Abstract

Raw earth is one of the former building materials. It is a granular mixture in which clay plays a role of binder and it can be implemented as masonry units, monolithic walls, filling material or plaster. In the current context of global warming, a new interest emerges for this construction material, mainly due to its environmental qualities such as for example its low embodied energy and its circularity. A significant particularity of raw earth is that it exhibits important interactions with water molecules. It allows earth to have an excellent hygrothermal buffering potential for the indoor environment. But, on the other side, it leads to a significant decrease in material strength and stiffness when water content increases. It follows that a too high-water content into this porous building material may lead to the failure of the whole structure while water projections on earthen walls, and in particular wind-driven-rains, may induce strong erosion issues. To protect earthen building facades from water projections, lime-based renders are classically preferred over unstabilized raw earth ones for maintenance and durability purposes, despite of their higher ecological impact and their lower hygroscopic properties. In addition, plasters with too high vapour resistance factor could be an obstacle of self-regulation in water content of earthen wall.

With this in mind, scientific investigations appear to be necessary to consider the feasibility of the enhancement of liquid water resistance while keeping the strong hygroscopic performances of earth plasters. To reach this goal, the present work aims at studying and understanding the hydraulic and hygroscopic behaviour in earth plasters, and in particular of their surface as it is the main entrance of liquid water and vapour. The enhancement of the resistance of the earth plasters to liquid water penetration can be reached by water repellency, which can be achieved thanks to two main methods: a specific surface topography or hydrophobic product usage. A first task was dedicated to plaster formulations, in order to achieve a good discrepancy of surface topography values between all the samples while keeping volume properties relatively close, in order to determine the influence of the surface on hydraulic and hygroscopic exchanges. The results obtained on these samples through several experimental campaigns that have been conducted can be divided in three parts.

First, the behaviour of liquid water at the plaster's surface has been followed and analyzed thanks to experimental wetting set-up connected to a high speed camera device. The observation and understanding of the hydraulic behaviour inside the plaster has been made possible by the X-ray microtomography method. Then, static and dynamic water vapour exchanges in earth plasters were measured with experimental procedures as wet-cup, sorption/desorption, or modified MBV. The existence of a water vapour film surface resistance and its link with surface topography has been proven. A last campaign has been led to assess the efficiency of the hydrophobic product usage. The most efficient biopolymer products have been chosen among several products tested. Numerous samples have been made to obtain a combination of surface topography, type of biopolymer and method of application. The efficiency of biopolymer added earth plasters were evaluated with Geelong tests and accelerated erosion tests, while measuring its hygroscopic remaining performances. After this study, it is possible to propose an efficient earth plaster formulation to improve water durability while maintaining strong hygroscopic properties.

Résumé

La terre crue est un matériau de construction millénaire, qui peut être mise en oeuvre sous forme d'éléments de maçonnerie, de murs monolithiques, ou bien encore utilisée comme matériau de remplissage ou en tant qu'enduit. C'est un matériau poreux et granulaire, dont le liant est l'argile. Dans le contexte actuel du réchauffement climatique, la terre crue connaît un clair regain en intérêt, principalement en raison de ses qualités environnementales comme par exemple sa faible énergie grise et sa recyclabilité. La terre crue, de part sa structure particulière et la présence d'argile, crée d'importantes interactions avec les molécules d'eau. Cela permet à la terre crue d'être un exceptionnel tampon hygrothermique pour l'environnement intérieur. Toutefois, cette capacité à adsorber de grandes quantités d'humidité peut conduire dans le même temps à une diminution significative de la résistance mécanique. En effet, une teneur en eau trop élevée dans ce matériau de construction poreux peut entraîner une défaillance de l'ensemble de la structure. De plus, la terre crue est très sensible à l'eau de pluie, ce qui peut induire de forts problèmes d'érosion. Afin de protéger les façades des bâtiments en terre des projections d'eau, les enduits à base de chaux sont généralement préférés aux enduits en terre crue non stabilisée pour des raisons d'entretien et de durabilité, malgré leur impact écologique plus élevé et leurs propriétés hygroscopiques inférieures. En outre, les enduits ayant un facteur de résistance à la vapeur d'eau trop élevé pourraient constituer un obstacle à l'autorégulation de la teneur en eau des murs en terre.

Dans cette optique, des recherches scientifiques semblent nécessaires pour étudier la faisabilité de l'amélioration de la résistance à l'eau liquide des enduits en terre crue, tout en conservant leurs fortes performances hygroscopiques. Pour atteindre cet objectif, le travail présenté ici vise à étudier et à comprendre le comportement hydraulique et hygroscopique dans les enduits en terre, et en particulier au niveau de leur surface, qui est la principale porte d'entrée de l'eau liquide et de la vapeur d'eau.

La résistance des enduits en terre à la pénétration de l'eau liquide peut être améliorée par l'hydrophobisation de la surface, qui peut être réalisée grâce à deux méthodes principales : une topographie de surface spécifique, ou bien l'utilisation de produits hydrophobes. Un premier travail a donc été consacré à la formulation d'enduits en terre, afin d'obtenir une bonne variabilité des valeurs de topographie de surface entre tous les échantillons, tout en gardant leurs propriétés volumiques relativement proches. Ceci a permis de déterminer l'influence de la surface sur les échanges hydrauliques et hygroscopiques. Les résultats obtenus sur ces échantillons à travers les différentes campagnes expérimentales qui ont été menées peuvent être divisés en trois parties.

Tout d'abord, le comportement de l'eau liquide à la surface de la terre crue a été observé et analysé grâce à un dispositif expérimental de mouillage connecté à une caméra ultra-rapide. L'observation et la compréhension du comportement hydraulique en sous surface des enduits ont été rendues possibles par la méthode de microtomographie aux rayons X. Ensuite, les échanges statiques et dynamiques de vapeur d'eau dans les enduits de terre ont été mesurés par les procédures expérimentales telles que l'essai de « wet-cup », l'essai de sorption/désorption, ou bien encore l'essai de MBV. L'existence d'un film statique de surface s'opposant à la pénétration de la vapeur d'eau, et son lien avec la topographie de surface ont été démontrés. Une dernière campagne a été menée pour évaluer l'efficacité de l'utilisation des produits hydrophobes. Les biopolymères les plus efficaces ont été choisis parmi plusieurs produits testés. De nombreux échantillons ont été réalisés pour obtenir une combinaison entre la topographie de surface, le type de biopolymère ainsi que sa méthode d'application. L'efficacité de l'adjuvantation des enduits de terre par des biopolymères a été évaluée par des essais d'érosion, comme le « Geelong test » ou bien l'essai d'érosion accéléré, tout en mesurant leurs performances hygroscopiques. Après cette étude, nous sommes en mesure de proposer plusieurs formulations d'enduits en terre adjuvantés efficaces pour améliorer la durabilité à l'eau tout en conservant de fortes propriétés hygroscopiques. 

List of Figures

1.1

Areas of earth architecture and UNESCO heritage in the world [START_REF] Fontaine | Bâtir en Terre[END_REF] Wheel of raw earth construction techniques, [START_REF] Houben | Traité de construction en terre[END_REF]]. . . . . . . . . . . . . 1.4

Repartition of earthen construction in Europe, [START_REF] Soudani | Modelling and experimental validation of the hygrothermal performances of earth as a building material[END_REF] 2020 annual global C02 emissions for buildings and construction. (credits: Architecture 2030). . 1.10 Low embodied energy for earth construction cycle of life, [START_REF] Soudani | Modelling and experimental validation of the hygrothermal performances of earth as a building material[END_REF]. . . . . . . . . . . . 1.11 Hygroscopic behaviour in earthen walls leading to indoor comfort, [START_REF] Champire | Étude expérimentale du comportement hydro-mécanique de la terre crue compactée pour la construction[END_REF] 1.16 Picture of a cement plaster that undergoes a decohesion from a rammed earth wall in the city of Lyon, France (left). Picture of the collapse of a rammed earth construction in Lyon (right). . . . 1.17 Pore size distribution for earth plasters on several types of supports, [Faria et al., 2016]. . . . . . 1.18 Link between the dry bulk density and the fiber content for earth materials, [START_REF] Laborel-Préneron | Plant aggregates and fibers in earth construction materials: A review[END_REF] [START_REF] Chen | Exploring the effect of biopolymers in near-surface soils using xanthan gum-modified sand under shear[END_REF]. . 1.29 Modification of the clay platelets structure by the effect of biopolymers, [START_REF] Eires | Earth architecture: ancient and new methods for durability improvement[END_REF] carrageenan-chitosan (top), and (c) chitosan-carrageenan (top), [START_REF] Donayre | Eco-friendly Improvement of Water Erosion Resistance of Unstable Soils with Biodegradable Polymers[END_REF]. . . . . . 1.37 Measurement and following of the contact angle of a water droplet at the surface of earth plasters bio-stabilized with different organic admixtures, [START_REF] Guihéneuf | Effect of bio-stabilizers on capillary absorption and water vapour transfer into raw earth[END_REF]. . . . . . . . . . . . . 1.38 Picture of water droplet on a lotus leaf, SEM image of a lotus leaf, and schematic representation of the surface asperities, [Garg et al., 2017] sensor for additive-free (Fn, Mn, Cn) and with admixture (Fa, M, Ca) earth plasters. . . . . . . .

3.1

Description of the experimental plan conducted for the first and second experimental campaigns.

3.2

Two classical wetting situations for an ideal material. (a) A liquid film spreads. (b) Wetting is only partial. [START_REF] Quéré | Wetting and Roughness[END_REF] 

3.6

Johnson and Dettre's experiment, [START_REF] Dettre | Contact Angle Hysteresis[END_REF]. . . . . . . . . . . . . . . . . . .

3.7

Wenzel's model, [START_REF] Quéré | Wetting and Roughness[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.8

Water filling the holes for Cassie-Baxter's model, [START_REF] Quéré | Wetting and Roughness[END_REF]. . . . . . . . . . . . . . . . . .

3.9

Air entrapped for Cassie-Baxter's model, [START_REF] Bico | Wetting of textured surfaces[END_REF]. . . . . . . . . . . . . . . . . . . . 3.10 Kao experiment, [START_REF] Quéré | Wetting and Roughness[END_REF] Raw earth is a material which has been used for centuries and all across the world to build homes and shelters. Its great availability, its high thermal inertia as well as its hygroscopic properties made it the most prevalent material in numerous world regions. Earthen architecture is present on all inhabited continents, and according to the US Department of Energy, 50% of the world's population lives in an earthen habitat. At least 15% of the UNESCO World Heritage sites are built of earth [START_REF] Fontaine | Bâtir en Terre[END_REF]. These sites are shown on the map on Figure 1.1.

List of Tables

Figure 1.1: Areas of earth architecture and UNESCO heritage in the world [START_REF] Fontaine | Bâtir en Terre[END_REF].

According to [START_REF] Fontaine | Bâtir en Terre[END_REF], the oldest raw earth constructions have been dated to 11,000 B.C and founded in Syria, this coincides with the beginning of the sedentarization and the birth of the first cities. The archaeological site of Jericho in West Bank can be mentioned, where the oldest raw earth brick was found and dated from 9000 B.C. Multiples examples of outstanding historical earthen architectures can be found for multiple building types and in every continent. In Asia, the 2000 year old Great Wall of China, which is the most important architectural masterpiece ever made, was built with locally available materials. Consequently it was built with rammed earth over thousands of kilometres. The Merve Oasis was a major city in Central Asia, on the historical Silk Road; the fact that the ruins of the 2500 years old ancient citadel built in adobe is so well preserved despite the weather conditions over the centuries is outstanding. Cities built entirely of raw earth were developed in the desert, because of the lack of other building materials. The city of Shibam in Yemen, old of 1700 years and made out of adobe, is impressive by its verticality. Some buildings dating back to the 16th century are up to 30 meters high. As in Ghadames, the raw earth architecture allowed Rammed earth is a construction technique consisting of building massive walls layer by layer by compacting wet and powdery earth inside a formwork with a rammer. The wall is protected from rising damps at the bottom by a footing which is usually made of rocks or concrete, and a the top by an overhanging roof. The wall is built layer by layer, each one measuring from 10 cm to 20 cm. Once the formwork is full, it is removed and positioned for the next filling. Lime joints can be found between each layer, and at the edges and corners to strengthen the structure against erosion and crumbling. This technique is particularly adapted during spring and autumn because the earth contains the required amount of water for its workability. It is the only raw earth technique that enables the use of earths containing gravels and rocks. A suitable earth for rammed earth is equilibrated and does not contain too much clays to avoid shrinkage and cracks. The rammed earth technique is quite slow to use and requires specific tools compared to the other traditional techniques. This made this technique upmarket, especially with the recent improvement in terms of mechanisation, from the pneumatic rammer to the self-climbing formwork and the lift machine. In the earth block techniques, adobe is the name given to a raw earth brick. They can be either hand shaped, or hand moulded with a wooden or a metallic framework. Devices enable compaction with a pestle or a heavy lid. First, the earth is mixed with water to reach a plastic state. Then the earth is poured in the framework. Once it is full, the framework is removed and the brick lay on the ground to dry for several days. When the bricks are dry, they are stocked. The adobe are used with a fresh earth mortar to build walls, arcs, vaults and domes. A suitable earth for adobe bricks is fine and does not contain gravels or rocks, because it is hand mixed and that the framework mould is small. In comparison to the other earth building techniques, adobe brickwork enables a great speed of building, similar to other industrial materials. It also has the ability to build almost an entire building without using other materials since walls, arches, vaults and domes can be built with bricks. Adobe is therefore extremely economical, especially in developing countries where bricks are still made by hand and construction almost without tools. In the same brickwork family, industrial machines, as press, are designed to produce Compressed Earth Blocks (CEB). They are different to adobes in consistency, less plastic and similar in manufacture water content to rammed earth. techniques for raw earth constructions requires very few mechanisation, and therefore, very little energy. According to [START_REF] Deboucha | A review on bricks and stabilized compressed earth blocks[END_REF] earthen materials require a mere 1% of the required energy to manufacture and process an equivalent quantity of cement concrete.

Figure 1.10: Low embodied energy for earth construction cycle of life, [START_REF] Soudani | Modelling and experimental validation of the hygrothermal performances of earth as a building material[END_REF].

Secondly, according to [START_REF] Santos | Life cycle assessment of mortars: a review on technical potential and drawbacks[END_REF], some earth buildings may consume less operational energy over their lifetime due to heating or cooling when compared to conventional structures. Thanks to its high thermal mass and high hygroscopic properties enabling water phase changing, earth walls buffer outdoor temperature variations [START_REF] Soudani | Assessment of the validity of some common assumptions in hygrothermal modeling of earth based materials[END_REF], 2017[START_REF] Goodhew | Sustainable earth walls to meet the building regulations[END_REF]. Therefore, earthen materials can acclimatise themselves to any natural environment and the indoor environment of earth buildings tends to be comfortable during both summer and winter [START_REF] Collet | Study of thermal behaviour of clay wall facing south[END_REF]. Also thanks to their high hygroscopicity, earthen materials are able to rapidly absorb a significant amount of water vapour and also to release water vapour in building indoor air [START_REF] Mcgregor | The moisture buffering capacity of unfired clay masonry[END_REF][START_REF] Hall | Moisture ingress in rammed earth: Part 1 -The effect of soil particlesize distribution on the rate of capillary suction[END_REF], 2006a,b]. This moisture buffering of earthen materials is beneficial for health and well-being of the occupants [START_REF] Rode | Moisture Buffering of Building Materials Department of Civil Engineering Technical University of Denmark[END_REF]. Other qualities of earthen housing can be mentioned as: acoustic insulation [START_REF] Binici | Sound insulation of fibre reinforced mud brick walls[END_REF][START_REF] Randazzo | Moisture absorption , thermal conductivity and noise mitigation of clay based plasters : The influence of mineralogical and textural characteristics[END_REF], fire resistance [START_REF] Abdallah | High temperature behavior of compressed earth bricks[END_REF], non-toxic and non-allergic properties [START_REF] Gomes | The benefits of eco-efficient plasters for occupant 's health[END_REF].

Figure 1.11: Hygroscopic behaviour in earthen walls leading to indoor comfort, [START_REF] Champire | Étude expérimentale du comportement hydro-mécanique de la terre crue compactée pour la construction[END_REF].

Finally, one of the major benefits to use raw earth for building is that it can be endlessly reused, for a very little amount of time and energy [START_REF] Röhlen | Construire en terre crue: construction, rénovation, finitions[END_REF]. Because these materials have undergone very few modifications during construction, less energy is needed to recycle them. The recycled material can be reused or safely disposed of with the least environmental impact. In the Western countries, the construction sector represents a very large volume of natural resources [START_REF] Morel | Building houses with local materials: Means to drastically reduce the environmental impact of construction[END_REF] and is responsible for about 50% of wastes production in the European Union [START_REF] Floissac | How to assess the sustainability of building construction processes[END_REF]. The potential to recycle these materials prevents the generation of demolition waste which is one of the most significant contributors of waste worldwide.

One can also mention the positive social impact of earth construction, as it requires an intensive workforce and few technical tools. In comparison with conventional construction which requires the importation and transportation of the materials, the use of local earth allows for low-cost housing and easier access to housing in low-income countries [START_REF] Bell | Local building materials: Affordable strategy for housing the urban poor in nigeria[END_REF]. In high-income countries, where the workforce is expensive, earthen construction are not cheaper, however almost all the money is spent for the salaries and social taxes instead of the material and the companies [START_REF] Hamard | Rediscovering of vernacular adaptive construction strategies for sustainable modern building -Application to Cob and Rammed earth[END_REF]. Masons have a know-how and specific skills that passed on between craftsmen and that cannot be replaced by techniques or machines.

It should be noted the common practice of stabilizing the earth with cement or other hydraulic stabilizers will increase its mechanical strength as well as its resistance to erosion [START_REF] Haffar | Efficient stabilization with hydraulic binders of local earth for building construction applications[END_REF]]. However, it will reduce the hygroscopic potential and the moisture buffering capacity of the raw earth material, and will prevent its recycling.

Earth plasters can be divided into two types: outdoor and indoor earth plasters. Outdoor plaster are commonly formulated with earth, sand and lime, while indoor plaster are usually formulated with only earth and sand [START_REF] Ecobâtir | Règles professionnelles: Enduits sur supports composés en terre crue[END_REF]. Earth plasters have many advantages that are perfectly implemented in a raw earth construction, compensating for the traditional defects of the earth, synergizing with some of its properties, and sometimes playing an essential role on their own. Outdoor earth plaster are mainly intended to protect the earthen wall from erosion due to rainwater. Indeed, raw earth cohesion is mainly attributed to its clay content, and the strength of this latter drops when it is in contact with liquid water. If the earthen wall is not plastered, the facade will deteriorate over time [START_REF] Bui | Durability of rammed earth walls exposed for 20 years to natural weathering[END_REF][START_REF] Beckett | Weathering the storm: A framework to assess the resistance of earthen structures to water damage[END_REF][START_REF] Haffar | Efficient stabilization with hydraulic binders of local earth for building construction applications[END_REF], and this will cause significant holes and cracks in the wall. Beyond the aesthetic inconvenience, this will drastically decrease the mechanical properties of the structure [START_REF] Bui | Effect of moisture content on the mechanical characteristics of rammed earth[END_REF][START_REF] Narayanaswamy | Mechanical Testing Procedure for Local Building Materials : Rammed Earth and Laterite Building Stones[END_REF], but can also be harmful to the health of the inhabitants. Indeed, according to [START_REF] Aguilar | The potential use of chitosan as a biopolymer additive for enhanced mechanical properties and water resistance of earthen construction[END_REF], in Central and South America these holes and cracks have been reported to become a privileged place for fungi and bugs which in some cases may transfer diseases such as the common Chagas disease. With the frequent exchanges of moisture between the interior and the exterior, the inhabitants can be contaminated by these diseases. Therefore, the use of earth plaster on earthen structure is essential. Because unstabilized earth plasters are very weak against wind-driven rain erosion [START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments[END_REF][START_REF] Aguilar | The potential use of chitosan as a biopolymer additive for enhanced mechanical properties and water resistance of earthen construction[END_REF][START_REF] Nakamatsu | Eco-friendly modification of earthen construction with carrageenan: Water durability and mechanical assessment[END_REF] earth plasters are almost always mixed with a stabilizing additive like lime to reinforce the protection to rainwater. Furthermore, outdoor plasters may also have an aesthetic or insulating role.

Indoor plasters are mainly realized in order to create a layer that will cover and protect the wall from mechanical solicitations and abrasion due to actions of the inhabitants [START_REF] Delinière | Physical, mineralogical and mechanical characterization of ready-mixed clay plaster[END_REF][START_REF] Emiroglu | Performance of ready-mixed clay plasters produced with different clay/sand ratios[END_REF], while being the aesthetic support of the inside construction. However it has been proven that they have an important role as a hygroscopic regulator for the inside [START_REF] Maskell | Determination of optimal plaster thickness for moisture buffering of indoor air[END_REF], McGregor et al., 2017, Lima et al., 2016]. They should as well act as a natural filter for inside pollution and offer a great acoustic insulation [START_REF] Randazzo | Moisture absorption , thermal conductivity and noise mitigation of clay based plasters : The influence of mineralogical and textural characteristics[END_REF][START_REF] Gomes | The benefits of eco-efficient plasters for occupant 's health[END_REF]. Except in the rooms where they can be subjected to liquid water projections (bathroom, kitchen,...) the interior plasters are generally not stabilized with lime [START_REF] Ecobâtir | Règles professionnelles: Enduits sur supports composés en terre crue[END_REF]. Earth plasters are most of the time used on earthen or bio-based constructions, because they allow to keep the great hygroscopic and hygrothermal potential of the earthen or bio-based walls without being a barrier. But it can also be used on every type of construction: straw, wood, rocks, concrete [START_REF] Santos | Can an earth plaster be efficient when applied on different masonries[END_REF]... Earth plasters have also an interest without an earthen structure: they can be hygroscopic and hygrothermal regulators by themselves [START_REF] Maskell | Determination of optimal plaster thickness for moisture buffering of indoor air[END_REF].

Formulation and implementation

Earth plasters have been widely used and are still used today in many parts of the world. They can be applied on all type of earth constructions and techniques, however it is very common to find rammed earth buildings without any plaster protection. The practice of raw earth plastering is particular in the field of earth construction since it can be done both locally or industrially with pre-formulated plasters, packaged in big-bags and transported to the site.

Earth plasters require the same tools than classic plasters like trowels, floats... Since the earth does not harden quickly, because this latter is induced by drying and not by chemical reactions unlike cement or gypsum plasters, it is easier to work with. However, the choice of the plaster formulation and its preparation is relatively complex to obtain the desired properties. In function of its use, the nature of suitable earths can be different. For example, we can distinguish body plasters, to fill holes and levelling the surface, and a top plaster for finishing. Body plasters are composed of clayey and sandy earths to avoid crumbling. Top plasters are composed of clayey and sandy earths, but the earth is sieved more finely to allow the application of a plaster only a few millimetres thick. Top plaster earth is almost always mixed with sand to avoid shrinkage and cracks. As the rest of the earth construction (except for CEB), the standards for earthen plasters are still underdeveloped. Recently, a guide for good practices and a set of professional rules for earth plasters have been published [START_REF] Ecobâtir | Règles professionnelles: Enduits sur supports composés en terre crue[END_REF], Tera, 2018]. Although there is no French or European standard to characterize earth-based plasters. Abroad the German standard DIN 18947 [2018] is commonly used for the characterization and classification of ready-to-use earth-based plasters. This standard is based on the European standard NF EN 1015 [AFNOR, 2019a] that describes the protocols associated with conventional plasters, but adapts them to take into account the specifics of earth-based plasters.

To date, there are only two on-site tests to validate the formulation of the plaster to be used: the shrinkage and cracking resistance test and the shear (or adhesive) strength test [START_REF] Ecobâtir | Règles professionnelles: Enduits sur supports composés en terre crue[END_REF]. The shrinkage and cracking resistance test allows the determination of the ideal ratio of earth, sand or natural fibre in the mix. On the future support, a series of different plaster formulations are tested, of a size of 25cm x 25cm and of a thickness equal to what will be used for the site. After drying, a visual control is done to ensure that there is no cracks. If the plaster cracks, new formulations are made with a higher ratio of sand or natural fibers. The shear strength test has for objective to ensure the resistance of a plaster formulation to disbonding. The principle is to realize five plaster samples of 20cm 2 of one plaster formulation on the future support and to submit them to a 2kg load, applied to the top edge thanks to a wooden frame. This represents a security factor of ten compared to the load under real conditions. If the five samples resist to the load, the plaster formulation pass the test. Both tests must be completed to validate a formulation. To proceed to the manufacturing of earth plasters, first the earth is sieved in order to remove rocks or gravels. If needed, sand or natural fibers are added to the earth to avoid shrinkage and cracks during the drying. Then the earth is mixed with water until a viscous paste easily workable is obtained. The plaster substrate is moistened to ensure a good bond between the plaster and its substrate and continuity during drying, and then the plaster can be applied. There is no European standard that sets the required water content for raw earth plasters, however the German standard DIN 18947 [2018] recommends a consistency of 175 ± 5mm at the spread test for the manufacturing of earth mortars, based on EN1015-3 [AFNOR, 2003] test procedure.

Thus the formulations of the plasters will depend mainly on their ratio of earth/sand, the presence or not of fibers, as well as the water content. Literature values for earth/sand ratio (E/S) and the process water are presented in Table 1.1. Some authors prefers to indicates directly the quantity of clays mixed with sand instead of earth mixed with sand, this latter quantity is indicated as clay/sand (C/S) ratio. In the table, quantities are expressed according to the total mass, except when it is specifically indicated that it is for the total volume with (v).

A common practice in plastering earthen buildings is to cover the exterior of the earthen wall with a waterproof or nearly waterproof plaster to prevent rainwater from eroding the wall. This practice is generally done on existing earthen structures, and is intended to minimize the maintenance required for the structures. These plasters are usually made with cement. Many examples of these practices can be found in France. However, this practice may be harmful to earthen buildings, even very dangerous depending on the situation. Indeed, it is almost impossible to prevent water from penetrating an earthen wall, because it has many possibilities to infiltrate: by capillary rise at the level of the foundations, by the roof if the covering is not sufficient or if there are defects, and finally by the cracks in the plaster. This water infiltration without being able to evaporate quickly enough due to the presence of an almost impermeable plaster will lead to the accumulation of water in the wall, at a level much higher than the water content naturally present in the wall during its use cycle. This will lead to a decrease in the effectiveness of the hygroscopic and hygrothermal properties of the earth wall, but also to an accumulation of water at the wall/plaster interface that can lead to a decohesion of the wall plaster. In the worst case, this will cause a mechanical weakening of the wall and may cause the collapse of the structure, as it happened in Figure 1.16. This is why the use of raw earth plasters is essential for the covering of earthen or bio-based buildings instead of cement-based plasters.

Figure 1.16: Picture of a cement plaster that undergoes a decohesion from a rammed earth wall in the city of Lyon, France (left). Picture of the collapse of a rammed earth construction in Lyon (right).

Physical characteristics

Earth plasters physical characteristics are mainly described in literature by two bulk parameters: the open porosity η and the dry density ρ. Values found in the literature for η and ρ are presented in Table 1.2. The open porosity can be measured principally by two methods: [START_REF] Randazzo | Moisture absorption , thermal conductivity and noise mitigation of clay based plasters : The influence of mineralogical and textural characteristics[END_REF]] used the helium pycnometry method. On an other hand, [START_REF] Santos | Production of eco-efficient earth-based plasters: Influence of composition on physical performance and bio-susceptibility[END_REF][START_REF] Santos | Can an earth plaster be efficient when applied on different masonries[END_REF], [START_REF] Faria | Experimental characterization of an earth eco-efficient plastering mortar[END_REF] and [START_REF] Gomes | Earth-based mortars for repair and protection of rammed earth walls. stabilization with mineral binders and fibers[END_REF] preferred the mercury intrusion porosimetry (MIP) method. This latter method allows to determine the pore size distribution with the incremental mercury porosimetry curves, that can be expressed according to the differential intrusion of mercury (mL/g), as shown on Figure 1.17, or according to the pore volume (%).

Earth plaster formulation strongly impacts their porosity. [START_REF] Gomes | Earth-based mortars for repair and protection of rammed earth walls. stabilization with mineral binders and fibers[END_REF] have shown there is an important difference between the main pore size diameter of a commercial earth composed mainly of clays and (108 -109µm) and earths collected on already existing rammed earth walls (7 -36µm). [START_REF] Faria | Experimental characterization of an earth eco-efficient plastering mortar[END_REF] have proved there is also an notable influence of the support on the plastering mortar's microstructure. A presence of support will increase the quantity of pores with larger diameter (≈ 40µm) while decreasing the quantity with smaller diameters. A plaster without support will present a bimodal microstructure with two most frequent pore diameters at 14 and 55µm. However they proved there is no influence of the environmental conditions on the plasters microstructure. These result were confirmed by [START_REF] Santos | Production of eco-efficient earth-based plasters: Influence of composition on physical performance and bio-susceptibility[END_REF]. [START_REF] Randazzo | Moisture absorption , thermal conductivity and noise mitigation of clay based plasters : The influence of mineralogical and textural characteristics[END_REF] and [START_REF] Santos | Production of eco-efficient earth-based plasters: Influence of composition on physical performance and bio-susceptibility[END_REF] have demonstrated that the addition of fibers was leading to an increase of the porosity. According to [START_REF] Randazzo | Moisture absorption , thermal conductivity and noise mitigation of clay based plasters : The influence of mineralogical and textural characteristics[END_REF], this is due to the modification of the distribution of the sand aggregate. For [START_REF] Santos | Production of eco-efficient earth-based plasters: Influence of composition on physical performance and bio-susceptibility[END_REF], this is due to the wettability of the fibers during the mixing of mortars, which increases their volume when wetted and returns to the initial volume after drying. Phase Changing Material (PCM) additives also increase porosity due to their air entraining effect.

Hygrothermal properties

Water vapour permeability

As the rest of the earth building materials, earth plasters presents good water vapour permeability. This parameter expresses the linear link between the gradient of vapour pressure within the material and the subsequent mass flow (in kg/m 2 /s). For convenience, the vapour resistance factor, denoted by µ, is often preferred to express this characteristic. µ is the ratio between the free vapour diffusion in air and the water vapour permeability of the material. A small µ value (the lowest theoretically possible value is 1) corresponds to a very permeable material to vapour. This hygroscopic property is commonly determined for building materials with the "wet-cups" or "dry-cups" procedures described in the NF EN ISO 12572 standard [AFNOR, 2010a]. The values from the literature found for the wet-cups/dry-cups procedure are listed in Table 1.3. According to the DIN 18947 [2018], a value of 5-10 can generally be adopted for the water vapour resistance factor of earth mortars. The addition of fibers in earth plasters decreases the water resistance factor. For [START_REF] Palumbo | The influence of two crop by-products on the hygrothermal properties of earth plasters[END_REF], this is due to the lower vapour resistance factor of the fibers. According to [START_REF] Liuzzi | Hygrothermal properties of clayey plasters with olive fibers[END_REF], it can be related to the diminution of the density. [Ranesi et al., 2021b] showed that clay-based plasters have a lower vapour resistance factor (and therefore a higher vapour permeability) than gypsum-based or lime-based plasters. Moreover, the addition of these binders inside clay based plasters decreases their vapour permeability. These results are presented on Figure 1.19.

Even if the wet-cup and dry-cup tests are standardized [AFNOR, 2010a], they commonly lead to poorly reliable results on hygroscopic building materials. This issue was underlined by round robin campaigns which gave errors of up to 45% for the dry-cup test and 43% for the wetcup test [START_REF] Roels | Interlaboratory comparison of hygric properties of porous building materials[END_REF] for the same material. According to [START_REF] Feng | Hygric properties of porous building materials (vi): A round robin campaign[END_REF], the most Strength classes Shear strength (MPa) Flexural strength (MPa) Compressive strength (MPa) 

S-I ≥ 0.05 ≥ 0.3 ≥ 1.0 S-II ≥ 0.1 ≥ 0.7 ≥ 1.5

Hydraulic binders stabilization

Traditional techniques consisting of adding additives or stabilizers have always existed. The products used generally correspond to local resources and traditional cultures and knowhow [START_REF] Eires | Earth architecture: ancient and new methods for durability improvement[END_REF]. Stabilization with lime and pozzolans is a millennial practice that has his origin in Iran and that was called "sarooj" [START_REF] Eires | Earth architecture: ancient and new methods for durability improvement[END_REF], it was used to protect buildings against water action. A less often used technique to enhance earth plasters durability is the stabilization of earths with mineral additives, like salts. The most used ones in earth construction are sodium chloride and sodium hydroxide, acting as a viscosity controller and a flocculant of clay particles, modifying the structure of the earth, with less water content and porosity, leading to a positive influence on the mechanical properties [START_REF] Houben | Traité de construction en terre[END_REF][START_REF] Fontaine | Bâtir en Terre[END_REF][START_REF] Vissac | les stabilisants naturels pour la construction en terre[END_REF]. Hydraulic stabilizers are widely used since the majority of outdoor plasters that can be found today are stabilized with lime [START_REF] Ecobâtir | Règles professionnelles: Enduits sur supports composés en terre crue[END_REF]. Indeed, beside its resistance to rainwater, stabilization of raw earth plasters brings also other benefits, as mechanical resistance [START_REF] Haffar | Efficient stabilization with hydraulic binders of local earth for building construction applications[END_REF]]. However, it has been proven that lime stabilization of the earth leads to a decrease of the hygroscopic potential of the material, and may act as barrier against the indoor/outdoor exchanges. Then, the hydraulic binders have proven their ability to efficiently stabilize raw earth. However, in order to meet the challenges of developing greener, healthier and more sustainable building materials, their use must be restricted.

Organic stabilization

The study of traditional vernacular heritage practices around the world highlights the potential of a wide variety of biopolymers for the stabilization of earth materials. These organics stabilizers, of animal or vegetal origin, would thus constitute promising alternatives to polluting mineral stabilizers to extend the fields of application of raw earth. In the framework of the project PaTerre+, [START_REF] Vissac | les stabilisants naturels pour la construction en terre[END_REF] proposed a classification of organic stabilizers among around 200 organic stabilization recipes, and proposed several protocols to assess the earth plasters performances regarding their mechanical properties, water susceptibility, and compatibility with the old support.

These organic stabilizers are biopolymers from natural and biological origin, either from vegetal or animal origin. According to [START_REF] Vissac | les stabilisants naturels pour la construction en terre[END_REF], they can be distinguished into four categories: polysaccharides, lipids, proteins and other complex molecules.

Polysaccharides are long chains, linear or branched, formed by the juxtaposition, regular or random, of repeated units of one or more simple sugars. The category of polysaccharides includes all recipes based on vegetable fibers, cow dung or horse manure, gum, various vegetable juices and gels (cactus, agave, roots and sticky leaves, algae, etc.), cereal flour and tubers. Polysaccharides can have either a structural role (cellulose and chitin) or an energy storage role (starch).

Lipids constitute the fatty matter of living beings. They are hydrophobic molecules, insoluble in water, due to the presence of long chains of fatty acids. A lipid is a molecule either completely apolar or amphiphilic with a polar head linked to a strongly apolar chain. They can be oils, waxes, fats and butters.

Proteins are macromolecules of living organisms, composed of one or more chains of amino acids. Proteins have a hydrophobic part as well as a hydrophilic part: they are called amphiphilic. Casein in milk, albumin in blood or eggs and collagen in skin and bones are proteins of animal origin.

The last category includes other molecules of living organisms that do not fit into the three large families mentioned above. These are mainly phenolic compounds: tannins. These are molecules of the vegetable kingdom known since Antiquity for their ability to precipitate proteins.

The interest in the organic admixture of raw earth has developed recently, and in recent years we have seen the emergence of many studies to try to characterize the influence of this organic stabilization on the properties of raw earth. Table 1.8 gathers the most recent studies. In complement of these sources, [START_REF] Losini | Natural additives and biopolymers for raw earth construction stabilization -a review[END_REF] also propose the comparison between many cross-sources concerning the stabilization of raw earth construction with natural additives and biopolymers.

Table 1.8: Organic additives used in literature for the bio-stabilization of earth materials.

Publication

Admixtures [START_REF] Aguilar | The potential use of chitosan as a biopolymer additive for enhanced mechanical properties and water resistance of earthen construction[END_REF]] Chitosan [START_REF] Ayeldeen | Enhancing mechanical behaviors of collapsible soil using two biopolymers[END_REF] Guar Gum / Xanthan Gum [START_REF] Bamogo | Improvement of water resistance and thermal comfort of earth renders by cow dung: an ancestral practice of burkina faso[END_REF] Cow dung [START_REF] Chang | Effects of Xanthan gum biopolymer on soil strengthening[END_REF] Xanthan gum [START_REF] Donayre | Eco-friendly Improvement of Water Erosion Resistance of Unstable Soils with Biodegradable Polymers[END_REF] Chitosan / Carrageenan [START_REF] Eires | Enhancing water resistance of earthen buildings with quicklime and oil[END_REF] Reused cooking oil [START_REF] Guihéneuf | Effect of bio-stabilizers on capillary absorption and water vapour transfer into raw earth[END_REF] Alginates / Xanthan gum / Cellulosic Glue Linseed Oil / Chestnut Tannins / Oak Seed Extract [START_REF] Lagouin | Effects of organic admixtures on the fresh and mechanical properties of earth-based plasters[END_REF] Starch / Ovalbumine / Gluten / Superplasticizer / Tannin [START_REF] Menasria | Using alginate biopolymer to enhance the mechanical properties of earth-based materials[END_REF]] Alginate [START_REF] Muguda | Mechanical properties of biopolymer-stabilised soil-based construction materials[END_REF][START_REF] Muguda | Biopolymer Stabilised Earthen Construction Materials[END_REF] Guar Gum / Xanthan Gum [START_REF] Nakamatsu | Eco-friendly modification of earthen construction with carrageenan: Water durability and mechanical assessment[END_REF]] Carrageenan [START_REF] Ouedraogo | Ovalbumin as natural organic binder for stabilizing unfired earth bricks: Understanding vernacular techniques to inspire modern constructions[END_REF]] Ovalbumin [START_REF] Parracha | Efficacy of iron-based bioproducts as surface biotreatment for earth-based plastering mortars[END_REF] Microbial cells [START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments[END_REF]] Beewax [START_REF] Tourtelot | Influence of biopolymers on the mechanical behavior of earth-based building materials[END_REF] Pectin / Wheat starch / Tannic acid / Sodium alginate It is possible today to extract biopolymers from natural products in laboratory. Due to its polymeric and chemical nature it has been used for surface modification of materials in industries such as textile, agri-food and others, transferring its functionalities and properties [START_REF] Aguilar | The potential use of chitosan as a biopolymer additive for enhanced mechanical properties and water resistance of earthen construction[END_REF], as their hydrophobic nature. It is possible to achieve a great waterrepellent effect with very small quantities of biopolymer. Biopolymer-based products have the advantage of being derived from renewable resources and are potentially biodegradable. Most of the time, these biopolymers used for admixture will be in the form of a powder, result of a chemical process on a natural ingredient, concentrating long macromolecular chains, with most often a high molecular weight. This powder form is facilitating their use for scientific research compared to natural products that come directly from nature without transformation, and is allowing a comparison between more repeatable results.

Interaction between biopolymers and raw earth

In this study, we will use only polysaccharides, which are more commonly used in the scientific literature. This section focuses on the interaction between polysaccharides and raw earth. Polysaccharides are a network of monosaccharides (e.g. glucose, fructose or galactose) bonded together to form polysaccharides (e.g. starch, cellulose or chitin), in a way described on Figure 1.27. Monosaccharides are the simplest carbohydrates that cannot be hydrolyzed to smaller carbohydrates. Their carbon atoms are bearing a hydroxyl group (-OH), which will interact with water to form hydrogels. Hydrogels are composed of polymers with a hydrophilic structure and cross-linked together, creating a 3D porous structure. They are semi-solids: they are mostly liquid, yet they behave like solids because of the 3D cross-linked network within the liquid. Their hydrophilic structure comes from the hydrophilic functional groups attached to the polymer backbone [START_REF] Vissac | les stabilisants naturels pour la construction en terre[END_REF]. They cannot be dissolved in water, however they have the property to swell in presence of water. Added to earth materials, the hydrogels behave as efficient stabilizers, whose action can be distinguished in 2 types. The stabilization will take place in clays through hydrogen or ionic bondings. Between larger particles, hydrogels will cover the particles and bind them together with a strong interaction [START_REF] Muguda | Biopolymer Stabilised Earthen Construction Materials[END_REF], as it is shown on the SEM image on Figure 1.28. This binding effect between the earth particles will provide many enhancement required for the earth material: reduction of shrinkage cracks, enhancement of binding forces, increment in the compressive strength, resistance to abrasion and increment of thermal insulation, and in particular stabilization against water erosion. Furthermore, a known effect of biopolymers in earth construction is the modification of the rheological behaviour of the material, in particular between the clay platelets. According to [START_REF] Eires | Earth architecture: ancient and new methods for durability improvement[END_REF], biopolymers have the capacity to modify the electrostatic charge of the clay particles, leading to a dispersion that change the platelets structure from a face to face state to a face to edge state, as shown on Figure 1.29. In combination with these intrinsic material modification, biopolymers may achieve a great water-repellent action at the surface of the material, when prepared as a solution with solvent to be used as a surface treatment. This is a property that will be particularly sought in this study, because obtaining a hydrophobic surface obviously guarantees a perfect resistance of the material to rainwater. In general, hydrophobicity is achieved by lowering the surface energy, and more specifically the polar contribution to it [START_REF] Cunha | Hemicelluloses , chitin / chitosan , starch , pectin and alginates Turning polysaccharides into hydrophobic materials : a critical review . Part 2 . Hemicelluloses , chitin / chitosan , starch , pectin and alginates[END_REF]. Since biopolymers have abundant water-loving groups and are soluble in aqueous solution, one might expect biopolymer films to be highly hydrophilic. However, biopolymers can carry heavy nonpolar groups. During the drying of the surface treatment, and the creation of the film, polar groups of the polymer bind with the earth particles while the nonpolar groups are free at the surface of the film. Moreover, some nonpolar impurities are frequently founded in even high quality biopolymers [START_REF] Cunha | What is the real value of chitosan's surface energy?[END_REF]. Finally, chemical modifications of the biopolymer to achieve better hydrophobicity is very frequent in the field of chemical industry [START_REF] Cunha | Hemicelluloses , chitin / chitosan , starch , pectin and alginates Turning polysaccharides into hydrophobic materials : a critical review . Part 2 . Hemicelluloses , chitin / chitosan , starch , pectin and alginates[END_REF].

Influence on earth plaster workability

Many authors have proven the improvement of the workability of earthen plasters with the addition of biopolymers. [START_REF] Bamogo | Improvement of water resistance and thermal comfort of earth renders by cow dung: an ancestral practice of burkina faso[END_REF] have shown that the cow dung admixed with raw earth was decreasing the process water required to reach the same workability, consequently leading to a decrease of the density and linear shrinkage. According to [START_REF] Lagouin | Effects of organic admixtures on the fresh and mechanical properties of earth-based plasters[END_REF], the admixtures allow to reduce the amount of water from 28.8% to 19.1% with several admixtures. On the opposite [START_REF] Aguilar | The potential use of chitosan as a biopolymer additive for enhanced mechanical properties and water resistance of earthen construction[END_REF] observed an increase of 15 to 20% of the process water with chitosan in admixture.

Moreover, [START_REF] Lagouin | Effects of organic admixtures on the fresh and mechanical properties of earth-based plasters[END_REF] have shown that influence of the admixtures and additions in earth plasters was depending on their nature. While sodium hexametaphosphate and superplasticizers decrease the volumetric shrinkage, biopolymers as starch, ovalbumine or gluten tends to increase it. The same researchers have shown that the water increasing or reducing effect of the admixture and additions was mainly driving the influence on the shrinkage, although there was also an combined effect with the nature of the earth. Furthermore, they investigated the effect of admixtures on shrinkage cracks. They conclude that restrained shrinkage is a complex phenomenon involving the nature and amount of clay together with the cationic content of the water and the drying procedure used but also the drying kinetics of both the plaster and the substrate. According to [START_REF] Muguda | Durability and hygroscopic behaviour of biopolymer stabilised earthen construction materials[END_REF], the binding effect provided by the biopolymer to the earth particles will lead to a reduction of shrinkage cracks.

Influence on mechanical performances

Numerous studies have been conducted to assess the improvement of mechanical properties for raw earth with biopolymers. The enhancement observed by the authors for the flexural and compressive strengths is given in Table 1.9.

For [START_REF] Muguda | Durability and hygroscopic behaviour of biopolymer stabilised earthen construction materials[END_REF], the binding effect provided by biopolymers to earth particles allows an enhancement of binding forces and an increment in the compressive strength. According to [START_REF] Losini | Natural additives and biopolymers for raw earth construction stabilization -a review[END_REF], biopolymers are able to fill the material porosity. It can lead to a modification in the global porosity or in porosity distribution, which can influence the suction at a given water content, and thus the mechanical strength. For them, thanks to other mechanisms, biopolymers can glue the particles together and increase the mechanical strength without Table 1.9: Flexural and compressive strengths increase induced by bio-stabilization.

Publication

Flexural strength increase (%)

Compressive strength increase (%) [START_REF] Aguilar | The potential use of chitosan as a biopolymer additive for enhanced mechanical properties and water resistance of earthen construction[END_REF] 65 85 [START_REF] Bamogo | Improvement of water resistance and thermal comfort of earth renders by cow dung: an ancestral practice of burkina faso[END_REF] 20 80 [START_REF] Lagouin | Effects of organic admixtures on the fresh and mechanical properties of earth-based plasters[END_REF] 100 200 [START_REF] Menasria | Using alginate biopolymer to enhance the mechanical properties of earth-based materials[END_REF] -200 [START_REF] Muguda | Mechanical properties of biopolymer-stabilised soil-based construction materials[END_REF] 300 300 [START_REF] Nakamatsu | Eco-friendly modification of earthen construction with carrageenan: Water durability and mechanical assessment[END_REF] 50 85 [START_REF] Ouedraogo | Ovalbumin as natural organic binder for stabilizing unfired earth bricks: Understanding vernacular techniques to inspire modern constructions[END_REF]] 280 [START_REF] Tourtelot | Influence of biopolymers on the mechanical behavior of earth-based building materials[END_REF]] -60 -80

increasing the density of the material. [START_REF] Lagouin | Effects of organic admixtures on the fresh and mechanical properties of earth-based plasters[END_REF] have shown that admixture in earth plasters increase both flexural and compressive strength in the same way. Deflocculants will densify the granular organization and reduce the kneading water requirement to ensure sufficient workability. The addition of biopolymers is highly dependent on the nature of the clays.

Influence on hygrothermal performances

On the contrary, there is only very few studies that have been conducted to asses the influence of the biopolymer admixtures on the hygrothermal properties of earth. In contrast with the results obtained for stabilization with hydraulic binders, [START_REF] Muguda | Durability and hygroscopic behaviour of biopolymer stabilised earthen construction materials[END_REF] have shown the addition of xanthan gum was increasing the MBV of raw earth, making it switch from the moderate class to the good class. However, [START_REF] Ouedraogo | Ovalbumin as natural organic binder for stabilizing unfired earth bricks: Understanding vernacular techniques to inspire modern constructions[END_REF] observed that the addition of ovalbumin was reducing the MBV of raw earth, making it switch from excellent to only good. For [START_REF] Bamogo | Improvement of water resistance and thermal comfort of earth renders by cow dung: an ancestral practice of burkina faso[END_REF], the addition of cow dung leads to a severe decrease of the thermal conductivity. While [START_REF] Guihéneuf | Effect of bio-stabilizers on capillary absorption and water vapour transfer into raw earth[END_REF] exhibited there was almost no influence of the addition of xanthan gum on the water permeability, [START_REF] Bouazza | Hydraulic conductivity of biopolymer-treated silty sand[END_REF] highlighted that biopolymers have a pore plugging effect, which can reduce drastically the earth permeability to water.

Water durability

The water durability of raw earth can be assessed with two categories of tests: short and long-term durability. [START_REF] Beckett | Weathering the storm: A framework to assess the resistance of earthen structures to water damage[END_REF] published a very complete review discussing earth durability, and the different methodologies to assess it. Among this framework, we can find several test procedures to assess erosion (drip test and accelerated erosion test), abrasion (wire brush test), resistance to immersion, water absorption capability, wet/dry strengths, freeze/thaw resistance, Atterberg limit, drying shrinkage and rain resistance. The most commonly used the guar gum: samples cured during 28 days were more severly eroded than samples cured only 7 days. [START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments[END_REF] have noticed there was no influence of the modification of the sand granulometry and the addition of straw fibers on the erosion depth after the Geelong test. On the contrary, they have shown that a surface treatment with a beeswax emulsion was able to reduce the erosion depth from 9mm to 3mm.

Finally, [START_REF] Donayre | Eco-friendly Improvement of Water Erosion Resistance of Unstable Soils with Biodegradable Polymers[END_REF] have highlighted there was a strong influence of the order of the surface treatment in the case of a multiple biopolymers surface treatment. Subjected to the SAET during 1 minute, samples covered by a layer of 0.5% (w/v) chitosan solution and a top layer of 0.5% (w/v) carrageenan revealed the formation of a narrow hole, whereas samples covered by a layer of carrageenan and a top layer of chitosan showed no damage at all after 1 minute.

Water absorption

The capillary absorption rate for unstabilized rammed earth was assessed by [Hall andDjerbib, 2004, 2006a,b]. They have shown that the granular stabilisation (i.e. artificially modifying the particle-size distribution through addition/subtraction of material) was a way to control the rate of capillary moisture ingress in rammed earth. For them, a capillary coefficient of 0.4 kg/m 2 .min 0.5 is a suitable upper limit for unstabilised rammed earth. [START_REF] Faria | Experimental characterization of an earth eco-efficient plastering mortar[END_REF] have assessed the capillary absorption of mortars using the standards EN 15801 [AFNOR, 2010b] and EN 1015-18 [AFNOR, 2003] and deduced a value of 0.5 kg/m 2 .min 0.5 . [START_REF] Santos | Production of eco-efficient earth-based plasters: Influence of composition on physical performance and bio-susceptibility[END_REF] have proven that the addition of PCM was improving the capillary coefficient rate because of the the greater occurrence of smaller pores (0.1 -10mm). On the opposite, they have shown that the addition of lime was decreasing it.

According to [START_REF] Losini | Natural additives and biopolymers for raw earth construction stabilization -a review[END_REF], the cohesion of the earth is increased by the biopolymers, which can fill small porosity and glue the grains together, thus resisting better against capillarity raises. Therefore, the influence of biopolymers on the water absorption in earth materials, mainly by capillary effect, was investigated by several authors. [START_REF] Bamogo | Improvement of water resistance and thermal comfort of earth renders by cow dung: an ancestral practice of burkina faso[END_REF] have highlighted that the water absorption coefficient decreases with cow dung additions, which leads to the formation of insoluble amine silicate (a hydrophobic molecule). For them, this glues isolated particles together through chemical bonds, making earth plasters less permeable to water. They have plotted the water absorption coefficient and the mass loss due to an erosion test on the same figure, which is presented in Figure 1.33, and have shown that the mechanism induced by the cow dung addition was making the plasters less permeable and more resistant to erosion in the same time.

[ [START_REF] Guihéneuf | Effect of bio-stabilizers on capillary absorption and water vapour transfer into raw earth[END_REF] have investigated the influence of the bio-stabilization on the water capillary absorption for numerous biopolymers. It appeared that the bio-based additions were strongly slowing the water capillary absorption: xanthan gum reduced the water capillary absorption with a factor ranging from 5 to 10; linseed oil at least halved the the water capillary absorption coefficient; oak seed extract and chestnut tannins slowed the water capillary sibility of the enhancement of liquid water resistance while keeping the strong hygroscopic performances of earth plasters. To reach this goal, the present work aims at studying and understanding the hydraulic and hygroscopic behaviour in earth plasters, and in particular at their surface as it is the main entrance of liquid water and vapour. The enhancement of the resistance of the earth plasters to liquid water penetration can be reached by water repellency, which can be achieved thanks to two main methods: a specific surface topography or hydrophobic product usage. A first task was dedicated to plaster formulations, in order to achieve a good discrepancy of surface topography values between all the samples while keeping volume properties relatively close, in order to measure the influence of the surface on hydraulic and hygroscopic exchanges.

This study is organised in 5 chapters. Chapter 1 presents the context and reviews the literature about earth construction (section 1.1), earth plasters properties and bio-stabilization (section 1.2), and water penetration (section 1.3). Chapter 2 explains the formulation and implementation of earth plasters with a basic characterization of the material and the presentation of methods of fabrication and curing used for the materials (section 2.1), as well as the use of hydrophobic products (section 2.2). Then, the innovative method to measure surface properties of raw earth and the associated results are shown (section 2.3). The liquid water behaviour is explored in Chapter 3, first by the water droplet behaviour at the surface (section 3.2), then by the liquid penetration under the surface (section 3.3). The hygroscopic properties of earth plasters are studied in Chapter 4, with the water vapour transfers (section 4.2), and particularly with the influence of the surface topography on these transfers (section 4.4). The main results obtained with the addition of hydrophobic additives to earth plasters are discussed in Chapter 5, from their influence on liquid water surface penetration and erosion (section 5.2), to their influence on hygroscopic properties (section 5.3). Finally, a conclusion sums up the main results of this thesis, and draws tracks of continuities for this work.

Chapter 2

Formulation and implementation of earth plasters 2.1 Materials

Earth characterization

Six earths, all coming from Auvergne Rhône-Alpes region in the South-East of France, have been used. The earths referenced as CRA, STR, ALX and DAG were collected on centenarian rammed earth constructions, respectively located in the cities of "Cras-sur-Reyssouze", "Saint-Triviers-de-Courtes", "Alixan", and "Dagneux". The earths referenced as STA and CON were extracted from subsoil, respectively at the cities of "Saint-Antoine l'Abbaye" and "Saint-Quentin Fallavier" The selection of these earths has been made since they were used in past Ph.D. these from the LTDS laboratory, and therefore some of their properties were already characterized [START_REF] Haffar | Efficient stabilization with hydraulic binders of local earth for building construction applications[END_REF], [START_REF] Soudani | Modelling and experimental validation of the hygrothermal performances of earth as a building material[END_REF], [START_REF] Champire | Étude expérimentale du comportement hydro-mécanique de la terre crue compactée pour la construction[END_REF], [START_REF] Xu | Mechanical behaviour of compacted earth with respect to relative humidity and clay content : experimental study and constitutive modelling[END_REF].

The collected earths were crushed and sieved at 2mm according to the procedure described in [START_REF] Houben | Traité de construction en terre[END_REF] for earth plasters fabrication, in order to get rid of all gravels and rocks. The particle size distribution of all raw earths were determined in accordance with the french standard NF EN ISO 17892-4 [AFNOR, 2019b]. The summarized results are presented in Figure 2.1. The maximum percentage of each constituent is also indicated on the Table 2.1. The maximum and minimum grain size distribution of earths recommended by the standard AFNOR XP-P13-901 [AFNOR, 2001] for Compressed Earth Blocks (CEB) is not represented, because as it was already underlined by [START_REF] Rojat | Towards an easy decision tool to assess soil suitability for earth building[END_REF] that is it not a reliable indicator of the suitability of the earth to be used for building. Anyhow, the purpose of this work is not to determine the suitability of the earths but rather to investigate the hydraulic and hygroscopic phenomena in earth materials. Methylene blue value test gives an indirect estimation of the clay activity through the measurement of adsorbed mass of methylene blue per unit of sample mass. This test was carried out on the 400µm fraction of the earths following the French Standard NF P94-068 [START_REF] Nf P | Sols : reconnaissance et essais -Mesure de la capacité d'adsorption de bleu de méthylène d'un sol ou d'un matériau rocheux -Détermination de la valeur de bleu de méthylène d'un sol ou d'un matériau rocheux par l'essai à la tâche[END_REF]. In this standard, the ratio of the the methylene blue value (V b ) on the clay content in the 0-80µm clay and silt fraction (C b ) gives the index of clay activity (A cv ). These values can be found in Table 2.2. One can notice that the A cv is not directly related to the clay content. Indeed, clay activity is highly dependent on the nature of the clay minerals. An analyzis using XRD (X-ray powder diffraction) can be performed to evaluate the nature of the main minerals, as it has been done in [START_REF] Haffar | Efficient stabilization with hydraulic binders of local earth for building construction applications[END_REF], [START_REF] Champire | Étude expérimentale du comportement hydro-mécanique de la terre crue compactée pour la construction[END_REF]. The results can be found in Table 2.2, except for CON earth. 

Sample manufacturing and basic characterization Experimental campaigns

Four experimental campaigns have been led during this PhD. The first experimental campaign was conducted on already existing compacted earth blocks in order to investigate the behaviour of a water droplet impacting an earth material surface using a high speed imaging technique. The second experimental campaign was done on manufactured earth plasters in order to assess the influence of the surface and bulk properties on the water penetration of an 

Third campaign

Formulations A1, A3, A9, B1 and B3 have been chosen for their great variety of surface topography. From each formulation was made 4 samples, from 1 to 4 cm thickness. Density and thickness of these samples are reported in Table 2.6. It can be seen that between samples of the same formulation, the density varies very little, meaning that the manufacturing procedure is sufficiently robust. 

Fourth campaign

The last experimental campaign had for objective the study of the influence of hydrophobic additions in earth plasters on their liquid water resistance and their hygroscopic properties. This specific work of formulation and manufacturing is described in the following section. consists of adding the right amount of biopolymer during the manufacturing of the fresh earth plaster. The use of biopolymers for a surface treatment method consists of the preparation of a hydrogel solution, followed by the dripping of the surface of the sample in this solution, as presented on Figure 2.17. Using biopolymers as an admixture allows to benefits from all the bulk advantages of bio-stabilization: reduction of the shrinkage, mechanical improvement, rheological modification... Meanwhile, using biopolymers as a surface treatment may achieve a very strong hydrophobic effect at the surface of the plaster, preventing the penetration of any liquid water from wind-driven-rain.

Under their manufactured form, biopolymers come in the form of fine powder, as shown on the Figure 2.13. In order to obtain the greatest possible effect of the biopolymers on earth plasters, the objective was to produce hydrogel solutions with the highest possible biopolymer concentration. For each biopolymer, several hydrogel solutions with increasing concentration of biopolymer have been made until reaching the highest viscosity possible. The final concentration of biopolymer can be found in Table 2.7, for a mass to volume ratio. Heating was provided for the preparation of xanthan gum and the chitosan hydrogel solution. A magnetic stirrer with hot plate was used for the preparation of the solution. In the case where the viscosity of the solution was too high for the magnetic stirrer, it was replaced by an electric stirrer as on Figure 2.14. The time of heating or stirring of the solution was very variable among the biopolymers. Concentration in biopolymer, time of preparation, solvent used and heating temperature are indicated for all solutions in Table 2.7. arth plaster samples were manufactured with the aim of investigating the influence of both biopolymers or chemical additives and surface topography on earth plasters properties such as liquid water penetration, hygroscopic exchanges and water durability. Since the influence between the nature of the earth and the use of additives was not soughed in this study, only Dagneux's earth (DAG) was used. DAG's earth was sieved to 2mm manually and in a dry state. The earth/sand ratio was determined according to the shrinkage and cracking resistance test described in subsection 1.2.2. It appeared that 1/3 of earth for 2/3 of sand added provided a plaster which shrank only a little and was not presenting any visual cracks. The sand added, coming from the French quarry La Petite Craz, was sieved into three different size fractions : 0-630µm, 630µm-1mm, 1mm-2mm. It allowed to obtain a range of surface topography sufficiently wide to facilitate the observation and understanding of surface phenomena.

Chitosan and xanthan gum biopolymers were used in admixture and surface treatment according to the procedure and the dosage described this above. N-octadecyltrimethoxysilane was used as a surface treatment only. Admixed earth plasters were made with the protocol described in subsection 2.1.2. Earth plasters with surface treatment were made by dripping an earth plaster 5 seconds in the required solution, as shown on Figure 2.17. The sample was left drying in a room with regulated temperature (20°C) and hygrometry (50%HR) for 72 hours.

Four samples were manufactured for every formulation since there was several destructive tests that had to be conducted for this study. The summary of the manufacturing campaign can be found in Table 2.10. A total of 72 samples were produced. A sample of each formulation is presented on Figure 2.18.

Basic characterization of additive-based earth plasters

A basic characterization of additive-based earth plasters is proposed in this section. A comparison with previous characterization of additive-free earth plaster from subsection 2.1.2 may highlight the bulk variations due to the manufacturing differences. The surface treatment is also analyzed in the light of earth plaster formulations. The designation system for additivebased earth plaster samples is as follow. The first letter corresponds to the sand particle size fraction: F for fine sand fraction (0-630µm), M for medium sand fraction (630µm-1mm), and C for coarse sand fraction (1mm-2mm). The second letter corresponds to the presence of additive or its application method: n for no additive, a for admixture, s for surface treatment. The third letter corresponds to the nature of the additive: X for xanthan gum, C for chitosan, S for Silane. A number is attached at the end to distinguish this sample from the 4 that were made. The summary of the designation system can be found in Table 2.11. 

0-630µm 630µm-1 mm 1-2mm No additives Fn1 -Fn4 Mn1 -Mn4 Cn1 -Cn4 Chitosan surface treatment FsC1 -FsC4 MsC1 -MsC4 CsC1 -CsC4 Xanthan surface treatment FsX1 -FsX4 MsX1 -MsX4 CsX1 -CsX4 Silane surface treatment FsS1 -FsS4 MsS1 -MsS4 CsS1 -CsS4 Chitosan Admixture FaC1 -FaC4 MaC1 -MaC4 CaC1 -CaC4 Xanthan Admixture FaX1 -FaX4 MaX1 -MaX4 CaX1 -CaX4
Density was measured for all samples according to the German standard DIN 18947 [2018]. Earth plaster samples intended for surface treatment were made as additive-free earth plaster samples. The density of each sample and their standard deviation is presented in Table 2.12. Density is measured before the surface treatment, therefore the observed differences among a series (F, M or C) is not due to surface treatment but to the variability inherent in the samples manufacturing process. However the designation system is still adopted for this figure in order to be relevant with the following of the study. Density and standard deviation were also measured for bio-stabilized earth plaster samples, the results are shown in Table 2.13. For easier comparison, the average values for density and standard deviation have been calculated for the samples among a same formulation in Figure 2.19. From results from Figure 2.19, one can notice that F formulated samples present a slightly lighter density than for M and C samples, while having a twice lower standard deviation on this density measurement. The higher density for M and C formulation can be explained by a better granular stacking: the earth fraction of the plaster is filling the holes left by medium and coarse sand stacking, creating a sample with less void. However, the standard deviation is significantly higher: first, the small size of grains of F formulation was helping to produce more reproducible samples; then the caliper measurement was more precise due to the smooth surface state. However, this density variation is small compared to the density difference between additive-free and bio-stabilized earth plasters samples. Indeed, regardless of the sand particle size, bio-stabilized earth plasters samples have a relatively low density. Chitosan admixed earth plaster have an even lower density than the xanthan gum admixed ones. Finally, as it can be seen on Figure 2.20 the density variations are mainly driven by the amount of process water (or hydrogel solution) required during the manufacturing. The higher the process water amount is needed for the manufacturing, the lower the density of the sample is after drying. The great increase of viscosity of the fresh earth plaster when biopolymer are admixed requires a higher amount of process water (or hydrogel solution) to obtain a correct workability.

Surface treatment was applied on earth plasters samples according to the protocol described in subsection 2.2.2. The influence of surface topography on surface treatment was investigated in this study. Therefore, the weight of hydrogel solution or silane additive deposited at the surface of the sample has been measured for fine sand, medium sand, and coarse sand formulation. Figure 2.21 presents the average weight of solution deposited according to the earth plaster formulation, and its standard deviation (4 samples treated for each formulation). As expected, the weight of solution deposited at the surface of the sample increases with the size of the sand grains in the formulation. Indeed, the bigger the grain size is, the rougher is the surface. Therefore, the surface treatment should be more efficient on rougher surfaces. One can also figure out that the weight of chitosan hydrogel solution deposited is three times higher than the weight of silane or xanthan deposited. This latter observation can be explained by the very high viscosity of chitosan solution that allows to deposit some more during the dripping. 

Conclusion

In this section we have chosen among four biopolymers, the two most efficient to reduce the water susceptibility of earth plasters: chitosan and xanthan gum. The efficiency of a silane to hydrophobize an earth plaster surface was also assessed. The protocol to manufacture biostabilized earth plasters and to perform the surface treatment has been described. It appeared that bio-stabilization leads to a lower density for earth plasters, certainly induced by the increasing amount of process water required. It has been noticed that the amount of solution deposited at the surface of the plaster during a surface treatment increases with the particle size of the sand.

Surface properties and characterization

2.3.1 Experimental procedure to determine earth surface topography Experimental procedure Surface topography can be expressed as the local deviations of a surface from a perfectly flat plane. The higher the local deviations are, the rougher the surface is. On the contrary, a smooth surface exhibits only small local deviations. The evaluation of surface roughness is very important for many fundamental problems such as friction, positioning, electric conduction or even heat and mass transfer. Therefore, surface roughness has been under investigations for many years. However, to date only very few studies have been conducted to measure the surface topography of the raw earth [START_REF] Santos | Production of eco-efficient earth-based plasters: Influence of composition on physical performance and bio-susceptibility[END_REF]. As a friable, non-reflecting and multi-scale roughness material, a new process to determine surface topography had to be developed for this study. This section proposes a procedure to determine the surface topography.

Surface topography may change according to the amount of details in the roughness observed at different length scales, so it is strongly dependent on the resolution of the roughnessmeasuring instrument. In order to characterise the multi-scale nature of tribological surfaces, the wavelet method has been developed [START_REF] Stachowiak | Engineering Tribology[END_REF]. The principle is to decompose the surface data of a profile of given length into different frequency components thanks to cut-off filters of different wavelengths. Each component characterises an individual scale. The profile is decomposed into roughness, waviness and form, helping to evaluate different aspects of the surface. In this study, the arithmetical height parameters P a (form), W a (waviness), R a (roughness), which indicate the average of the absolute value of the height Z(x) along the sampling length, will be used.

P a , W a , R a = 1 l r lr 0 |Z(x)|dx (2.2)
For example, as shown in Figure 2.22, a classical 0.8mm Gaussian filter was applied to the

The results obtained with the multi-chromatic confocal sensor led to values quite close to the ones obtained with the numerical microscope on the same samples. This gives us some confidence on the accuracy of the measurements of the main peaks and valleys, although the great resolution of the multi-chromatic confocal sensor gives a lot more information.

It can already be spotted that the raw earth surface is very rough compared to the standard surfaces tested in surface topography (µm for polymers and nm for polished steel). It is also a lot more heterogeneous due to its non industrial fabrication. Furthermore, it can be conjectured from these results that the roughness parameters are linked to the particle size. Indeed, at the sight of the results, R a and W a seem to be independent.

Our hypothesis is that R a depends of the amount of small components such as clay, silts, and fine sands while the W a depends mostly on coarse sands. Fn1 formulation, made from the 0-630µm sand fraction, has a R a = 13.4µm and a W a = 28.1µm, which is very low since it contains no coarse sands. Mn1 formulation, made from the 630µm-1mm sand fraction, has a R a = 19.5µm and a W a = 80.5µm. Both values are higher than for Fn1, which is consistent because the 630µm-1mm fraction contains fine and coarse sands. Finally, the Cn1 formulation, made from the 1mm-2mm sand fraction, has a R a = 13.7µm and a W a = 119.6µm. The W a is the highest since the plaster contains very coarse sands, and the R a is the same than Fn1, which means that it depends only on the earth fraction of the sample.

It appears clearly on Figure 2.25 that the wavering profile W a (in red) follows the shape of the coarser sand at the surface of the sample, while the roughness profile R a (in green) measure the deviations of the very small components that are attached to them.

Conclusion

After the elimination of all common techniques to measure the surface topography of compacted earth blocks, a new technique was performed. It was applied on earth plaster samples with a multi-chromatic confocal sensor. It allowed the distinction between two scales of roughness W a and R a . The particle size distribution has put in light the impact of the amount of different constituents on these parameters.

Surface properties of earth plaster samples

This subsection summarizes the surface topography results for every experimental campaign conducted during this study, and analyze the influence of the composition and the manufacturing procedure on these results. Roughness profile R a , Waviness profile W a and Primary profile P a are presented as well as the standard deviation for each sample. Second and third campaign: earth plasters

First campaign: CEBs

The surface topography results obtained for the earth plaster of the second and third experimental campaign are presented on Figure 2.26 and in Table 2.16. From the same plaster formulation (e.g. A1 and A2), only one of the two samples was measured. 

A1 A3 A5 A7 A9 A11 A12 B1 B3 B5 B1S B3S B5S B1C B3C B5C C1 C3 D1 D3 Waviness profile W a [µm]
Figure 2.26: Roughness R a and waviness W a profiles and their standard deviation for manufactured earth plasters (Table 2.4).

One can notice the great variations of surface topography between the samples. For the A-samples, it can be explained by the variation of the particle size of the sand fraction between the samples. It allows to obtain very rough surfaces as for A5 (R a = 29.3µm, W a = 125µm), and intermediate surfaces as A1 (R a = 16.4µm, W a = 65.4µm), close to the one obtained for previous CEBs.

Moreover, B-samples exhibit very smooth surface topography as for B5 (R a = 5.1µm and W a = 16.1µm): the R a modification is due to the increasing fraction of earth in the formulation, leading to a higher amount of fine particle. Furthermore, it was observed that a higher fraction of earth modifies the fresh plaster rheology, and allowed to obtain a better smoothing of the surface with the spatula: it helped the operator to create a smoother surface, and this can be figured out mostly on the W a results.

Then, the modification of the amount of process water in the C-samples conducted also to a variation of the surface topography. It appeared that the higher the amount of water is, the more workable the fresh plaster will be, and consequently the smoother the surface will be. Finally, as expected, the compaction of the sample seemed not to influence the surface topography of the samples. Fourth campaign: additive based earth-plasters

Previous results have shown that it is possible to achieve the manufacturing of earth plaster samples with a great discrepancy between their surface topography parameters, even though it has been figured out that they had pretty close bulk properties. To pursue this work, we will investigate the influence of the hydrophobic addition, either by admixture or by surface treatment, on the surface topography parameters.

Surface topography measurement were conducted with the multi-chromatic confocal sensor for samples of each earth plaster formulation from the fourth experimental campaign: additivefree plasters (Fn, Mn, Cn) or plasters with hydrophobic additives in admixture (Fa, Ma, Ca) or surface treatment (Fs, Ms, Cs). Figure 2.27 exhibits the roughness profile R a and the waviness profile W a results by multi-chromatic confocal sensor for additive-free plasters and earth plasters surface treatment. R a and W a results for additive-free samples are consistent with Table 2.14 results. It can be highlighted that the surface treatment with chitosan hydrogel solution and silane solution have no influence on the surface topography parameters. However, surface treatment with xanthan gum hydrogel solution may slightly increase both R a and Wa. The summary of the results for these surface topography parameters and their standard deviation can be found in Table 2.17. Numerical microscope (KEYENCE) was used to take pictures of the surface of the treated samples. On Figure 2.28 can be seen the surface of the sample with chitosan surface treatment (FsC1) at several magnification levels. On Figure 2.29, a comparison is made between the surface of the an additive-free sample (Fn1) and a Silane treated one (FsS1) for a x300 magnification. On Figure 2.31 are shown the roughness and the waviness profile for earth plasters with and without biopolymers in admixture. There is no influence of adding biopolymer in admixture in a earth plaster on the surface topography parameters, except a slight increase of R a for plasters with chitosan in admixture. It may be explained by the modification of the arrangement of the particles and clays due to the presence of hydrogel. Finally, bio-stabilization does not prevent to manufacture a earth plaster sample with controlled surface topography. 

Conclusion

This second part has presented the different earths used during this thesis and their main characteristics. The two main types of earth materials used, CEB and plasters could be described. The method of manufacture of the earth plasters was explained, as well as the methods of determination of the bulk properties, which allowed their analyzis in view of their composition. Then, the hydrophobic additives used were presented. The manufacture of new plasters with bio-stabilization or surface treatment was specified, and their bulk properties could be analyzed. A new method for the determination of the multi-scale surface topography for earth was described: the results obtained for the samples used during this thesis allowed to better understand the interaction between the composition of plasters and the surface topography. It was shown that it is possible to manufacture earth plaster samples with a great discrepancy in surface topography with quite close bulk properties. Finally, it was shown that the use of hydrophobic additives had little or no influence on the surface topography of the plasters, allowing the manufacturing of plasters with hydrophobic additives and controlled surface topography. The following chapters will describe the experimental tests conducted on the materials presented above and provide analyzes of their hydraulic and hygroscopic behaviour, in light of the bulk and surface parameters presented in this chapter.

Chapter 3

Liquid water behaviour at earth surface 3.2 Water droplet behaviour at the surface

Water droplet physics

During this PhD, we tried to understand the mechanisms that occur when a rainwater droplet encounters the multi-scale roughness surface of a raw earth material. Therefore, this subsection aims at presenting the physics of a water droplet at the surface of a material, and how the roughness may influence it.

Surface tension

In condensed matter, the molecules attract each other by a cohesive energy. Molecules at the surface lose a part of their neighbours which create a lack of energy. As a consequence, surface tension and interfacial tension depend on the loss of energy, ie on the cohesive energy in the bulk. Creating a surface requires to equilibrate this loss of energy due to the lack of neighbours, and surface tension γ LV can be seen as the energy needed to increase the surface of one unit (J/m 2 ). Therefore, the greater the cohesive energy, the greater the surface tension. Since any system tends to minimize its energy, the surface will adapt to minimize its surface tension. A two-phase system (water in air, water in oil...) also seeks to minimize this energy and therefore to minimize the surface in contact with the second phase. A sphere represents the minimum surface for a given volume, so the droplet takes the shape of a sphere. A three-phase system also seeks to minimize its energy. The greater the surface tension, the more the liquid will tend to spread out, and vice versa.

Spreading

The Figure 3.2 represents the case of an ideal solid, air and a liquid. In (a), a liquid film spreads, drawn by the solid/air surface tension γ SA , despite the action of the liquid/air γ and solid/liquid γ SL tensions. In (b), the wetting is only partial, the energy balance tends to create a spherical cap. The spreading parameter S measures the difference between the surface energy of the dry and the wet substrate. The sign of S decides what happens: if S is positive, the solid has lowered its energy by being wetted, and we speak of total wetting. Otherwise (S < 0), the wetting is only partial and the liquid remains as a spherical cap.

S = E substrate dry -E substrate wet (3.1) S = γ -(γ SL + γ SA ) (3.2)
Following Young-Dupré's Law to describe the balance of the forces, the previous equation can be written as:

γ(1 -cosθ) = 1 2 ρge 2 (3.10) e = 2k -1 sin( θ 2 ) (3.11)

Advancing and receding angles

The previous description has assumed the ideal solid, i.e. smooth and chemically homogeneous. But, in practice, a solid surface has chemical or physical (roughness) defaults. The droplet remains anchored at its contact line by these defaults in the way described on Figure 3.5: during the spreading/withdrawal of the droplet, the contact line encounters a default, and to overflow it dissipates energy. If the droplet volume increases, it appears that the droplet remains anchored on its contact line and the contact angle increases until a threshold value, the advancing angle θ a . On the opposite, if the droplet volume is deflated, it is similarly observed that the line remains anchored until a threshold value, the receding angle θ r . θ r is smaller than θ a and the difference θ aθ r is called hysteresis. This phenomenon allows small droplets to remain stuck on an inclined surface. On a "good" surface, θ aθ r is small (< 5°). On a rough or dirty surface, the hysteresis can be high (50°). Indeed, roughness has a considerable influence on the contact angle and its hysteresis. For a small roughness, advancing angle increases while receding angle decreases. But at a certain point, this two angles increase brutally and stabilize at a high value, as it has been described by Johnson and Dettre's experiment on Figure 3.6 [START_REF] De Gennes | Gouttes, bulles, perles et ondes[END_REF]. The hysteresis became very small compared to its value on the same flat surface. Roughness is then an excellent way to drive the wetting of a surface. The time frame of this session is really quick, indeed it lasts only 50ms before the droplet is fully absorbed. However it is even quicker for the CRA sample, presented in Figure 3.13 (B). For the CRA sample, the behaviour of the droplet on the earth surface can be divided into three phases:

1. The droplet enters in contact with the sample surface.

2. The droplet spreads to its maximum.

The droplet is directly absorbed without bouncing.

The droplet is fully absorbed in about 15ms. This behaviour is called "cushioned". The diameter of the droplet, from the beginning of the impact until it reaches its maximum size D max , has been measured from the images captured by the camera. The evolution of D(t) for the three earth samples is presented in Figure 3.14 (A), while the speed of diameter spreading v(t) is presented in Figure 3.14 (B). For all three samples, during the first milliseconds, D(t) increases quickly, up to a speed slightly higher than 2m/s. After 1ms, a faster decrease in v(t) is observed for STR samples. In particular, D(t) start stagnating at around 3ms for the STR sample, but at around 5ms for the CRA and ALX samples. It led to different maximum droplets diameters: around 7mm for CRA and ALX samples and around 6mm for STR samples. The similarity of the curves during the first milliseconds can be explained by the preponderance of the kinetic effects of the impacting droplet for a time lower than 1ms. Finally, D(t) remains constant after its maximum spreading, and will start depleting while keeping this diameter constant, without receding. This phenomenon is called "droplet pinning", and occurs in a porous media when the capillary forces become strong enough to break the air layer between the droplet and the surface. It was also observed by [Lee et al., 2016a].

To go further in the interpretation of these results, they can be compared with some previous work of experimental water absorption tests into porous materials such as rocks [Lee et al., 2016b], [Lee et al., 2016c], [Lee et al., 2016a], or granular beds [START_REF] Marston | Experimental study of liquid drop impact onto a powder surface[END_REF], described in subsection 1.3.1. The work of Lee and Carmeliet has inspired us in many ways, both for the experimental tests or for the analyzis of the results. In perspective of these previous studies, it seems that that the presence of clay in the raw earth material contributes to the droplet absorption. Therefore, the absorption dynamic on this type of surface is unique. It has been shown that the longest time for complete absorption of a droplet is 50ms on the earth samples compared to around 10s on a rock with the same porosity and droplet speed [Lee et al., 2016b]. Furthermore, the surface of the earth samples are twice as rough (Table 2.15) than the roughest rock used in their study (R a = 10µm) [Lee et al., 2016a].

Due to the extreme quickness of absorption, but also the earth opacity and important roughness, it is difficult for now to measure with the experimental tools presented some other important parameters such as dynamic contact angles θ D and droplet volume. Due to the lack of these data, the analyzis and the understanding of the absorption phenomena is more complex. In order to analyze the droplet behaviour, the parameter φ, in (mm.ms), is introduced. It is deduced from height of the droplet, h(t), through the relation:

φ = t=tmax t=0 h(t)dt (3.20)
φ can give an idea of the kinetic of water absorption. The higher φ will be, the lower the water penetration rate within the material should be. The volume of the droplet would have been a better parameter to use because it is more meaningful to understand liquid absorption through the surface. But, for its estimation, it would have been necessary to make some assumptions on the droplet geometry, like the spherical cap approximation used in [Lee et al., 2016b]. It was not possible in this study given the disturbed shape of the droplet when pinned.

The "oscillating" and "cushioned" behaviour observed could be linked to the trapping of the air between the droplet and the earth. This phenomenon may be influenced by the surface roughness. Then, for all the samples, parameters φ and D max have been plotted in function of R a . The results are presented in Figure 3.15.

At first, φ is close for ALX and CRA samples, meaning that the water depletion is not very different for these two samples. In Table 2.2, it appears that there is a great difference between the two earth activities. Then, the depletion of the water at the surface of the earth seems to be depending more on the surface topography rather than earth activity. Indeed, it seems that φ can be linked to R a , a decrease of φ can be observed when R a increases until a threshold is reached around 20µm.

Secondly, there is a clear tendency between D max and R a . The higher R a is, the more the droplet will spread. It is postulated by [Lee et al., 2016a] and showed on Figure 3.16 that an air layer is present under the droplet while it spreads. It is assumed this phenomenon appears also for the experiments presented here, because the speed of the falling droplet is high, while the high porosity and roughness of the surface implies that air must be entrapped in holes or valleys. The impacting phenomenon is so quick that adhesive or capillary forces are insignificant in this very short time. The connection between D max and R a can be then explained by the ratio of air on this air/earth composite surface. The ratio of air will raise with the increase of R a , because the difference between peaks and valley is higher. It can be supposed that the less the droplet is in contact with the earth, the less the capillary forces will take place and pin the droplet, stopping its spreading. Finally, φ tends to decrease when D max increases. It can be understood as the more the droplet is in contact with the earth, the quicker the droplet will be absorbed, because of the capillary forces and earth's strong absorption capacity. The threshold on this parameter may indicates that the maximum surface absorption capacity of the earth by capillary penetration have been reached.

The experimental tests that have been conducted in this study show the impact of R a on some characteristic parameters of the water droplet. On the other hand no clear trends have been spotted between these parameters and W a , therefore those result were not presented.

Liquid penetration under the surface

This experimental study has been the object of a published paper in Construction and Building Materials [START_REF] Mauffré | Analysis of water droplet penetration in earth plasters using X-ray microtomography[END_REF]] (2021).

X-ray microtomography method

Experimental parameters

The X-ray micro computed tomography (microtomography) is a nondestructive technique to characterize material microstructure in two or three dimensions with a spatial resolution at the micron scale. The X-ray laboratory scanner used for this experiment was Ultratom from RX-Solution at Laboratoire Navier in France. A micro-focus X-ray source (Hamamatsu L10801) illuminates the object with a tension of 130KV and a current of 100µA. A flat-panel imager (Paxscan Varian, 1920 X 1560 pixels) recorded 16-bit 2D radiographs with a pixel size of 20µm at 10frames per second. The more the X-rays encounter matter, the more the X-ray intensity decreases. Therefore, the microtomography system can build 2D radiographs of a porous or heterogeneous material with gray levels, based on X-ray attenuation directly linked to the chemical composition and density. In order to obtain a 3D scan of the material, an angular system rotates the object and, based on the 1440 images acquired for the whole sample, a computer reconstructs a 3D image of the object.

In this study, both 2D radiograph and 3D scanning methods are used. It takes several hours, depending on the resolution of the image wanted, to get a stack of images, therefore it needs the material to stand still for all the duration of the scan. With the 3D scanning method, it is possible to measure the porosity of the material and its repartition along the sample, especially concerning the zone just under the surface. Meanwhile the 2D projection method is suitable to observe quick changes in the material. Indeed, it is possible to get several images per second with this method, depending on the signal to noise ratio. This makes it possible to follow the liquid water penetration through the surface.

The experimental set-up is shown in Figure 3.17. Using a water delivering system above the sample, a capillary tube is connected to a syringe pump (Harvard Apparatus). The capillary tube has a 500µm internal diameter, the water droplet falls from the tube when its mass is higher than the capillary forces, creating a 12µl volume droplet. The distance between the capillary tube and the surface of the sample is 5.5cm, in order to get a droplet speed at impact around 1m/s. This speed is sufficient to get a correct spread and slow enough to avoid the droplet's bursting.

The earth plasters A1, A3, A5, A9, B1, B1C, B1S, B2 and B5 formulated and characterized in Table 2.5 were sawed into 2cm cubes in order to have the right size for the X-ray microtomography. The size of the sample, a 2cm cube, is relatively small, but it is sufficiently representative of the micro and macro structure of the earth plaster, since it is more than ten times larger than the size of the largest particle of the plaster (coarser sands around 630µm). With this small size, the X-ray source can be positioned close to the core of the sample, allowing a better resolution of the detected image. The shape of the sample is chosen cubic in order to avoid beam hardening. Indeed, with a cylindrical sample, radiographs may exhibit beam hardening artefacts as the X-ray beam go through less matter on the edge. To further reduce this artefact, copper sheet of 0.5mm has been added in front of the X-ray source, thus low energy X-rays are stopped. These precautions are mandatory, because we did not use image for morphological study but we used the gray value from radiographs to quantify the density of the sample and the distribution of water.

The pixel size was set at 20µm and the image acquisition at 10 frames per second (fps). To capture the water imbibition, we needed a field of view of 3cm. To better detect the surface, it is positioned in the center of the screen, thus we used only half the image. Therefore, the pixel size is a relatively high value. The frame rate is limited by the Hard Drive writing speed; indeed, each image is over 4.26 Mo. Moreover, a higher frame rate would have decreased the signal to noise ratio and thus the image quality, making it more difficult to identify the water within the material. Only one droplet is released at the surface of the sample, and the recording time is 23 minutes. The recorded data is very important due to the high-resolution images. Consequently, a short computer program has been created to change the frame rate acquisition from 10fps to 1fps after 3 minutes, in order to avoid the saturation of the storage capacity. To reduce the frame rate, the acquisition parameters are kept constants, but the images are averaged by 10 by the imager. Indeed, the velocity of water movement inside the earth plaster decreases with time, and it becomes sufficiently slow after 3 minutes in order to allow a reduction of frame speed acquisition without any prejudicial loss of information.

After several preliminary tests with pure distilled water, potassium iodide salt was added to the water at a 5% concentration. It increases the attenuation of the signal by the liquid, increasing the gray level difference between the dry earth plaster and material containing water. The presence of water in the earth is then easier to detect by the decrease of the gray value of the pixels in the material.

Analyzis of the microstructure

With the images obtained from the 3D scanning method, the porosity of earth plasters was determined. Table 3.1 presents three levels of porosity. First n pycno is the total porosity of the material, determined experimentally with the pycnometer. However, this technique does not give any information about the pore size distribution. Consequently, a custom MATLAB code has been designed in order to obtain the porosity of the sample from a 3D image. The porosity detected with this method is noted n tomo . Since the pixel size for the experiment was set at 20µm, it is the smallest size of pore that this program is able to detect. Finally, the amount of small pore n s (< 20µm) is the difference between n pycno and n tomo . The porosity n tomo is quite small compared to n pycno , as only pores larger than 20µm are considered. The largest porosity n pycno was for A1 and A3 sample, due to the worst particle size stacking, stable around 26% for the other ones, and lowest for STA and CON earth (samples B1C and B1S). The porosity n tomo for the A series is considerably higher than the B series. In one hand, the role of the granulometry can be easily highlighted: the sample A5, which is composed of the largest sand granulometry, presents a 21% n tomo porosity on its 25% n pycno porosity, therefore only 4% of the pore are under 20µm. On another hand: the role of the clay is remarkable: the sample B5, which is composed by the largest amount of clay, presents a n tomo value only equal to 3%, which results in a n s equal to 24%. The roughness R a has been rewritten in this table in order to compare it to the results of porosity. It appears that there is a consistent tendency between R a and n tomo , suggesting that the samples with the highest amount of big size pore are also the roughest.

Role of surface topography in sub-surface water penetration Depth and spread parameters

The X-ray microtomography method developed here aims at understanding the role of the surface and volume on the penetration of a water droplet in earth plasters. Two parameters are obtained from the image analyzis described before, the water droplet penetration depth D and water droplet spreading S. These parameters were monitored over time for all the samples. the earth plasters following the analytic solution of Weber's disc, except for the most extreme compositions. The information given by the X-ray microtomography experiment are particularly adapted to the design of an efficient earth plaster. Indeed, the direct observation of the water inside the plaster, in terms of shape and relative quantity, will enable the determination of the best compromise between a low penetration and a quick drying. Or, according to local and specific constraints, the choice of one on another phenomenon can be preferred in the design of the plaster. Then, it could be for example a tool to master the thickness of the earth plaster.

This chapter allowed to enhance the understanding of the liquid water behaviour at the surface of an earthen material. The surface topography plays definitively a role on the water droplet behaviour at the surface of the sample, but it also modifies its penetration in sub-surface. The next chapter will try to demonstrate how this surface topography have an influence on the water vapour exchanges.

Chapter 4

Hygroscopic properties of earth plasters

RH = P v P sat v (4.1)
Several formulae have been proposed to determine the saturated vapour pressure P sat v . In this PhD, the Cassius-Clapeyron formula was used:

P sat v (T ) = P sat v (T ref )exp M H20 L ref R ( 1 T ref - 1 T ) (4.2)
Earth is a hygroscopic material, which means it can capture the surrounding moisture by two means: by adsorption at the material surface (including the pore surface), and by capillary condensation inside its pores. Inside the porous material exists a combination of liquid water and gas (dry air + moisture). The saturation ratio S r (-) represents the volume proportion of pores filled with water and is given by (with the liquid water content w L = m L /m s (kg/kg)) :

S r = ρ d w L ρ L φ (4.3)
Evaporation/condensation within the pores is governed by the thermodynamic equilibrium between liquid water and water vapour. The water in the earth undergoes phase changes due to the water exchange between water vapour and liquid water in the pore network, which is how the RH affects the amount of liquid water in the soil. This quantity of water can be measured by the sorption isotherms, whose procedure is described in the next subsection. According to the surrounding RH, three separated domains describe the behaviour of the water vapour inside the material. The hygroscopic domain ranges from the dry state to about 95%RH: the liquid phase is absorbed in the small pores and on the surface of the grains, thus in this situation the porous network is mainly filled with gas. The capillary domain ranges from about 95%RH to the free water saturation: a lot of capillary condensation is formed in the porous network, liquid water transfer increases while gas transfer decreases, and the matrix suction S is so strong that it homogenizes the presence of water in the earth. Then, in the totally saturated regime: there is no more air in the pores nor equilibrium state, and the gravity forces prevail over capillary forces.

The total gas pressure in the earth is considered homogeneous and equal to the atmospheric pressure. A modification in liquid water content leads to a modification in liquid pressure, which can be expressed by Kelvin's Law and defines the matrix suction S (Pa). As the suction is always positive, it means that the liquid water pressure is always negative. Liquid water must undergo large negative pressures not to evaporate when RH decreases, reaching tens of MPa when RH in the hygroscopic domain. During the drying process, the water evaporates and goes into the smaller pores. When the pressure is low enough, it prevents the water from evaporating. However, the water contained in the clay platelets is much more viscous than the free water in the pores. It does not evaporate at the same pressure.

S = p g -p L = - ρ L RT M H20 ln(RH) (4.4)
Inside the porous medium, the gaseous phase presents partial vapour pressure gradients which leads to molecular diffusion within this phase. Then, the water vapour transfer in earth are characterized by its capacity to be penetrated by a gaseous phase when submitted to pressure gradients, this represents the water vapour permeability δ p . On the opposite, the water vapour resistance µ prevents the gaseous phase to penetrate the material. These parameters are determined thanks to the wet-cup procedure described in the next subsection. Overall, the total mass water vapour flux density J v (kg/m 2 .s) in the porous network is driven by Fick's law which is given by:

J v = -δ p .∇p v (4.5)
The movements of liquid water through the porous media are due to a liquid pressure due to variations of capillary pressure, suction, water content... The liquid transport in porous materials is characterized by its liquid permeability, or capillary transport coefficient. They can be measured thanks to water permeameter or to the liquid absorption A value test described in the previous chapter. Overall, the total mass liquid flux density J L (kg/m 2 .s) is described by the Darcy Law, and is given by (where K L is the hydraulic permeability and p c the capillary pressure:

J L = K L .∇p c (4.6)

Static exchanges measurement procedures

Wet-cups

The water vapour permeability test described in the ISO standard EN ISO 12572 [AFNOR, 2010a] is a procedure to measure the hygroscopic performance of building materials by the determination of its water vapour transmission properties. Two methods are suitable for this determination: the "wet-cup" and the "dry-cup" methods. During this study, only wet-cups tests were conducted. According to the standard: "the test specimen is sealed to the open side of a test cup containing either a desiccant (dry cup) or an aqueous saturated solution (wet cup). The assembly is then placed in a temperature and humidity controlled test chamber. Because of the different partial vapour pressure between the test cup and the chamber, a vapour flow occurs through permeable specimens. Periodic weighings of the assembly are made to determine the rate of water vapour transmission in the steady state." In the case of a wet-cup flow, each water molecule leaving the cup will be replaced by another evaporating from the salt solution in order to maintain the relative humidity at the solution-air interface. Thus the mass flow rate of vapour can be measured by the weight change of the aqueous salt solution. The steady state is identified by the linear variation of weight with time. The measurement during the wet cup test gives a variation of mass per time. Its linear correlation gives the slope G (kg/s):

G = dm dt (4.7)
To obtain the apparent vapour permeability of the material δ p [kg/(m.s.Pa)], the slope is corrected by the surface area of the sample exposed A and the vapour pressure gradient (equal to ∆p v /d m , where ∆p v = (ϕ cϕ r )p sat v , with p sat v = 2340Pa the vapour pressure at saturation at 20°C) and d m the thickness of the sample):

δ p = G d m A ∆P v (4.8)
However, the water vapour resistance factor µ is more often used rather than the water vapour permeability δ p . It is the ratio of the vapour permeability of the air δ a to the vapour permeability material δ p :

µ = δ a δ p (4.9) δ a ≈ 2.10 -7 T 0.81 p 0 (4.10)
This apparent water vapour permeability, as described in [Vololonirina andPerrin, 2016, McGregor et al., 2017] and illustrated in the Figure 4.2, theoretically includes the resistance to diffusion by the air layer in the cup Z a , the resistance due to the actual material itself Z m and the resistance to diffusion of a still layer at the surface of the material Z s . So that the apparent moisture resistance which is measured, denoted by Z * , is actually equal to:

Z * = d m δ p = Z m + Z a + Z s (4.11) with Z a = d a δ a ; Z m = d m δ p,c ; Z s = 1 β (4.12)
where d a is the thickness of the air layer within the cup, δ a is the free diffusion vapour coefficient in air, β is the surface vapour exchange coefficient and δ p,c is the effective water vapour permeability of the material, which thus writes in the form:

δ p,c = d m Z m = G d A ∆p v -G (Z a + Z s ) (4.13)
[ [START_REF] Vololonirina | Inquiries into the measurement of vapour permeability of permeable materials[END_REF] conclude that the value of Z s is quite difficult to predict, especially for highly permeable materials, and thus that additional measurements are needed to estimate its value. This was confirmed by [START_REF] Mcgregor | Procedure to determine the impact of the surface film resistance on the hygric properties of composite clay/fibre plasters[END_REF]. The influence of earth plasters surface parameters during the water vapour exchanges was soughed by means of wet-cup experimentation. It was expected that the main influence of the surface would be on the external surface resistance Z s . Since the hypothesis that there was no convection inside the cup, the influence of the internal surface was not soughed. This external surface resistance and its interaction with surface parameters must be very dependent on the ventilation conditions above the sample. According to the EN ISO 12572 standard [AFNOR, 2010a], to ensure that the resistance of the air layer above the test cup is negligible, an air velocity of at least 2m/s should be maintained above the samples for very permeable materials.

However, this recommendation seems to be difficult to achieve, and may not be sufficient for high permeable materials since the air velocity was found to continue to impact results even for a ventilation speed higher to 2m/s [START_REF] Vololonirina | Inquiries into the measurement of vapour permeability of permeable materials[END_REF]. Furthermore, some authors underlined the technical difficult to effectively control this parameter, especially in climatic chambers [START_REF] Vololonirina | Inquiries into the measurement of vapour permeability of permeable materials[END_REF]. Finally, the flow regime (i.e. laminar or turbulent) is known to influence mass transfer surface coefficient, while it is hardly controllable in set-ups commonly used for wet cups experiments [START_REF] Worch | The behaviour of vapour transfer on building material surfaces: The vapour transfer resistance[END_REF]. Therefore, the influence of different air velocities and flow regimes on the vapour permeability tests of earth plasters has to be assessed. Two different small low speed wind tunnels were developed to establish controlled conditions above the test cups. One wind tunnel has been designed to maintain a laminar flow, while the second one remains in the turbulent regime. The air velocities are set to constant values of approximately 1, 2 and 3m/s.

Design of two Small Low Speed Wind Tunnels (SLSWT)

To control the air flow regime over the water vapour permeability test cups, two small low speed wind tunnels (SLSWT) were designed. The first wind tunnel aims at providing turbulent conditions quite similar to those that should be reached in ventilated box or climatic chamber yet homogeneous and repeatable conditions for each sample. The second one aims at reaching a laminar flow over the cups. The size of the tunnels were chosen to at least be able to measure three small cups. The ventilation was insured by a 12 mm fan and the structural elements of the tunnels were made of foam board.

Turbulent SLSWT

The schematic design of the turbulent SLSWT is shown in Figure 4.8. It is composed by three parts: chamber test, contraction area and ventilation zone. The contraction area was design in order to reach homogeneous air velocities of 1m/s, 2m/s and 3m/s within the chamber test. It is usually considered that for a flow in a circular or rectangular duct, a Reynolds number below 2000 indicates a laminar flow and above 4000 a turbulent regime, and the range between 2000 and 4000 corresponds to a transition [START_REF] Idelchik | Handbook of hydraulic resistance[END_REF]. In consequence, the geometry of the chamber test was designed in order to obtain a Reynolds number higher than 4000 whatever the tested ventilation speed. For that purpose, Reynolds number was calculated based on equation 4.16 for air velocities.

Re = U.D h ν c (4.16)
where U is the air velocity measured in the tunnel, D h is the hydraulic diameter and ν c is the kinematic velocity of air. The hydraulic diameter of a rectangular section is calculated as:

D h = 2ab a + b (4.17)
where a is the height of the chamber test and b its width.

In addition, in order to avoid edge effects, the contact zone between the air flow and the sample should be spaced out of a length δ from the walls of the tunnel. According to [START_REF] Idelchik | Handbook of hydraulic resistance[END_REF], δ can be approximated by the relation:

δ ≈ b √ R e (4.18)
Given all these constrains, values of a = 5cm and b = 15cm were chosen. They lead to Reynolds numbers given in Table 4.2. 

Influence of ventilation flow on water vapour permeability

A first water vapour resistance factor, denoted by µ was calculated based on the noncorrected results of vapour permeability following the Equation 4.9. For clarity, µ c will be the water vapour resistance based on corrected values of the material water vapour permeability (with δ p,c is the corrected vapour permeability defined by the Equation 4.13):

µ c = δ a δ p,c (4.19)
All measurements realized on earth plaster samples under variable convective conditions showed similar variation of µ. An example is given in Figure 4.12 for the sample A9, for each flow regime and air velocity there is a decrease of µ with the thickness of the material. The variation with the thickness of the material is a typical result and has been discussed in several previous papers [START_REF] Vololonirina | Characterization of hygrothermal properties of wood-based products -impact of moisture content and temperature[END_REF], McGregor et al., 2017]. Applying the corrections described in subsection 4.2.2 allows to overcome this issue and seems to give more robust results based on previous studies [START_REF] Mcgregor | Procedure to determine the impact of the surface film resistance on the hygric properties of composite clay/fibre plasters[END_REF]. This variation due to the thickness appears in all conditions yet it seems to be less important at 3m/s in turbulent and laminar flow. For the same sample corrected values µ c are more stable regardless of the flow regime or the air velocity. Similar results were found with the other samples. In particular, results of the uncorrected resistance factor µ for an air velocity of 3m/s in turbulent and laminar flow for each sample are shown in the Figure 4.13. The first observation that can be made is that, even when the flow regime is efficiently maintained above 2m/s as recommended by the standard, flow regime does slightly affect the results. In some cases the difference between laminar and turbulent flow can be considerable, this is the case for samples A1, A3 and B3. No evident explanation of this difference based on the nature of the materials could be found. This could be however further investigated using additional measurements such as surface roughness. Indeed surface roughness may accentuate the influence of the surface film resistance and therefore the impact of flow regime and velocity. It can be noticed that the samples for which the difference between laminar and turbulent is the most important, also have the strongest variation between thicknesses. This indicates again that the surface film resistance plays an important role. To analyze further these results, the standard deviation of the measured µ and µ c on all samples (i.e. on the basis of 36 values per formulation) is given in Table 4.4. When no correction is applied, the standard deviation represents between 12 to 30% of the mean value. Once the correction is applied a significant drop of the standard deviation is observed (about 50% in average). To conclude, those results suggests that even with air velocities higher than the recommended 2m/s by the standard, the influence of the exterior surface film resistance is not completely cancelled out, and that the surface correction must be applied in order to reach reliable results.

Accuracy of surface resistance correction

While surface parameters will undoubtedly influence the apparent water vapour permeability of the tested material, intrinsic material parameters will certainly have a primary role on it. Then, looking at the corrected and non-corrected water vapour resistance factor along an intrinsic material parameter as the density may help to understand the consistency of its values.

For every sample, the test conditions and the operator are the same. Furthermore, every sample is made of the same earth. The only modified parameters are the earth/sand ratio and the sand particle size. It is known that the water vapour resistance of a sample will increase with its density, notably thanks to the decrease of the porosity. Therefore, a linear relation between water vapour resistance factor and density is expected in this study. With this aim in mind, The results are as follows: in laminar as in turbulent, µ varies little or erratically depending on the density of the samples. On the other hand, µ c increases linearly with the density. Therefore, a more logical phenomenon is observed, and the interest of this surface correction when a material of the same nature under the same conditions is tested can be pointed out. The correlation is very clear as a near linear trend appears, only the sample A9 behaves differently. This could be the consequence of the particle size distribution compared to the other samples. The A9 sample has much coarser sand particles, creating larger pore sizes and still have a high apparent density. This was also noted in previous research that parameters like density can be compared to transfer parameters if the particle size distribution presents little variation [START_REF] Mcgregor | The moisture buffering capacity of unfired clay masonry[END_REF].

Influence of ventilation flow on surface film resistance

This subsection is looking at the numerical values of the film resistance and its variation in different flow regimes. The variation of the surface film resistance is graphically represented in Figure 4.16. Based on this figure, no straightforward correlation between surface film resistance and air velocity emerges. A more erratic behaviour is expected in a turbulent flow, it can be however observed that the values are closer packed then in the laminar flow. In the turbulent flow, three samples (A1, B1 and A9) actually show a nearly linear decrease with air velocity, while the two others show a more erratic evolution. The 0m/s is considered here as a reference for both flow regimes and corresponds to natural convection. Values for the laminar flow do not seem to be influenced by air velocity but present a greater dispersion, from around 1.0E8 to 4.5E8. This variation is certainly due to material surface parameters influencing the surface resistance. The values are close to those found in the literature. For example, in [START_REF] Mcgregor | Procedure to determine the impact of the surface film resistance on the hygric properties of composite clay/fibre plasters[END_REF] water vapour resistance factors were discussed and values of same order of magnitude, between 6.53E7 and 5.57E8, were found for earth plasters. Like it was underlined by many authors [START_REF] Roels | Interlaboratory comparison of hygric properties of porous building materials[END_REF][START_REF] Feng | Hygric properties of porous building materials (vi): A round robin campaign[END_REF], reaching an accurate control of air velocity in wet and dry cup tests can be quite difficult.

Conclusion

In this section, the influence of the air velocity and flow regime on the measurement of the water vapour permeability of earth plasters was investigated. The results showed that whatever the flow regime or the air velocity, the surface film resistance should not be neglected in order to assess the water vapour permeability of earth plasters. Taking into account the surface resistance allows to reduce at least by half measured standard deviations. The realisation of this correction is not without consequence on the result since it leads to a reduction of the effective water vapour permeability of the tested samples about 30% and up to 50%. Another important outcome is that the surface film resistance appears to strongly depend on the air velocity in turbulent flow regime, while it was found quite stable for a given formulation in laminar flow regime. The next section will described how the influence of the surface topography on the surface film resistance was investigated and what results were obtained.

Surface topography and surface film resistance

This section has been the subject of a scientific paper publication by T.Mauffré, M.S.Force, F.McGregor, E.Contraires, E.Keita and A.Fabbri and is currently under review.

Influence of surface topography on surface film resistance in mass transfer

Wet-cup measurements were conducted on formulations A1, A3, A9, B1 and B3, for each thickness, under a laminar and a turbulent ventilation, and for three different ventilation speeds: about 0m/s, 1m/s and 3m/s. This has led to the determination of the surface film resistance Z s for each earth plaster formulation, under different conditions and speeds of ventilation. As presented in Table 2.16, each earth plaster formulation has a specific surface topography. Then, Figure 4.17 presents the surface film resistance Z s in function of the roughness R a , under turbulent and laminar ventilation flow, and for three ventilation speeds. First, it can be noticed that the surface resistance Z s under natural convection (0m/s) is relatively high, from 2E8m/s (≡ 2E8m 2 .Pa.s/kg) to 5E8m/s, and it increases with the roughness R a . Under a turbulent ventilation flow, it can be remarked that the higher the ventilation speed, the lower the surface resistance Z s , which corresponds to the expected behaviour described in [START_REF] Vololonirina | Inquiries into the measurement of vapour permeability of permeable materials[END_REF]. However, for the earth plaster formulations with extreme surface topography, i.e. very smooth surface B3 (R a = 7µm) and very rough surface A3 (R a = 28.7µm), this behaviour is not verified anymore, and the surface resistance Z s is close for all the ventilation speeds. Under the laminar ventilation regime, a very different behaviour is observed, since whatever the ventilation speed, there is an increase of the surface resistance Z s with the R a . Furthermore, for each sample tested (and thus whatever the R a ), the variation of the surface resistance Z s with ventilation speed remained limited.

Contrary to what can be found in the EN ISO 12572 standard [AFNOR, 2010a], a ventilation speed higher than 2m/s is not enough to eliminate the surface resistance Z s , since it has been seen that it depends strongly on the ventilation type and the surface topography. The surface resistance is due to a static film, which varies with the ventilation speed as well as the ventilation mode. The results from Figure 4.17 suggest that this surface resistance film is approximately the size of the roughness. Indeed, under a laminar ventilation flow, whatever the ventilation speed, this static film is not swept away by the air flow because it is protected by the roughness, as it has been represented on Figure 4.18. This explains why, under a laminar ventilation flow, the higher the roughness R a , the thicker the static film, therefore the higher the surface resistance Z s . Under a turbulent flow, because of the turbulence generated at the plaster's surface, the static film is swept away despite the presence of the roughness. Though, for a very rough surface, the hypothesis can be made that the turbulence at the surface is trapped by the high roughness, leading to a considerable increase of the surface resistance Z s . The measurement of the surface film resistance requires a complex set-up and the duration of this test are obvious obstacles to the systematic consideration of this surface resistance. Therefore there would be a certain interest to find a faster way to estimate Z s thanks to the surface topography. It is much easier and shorter to determine the convective heat transfer coefficient at the surface of a sample. Then, the objective of the next subsection is to reproduce the wet-cup test ventilation conditions on same samples, but subjected to heat exchanges in order to compare the convective heat and the mass exchange coefficient by means of the Chilton-Colburn analogy [START_REF] Enayatollahi | The analogy between heat and mass transfer in low temperature crossflow evaporation[END_REF], Lee et al., 2016d]. If the results are satisfactory, it would be possible to predict the convective mass exchange coefficient.

this experiment was to compare the surface resistances Z s and Z s * . As presented in Figure 4.20, two temperature devices inside the earth plasters give the temperature at each point along the time of the experiment. The thermocouple near the top surface gives the temperature T 1 and the thermocouple near the bottom surface gives the temperature T 2 . 

Modelisation

This experiment can be modelled through the following one-dimensional thermal equation:

ρC p ∂T ∂t -λ ∂ 2 T ∂x 2 = Q 0 (4.20)
where ρ is the sample's density, C p its specific heat capacity, λ its thermal conductivity, T the absolute temperature, t the time, x the spacial coordinate, and the term Q 0 represents the lateral losses due to the heat conduction through the polystyrene mold. It was evaluated through the relation:

Q 0 = h ins (T ext -T ) 2 R (4.21)
With R = 7cm, the sample's radius and h ins the exchange coefficient which takes into account the thermal conduction through the molds, but also the thermal resistances at both sample-mold and mold-air interfaces. Since the thickness of the lower part of the molds is roughly equal to their lateral thickness, in order to be consistent with the expression of Q 0 , the boundary condition at the sample's bottom surface (x = 0) was written in the form:

φ b = h ins (T ext -T ) (4.22)
where φ b is the heat flux at the sample's bottom surface. The upper surface (at x = H, with H

Several analogies have been developed to link heat and mass transfer coefficients. In the case of the present study where Schmidt and Prandlt numbers are different (Sc = 0.55 and P r = 0.74), and where both laminar and turbulent flow is considered, the Chilton-Colburn analogy was chosen. According to [START_REF] Chilton | Mass transfer (absorption) coefficients prediction from data on heat transfer and fluid friction[END_REF], it writes in the form:

h = h m ρC p R v T S c P r n (4.25)
where n is a parameter that depends on the problem configuration, and R v is the specific gas constant of water vapour (R v = 461.914J/kg/K). The term R v T in Equation 4.25 is due to the fact that vapour pressure (instead of vapour density) was used here as potential for mass transfer. Thus, the surface resistance Z s * sought in this study can be expressed by:

Z s * = 1 h m = ρC p R v T h P r S c 1 3 (4.26)
In this case of forced convection with a laminar flow n = 1/3 was chosen, however, the value n = 3/4 from the NordTest [START_REF] Rode | Moisture Buffering of Building Materials Department of Civil Engineering Technical University of Denmark[END_REF] might suits as well. Finally, the results of Z s * obtained from h with this analogy are presented in Table 4.5. These values Z s * can be compared with the experimental values Z s from the wet-cup measurements, also in Table 4.5. It has been seen in previous subsection that the surface resistance film was approximately the size of the roughness. However, in the heat exchange case, the phenomena that take place at the surface of the earth plasters surface are not quite the same. First, it can be remarked that there is a considerable difference between the values of Z s and Z s * in Table 4.5. Furthermore, the behaviour of the surface resistances Z s and Z s * are also very different depending on the conditions of ventilation and surface topography. In order to try to understand this difference, Figure 4.22 and Figure 4.23 have been plotted to compare the difference between the results of Z s and Z s * along the surface roughness R a and the ventilation speed for the three earth plaster formulations A1, A3 and A9 under a laminar ventilation flow. Finally, those two figures show that, on one side, surface resistance Z s increases with the surface roughness R a , while it remains constant whatever the ventilation speed. On the other side, Z s * remains constant with the R a , while it decrease with the ventilation speed. Whereas Z s is driven by a static film which is about the size of the roughness R a and unaffected by the laminar ventilation flow because it is protected by this roughness, Z s * is driven by a film which is probably bigger than the roughness since it does not depend on the R a but it decreases with the ventilation speed. Despite this, the values of Z s * are way lower than Z s . Two hypothesis can be given to try to explain these differences. First, the heat flow that comes out of the plaster is rather conducted by the earth plaster's solid skeleton, while the water vapour flow that comes out is rather conducted by the plaster's porosity. Therefore, the surface resistance that is opposed to the water vapour flow is way more important since this flow is limited by the porosity. Secondly, the velocity of the two entities in the films are very different. Indeed, the resistance to the heat diffusion is way lower than the resistance to the water vapour diffusion in these films. Finally, these differences prevent the comparison between the surface resistances for heat and mass exchanges.

Results

Conclusion

This study has allowed a better understanding of the hygrometric phenomena which takes place at the surface of the sample, as the surface film resistance, which appeared to be the thickness of the size of the roughness R a and not swept away by a laminar flow whatever the ventilation speed. In contrast, the heat transfer experiment has demonstrated that there was no influence of the surface topography on the surface resistance Z s * , while it was decreasing with the ventilation speed. Thus, the values obtained for Z s and Z s * are very different. Therefore, it has been shown that it was not possible to compare the surface resistance film between heat and mass transfer and then to switch from one to another. Finally, since the surface resistance Z s is influenced by the surface topography, it can be imagined that it may be used as a way of monitoring the hygrometry at the wall surface level.

The two previous chapters helped to understand the behaviour of the liquid and vapour water at the surface of earth plasters, and how their surface affects liquid and vapour water transfer inside them. Knowing this, the next chapter will investigate the influence of the combination of controlled surface topography and hydrophobic additives on earth plasters hygroscopic properties and resistance to liquid water.

Chapter 5

Enhancement of earth plasters by using hydrophobic additives The sessile droplet test is one of the easiest and the most commonly used experimental test to characterize a solid surface energy and therefore its wettability. This experiment consist of placing a droplet of liquid with a known surface energy, then the measurement of the shape of the droplet and the contact angle allows to calculate the surface energy of the solid sample. The most common way of measuring the contact angle of a sessile droplet is with a contact angle goniometer, which allows the user to measure the contact angle visually. A droplet is deposited by a syringe at the sample surface, and a high resolution camera captures the image from the profile or side view. Then the image is analyzed by an image analyzis software. This is a case of static contact angle measurement.

As a static contact angle measurement, sessile droplet test is usually ran on non-absorbent materials to proceed to a recording of the video and the analyzis of the contact angle and droplet shape. Since raw earth is a hydrophilic, granular and porous material, and therefore with a very strong absorbency, it was not possible to conduct this experiment on raw earth plasters without the use of hydrophobic additives. Indeed, the water droplet damping experiment showed a maximum 50ms absorption for a 9µL droplet on CEB (subsection 3.2.2).

Moreover, even with the addition of these products, raw earth sill stays a porous and waterabsorbent material. This means that the water droplet still may be absorbed after a certain amount of time. Therefore, with these particular experimental conditions, the sessile droplet test has been run for this study as a mean to analyze and follow two main parameters: the contact angle over time θ and the time to complete absorption t abs of the water droplet on earth plasters.

The use of hydrophobic additives allowed to obtain an earth plaster surface with a slow water absorption rate due to their chemical water-repellent functions. Then, sessile droplet test was a tool to compare these products efficiency according to their contact angle and time of absorption. As explained before, the hydrophobicity of a surface can be enhanced with a specific surface topography. Then, this test was also a mean to assess the influence of the controlled surface topography achieved by specific formulations (chapter 2) on the hydrophobicity of the surface.

The sessile droplet test was performed with the same commercial KRUSS device, but the high-speed camera was replaced by a classic camera, and the Droplet Shape analyzis (DSA) software replaced the PHANTOM CC2.1 software. As for the water droplet damping test, behaviour along the time: there is a strong decrease at the beginning, followed by a slower linear decrease until complete depletion of the droplet at around 750 seconds. At the beginning, the water droplet spreads at the surface (θ > θ a ), this leads to the quick diminution of the contact angle θ. The shape of the droplet changes, and because the base line is difficult to detect, it is analyzed as a volume decrease. Then the linear decrease of θ and V until complete depletion may be interpreted as follows: the droplet is pinned to the surface by capillary forces that take place in the porosities, and its volume is absorbed by the surface with the droplet remained anchored to its contact line with a constant radius, as described by [Lee et al., 2016d]. At the end, the determination of the volume V is difficult since the remaining droplet merges with the rough and opaque surface. The same behaviour has been observed for samples MsC1 and CsC1, which are therefore not represented. The surface treatment with chitosan decreases greatly the speed of absorption of a water droplet but is not a guarantee of total impermeability to liquid water. The initial quick decrease of θ and V is not observed any more, which means that the droplet does not spread at the surface after being unhooked from the syringe. The decrease of θ is linear until complete depletion. The decrease of V is linear with √ t as for a classic Washburn absorption. The time to complete absorption is around 280 seconds. At the end, the determination of the volume V is difficult since the remaining droplet merges with the rough and opaque surface. It is assumed that the droplet is pinned to the plaster surface by capillary forces directly after being unhooked from the syringe and until complete depletion with a constant contact radius. The same behaviour has been observed for samples FsX1 and MsX1, which are therefore not represented. Therefore, the surface treatment with xanthan gum decreases greatly the speed of absorption of a water droplet but is not a guarantee of total impermeability to liquid water.

Figure 5.5 presents the results of the plaster FsS1 with silane surface treatment. It can be seen that the hydrophobicity of the surface has been reached (θ > 90°). The water droplet volume V is decreasing continuously from the beginning to the complete depletion. On the opposite, the contact angle θ remains almost constant a 120°for 2000 seconds (33 minutes) straight, before dropping quickly for the last 700 seconds. The software DSA was not able to determinate the final contact angles θ since the droplet volume remaining at the end was really too small. In contrast to FsC1 and CsX1, the water droplet is not pinned to the surface by capillary forces. Indeed, θ remaining constant while V decreases indicates that the droplet contact line between the droplet and the plaster recedes. As demonstrated in [START_REF] Zhou | Evaporation kinetics of surfactant solution droplets on rice (oryza sativa) leaves[END_REF], the volume V 2/3 of a droplet of pure water subjected to evaporation decreases linearly with time, as in this case. Therefore, there is no absorption at all. The same behaviour has been observed for samples MsS1 and CsS1, which are therefore not represented. In this case, the surface treatment with silane allowed to reach a total liquid water impermeability. It can be remarked that the time to complete absorption t abs was really short (under 2 seconds). This very short duration prevents to consider this experiment really as a static measurement. However, setting the camera to a recording with 10FPS allowed to obtain a sufficient number of frames to analyze the behaviour of the droplet. As for CsX1, the droplet is pinned directly after being unhooked from the syringe. θ decreases linearly with time until complete absorption, and V decrease linearly with t 3/2 until complete depletion. The same behaviour has been observed for samples MsS1 and CsS1, which are therefore not represented. Then, the presence of chitosan in admixture only decreases by a little the speed of absorption of a water droplet at the surface of the plaster. The behaviour of a water droplet during its absorption or evaporation has been investigated by following its contact angle θ and its droplet volume V for earth plasters with different hydrophobic treatments. The results of the different test are resumed in Table 5.1. It was determined that the efficient use of hydrophobic additives allowed to turn a permeable hydrophilic surface into an impermeable hydrophobic surface (θ > 90°) in the case of a silane surface treatment. In the case of biopolymers, the surface remained permeable and hydrophilic (θ < 90°), however it allowed to increase the time of absorption of the droplet by a very considerable amount of time for surface treatment and a short amount in case of admixture. Furthermore, it also induced a modification of the dynamic of absorption according to the product used, and the method of application. Figure 5.7 enables the comparison of the initial contact angle θ i and the time to complete absorption t abs between the plasters with the same hydrophobic treatment but with a different surface topography. First, for earth plasters with a chitosan surface treatment, it can be observed there is an increase of the initial contact angle θ i with the W a . This is not the case for the absorption time t abs , where there is a drop of the absorption time for MsC1. This behaviour might be explained with the droplet models presented in the state-of-the art (subsection 3.2.1). When θ > θ c , Wenzel model drives the droplet and when θ < θ c , the impregnation film develops (Cassie-Baxter). Furthermore, the modification of the surface topography changes the threshold θ c . Therefore, the modification of surface topography can induce a change of model and a change of contact angle θ i . Concerning t abs , it has been seen on Figure 2.30 that the quantity of hydrogel solution deposited at the surface of the plaster was increasing with W a . Consequently, it would be excepted that t abs increase as well with W a . This is the case for CsC1 but not for MsC1. It may be explained by the fact that the porosity is higher for MsC1, but it is not compensated by the increase of mass of hydrogel deposited.

Then, for earth plasters with a xanthan gum surface treatment, θ i remains constant with W a , while t abs decrease very slightly. Surface topography has therefore no influence on θ i , and the decrease of t abs might be explained by the porosity of the plasters. Then, for earth plasters with a silane surface treatment, θ i increases with W a , while t abs remains constant. Since the evolution of θ i is relatively small, it is assumed that Wenzel's model for a hydrophobic surface is better to describe the enhancement of θ i . t abs remaining constant can easily be understood since it has been remarked that only evaporation was taking place for earth plasters with silane surface treatment, and that the evaporation rate was the same for every test.

Finally, for earth plasters with chitosan in admixture, θ i is the highest for MaC1 and the lowest for CaC1. However, t abs decreases with W a . The initial contact angle θ i is around 90°and therefore, the surface is at the limit of the hydrophobic to hydrophilic state. The interpretation of this behaviour is rather difficult. Moreover, the very short time of absorption made this test quit the category of the static measurement. However, the fact that t abs almost doubles for CaC1 compared to FaC1 is quite interesting. Indeed, in this case, t abs increases for the same amount of biopolymer used for the formulation.

Conclusion

This investigation of the droplet behaviour by the mean of the sessile droplet test at the surface of earth plasters improved with hydrophobic additives has led to the following conclusions: surface treatments with biopolymers will slow drastically the absorption speed of the water droplet at the surface of the sample, reaching a duration of several minutes until complete absorption. However, it does not turn the surface from hydrophilic to hydrophobic. In the case of biopolymer admixture, the absorption speed is barely slowed. As expected, the surface treatment with silane made the surface hydrophobic and completely impermeable to the water droplet. It appears that the surface topography parameter W a may increase the contact angle θ in the case of surface treatment with chitosan and silane. However, the combination of controlled surface topography and the hydrophobic addition is finally not very clear, and does not allow to determine an optimal combination to increase the contact angle θ and the time of absorption t abs .

The sessile droplet test allowed to proceed to a static study of the wettability of an earth plaster surface, and how the surface topography may influence it, although it was mainly subjected to the efficiency of the hydrophobic product used. The next subsection characterizes how much these products enhance the durability to liquid water by the means of erosion tests, and if the surface topography may play a role as well.

Influence of hydrophobic additives on earth plaster erosion Erosion tests and methods of characterization

The erosion test chosen for this study was the Geelong erosion drip test described by the New-Zealand standard NZS 4298 [NZS, 1998]. An experimental device was developed and made in the laboratory for an experimental study conducted by [START_REF] Haffar | Efficient stabilization with hydraulic binders of local earth for building construction applications[END_REF], and is presented on Figure 5.8. The device consists of a water reservoir suspended above an earth sample. The water level in the reservoir is maintained at 100mm during the test with a tube of water closed on the top. This system generates a constant droplet flow through a glass tube of 5mm in internal diameter. This flow can be controlled by a regulating valve. An electrovalve is located further down in the tube, and connected to a LabView program that controls its opening and closing. The distance between the glass tube and the earth sample is fixed to 400mm. The earth plaster is inclined at 27°from the horizontal. erode bio-stabilized plasters and plasters with silane surface treatment. Since the most unfavorable conditions of the Geelong erosion drip test were already applied, it was necessary to identify and carry out a more severe test for the samples having resisted this first one. For this purpose, the Swinburne Accelerated Erosion Test (SAET) described in the Spanish Standards UNE 41410 [START_REF] Aenor | Une 41410: Bloques de tierra comprimida para muros y taboques/Definiciones, especificaciones y métodos de ensayo[END_REF] was chosen.

According to the SAET, the water flow should be a continuous 5mm diameter stream of water falling vertically onto the face of the specimen for 10min at a distance of 1 meter. The volume of water generated by the system must be a constant debit of 50mL/min. The specimen must be inclined at 27°from the horizontal. The experimental device used for the Geelong erosion drip test was reused and modified to achieve the required height. The required flow was set through the regulating valve. The criteria to evaluate the water durability of the earth plasters submitted to the SAET test were the same than for the Geelong erosion drip test. At this point, it is worth nothing that the erodability indexes proposed in the New-Zealand standard NZS 4298 [NZS, 1998] for the Geelong and the SAET could not be evaluated for our samples since they do not achieve the required thickness. However, a relative comparison between the results in light of the above criteria can be proposed.

Results for the Geelong test

The 49 results for the visual criterion of erosion are logged in the Table 5.2. Samples FsS2, MaC2 and MsS1 were destroyed during previous characterizations and therefore could not be tested. The evaluation of the dimensions of erosion can be found in Table 5.3 for the samples that did not resist to the Geelong erosion drip test. The samples that did resist were thereafter submitted to the SAET test. The 34 results for the criterion of visual erosion are also logged in the Table 5.2. The evaluation of the dimensions of erosion can be found in Table 5.4 for the plasters that did erode at the end of the SAET.

As expected, none of the earth plasters without additives has resisted the Geelong test, whatever the particle size of the sand added. For these samples, the erosion begins relatively soon compared to the duration of the test. As the test progresses, the hole gets bigger and bigger, and the overflowing water carries the sand and soil downwards, as it can be seen on the Figure 5.9. Furthermore, after the test, the earth plasters were saturated with water, and could not be manipulated without their paper support. As it can be remarked on the picture and in Table 5.3, for Fn sample, erosion systematically induced a through-hole. It is not the case for Mn and Cn samples. Formulations with medium and coarse sand present the lowest depth of erosion. This result may be the consequence of a better particle size distribution within the plaster for formulations Mn and Cn, leading to a better mechanical resistance against the repeated impacts of the droplets.

Looking at the erosion volume for the samples eroded by the Geelong test on the Figure 5.12 may bring new elements to our understanding. The erosion volume was averaged for the samples within a same plaster formulation, and the standard deviation is presented in the form of error bars. The erosion diameter and the erosion depth were not represented since they follow the exact same tendencies. As expected, the volume eroded for the formulations without additives is rather consequent compared to the others. The eroded volume for FsC is significantly lower than for FsX, Msx or CsX. This results indicates then that the chitosan surface treatment provides a better water durability to the plaster compared to the xanthan gum surface treatment.

It can also be spotted that the erosion volume is higher for formulations with fine sand than for medium and coarse sand, whether it be for plasters without additives or for plasters with xanthan gum surface treatment. Moreover, the erosion volume is higher for FsX than for Mn and Cn. This latter result shows the indubitable influence of the particle size of the composition on the water durability of the plaster, as it is preponderant compared to a biopolymer surface treatment. As it was seen in chapter 3, the surface topography of the samples have a role on the behaviour of the water droplets at the surface of the samples and during their penetration in the plaster. However, here, the water durability seems to be rather driven by the better particle size distribution, favouring a better stacking of the particles and inducing a better resistance to the decohesion of the grains.

Finally, the surface treatment brings a water resistance as long as it lasts. It can be assumed that after the hydrogel solution has dissolved, the erosion of the plaster is the same than for a plaster without biopolymer. The difference of erosion volume presented on Figure 5.12 is therefore only due to the time from which the plaster began to erode. 

Results for the SAET

The SAET is a really severe test compared to the Geelong test, since the amount of water and the height of impact is much more important. Consequently, the plasters with xanthan gum surface treatment that were close to erosion in the Geelong test did not resist very long. Indeed, for the samples FsX2, FsX3, MsX2 and CsX2, the erosion started at the very beginning of the SAET and the hole became through after only 2 to 3 minutes. It can be noticed on the Figure 5.13 which shows how the plasters were eroded, and on the Figure 5.16 which presents the erosion volume, that the SAET was really destructive for the samples MsX2 and CsX2, while the erosion remained limited to a small concentric hole for FsX2 and FsX3. The continuous water stream falling from the water reservoir created a through-hole, then earth and sand were carried away by the water, therefore the water stream was only impacting the support below the sample. Consequently, the SAET was only operative for a few minutes. In the case of the medium and coarse sand formulations MsX2 and CsX2, the decohesion was much more important due to the higher particle size of the sand grains. The sand carried away by the water was dragging more material away.

Then, it may be interesting to notice that the samples that did offer a very good water durability may present a high water uptake as well, as it is the case for plasters bio-stabilized with chitosan. On the contrary, earth plasters stabilized with xanthan-gum show a very small amount of water absorbed during the test. We can conclude that there is a difference in the behaviour of these two types of bio-stabilizers with respect to the water resistance they provide. Plasters with xanthangum bio-stabilization will prevent as much as possible the water to penetrate the plaster, thereby reducing the potential decohesion of the grains. On the other hand, plasters with chitosan biostabilization will allow more water to penetrate through their surface, yet while guaranteeing a strong cohesion of the grains thanks to its powerful stabilization effect. Finally, it was expected that the earth plasters with silane surface treatment would not absorb water at all during the test, which is not the case when looking at the figure. However, this can be explained by the fact that these samples did absorb water through their bottom surface. Indeed, the samples were placed on paper filters in order to be manipulated without taking the risk to destroy them after the test. The free bottom surface of the sample was consequently able to absorb the water that streamed down the sample. In reality, the amount of water absorbed by the surface treated with silane is zero. 

Conclusion

The need to improve the water resistance of earth plasters was felt during the classic Geelong test on traditional plasters. The almost immediate erosion and the very large volume of erosion at the end of the test encourage to look at more durable solutions. Although the improvement in particle size distribution, due to the use of coarser sands, contributes significantly to the increase in water resistance, these plasters remain very sensitive to liquid water.

It is therefore possible to use a surface treatment with biopolymers to fight against liquid water penetration. In this case, the surface topography of the sample has a major influence on the quality and the way the hydrogel solution will resist the repeated impacts of the drops. A surface topography with a high waviness profile W a would be preferred for this purpose. It has been observed that the chitosan solution offers a better resistance to liquid water than the xanthan gum solution. However, this solution may be inadequate, because a defect in the surface treatment can quickly lead to critical erosion, since the bulk material behaves like a plaster without additives.

The most convincing solution is to manufacture bio-stabilized earth plasters offering exceptional resistance to liquid water. Whether these plasters were bio-stabilized with chitosan or xanthan gum, these plasters have undergone very severe exposure to water from SAET, without showing the slightest sign of erosion, regardless of the particle size of the sand used in the formulations.

Finally, a surface treatment with a strong hydrophobic product such as silane allows to prevent any water to penetrate through the surface and thus not to be subjected to water erosion. The first test to characterize the dynamic hygroscopic behaviour conducted on earth plasters was a sorption procedure adapted from the German standard DIN 18945 [DIN, 2013]. First, earth plaster were set to a humidity cure in the RH% and temperature controlled room at RH = 50% and T = 20 • C for several days. Daily weighting measurement were done until the mass variation of the sample was lower than 0.1% of the total mass. Then, the samples were placed in a airtight sealed glove box whose atmosphere was controlled by an aqueous saturated salt solution of potassium chloride (KCl) to obtain a fixed relative humidity of 82%. Inside the glove box, the weighting were done thanks to a supporting tray connected to a scale outside the box, as presented on Figure 5.21. It allowed to record several weighting measurement on earth plaster samples by using the gloves and without opening the box. Inside the box, two open containers were containing the aqueous salt solution, and fan was set to produce a 1m/s flow. Several measurements were done at different places inside the box to insure the homogeneity of the ventilation flow and RH. The edges of the earth plaster samples were coated in paraffin wax and taped with aluminium. The bottom surface was taped with aluminium too. Only the top surface was free for hygroscopic exchanges.

Influence of hydrophobic additives on hygroscopic prop-

release in this kind of materials. The plasters were set to cure inside the 82% RH glove box and daily weighting measurement were done until the mass variation of the sample was lower than 0.1% of the total mass. The moisture release rate is denoted g m,d . 

Moisture Buffering Value test

The second test used to characterize the dynamic hygroscopic exchanges of earth plaster was a procedure of Moisture Buffering Value (MBV) modified from the Moisture Buffering NORDTEST standard [START_REF] Rode | Moisture Buffering of Building Materials Department of Civil Engineering Technical University of Denmark[END_REF]. Modified MBV test was conducted in the same airtight glove box described in Figure 5.21. However, the weighting scale system was connected to a LABVIEW program to allow a real-time acquisition. As there was only one weighting scale, this test was ran one sample at the time. Like in the NORDTEST procedure, the moisture uptake was 8 hours long and the moisture release 16 hours long, creating 24 hours cycles. However, the low RH level was set at 50%, the RH of the controlled room, and the high RH level was set to 82%, the RH of the glove box. The earth plaster was set to cure in the RH and temperature controlled room and daily weighting measurement were done until the mass variation of the sample was lower than 0.1% of the total mass. Then the plaster was placed on the supporting tray in the 82% RH glove box for 8 hours, while the weighting scale was recoding the increasing mass due to the moisture uptake. After 8 hours, the plaster was placed on the weighting scale outside the box, in a 50% RH ambience, and the weighting scale measured the water release overnight for 16 hours. As this test was operator dependent, it was limited to 5 cycles over a week. Figure 5.23 shows the results of the moisture absorption (g/m 2 ) and the RH cycles for the earth sample Fn2 subjected to the MBV modified test during one week. According to [START_REF] Rode | Moisture Buffering of Building Materials Department of Civil Engineering Technical University of Denmark[END_REF]: "The practical Moisture Buffer Value (M BV practical ) indicates the amount of water that is transported in or out of a material per open surface area, during a certain period of time, when it is subjected to variations in relative humidity of the surrounding air. When the moisture exchange during the period is reported per open surface area and per % RH variation, the result is the M BV practical . The unit for M BV practical is (kg/(m 2 .%RH)." Therefore, M BV practical can be expressed as:

M BV practical = ∆m A∆RH (5.4)
The moisture effusivity b m (kg/(m 2 .P a.s 0.5 ) is the analogy for the thermal effusity b. It allows to express the rate of moisture absorbed by a particular material when it is subjected to a sudden increase in surface humidity. It is given by:

b m = δ p ρ d ∂w ∂RH p sat v (5.5)
An ideal Moisture Buffering Value (M BV ideal ) can be estimated by using a Fourier analyzis to predict the surface moisture transfer flux g(t). The accumulated moisture uptake (or release) G(t) (kg/m 2 ) within the time period t p equals to:

G(t) = t 0 g(t)dt = b m .∆p.h(α). t p π (5.6) h(α) = 2 π ∞ n=1 sin 2 (nπα) n 3/2 ≈ 2.252[α(1 -α] 0.535 (5.7)
α is the fraction of the time period where the humidity level is high. In this case α = 1/3 which makes h(α) = 1.007. Therefore:

G(t) ≈ 0.568.b m .∆p. t p (5.8) M BV ideal ≈ G(t) ∆RH = 0.00568.p s .b m . t p (5.9)
M BV practical and the M BV ideal will only be similar if the material is homogenous and its thickness is equal or exceeding to the penetration depth of the material. The equation of the penetration depth given by the NordTest indicates the amplitude of moisture content variations is only 1% of the variation on the plaster surface. However, this equation is only valid for a semiinfinite or a very thick material, which is not our case. Therefore, [START_REF] Maskell | Determination of optimal plaster thickness for moisture buffering of indoor air[END_REF] provide an equation for short term moisture buffering effects by assuming the ratio of the amplitudes is given by 1/e, which is approximately 36.8%. The penetration depth dp 1/e is given by: 5.10) where D w is the moisture diffusivity of the plaster, which writes in the form: 5.11) In the case of this MBV modified test on earth plasters, δ p = 1.2E-11kg/s.m.Pa, P sat v = 2488Pa, ρ d = 1640kg/m 3 and ξ = 0.0103%/%. Then, d 1/e = 3.9mm and therefore the penetration depth condition is respected.

dp 1/e = D w t p π ( 
D w = δ p P sat v ρ d ξ ( 

Results: static exchanges

Wet-cups

The same operating conditions as previously described were applied (RH, temperature, cup...), but the two small low speed wind-tunnels (SLSWT) were not used. Indeed, the number of samples that had to be tested was very important, and the SLSWT can only test 3 samples at a time, which would induce a too long test duration (about 6 months). For the same reason, the determination of Z s was not possible since this latter requires testing at least 3 samples of different thickness for each formulation, which would increase the number of samples to be tested to 162, which was not possible to achieve given the time remaining. Moreover, using the corrected vapour resistance factor µ c would cancel the surface resistance induced by the surface treatment, that we are looking for. Nevertheless, the ISO correction was applied. Weightings were conducted every day for 7 to 10 days, and the mass loss reached quickly a steady sate, with a strong linear correlation. From the wet-cup test have been deduced δ iso p and µ iso values that can be respectively found in Figure 5.24 and Figure 5.25. Unfortunately some samples were destroyed when removed from the wet-cups (due to the sealing with silicone), and it was not possible to analyze them. The standard deviations presented are generally rather low considering that the wet-cup test can be influenced by many parameters and are rather unrepeatable, as it was shown by [START_REF] Roels | Interlaboratory comparison of hygric properties of porous building materials[END_REF] and [START_REF] Feng | Hygric properties of porous building materials (vi): A round robin campaign[END_REF]. It is interesting to note that the high standard deviations correspond to formulations with biopolymers in admixture only. However, these deviations are acceptable in view of the complexity of the implementation of this test and do not prevent from concluding on the values obtained.

The first element that stands out is the very negative impact of using silane on the water vapour permeability of earth plasters, even if a decrease of the hygroscopic exchanges was expected. The water vapour resistance factor is almost doubled (µ iso ≈ 25) for FsS and MsS compared to the other formulations with fine and medium sand. It is almost tripled (µ iso ≈ 30) for CsS compared to the other formulations with coarse sand, which is consistent since it was shown that CsS had the highest mass of silane solution. Thus, silane act as barrier for liquid water but prevents in the same time the hygroscopic exchanges. Figure 5.25: µ iso for every earth plaster formulation with their standard deviation on the three samples.

On the opposite, it can be highlighted that the impact of using chitosan and xanthan gum biopolymers in earth plasters on the water vapour permeability is very moderate. Two behaviours can be distinguished according if the biopolymer was used as a surface treatment or as an admixture. Earth plasters with biopolymer in admixture have a water vapour resistance factor µ iso lower than others without biopolymer addition. This difference in behaviour towards silane can be explained by their lower density, as it is shown in Figure 2.19. In addition, since the amount of biopolymer in the plasters remains extremely low, no major modification of the microstructure are expected. On the other hand, the plasters with a biopolymer surface treatment have a close or slightly increased value for µ iso compared to plasters without biopolymers. Indeed, the hydrogel solution at the surface absorbs water and form a less permeable barrier than the plaster itself. However, this effect is very limited.

Finally, there is no clear evidence of the impact of the surface topography in combination with the addition of biopolymers on the water vapour permeability of earth plasters. In general, the values obtained for µ iso are relatively high compared to classic values for earth plasters, and compared to our values presented in section 4.4. It was expected since the plaster thickness was only 1cm and that the effect of surface film resistance on results is quite important. Although, it did not affect the comparison between the δ iso p of the different plaster formulation.

Sorption/desorption isotherms

To enhance the understanding on how the biopolymer itself absorb water and how it may modify the hygroscopic exchanges, isotherm sorption/desorption procedure described in subsection 4.2.2 were conducted on several earth plaster formulations. Plaster formulations were mixed in small quantity to obtain new mortars that were placed into small cups. The cups At the end, a visual inspection allowed to spot the presence of mildew, probably responsible for a part of the mass increase and therefore of ξ desorption .

On the opposite, there is only a slight increase of the moisture holding capacity of admixed earth plasters compared to earth plaster without biopolymers. There is no real influence that can be spotted of the sand added particle size on the moisture holding capacity. This may signify that ξ is mainly be influenced by the earthen part of the plaster formulation.

These results are consistent with what was observed during wet-cup experimentation: the presence of biopolymer in admixture in such a little quantity hardly modifies the static vapour exchanges, yet the great hydrophilic behaviour of hydrogels may conduct to the absorption of a relatively important quantity of water at the surface of the sample in the case of surface treatment, reducing slightly the water vapour permeability of the material.

Conclusion

Finally, the static hygroscopic test presented above have shown that the use of silane was reducing drastically the hygroscopic and permeable qualities of raw earth. On the other hand, it has been observed there was a very moderate impact of using biopolymers. Biopolymers in admixtures increase the water vapour permeability, while surface treatment will only slightly decrease it. The very high moisture holding capacity of chitosan and xanthan was exhibited. However, their small quantity used as an admixture in earth plasters does hardly modifies the equilibrium moisture content.

Results: dynamic exchanges Dynamic sorption/desorption

The results of ∆m along √ t for all samples are presented on Figure 5.27. From this curves are deduced the values of moisture transfer rate g m that can be found in Figure 5.28, and the values of maximum moisture content w shown on Figure 5.29, for all the samples. The values obtained for the three replicas within the same formulation were averaged for a better readability. Their standard deviation is presented in the form of error bars. As for the wet-cups results, it can be remarked at first sight that using silane has an extremely negative impact on the dynamic hygroscopic exchanges. Indeed, plasters with a silane surface treatment show a moisture transfer rate g m and a maximum moisture content w about twice as low as other earth plaster samples. As expected, silane surface treatment acts as a barrier that prevents the earth plaster to absorb moisture from the surrounding air when subjected to a brutal change of RH. Moreover, after reaching the maximum moisture content, it appears that silane is not only slowing the moisture absorption but it is also drastically reducing its content inside the material, signifying that the surface treatment may have penetrated the porous material and filled the pores.

On the other side, it can be highlighted that there is almost no impact of using biopolymers as surface treatments and admixture on the moisture transfer rate g m . (g m ≈0.2 g/m 2 .s 0.5 for plasters with and without biopolymers). Now, looking at the results of maximum moisture content w, it appears there is no difference between plasters without biopolymers and plasters with a biopolymer surface treatment, but there is one with bio-stabilized plasters. Thus, it has been proved that biopolymers, when they are used as a surface treatment, were not a barrier to moisture absorption, nor in rate nor in content compared to traditional plasters. When they are used as an admixture, the biopolymers of this study do not change the adsorption rate, but they slightly increase the total amount of water adsorbed.

Yet, looking at the moisture release on Figure 5.30 may bring new elements to our knowledge. Five earth plaster formulations were chosen to conduct this moisture release experimentation: Fn, MsC, LaC, MsX and FaX. The replicas were tested when it was possible, the standard deviations are presented when it was the case. The moisture release rates g m,d (hatched bars) are compared to the corresponding moisture uptake rates g m (full bars) for the same formulations. It can be observed that the moisture release rate g m,d is higher than or equal to moisture uptake rate g m for formulations without biopolymer or with a biopolymer surface treatment. Since g m,d is higher for the Fn formulation, this means the surface treatment of the formulation MsX reduces by a little g m,d . However this is not the case for formulation MsC. On the other hand, g m,d is lower than g m for bio-stabilized plasters. Then using biopolymer in admixture does not affect the moisture uptake rate but it does decrease the moisture release rate. This phenomenon may have an impact on the the following modified MBV test.

Moisture Buffering Value

The modified MBV procedure was conducted on the following earth plaster samples: Fn2, FsC4, FaC3, FsX2, FaX4. The results of M BV practical obtained for these samples are presented on Figure 5.31. Values for M BV practical were obtained by averaging the ∆m of finals uptake/release cycles; the corresponding standard deviation are presented in the form of error bars.

The results of M BV practical show two behaviours. M BV practical is higher for earth plasters with biopolymer surface treatment than earth plasters without biopolymers. This latter result signifies that the hydrogel solution at the surface of the plaster act as better moisture buffer than the earth material itself. At this point it is interesting to notice that plasters having received a biopolymer treatment intended to enhance its resistance to liquid water may also improve its hygroscopic buffering value during a real life cycle condition. On the opposite, as it was expected, M BV practical is lower for bio-stabilized earth plasters. Thus, this experiment shows the complex behaviour of biopolymers with earth and water vapour: as a hydrogel on the plaster, they can enhance the buffering behaviour of the material, however, when mixed inside the ma- terial, they will decrease it. This means the interaction of biopolymers with raw earth modifies the properties of the additive.

To investigate further the influence of the bio-stabilization on the MBV, M BV practical was compared to M BV ideal for samples: Fn2, FaC3 and FaX4. The results are presented in First, it can be highlighted that the estimation of M BV ideal is really accurate compared to the experimental value M BV practical for the earth plaster Fn2 without additives. This means the determination of the parameters δ p , ρ d and ξ were also accurate. Then, one can remark that the estimation of M BV ideal is too important for FaC3. The decrease of the moisture release rate observed in Figure 5.30 due to the presence of chitosan in admixture prevents the plaster to release as much moisture as it has absorbed during the uptake cycle, and this will lower its buffering moisture capacity for the following cycles. Although, the sample FaX4 is not subjected to this same difference.

Conclusion

Finally, the dynamic hygroscopic tests presented just above have shown that the use of silane was reducing drastically the moisture transfer rate and the maximum moisture content. On the other hand, it has been observed there was almost no impact of using biopolymers on the moisture transfer rate. Furthermore, biopolymers in admixture increase the maximum moisture content. It have been highlighted that biopolymers in admixture were reducing a little the MBV, while biopolymers in surface treatment was increasing it. The complex and slow vapour exchanges that occurs in bio-plasters may be investigated further by comparing the analytical and practical moisture transfer rate g m and the moisture effusivity b m obtained according to different methods. This may be useful to develop a tool to predict the hygroscopic behaviour of a bio-plaster in real life conditions.

Predicting the hygroscopic behaviour of an bio-stabilized earth plaster in real life conditions

To determine an analytical solution for g m , a diffusion problem with a continuous source and a semi-infinite medium whose surface is maintained at a constant concentration was used. This problem was from "Mathematics of diffusion" from [Crank, 1975]. In the case of diffusion within a gaseous phase, the solution can be written as follows: 5.12) where p v (x, t) is the partial pressure inside the medium, p e v the partial pressure surrounding the material and p 0 v the constant partial pressure at the surface. ∆p v = (p e vp 0 v ). In the case where the partial pressure is zero at the surface, the rate of increasing diffusing moisture is given by:

p v (x, t) -p 0 v = (p e v -p 0 v ) × erf c x 2 √ D w t ( 
∂p v ∂x (x=0) ≈ - ∆p v √ πD w t (5.13)
The moisture transfer rate g m can be expressed as the integral of the mass flow φ m over the time: 5.14) The mass flow at the surface is equal to: 5.15) By combining Equation 5.13 and Equation 5.15 the mass flow can be expressed as: 5.16) Finally, replacing Equation 5.14 in Equation 5.16 and integrating on the time gives the analytical solution soughed for the moisture transfer rate g m,ideal :

g m = t 0 φ m (t)dt ( 
φ m = -δ p ∂p v ∂x x=0 ( 
φ m = ∆p v δ p √ piD w t ( 
g m,ideal = 2 √ t∆p v δ p √ piD w (5.17)
The moisture transfer rate obtained with the modified sorption/desorption test will be called g m,practical and g m,practical,d for respectively moisture uptake and release. The analytical moisture transfer rate obtained with the solution this above will be called g m,ideal and g m,ideal,d respectively moisture uptake and release. For this latter, the moisture diffusivity is called D w,d and is function of the moisture holding capacity ξ d . A comparison between g m,practical , g m,ideal , g m,practical,d , g m,ideal,d is proposed on Figure 5.33. For the plaster formulations without additives, it can be remarked that there is a difference between the values obtained practically and analytically, but they still remain close enough, which means the analytical solution is consistent. This difference is expressed as much in sorption as in desorption. Furthermore, the estimation of g m,ideal and g m,ideal,d seems to be more precise for the formulation with coarse sand.

On the other hand, this difference becomes more pronounced for bio-stabilized plasters, especially between g m,ideal,d and g m,practical,d . For bio-plasters with chitosan, the estimation of g m,ideal,d is more than the double of the real value g m,practical,d , whatever the sand particle size. These results show that the presence of biopolymers in admixture creates complex and slow phenomena of sorption and especially desorption, that cannot be taken into account by the classic diffusion formulae. Thus, it is clearly not possible to predict the dynamic hygroscopic behaviour of bio-stabilized plasters.

The moisture effusivity b m is a very useful physical quantity since it can be determined by measurable parameters (ρ, ξ, δ p ) and can be expressed as function of MBV and g m . In order to compare the consistency between practical measurement and the estimation through analytical formulae for dynamic exchanges, the following parameters were chosen: At first, one can notice the great consistency between the moisture effusivity from direct measurement b m,a and b m,b with the moisture effusivity from M BV ideal b m,c . This result indicates that the experimentations were robust and that the formula for M BV ideal may be usefull to predict the buffering capacity of an xanthan gum bio-stabilized earth plaster. However, it is less the case for plaster formulations with chitosan in admixture, which will predict a too high moisture buffering capacity compared to the real value. Then, by looking at the results of the moisture effusivity obtained through the analytical solution for diffusion b m,d and b m,e , it appears difficult to predict the dynamic behaviour for the water vapour exchanges inside the bio-stabilized earth plasters with this analytical solution, especially in the case of the desorption.

Conclusion

It has been shown that the use of biopolymers chitosan and xanthan gum in surface treatment or in admixture had a very moderate impact on the great hygroscopic potential of earth plasters. However, in the case of bio-stabilized plasters, it has been seen that there was complex and slow vapour exchange phenomena that occurred, especially for chitosan and during the moisture release, leading to a slight decrease of the moisture buffering capacity. Due to these particular conditions, it appears that it may be difficult to predict precisely the hygroscopic behaviour of this kind of plasters.

Conclusion on the potentiality of using hydrophobic additives in earth plasters

The addition of silane as surface treatment in earth plasters is very efficient to reduce the water penetration at the surface and the wettability. Indeed, it turns the earth surface from hydrophilic to hydrophobic (θ i = 120-130°) and prevents totally the water penetration at the surface (complete evaporation). The control of the surface topography has shown that the increase of W a was increasing θ i according to Wenzel's model. Earth plasters with silane surface treatment did successfully resist to consecutive Geelong test and SAET, showing their great improvement compared to untreated samples regarding the erosion. However, the presence of silane at the surface of the plaster decreases drastically the static and dynamic water vapour exchanges between the material and its surrounding environment. The water permeability δ p iso and the moisture transfer rate g m are two to three times lower.

The addition of chitosan and xanthan biopolymer as a surface treatment is also very efficient to reduce the water penetration at the surface and the wettability. Chitosan seems more efficient than xanthan gum, increasing the time to complete absorption up to 950s and the initial contact angle θ i up to 73°. Yet, it does not turn the surface from hydrophilic to hydrophobic. For chitosan, the combination with an increase of W a provokes an increase of θ i , probably induced by a change of model. For xanthan gum, the variation of the surface topography has no influence. Considering the resistance to erosion, chitosan is more efficient than xanthan gum, that dissolves quicker under the repeated impacts of the water droplets. Surface topography has an important influence in this case: the hydrogel solution integrates better the surface and is protected from the impact of water droplets. Nevertheless, the resistance to erosion depends on the quality and the homogeneity of the surface treatment. If the water can infiltrate the coating, the erosion becomes quickly severe. Concerning the hygroscopic properties, the biopolymer surface treatment decreases slightly the permeability to water δ p iso , due to the presence of the high moisture absorbent biopolymer at the surface of the sample, creating a less permeable layer. Yet, this same layer will increase the buffering value in the case of the chitosan. Then, the use of chitosan and xanthan gum as surface treatment on earth plasters is a relevant solution to improve the water durability, while maintaining the strong hygroscopic properties. However, the implementation of this method and its durability over time may be problematic.

The addition of chitosan and xanthan biopolymer as an admixture is not efficient to reduce the water penetration at the surface and the wettability. The control of the surface topography allows to increase the time to complete absorption of the droplet (probably due to the air entrapping), however the penetration remains very quick (2s maximum for chitosan). The resistance to water penetration is tremendous, as all the samples did resist to the severe SAET. Due to their lighter density compared to plasters with no admixtures, bio-stabilized plasters have an increased water vapour permeability δ p iso and slightly increased moisture holding capacity ξ. Bio-stabilization does not modifies the moisture absorption rate of the plaster, but decrease a little the moisture release rate. The presence of complex and slow phenomena of sorption and especially desorption decrease slightly the MBV (especially for the chitosan), and make the hygroscopic behaviour difficult to predict. In view of the very small quantities of biopolymer required to obtain a solid resistance to erosion and the very moderate impact on the hygroscopic properties, the bio-stabilization method seems the most relevant to enhance plasters dedicated to housing. However, in-situ and long-term test should be conducted to assess the durability of this method.

Chapter 6

General conclusion

The context and the literature review have shown there was numerous studies concerning the physical and mechanical properties of earth plasters with many fibers and additives. Though, the understanding of the role of the surface on the hydraulic and hygroscopic behaviour is still underdeveloped. This PhD. has thesis investigated the influence of the bulk and surface properties on the hydraulic and hygroscopic behaviour in earth plasters, using innovative and unprecedented techniques on the raw earth material.

Recently, some studies have assessed the potential of bio-stabilization to enhance the mechanical properties and the water durability of earth materials. However, there is still a lack of information on the influence of these bio-additives on the hydraulic and hygroscopic behaviour in earth plasters. An ambitious experimental campaign was conducted to better understand the mechanisms of these bio-stabilizers and their consequences on the properties of earth plasters.

Thanks to a multi-chromatic confocal sensor we have succeeded to determine the multiscale surface topography of the very complex and heterogeneous material that is raw earth. A high speed imagery technique has allowed us to study the behaviour of a water droplet impacting the surface of compressed earth blocks, highlighting the influence of the raw earth surface topography on the water droplet spreading and speed of absorption.

The manufacture of earth plasters with different formulations, in particle size of sand and earth/sand ratios, made it possible to obtain earth plasters with close bulk properties while having a wide range of surface properties. The control of this parameter through the formulation allowed the study of the penetration of the water, liquid or vapour.

Thanks to the X-ray microtomography technique, we have conducted an innovative experimental procedure consisting of observing and analyzing a water droplet penetrating inside an earth plaster after impact at its surface. This test has exhibited the link between the surface topography and the speed of penetration of the water droplet, especially during the kinetic phase, the shape of the droplet inside the material in sub-surface, and the consequence on the water drying.

It has been shown that the wet-cup procedure to determine the water permeability of earth plasters was strongly depending on the nature of the flow (laminar or turbulent). Two small low speed wind-tunnels were designed to master the flow and have allowed us to demonstrate the influence of the surface topography on the static surface film resistance and consequently on the water permeability values of earth plasters. An analogy with thermal convection has been proposed to see if the phenomena were comparable, but this study showed that different phenomena were at work.

Finally, an ambitious experimental campaign was conducted to determine the influence of biopolymers and a silane on water susceptibility, water durability and vapour exchanges, as well as the combination of this phenomenon with the control of the surface topography to obtain the best possible resistance to water penetration and erosion while maintaining strong hygroscopic properties.

A sessile droplet test has assessed that biopolymers and silane were efficient to reduce the water susceptibility of the surface, especially with the surface treatment to obtain high contact angles. The combination with the surface topography has shown an evolution of the contact angles, although this had a relatively limited impact. Static (wet-cups and sorption isotherms) and dynamic (sorption/desorption and MBV) hygroscopic procedures, have allowed us to observe that the impact of the addition of biopolymers in earth plasters, in admixture or surface treatment, on the hygroscopic properties was very moderate. Though, slow and complex moisture absorption and release phenomena occurs in bio-stabilized plasters, that can reduce their moisture buffering capacity during daily cycles.

The addition of biopolymers greatly improved the resistance to water erosion drip tests (Geelong and SAET), especially in the case of bio-stabilization. Surface topography only had a very limited effect on this resistance.

Further studies may be conducted on the interactions, at different scales, between biopolymers and clays. This could lead to an even better understanding of the hygroscopic and hydraulic phenomena that occur on the surface of earth plasters.
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 1 Figure 1.14: Outdoor eath plaster (left) and indoor earth plaster (right). (Credits: Argilus).
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 1 Figure 1.15: Shrinkage and cracking resistance test (left) and the shear strength test (right) of earth plasters on a rammed earth wall.
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 1 Figure 1.27: Polysaccharides structure, (Credits: Nutrientsreview.com).
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 1 Figure 1.28: SEM image of (b) biopolymer treated sand and (a) clean sand according to [Chen et al., 2020].
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 1 Figure 1.29: Modification of the clay platelets structure by the effect of biopolymers, [Eires et al., 2013].
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 2 Figure 2.1: Particle size distribution of every raw earth after a sieving at 2mm.
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 2 Figure 2.13: Biopolymer products in their manufactured powder form. From left to right: guar gum, chitosan, carrageenan, xanthan gum.
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 2 Figure 2.20: Average density for additive-free and bio-stabilized earth plaster samples regarding to manufacturing process water or hydrogel solution.
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 221 Figure 2.21: Average weight of solution deposited during surface treatment for all surface formulations.
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 2 Figure 2.27: Roughness profile R a (left) waviness profile W a (right) and results by multi-chromatic confocal sensor for untreated (Fn, Mn, Cn) and with surface treatment (Fs, Ms, Cs) earth plasters.

  Figure 2.30: Mass of hydrophobic solution deposited by surface treatment according to the waviness profile W a of the plaster for chitosan, xanthan gum and silane.
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 2 Figure 2.31: Roughness profile R a (left) and waviness profile W a (right) results by multi-chromatic confocal sensor for additive-free (Fn, Mn, Cn) and with admixture (Fa, M, Ca) earth plasters.
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 35 Figure 3.5: Mechanism of the hysteresis (flat surface seen from above). Hatching represents the liquid, [De Gennes et al., 2005].
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 3 Figure 3.14: (A) Droplet radius D(t), (B) diameter spreading speed v(t), compared to time for three earth samples ALX, CRA and STR.
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 3 Figure 3.15: R a for all the sample tested vs (A) φ, (B) D max .
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 3 Figure 3.17: Experimental water damping set-up (left), zoom on the sample, source and capillary (right).
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 4 Figure 4.12: µ (left) and µ c (right) values obtained for different air velocities and flow regimes of the A9 sample (St : no flow; L : Laminar ; T : Turbulent).
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 4 Figure 4.13: Uncorrected water vapour resistance factor (µ) variation with thickness for all samples in a turbulent (T) and a laminar (L) flow with an air velocity of 3 m/s.
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 4 14 and Figure 4.15 compare µ and µ c in function of the density for every sample, under turbulent and laminar flow.
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 44 Figure 4.14: µ (left) and µ c (right) along the density for different speeds under turbulent flow.
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 4 Figure 4.16: Variation of the surface film resistance (Z s =1/β) with air velocity in a turbulent (left) and laminar (right) flows.
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 4 Figure 4.17: Surface film resistance Zs function of R a for different ventilation speed under turbulent flow (left) and laminar flow (right).
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 4 Figure 4.18: Surface film under different ventilation flow.
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 4 Figure 4.20: Schematic representation of the testing configuration of the analyzis of heat transfer in earth plasters.
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 44 Figure 4.22: Surface resistance Z s * (left) and Z s (right) along surface roughness R a under laminar flow.
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 2 Influence of hydrophobic additives on water penetration and erosion 5.2.1 Influence of hydrophobic additives on wettability and water penetration Sessile droplet test experimental procedure

Figure 5 .

 5 Figure 5.3: Contact angle and θ and water droplet volume V along time for FsC1 at a 1FPS recording rate.

Figure 5 .

 5 Figure 5.4 presents the results for the plaster CsX1 with xanthan gum surface treatment. The initial quick decrease of θ and V is not observed any more, which means that the droplet does not spread at the surface after being unhooked from the syringe. The decrease of θ is linear until complete depletion. The decrease of V is linear with √ t as for a classic Washburn absorption. The time to complete absorption is around 280 seconds. At the end, the determination of the volume V is difficult since the remaining droplet merges with the rough and opaque surface. It is assumed that the droplet is pinned to the plaster surface by capillary forces directly after being unhooked from the syringe and until complete depletion with a constant contact radius. The same behaviour has been observed for samples FsX1 and MsX1, which are therefore not represented. Therefore, the surface treatment with xanthan gum decreases greatly the speed of absorption of a water droplet but is not a guarantee of total impermeability to liquid water.Figure5.5 presents the results of the plaster FsS1 with silane surface treatment. It can be seen that the hydrophobicity of the surface has been reached (θ > 90°). The water droplet volume V is decreasing continuously from the beginning to the complete depletion. On the opposite, the contact angle θ remains almost constant a 120°for 2000 seconds (33 minutes) straight, before dropping quickly for the last 700 seconds. The software DSA was not able

Figure 5 . 4 :

 54 Figure 5.4: Contact angle and θ and water droplet volume V along time for CsX1 at a 1FPS recording rate.

Figure 5 . 5 :

 55 Figure 5.5: Contact angle θ and water droplet volume V along time for FsS1 at a 1FPS recording rate.

Figure 5 .

 5 Figure 5.6 presents the results for plaster FaC1 with chitosan in admixture. It can be remarked that the time to complete absorption t abs was really short (under 2 seconds). This very short duration prevents to consider this experiment really as a static measurement. However, setting the camera to a recording with 10FPS allowed to obtain a sufficient number of frames to analyze the behaviour of the droplet. As for CsX1, the droplet is pinned directly after being unhooked from the syringe. θ decreases linearly with time until complete absorption, and V decrease linearly with t 3/2 until complete depletion. The same behaviour has been observed for samples MsS1 and CsS1, which are therefore not represented. Then, the presence of chitosan in admixture only decreases by a little the speed of absorption of a water droplet at the surface of the plaster.
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 56 Figure 5.6: Contact angle and θ and water droplet volume V along time for FaC1 at a 10FPS recording rate.
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 5 Figure 5.7: θ i (left) and t abs (right) along the W a for all the samples. (sC = chitosan surface treatment, sX = xanthan surface treatment, sS = silane surface treatment, aC = chitosan admixture).
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 5 Figure 5.12: Average volume of erosion generated by the Geelong erosion drip test for formulations Fn, FsC, FsX, Mn, MsX, Cn and CsX, with their standard deviation.

Figure 5 .

 5 Figure 5.20: Average mass of water absorbed by every formulation during the Geelong erosion drip test, with their standard deviation.
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 5 Figure 5.22: Sorption curve: moisture uptake ∆m along √ t for samples Cn2, Cn4, Mn2, Mn3, Mn4, Fn2, Fn3, Fn4.
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 5 Figure 5.23: Moisture absorption and release for earth plaster sample Fn2 subjected to the MBV modified test.

  Figure 5.24: δ iso p for every earth plaster formulation with their standard deviation on the three samples.

  FaX FsS Mn MsC MaC MsX MaX MsS Cn CsC CaC CsX CaX CsS µ iso[-] 
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 5 Figure 5.29: Average maximum moisture content w for every plaster formulation with their standard deviation.

Figure 5 .

 5 Figure 5.30: Average moisture release rates g m,d (hatched bars) and average moisture uptake rates g m (full bars) for Fn, MsC, LaC, MsX and FaX formulations, with their standard deviations.

Figure 5 .

 5 Figure 5.31: Average Moisture Buffering Value M BV practical for earth plasters Fn2, FsC4, FaC3, FsX2 and FaX4, with their standard deviations.

  Figure 5.32 this below. M BV practical values are represented in full bras, and M BV ideal values in hatched bars.

Figure 5 .

 5 Figure 5.32: Comparison between M BV practical (full bars) and M BV ideal (hatched bars) for samples Fn2, FaC3 and FaX4.

Figure 5 .

 5 Figure 5.33: Comparison between g m,practical , g m,ideal , g m,practical,d and g m,ideal,d for formulationsFn, Mn, Cn, FaX, MaX, CaX, FaC, MaC and CaC. 
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 55 Figure 5.34: Comparison between moisture effusivity parameters b m,a , b m,b , b m,c , b m,c , b m,d , b m,e for formulations Fn, Mn, Cn, FaX, MaX, CaX, FaC, MaC and CaC.
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Table 1

 1 

		.1: Earth plaster formulations.	
	Publication	E/S ratio (-)	C/S ratio (-) Process water (%) Fibers type
	[Delinière et al., 2014]	0.29 -0.33	-	16.8 -20.5	-
	[Emiroglu et al., 2015]	-	0.25 -9	35	-
	[Faria et al., 2016]	-	-	19.4 -20.1	Oat
	[Hamard et al., 2013]	0.5 -1	-	20 -25	Hemp / Sisal
	[Lagouin et al., 2021]	0.20 -0.25	-	19.1 -23.4	Flax
	[Lima et al., 2016]	0.17 -0.29	-	11.6 -13.3	-
	[McGregor et al., 2017]	-	0.25 -0.31	26 -30	Straw
	[Randazzo et al., 2016]	-	0.1 -0.15	20 -25	Straw
	[Santos et al., 2017]	0.33 -0.50 (v)	-	20 -25 (v)	Oat
	[Santos et al., 2020]	0.22	-	10 -20	-
	[Stazi et al., 2016]	0.20 -0.25	-	16 -17	-

Table 1 .

 1 2: Earth plasters porosity η and density ρ.

	Publication	Porosity η (%) Density ρ (kg/m 3 )	Additives
	[Faria et al., 2016]	30 -31	1770 -1990	Oat
	[Gomes et al., 2018]	26 -38	1500-1900	Hemp + Binders
	[McGregor et al., 2017]	33	1596 -1720	Straw
	[Randazzo et al., 2016]	24 -34	-	Straw
	[Santos et al., 2017]	28.6 -40	1270 -1790	Oat + PCM
	[Santos et al., 2019]	31 -34	1770 -2020	-

Table 1 .

 1 3: Water vapour resistance factors obtained with wet-cups and dry-cups for earth plasters.

	Publication	µ (-) wet-cups µ (-) dry-cups	RH (%)	Additives
	[Faria et al., 2016]	8.0	-	-	Oat
	[J. Ferreira, 2016]	7.4 -8.6	-	85 / 50	Straw
	[Liuzzi et al., 2018]	12.5 -15.1	22.1 -25.0	93 / 50 and 12 / 50	Olive
	[McGregor et al., 2017]	7.0 -11.0	-	85 / 60	Straw
	[Palumbo et al., 2016]	4.0 -8.0	-	94 / 50	Straw / Wool Corn
	[Ranesi et al., 2021a]	-	9.1	50 / 0	Barley straw
	[Simões, 2015]	11.5 -18.8	-	85 / 50	Straw
	[Stazi et al., 2016]	8.0 -10.0	-	93 / 50	Fibers / Minerals Biopolymers

Table 1 .

 1 6: Strength classes for earth plasters according to the German standardDIN 18947 [2018].

Table 1 .

 1 7: Shear, flexural, compressive strengths for earth plasters.

	Publication	Shear strength (MPa) Flexural strength (MPa) Compressive strength (MPa)
	[Delinière et al., 2014]	0.11 -0.14	0.49 -0.69	1.3 -2.1
	[Faria et al., 2016]	0.15	0.3	1.1
	[Gomes et al., 2018]	-	0.17 -0.33	0.51 -0.98
	[Hamard et al., 2013]	0.014 -0.047	0.3 -0.8	-
	[Lagouin et al., 2021]	0 -0.097	0.27 -0.92	0.56 -2.45
	[Lima et al., 2016]	0.07	0.22 -0.27	0.53 -0.99
	[Ranesi et al., 2021b]	-	0.45	0.82
	[Santos et al., 2017]	-	0.03 -0.24	0.20 -0.56
	[Santos et al., 2020]	-	0.17 -0.25	0.51 -1.01
	[Stazi et al., 2016]	0.012 -0.044	-	-

Table 2 .

 2 1: Percentage of each constituent for every raw earth.

	CRA STR ALX DAG CON STA

Table 2 .

 2 2: Methylene blue value, activity and nature of main mineral clays for every raw earth.

		CRA	STR	ALX	DAG	CON	STA
	Clay content in the 0-80 µm fraction (C b ) %	31.5	22.7	47	19.3	36	48.2
	Methylene Blue Value (V b ) %	2.7	1.0	0.8	1.8	0.69	1.5
	Index of clay activity (A cv )	8.6	4.4	1.7	9.33	1.9	3.11
	Nature of main clay minerals	Illite Kaolinite	Illite Chlorite	Illite Vermiculite	Illite Kaolinite		Illite Kaolinite

Table 2 .

 2 4: Formulations and manufacturing technique of earth plaster samples.

	Sample	Sand added granulometry	Water (g) Earth (%)	Sand added (%)	Process water (%)	Earth provenance	Compaction
	A1	0 -315 µm	40	17	83	18.2	DAG	0
	A2	0 -315 µm	40	17	83	18.2	DAG	0
	A3	315 -630 µm	33	17	83	15.5	DAG	0
	A4	315 -630 µm	33	17	83	15.5	DAG	0
	A5	630 -1 mm	30	17	83	14.3	DAG	0
	A6	630 -1 mm	30	17	83	14.3	DAG	0
	A7	1 -2 mm	25	17	83	12.2	DAG	0
	A8	1 -2 mm	25	17	83	12.2	DAG	0
	A9	0 -2 mm	30	17	83	14.3	DAG	0
	A10	0 -2 mm	30	17	83	14.3	DAG	0
	A11	0 -1 mm	34	17	83	15.9	DAG	0
	A12	0 -630 µm	38	17	83	17.4	DAG	0
	A13	0 -630 µm	34	17	83	15.9	DAG	0
	B1	0 -630 µm	34	30	70	15.9	DAG	0
	B2	0 -630 µm	34	30	70	15.9	DAG	0
	C1	0 -630 µm	45	30	70	20.0	DAG	0
	C2	0 -630 µm	45	30	70	20.0	DAG	0
	C3	0 -630 µm	25	30	70	12.2	DAG	0
	C4	0 -630 µm	25	30	70	12.2	DAG	0
	D1	0 -630 µm	34	30	70	15.9	DAG	15
	D2	0 -630 µm	34	30	70	15.9	DAG	15
	D3	0 -630 µm	34	30	70	15.9	DAG	30
	D4	0 -630 µm	34	30	70	15.9	DAG	30
	B1	0 -630 µm	34	30	70	15.9	DAG	0
	B2	0 -630 µm	34	30	70	15.9	DAG	0
	B3	0 -630 µm	34	40	60	15.9	DAG	0
	B4	0 -630 µm	34	40	60	15.9	DAG	0
	B5	0 -630 µm	34	50	50	15.9	DAG	0
	B6	0 -630 µm	34	50	50	15.9	DAG	0
	B1S	0 -630 µm	50	30	70	21.7	STA	0
	B2S	0 -630 µm	50	30	70	21.7	STA	0
	B3S	0 -630 µm	60	40	60	25.0	STA	0
	B4S	0 -630 µm	60	40	60	25.0	STA	0
	B5S	0 -630 µm	65	50	50	26.5	STA	0
	B6S	0 -630 µm	65	50	50	26.5	STA	0
	B1C	0 -630 µm	35	30	70	16.3	CON	0
	B2C	0 -630 µm	35	30	70	16.3	CON	0
	B3C	0 -630 µm	40	40	60	18.2	CON	0
	B4C	0 -630 µm	40	40	60	18.2	CON	0
	B5C	0 -630 µm	55	50	50	23.4	CON	0
	B6C	0 -630 µm	55	50	50	23.4	CON	0

Table 2 .

 2 6: Earth plaster sample dimensions and density after curing and drying.

	Sample formulation Thickness (mm) Diameter (mm) Density (kg.m-3)
		7.79	69.57
	A1	19.21 29.15	69.66 69.81
		43.21	69.54
		9.84	69.91
	A3	19.59 30.32	70.59 70.06
		45.68	70.69
		10.27	68.37
	A9	19.60 31.74	70.02 70.05
		43.63	69.96
		7.95	70.01
	B1	19.14 28.32	68.80 68.64
		42.48	69.12
		9.64	68.36
	B3	19.20 26.87	68.91 67.90
		43.02	69.03

Table 2 .

 2 7: Parameters for hydrogels solutions manufacturing.

	Biopolymer	w/v ratio (g/100 mL)	Solvent nature	Heating temperature (°C)	Stirring time (Hours)
	Xanthan gum	1%	Water	80	5
	Guar gum	1%	Water	20	1
	Chitosan	0,5%	Acetic acid (1%)	50	8
	Carrageenan	2%	Water	20	1

Table 2 .

 2 9: Sessile droplet test for biopolymers and silane comparison.

	Method	Additive	Absorption time Contact angle
	Admixture Surface treatment dmixture urface treatment	Carrageenan Carrageenan Chitosan Chitosan	≈ 0 s ≈ 15 s ≈ 30 s 25 min	-< 45°A < 30°S 60°-90°A
	dmixture urface treatment dmixture urface treatment	Guar gum Guar gum Xanthan gum Xanthan gum	≈ 0 sec 30 min ≈ 5 s 12 min	60°-90°S ≈ 90°A < 30°S < 45°S
	urface treatment N-octadecyltrimethoxysilane	6 hours	> 90°E

Table 2 .

 2 11: Designation system of earth plaster samples.

Table 2 .

 2 12: Density and standard deviation for earth plaster samples intended for surface treatment.

	Sample	Density (kg.m -3 )	Standard deviation	Sample	Density (kg.m -3 )	Standard deviation	Sample	Density (kg.m -3 )	Standard deviation
	FsC1	1617.1	99.3	MsC1	1862.3	28.0	CsC1	1824.7	16.9
	FsC2	1640.8	25.9	MsC2	1821.6	47.1	CsC2	1743.4	49.8
	FsC3	1638.3	25.5	MsC3	1892.3	88.5	CsC3	1890.8	76.5
	FsC4	1635.5	65.2	MsC4	1804.9	46.8	CsC4	1654.7	79.0
	Fn1	1600.4	37.1	Mn1	1742.3	93.1	Cn1	1681.2	45.8
	Fn2	1634.3	71.3	Mn2	1817.6	80.5	Cn2	1788.1	52.7
	Fn3	1609.8	95.5	Mn3	1695.4	109.2	Cn3	1757.5	49.0
	Fn4	1656.5	92.6	Mn4	1695.9	48.3	Cn4	1688.6	64.9
	FsS1	1684.4	54.9	MsS1	1760.3	53.0	CsS1	1807.2	63.2
	FsS2	1646.7	91.0	MsS2	1774.7	48.0	CsS2	1806.8	64.2
	FsS3	1621.4	61.1	MsS3	1785.0	59.8	CsS3	1748.5	74.9
	FsS4	1682.3	80.1	MsS4	1826.0	58.6	CsS4	1737.7	114.6
	FsX1	1669.7	40.3	MsX1	1798.6	43.5	CsX1	1769.7	61.8
	FsX2	1666.2	60.0	MsX2	1718.0	36.0	CsX2	1808.2	38.4
	FsX3	1674.8	63.8	MsX3	1774.4	56.2	CsX3	1766.0	65.9
	FsX4	1676.2	57.5	MsX4	1708.0	81.1	CsX4	1745.1	82.2

Table 2 .

 2 13: Density and standard deviation for bio-stabilized earth plaster samples.

	Sample	Density (kg.m -3 )	Standard deviation	Sample	Density (kg.m -3 )	Standard deviation
	FaX1	1472.90	93.10	FaC1	1336.12	19.00
	FaX2	1450.71	51.80	FaC2	1325.51	77.95
	FaX3	1463.89	26.37	FaC3	1403.60	55.08
	FaX4	1526.76	25.34	FaC4	1366.27	39.34
	MaX1	1531.32	101.58	MaC1	1364.87	94.42
	MaX2	1527.12	142.48	MaC2	1269.32	108.53
	MaX3	1474.52	63.25	MaC3	1392.70	70.68
	MaX4	1464.29	49.95	MaC4	1345.39	32.55
	CaX1	1544.52	87.69	CaC1	1518.28	65.74
	CaX2	1408.10	21.71	CaC2	1438.55	57.01
	CaX3	1490.18	111.09	CaC3	1402.93	185.82
	CaX4	1416.18	122.15	CaC4	1351.04	11.10

]

Figure
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.19: Average density and standard deviation for earth plaster formulations.

Table 2 .

 2 15 shows the results for the first experimental campaign on CEBs made from STR, ALX and CRA earths. R * a is the average value of R a , W * a of W a , and P * a of P a for several samples of the same earth. The average values R * a , W * a and P * a can clearly distinguish three different surface topographies, which can be attributed to the three different earth nature. Indeed, STR, ALX and CRA earths can clearly be distinguished by their composition, as it shown on Figure2.1.

Table 2 .

 2 15: Surface topography parameters results by multi-chromatic confocal sensor for every earth samples from CEB for STR, ALX and CRA earths.

	Data (µm)	STR1 STR2 STR3 STR4 ALX1 ALX2 ALX3 CRA1 CRA2 CRA3 CRA4
	R a	15.8	15.8	17.4	17.8	19.4	20.8	19.5	23.5	24.6	21.7	23.2
	R a Std Dev.	1.6	3.7	3.3	2.6	1.8	2.2	2.7	2.0	7.1	4.5	5.2
	R * a		16.7			19.9			23.3		
	W a	45.4	57.6	76.4	81.0	85.0	96.0	94.4	77.9	70.6	76.4	72.1
	W a Std Dev. 10.5	16.8	14.1	26.0	21.1	27.1	17.1	27.6	29.3	21.4	17.3
	W * a		65.1			91.8			74.2		
	P a	52.3	62.6	74.8	89.9	95.1	96.2	98.4	80.8	87.2	83.3	82.0
	P a Std Dev.	7.5	13.7	20.4	21.1	23.0	28.8	21.3	28.5	30.2	22.1	19.5
	P * a		69.9			96.6			83.3		

Table 2 .

 2 16: Surface topography parameters R a , W a , P a and their standard deviation for manufactured earth plaster samples.

	Parameter	Data	A1	A3	A5	A7	A9	A11 A12
		Value (µm)	16.4 28.7	29.3	23.5	23.5 26.3 18.6
	R a	Std Dev. (µm) 1.2	3.0	0.6	2.3	2.3	4.5	2.6
		Value (µm)	65.4 103.2 125.0 112.4 112.4 48.1 30.6
	W a	Std Dev. (µm) 27.2 17.4	32.7	39.4	39.4 11.5 8.1
		Value (µm)	70.4 113.1 141.8 119.9 119.9 59.7 39.0
	P a	Std Dev. (µm) 26.1 17.9	32.2	38.0	38.0 12.4 8.2
	Parameter	Data	B1	B3	B5	B1S	B3S B5S B1C
		Value (µm)	12.0	7.0	5.1	10.3	12.6	9.9 19.1
	R a	Std Dev. (µm) 0.9	1.0	0.4	1.1	1.2	2.2	2.2
		Value (µm)	31.5 31.3	16.1	26.6	71.9 27.1 33.6
	W a	Std Dev. (µm) 19.7 23.9	7.6	2.0	18.7	9.5	4.7
		Value (µm)	40.9 34.8	18.5	31.6	74.0 31.9 44.2
	P a	Std Dev. (µm) 14.8 22.8	7.5	0.0	18.9	8.5	6.0
	Parameter	Data	B3C B5C	C1	C3	D1	D3
		Value (µm)	8.7	3.5	21.7	14.2	14.8 14.7
	R a	Std Dev. (µm) 0.6	0.5	1.4	2.3	1.5	2.5
		Value (µm)	23.1 20.9	45.7	28.8	56.3 32.9
	W a	Std Dev. (µm) 7.4	2.3	12.1	8.7	27.2	5.5
		Value (µm)	27.6 22.5	55.9	35.6	60.2 39.2
	P a	Std Dev. (µm) 6.6	3.7	11.9	8.6	26.1	6.8

Table 2 .

 2 17: Surface topography results by multi-chromatic sensor for additive-free earth plasters, surface treatment and admixture.

	Parameter	Data	Fn1	Fn2	FsC1 FsX1 FsS3 FaC1 FaX3
	Ra	Value (µm) Std Dev. (µm)	13.4 1.3	13.2 0.8	13.5 1.8	20.1 2.4	16.9 6.0	19.5 1.7	16.6 1.7
	Wa	Value (µm) Std Dev. (µm) 10.8 28.1	43.1 16.0	45.8 16.4	52.4 5.0	31.8 11.7	36.7 8.6	45.3 11.8
	Pa	Value (µm) Std Dev. (µm)	34.6 8.0	49.1 16.2	51.0 14.3	61.9 6.1	31.8 11.7	46.0 8.4	52.6 11.2
	Parameter	Data	Mn1 Mn2 MsC1 MsX1 MsS1 MaC2 MaX4
	Ra	Value (µm) Std Dev. (µm)	19.5 2.8	18.8 1.2	18.3 1.9	24.6 2.9	15.4 2.4	25.9 1.0	21.1 4.7
	Wa	Value (µm) Std Dev. (µm) 11.8 80.5	65.1 12.3	63.6 14.1	107.8 13.2	56.6 6.9	91.9 30.3	80.1 21.4
	Pa	Value (µm) Std Dev. (µm) 12.4 91.4	76.7 12.0	72.6 14.2	119.8 13.4	63.6 7.5	97.3 14.3	89.6 21.5
	Parameter	Data	Cn1	Cn2 CsC1 CsX1 CsS1 CaC2 CaX4
	Ra	Value (µm) Std Dev. (µm)	13.7 3.0	14.4 1.6	13.8 3.9	18.3 2.0	15.3 3.8	18.9 2.6	14.5 1.5
	Wa	Value (µm) Std Dev. (µm) 33.7 110.9 118.3 108.9 145.6 121.3 28.3 26.0 12.7 21.9	76.0 6.3	125.0 16.8
	Pa	Value (µm) Std Dev. (µm) 34.8 119.6 125.3 118.2 158.2 127.4 25.9 27.5 11.6 23.2	85.3 9.8	130.6 15.5

Table 3 .

 3 1: Three levels of porosity and R a obtained for all the samples.

	Samples	A1	A3	A5	A9	B1 B1C B1S B2 B5
	n pycno (%) 30	32	25	26	26	18	22	26	27
	n tomo (%)	8	18	21	12	4	8	5	5	3
	n s (%)	22	14	4	14	22	10	17	21	24
	R a (µm)	16.4 28.7 29.3 23.5 11.7 14.5 9.3 13.8 5.2

Table 4 .

 4 1: Moisture holding capacity ξ sorption and ξ desorption for earth plasters A1, A3, A9, B1, B3.This section has been the subject of a scientific paper publication by F.McGregor, T.Mauffré, M.S.Force, E.Contraires and A.Fabbri and is currently under review.

	Samples	A1	A3	A9	B1	B3
	ξ sorption	0.0119 0.00981 0.00636 0.0103 0.0115
	ξ desorption 0.0142 0.0128 0.00696 0.0117 0.0128
	4.3 Influence of ventilation flow on water vapour permeabil-
	ity of earth plasters				

Table 4 .

 4 2: Calculated Reynolds number for different air velocities.

	1 m/s 2 m/s 3m/s
	Reynolds 4777 9554 14331

Table 4 .

 4 4: Mean value and standard deviation of µ and µ c obtained considering all sample thicknesses and ventilation conditions.

		No Correction	Corrected
	Sample Mean St Dev Mean St Dev
	A1	7.5	2.3	5.1	0.4
	A3	9.0	3.0	4.2	0.9
	A9	10.2	1.6	7.2	1.1
	B1	10.0	1.6	6.7	1.2
	B3	14.0	1.7	9.2	1.1

Table 4 .

 4 5: h, Z s and Z s * results for every earth plaster formulation and every ventilation speed.

	Sample		A1			A3			A9
	Speed (m/s)	0	1	3	0	1	3	0	1	3
	h (W/m 2 .K) 11.5	18.5	30	11	18	29	13	20	35
	Z s	* (m/s)	1.44E7 8.93E6 5.51E6 1.50E7 9.18E6 5.70E6 1.27E7 8.26E6 4.72E6
	Z s (m/s)	3.35E8 3.25E8 2.52E8 4.37E8 4.82E8 4.61E8 3.45E8 3.15E8 3.18E8

Table 5 .

 5 1: Initial contact angle θ i and time to complete absorption of the droplet for every plaster formulation. Sample Initial contact angle θ i (°) Absorption time t abs (s)

	FsC1	50	730
	MsC1	58	400
	CsC1	73	950
	FsX1	55	350
	MsX1	53	300
	CsX1	54	280
	FsS1	120	2700
	MsS1	125	2800
	CsS1	130	2700
	FaC1	100	1.2
	MaC1	105	1.8
	CaC1	85	2

Table 5 .

 5 3: Dimensions of the erosion generated in earth plasters by the Geelong erosion drip test: diameter, depth and volume.

	Geelong Erosion diameter (cm) Erosion depth (cm) Erosion volume (cm)
	Fn2	2.65	1.0	2.70
	Fn3	2.50	1.0	2.58
	Fn4	2.55	1.0	3.00
	FsC2	0.75	0.4	0.31
	FsC3	1.1	0.6	0.44
	FsC4	0.95	0.5	0.37
	FsX4	2	1	2.45
	Mn2	2.5	0.9	1.75
	Mn3	2.35	0.9	1.63
	Mn4	2.35	0.8	1.74
	MsX3	1.45	0.6	0.81
	MsX4	1.70	0.6	1.07
	Cn2	2.00	0.7	1.50
	Cn3	2.10	1.0	1.74
	Cn4	2.10	1.0	1.74
	CsX3	1.50	0.6	0.74
	CsX4	1.60	0.6	0.80

Table 5 .

 5 5: g m and w values obtained by sorption test for earth plasters Fn2, Fn3, Fn4, Mn2, Mn3, Mn4, Cn2, Cn4.

	Sample	Fn2	Fn3	Fn4	Mn2 Mn3 Mn4	Cn2	Cn4
	g m (g/m 2 .s 0.5 ) 0.204 0.197 0.199 0.195 0.190 0.194 0.236 0.213
	w (m -2 )	0.279 0.265 0.269 0.265 0.269 0.259 0.269 0.254

According to several authors[START_REF] Delinière | Physical, mineralogical and mechanical characterization of ready-mixed clay plaster[END_REF][START_REF] Emiroglu | Performance of ready-mixed clay plasters produced with different clay/sand ratios[END_REF][START_REF] Lagouin | Effects of organic admixtures on the fresh and mechanical properties of earth-based plasters[END_REF], Lima et al., 2016], it is the clay content of the plaster that mainly drives its flexural and compressive strength, as it can be observed on Figure1.25. In addition to this,[START_REF] Santos | Production of eco-efficient earth-based plasters: Influence of composition on physical performance and bio-susceptibility[END_REF] highlighted the reduction of the flexural and compressive strength for earth plasters with a high open porosity, showing the influence of the material compactness. While[START_REF] Lagouin | Effects of organic admixtures on the fresh and mechanical properties of earth-based plasters[END_REF] observed a slight increase of flexural and compressive strength with flax fibers,[START_REF] Santos | Production of eco-efficient earth-based plasters: Influence of composition on physical performance and bio-susceptibility[END_REF] noticed a decrease of these properties due to the higher amount of process water required.Regarding the shear strength,[START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments[END_REF] and[START_REF] Delinière | Physical, mineralogical and mechanical characterization of ready-mixed clay plaster[END_REF] have exhibited the major influence of the support on it. Between a rammed earth wall and a cob wall,[START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments[END_REF] have observed great variations for the shear strength. According to[START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments[END_REF] and[START_REF] Hamard | A procedure to assess the suitability of plaster to protect vernacular earthen architecture[END_REF], there is an optimum clay content for which the shear strength is the highest, as it can be observed on Figure1.26. Indeed, the shear strength increases with the clay content until it becomes so important that the adhesion with the support is altered, then the shrinkage make the plaster crack or fall from the wall. This optimum is 16% for[START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments[END_REF] and 6% for[START_REF] Hamard | A procedure to assess the suitability of plaster to protect vernacular earthen architecture[END_REF].

were put in an oven at 50°C until reaching 0% RH, then disposed in boxes containing aqueous saturated salt solution as presented on Figure 4.6. Formulations Fn, Mn, Cn, FaC, MaC, CaC, FaX, MaX, CaX were tested, and raw biopolymers in their manufactured form of powder, chitosan (C) and xanthan gum (X), were tested as well. Formulations with biopolymer in surface treatment were not tested since the information on the hygroscopicity of the non-admixed biopolymer was already given by the powder biopolymer. The saturated salt solution used inside the boxes gave the following relative humidity: 0%(silica-gel), 23%, 43%, 53%, 75%, 85%, 93%. Sorption and desorption isotherms curves are presented in the Figure 5.26, and their corresponding moisture holding capacity ξ sorption and ξ desorption in Table 5.6. At first sight, one can notice the extreme difference of moisture holding capacity ξ between the earth plasters and the raw biopolymers. Indeed, as explained in subsection 1.2.6, hydrogels are composed of high hydrophilic backbone, very preponderant to absorb water. ξ sorption and ξ desorption are around 3 times higher for X and C than for earth plasters. Moreover, an important hysteresis exists between sorption and desorption for raw biopolymers X and C, especially for X, leading to a higher ξ desorption than ξ sorption . The entire procedure lasted for around one month. ]