composite sorption. Then, it is possible to predict the sorption curve for such kind of matrix and implementation whatever the hemp to binder ratio is. The MBV values of all composites range from 2.07 to 2.33 g/(m 2 .%RH) so, these composites are excellent hygric regulators. The composites made with stabilized clay have a better MBV than the composites made with unstabilized clay.

The thermal conductivity values of the designed composites at dry state are between 0.089 and 0.120 W/(m.K), making them suitable for use as distributed insulation. The study points out that the thermal conductivity mainly depends on the density. More, the thermal conductivity value increases with water content by up to 17 % from dry state to wet state at 80 %RH, with higher effect for lower hemp content.

Finally, the designed composites are promising materials to be used for building envelope. Actually, they can contribute to reduce energy needs of building and to ensure high hygrothermal comfort of users.

Fig. 1 .

 1 Fig. 1. Preparation of clay binder: a) decanting; b) Drying; c) Milling; d) Sieving with a square mesh of 2 mm.

Fig. 2 .

 2 Fig. 2. Particle size distributions of clay (measured by laser technique).

Fig. 3 .

 3 Fig. 3. Particle size distribution of shiv.

Fig. 4 .

 4 Fig. 4. Production process: a) Binder mixing (paste); b) Hemp mixing by hand; c) Addition of the moist hemp to the paste and mixing; d) Compaction; e) Designed specimens.

Fig. 5 .

 5 Fig. 5. Mass percentage of the components of composites (H: hemp; B: binder; W: water) -left: HCC, right: HSCC.

Fig. 7 .

 7 Fig. 7. Measurement of thermal conductivity at dry state -left: CT meter and dry chamber, right: experimental thermogram.

Fig. 8 :

 8 Fig.8: Self-consistent scheme -left: two-phase composite sphere embedded in a homogeneous equivalent medium, right: three-phase composite sphere embedded in a homogeneous equivalent medium.

Fig. 9 .

 9 Fig. 9. Variation of the reverse of apparent density at dry state versus hemp to (hemp+binder) ratio.

Fig. 11 .Fig. 12 .

 1112 Fig. 11. Adsorption isotherm of HCC formulations (points: mean mass water content and standard deviation, lines: GAB model) for hemp to binder ratio ranging from 0.4 to 0.75.

Fig. 13 :Fig. 14 :

 1314 Fig. 13: Evolution of the mass water content as a function of the hemp content for HCC under several relative humidities.

Fig. 15 :

 15 Fig. 15: Identified adsorption isotherm of hemp, binder of HCC and binder of HSCC in the composites.

Fig. 16 :

 16 Fig. 16: Comparison between experimental and predicted values of mass water content for HCC and HSCC under several relative humidities.

Fig. 17 .

 17 Fig. 17. Ambient relative humidity during the test and example of moisture uptake and release for one specimen of HCC-05.

Fig. 18 .

 18 Fig. 18. Moisture Buffer Value of HCC and HSCC versus density at (23°C; 50%RH).

Fig. 19 .

 19 Fig. 19. Moisture Buffer Value of HCC and HSCC versus hemp content

3. 3 . 1 . Experimental results 3 . 3 . 1 . 1 .

 313311 Fig.20gives the variation of thermal conductivity versus density at dry state. For HCC, the thermal conductivity values range from 0.089 to 0.111 W/(m.K) while the density values range from 346 to 470 kg/m 3 . For HSCC, the thermal conductivity values range from 0.096 to 0.120 W/(m.K) while the density values range from 382 to 523

Fig. 20 .

 20 Fig. 20. Thermal conductivity of HCC and HSCC versus density at dry state.

Fig. 24 and

 24 Fig.[START_REF] Nguyen | Contribution à l'étude de la formulation et du procédé de fabrication d'éléments de construction en béton de chanvre[END_REF] and Fig.25give the modelization with the three-phase self-consistent scheme (Eq. (8)) and the experimental data of the thermal conductivity versus the water content for the HCC and the HSCC composites respectively. Fig 27 and Fig 28 give the modelled values of thermal conductivity for the different hemp ratios

Fig. 24 .

 24 Fig. 24. Thermal conductivity of HCC versus mass water content  Points: experimental data; Lines: three phase self-consistent scheme model.

Fig. 25 .

 25 Fig. 25. Thermal conductivity of HSCC versus mass water content  Points: experimental data; Lines: three phase self-consistent scheme model.

Fig. 26 :

 26 Fig. 26: Comparison between experimental and predicted values of thermal conductivity of HCC.

Fig. 27 :

 27 Fig. 27: Comparison between experimental and predicted values of thermal conductivity of HSCC.

Table 1 .

 1 Physical characteristics of clay.

		Parameters	Clay Binder
	Density	ρs (g/cm 3 )	2.57
		Liquid Limit (LL)	36
	Atterberg limit	Plastic Limit (PL)	

Table 2

 2 

	Composite	Binder	H/B	WH/H	WB/B	Wtot/B
	HCC-0.4	Clay	0.4	0.4	0.4	0.56
	HCC-0.455	Clay	0.455	0.4	0.4	0.58
	HCC-0.5	Clay	0.5	0.4	0.4	0.60
	HCC-0.75	Clay	0.75	0.4	0.4	0.80
	HSCC-0.4	Stabilized Clay	0.4	0.4	0.6	0.76
	HSCC-0.455	Stabilized Clay	0.455	0.4	0.6	0.78
	HSCC-0.5	Stabilized Clay	0.5	0.4	0.6	0.80
	HSCC-0.75	Stabilized Clay	0.75	0.4	0.6	1.00

. Formulation of composites: hemp to binder (H/B), water mixed with hemp to hemp (WH/H), water mixed with binder to binder (WB/B), and total water to binder (Wtot/B) mass ratios.

Table 3 .

 3 Density and porosity of studied materials.

		Hemp/Binder	Hemp content	Apparent	Apparent	Total porosity
		ratio (H/B)	(H/(H+B))	density at (23	density at dry	n (%)
				°C ; 50 % RH)	state	
				(kg/m 3 )	(kg/m 3 )	
		0.4	0.29	480.2	469.5	76.1
	HCC	0.455 0.5	0.31 0.33	468.8 420.6	459.3 408.0	77.3 78.2
		0.75	0.43	361.3	346.8	81.1
		0.4	0.29	537.2	523.0	73.1
	HSCC	0.455 0.5	0.31 0.33	496.5 464.6	496.5 447.9	75.1 77.2
		0.75	0.43	401.3	382.5	79.2

Table 4

 4 

		Hemp/Binder ratio	wm	wm Vol (kg/m 3 )	CG	k	R 2
		0.4	1.45%	6.81	3.036	0.851	1.0000
	HCC	0.455 0.5	1.71% 2.07%	7.85 8.45	2.679 2.451	0.804 0.790	1.0000 1.0000
		0.75	2.44%	8.46	2.450	0.821	1.0000
		0.4	1.16%	6.07	7.237	0.953	0.9995
	HSCC	0.455 0.5	1.43% 1.67%	6.88 7.48	3.898 3.664	0.928 0.889	0.9997 0.9998
		0.75	2.28%	8.72	3.053	0.866	0.9999

. Sorption curves: Fitting parameters of GAB model (Eq.(

4

)) for HCC and HSCC.

Table 5 .

 5 Average value and standard deviation value of Moisture Buffer Value in adsorption, desorption and

	average.				
		Hemp/Binder	MBV ads.	MBV des.	MBV av.
		ratio	(g/(m².%RH))	(g/(m².%RH))	(g/(m².%RH)
		0.4	1.99 ± 0.03	2.15 ± 0.03	2.07 ± 0.03
	HCC	0.455 0.5	2.05 ± 0.02 2.09 ±0.02	2.20 ± 0.02 2.21 ± 0.04	2.12 ± 0.02 2.15 ± 0.03
		0.75	2.18 ± 0.03	2.38 ± 0.04	2.28 ± 0.03
		0.4	2.20 ± 0.01	2.45 ± 0.02	2.33 ± 0.02
	HSCC	0.455 0.5	2.21 ± 0.01 2.14 ± 0.03	2.42 ± 0.02 2.33 ± 0.03	2.31 ± 0.02 2.24 ± 0.03
		0.75	2.14 ± 0.07	2.43 ± 0.07	2.33 ± 0.07
	The MBV values range from 2.07 to 2.28 g/(m².%RH) for HCC and from 2.24 to 2.33 g/(m².%RH) for HSCC.

Table 6 .

 6 Thermal conductivity values of designed materials λexp, solid particles λS at 23 C, according to the self-

	consistent scheme.			
		Hemp/Binder ratio	n (%)	exp. (W/(m.k))	s (W/(m.k))
		0.4	76.1	0.108	0.491
	HCC	0.455 0.5	77.3 78.2	0.111 0.096	0.537 0.460
		0.75	81.1	0.089	0.484
		0.4	73.1	0.120	0.494
	HSCC	0.455 0.5	75.1 77.2	0.117 0.110	0.518 0.527
		0.75	79.2	0.093	0.485
		3.3.2.2. Thermal conductivity as a function of water content
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stabilization of clay increases the thermal conductivity by 5-15% depending on the hemp content. This is related to the higher density and lower porosity of HSCC than HCC for a given hemp content (After mass stabilization of the specimens at dry state, the density values range from 347 kg/m 3 to 470 kg/m 3 for HCC, and between 383 kg/m 3 and 523 kg/m 3 for HSCC. For a given hemp content, the density is higher with stabilized clay.

The values obtained in this study are slightly lower than the values found in previous studies for the same formulations of cylindrical specimens [START_REF] Mazhoud | Mechanical properties of hemp-clay and hemp stabilized clay composites[END_REF], where the density values range from 373 kg/m 3 to 510 kg/m 3 for HCC, and from 410 kg/m 3 to 578 kg/m 3 for HSCC. This slight difference can be explained by the edge effects: with cubic molds, the stacking is less compact in the corners.

Table 3).

The thermal conductivity decreases when the hemp to binder ratio increases. For HCC, the thermal conductivity decreases by 18% from 0.108 to 0.089 W/(m.K) as the hemp to binder ratio increased from 0.4 to 0.75. For HSCC the thermal conductivity decreases by 20% from 0.120 to 0.096 W/(m.K) as the hemp to binder ratio rises from 0.4 to 0.75. This result is similar to other studies performed on wood-aggregate based composites and on hemp-aggregate based composites where the increase of the bio-aggregate to binder ratio induces a decrease in the thermal conductivity of the composite [START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF][START_REF] De Bruijn | Moisture fixation and thermal properties of lime-hemp concrete[END_REF][START_REF] Benfratello | Thermal and structural properties of a hemp-lime biocomposite[END_REF][START_REF] Al Rim | Influence of the proportion of wood on the thermal and mechanical performances of clay-cement-wood composites[END_REF][START_REF] Ledhem | Properties of wood-based composites formulated with aggregate industry waste[END_REF][START_REF] Bouguerra | Isothermal moisture properties of wood-cementitious composites[END_REF][START_REF] Agoua | Thermal conductivity of composites made of wastes of wood and expanded polystyrene[END_REF][START_REF] Bederina | Effect of the addition of wood shavings on thermal conductivity of sand concretes: Experimental study and modelling[END_REF][START_REF] Taoukil | Moisture content influence on the thermal conductivity and diffusivity of wood-concrete composite[END_REF]. Bederina et al underline that the decrease in thermal conductivity is not linearly proportional to the increase of bio-aggregate in wood-based composite [START_REF] Bederina | Effect of the addition of wood shavings on thermal conductivity of sand concretes: Experimental study and modelling[END_REF]. Similar results are found on hemp concretes [START_REF] Collet | Thermal conductivity of hemp concretes: Variation with formulation, density and water content[END_REF][START_REF] Benfratello | Thermal and structural properties of a hemp-lime biocomposite[END_REF]. Actually, the decrease in thermal conductivity is linked to the decrease in density induced by the increase in bio-aggregate ratio. As the reverse of density evolves linearly with the hemp content (H/(H+B), and the thermal conductivity evolves linearly with density, the reverse of the thermal conductivity evolves linearly with hemp content, as shown Fig. 22. The intercept of the curve and the value at H/(H+B) = 1 leads to the determination of the porous binding matrix and shiv particles conductivity values (B, resp. H): for HCC B = 0.207 W/(m.K) and H,= 0.050 W/(m.K) for HSCCB = 0.251 W/(m.K) and H,= 0.052 W/(m.K). The thermal conductivity values of hemp shiv are close to the values given in [START_REF] Cérézo | Propriétés mécaniques, thermiques et acoustiques d'un matériau à base de particules végétales : approche expérimentale et modélisation théorique[END_REF]: 0.048 W/(m.K) for bulk particles with apparent density of 110 kg/m 3 , and 0.058 W/(m.K) for bulk particles with apparent density of 155 kg/m 3 . 
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Variation of thermal conductivity of composites with water content

The evolution of thermal conductivity as a function of water content is given in the Fig. 22 and Fig. 23 for HCC and HSCC, respectively. Between the dry state and the 80% RH point, the thermal conductivity of HSCC increases by 14.1 to 17.5% (depending on the H/B ratio) and by 12.3 to 16.9% for HCC. The thermal conductivity increases linearly with the water content for all formulations, due to higher thermal conductivity for water than for air (λwater = 0.6, λair = 0.026 W/(m.K)). Fig. 22 and Fig. 23 show also the relationships defined by fitting of the experimental points.

For both types of binder, the effect of water content on thermal conductivity is all the more important as the hemp content is low. This effect is also higher for HSCC than for HCC, excepted for H/B = 0.4: the slope values range from 0.27 to 0.47 for HCC while they range from 0.30 to 0.43 for HSCC. As the water content obtained for a given relative humidity is slightly higher for HSCC than HCC (see section on sorption isotherms Fig. 13 and Fig. 14)), HSCC are the most affected by changes in ambient relative humidity. 
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SCS model for predicting thermal conductivity

Thermal conductivity of the solid phase

The self-consistent scheme is used to model the thermal conductivity of the solid phase λS with the two-phase model, from thermal conductivity values measured at dry state, skeleton density values and total porosity values obtained by the pycnometer method. Results are presented in Table 6.

The thermal conductivity values of the solid phase of HCC and HSCC,for the different H/B ratios, range from 0.460 W/(m.K) to 0.537 W/(m.K). The values are similar for the HCC and the HSCC composites, with a