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The use of local, natural and unprocessed materials offers promising low impact building solutions. The wide spatial variability of these materials is, however, an obstacle to a largescale use. The construction strategies developed by past builders were dictated by the local climate and the quality and the amount of locally available construction materials. These construction strategies can be regarded as an optimized management of local, natural and variable resources and are a source of inspiration for modern sustainable building. Unfortunately, this knowledge was lost in Western countries during the 20 th century. Vernacular earth construction know-how rediscovering requires the development of rational built heritage investigation means. Another issue regarding the use of natural and variable building material is their compliance with modern building regulation. The development of performance based testing procedures is proposed as a solution to facilitate the use of earth as a building material.

A multidisciplinary approach is proposed, combining micromorphology, pedology, geotechnics and heritage disciplines to study vernacular earth heritage. It provides complementary tools to assess pedological sources of construction material and geotechnical characteristics of earth employed in vernacular earth heritage. It also provides a detailed description of the construction process of vernacular earth heritage. Using these results, it was possible to draw resource maps and provide a scale of magnitude of resource availability at regional scale. Two performance based testing procedures were proposed in order to take into account the natural variability of earth in a modern building context. Earth construction will play an important role in the modern sustainable building of the 21 st century if the actors of the sector adopt earth construction processes able to meet social demand, with low environmental impact and at an affordable cost. The study of earth heritage demonstrated the ability of historical earth builders to innovate in order to comply with social demand variations and technical developments. Earth construction benefits of an old and rich past and it would be a non-sense to leave this past behind. The analysis of earth heritage and the rediscovering of vernacular construction techniques is a valuable source of inspiration for modern earth construction. The valorisation of vernacular knowledge will save time, energy and avoid repeating past mistakes. The future of earth construction should be a continuation of past vernacular earth construction.
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If unstabilized, reversible clay binding allows a complete and low-energy reuse of earth at end of life [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][13][14][START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Williams | The feasibility of earth block masonry for building sustainable walling in the United Kingdom[END_REF]. The unstabilized earth construction allows an almost infinite reuse of the material for construction or its return to agricultural land. The material resource for earth construction is deemed to be huge, and the impact of earth excavation in term of land occupation low [START_REF] Coelho | Preliminary study for self-sufficiency of construction materials in a Portuguese region -Évora[END_REF]. Nonetheless, earth is a non-renewable material and its consumption has to be properly managed.

The specifically excavation of earth for construction more specifically concerned historical buildings. Nowadays, among the large amount of wastes produced by the building sector, about 75 % are soils and stones [START_REF] Cabello Eras | Improving the environmental performance of an earthwork project using cleaner production strategies[END_REF][START_REF] Rouvreau | Rapport Final Projet ANR ASURET[END_REF]. These wastes provide a huge amount of resource for earth construction, considering the little need of current modern earth construction sector in Western countries. To turn current earth material volume needs into a credible market for earthwork wastes, earth construction sector has to significantly grow.

Considering that materials for earth construction are wastes of the construction sector and that unstabilized earth material is endlessly reusable, earth can be regarded as one of the load-bearing construction material that best meet the challenges of circular economy.

Energy

Embodied energy together with operational energy of the building sector represent approximately 40 % of global energy use [2,3,5,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Sameh | Promoting earth architecture as a sustainable construction technique in Egypt[END_REF]. As a consequence, the building sector is a major producer of greenhouse gases that contribute to climate change [3][4][5][START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF]. Until the 2000s, only operational energy was considered because of its dominant share in the total life cycle. Since then, the use of more efficient equipment and insulations modified the balance between embodied energy and operational energy so that the proportion of embodied energy increased [3,5,[START_REF] Rosselló-Batle | An assessment of the relationship between embodied and thermal energy demands in dwellings in a Mediterranean climate[END_REF]. In order to pursue energy saving effort, the next challenge for the building sector will be the reduction of embodied energy [5]. This involves good maintenance of existing buildings and the use of construction materials with low embodied energy [START_REF] Godwin | Building conservation and sustainability in the United Kingdom[END_REF][START_REF] Giesekam | The greenhouse gas emissions and mitigation options for materials used in UK construction[END_REF][START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF].

Historical builders mainly had animal energy and unprocessed local materials for construction purpose. As a consequence, embodied energy of earth heritage is almost zero. Nowadays, in Western countries, excavations are carried out using mechanical diggers. On-site, earth dug from building foundations or from landscaping is used for construction.

When not enough earth is available on-site or if on-site earth is unsuitable for construction, the material can be supplied from earthwork sites near the building site. Afterwards, implementation is conducted using manual and/or mechanized means. The recourse to mechanized means and possible transportation of earth increases the embodied energy of buildings. However, the embodied energy of modern unstabilized earth construction remains very low in comparison to other materials conventionally used in construction [1,[START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Williams | The feasibility of earth block masonry for building sustainable walling in the United Kingdom[END_REF][START_REF] Coelho | Preliminary study for self-sufficiency of construction materials in a Portuguese region -Évora[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Ghavami | Introduction to nonconventional materials and an historic retrospective of the field[END_REF][START_REF] Van Damme | Earth concrete. Stabilization revisited[END_REF][START_REF] Melià | Environmental impacts of natural and conventional building materials: A case study on earth plasters[END_REF][START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Estrada | A case study of cob earth based building technique in Matagalpa , Nicaragua -LCA perspective and rate of adoption[END_REF]. For example, embodied energy of a wall made of earth is about 20 times less than this of a hollow cinder block wall [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Ghavami | Introduction to nonconventional materials and an historic retrospective of the field[END_REF]. As a consequence, earth construction is considered as a low greenhouse gas emitter [3,[START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]14,[START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF]. This is not the case of stabilized earth construction. Indeed, even if stabilization could increase the durability of buildings, the stabilisation of thick earthen walls, even at low percentage, consume large amount of energy and prevent the reuse of the material at end of life [START_REF] Van Damme | Earth concrete. Stabilization revisited[END_REF][START_REF] Morel | Some observations about the paper "earth construction: Lessons from the past for future eco-efficient construction[END_REF].

Historic earthen buildings represent an important, although difficult to quantify, part of the human habitat worldwide. In France, according to Michel and Poudru [1], in 1987, there were approximately one million earthen houses (rammed earth, adobe and cob) with an average age of approximately 100 years and a minimum age of 50 years. Improving the durability of earth heritage will save as much energy as it would be required for new constructions [START_REF] Watson | The cob building technique. Past, present and future[END_REF]. The proper maintenance of these zero-embodied energy buildings is also a major challenge for limiting building sector energy consumption, and, as a consequence, its environmental impact.

Indoor comfort

Thanks to their high thermal mass [START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Ziegert | Historical cob buildings in Germany -construction, damage and repairs[END_REF][START_REF] Bee | The Cob Builders Handbook[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Collet | Study of thermal behaviour of clay wall facing south[END_REF][START_REF] Collet | Porous structure and hydric properties of cob[END_REF][START_REF] Hall | Assessing the effects of soil grading on the moisture content-dependent thermal conductivity of stabilised rammed earth materials[END_REF][START_REF] Cagnon | Hygrothermal properties of earth bricks[END_REF][START_REF] Soudani | On the relevance of neglecting the mass vapor variation for modelling the hygrothermal behavior of rammed earth[END_REF][START_REF] Allinson | Hygrothermal analysis of a stabilised rammed earth test building in the UK[END_REF][START_REF] André | Le bâti terre et l'énergie[END_REF][START_REF] Soudani | Assessment of the validity of some common assumptions in hygrothermal modeling of earth based materials[END_REF], and their high hygroscopicity enabling water phase changes [START_REF] Soudani | Assessment of the validity of some common assumptions in hygrothermal modeling of earth based materials[END_REF], earthen walls buffer outdoor temperature variations.

They are able to accumulate solar energy during the day and restitute this energy during the night [START_REF] Collet | Study of thermal behaviour of clay wall facing south[END_REF][START_REF] Soudani | Energy evaluation of rammed earth walls using long term in-situ measurements[END_REF]. These features provide to inhabitants of earthen buildings a good thermal comfort and more specifically during summer period.

Thanks to their high hygroscopicity, earthen materials are able to rapidly absorb a significant amount of water vapour and also to restitute water vapour in building indoor air. Indoor air quality is closely linked to relative humidity levels and therefore moisture buffering of earthen materials is beneficial for health and well-being of the occupants [4,[START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]14,[START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Estrada | A case study of cob earth based building technique in Matagalpa , Nicaragua -LCA perspective and rate of adoption[END_REF][START_REF] Cagnon | Hygrothermal properties of earth bricks[END_REF][START_REF] Allinson | Hygrothermal analysis of a stabilised rammed earth test building in the UK[END_REF][START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF][START_REF] Mcgregor | A review on the buffering capacity of earth building materials[END_REF][START_REF] Palumbo | The influence of two crop by-products on the hygrothermal properties of earth plasters[END_REF][START_REF] Labat | From the experimental characterization of the hygrothermal properties of straw-clay mixtures to the numerical assessment of their buffering potential[END_REF][START_REF] Rempel | Intrinsic Evaporative Cooling by Hygroscopic Earth Materials[END_REF].

Some authors mention several other beneficial properties of earthen buildings such as: good acoustic properties [START_REF] Serrano | Adaptation of rammed earth to modern construction systems: Comparative study of thermal behavior under summer conditions[END_REF][START_REF] Sharma | Enhancing durability of adobe by natural reinforcement for propagating sustainable mud housing[END_REF], fireproof properties [START_REF] Sameh | Promoting earth architecture as a sustainable construction technique in Egypt[END_REF][START_REF] Sharma | Enhancing durability of adobe by natural reinforcement for propagating sustainable mud housing[END_REF], non-toxic and non-allergic properties [4,[START_REF] Sameh | Promoting earth architecture as a sustainable construction technique in Egypt[END_REF][START_REF] Van Damme | Earth concrete. Stabilization revisited[END_REF] and even a capacity to adsorb pollutant from the indoor air [START_REF] Van Damme | Earth concrete. Stabilization revisited[END_REF]. These features have however never been clearly demonstrated and require more scientific investigations to be stated.

Social impact

Earth is one of the first construction material employed by human and has been continuously employed since then. Earth meets human construction needs for more than 10,000 years [4] and left us an important and rich architectural heritage worldwide. For example, 20% of cultural sites of the UNESCO World Heritage List are fully or partially made of earth [START_REF]Wold Heritage List[END_REF]. This heritage has high historical and social values and should be properly maintained. This implies the preservation of vernacular know-how. The local preservation and promotion of earth heritage and know-how are also important to assure the development of the local earth sector [START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF] as well as the development of the local touristic sector.

Earth construction requires an intensive workforce. In low-income countries, the workforce is inexpensive and, as a consequence, earth construction is cheaper than conventional construction [1] (by 60% in Nigeria for example [START_REF] Ben Ugochukwu | Local Building Materials: Affordable Strategy for Housing the Urban Poor in Nigeria[END_REF]). In high-income countries workforce is expensive and earth construction more expensive than conventional construction [1]. These two situations are thus examined separately.

In low-income countries, there is a strong demand for affordable houses in high urbanization rate areas [START_REF] Ben Ugochukwu | Local Building Materials: Affordable Strategy for Housing the Urban Poor in Nigeria[END_REF] as well as in remote areas [START_REF] Ghavami | Introduction to nonconventional materials and an historic retrospective of the field[END_REF]. Conventional construction requires the importation and the transportation of materials whereas the use of local materials, like earth, significantly reduces construction costs [START_REF] Ghavami | Introduction to nonconventional materials and an historic retrospective of the field[END_REF][START_REF] Ben Ugochukwu | Local Building Materials: Affordable Strategy for Housing the Urban Poor in Nigeria[END_REF]. Furthermore, lowincome countries benefit of a vibrant vernacular construction sector, providing sufficient skilled workforce. Earth construction has a high economic potential in low-income countries [1]. Nonetheless, earth, by opposition to steel reinforced concrete, is synonym of low economic status [START_REF] Ghavami | Introduction to nonconventional materials and an historic retrospective of the field[END_REF], which constrains the development of earth construction sector.

In high-income countries, earth construction sector also suffers from an archaic image. Indeed, the building sector is mainly adapted to industrial building materials. Education, engineering, design, regulations, insurance, none of the sectors of building industry take into consideration the use of non-conventional materials, which has for consequence to marginalised them [START_REF] Ghavami | Non-Conventional Materials and Technologies : Applications and Future Tendencies[END_REF][START_REF] Avrami | Earthen Architecture, Sustainability, and Social Justice[END_REF]. Yet, earth construction could provide several social benefits in high-income countries. On earth building sites, implementation is carried out by skilled craftsmen whose expertise is recognized by other actors of the construction [2]. This increases their responsibility and thus contributes to the limitation of building defect risks. This also increases the esteem of mason's corporation and makes this profession more attractive to new mason generations. Since vernacular construction techniques depend on local conditions, the required skills to build with earth vary from a region to another. Earth construction thus creates jobs that cannot be relocated. Furthermore, earth material can be considered as free. The cost of earth construction is almost entirely due to salaries and social taxes. As a consequence, earth construction sector profits the local and social economy and has, therefore, a positive social impact.

Sustainability

If appropriately employed, earth construction offers many advantages in terms of resource management, environmental impact, indoor comfort and social impact. Earth has the potential to be one of the most sustainable construction materials. However, inappropriate architectural design, long distance transportation of material, steel bar reinforcement, high impact admixture addition or significant grading correction can deeply alter its sustainability. The sustainability argumentation proposed in section 1.1 for earth construction should be considered as an ultimate aim. However, each building site faces particular constraints and can hardly meet all sustainability goals in the same time. Unlike conventional building materials, which can be regarded as easy-to-use building solutions, earth construction demands a strong commitment of project owners and project managers. Therefore, the use of earth for construction should be justified by its beneficial effects. This is why earth construction goes hand in hand with sustainability assessment.

Vernacular earth construction processes, a source of inspiration for modern sustainable building

The first attested use of earth as a building material dates back to the Neolithic time [4].

Earth is one of the oldest building materials employed by mankind. Earth construction techniques have been employed empirically for centuries. The lessons learned by historical builders from successes and failures of their constructions allowed them to select the most suitable construction technique and architectural solution with regard to specific local conditions [START_REF] Van Damme | Earth concrete. Stabilization revisited[END_REF][START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Ghavami | Non-Conventional Materials and Technologies : Applications and Future Tendencies[END_REF][START_REF] Ferrigni | The local seismic approach and other disciplines[END_REF][START_REF] Morton | Conserving Earth Structures in a Damp Climate[END_REF][START_REF] Niroumand | Assessing of Critical Parametrs on Earth Architecture and Earth Buildings as a Vernacular and Sustainable Architecture in Various Countries[END_REF][61][START_REF] Angulo-Ibáñez | Traditional braces of earth constructions[END_REF]. The construction strategies developed by past builders were dictated by the local climate and the quality and the amount of locally available construction materials. These resource and climate constraints, combined with inhabitant needs, engendered local construction cultures, changing over time. The late 19 th and early 20 th century examples of earth constructions, in the European countries, are the outcome of this evolution. Past builders mainly had animal energy and unprocessed local materials for construction purpose. These local construction cultures can be regarded as very low impact construction processes. Earth heritage is, therefore, a precious testimony of low impact construction and is a source of inspiration for modern sustainable building [START_REF] Ferrigni | The local seismic approach and other disciplines[END_REF].

In Western countries, the introduction of industrial ready for use building materials at the beginning of the 20 th century competed with traditional building materials. During the 20 th century, the abundance of inexpensive fossil energy favoured industrial products at the expense of traditional ones. This evolution has relegated skilled craftsmen to the simple role of applicator of ready for use products, leading to the loss of vernacular know-how [START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Morton | Conserving Earth Structures in a Damp Climate[END_REF]61,[START_REF] Laycock | The Old Devon Farmhouse[END_REF][START_REF] Ford | The development of a methodology for creating an earthen building inventory[END_REF][START_REF]Earthen Architecture[END_REF].

The context of the early 21 st century is very different. Greenhouse gas emissions are responsible for a rapid climate change impacting all ecosystems. The consummation rate of fossil energies and resources is unsustainable. The incorporation of synthetic product in construction materials is a source of emission of volatile organic compounds that affect indoor air quality. The challenge of modern building construction will be to propose construction processes using renewable materials or materials reusable at end of life, consuming low embodied and operational energies and guaranteeing a good indoor air quality. The use of local non-conventional, traditional, natural materials, like earth, is one of the ways to move towards sustainable building.

Vernacular built heritage is a valuable and reliable source of information for modern sustainable building [61]. The combination of vernacular processes with the best practices of conventional building sector can make for significant innovation [START_REF] Avrami | Earthen Architecture, Sustainability, and Social Justice[END_REF][START_REF] Niroumand | Assessing of Critical Parametrs on Earth Architecture and Earth Buildings as a Vernacular and Sustainable Architecture in Various Countries[END_REF]. This back to natural materials is sometimes considered as a sign of backwardness. Nonetheless, this does not mean a return to the ways of our ancestors, but taking into consideration local conditions and materials together with current resident needs to propose sober and modern building solutions [START_REF] Ghavami | Non-Conventional Materials and Technologies : Applications and Future Tendencies[END_REF]. Indeed, men and women of the 21 st century would not accept to live in the same earth houses than those of the Middle Age, just like men and women of Middle Age would not have accepted to live in Bronze Age earth houses. Actually, earth construction processes and architectural designs have adapted over the centuries to social demand. Rediscovering vernacular construction strategies will provide information on the way to optimize the use of local materials under local conditions and how these construction strategies have changed under the influence of social demand.

Earth heritage analyses almost entirely focus on architectural design, which is a major concern for earth buildings. However the relationship between the available local material and its associated process is also a major issue for earth construction, but very little data exists. The aim of this work is to rediscover vernacular earth construction processes and their associated material sources. To this end, scientific methods are developed in this work to analyse earth heritage in order to identify materials and processes employed by historical builders. This study more specifically focuses on rammed earth and cob techniques.

Another challenge to promote the use of local materials in modern construction is the natural variability of earth material. This variability makes the validation of non-conventional construction processes difficult in the current building regulation context. Indeed, the validation of construction materials is determined a priori. In the case of earth, it is not yet possible to assess a priori the compliance of the material with national regulations. A solution is to assess the compliance of specimens manufactured on-site and characterized directly on-site or in laboratory, using a performance based approach. This method allows validating earth elements regardless of the material employed. This requires the development of specific tests to assess the performance of earth elements. Two different performance-based procedures are proposed in this manuscript, one for plasters and another for cob walls.

Thesis layout

The manuscript is organised in 5 chapters. Chapter 1 presents the context (section 1.1) and the research question (section 1.2) of the study and also a brief description of vernacular earth construction processes (section 1.4). Chapter 2 discusses the identification of vernacular earth material. The definition of earth material (section 2.1) and the assessment of the suitability of earth for construction are discussed (section 2.2). The identification of vernacular earth material is assessed using micromorphology for a single building (section 2.3) and using the cross-referencing of soil and heritage database at regional scale (section 2.4). Chapter 3 deals with the description of vernacular earth construction processes. A brief rammed earth bibliography (section 3.2) and an extend cob bibliographical analysis (section 3.3) are proposed. Micromorphological analysis of a rammed earth (section 3.4) and a cob (section 3.5) building are presented. Chapter 4 debates the challenge of modern earth construction (section 4.1) and the performance based approach (section 4.2). It also proposes a performance based test for earth plaster (section 4.3) and for cob (section 4.4). Finally, chapter 5 draw the general conclusion of this work.

Vernacular earth construction processes 1.4.1 Definitions

To provide a definition of vernacular earth processes it is essential to understand what makes them different. Thus, before proposing definitions, the classification of vernacular earth construction techniques is to be considered. Some earth construction process classifications were proposed in the literature but no general agreement exists [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Doat | Construire en terre[END_REF][START_REF] Houben | Traité de construction en terre[END_REF][START_REF] Aurenche | Proposition de terminologie pour les modalités de mise en oeuvre de la terre comme matériau de construction[END_REF][START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Kouakou | Strength and elasto-plastic properties of non-industrial building materials manufactured with clay as a natural binder[END_REF][START_REF] Crocker | Toward a Comprehensive Taxonomy of Earthen Architecture[END_REF]. To provide a general framework for this thesis, a new classification is proposed. Among existing classifications, those based on the distinction between wet methods and dry/compaction methods [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Kouakou | Strength and elasto-plastic properties of non-industrial building materials manufactured with clay as a natural binder[END_REF] are judged more appropriate for classification purpose. For wet processes, earth mixture is employed in a plastic state and mechanical strength of the material is provided through drying shrinkage densification (adobe, cob). For dry processes, earth mixture is employed at an optimum water content and mechanical strength is provided through compaction densification (Compressed Earth Block and rammed earth). A second distinction is made according to the implementation of the earth in the wall, either through masonry units (Compressed Earth Block and Adobe) or direct monolithic wall fabrication (cob and rammed earth).

These classifications were adapted and supplemented with non load-bearing techniques (wattle and daub and plasters) and a classification is proposed in Figure 1. This classification is based on three criteria: (1) water content of mixture (dry-compression densification/wet-shrinkage densification), (2) implementation type (dry masonry units built with a mortar/direct implementation of earth mixture with water content of manufacturing stage in order to build a monolithic wall/infilling of a timber frame structure/coating of walls/bricklaying) and (3) structural role of the earth element (loadbearing and freestanding walls/non load-bearing walls). Using this classification, it is possible to define earth construction processes. These definitions should be wide enough to comprise all process variations, but precise enough to differentiate a process from the others:

-Compressed Earth Blocks (CEB): masonry unit compacted at an optimum water content, dried and laid in order to build a load-bearing or freestanding wall. -Rammed Earth: earth compacted at an optimum water content layers by layers inside a formwork in order to build a monolithic and load-bearing or freestanding wall. -Adobe: masonry unit moulded at plastic state, dried and laid in order to build a load-bearing or freestanding wall. -Cob: earth elements mixed in a plastic state, implemented wet, in order to build a monolithic and load-bearing or freestanding wall. -Wattle and Daub: earth elements mixed with fibres in a plastic state, implemented wet, in order to fill a timber frame load-bearing structure. [START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Lahure | Pisé ou Bauge ?[END_REF]. A confusion comes from the use of shuttering for both rammed earth and shuttered cob [START_REF]Earthen Architecture[END_REF][START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF]. For rammed earth, shuttering are employed to make the ramming process efficient, whereas, for shuttered cob, shuttering are employed to avoid the trimming of the faces of the wall and therefore accelerate the wall faces rectification stage [START_REF]Earthen Architecture[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF].

Wattle and daub, plasters, mortars and adobe mixtures are prepared in a similar way to wet cob mixture [START_REF] De Chazelles | Les maisons en terre de la Gaule méridionale[END_REF]. However, maximum particle size diameter is higher for cob mixture than for wattle and daub, plasters, mortars and adobe mixtures [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF].

Wattle and daub is quite different from cob since earth is infilled in a timber frame and do not play any structural role [START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF] as well as plasters that are overlaid on wall face. Nonetheless, it should be pointed out that some authors mentioned the use of both cob and wattle and daub inside the same building [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF].

Adobe and the cob process variations that consist of stacking cut or modelled plastic elements (case b and c, section 3.3.3.1) are quite similar, but adobes are implemented dry and require to be grouted with a mortar, whereas cob elements are implemented damp without mortar [START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF]. It should be noted that some authors mentioned the use of both cob and adobe inside the same building, or next to each other [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Stadnicki | un habitat rural en voie de disparition[END_REF], or together with an alternation of courses of adobe and cob [START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF].

Proximities between cob and other earth construction processes can be drawn at mixture and implementation stages (Figure 2). This proximity can be the result of mutual technical exchanges and/or shared past of earth construction processes. There is a link between earth construction processes and cob can be regarded as a link between adobe and rammed earth (Figure 2). A similar continuity can be drawn between adobe and Compressed Earth Blocks [START_REF] Kouakou | Strength and elasto-plastic properties of non-industrial building materials manufactured with clay as a natural binder[END_REF]. These similarities highlight a general continuity between all earth construction techniques. Earth construction techniques should be considered as a whole, and not as separated processes. In the literature, authors agreed on the origin of materials employed for earth construction. They are excavated from local soil and have a minimum clay content and very little to no organic matter [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Wolfskill | Handbook for building homes of earth[END_REF][START_REF] Maniatidis | A Review of Rammed Earth Construction[END_REF][START_REF] Hall | Rammed earth sample production: context, recommendations and consistency[END_REF][START_REF] Delgado | The selection of soils for unstabilised earth building: A normative review[END_REF][START_REF] Bui | Stabilité des structures en pisé : durabilité, caractéristiques mécaniques[END_REF][START_REF] Jaquin | Analysis of Historic Rammed Earth Construction[END_REF][START_REF] Pagliolico | Physicochemical and mineralogical characterization of earth for building in North West Italy[END_REF][START_REF] Cid | Las normativas de construcción con tierra en el mundo[END_REF][START_REF] Reddi | Soil materials for earth construction: poperties, classification and suitability testing[END_REF]. However, few authors provide specific information on pedological or geological origin for these materials. According to authors, earth materials could have been excavated from a soil horizon [1,[START_REF] Wattez | Enregistrement sédimentaire de l'usage de la terre crue dans les établissement néolithiques du Sud de la France : la cas des sites Néolithiques final de La Capoulière 2 et du Mas de Vignoles IV[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Velde | Geology of Clays and Earthen Materials[END_REF], from an alterite [START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF] and/or from a soft rock deposit [START_REF] Pagliolico | Physicochemical and mineralogical characterization of earth for building in North West Italy[END_REF][START_REF] Wattez | Enregistrement sédimentaire de l'usage de la terre crue dans les établissement néolithiques du Sud de la France : la cas des sites Néolithiques final de La Capoulière 2 et du Mas de Vignoles IV[END_REF].

Material source suitable for earth construction concern all soft materials available on Earth surface, i.e. "soil" in its Geotechnical definition. These materials are produced by geological, weathering and pedological processes. The study of these materials concerns geology, geomorphology, pedology, agronomy and geotechnics. The frontiers between these disciplines are not clear and the terms and definitions used are different, sometimes inconsistent, and finally confusing [START_REF] Reddi | Soil materials for earth construction: poperties, classification and suitability testing[END_REF][START_REF] Ehlen | Above the weathering front: Contrasting approaches to the study and classification of weathered mantle[END_REF][START_REF] Briaud | Geotechnical Engineering, Unsaturated and Saturated Soils[END_REF]. The aim of this section is to clarify terms and definitions necessary to provide a precise description of earth construction material.

A list of definitions is also proposed in Appendix A.

Weathering

The lithosphere is constituted of rocks formed by long time scale geologic processes, i.e. magmatic, sedimentary and metamorphic processes. Most of the geological formations are made of hard rocks and cannot be used for earth construction. Nonetheless, sedimentary deposits not affected by diagenesis (marls, clays) provide loose materials potentially appropriate for earth construction.

When exposed to the surface, the physicochemical equilibrium of rocks is in imbalance with their new environment, and rocks are exposed to weathering [START_REF] Velde | Geology of Clays and Earthen Materials[END_REF][START_REF] Turk | Pedogenic Processes[END_REF]. Weathering can be decomposed in mechanical weathering and in chemical weathering.

Rocks are not homogeneous and are affected by discontinuities, cracks and faults. These heterogeneities favoured mechanical weathering processes [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF]: (1) Mechanical weathering do not affect the chemical composition of rocks, but increases the contact surface between water or air and rocks, allowing and amplifying chemical weathering [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF].

Rain water pH can be regarded as neutral, but the dissolution of carbon dioxide of the atmosphere, or produced by biological activity in soils, modify the dissociation equilibrium in favour of H + . Under acid conditions, minerals are prone to dissolution. This dissolution concerns a leached layer at the mineral surface [START_REF] Hellmann | Unifying natural and laboratory chemical weathering with interfacial dissolution-reprecipitation: A study based on the nanometer-scale chemistry of fluid-silicate interfaces[END_REF][START_REF] Yang | Numerical modeling of the development of a preferentially leached layer on feldspar surfaces[END_REF]. Two separated processes operate simultaneously in the leached layer: (1) the substitution of cations from the mineral (K + , Na + , Ca 2+ , Mg 2+ ) with excess protons of leached layer, and (2) chemical hydrolysis reactions releasing Si and O into the bulk solution [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF][START_REF] Hellmann | Unifying natural and laboratory chemical weathering with interfacial dissolution-reprecipitation: A study based on the nanometer-scale chemistry of fluid-silicate interfaces[END_REF][START_REF] Yang | Numerical modeling of the development of a preferentially leached layer on feldspar surfaces[END_REF]. Chemical weathering rate differs from a mineral to another [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF][START_REF] Lasaga | Chemical weathering rate laws and global geochemical cycles[END_REF][START_REF] Sherlock | On the neutralization of scid rock drainage by carbonate and silicate minerals[END_REF].

Chemical weathering releases chemical elements that are useful for plants, lichens, fungi and bacteria living in the soil. Biologic activity of these living organisms are able to intensify the chemical weathering of minerals, thanks to organic molecules, in order to extract inorganic nutrients [START_REF] Uroz | Mineral weathering by bacteria: ecology, actors and mechanisms[END_REF]. The weathering action of organic molecules involves several oxidoreduction reactions and the production of weathering agents, such as organic acids and chelating molecules [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF][START_REF] Uroz | Mineral weathering by bacteria: ecology, actors and mechanisms[END_REF].

Chemical weathering leads to the dissolution of minerals by ion leaching. Dissolution is congruent if it affects all mineral ions on a similar manner. In this case, mineral crystalline structure disappears, leaving a void having a crystal habit shape [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF][START_REF] Sherlock | On the neutralization of scid rock drainage by carbonate and silicate minerals[END_REF][START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF]. Dissolution is incongruent if it only affects some mineral ions. In this case, the unweathered solid phase is altered to another solid phase, forming a secondary mineral [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF][START_REF] Sherlock | On the neutralization of scid rock drainage by carbonate and silicate minerals[END_REF]. Leached ions, transported across cracks and voids, can generate neoformed minerals [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF].

The effect of weathering tends to decrease from land surface downward to the unweathered bedrock, creating a weathering profile, also named "weathered mantle", "alterite", "weathered bedrock" or "saprolith" [START_REF] Ehlen | Above the weathering front: Contrasting approaches to the study and classification of weathered mantle[END_REF][START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF][START_REF] Wilford | A regolith depth map of the Australian continent[END_REF][START_REF] Jenny | Factors of Soil Formation: A System of Quantitative Pedology[END_REF][START_REF] Wald | Distribution and properties of soft weathered bedrock at ≤ 1 m depth in the contiguous United States[END_REF][START_REF] Fredlund | Unsaturated Soil Mechanics in Engineering Practice[END_REF]. Weathering profile is divided into several rock weathering grades [START_REF] Ehlen | Above the weathering front: Contrasting approaches to the study and classification of weathered mantle[END_REF]: a lower level in which the original petrographic texture is maintained and still recognizable, named Isalterite, and an upper level in which the original textural features have partly or totally disappeared, named Alloterite [START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF]. It could also be divided into a lower level containing less than 20% altered minerals, named Saprock, and an upper containing more than 20% altered minerals, named Saprolite [START_REF] Velde | Geology of Clays and Earthen Materials[END_REF][START_REF] Wilford | A regolith depth map of the Australian continent[END_REF][START_REF] Wald | Distribution and properties of soft weathered bedrock at ≤ 1 m depth in the contiguous United States[END_REF][START_REF] Eggleton | The Regolith Glossary: surficial geology, soils and landscapes, Cooperative Research Centre for Lanscape Evolution and Mineral Exploration[END_REF] (Figure 3).

Weathering generates loose materials that are easily mobilized by ablation processes, i.e. colluvial, alluvial, eolian and glacial processes, to form superficial deposits [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF]. Superficial deposits differ from soil since they have a dynamic history (erosion, transport and deposition), whereas soils formed in situ during stability episodes [START_REF] Goldberg | Practical and Theoretical Geoarchaeoogy[END_REF]. Nonetheless, when superficial deposits remain stable over time they are affected by weathering and pedogenic processes.

Soil formation

Soil formation, or pedogenic processes, over time, tend toward the complete transformation of a parent material into more stable components and structures [START_REF] Turk | Pedogenic Processes[END_REF][START_REF] Targulian | Soil system and pedogenic processes: Self-organization, time scales, and environmental significance[END_REF]. This transformation depends on (1) mineralogical composition and structure of parent material; (2) climate, governing chemical weathering conditions; (3) soil living organisms, affecting chemical weathering to their profit; (4) relief, controlling horizontal transfers in soils; and (5) time, since an old soil will be more mature than a young one [START_REF] Turk | Pedogenic Processes[END_REF][START_REF] Uroz | Mineral weathering by bacteria: ecology, actors and mechanisms[END_REF][START_REF] Jenny | Factors of Soil Formation: A System of Quantitative Pedology[END_REF][START_REF] Targulian | Soil system and pedogenic processes: Self-organization, time scales, and environmental significance[END_REF]111].

Soil is an accumulation of parent material weathering products and biota degradation products [START_REF] Turk | Pedogenic Processes[END_REF][START_REF] Targulian | Soil system and pedogenic processes: Self-organization, time scales, and environmental significance[END_REF]. A fraction of these products are colloids (clays and humus) and are responsible for swelling and shrinking of soil by a change in moisture content. The repeated volumetric changes induced by seasonal moisture variations create vertical soil structural units, known as peds [START_REF] Turk | Pedogenic Processes[END_REF][START_REF] Girard | Etude des sols -Description, cartographie, utilisation[END_REF]. Peds facilitate the downward movement of water and colloids inside soil and the differentiation of soil in pedological horizons (Figure 3). Soil formation is a 3-dimensions balance among gains, losses, internal redistribution, and chemical and physical changes [START_REF] Turk | Pedogenic Processes[END_REF].

The alterite structure is inherited from bedrock whereas the soil structure characterized by soil horizons and peds results from pedogenic processes that erased the geological structure of parental material [START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF][START_REF] Targulian | Soil system and pedogenic processes: Self-organization, time scales, and environmental significance[END_REF][START_REF]Handbook of Soil Sciences, Properties and Processes, Second Edi[END_REF]. This change in structure allows differentiating soil from alterite. A vertical cross-section of weathered materials from ground surface to unweathered bedrock, according to several disciplines definitions [START_REF] Ehlen | Above the weathering front: Contrasting approaches to the study and classification of weathered mantle[END_REF][START_REF] Briaud | Geotechnical Engineering, Unsaturated and Saturated Soils[END_REF][START_REF] Campy | Géologie de la surface -Erosion, transfert et stockage dans les environnements continentaux[END_REF][START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF][START_REF] Wilford | A regolith depth map of the Australian continent[END_REF][START_REF] Wald | Distribution and properties of soft weathered bedrock at ≤ 1 m depth in the contiguous United States[END_REF][START_REF] Goldberg | Practical and Theoretical Geoarchaeoogy[END_REF][START_REF] Baize | Référentiel pédologique, Quae, Association française pour l'étude du sol[END_REF] is proposed in Figure 3. Spatial variation of natural in-situ materials is often considered in two dimensions without regard to their vertical variability. In the literature, earth traditionally employed were identified as deriving from soft rock deposits [START_REF] Pagliolico | Physicochemical and mineralogical characterization of earth for building in North West Italy[END_REF], alterite [START_REF] Wattez | Enregistrement sédimentaire de l'usage de la terre crue dans les établissement néolithiques du Sud de la France : la cas des sites Néolithiques final de La Capoulière 2 et du Mas de Vignoles IV[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF] or subsoil [START_REF] Wattez | Enregistrement sédimentaire de l'usage de la terre crue dans les établissement néolithiques du Sud de la France : la cas des sites Néolithiques final de La Capoulière 2 et du Mas de Vignoles IV[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF] (Figure 3). Geotechnical definition of soil, excluding topsoil layer, offers the best description of the possible source of material for earth construction (Figure 3). Nonetheless, this definition encompasses materials with very different time-scale, spatialscale and formation processes and no cartographic information exist for geotechnical soils. Geological maps provide information on soft rock deposits, if any, and sometimes on alterite. Soil maps provide information on topsoil and subsoil materials. Depending on the source of material, rock, alterite or soil, geological or soil map should be considered.

2.2

Assessing the suitability of earth for construction

Thanks to the legacy of previous builders and their own experience, past builders had a specific knowledge of the way to choose earth for construction [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF]. Since this knowledge was orally transmitted and used senses such as touch, sight, smell, taste and hearing, it required a long learning alongside a master [START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF]118]. This knowledge is nowadays lost in the West, and different approaches are proposed for the assessment of earth suitability in the context of the modern building.

Suitability of earth for construction purpose can be determined thanks to a geotechnical approach, aiming at enhancing the mechanical strength of earthen specimens performed in the laboratory [START_REF] Maniatidis | A Review of Rammed Earth Construction[END_REF][START_REF] Hall | Rammed earth sample production: context, recommendations and consistency[END_REF][START_REF] Ciancio | Advances on the assessment of soil suitability for rammed earth[END_REF]. The most cited criterion to assess earth suitability is texture, i.e. balance between clay, silt, sand and gravel content [START_REF] Delgado | The selection of soils for unstabilised earth building: A normative review[END_REF]. Voids ratio is minimized in order to increase the contact between soil particles according to Fuller formula [START_REF] Maniatidis | A Review of Rammed Earth Construction[END_REF][START_REF] Jaquin | Analysis of Historic Rammed Earth Construction[END_REF]. Consequently, grading envelopes adjusted to each earth construction technique were proposed in the literature [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF]61,[START_REF] Maniatidis | A Review of Rammed Earth Construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Harries | A rational return to earth as a contemporary building material[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF]. However, the texture of earth collected in vernacular earth heritage buildings does not fit inside those grading envelopes [START_REF] Pagliolico | Physicochemical and mineralogical characterization of earth for building in North West Italy[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF][START_REF] Gomes | Unstabilized Rammed Earth: Characterization of Material Collected from Old Constructions in South Portugal and Comparison to Normative Requirements[END_REF]. Thus, grading envelopes available in the literature failed to give a full account of the diversity of earth traditionally employed in vernacular architecture.

Another approach to assess material suitability for construction is to analyse materials traditionally used in heritage buildings [START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF]. Indeed, the still existing earth vernacular heritage demonstrates the longevity of these constructions and therefore the suitability of earth traditionally employed by past masons. Soils for earth construction were excavated directly on-site or in a distance less than 1 km away from the building site [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Ford | The Relevance of GIS in the Evaluation of Vernacular Architecture[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Savary | La construction en terre crue dans le Calvados : de la prospection à la recherche[END_REF]. As a consequence, the presence of earth heritage highlights the presence of soils suitable for earth construction [START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF]. Several authors identified the material source through comparison between materials inside walls of heritage buildings and available local materials thanks to geological analysis [START_REF] Pagliolico | Physicochemical and mineralogical characterization of earth for building in North West Italy[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF][START_REF] Savary | La construction en terre crue dans le Calvados : de la prospection à la recherche[END_REF] and more rarely thanks to pedological analysis [START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF].

The latter approach, aiming at rediscovering vernacular knowledge, is employed in this section in two different ways. In section 2.3, the source of earth is identified at building scale thanks to micromorphological analysis for a rammed earth farm. In section 2.4 the source of earth is identified for cob at regional scale thanks to cross-referencing of heritage and soil databases.

2.3

Identification of material source for a building thanks to micromorphologyapplication to a rammed earth farm

Introduction

Micromorphology derives from pedology science [START_REF] Fedoroff | Organisation du sol à l'échelle microscopique[END_REF]. It has been first employed in geoarcheology to study sedimentary sequences exposed by archaeological excavations before to be used for archaeological architectural remains investigation [START_REF] Cammas | La micromorphologie : Méthodes et applications aux stratigraphies archéologiques[END_REF][START_REF] Courty | Soils and Micromorphology in Archaeology[END_REF]. For archaeological building materials, micromorphology studies give access to features resulting from mechanisms that can reveal the elementary steps of the construction process [START_REF] Wattez | Caractérisation micromorphologique des matériaux façonnés en terre crue dans les habitats néolithiques du Sud de la France -Exemple des sites de Jacques-Coeur (Montpellier, Hérault) du Jas Del Biau (Millau, Aveyron) et de la Capoulière (Maugio, Hérault)[END_REF][START_REF] Gé | Sedimentary Formation Process of Occupation Surfaces[END_REF][START_REF] Cammas | L'architecture en terre crue à l'âge du fer et à l'époque romaine apports de la discrimination micromorphologique des modèles de mise en oeuvre[END_REF] and also to features inherited from the in-situ soil. By comparing pedofeatures inherited from in-situ soil to pedofeatures of existing soils nearby the construction, it is possible to identify the soil horizon excavated for construction purpose.

To our knowledge, micromorphology was rarely used to characterize building materials, outside the archaeological context. [START_REF] Ajakane | Caractérisation des matériaux de construction des remparts de la médina de Mèknes[END_REF] used this method to describe the petrography of an earth material, but they do not describe or study samples pedofeatures. The use of micromorphological investigation methods, for a 19 th century rammed earth building is an original approach.

Materials and methods

Studied area

Renovation works performed in a residential building of a rammed earth farm, located in Bresse region, in Cras-sur-Reyssouze town (north of Lyon, France, see Figure 4), gave us the opportunity to collect rammed earth specimens of a well preserved inside wall. Specimens were sampled during the demolition of the wall. This wall was 5 m long, 4.7 m high and 0.5 m wide. As reported by a local source, the building dates back to 1860.

Topographical, geological and pedological contexts provide information about the soils surrounding the farm (Figure 5 and Figure 6). The farm is located on an alluvial terrace which is, topographically, above the Reyssouze valley, to the west, and below the Balvay plateau, to the east (Figure 6). According to geological map [START_REF] Bergerat | Carte Géologique de la France -Feuille de Saint Amour[END_REF], the farm is located on sprayings of siliceous broken stones, remains of a Riss fluvioglacial deposit, overlying a Plio-Quaternary geologic formation, called "Marnes de Bresse" (Figure 6). [START_REF] Arnal | Etudes préliminaires en vue du drainage des terres agricoles du département de l'Ain[END_REF] and [START_REF] Vinatier | Etat Des Lieux Agro Climatique[END_REF] proposed a description of common soils of Bresse region, called toposequence, based on pedological surveys performed on 4 towns (Figure 6). Since the farm is located on a plateau, the local soil should correspond to a soil located on a high topography of the toposequence, i.e. clayey sandy-silt soil with iron and manganese spots (1-2, Figure 6) or silty clay to clayey silt soils lying on marls (3, Figure 6). In order to specify the pedological environment of the farm, a field survey was carried out. 34 Figure 6. Summarized cross section presenting common soils of the toposequence proposed by [START_REF] Arnal | Etudes préliminaires en vue du drainage des terres agricoles du département de l'Ain[END_REF]and [START_REF] Vinatier | Etat Des Lieux Agro Climatique[END_REF].

Pedological surveys

The variability of "Marnes de Bresse" geological formation [START_REF] Bergerat | Carte Géologique de la France -Feuille de Saint Amour[END_REF] combined with their large cartographic scale made it necessary to carry out a field study. In order to recognize the soils developed on the different geological formations and on the different topographical positions surrounding the rammed earth farm, and therefore to identify the potential material sources, five hand auger surveys have been performed along an east-west transect, between the farm and the Balvay village. These surveys are named a to e and presented in Figure 5. Their description is provided in Figure 7. 

Wall specimens sampling and thin sections production

It was not possible to distinguish to the naked eye neither layers nor lifts of the rammed earth wall in which the samples were collected. Therefore, the sampling location was randomly selected. For this first study it was decided to do a limited horizontal section (CRA1 and CRA2, Figure 8) and a limited vertical section of the wall (CRA3 and CRA4, Figure 8). Since glass slides used for thin sections are 6.5 cm wide, 13.5 cm long and the thickness of the sample must be large enough to perform several cuttings, in the case of failure, the dimensions of the collected sample were 5×12×10 cm. Samples were carved by a craftsman thanks to an angle grinder (Figure 8). Samples were wrapped in towel paper and firmly maintained with tape to strengthen them. Then, position and orientation with respect to the face of the wall were labelled on samples. Samples were air dried and then oven dried at 45°C. This temperature minimizes the changes in the mineral structure of the clay and the organic matter of the material. Afterwards, according to [START_REF] Guilloré | Méthode de fabrication mécanique et en série des lames minces[END_REF], samples were soaked with synthetic resin. After a one or two month's polymerization, a slab of the sample was cut. This slab was temporarily glued to a glass slide. The unattached face of the slab was levelled, grinded and glued definitively on a glass slide. The temporary glass slide was removed and the specimen was ground up to 25 μm, reference thickness for micromorphological analysis and for which the transparent observation of the thin section is possible, under plane polarized light (PPL) or crossed polarized light (XPL) [START_REF] Stoops | Guideline for Analysis and Description of Soil and Regolith Thin Sections[END_REF]. Finally, a thin glass slide was glued on the second face to protect the thin section.

Samples collected in the wall were prepared in order to carry out 2 cross sections, the first one with samples CRA 1 and CRA 2 and the second one with samples CRA 3t, CRA 3d, CRA 4t, CRA 4d (Figure 8). A total of 6 thin sections were studied.

Thin sections descriptions were performed according to [START_REF] Bullock | Handbook for Soil Thin Section Description[END_REF] and [START_REF] Stoops | Guideline for Analysis and Description of Soil and Regolith Thin Sections[END_REF] with the help of [START_REF] Mackenzie | Atlas of rock-forming minerals in thin sections[END_REF] and [START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF]. The abundance of components was evaluated with an abundance charts [START_REF] Bullock | Handbook for Soil Thin Section Description[END_REF][START_REF]Interpretation of Micromorphological Features of Soils end Regoliths[END_REF]. These references provide a system of analysis and description of soil thin sections. The term groundmass refers to the nature, the shape and the distribution of components; microstructure refers to the spatial arrangement of mineral particles and of voids; fabric refers to preferential orientations of particles; inclusions refers to sporadic elements; and limits refers to soil discontinuities.

Results of thin sections description 2.3.3.1 Groundmass

The material of the groundmass consists of iron oxides rich silty-clayey fine fraction (Figure 9b) and a sub-millimetre sand fraction (40%) (Figure 9a). Sand particles are evenly distributed inside the micromass. Sand is almost exclusively composed of subangular to subrounded quartz, with regular surfaces. Finely fragmented vegetal remains, mostly roots, are also observed (Figure 9c). However, we note the presence of rare micas. The fine fraction is slightly birefringent.

Microstructure

At thin section scale, the material is constituted of subhorizontal units. The microstructure is quite dense with voids preferentially distributed inside horizontal units, creating an alternation of layers with greater and smaller porosity. Voids are unconnected and their faces are unaccommodated. They are distributed in the groundmass or linked to inclusions (clayey aggregates, ferromanganic nodules, biologic remains). The maximal observed diameter of voids is of the order of a millimetre.

A portion of the porosity (porosity of type 1) is constituted of channel voids. Some of these voids contain irregular aggregates, vegetal remains and/or Enchytraeids excrements (Figure 9d). Another portion of the porosity (porosity of type 2) has slightly rough walls of polyconcave, elongated or irregular shape. It does not contain aggregates or vegetal debris (Figure 9e). In the microstructure, cavities are frequently aligned and/or flattened along horizontal, tilted or vertical axes (Figure 9f and8g).

Fabric

From thin section analysis, two main fabrics can be distinguished: Fabric 1, the most represented fabric, on which the sand fraction is randomly distributed inside the clayeysilty fine micromass (Figure 9a); and Fabric 2: locally, sand particles are organised along horizontal, tilted or vertical discontinuous lines (Figure 9h and 8i) and often associated with cavities alignments.

Inclusions

From thin section observation, the following inclusions, sorted by abundance decreasing order, can be reported: (1) Ferruginous nodules, generally with sharp shape (size ranging from 0.3 to 10 mm) (Figure 9j and 8k); (2) multi-millimetric silty-clayey aggregates (2-5% sand) with texture finer than the one of the groundmass, often associated with cracks on their edge (Figure 9l); (3) some multi-millimetric charcoals (Figure 9m); (4) rare multimillimetric siliceous elements; (5) rare millimetric calcareous elements; and (6) rare millimetric fired earth pieces. These inclusions are randomly distributed inside the groundmass. In the material, two types of limits can be distinguished. The first type is characterized by obvious limits and materialized by the conjunction of three characters (Figure 9n): (1) abrupt change, from bottom to top, between a low porosity layer to a high porosity layer;

(2) subhorizontal sand alignments along the limit; and (3) horizontally flattened voids along the limit.

The second limit type is a gradual transition, from bottom to top, between a more porous zone to a less porous zone (Figure 10). The analysis of a 24 cm vertical section, combining CRA3t, CRA3d, CRA4t and CRA4d thin sections reveals 4 subhorizontal sharp limits that separate 5 layers. Within each of these layers, a transition between a lower zone, more porous, and an upper zone, less porous is underlined (Figure 10). Obvious limits are pictured by dotted lines. Obvious limits separate 5 layers, named L1 to L5, wherein porosity transition is underlined.

Discussion

Representativeness

Samplings concern a portion of 24 cm vertically and 20 cm horizontally in a 4.7 m high, 5 m long and 0.5 m thick wall. The representativeness of this sampling has to be discussed.

At the time of the construction, earth excavation was performed when required. Therefore, the rammed earth layers and lifts record the variations of the earth employed, more or less mitigated by the excavation, transportation and preparation stages. The contrast in earth composition is greater vertically, between the different rammed earth layers, than horizontally, along a single layer. Consequently, in a rammed earth wall, observations made on a vertical section could be considered as representative of all the entire layers intersected by this section. Contrariwise, these observations cannot be considered representative of layers located above and below this section.

Nature and source of the earth

Pedofeatures visible inside the wall are inherited from the history of the original soil in the ground and from modifications during construction stages. Once the earth compacted and dry, mechanisms driving soil particles transfer are stopped and the pedogenic dynamic is interrupted. The aim is to distinguish the features inherited from the original soil to that inherited from the modifications engendered by men during the construction process. This section focuses on features inherited from the original soil.

The presence of root debris (Figure 9c) or voids created after root decomposition (Figure 9d) demonstrated that the soil was excavated in a horizon relatively close to the surface, but the absence of leaf or branch debris reveals that the excavation does not concern the litter. The presence of ferruginous oxides (Figure 9j and 8k) denotes a pedogenesis in a waterlogged environment. Another feature helping to identify the original soil is the decarbonation of the micromass. Among the soil type of Bresse [START_REF] Arnal | Etudes préliminaires en vue du drainage des terres agricoles du département de l'Ain[END_REF][START_REF] Vinatier | Etat Des Lieux Agro Climatique[END_REF], the unique horizon that matches this description is the Eg horizon of type 1 (Figure 6). It is described as a 30-60 cm deep horizon, beige light with dark spots and concretions, more or less friable. The structure is polyhedral, fragile and root and worm porosity is high. This horizon, periodically waterlogged, is subjected to reduction, migration and precipitation of metallic oxides [START_REF] Arnal | Etudes préliminaires en vue du drainage des terres agricoles du département de l'Ain[END_REF]. The noticeable difference between the wall material and the Eg horizon material concerns the structural arrangement of particles. This difference is hardly surprising, given the modifications and the compaction undergone by the earth in the rammed earth wall.

The absence of pedological data concerning the building site environment required soil recognition on the field via auger surveys. The objective of this recognition was the identification of the Eg horizon of type 1 soil, closest to the construction. As this kind of soils is only encountered in high topographic positions, the surroundings of the site, as well as the plateau of Balvay, were explored (Figure 5 and Figure 6). Among the horizons identified (Figure 7), horizon 2 of the profile e is the only one offering pedological characteristics compatible with the material used for the wall construction. In order to compare with the particle size distribution of the wall material, five samples were collected in a 60 cm vertical section of the profile e, at respective depths of 0/-12, -12/-24, -24/-36, -36/-48 and -48/-60 cm, and their particle size distribution and clay content were determined according to French standards NF P 94-056 (1996) and NF P 94-057 (1992) (Figure 11). In a first step, the average depth of excavation is determined according to the soil clay content. The clay content of the material of the wall is 11 %. On the profile e (Figure 7), 11 % clay content corresponds to a -17 cm depth (Figure 12). The excavation of the material source should then concern a 0 to -34 cm layer of the soil of the Balvay plateau. In a second step, in order to confirm this assertion, the particle size distribution of the rammed earth wall material (CRA) and these of the material collected between 0 to -36 cm depth on the Balvay plateau (BAL 0-36), are compared (Figure 11). CRA material has a greater sand fraction (30% by mass) than BAL 0-36 material. However, the points of inflection of the particle size distribution of the CRA material at 0.02, 0.05 and 0.07 mm are also observed on the particle size distribution of the BAL 0-36 material (Figure 11). The mass frequency representation confirms this observation (Figure 11). The difference can be attributed to the natural variability of the soil. The granulometric signatures of these two materials can be regarded as similar.

The material source of the rammed earth wall can be identified on the Balvay plateau, located 1 km east to the site (Figure 5). The construction is dated 1860. The network and mean of transportation of this time enable us to envisage the carriage of the earth over such a distance. The transportation of the 12 m 3 of earth required for wall construction corresponds to 6 tumbrel travels. The excavated horizon is just below the humiferous horizon and principally concerns the Eg horizon present between -5 to -35 cm depth. This is in line with what is commonly asserted in the literature on the origin of the materials for rammed earth construction, that refer to subsoil [START_REF] Maniatidis | A Review of Rammed Earth Construction[END_REF][START_REF] Hall | Rammed earth sample production: context, recommendations and consistency[END_REF][START_REF] Beckett | The effect of climate on the unconfined compressive strength of rammed earth[END_REF]. Considering a 30 cm thickness of soil excavated, the surface excavated to build the wall is estimated to 40 m 2 .

The same calculation performed for the entire building gives an excavated area of approximately 800 m 2 . The selection of a particular horizon, located at least 1 km away, requiring excavation of soil on such a large surface area, tells us how carefully the choice and the excavation of the earth for construction was made by the 19 th -century craftsmen.

2.4

Identification and quantification of earth resource at regional scale -application to cob in Brittany

Introduction

In section 2.4 a new methodology to identify and quantify earth material resources is proposed. This new methodology is based on the cross-referencing of spatialized pedological and heritage data. Pedological particularities of areas containing earth heritage are highlighted and these particularities are used to propose criteria to assess the suitability of soils for vernacular earth construction and scale of availability of the resource. This new methodology was employed for the first time in Brittany (France) and can be extended to regions having heritage and soil information. For this study, Soils of Brittany [START_REF] Lemercier | Sols de Bretagne[END_REF] and the Cultural Heritage of Brittany databases [START_REF] Bastin | L'inventaire du patrimoine culturel en Bretagne[END_REF] were used.

In Brittany the vernacular earth construction technique is cob. The cob technique employs earth elements in a plastic state, implemented wet and stacked to build a monolithic and load-bearing or freestanding wall (section 1.4.1). This methodology deals with cob, but it can be expanded to other earth construction techniques, like rammed earth or adobe masonry.

Suitability of soils for cob

Some authors have characterized earth materials collected inside or next to old cob walls [START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Harries | A rational return to earth as a contemporary building material[END_REF][START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF][START_REF] Syrova | Inventaire, documentation et méthodologie de conservation de l'architecture en terre en République Tchèque[END_REF][START_REF] Syrova | La Bauge en Moravie dans le contexte des constructions historiques en terre crue de la région danubienne[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Rendell | Performance of rammed earth structures in east Brittany[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF]. Results are too few and incomplete to summarize. However, vernacular cob earth textures were defined in the literature as loam [START_REF] Loudon | An Encyclopedia of Cottage, Farm and Villa Architecture and Furniture[END_REF][START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF][START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF], clay [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Savary | La construction en terre crue dans le Calvados : de la prospection à la recherche[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Fischer | Les maisons paysannes du Perche[END_REF][START_REF] Renoux | Maison de terre en Loire-Atlantique[END_REF][START_REF] Lilles | Cob and the performance of Oregon revival cob as a building material[END_REF][START_REF] Chiappero | Redécouverte de la Bauge à Tilly[END_REF][START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF][START_REF] Naud | Architecture de bauge en Haute Bretagne[END_REF], silt [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Savary | La construction en terre crue dans le Calvados : de la prospection à la recherche[END_REF][START_REF] Syrova | Inventaire, documentation et méthodologie de conservation de l'architecture en terre en République Tchèque[END_REF] or clayey-silt [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Lahure | Pisé ou Bauge ?[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Savary | La construction en terre crue dans le Calvados : de la prospection à la recherche[END_REF] soils.

Silts, sands and gravels were identified as the granular skeleton that provides strength to the material [START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF]. Well-graded soils were preferred since their packing structure allowed good space filling properties that increased cob density, and therefore its mechanical strength [START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF]. Clay was identified as the binder that brings cohesion to the material [START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF]. If clay content was too low, cob material crumbled [START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF]. Nevertheless, clay content also governs the drying shrinkage of the cob mixture. If clay content was too high, large shrinkage cracks weakened the material [START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF]. As for earth plasters (section 4.3.3.3), there is an optimum clay content for cob, thought to be around 20 % [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Harries | A rational return to earth as a contemporary building material[END_REF]. Thus, suitability of soil for cob construction depended on clay content and particle size distribution. This is why some authors proposed earth-grading envelope to attest of their suitability for cob construction [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Bee | The Cob Builders Handbook[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF]61,[START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Harries | A rational return to earth as a contemporary building material[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF]. However, most of the grading curves of earth collected in old cob buildings did not fit inside those grading envelopes [START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF]. Consequently, these grading envelopes failed to give a full account of past cob masons knowledge.

Methodology description 2.4.3.1 Soil suitability determination

The relative densities of earth buildings are an indicator of the suitability of soils for earth construction [START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF]. Relative densities were calculated by cross-referencing between heritage and soil databases covering the same geographical area. The spatialized heritage database must provide homogeneous information on the vernacular architecture of the studied area and must concern all vernacular materials (timber, stone, earth, solid bricks). The described methodology is designed for the French soil cartographic representation called "Référentiel Régional Pédologique" (RRP), but can be adapted for other cartographic representations.

Soil cartographic representation by the RRP is set of polygons, spatially delineated, defining Soil Map Units (SMUs) [START_REF] Hole | Soil Landscape Analysis[END_REF]. Since soils show rapid variations in three dimensions, each SMU corresponds to a soil landscape, i.e. a collection of soils, defined as a Soil Type Unit (STU), developed in a common environment. Each SMU includes 1 to 10 STUs which are not spatially delineated [START_REF] Lemercier | Sols de Bretagne[END_REF][START_REF] Vincent | Spatial disaggregation of complex soil map units at regional scale based on soil-landscape relationships[END_REF] (Figure 13). Each STU is divided into strata, representing the spatial variability of soil. Pedological characteristics of SMUs, STUs and strata (such as deepness and thickness, texture and Cation Exchange Capacity) are gathered in a semantical database (Figure 13). Heritage and pedological data are combined in a Geographic Information System so that the total heritage and earth heritage number of buildings, TOT_SMU and EARTH_SMU, respectively, can be determined for each SMU. The total and earth heritage building number of a SMU are attributed to the STUs that compose the SMU with respect of the surface proportion of STUs in the SMU (SURF_STUSMUi). The number of total heritage and earth heritage buildings of a STU, TOT_STU and EARTH_STU, respectively, are the sum of total or earth heritage buildings of the STU on the i th SMUs inside which it is found (Figure 13):

_ = ∑ _ × _ (1) 
_ = ∑ _ × _ (2) 
In order to discuss the relative densities of vernacular earth buildings of the studied area, the frequency of earth buildings (FREQSTU) are calculated for each STU:

= _ _ (3) 
Earth frequencies of STUs go from 0 to 1 and are divided into 11 frequency classes (Table 1). The frequency describes the suitability of STUs with regard to earth construction: the higher the frequency, the higher the suitability. The absence of earth heritage can reflect a poor suitability of available soils but this can also be explained by historical or social reasons. Consequently, suitability of soils is assessed using frequency classes greater than 1%, but it is not possible to state that characteristics of strata with frequencies lower than 1% are not compatible with earth construction. The frequency of a stratum (FREQSTRATA) is assumed to be equal to the frequency of its STU (FREQSTU).

Table 1. Frequency classes of earth buildings within STU. The frequency describes the suitability of the STU with regard to earth construction, the higher the frequency, the higher the suitability.

Frequency (FREQ)

Frequency classes (CLASS) (%) 0.9 -1.0 90 -100 0.8 -0. The standard deviation σ_FREQSTU of FREQSTU is calculated as below:

_ = ×( ) _ (4) 
A maximum standard deviation σ_FREQSTU_MAX is set by the researcher, in order to exclude outlier values.

In order to ensure that the data is representative, a minimum total heritage building per STU, nSTU, is calculated for a 95% confidence interval, a margin of error e and for total heritage buildings of the STU N:

= 1.96 2 × 1.96 2 +(2 ) 2 ×( -1) (5) 
Consequently, only STUs having a standard deviation σ_FREQSTU lower than σ_FREQSTU_MAX and counting more than nSTU total heritage buildings are taken into consideration in the analysis.

Topsoil is rich in organic matter and was therefore inappropriate for construction purpose. Since soil excavation was traditionally made by hand, only soil near the surface was used, i.e. a large surface area and a thin layer of soil below the topsoil (section 3.3.2.1). This is why organo-mineral (A, LA, H) and deep (appearance depth > 50 cm) strata were not considered in the analysis.

Pedological characteristics (CHARACTER) studied are clay, silt, sand, gravel content and Cation Exchange Capacity (CEC). They were determined during the soil of Brittany campaign and are available in the pedological database [START_REF] Lemercier | Sols de Bretagne[END_REF][START_REF] Vincent | Spatial disaggregation of complex soil map units at regional scale based on soil-landscape relationships[END_REF]. Particle size distribution of the pedological database was determined by wet sieving for fractions greater than 50 µm and by Robinson pipette method for smaller fractions, according to French Standard NF X 31-107 [START_REF]NF X 31-107[END_REF]. CEC of the database was determined using the Metson test method [START_REF] Metson | Methods of Chemical Analysis for Soil Survey Samples, New Zeal[END_REF], according to French Standard NF X 31-130 [START_REF]NF X 31-130[END_REF].

The pedological database contains modal, and, when available, minimum and maximum value for each characteristic of strata. Minimum (MIN) and maximum (MAX) values illustrate the range of value that can vary spatially due to natural variations of soils, each strata resulting from various punctual observations. When minimum and maximum values were available, these variations were taken into account by calculation of an estimated confidence interval. As the average and standard deviation are unknown, a half-confidence interval (CONF_INTSTRATA) was estimated as the third of the range of the values:

CONF_INT = (6)
Consequently, the confidence level of the estimated confidence interval is not determined.

For each frequency class i (CLASSi), the average value of each characteristic (CHARACTERSTRATAj_CLASSi), weighted by the earth frequency of the j th strata (FREQSTRATAj) is calculated:

_ = ∑ , _ × ∑ (7)
For each frequency class i (CLASSi), the average value of confidence interval of each characteristic (CONF_INTSTRATAj_CLASSi), weighted by the earth frequency of the j th strata (FREQSTRATAj) is calculated:

_ _ = ∑ _ , _ × ∑ (8)
Finally, the minimum and the maximum value of a characteristic, for a frequency class, MINCHARACTER_CLASSi and MAXCHARACTER_CLASSi, respectively, are calculated:

_ = _ - _ _ (9) 
_ = _ + _ _ (10) 

Earth resource quantification

Clay, silt, sand, gravel content and CEC minimum and maximum values of each frequency class are used to identify strata suitable for earth construction in the pedological database.

The volume of earth suitable for construction for each frequency class (VOL_EARTHCLASSi) is the sum of the volume of strata suitable for construction:

_ = ∑ × _ (11)
The volume of earth is calculated considering several frequency classes. The classes to be considered for this calculation are set by the researcher:

_ = ∑ _ (12)
And the proportion of soils suitable for earth construction (PROP_SOIL) in the studied area is:

_ = _ _ ( 13 
)
Where VOL_SOIL is the volume of all soils of the studied area.

To provide a cartographic representation of the resource availability, the volume of soils suitable for construction (VOL_EARTHSMUi) is calculated for each SMU:

_ = ∑ _ _ _ (14)
With VOL_EARTH_STUSMUi calculated according to equation [START_REF] Vieira | Use of recycled construction and demolition materials in geotechnical applications: A review[END_REF] and n_STUSMUi the number of STU in the considered SMU. Resource availability is also displayed by surface. The surface of a SMU suitable for earth construction (SURF_EARTHSMUi) is the sum of the surface of the STUs of this SMU suitable for earth construction (SURF_EARTH_STUSMUi):

_ = ∑ _ _ (15) 
2.4.4 Application to Brittany (France)

Study area

Brittany is part of the Armorican Massif. This Massif is the result of, at least, three orogenies. Rocks of this geological domain are mostly old sedimentary rocks, more or less metamorphosed (sandstone, schist), metamorphic rocks (gneiss), magmatic rocks (granite, rhyolite) and loess deposits [START_REF] Ballèvre | Palaeozoic history of the Armorican Massif: Models for the tectonic evolution of the suture zones[END_REF][START_REF] Van Vliet-Lanoe | The quaternary of Britanny: Guidebook of the excursion in Brittany 12-15 September 1997[END_REF][START_REF] Lefort | Origin and emplacement of the loess deposited in northern Brittany and under the English Channel[END_REF]. Paedogenesis of the massif is dominated by darkening and leaching. Locally, podsolization and a paleopedogenesis, marked by a fersiallitization, are mentioned [START_REF] Jamagne | Grands paysages pédologiques de France[END_REF].

Among Armorican rocks, Brioverian schists are sensitive to alteration and thus produced thick soils that favoured cob construction [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF]. Regoliths deriving from other local parental materials (granite, sandstones, Cambrian schists) were also employed for cob construction [START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF]. Nevertheless, the correlation between geology and cob heritage distribution in Brittany did not provide satisfactory results [START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF].

Heritage and pedological databases

Since 1964, historians and architects of the Service du Patrimoine Culturel of Brittany have carried out a systematic field inventory of regional cultural heritage and maintained a database [START_REF] Bastin | L'inventaire du patrimoine culturel en Bretagne[END_REF]. This heritage database was homogenized in order to create a unique point database, counting 113 824 entities (buildings, castle mound, archaeological sites, crosses, statues, etc.). To focus on vernacular building heritage, the items without information on building materials, built after 1925, of military or religious character, or built with a modern material (steel, glass, concrete, hollow brick) were removed from the database. Subsequently, a clean database of 48 230 heritage buildings was obtained. Among these 48 230 buildings, 7 133 were identified as cob buildings, which represents 14.8% of the studied heritage (Figure 14) and 24% of the estimated total cob heritage of Brittany [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF]. These buildings date back as far as the 16 th century (Figure 15). Other heritage building materials were stone, timber and solid brick.

The heritage survey of Brittany is not yet complete. Municipalities having no data were therefore not considered in this study. The study area represents 54% of the total surface of Brittany and the proportion of study area inside and outside the vernacular cob area, determined using literature data [START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Le Couedic | L'architecture Rurale Française. Corpus des genres, des types et des variantes[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF], is well balanced (Figure 14). The geographical distribution of the study area reflects the heritage distribution of Brittany and is therefore considered as satisfactory.

Soil information at 1:250,000 map scale in Brittany was obtained in the framework of the "Référentiel Régional Pédologique" (RRP) project, started in 2005, certified in 2012 and available online [START_REF] Lemercier | Sols de Bretagne[END_REF]. 

Data processing

The minimum total heritage building per STU, nSTU, is calculated according to equation ( 5), considering N = 48230 and e = 0.1: nSTU = 96. The σ_FREQSTU_MAX is set to 0.03. Among 288 STUs, 68 STUs verify these two parameters and are considered for the analysis. Five of these STUs had missing information and were therefore not considered for the analysis.

Cob frequency (FREQSTU), frequency class (CLASS) and standard deviation (σ_FREQSTU) of the 63 STUs employed for the analysis are shown in Table 1. Frequencies range from 0.00 to 0.49. As a consequence, 6 frequency classes were considered (Table 2). 3, and the 20-50% cob frequency textures are shown in Figure 16. They do not exhibit any minimum gravel content, only a maximum value, ranging from 2% for 40-50% frequency class to 30% for the 1-10% frequency class (Table 3), indicating that vernacular cob earth in Brittany did not necessary contained gravels and that a low gravel content was observed.

Gravels are sometimes observed in vernacular cob walls and their role is thought to temper the drying shrinkage effect. However, most of the time, natural fibres were added in order to play this role (section 3.3.4.2). Large gravels were usually removed from earth since they make the trampling of cob mixture difficult and disturb the wall faces rectification process (section 3.3.3.3). Consequently, past builders developed specific cob techniques adapted to earths with high gravel content, but, when possible, little or zero gravel content earth were preferred. Results are consistent with the constraints of the vernacular cob process.

Clay, silt and sand content of strata having an affinity with cob have a minimum and a maximum value (Figure 16, Table 3). These three granular fractions were therefore required for cob construction. The balance between these three fractions is clearly in favour of silts, since they represent 37% to 57% of the material (Figure 16, Table 3). Among the large variety of soils available in Brittany, cob heritage preferentially set up on silty soils (Figure 16).

Fine earth fraction (< 2 mm) represents the clay, silt and sand content of earth without coarse elements (Clay + Silt + Sand = 100%). The textures of fine earths are depicted by points in the GEPPA texture triangle [START_REF] Baize | Référentiel pédologique, Quae, Association française pour l'étude du sol[END_REF], conventionally used for French soil identification (Figure 17). Among soils of Brittany, textures of fine earths with a 1-50% cob frequency are the siltiest (Figure 17). The texture of fine earth of 40-50% cob frequency is mostly silty, and with lower cob frequencies, the silt fraction decreases in favour of the sand fraction and maximum clay content slightly increases (Figure 17, Table 4). The comparison between texture of strata, identified as having an affinity with cob heritage in Brittany, with recommended textures for cob available in the literature (Figure 18) indicates that: (1) clay content of cob with a 20-50% cob frequency is inside the literature recommendation; (2) recommendations from the literature propose a minimum gravel content, supporting the hypothesis that gravels are necessary for cob material, which contradicts the results of this study; (3) the balance between sand and silt is in favour of sand in the literature and in favour of silt in this study.

As for the texture of earth with coarse elements, the texture of fine earth within the cob area of Brittany widely differs from recommended texture of fine earths available in the literature (Figure 19a). The same difference has been highlighted by several authors for vernacular cob materials [START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF], vernacular adobe [START_REF] Pagliolico | Physicochemical and mineralogical characterization of earth for building in North West Italy[END_REF] and vernacular rammed earth materials (section 2.3.4.2). In fact, earth suitability recommendations are based on a theoretical laboratory approach, whereas vernacular soil selection is the result of timetested empirical experimentations. Textures identified in this study enlarge the possible sources of earth suitable for cob construction and call into question recommendations available in the literature.

Comparison of texture results with existing data

Data on textures of cob heritage buildings are available for Germany [START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF] and the United Kingdom [START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF]. These data have been adapted and are presented in Figure 19b. Fine earth material of cob heritage in Germany, more precisely in Saxony, Saxony-Anhalt and Thuringia [START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF], have a sand/silt balance quite similar to high-frequency fine earth texture determined for cob in Brittany, but their clay content (2-6%) is smaller (Figure 19b).

In Devon (United Kingdom), it was demonstrated that traditional cob walls built with soils derived from Permo-Triasic rocks had a higher propensity to structural failure than those derived from the "Culm measure" rocks [START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF]. Textures of fine earths, from what the authors called a "high risk zone", labelled by red circles on Figure 19b, are outside the texture of fine earth identified for cob in this study. Results are therefore in accordance with those of Keefe et al. [START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF]. Nonetheless, even if considered as "high risk" materials, historical builders in Devon managed to carry out cob buildings with these earths. Thus, textures of earths identified as suitable for traditional cob in Brittany do not cover the entire textures of earths employed in Devon's vernacular cob. Since no information was provided on the texture of earth of undamaged cob walls, it was not possible to state if earths suitable for cob in Devon are inside or outside the cob area defined in the present study (Figure 19b).

Hence, the results of this study are relevant only for Brittany. Nevertheless, silty textures of fine earths seem to have been preferred by past builders, at least in Brittany and Germany.

Cation Exchange Capacity and clay

Cation Exchange Capacity (CEC) of a soil is intimately linked to the specific surface area of clay and organic matter content [START_REF] Farrar | The correlation of surface area with other properties of nineteen British clay soils[END_REF][START_REF] Ersahin | Estimating specific surface area and cation exchange capacity in soils using fractal dimension of particle-size distribution[END_REF][START_REF] Hepper | Clay mineralogy, cation exchange capacity and specific surface area of loess soils with different volcanic ash contents[END_REF][START_REF] Pulat | Developing cation exchange capacity and soil index properties relationships using a neuro-fuzzy approach[END_REF]. CEC of strata with a 10-50% cob frequency range from 2.8 to 6.2 cmol + .kg -1 (Table 3), whereas CEC of all strata of Brittany ranges from 0.5 to 106.0 cmol + .kg -1 . Strata with a 10-50% cob frequency (Figure 20a) of Brittany exhibit CEC which corresponds to no or little organic matter content and low activity clay soils [START_REF] Donahue | Soils: An introduction to Soils and Plant Growth[END_REF]. The organo-mineral strata were not taken into account for the data analysis (section 2.4.3.1), thus organic matter content of strata considered in the analysis is very low, and its contribution to CEC is limited. Assuming that CEC can be attributed to clay only, the CEC of the clay fraction was calculated (CL_CEC, Table 3). According to their CEC, the clay fraction of strata with a cob affinity is mainly composed of Illite and Kaolinite clay types, i.e. clay with low or medium sensitivity to water (Table 3). This is in agreement with the literature: cob mixture is implemented at plastic state and drying shrinkage could generate wide cracks that might affect mechanical resistance.

In earths with a 20-50% cob frequency, when CEC of clay (CL_CEC) increases, the clay content decreases (Figure 20b): the more the specific surface of the clay, the less the required clay content. A linear relationship is proposed between Clay content (CLAY) and Cation Exchange Capacity of Clay (CL_CEC) for cob in Brittany with a correlation coefficient of 0.78 and a standard error of 2.3. This relationship, together with its standard deviation is presented in Figure 20b. The upper standard error line is the value above which the specific surface developed by clays might generate harmful shrinkage, and the lower standard error line is the value below which the specific surface developed by clays might not be enough to provide sufficient cohesion to the material. There is an optimum clay content (section 4.3.3.3) [START_REF] Venkatarama Reddy | Low embodied energy cement stabilised rammed earth building-A case study[END_REF][START_REF] Emiroğlu | Performance of ready-mixed clay plasters produced with different clay/sand ratios[END_REF] and this optimum clay content decreases when CEC of clays increases (Figure 20b). This relationship was suspected for a long time and is highlighted in this study for the first time.

Pasts masons added elements to the cob mixture to play the role of shrinkage crack barriers, such as fibres, in order to employ earth that would have shrunk too much (section 3.3.4.2). As the fibre content and the cob variation technique employed for cob heritage buildings studied here are unknown, this might have affected the correlation coefficient of the clay content and clay CEC relationship (Figure 20b).

Earth and cob process

There are many variations of the vernacular cob construction process resulting from the adaptation of the technique to local environments (section 3.3.3.1). The earth could have been adapted to the cob process, for example by fibre addition (section 3.3.2.3), or the process could have been adapted to the earth, for example, the wall rectification technique (section 3.3.3.3). Thus, a strong link occurs between the available earth and the process employed. The frequencies calculated in this study are valid for vernacular techniques traditionally employed in Brittany, under this local climate and social context. The most widespread vernacular cob technique of Brittany consisted in treading earth and straw into a plastic consistency, stacking clods of cob into the wall, compacted by treading action and rectifying the faces of the walls by a trimming action (case (a), section 3.3.3.1). However, other cob techniques are encountered in Brittany. As no information is available about the technique employed for cob building construction in the heritage database, it is not possible to discuss the suitability of earth with any specific cob variation technique.

In the area of a given SMU, a high proportion of cob heritage indicates a priori (1) a large availability of earth, (2) a good quality of earth allowing easy implementation, (3) a high longevity of cob buildings and (4) a favourable cultural context. The frequency of earth buildings depends on the combination of these four factors. It is assumed that the highest frequency class depicts the most suitable soils of Brittany for vernacular cob construction.

Because these results need to be compared to those of other vernacular cob regions, they should be used only as a decision support tool for modern cob applications and not for standardisation purposes.

Resource quantification

The cob resource quantification was carried out according to section 2.4.3.2, considering a 10-50% cob frequency class. This large frequency class is thought to better reflect the earth availability in a modern context.

A geographical representation, by percentage of surface and by percentage of volume, calculated for each SMU, of soils suitable for cob in Brittany, is presented in Figure 21. Geographical distribution of cob heritage, drawn according to several literature sources [START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Le Couedic | L'architecture Rurale Française. Corpus des genres, des types et des variantes[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF] is also shown in Figure 21. Thanks to the percentage of available earth calculated, a quantitative estimation of the availability of the resource at regional scale is proposed in Table 5.

The availability of cob soils, expressed in surface, is greater to the northeast part of Brittany and well correlated with the geographical distribution of cob heritage, whereas there is no correlation between the geographical distribution of cob soils by volume and cob heritage (Figure 21). This result suggests that the geographical continuity of the resource is more important than the volume of the resource in order to allow the development of a local earth construction culture. Modern excavation provides access to resources that were not accessible by manual excavation means. The representation of the resource by surface should be regarded as a representation of the availability of cob soil in a historical context, and the representation by volume should be regarded as a representation of the availability of cob soil in a modern context.

Macroscale orders of magnitude of the volume of available soil resource for cob were calculated (Table 5). The volume of soil available for vernacular cob technique in Brittany was estimated at 6.8 billion m 3 , i.e. 8.8 billion tonnes, and represents 23% of total soils of Brittany. The estimated proportion of the resource already consumed by past builders is 0.03%. The hypothetical consumption of the entire resource would enable the construction of 88 million homes and if all housing of Brittany were made of cob, 2.1% of the resource would have been consumed (Table 5). These figures illustrate the huge availability of earth material. These calculations are based on 10-50% cob frequency soils and considering vernacular cob technique only. Considering that it is possible to use other types of earths with mechanized cob, that skilled craftsmen are able to use earth outside the 10-50% cob frequency area and that other earth construction techniques could be employed, these orders of magnitude should, therefore, be regarded as minimum values in a modern earth construction context. Volume of soil identified as suitable for cob in Brittany (m 3 ) 6.8E+09

Mass of soil identified as suitable for cob in Brittany (t) (1) 8.8E+09

Proportion of soils of Brittany identified as suitable for cob (%) 23

Estimation of cob earth resource already consumed by cob heritage (%) (2) 0.03 Number of housing feasible, consuming the entire cob resource (3) 8.8E+07

Number of total housing in Brittany in 2013 (4) 1.8E+06

Resource consummation if all housing of Brittany were made of cob (%)

2.1

Landfilled soils suitable for cob in Brittany in 2012 (t) (5) 6.49E+05

Number of housing feasible, consuming suitable landfilled soils (3) 6490

Number of housing carry out in Brittany in 2013 (4) 12544

Cob potential market share in Brittany (%) 52 (1) considering a soil density of 1.3 t.m -3 (2) considering 30 000 buildings and 100 t per building (3) considering 100 t per building (4) source: INSEE (5) considering 23 % of excavated soils, source: Cellule Économique de Bretagne Nonetheless, soil is a non-renewable material on the human time scale and it provides various ecosystem services concerning provisioning, regulating, cultural and supporting services [START_REF] Zakri | Ecosystems and Human Well-being, A Framework for Assessment, Island Pre, Millennium Ecosystem Assessment[END_REF]. Excavation of earth for construction might impact multifunctional roles of soil. Management of the consumption of this resource should, therefore, be carefully considered.

Currently, earthworks excavations generate large amounts of landfilled soils. In Brittany, 2.8 million tonnes of soils are landfilled every year. Considering that 23% of these landfilled soils are suitable for cob, in 2012, 0.6 million tonnes of earth were available in Brittany and would have enabled the construction of 52% of the individual housing of Brittany that year (Table 5). The resource of earths suitable for cob in Brittany is huge and earthwork excavations already provide large amounts of these earths every year. This high-quality construction material could be valued in the building sector, instead of ending up as waste in landfills.

Synthesis of chapter 2

Micromorphological analysis of samples collected in earth buildings, combined with pedological analysis, allows identifying precise location and depth of earth excavation. This methodology provides an accurate tool for earth source identification, but is timeconsuming and thus cannot be employed to assess soil suitability at regional scale. The novel methodology, based on the cross-referencing of pedological and heritage data, proposed in this manuscript, permit the identification of the pedological characteristics and suitable classes of soils employed by historical masons, to draw a map of availability of earth material at regional scale, to quantify the resource availability, the recycling potential and the earth construction sector potential market share at regional scale. These two methodologies provide complementary tools allowing the study of soil suitability for earth construction.

The careful earth source selection made by historical builders for the construction of the Cras-sur-Reyssouze rammed earth farm highlights their sophisticated know-how. This result confirms the relevance of the vernacular earth construction rediscovering process. Texture results of cross-referencing soil and heritage data call into question recommendations available in the literature. Suitable soils for construction are often described as "clayey soils" and recommended textures proposed in the literature are most of the time sandy-clayey soils. However, results suggest that past builders might have preferred silty soils. Further investigations are needed to highlight the reasons for these differences. To go deeper in the discussion on the identification and quantification of soils for construction, the same methodologies should be applied to other regions with different earth construction techniques and climates.

Chapter 3 Description of vernacular earth construction processes

Introduction

The information that survived until nowadays derived from precious testimonies of past builders who have employed vernacular earth construction techniques. Nevertheless, testimonies are a narrow sample of the entire traditional earth knowledge. A large part of the diversity of the know-how, transmitted orally for centuries in the western European countries, was lost when earth construction fell into disuse during the 20 th century. The absences of written documents make it necessary to use an archaeological approach to rediscover these processes [START_REF] Helly | A European research programme for the protection of traditional housing stock[END_REF]. To this aim, rational means should be developed for earth heritage analysis.

From an architectural and a historical point of view, this knowledge would enable to follow the evolution and the spread of earth construction processes. From a technical point of view, it would help to rediscover the solutions employed by past builders to overcome obstacles that are still relevant nowadays: influence of soil, geography, geology and climate on construction process choices. Given the absence of suitable methodologies, the goal of this chapter is to explore a rational methodology, based on micromorphology analysis of samples collected in earth heritage buildings, aiming at rediscovering traditional earth construction processes.

A short bibliographical summary of rammed earth construction process is proposed in section 3.2 and a bibliographical analysis of cob construction process is proposed in section 3.3. A micromorphological analysis of a rammed earth farm is proposed in section 3.4 and the micromorphological analysis of a cob building is proposed in section 3.5.

Vernacular rammed earth process description

Traditional rammed earth process is described as the manufacturing of locally available earth, slightly wet, tamped in a formwork using a wood rammer [START_REF] Doat | Construire en terre[END_REF][START_REF] Maniatidis | A Review of Rammed Earth Construction[END_REF][START_REF] Hall | Rammed earth sample production: context, recommendations and consistency[END_REF][START_REF] Cointeraux | Ecole d'architecture rurale[END_REF][START_REF] Jaquin | Historic rammed earth structures in Spain, contruction techniques and preliminary classification[END_REF]. Steps of this traditional process were earth excavation, preparation and ramming. Since topsoil is unsuitable, for convenient reasons [START_REF] Doat | Construire en terre[END_REF][START_REF] Maniatidis | A Review of Rammed Earth Construction[END_REF][START_REF] Hall | Rammed earth sample production: context, recommendations and consistency[END_REF][START_REF] Cointeraux | Ecole d'architecture rurale[END_REF], earth was excavated in the layer just below the topsoil [START_REF] Beckett | The effect of climate on the unconfined compressive strength of rammed earth[END_REF]. Material supply was made as and when required by the needs of the site work [START_REF] Cointeraux | Ecole d'architecture rurale[END_REF]. During material preparation, clods of earth were broken. Earth was gathered in a pile to let coarse elements roll down the pile and to be removed [START_REF] Cointeraux | Ecole d'architecture rurale[END_REF]. The obtained bulk earth was placed by layers of 10 to 15 cm inside the shuttering. Each layer was spread by foot, and then tamped thanks to a rammer, with a more or less pointed edge. After compaction rammed earth layers were 6 to 10 cm thick [START_REF] Doat | Construire en terre[END_REF]. Once all layers inside a shuttering were compacted, the formwork was moved horizontally to go on with wall construction [START_REF] Doat | Construire en terre[END_REF][START_REF] Jaquin | Historic rammed earth structures in Spain, contruction techniques and preliminary classification[END_REF]. After completion of a level, called a "lift", the shuttering was moved vertically to carry out a new lift. The ramming effect was more important in the top of a rammed earth layer than in its bottom. Hence, the earth density is higher in the top of the rammed earth layer than in its bottom [START_REF] Bui | Durability of rammed earth walls exposed for 20 years to natural weathering[END_REF].

3.3

Cob bibliographical analysis

Introduction

Unlike rammed earth, little literature is available on cob and no general description of cob process exists. Hence, the aim of this section is to analyse cob bibliographic data in order to provide a description of vernacular cob construction process.

Among the 133 references used to describe local cob construction techniques, 77 % concerned France and United Kingdom (Table 6). This bibliography is an overview of vernacular cob construction techniques around the world, with a focus on France and United Kingdom.

A large variety of vernacular names for earth construction techniques (Table 7) fall under the definition of cob process. Nowadays, these names tend to disappear in favour of the universal term, "cob". This allows a better international communication between researchers, engineers and professionals of earth construction, but it erases the nuances between local techniques and causes equivalence problems.

Indeed, those names sometimes describe similar techniques and sometimes describe different variations of cob process. For example, bauge in Brittany (France) and mâsse in Normandy (France) describe the same technique (see case a, section 3.3.3.1), as well as caillibotis in Brittany and gazon in Normandy also describe the same technique (see case b, section 3.3.3.1). 

Country Number of citation

The term bauge has been imposed on the entire francophone area instead of regional terms to name this technique [START_REF] Bavay | Trente années d'investigations sur la bauge en Wallonie (Belgique). La bauge dans le contexte des architectures en terre[END_REF]. However, the word bauge, in its strict meaning, refers to the earth, fibre and water mixture that was traditionally employed in Brittany for earth construction [START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF]. Although this term refers to the mixture obtained, it inevitably refers to its associated process. Nevertheless, using the term bauge to name mâsse constructions of Normandy is a misnomer and using the term bauge to name caillibotis or gazon technique is confusing.
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Table 7. Vernacular names of cob construction process.

Country Local names Reference

Afghanistan pakhsa [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF] Belgium tourton [START_REF] Bavay | Trente années d'investigations sur la bauge en Wallonie (Belgique). La bauge dans le contexte des architectures en terre[END_REF] Czech Republic nakladani, valek, války [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Syrova | La Bauge en Moravie dans le contexte des constructions historiques en terre crue de la région danubienne[END_REF][START_REF] Novotný | A Late Reverberation of Antiquity in Vernacular Architecture of Moravia[END_REF] East Africa daga [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF] France bauge, bigôt, bouzillage, caillibotis, coque, daube, gachcoul, mâsse, mâssé, mur d'argile, paio-bard, paillebart, paillebort, palho-bard, pâtons de mâssé, terre, torchis [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] De Chazelles | Les maisons en terre de la Gaule méridionale[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Casel | Maisons d'argile en Midi-Pyrénées, Privat[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Sorin | La ferme du Bas-Quesney -Etude et projet de réhabilitation d'une ferme en bauge du XVIè siècle[END_REF][START_REF] Milcent | Architecture rurale en Bauge et courvertures végétales dans le nord-ouest vendéen : les bourrines du marais de Monts[END_REF][START_REF] Bardel | Les premières formes de construction en Bauge dans le bassin de Rennes[END_REF][START_REF] Patte | Images du Patrimoine 206 -Architecture en Terre -Marais du Cotentin et du Bessin, Cahiers du[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF] Germany lagenlehmbau, lehmweller, wellertechnik [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF] Hungary valgoy [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF] Iran chineh [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF] Iraq tawf [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF] Ireland tempered clay [START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF] Italy atterati , maltone, massone, [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Conti | Earthen Building today, a renewed use of an ancient technology (an experimental cob construction in the Marche region)[END_REF][START_REF] Guillaud | Terra Incognita -préserver une Europe des architectures de terre -découvrir une europe des architectures de terre, 2 volumes, Argumentum[END_REF] Madagascar tamboho, tovam-peta [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF] Portugal terra empilhada, terra modelada [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Guillaud | Terra Incognita -préserver une Europe des architectures de terre -découvrir une europe des architectures de terre, 2 volumes, Argumentum[END_REF] Spain chamizo, muro amasado, pared de mano, terra apilado, terra amassado, fang [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Guillaud | Terra Incognita -préserver une Europe des architectures de terre -découvrir une europe des architectures de terre, 2 volumes, Argumentum[END_REF] Slovakia lepanice, nakladana stavba, vykladanie, valok [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF] Syrova | Inventaire, documentation et méthodologie de conservation de l'architecture en terre en République Tchèque[END_REF][START_REF] Syrova | La Bauge en Moravie dans le contexte des constructions historiques en terre crue de la région danubienne[END_REF] Sudan jalous [START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF] Turkey pahsa [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF] United Kingdom clay dab, clay dabbin, clob, clom, cob, dab, daubin, dung wall, korb, mudwall, mud walling, puddled earth, tai clom, tai mwd, tai prid, witchert, wychert [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF] West Africa banco, banko, terre de bar, swish [START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF][START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF][START_REF] Pecquet | La matière première de constrution des maisons lyela, (Burkina Faso) comme puissance[END_REF] Yemen zabour, zabur [START_REF]Earthen Architecture[END_REF][START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF] To avoid this confusion, it should be specified when bauge is used in a strict sense (bauge s.s.) to differentiate it from its acceptance as a general term. The same difficulty exists for the internationally accepted term cob [START_REF] Ford | The development of a methodology for creating an earthen building inventory[END_REF]. Some authors [START_REF] Doat | Construire en terre[END_REF][START_REF] Houben | Traité de construction en terre[END_REF][START_REF] Aurenche | Essai de classification des modalités de mise en oeuvre de la terre crue en parois verticales et de leur nomenclature[END_REF] proposed to name this technique "piled earth" since it better described this construction process. Nevertheless, it failed, for the moment, to take over from the term cob. As with bauge, it should be specified when cob is used in a strict sense (cob s.s., the vernacular technique used by past builders in Devon [13]) to differentiate it from its acceptance as a general term, cob.

A summary of cob construction process is proposed in Figure 22, using the engineering process description: an engineering process is divided into a succession of elementary steps. Based on literature information, cob process is divided into 4 elementary steps: (1) raw material supply and preparation, (2) mixing, (3) implementation and (4) rectification and drying. 

Earth source selection

For past builders, the first step of the cob building process was the identification of a source of earth. Authors agreed with the fact that cob earth material was locally sourced. This was demonstrated by the similarity between available soils next to cob heritage buildings and the earth used in their walls [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Ford | The Relevance of GIS in the Evaluation of Vernacular Architecture[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Savary | La construction en terre crue dans le Calvados : de la prospection à la recherche[END_REF][START_REF] Rendell | Performance of rammed earth structures in east Brittany[END_REF][START_REF] Hoskins | Newton Abbot[END_REF]. More precisely, locally sourced earth materials meant that they could have been dug from the foundations of the building [START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF], a pond next to the new building or in a field surrounding the building [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Stadnicki | un habitat rural en voie de disparition[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Savary | La construction en terre crue dans le Calvados : de la prospection à la recherche[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Renoux | Maison de terre en Loire-Atlantique[END_REF][START_REF] Chiappero | Redécouverte de la Bauge à Tilly[END_REF][START_REF] Naud | Architecture de bauge en Haute Bretagne[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF], inside and immediately around the building during the construction [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF], a field around the building [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF], the cellar of the building [START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF], an earth quarry, located in the same borough [START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF], a ditch cleaning [START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF] or a hollow way [START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Paih | Le patrimoine rural en bauge sur la commune de Melesse (Ile-et-Vilaine)[END_REF]. Another practice that appears to have been quite common, but difficult to attest, is the reuse of the earth of old cob walls [START_REF] Novotný | A Late Reverberation of Antiquity in Vernacular Architecture of Moravia[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF]. It is then possible to set what "local earth" meant for vernacular cob construction. It was an earth excavated on-site or, tenth [START_REF] Naud | Architecture de bauge en Haute Bretagne[END_REF] or hundredth [START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF] of meters or, at most, a few kilometres away from the site [START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF].

Earth excavation and transportation

Topsoil is rich in organic matter that decomposes after implementation and created mechanical weaknesses inside earth walls [START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Wolfskill | Handbook for building homes of earth[END_REF][START_REF] Delgado | The selection of soils for unstabilised earth building: A normative review[END_REF][START_REF] Reddi | Soil materials for earth construction: poperties, classification and suitability testing[END_REF]. It was therefore considered as unsuitable for cob construction [START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Lilles | Cob and the performance of Oregon revival cob as a building material[END_REF][START_REF] Naud | Architecture de bauge en Haute Bretagne[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Vittré | Vivre l'Eure-et-Loir, Maisons rurales et paysages traditionnels[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF][START_REF] Akinkurolere | Engineering Properties of Cob as a Building Material[END_REF] and it was cleared off before the excavation was carried out [START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Akinkurolere | Engineering Properties of Cob as a Building Material[END_REF]. Sometimes topsoil was removed the year before the construction took place, in order to break down the subsoil under the effect of winter moistening and freezing to ease the excavation process [START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF]. The excavation was done by the owner and relatives [START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Pecquet | La matière première de constrution des maisons lyela, (Burkina Faso) comme puissance[END_REF][START_REF] Troquier | Etude locale (Côtes du Nord et Finistère) de matériaux de construction abandonnés ou inexploités susceptibles d'être mis en oeuvre dans le contexte économique actuel[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF] by hand, thanks to, for example, a mattock [START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF].

Because the most suitable earth for construction was found just below the topsoil, excavation concerned a large surface area and a thin layer of soil [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF]. When not excavated on-site, earth was transported to the site by animal-drawn tumbrel and stored [START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Milcent | Architecture rurale en Bauge et courvertures végétales dans le nord-ouest vendéen : les bourrines du marais de Monts[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF][START_REF] Ford | The Sandford Inventory of Earth Buildings constructed using a GIS[END_REF]. For a 20 m 3 earth lift, this corresponded to 10 tumbrel travels [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF].

A unique source of material was sometimes not enough to complete the walls of the building [START_REF] Harries | A rational return to earth as a contemporary building material[END_REF]. For example, when the earth excavated from the foundations of the building was not enough, another local material source was exploited (dug from a pond, a field, a hollow way, etc.) depending on needs and opportunities. The use of different earth sources was highlighted by the variations of colour and texture from a lift to another [START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF].

A first option was to carry out the material supply at once, and all material sources could have been mixed together [START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF]. A second option was to carry out the material supply separately for each lift [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF]. Indeed, the amount of earth necessary to carry out one lift was estimated to 20 m 3 , which corresponded to several working days of hard labour for the working team [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF].

Sometimes the poor earth quality required to temper it thanks to another material [START_REF] Pecquet | La matière première de constrution des maisons lyela, (Burkina Faso) comme puissance[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Milcent | Architecture rurale en Bauge et courvertures végétales dans le nord-ouest vendéen : les bourrines du marais de Monts[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF]. Thus, another source of earth or aggregates could have been employed as an earth grading corrector [START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Pecquet | La matière première de constrution des maisons lyela, (Burkina Faso) comme puissance[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF].

Earth preparation

Sometimes, earth was brought on-site the year before the construction took place so that weathering effect broke it down in order to facilitate the screening (if required) and the mixing of the material [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF] and to let the organic matter to decompose [START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF]. If rainfalls were not sufficient, the earth was wetted during winter [START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF]. More generally, earth was stored close to the building site some weeks before the construction took place [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF]. The preparation of the earth, prior to mixing, could involve one or a combination of the 4 following actions: (1) earth was got rid of large rocks [13,[START_REF] Watson | The cob building technique. Past, present and future[END_REF]61,[START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Harries | A rational return to earth as a contemporary building material[END_REF][START_REF] Rendell | Performance of rammed earth structures in east Brittany[END_REF][START_REF] Renoux | Maison de terre en Loire-Atlantique[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF], maximum particle size diameters is in the region of 50 mm (Table 8); (2) earth was loosened [13] thanks to a hoe [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF], a mattock [START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF] or a spade [START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF], in order to break clods of earth; (3) earth was soaked days before mixing to make it more workable and to homogenize water content [START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF]61,[START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF]; (4) earth was trodden by men [START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF] or by animals [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF] to prepare soaked earth prior to mixing.

Water

As there was no water supply network at the time of their construction, cob buildings were more likely located near water sources [START_REF] Ford | The development of a methodology for creating an earthen building inventory[END_REF][START_REF] Rouault | Géographie de l'habitat rural traditionnel du Bassin de Rennes et redécouverte des maisons en terre[END_REF][START_REF] Ford | The Sandford Inventory of Earth Buildings constructed using a GIS[END_REF]. Water was taken from the well of the farm, from a pond created by the excavation of the earth material [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF] or from a ditch close to the construction [START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF]. In Brittany, the cob wall construction had to be completed before July, because, as water became scarce in summer, its use was restricted to farm activities [START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF]. In Devon, water supply seemed to have been a less critical problem since cob building took place in late spring and during the summer months because these periods were favourable for wall drying [START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF]. 

Fibres

Although unfibered cob was mentioned [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF][START_REF] Akinwumi | Earth building construction process in Benin City, Nigeria and engineering classification of earth materials used[END_REF], cob technique was generally associated with natural fibre addition. Most commonly cited fibre employed for cob is straw (Table 9). According to Petitjean [START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF], during the 19 th Century, the evolution of agricultural practices generated straw excess, fostering its use at the expense of fibres used before. Actually, large varieties of fibres were used in vernacular cob construction (Table 9). Since fibres were locally sourced [START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Naud | Architecture de bauge en Haute Bretagne[END_REF], this diversity reflects the adaptations of the vernacular cob construction process by past builders to resources available in their nearby environment. Authors both referred to cut, or chopped, and uncut fibres (Table 8).

Two modes for fibre length can be identified (Table 8): (1) small fibres (10-20 cm), fibres length being about equal to the size of a cob clod, (2) long fibres (40-60 cm), fibres length being about equal to the width of the wall.

The role of fibres inside cob walls was to (1) facilitate the mixing [START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF], (2) assist handling [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Vittré | Vivre l'Eure-et-Loir, Maisons rurales et paysages traditionnels[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF], (3) accelerate the drying process [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF], (4) distribute shrinkage cracks throughout the wall mass [13,[START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF][START_REF] Laborel-Préneron | Plant aggregates and fibers in earth construction materials: A review[END_REF], (5) enhance cohesion and shear resistance of the wall [13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Laborel-Préneron | Plant aggregates and fibers in earth construction materials: A review[END_REF][START_REF] Danso | Performance characteristics of enhanced soil blocks: a quantitative review[END_REF], (6) improve weathering resistance [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Danso | Performance characteristics of enhanced soil blocks: a quantitative review[END_REF], [START_REF] Cabello Eras | Improving the environmental performance of an earthwork project using cleaner production strategies[END_REF] reinforce bond between lifts [START_REF] Vittré | Vivre l'Eure-et-Loir, Maisons rurales et paysages traditionnels[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF] and [START_REF] Dahlbo | Construction and demolition waste management -A holistic evaluation of environmental performance[END_REF] wall angles [START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF].

Some authors [START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF] stated that fibres contributed to the thermal insulation of the wall. Yet, Keefe [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF] argued that thermal conductivity reduction of a cob wall was significant only if a lot of fibres were added to the mixture (about 25 % by mass). The fibre content of cob was generally between 1 to 2 % by mass (Table 8). In this case, the thermal contribution of fibres seemed very limited. Anyway, the most important function of fibre is thought to be the distribution of shrinkage cracks [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF].

Stabilizer

Fibres can be regarded as a stabilizer. As most of the vernacular cob was fibered, it might not necessitate further stabilizer addition. As a consequence, the use of cement or lime as a stabilizer in cob mixture seemed to have been rarely employed [13,[START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF]118,[START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF]. Keefe [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF] considered hydraulic binder stabilization with a critical eye. According to him, under temperate climate, it should be possible to construct strong, durable buildings without recourse to stabilization. Moreover, he stated that during this process, the soil undergoes a fundamental and irreversible chemical change so that it is no longer recyclable, becoming, in effect, a sort of "brown concrete" [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF].

The use of natural stabilizers was mentioned in the literature: animal dung, small pieces of straw, chalk, vegetal oils, white of egg, cow urine, ashes, milk, blood, buttermilk and casein [13,[START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF][START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF][START_REF]Cob Walls in East Dorset Care and Repair[END_REF]. Too little information is available about stabilization in cob literature, thus, the use of stabilizer is not detailed in this section. 190,191,195,197,198,207,209 -211,216,225,229,234,235,242,246,249,250,253,254,263,264] stubble 2 [START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Chiappero | Redécouverte de la Bauge à Tilly[END_REF] twig 6 [13,[START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF] vine shoot 1 [START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF] wheat straw 13 [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF][START_REF] Fischer | Les maisons paysannes du Perche[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF] 

Mixing

When raw materials (earth, water and, if required, fibres and supplementary earth or aggregates) were supplied on site and prepared as described in section 3.3.2, they were ready to be mixed together to form the cob mixture. Mixing took place on a flat and if possible hard [13,[START_REF] Hill | On the Construction of Cottages[END_REF] and impervious [START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF] surface. This surface was sometimes prewetted [13,[START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF] and sometimes covered with a bed of fibres [13]. Earth was spread on this surface and arranged in the shape of a flat circular heap (1 to 6 m diameter) next to the wall under construction [START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF], or in a continuous pile of earth (0.5 to 1.8 m large) all around the future building, alongside the walls under construction [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF]. More rarely the mixing was done in a rough trough [START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF].

Earth was spread to form a layer some centimetres thick [START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF] to 10 cm thick [13,[START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF]. Fibres (when required) were evenly distributed on the earth [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Renoux | Maison de terre en Loire-Atlantique[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF] and the whole was trodden by men [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Estrada | A case study of cob earth based building technique in Matagalpa , Nicaragua -LCA perspective and rate of adoption[END_REF]61,[START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Syrova | La Bauge en Moravie dans le contexte des constructions historiques en terre crue de la région danubienne[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Loudon | An Encyclopedia of Cottage, Farm and Villa Architecture and Furniture[END_REF][START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF][START_REF] Fischer | Les maisons paysannes du Perche[END_REF][START_REF] Renoux | Maison de terre en Loire-Atlantique[END_REF][START_REF] Naud | Architecture de bauge en Haute Bretagne[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Milcent | Architecture rurale en Bauge et courvertures végétales dans le nord-ouest vendéen : les bourrines du marais de Monts[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF][START_REF] Joshi | Earthen Architecture in Indian Tribes[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF][START_REF] Delagrée | Le bâti de terre[END_REF] or by animals [13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF]61,[START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Syrova | La Bauge en Moravie dans le contexte des constructions historiques en terre crue de la région danubienne[END_REF][START_REF] Naud | Architecture de bauge en Haute Bretagne[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Delagrée | Le bâti de terre[END_REF],

generally horses [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF] or oxen [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Milcent | Architecture rurale en Bauge et courvertures végétales dans le nord-ouest vendéen : les bourrines du marais de Monts[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF]. During mixing, more fibres (when required) were gradually added [START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Milcent | Architecture rurale en Bauge et courvertures végétales dans le nord-ouest vendéen : les bourrines du marais de Monts[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF] and water content was corrected, based on guesstimate of the cob masons [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. Water content of manufacturing stage of the cob mixture should bring it into a workable mix [13,61,[START_REF] Rendell | Performance of rammed earth structures in east Brittany[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF], i.e. into a plastic state [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Baudreu | Maisons médiévales du sud de la France bâties en terre massive : état de la question, La Maison Au Moyen Âge Dans[END_REF][START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF]. Water contents of manufacturing stage are in the region of 20 % (Table 8), which is in agreement with a plastic state. Average fibre content range from 1.4 to 1.7 % by mass (Table 8). This is in agreement with the optimum fibre content around 1% proposed by Danso et al. [START_REF] Danso | Performance characteristics of enhanced soil blocks: a quantitative review[END_REF].

In order to ease the mixing, some authors referred to the use of forks [START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Milcent | Architecture rurale en Bauge et courvertures végétales dans le nord-ouest vendéen : les bourrines du marais de Monts[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF], picks [START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF] and hoes [START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF][START_REF] Delagrée | Le bâti de terre[END_REF] to stir the cob mixture [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF]. When the mixing of the first layer was completed, the process was repeated several times to carry out other layers over the first one [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF] in order to create a pile of earth 60 to 100 cm thick [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF] . The treading could last 1 to 2 hours [START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF], a half-day [START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF] and up to 3 days [START_REF] Joshi | Earthen Architecture in Indian Tribes[END_REF]. Cob mixture is ready to be placed inside the wall, but it could have been let to dry overnight up to a few days before to be used [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF].

The purpose of cob mixing is to evenly distribute clay, water and, if added, fibres in the cob mixture in order to maximise the contact surface between wet clays and other constituents of the cob mixture [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. Indeed, as it has already been demonstrated for other earth construction materials, cohesion is provided by capillary forces of water menisci attached to clay particles [START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Kouakou | Strength and elasto-plastic properties of non-industrial building materials manufactured with clay as a natural binder[END_REF][START_REF] Gélard | Le rôle de l'eau dans la cohésion et l'adhésion du matériau terre : Une question d'équilibre[END_REF][START_REF] Van Damme | La terre, un béton d'argile[END_REF][START_REF] Jaquin | The strength of unstabilised rammed earth materials[END_REF]. Thus, mechanical strength and durability is enhanced if clay particles are evenly distributed inside the earth matrix [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Kouakou | Strength and elasto-plastic properties of non-industrial building materials manufactured with clay as a natural binder[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF]. Soils are usually organised in peds [START_REF] Reddi | Soil materials for earth construction: poperties, classification and suitability testing[END_REF]. In order to evenly distribute clay particles inside earth material, it is then necessary to break those peds to mobilize clay [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. For wet earth construction techniques, this is achieved thanks to kneading action of soaked earth, water playing the role of a dispersing agent. Dispersing action of water is efficient if water is well distributed and in sufficient amount inside earth material. Cob mixing is easier and more efficient if earth was pre-soaked and mixed in a wetter, more humid plastic state [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Bee | The Cob Builders Handbook[END_REF]61,[START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF].

Besides kneading action, blending action of the mixing process allowed an even distribution of the constituent of the mixture [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. Indeed, inhomogeneity would create weak points inside cob walls [START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. This was even more essential when another constituent was added to the cob mixture (sand, stones, fibres, etc.). Fibres provided extra tensile-strength to cob walls and improved weathering resistance [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF] but this was only true if fibres were evenly distributed [START_REF] Bee | The Cob Builders Handbook[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF]. In case (a), which was the most widespread vernacular cob construction techniques, material was taken from the cob pile next to the wall with a fork, with hands or with a shovel by a workman and given to the skilled craftsman, standing on the wall, who arranged the clods of earth: a first one was placed on one side of the wall, a second one on the other side of the wall and a third one in the centre, ensuring that they correctly overlapped each other in order to provide sufficient cohesion between elements [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Loudon | An Encyclopedia of Cottage, Farm and Villa Architecture and Furniture[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Lilles | Cob and the performance of Oregon revival cob as a building material[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Troquier | Etude locale (Côtes du Nord et Finistère) de matériaux de construction abandonnés ou inexploités susceptibles d'être mis en oeuvre dans le contexte économique actuel[END_REF][START_REF] Vittré | Vivre l'Eure-et-Loir, Maisons rurales et paysages traditionnels[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF][START_REF] Joshi | Earthen Architecture in Indian Tribes[END_REF][START_REF] Niroumand | Various Types of Earth Buildings[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF][START_REF] Greta | Référentiel d'activité et de compétence[END_REF]. Clods of earth were disposed so that they overhung the plinth on both sides of the wall by 5 to 15 cm [13,[START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Lilles | Cob and the performance of Oregon revival cob as a building material[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF][START_REF] Greta | Référentiel d'activité et de compétence[END_REF]. Clods were often arranged in diagonal layers [13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Novotný | A Late Reverberation of Antiquity in Vernacular Architecture of Moravia[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF], by, for example, an angle of 35 -45° [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Novotný | A Late Reverberation of Antiquity in Vernacular Architecture of Moravia[END_REF]. Sometimes fibres were placed around each clod [START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Baudreu | Maisons médiévales du sud de la France bâties en terre massive : état de la question, La Maison Au Moyen Âge Dans[END_REF] or between each 6 to 8 cm layer of clods [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Vittré | Vivre l'Eure-et-Loir, Maisons rurales et paysages traditionnels[END_REF][START_REF] Baudreu | Maisons médiévales du sud de la France bâties en terre massive : état de la question, La Maison Au Moyen Âge Dans[END_REF]. The use of wood dowel between each clod [START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF] and the use of bed of stones and/or tiles between each layer of clods [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF] was also mentioned. Once in the wall, clods of earth were compacted by the trampling of the craftsman who worked on the wall [13,14,[START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Loudon | An Encyclopedia of Cottage, Farm and Villa Architecture and Furniture[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF], by hand [61,[START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF] and/or with a tool (fork, stick) [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][13][14][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF]. As the cob mixture was implemented in a plastic state, the material subsided under its own weight and tended to overflow. During the construction, sides of the wall were then regularly beaten with a stick, feet or a fork to tighten the faces of the wall [START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF].

Wall construction

In the United Kingdom, several authors referred to a "quick process" by opposition to a "slow process" [14,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Brunskill | Vernacular Architecture, An Illustrated Handbook[END_REF]. The "slow process" is the technique described above, i.e. stacking of clods of earth in a lift, left to dry for several days or weeks before another lift could be implemented on it. The "quick process" consisted in stacking clods of earth in small courses (around 8 cm) separated by a layer of straw in a continuous way through the completion of the wall. According to McCann [START_REF] Mccann | Clay and Cob Buildings[END_REF], walls were completed in 1 day thanks to the "quick process". In this technique, fibre layers should have played a significant structural role at fresh state.

In case (b) the cob mixture was spread on the ground in a 10 cm thick layer [START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF] and cut in squares of 20-25 by 25-30 cm [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF] with a sharp tool. These small rectangular blocks of cob could have been left to slightly dry before they were placed inside the wall [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF]. They were then arranged in the wall in horizontal layers or in opus spicatum [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF]. This technique is called gazon or pâtons de mâssé in Normandy [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF] and caillibotis in Brittany [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF].

In case (c) the cob mixture was modelled by hand in a specific shape [START_REF] Syrova | Inventaire, documentation et méthodologie de conservation de l'architecture en terre en République Tchèque[END_REF][START_REF] Syrova | La Bauge en Moravie dans le contexte des constructions historiques en terre crue de la région danubienne[END_REF][START_REF] Novotný | A Late Reverberation of Antiquity in Vernacular Architecture of Moravia[END_REF] (cylinder, ball, cigar, triangle) before to be stacked and compacted on the wall. Massone in Italy [START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Bertagnin | Architetture di terra in Italia -Tipologie, tecnicologie e culture costruttive[END_REF][START_REF] Conti | Earthen Building today, a renewed use of an ancient technology (an experimental cob construction in the Marche region)[END_REF] and Banco in Africa [START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Lilles | Cob and the performance of Oregon revival cob as a building material[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF][START_REF] Lauber | L'architecture de terre traditionnelle des Dogon[END_REF] are some examples of this kind of technique. In Italy, unfibered cob mixture was modelled in the shape of cylinders called massone (8 -15 cm in diameter and 30 -40 cm long), rolled and covered with straw before they were implemented on the wall [START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF].

For case (d), several authors referred to the use of shuttering for cob wall construction [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Syrova | Inventaire, documentation et méthodologie de conservation de l'architecture en terre en République Tchèque[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Fischer | Les maisons paysannes du Perche[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Novotný | A Late Reverberation of Antiquity in Vernacular Architecture of Moravia[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF]. This technique was called shuttered cob or puddled earth [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF]. For example, shuttered cob is attested in Devon from around 1820 right up to 1914 [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF]. According to Keefe [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF], shuttered cob mixture is wetter than unshuttered one. Thus, in this case, drying times were long.

Lift subsidence

Since cob was implemented at plastic state, its mechanical resistance was low and the material subsided under its own weight during the construction process. The height of wall done at one time was limited. As a result, cob walls were a superimposition of successive monolithic earth raised, called lifts. A new lift was performed when the previous one was dry enough to bear the weight of the new lift without deforming [14,[START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF][START_REF] Joshi | Earthen Architecture in Indian Tribes[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF]. The height of a lift varied with soil type, plasticity and stress applied on the wall during construction. Lift heights ranged from 10 to 120 cm with an average of 59 cm (Figure 23). Wall thicknesses ranged from 10 to 150 cm with an average of 62 cm (Figure 23). In the 17 th century and earlier, wall thicknesses ranged from 80 to 90 cm or more [START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF]. It decreased to 50 to 60 cm in the 18 th century [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF] and reached 50-45 cm during the 19 th century [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF]. With time and improvement of the technique, craftsman were more and more confident and built thinner walls [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Hoskins | Newton Abbot[END_REF]. Slenderness ratio ranged from 0.5 to 1.6 with an average of 1.0 and a standard deviation of 0.3 (Figure 24). Slenderness ratio of lifts is proposed as an indicator of the convenience of earth and of associated process variation, the higher the slenderness and the better the convenience. Four classes of slenderness are defined for cob lifts (Figure 24). Earth consistency depended on its clay content, which differs naturally from one soil to another, and its water content, which was determined by the cob Mason, according to his building practices [13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Bee | The Cob Builders Handbook[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. To carry out higher lifts and save time, clods of earth with a firm consistency were preferred, i.e. on the "dry side" of the plastic state [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. This is in contradiction with the optimal mixing water content suggested in section 3.3.2.5 ("wet side" of the plastic state). Several strategies have been employed to overcome this problem: some masons used a drier mix, which required higher kneading force or longer kneading action, some let cob mixture to dry before implementation and others used shuttering to ease the placing of the wet mixture inside the wall [START_REF] Watson | The cob building technique. Past, present and future[END_REF]61,[START_REF] Saxton | The performance of cob as a building material[END_REF].

Fibres were employed to assist handling of clods and provide extra strength to fresh cob lifts and therefore built higher lifts [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Vittré | Vivre l'Eure-et-Loir, Maisons rurales et paysages traditionnels[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF]. The higher the water content was and the higher the fibre content should be. This relationship was illustrated by Saxton [START_REF] Saxton | The performance of cob as a building material[END_REF].

Faces rectification

Another consequence of the sagging of cob lifts was the bulging of the material over the face of the plinth, creating an excess of material. Thus, faces of the wall had to be rectified [14,[START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF][START_REF] Rendell | Performance of rammed earth structures in east Brittany[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF][START_REF] Lilles | Cob and the performance of Oregon revival cob as a building material[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Baudreu | Maisons médiévales du sud de la France bâties en terre massive : état de la question, La Maison Au Moyen Âge Dans[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. This operation could have involved one or a combination of the three following actions: (1) trimming thanks to a special flat, sharp edged spade called "paring iron" [13,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF]61,[START_REF]Earthen Architecture[END_REF][START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Mousset | La construction en terre en Lot-et-Garonne : état des connaissances[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Fenard | Une technique de construction : le pisé par levée[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF][START_REF] Perello | Pisé or not Pisé ? Problème de définition des techniques traditionnelles de la construction en terre sur les sites archéologiques[END_REF][START_REF] Delagrée | Le bâti de terre[END_REF][START_REF] Greta | Référentiel d'activité et de compétence[END_REF] and sometimes a fork [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Milcent | Architecture rurale en Bauge et courvertures végétales dans le nord-ouest vendéen : les bourrines du marais de Monts[END_REF][START_REF] Mousset | La construction en terre en Lot-et-Garonne : état des connaissances[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF], a mattock [13], an adze [START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Greta | Référentiel d'activité et de compétence[END_REF], a saw [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Greta | Référentiel d'activité et de compétence[END_REF], a shovel [START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF], a knife [61] or an axe [START_REF] Syrova | La Bauge en Moravie dans le contexte des constructions historiques en terre crue de la région danubienne[END_REF]; (2) beating the faces of the wall thanks to a stick [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF]61,[START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Paih | Le patrimoine rural en bauge sur la commune de Melesse (Ile-et-Vilaine)[END_REF], hands [61,[START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF], mallet [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF] or stone [61] ;

(3) scraping [START_REF] Baudreu | Maisons médiévales du sud de la France bâties en terre massive : état de la question, La Maison Au Moyen Âge Dans[END_REF] overflowing material thanks to a fork [START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Vittré | Vivre l'Eure-et-Loir, Maisons rurales et paysages traditionnels[END_REF] or a garden claw tool [START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF].

In case (a) (section 3.3.3.1), cob was implemented in order to overhang the plinth of the wall creating a significant excess of material that has to be trimmed or scraped. This operation was carried on when the cob material was quite dry to avoid bulging of the lift but not too dry to ease the process [START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Greta | Référentiel d'activité et de compétence[END_REF]. Depending on the weather, it took place few days up to 3 weeks after the achievement of the lift [13,14,[START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF].

The most cited trimming technique is the use of the paring iron. The trimming with the paring iron smoothed the faces of the wall unless cob material contained oversized stones. In this case, the paring iron edge pushed oversized stones down, creating vertically elongated cavities called cheminées (chimneys) in France [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF]. This was one reason why large stones were removed from earth (section 3.3.2.1). Another imprint left by the paring iron is the downward orientation of fibres [START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF].

The faces of the walls were beaten in order to rectify the shape of the lift, to get the gravels inside the walls, to fold fibres down into the walls and to close the drying shrinkage cracks [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF]. The beating of the faces of the cob lift could be performed before and/or after trimming and all along the drying period [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF].

An example of an elaborate lift face rectification was provided by Bardel and Maillard [77]: the faces were trimmed thanks to a first specific paring iron, beaten and left to dry for 4 days before they were definitively trimmed thanks to a second specific paring iron.

For the cases b, c and d, it was usually not necessary to trim the cob lift, but the faces of the walls were generally rectified by beating actions [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF].

When unrendered, the faces of the wall could have been smoothed by a trowel, hand or plaster float [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Pecquet | La matière première de constrution des maisons lyela, (Burkina Faso) comme puissance[END_REF][START_REF] Baudreu | Maisons médiévales du sud de la France bâties en terre massive : état de la question, La Maison Au Moyen Âge Dans[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF][START_REF] Joshi | Earthen Architecture in Indian Tribes[END_REF]. When rendered, faces of the wall could have been finger-marked in order to provide roughness and a better key for the plaster [START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF]. Rectification process determined the final shape of the wall. It could have been straight [START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF] or tapered [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF]61,[START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Klein | La terre crue dans tous ses états[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Streiff | Le patrimoine en bauge de Haute et Basse Normandie. Caractéristiques et développement actuel des savoir-faire en Normandie[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF][START_REF] Conti | Earthen Building today, a renewed use of an ancient technology (an experimental cob construction in the Marche region)[END_REF] to provide more stability to the wall.

Drying

Drying duration

Average drying times of a cob lift ranged from 11 to 21 days (Figure 25), depending on climate [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF]61,[START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Rendell | Performance of rammed earth structures in east Brittany[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Lhuillery | La bauge en Beauce[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF][START_REF] Hill | On the Construction of Cottages[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF]. Then, the estimated time necessary to achieve cob walls, excluding "quick process" (section 3.3.3.1), ranged from 3 to 20 weeks [START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF][START_REF]Bâtir en Terre -Le potentiel des matériaux à base de terre pour l'habitat du Tiers Monde[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF]. Drying of lifts was a major time constraint of cob process. Drying was only possible during hot months of the year, thus imposing a "season of cob" [START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Malnic-Dybman | Les maisons de Normandie[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF]. The implementation of cob on "dry side" of plastic state could accelerate the drying process. It was also suggested that fibres played a role in easing drying by channelling water from the core of the wall to its outer face [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF]. Anyhow, cob walls had to be dried before the first frost to avoid damages [START_REF] Bertrand | En terre et végétaux, constructions traditionnelles en Vendée, Les cahier[END_REF].

Figure 25. Cumulated citations of minimum (Min) and maximum (Max) drying time of cob lifts, together with calculated average minimum drying time (Min average) and average maximum drying time (Max average) of cob lifts.

Shrinkage

As the cob material dried, it shrunk and shrinkage cracks could expand inside the lift. If this expansion was too large, this could lead to structural damages. Shrinkage rates depended on clay content and water content of manufacturing stage of cob mixtures, high clay content and high water content of manufacturing stage leading to high shrinkage rate [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. Several strategies were employed by past cob masons to restrain shrinkage effect. Drying first concerned faces of lifts where shrinkage cracks were initiated. This was the reason why faces of lifts were rectified, by beating the faces in order to close shrinkage cracks and/or by trimming excess cob material in order to cut the shrunk outer part of lifts (section 3.3.3.3).

Another strategy was to use a cob mixture constituent as "shrinkage crack barriers". This constituent could have already been present in the natural soil (gravels) or added on purpose (gravels, sand, fibres, branches, wood pieces, adobes) and it could have been evenly distributed or arranged in a specific manner (Figure 26). Layers of fibre, of stone or a course of adobe laid inside or between each lift [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Klein | La construction en terre crue par couches continues, en Midi Pyrénées. XVIè -XXè siècles. Contribution à l'identification des techniques[END_REF][START_REF] Stadnicki | un habitat rural en voie de disparition[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF] can be interpreted as "shrinkage cracks barriers" [START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF] (Figure 26). The aim of those barriers was to stop the expansion of shrinkage cracks thus avoiding their coalescence and therefore the development of large cracks [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF]. This distribution of shrinkage cracks throughout the wall mass is well documented for fibres [13,[START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Pearson | Conservation of Clay and Chalk Buildings[END_REF][START_REF] Fodde | Traditional Earthen Building Techniques in Central Asia[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Scherrer | Actualité de la construction en bauge en Afghanistan : la technique du "pakhsa[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF][START_REF] Laborel-Préneron | Plant aggregates and fibers in earth construction materials: A review[END_REF]. The tensile strength of fibres embedded in the cob matrix is a supplementary factor that participated to the resistance to crack opening [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Laborel-Préneron | Plant aggregates and fibers in earth construction materials: A review[END_REF][START_REF] Eid | Drying, cracks and shrinkage evolution of a natural silt intended for a new earth building material. Impact of reinforcement[END_REF][START_REF] Millogo | Experimental analysis of Pressed Adobe Blocks reinforced with Hibiscus cannabinus fibers[END_REF]. When enough gravel was present in the earth material to contain shrinkage cracks, fibre addition was not necessary [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF].

Figure 26. Crack shrinkage barriers placed between lifts (a: layer of fibre or wood, b: layer of stones, c: layer of adobe), between clods of earth (d: between each clod, e: between each layer of clods) or inside the matrix (f: fibres, g: gravels).

Cob bibliographical analysis -synthesis

Better describing and understanding cob technique will permit an appropriate care and repair of cob heritage buildings and consider its application in the field of modern sustainable building. Cob is one of the less studied load-bearing earth construction technique, whereas its large widespread demonstrated its adaptation to different soil natures, climates and social needs across the world. Moreover, since raw materials were natural and locally sourced, cob masons had to do with available materials. Earth type was the major constraint that dictated construction strategy. The variety of strategies employed by past cob masons at each stage of cob process is illustrated in section 3.3 and it is possible to estimate that, at least, hundreds of variations existed for this process. This diversity is a key to promote the use of locally available and unprocessed construction materials, as it broadens the range of sustainable construction solutions and therefore the possibility to find a sustainable construction process adapted to a local context.

Cob masons expertise was orally transmitted. Therefore little literature exists on the description of cob vernacular process. To go further on the description of earth construction processes, it is necessary to describe and analyse existing heritage buildings. Scientific methods should be developed to go on with this rediscovering movement. This is the aim of sections 3.4 for rammed earth and 3.5 for cob.

3.4

Micromorphological analysis of a rammed earth building

Materials, methods and results

Section 3.4 goes on with the study of the rammed earth barn of Cras-sur-Reyssouze (France) presented in Chapter 2 (section 2.3). Section 2.3 focused on the analysis of pedofeatures deriving from the original soil in place in order to identify the material source. In this section, analysis focuses on pedofeatures inherited from implementation in order to describe the construction process.

The study area was presented in section 2.3.2.1, sampling and thin section production in section 2.3.2.3 and results in section 2.3.3.

Material preparation

Pedofeatures resulting from the mixing and its intensity are described in the literature [START_REF] Courty | Soils and Micromorphology in Archaeology[END_REF][START_REF] Gé | Sedimentary Formation Process of Occupation Surfaces[END_REF][START_REF] Cammas | L'architecture en terre crue à l'âge du fer et à l'époque romaine apports de la discrimination micromorphologique des modèles de mise en oeuvre[END_REF]. Mixing induces a homogeneous distribution of the coarse fraction in the micromass and the presence of rounded residual aggregates. Here, the material of the wall does not display any characteristic of a mixing action (Figure 9 l). Thus, the material has undergone, at most, a coarse mixing related to the handling of the earth during excavation, transportation and preparation.

Type 1 porosities (section 2.3.3.2) contain Enchytraeids excretions and vegetal debris indicating their root decomposition origin (Figure 9d). Irregular aggregates inside these voids underline the mechanical alteration of void walls and therefore, their aging. The preservation of type 1 porosities, despite the significant compaction of the adjacent earth, strongly suggests that the decomposition occurred after the implementation of the earth in the wall. Type 2 porosities (section 2.3.3.2) are of physical origin (Figure 9e). Type 2 porosities are mainly generated during the modifications engendered by rammed earth processing. Shape and roughness of their walls depend on the water content of the material during their creation, i.e. during excavation and implementation of the earth [START_REF] Stoops | Guideline for Analysis and Description of Soil and Regolith Thin Sections[END_REF]. Micromorphological characteristics resulting from preparation and implementation of the earth material, relative to water content at the fabrication time, for plastic to liquid state, are described by [START_REF] Cammas | L'architecture en terre crue à l'âge du fer et à l'époque romaine apports de la discrimination micromorphologique des modèles de mise en oeuvre[END_REF] and summarized in Table 10. Type 2 porosities have rough and irregular walls (Figure 9e). This sort of porosity, combined with the absence of pedofeatures associated to plastic to liquid state, suggest an implementation at solid state. These pedofeatures, significant of an implementation of the material at a relatively dry state, have never been depicted in the context of construction materials. This observation is in accordance with the hydric state of the earth for rammed earth construction, typically under the plastic limit [START_REF] Kouakou | Strength and elasto-plastic properties of non-industrial building materials manufactured with clay as a natural binder[END_REF][START_REF] Bui | Failure of rammed earth walls: From observations to quantifications[END_REF][START_REF] Ciancio | An overview of some current recommendations on the suitability of soils for rammed earth[END_REF][START_REF] Silva | Rammed earth construction with granitic residual soils: The case study of northern Portugal[END_REF].

Table 10. Micromorphological indicators of the water content of manufacturing stage, after [START_REF] Cammas | L'architecture en terre crue à l'âge du fer et à l'époque romaine apports de la discrimination micromorphologique des modèles de mise en oeuvre[END_REF].

Material implementation

The continuous sand particles alignments combined with horizontally elongated voids separate five horizontal layers (Figure 10). In each layer, porosity gradually evolves from a more porous region, at the base, to a less porous region, on the top (Figure 10). Layer edges are underlined by an abrupt change from a closed porosity below and a more open porosity above. Sharp limits are interpreted as limits of material brings, resulting on the addition of a new earth layer. Sand beds associated with horizontal voids located on layers' top are interpreted as the result of vertical tamping that reduces the volume of bulk earth, flatten voids and create horizontal alignments of sand particles. The inside layer porosity evolution is interpreted as the indicator of the degree of compaction. The upper portion of a layer is more compacted than the lower portion [START_REF] Bui | Effect of moisture content on the mechanical characteristics of rammed earth[END_REF]. The superimposition of layers is responsible for the porosity contrast between sharp limits. The estimated rammed earth layers thicknesses vary between 3 and 9 cm (Figure 10). Literature refers to thickness values ranging from 6 to 10 cm for traditional rammed earth [START_REF] Doat | Construire en terre[END_REF][START_REF] Bui | Effect of moisture content on the mechanical characteristics of rammed earth[END_REF]. Even if some layers can be regarded as thin (L2 and L4, Figure 10), layer thicknesses are in agreement with the literature values. The fineness of the earth employed for the construction did not enable us to distinguish on site the different layers with the unaided eye. Only the micromorphological study permits this distinction.

Inside the layers, discontinuous sand alignments and flattened voids are observed. They correspond to the fabric of type 2 (Figure 9f, 8g, 8h and 8i). Occasionally, subvertical particles and voids alignments change direction downwards and get connected to a subhorizontal alignment, forming a corner shape figure (Figure 9i). Some alignments are highly visible, others are more indistinct. The horizontal particles alignments and flattened voids are the results of a vertical shortening. The tilted and subvertical sand alignments are interpreted as shear lines, a phenomenon compatible with the vertical shortening. The overlap of most of these deformation figures demonstrates the repetition of stresses undergone by the material, which superimpose strains on each other. The repetition of these strains across all layers generates a significant shortening, which is possible only with earth at bulk state. These figures accommodate localised vertical strains, repeated throughout the rammed earth layers. These figures are interpreted as the result of the craftsman compaction of the earth inside the formwork by treading it with his clogs and tamping it thanks to a rammer. The discontinuous sand particles alignments and oriented voids are therefore characteristic of the mechanical tamp undergone by the material at bulk state and are associated with the rammed earth process.

Identification of rammed earth layers thanks to thin section image analysis 3.4.4.1 Introduction

Micromorphological analysis of thin sections of rammed earth has permitted to determine 3 criteria for rammed earth layers identification: (1) abrupt change, from bottom to top, between a low porosity layer to a high porosity layer; (2) subhorizontal sand alignments along the limit; and (3) horizontally flattened voids along the limit. These limits are difficult to follow by naked eye. The aim of this study is to evaluate image analysis technique for rammed earth layers identification.

Subhorizontal sand alignments and horizontally flattened voids are discontinuous along rammed earth layers limits. Hence the image analysis focuses on porosity contrast for layer limit identification. In Plan Polarized Light (PPL) voids can be differentiated from the silt/clay matrix but not from sand fraction (Figure 27). In Cross Polarized Light (XPL), according to their extinction angle, most of the quartz minerals are bright and can be differentiated from voids and clay/silt matrix, but the contrast between voids and clay/silt matrix is not enough (Figure 27). It is proposed to combine PPL and XPL images of thin sections in order to assess pore spatial distribution inside thin sections and therefore to identify rammed earth layers. 

Method

Thin sections were digitalised using a microscope with motorized stage Leica DM5500B and a Leica DFC400 camera, belonging to the AgroParisTech/UMR ECOSYS laboratory. This device records hundreds of thumbnails in order to build high-resolution images of thin sections [START_REF] Bajard | Quantification de l'intensité de l'activité biologique dans les sols par analyse d'images de lames minces de sol[END_REF]. Image acquisition was performed firstly in Plan Polarized Light (PPL) and secondly in Cross Polarized Light (XPL) with a 2.5 magnification, corresponding to a 5.3µm.px -1 resolution.

Image processing was performed with Fiji software [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. Image processing is illustrated in Figure 28 and detailed in Appendix B. PPL and XPL thin section images were converted to grey scale and XPL image was inverted [START_REF] Bajard | Quantification de l'intensité de l'activité biologique dans les sols par analyse d'images de lames minces de sol[END_REF]. The contrast between voids and quartz minerals of thin sections was not enough to permit a good separation. To increase this contrast, the PPL and the XPL images were combined thanks to an addition with the 'Calculator Plus' of Fiji software. The combined image was scaled (1 px = 5.3 µm), rotated (if necessary) and cropped to eliminate the image area without earth material. The image was then smoothed thanks to a median filter. A threshold was applied to get a binary image of voids. Maximum threshold was set to 255 and minimum threshold was manually decreased, starting from 255, until voids were clearly visible but before quartz were clearly visible. The minimum threshold for all thin sections was set to 230 for this study.

The threshold image was cleaned thanks to erosion and dilatation. Finally, all particles were analysed and results were recorded in a text file. Results were analysed with Python to draw porosity maps of thin sections. Thin sections were divided into squares of 2000×2000 pixels and porosity was calculated for each square as the surface of voids divided by the total surface and porosity maps of thin section were drawn. Rammed earth layers were continuous, subhorizontally oriented and characterized by an abrupt change, from bottom to top, between a low porosity layer to a high porosity layer. The aim of porosity map analysis is the identification of subhorizontal limits characterized by a porosity contrast in order to try to identify these layers.

Results and discussion

The image processing for porosity binarization was assessed on several thumbnails. An example is provided in Figure 29. The addition of PPL and XPL images produced an image with a lower contrast between silt/clay matrix and voids, but contrast was enough to differentiate porosity from the matrix. The addition increased the contrast between most quartz minerals and voids (quartz 1 and 2, Figure 27 and Figure 29). Some quartz minerals were at extinction angle on XPL image (quartz 3, Figure 27) so that their contrast with voids was not accentuated in the addition image. However, unlike voids, quartz minerals have a rough texture. By setting a high minimum threshold for binarization, the smooth texture of voids eased their identification, whereas the rough texture of quartz generated discontinuous dotted shapes (quartz 3, Figure 29). The cleaning of the binarized image, thanks to an erosion and dilatation process, also reduced the size of these discontinuous shapes. Thanks to this image processing, the bias linked to the contribution of quartz minerals with porosity were very limited and pore spatial distribution of thin sections could be therefore regarded as satisfactory. A detail of a rammed earth layer limit of CRA4b was used to assess the rammed earth layer limit identification thanks to porosity maps (Figure 30). Rammed earth limit could be clearly identified on porosity map and results were in agreement with the limit identified by naked eye. Criteria to consider for limit identification in porosity map are (1) an increase of porosity, from bottom to top along a (2) continuous and (3) subhorizontal line. These criteria were applied to the 6 studied thin sections. A continuous limit, through the horizontal cross section (Figure 31) and 3 limits through vertical cross section (Figure 32) were identified. Figure 31. Horizontal section of rammed earth wall after image analysis. A continuous limit (red line) is identified through CRA1 and CRA2 thin section.

Figure 32. Vertical section of rammed earth wall after image analysis, on left, together with micromorphological analysis results, on right. Three of the four rammed earth layers limits observed by microscope can be detected by image analysis (red lines).

Rammed earth layer limits identified thanks to porosity analysis are in agreement with the limits identified with the naked eye. Nonetheless, a limit observed in CRA4t thin section was not detected by porosity analysis. Actually, the thickness of CRA4t thin section is reduced in its centre (Figure 33) and brightness is therefore high which bias the image processing results. Under these circumstances, it is impossible to analyse the porosity results of CRA4t thin section. This methodology requires thin section with a homogeneous thickness. 

Image analysis -Synthesis

An image analysis methodology is proposed to draw the porosity map of thin sections of rammed earth material and able the identification of rammed earth layers limits. Porosity is identified thanks to the addition of PPL and XPL images of thin sections, in order to increase the contrast between voids and quartz minerals. This methodology provides satisfactory results as long as the thickness of thin section is homogeneous. This methodology could be enhanced with the acquisition of a second XPL image with another polarizer position in order to change quartz extinction angle. The combination of one PPL and two XPL with different polarizer orientation might enhance the contrast between voids and quartz minerals.

Rammed earth micromorphological analysis -Synthesis

The micromorphological analysis allowed determining a low mixing degree and a low water content of manufacturing stage. It also permitted describing the effect of the manual rammer during the tamping phase and distinguishing rammed earth layers that were not visible on-site.

The methodology proposed here provides extensive information on the construction process (excavation method, transportation, mixing, water content, compaction effect) employed to build this rammed earth farm, and to make the connection between this process and the type of earth used. By applying this methodology to buildings of different ages and different geographical contexts (soil type, climate, seismicity) it is possible to describe the evolution of the rammed earth processes and their adaptations in specific contexts. Finally, in case of a doubt about the nature of the construction process used for a construction, this method provides clear micromorphological criteria for identification of rammed earth process, applicable to built heritage and archaeological material.

The methodology proposed in this section is promising. Future developments of this work could be: to provide quantitative information in order to support observations, to investigate other rammed earth constructions, with different implementations, from various regions and/or of diverse ages with the aim to experience this methodology.

3.5

Micromorphological analysis of a cob building 3.5.1 Materials and methods

Study area

Renovation works performed in a barn, located in the locality of La Poterne in the city of Saint-Gilles (Brittany, France) (Figure 34), gave us the opportunity to collect cob specimens inside a wall built in the early 20 th century. The barn is located on a plateau bounded in north-west and south-west by the Mares noirs river, and on the south-east by a dry valley (Figure 35). The bedrock of the plateau is made of Pleistocene loess lying on Brioverian alternations of silts, clays and gravels [START_REF] Outin | Carte Géologique de la France[END_REF]286] (Figure 35). According to the soil map of Brittany [START_REF] Lemercier | Sols de Bretagne[END_REF], soil of the locality La Poterne derives from shales or silts and are characterized by low argilluviation and variable waterlogging rates (soil map unit 12025, [START_REF] Lemercier | Sols de Bretagne[END_REF]). The topographical position (plateau) and the bedrock composition (loess) allows identifying the soil type of the locality as a Neoluvisol, according to the French soil classification [START_REF] Baize | Référentiel pédologique, Quae, Association française pour l'étude du sol[END_REF], corresponds to Luvic Cambisol in the World Reference Base for Soil Resources [START_REF]World reference base for soil resources[END_REF].

Sampling

On the field three construction stages are recognizable in the cob barn (Figure 36). For accessibility reasons, samples were collected in the middle part of the barn. Portions of the wall facing west were cut thanks to a rock chainsaw and brought back to the laboratory (Figure 36 and Figure 37). Smaller undisturbed samples were collected for earth identification purpose and thin section manufacturing (Figure 38). For identification purpose, particle size distribution, according to [START_REF] Afnor | Soil: Investigation and testing -Granulometric analysis -Dry sieving method after washing[END_REF][START_REF] Afnor | Soils investigation and testing -Granulometric analysis -Hydrometer method[END_REF] and methylene blue value according to [START_REF] Afnor | Soils: Investigation and testing -Measuring of the methylene blue absorption capacity of a rocky soil -Determination of the methylene blue of a soil by means of the stain test[END_REF] were determined. Specimens for thin sections production (Figure 38) were cut in laboratory thanks to a table saw. Samples were air dried and then oven dried at 45°C. This temperature minimizes the changes in the mineral structure of the clay and the organic matter of the material. Afterward, according to the protocol proposed by [START_REF] Guilloré | Méthode de fabrication mécanique et en série des lames minces[END_REF], samples were soaked with synthetic resin. After a polymerization of one or two months, a slab of the sample was cut. This slab was temporarily glued to a glass slide. The unattached face of the slab was levelled, ground and glued definitively on another glass slide. The temporary glass slide was removed and the specimen was ground up to 25 μm, reference thickness for micromorphological analysis and for which the transparent observation of the thin section is possible, under Plane Polarized Light (PPL), Crossed Polarized Light (XPL), Oblique Incident Light (OIL) and UltraViolet Fluorescence (UVF). [START_REF] Stoops | Guideline for Analysis and Description of Soil and Regolith Thin Sections[END_REF]. Finally, a thin glass slide was glued on the second face to protect the thin section.

Thin sections descriptions were performed according to [START_REF] Bullock | Handbook for Soil Thin Section Description[END_REF] and [START_REF] Stoops | Guideline for Analysis and Description of Soil and Regolith Thin Sections[END_REF] with the help of [START_REF] Mackenzie | Atlas of rock-forming minerals in thin sections[END_REF] and [START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF] for petrographical description. The abundance of components is evaluated with an abundance charts [START_REF] Bullock | Handbook for Soil Thin Section Description[END_REF][START_REF]Interpretation of Micromorphological Features of Soils end Regoliths[END_REF]. These references provide a system of analysis and description of soil thin sections. The term groundmass refers to nature, shape and distribution of components; microstructure refers to the spatial arrangement of mineral and organic particles and of voids; fabric refers to the arrangement of the fine fraction (here < 10µm, Table 12) and the preferential orientations of coarse material; inclusions refers to sporadic allochthonous elements; and limits refers to soil discontinuities.

Results

Soil identification and macroscale description

Particle size distribution of materials collected in north window, south window and top of the wall (Figure 36) are presented in Figure 39 and textures are shown in Figure 40. Clay, silt, sand, gravel content, methylene blue value and methylene blue activity calculated according to [START_REF] Lautrin | Utilisation pratique des paramètres dérivés de l'essai au bleu de méthylène dans les projets de génie civil[END_REF], are presented in Table 11. 

Table 11. Identification of material collected in north window (NW), south window (SW) and in top of the wall (Top)

The cob implementation technique employed to build the middle part of the cob barn (Figure 36) is not clearly visible on-site. Wall specimens were water-sprayed in order to better analyse the cob macroscopic wall organisation. This revealed horizontally organised fibre layers (Figure 41), delineating clods of earth (Figure 42). Nonetheless, fibre layers are more or less obvious and are sometimes discontinuous. Pictures of thin sections were used to draw a horizontal and a vertical schematic cross section (Figure 43). The horizontal cross section is perpendicular to the faces of the wall, whereas the vertical cross section is parallel to the faces of the wall. Fibres are visible throughout cross-sections, but they are more specifically concentrated along subhorizontal planes (Figure 43). Soil aggregates are horizontally flattened and parallel to fibre planes (Figure 43). Vertically oriented voids are clearly visible throughout the horizontal cross section but are less visible in vertical cross-section (Figure 43). 

.2 Micromorphological description

A detailed micromorphological description is presented in Table 12. Microstructure of cob material is apedal, with a dominant vughy microstructure, and a minor vesicular microstructure. In vughy microstructure, voids are dominated by round vughs with concave and convex walls, randomly oriented or subhorizontally elongated (Figure 44). Vesicle voids are visible in vesicular microstructure (Figure 44). Vertical planar voids partially accommodated with a pointed edge (Figure 44) are visible all across thin sections, more especially in horizontal cross-section.

Groundmass has a c/f10µm ratio of 7/3 with a porphyric distribution pattern. Coarse material is made of (1) mineral grains: dominated by angular quartz silts and sands, rare subangular silt micas and rare subangular silt feldspar; (2) rock fragments: rare subrounded quartzite gravels and rare subrounded sandstone-schists gravels; (3) organic components: few well preserved pluricentimetres straw stem residues (Figure 45a) and rare inframillimetres plant organ fragments; (4) rare soil aggregates containing subrounded quartzite gravels, ( 5) very rare bones and ( 6) very rare ceramics. Fine material is made of yellowish brown speckled clay.

Textural, impregnative and amorphous pedofeatures are observed in the earth material. Textural pedofeatures are (1) occasional non-laminated coatings of voids (Figure 45b) or stems (Figure 45c), most of the time in normal position with regard to wall gravity, with a material dominated by 5-100 µm angular quartz, sometimes covered with a layer of fine material and sometimes associated with groundmass fragments (Figure 45b) ; ( 2) occasional non-laminated impure clay intercalations inside groundmass (Figure 45d); (3) occasional plurimillimetres clay depleted zone inside groundmass (Figure 45e). Impregnative pedofeatures are (1) occasional moderate to strong Fe-Mn coatings and hypo-coatings of voids (Figure 45f); (2) occasional moderate to strong Fe-Mn internal and external hypo-coatings of plant fragments (Figure 45g); (3) occasional moderate to strong Fe-Mn impregnations of groundmass (Figure 45h). Amorphous pedofeatures are rare plurimillimetres typic nodules with sharp or gradual boundaries.

From thin section analysis, two main fabrics can be distinguished: Fabric 1, the most represented, with a randomly distributed sand fraction inside a silty-clayey fine material, and Fabric 2, locally sand particles, stems, intercalations and clay depleted area are subhorizontally organized (Figure 46a, a andc) and sometimes this organisation is oblique (Figure 46d). These limits are located in or near stem concentrations areas (Figure 43) and are not continuous all along thin sections. These limits are also associated with broken stem residues (Figure 46a, c andd) and with sheared (Figure 46e andf) deformed (Figure 46g) or rounded (Figure 46h) soil aggregates. Angular quartz, micas, feldspar and sandstone schists most likely come from the alteration of the Brioverian formation, whereas subrounded quartzite gravels, associated with soil aggregates, most likely derive from an old alluvial deposit. It is to be noted that, even located on eolian deposits (Figure 35), no eolian quartz was observed in thin sections.

Anthropogenic remains (bones, ceramics) are very few in the earth material, indicating a non-superficial material origin and that the material does not come from the reuse of a past cob wall. Groundmass has few plant residues such as fine roots or herbaceous fragment and exhibit low finely organic components with a high degree of comminution. These observations confirm the non-superficial material source.

Material collected in the north window has a higher gravel content (Figure 39 and Table 11) and material collected in the top of the wall has a lower clay content than the other ones (Figure 40 and Table 11). These differences are deemed compatible with horizontal and vertical natural variations inside a unique soil horizon. It is then reasonable to consider that the excavation of the earth may have concerned a unique site.

Fibre addition

Stems observed in thin sections correspond to straw fibres observed by naked eye. Their vegetal cells are clearly visible and have a high birefringence (Figure 45a), highlighting a slight ageing. Fibre abundance and their organization in layers (Figure 41, Figure 42 and Figure 43) pointing out an intentional fibre addition by past builders.

Clod limits

Limits of clods are visible at macroscale (Figure 42) and are underlined by fibre layers (Figure 41). These limits are still visible by naked eye observation of thin sections (Figure 43) but are less obvious under microscope observation. At microscale, clods limits are better depicted as a transition zone, underlined by subhorizontal fibre concentration, associated with subhorizontal vughs and quartz alignments (Figure 46a, b andc) and sometimes with vesicles (Figure 44).

Mixing

Several pedofeatures, like (1) Sub-horizontal voids located beneath fibre or quartzite (Figure 44), (2) straw fibres filled with earth (Figure 45c), (3) in-situ fragmentation of straw fibres (Figure 46c), (4) sheared and horizontally flattened soil aggregates (Figure 46e and f), ( 5) straw fibres forced inside soil aggregates (Figure 46g) and ( 6) rounded soil aggregate (Figure 46h), highlight a kneading action of earth material at plastic state with straw fibre addition. This is in line with traditional cob mixture preparation, prior to implementation, which usually involved the treading, by men or animal, of earth at plastic state together with fibres (section 3.3.2.5). Nonetheless, since these pedofeatures are predominantly in a normal position with regard to wall gravity, they could also be attributed to a compaction of clods inside the wall during implementation or drying phase.

As clods are implemented sub-horizontally, it is not possible to make the distinction between compaction pedofeatures linked to treading of cob mixture and, if it has been the case, those linked to clods compaction inside the wall.

Quartz particles are not evenly distributed in the groundmass and straw fibres are mainly located at clods limits. The blending action of cob mixing is very limited. In this case, cob mixing is dominated by kneading, which forces straw fibres inside the surface of earth material and allows water ingress in order to reach a homogeneous consistency of cob mixture. The construction technique employed here can be identified as a local constructive technique of Brittany called "caillibotis", case (b) section 3.3.3.1. It is then possible to propose a description of the technique employed for the cob wall construction. A layer of fibre was spread on the ground, then a layer of earth, and another layer of fibre.

The whole was wetted and trod by foot, so that fibres penetrate faces of cob mixture layer, and cut into squares. These squares, or clods, were pilled horizontally inside the wall.

Clay depletion and intercalation

Clay depletions are visible in some areas inside groundmass (Figure 45e), in the material inside some fibres (Figure 45c) or in material inside some voids (Figure 45b). During kneading and/or clods implementation, compaction of the material at plastic state lead to water flow of excess water. Water flow preferentially circulated inside high porosity areas, voids and fibres, discontinuities and leached clays and sometimes fine silts, depending on the speed flow.

Impregnations

Fe and Mn oxides occur when the soil is saturated with stagnant oxygen-depleted water during at least several days, with the presence of sufficient organic matter and microorganisms and with a temperature above 5°C [START_REF] Lindbo | Redoximorphic Features[END_REF]. Straw fibres added in cob mixture are affected by Fe/Mn impregnations (Figure 45g). Implementation of clods of cob was usually made right after the cob mixture treading or, at most, one day after kneading (section 3.3.3.2). According to literature this time period seems not sufficient to generate impregnative pedofeatures. Impregnations observed in thin sections had developed at the beginning of the drying of the wall, at least for those affecting straw fibres.

Broken impregnations, clay depleted deposits in void included in an impregnation and impregnated plant residue perpendicular to the general orientation of the earth material observed in thin sections prove that a part of the impregnations took place before wall drying. These impregnations could be inherited from the initial soil, could be related to an intentional rotting of soil, prior to construction, in order to reduce organic matter content, or, if organic matter was added, for stabilisation purpose (section 3.3.2.4). No intentional fine organic matter addition in the groundmass for stabilisation purpose was highlighted in thin section observation. The little vegetal residues content of the groundmass and the Fe/Mn impregnations of the groundmass could be attributed to an intentional rooting of the soil prior to construction or could be inherited from the initial soil.

Shrinkage

Vertical planar voids intersect all pedofeatures types observed in thin section and are visible across all thin sections, more specifically across horizontal cross-section (Figure 43). These vertical voids are interpreted as shrinkage cracks. It is to be noted that shrinkage is more pronounced in the direction perpendicular to the face of the wall than in the direction parallel to the face of the wall.

Cob micromorphological analysis -Synthesis

Micromorphological analysis of this cob material highlighted: (1) a clear kneading action at plastic state attributed to the cob mixture trampling, (2) a limited or no blending action, (3) water flow responsible for clay depleted and intercalation areas, attributed to cob mixture trampling and possibly also to compaction of cob clods during implementation in the wall, (4) impregnations of Fe and Mn oxides attested during wall drying and hypothetically during an intentional rooting of material prior to mixing. Besides micromorphological analyse, macroscale observations were essential in order to understand the general clods organisation. For cob wall study, microscale and macroscale descriptions are both required. Combining these two observation scales, it was possible to identify "caillibotis" as the construction technique employed for this building.

Synthesis of chapter 3

Micromorphological analysis of features deriving from construction process provides information on the mixing degree, the water content of manufacturing stage, the deformations associated with kneading or compaction action and the organisation of clods/layers. All these elements permit to propose an accurate description of the construction technique employed by past builders. For the rammed earth and the cob building studied here, we succeeded rediscovering the construction process employed by past craftsmen.

Table 13 draw a comparison of micromorphological features related to the rammed earth farm and the cob barn at different process stages. Rammed earth vernacular construction techniques show little variations and, to a certain extent, rammed earth can be regarded as a standardized process. Features highlighted for the rammed earth farm in Table 13 can thus be used as a basis to assess micromorphological characteristics of rammed earth. This is not the case for the cob barn. Indeed, cob process shows large variations (section 3.3.5) and the features proposed in Table 13 for the cob farm only concern the "caillibotis" technique. 

Drying

Drying is associated with Fe and Mn impregnations, affecting fibres added in cob mixture, and with vertical shrinkage cracks, more pronounced in the direction perpendicular than parallel to the face of the wall (section 3.5.3.6 and 3.5.3.7)

If micromorphology applied to earth buildings provides detailed information on the construction process, it necessitates collecting samples in heritage buildings and it involves a long samples preparation and investigation. This method is time-consuming and it is not possible to study large heritage corpus. Studied buildings should, therefore, be carefully selected. This method could complement heritage study, by selecting, for example, some typical buildings for each architectural typology and original case-studies. It can also be used prior to heritage restoration works, in order to identify and reproduce the construction technique employed by past builders.

Some improvements can be proposed for this methodology. This more specifically concerns the determination of water content of manufacturing stage, which has a great impact on kneading/compacting action. Only the material state, i.e. solid, plastic or liquid, can be determined presently. The identification of a physical parameter, correlated with water content, should enable the determination of the water content of manufacturing stage. Another outlook for future could be the utilisation of image analysis to go from a phenomenological approach to a physical approach. However, pedofeatures are complex and multiscale objects and their study requires a high expertise. The development of such image analysis tools would necessitate a significant effort, but could lead to study large collections of thin sections and refined material characteristics and construction processes.
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Chapter 4 Earth construction in modern sustainable building Modern earth construction sector faces many issues. In Western countries, major issues identified in the literature [1,4,[START_REF] Williams | The feasibility of earth block masonry for building sustainable walling in the United Kingdom[END_REF][START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Avrami | Earthen Architecture, Sustainability, and Social Justice[END_REF][START_REF] Ley | Devon Earth Building Association: cob and the Building Regulations[END_REF][START_REF] Eisenberg | Breaking down the barriers: challenges and solutions to code approval of green building[END_REF] are a high cost of construction, a lack of standard, a lack of knowledge, ignorance of consumers, contractors and professional of the building industry, inappropriate national regulations and a lack of formation. The review of modern earth construction issues is a wide and complex subject and would require an extensive socio-economic analysis, which is outside the scope of this thesis. Anyhow, earth construction issues are determined considering mainly rammed earth, compressed earth blocks and adobe techniques. Cob is rarely considered in the modern building while this rich process can shed a new light on modern earth construction. Section 4.1, therefore, focuses on cob as a sustainable construction material for modern building but aims at feeding the discussion on modern earth construction. The past and present innovation of cob (section 4.1.2), interaction with society (section 4.1.3) and the future of cob (section 4.1.4) are discussed in this section.

Cob, a process in constant innovation

Cob is a slow and labour intensive process. Cob masons have experimented alternative construction techniques in order to ease the construction process and to save time. Generation after generation, cob masons better understood the behaviour of the material and enhanced their techniques. This innovation process is highlighted by the reduction of wall thicknesses, as illustrated in section 3.3.3.2. The use of animal power for mixing, the development of specific cob tools, the "quick process" and the use of shuttering are other examples of past innovations (section 3.3.3.1).

More recent cob innovations involved: (1) use of damp proof courses, (2) prefabrication, (3) mechanization and (4) new mixing and implementation techniques.

Plinths of cob heritage walls are made of stones and earth or lime mortar [14,[START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Ziegert | Historical cob buildings in Germany -construction, damage and repairs[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF][START_REF] Goodhew | The Thermal Properties of Cob Buildings of Devon[END_REF][START_REF]Cob Walls in East Dorset Care and Repair[END_REF] that may drive capillary rise. Consequently, cob walls are exposed to humidification by capillary rise. If excess water is not evacuated from the wall, the water content of the cob wall can rise and lead to poor thermal comfort and/or structural damages [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Ziegert | Historical cob buildings in Germany -construction, damage and repairs[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Keefe | The Cob Building of Devon 2 -Repair and Maintenance[END_REF]. In Germany, layers of compacted clay underneath foundations of cob heritage buildings dating back to 17 th up to 19 th century were interpreted as poor damp proof courses [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]. The first mention of efficient damp proof courses made of bitumen cardboard concerned cob houses in the beginning of the 20 th century [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF]. The use of cement concrete in lieu of stone masonry for the plinth during the 20 th century also participated to the protection of the cob walls from capillary rises [START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Pullen | Strength and Composition of Willamette Valley Cob: An Earthen Building Material[END_REF].

Prefabrication of cob elements is a way to reduce the wall fabrication time [START_REF] Williams | The feasibility of earth block masonry for building sustainable walling in the United Kingdom[END_REF]. Plastic elements of earth cut or modelled (case b and c, section 3.3.3.1), i.e. Gazon, Massone or Banco techniques, can be regarded as prefabrication techniques. The regular shape of earth elements eased their placing on the wall and their dry-plastic state accelerated the drying of the wall. Joce [START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF], in 1919, proposed a cob prefabrication process which however seems that it had never been employed. Another prefabrication process has been developed and employed by Jean Guillorel in Brittany in the 1980's [START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF][START_REF] Collectif | Construire en terre, la recherche d'un habitat chaleureux[END_REF][START_REF] Baudrier | Lingoterre, un espace de production, de conception et de promotion de l'architecture de terre crue en bassin rennais[END_REF]. Cob mixture was poured in a mould that contained two hooks attached to three wooden pieces disposed on the bottom of the mould. Hooks were employed to handle cob elements. Cob elements were unmoulded 24 h after pouring and left to dry for 1 month. The height of the prefabricated cob elements was 50 cm, the thickness was 40-50 cm and length was 50-70 cm. Elements were assembled in the wall thanks to a crane and jointed with an earth stabilized mortar [START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF][START_REF] Collectif | Construire en terre, la recherche d'un habitat chaleureux[END_REF][START_REF] Baudrier | Lingoterre, un espace de production, de conception et de promotion de l'architecture de terre crue en bassin rennais[END_REF].

Mechanization of the mixing of cob reduced the number of workers required, the work painfulness and should improve the mixing action. The first mention of mechanization of the cob mixing was made by Clough Williams-Ellis in 1920 [START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF]. The author stated that a power-driven "pan-mill" has been tried with success. Since then, attempts have been made to mix cob, using machines such as concrete mixer [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF], mortar mixer [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF], vertical shaft mixer [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF][START_REF] Collectif | Construire en terre, la recherche d'un habitat chaleureux[END_REF], rotavator [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF] and clay brick mixer [START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF]. The kneading action of most of these machines was too little to force the straw and clay into contact. Thus, they required a higher water content of manufacturing stage, which increased the drying time. Those machines are considered as inappropriate for cob mixing [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF][START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. Another mechanized technique developed in England consists in treading the cob mixture thanks to the wheels of a digger and in stirring it thanks to the digger bucket [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Weismann | Construire en terre facilement -La technique du cob[END_REF]. The mixing action of the digger is judged satisfactory but, as for other mechanized techniques, it required higher water content of manufacturing stage. It was then necessary to let the cob mixture drying for a while before implementation [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF].

New mixing and implementation methods were developed in the USA during the 1980's and 1990's [START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Bee | The Cob Builders Handbook[END_REF][START_REF] Evans | The Hand-Sculpted House, A Practical and Philosophical Guide to Building a Cob Cottage[END_REF][START_REF] Pullen | Strength and Composition of Willamette Valley Cob: An Earthen Building Material[END_REF]. These methods introduced the use of tarp to stir the cob mixture and the implementation of cob by hand, using a thumb, a stone or a stick. Reedcob is a new cob implementation technique developed in Portugal that consists in employing giant reed cane as bond beams [START_REF] Carneiro | Improving Building Technologies with a Sustainable Strategy[END_REF].

Joce [START_REF] Joce | Cob Cottages for the Twentieth Century[END_REF] did a clear distinction between an old-fashioned cob method and a modern one involving mechanization and prefabrication. However, innovation concerned the past period as it concerns the modern one. For example, animal treading can be regarded as a mechanized process and moulded clods of cob or adobe technique can be regarded as prefabrication processes. In fact, it is quite difficult to draw a line of demarcation between an old cob process and a modern one. The modern cob is in the continuation of the vernacular cob.

Cob and society

Social, economic and technical evolutions of societies had a great impact on the evolution of the cob process [START_REF] Morton | Conserving Earth Structures in a Damp Climate[END_REF][START_REF] Ford | The development of a methodology for creating an earthen building inventory[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF]. Until early 20 th century in Europe, masons moved by foot or by bicycle and building materials were transported by animal-drawn tumbrel [START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF]. Consequently, masons had to use locally available materials and had a range of action restricted to a few kilometres [START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Ford | The Sandford Inventory of Earth Buildings constructed using a GIS[END_REF]. This isolation was more dramatic in marshlands [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Sorin | La ferme du Bas-Quesney -Etude et projet de réhabilitation d'une ferme en bauge du XVIè siècle[END_REF]. Cob construction process know-how was orally transmitted generation after generation [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Little | Building with earth in Scotland: Innovative design and sustainability[END_REF][START_REF] Mccann | Clay and Cob Buildings[END_REF]226,[START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF] and the limited transportation means did not foster the exchange of know-how between cob masons. This generated local practices and habits for construction [START_REF] Morton | Conserving Earth Structures in a Damp Climate[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF]. This is illustrated by the variety of the names given to cob mixture in Brittany that were different from a town to another [START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF]. In Europe at the end of 19 th century, the railway brought stones and new construction materials (brick and cement) that entered in competition with cob [START_REF] Morton | Conserving Earth Structures in a Damp Climate[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Troquier | Etude locale (Côtes du Nord et Finistère) de matériaux de construction abandonnés ou inexploités susceptibles d'être mis en oeuvre dans le contexte économique actuel[END_REF][START_REF] Milcent | Construire en terre, couvrir en roseaux[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF].

Cob site work required an important workforce [START_REF] Collectif | Construire en terre, la recherche d'un habitat chaleureux[END_REF]. Usually, a skilled cob mason, eventually accompanied by 1 or 2 employees or apprentice, conducted site operations [START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF][START_REF] Plaine | Roches et pierres du Pays de Montfort -du sous-sol à l'architecture[END_REF]. The workforce was supplemented by the owner helped by his family and his neighbours [START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Pecquet | La matière première de constrution des maisons lyela, (Burkina Faso) comme puissance[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF]. Sometimes cob houses were self-build by the owner [START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Rafitoson | Modèle d'habitat traditionnel en terre pour Antananarivo Madagascar[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF]. In all cases, mutual aid brought by the neighbours' workforce was essential to face cob site work [START_REF] Troquier | Etude locale (Côtes du Nord et Finistère) de matériaux de construction abandonnés ou inexploités susceptibles d'être mis en oeuvre dans le contexte économique actuel[END_REF][START_REF] Collectif | Construire en terre, la recherche d'un habitat chaleureux[END_REF][START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF]. Mutual aid relied on the reciprocity of favours. In Brittany, another way to motivate neighbours to give a hand on site involved free cider, traditional music and songs to make them dancing and singing while treading cob [START_REF] Renoux | Maison de terre en Loire-Atlantique[END_REF][START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF]. Rural migration depleted available workforce and knowhow, and commodification broke rural solidarity [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Troquier | Etude locale (Côtes du Nord et Finistère) de matériaux de construction abandonnés ou inexploités susceptibles d'être mis en oeuvre dans le contexte économique actuel[END_REF]226,[START_REF] Boukari | Pour l'utilisation des matériaux locaux en Afrique de l'Ouest[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF]. Without mutual aid system, labour charge became unaffordable for a part of the rural population [START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Collectif | Construire en terre, la recherche d'un habitat chaleureux[END_REF]. Mechanization of the process was an answer to this issue [START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF].

In Europe, before 1900, because cob houses were cheap to build, it was the unique affordable construction for a part of the population [START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF]. For them, it was therefore not a choice but a constraint that highlighted their social class [START_REF] Milcent | Maison de terre et de roseau[END_REF][START_REF] Dethier | Des architectures de terre ou l'avenir d'une tradition millénaire[END_REF]. Therefore, for a large part of the population, cob was synonymous with poverty, archaism, unhealthiness and low strength [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Morton | Conserving Earth Structures in a Damp Climate[END_REF][START_REF] Lahure | Architecture en Terre de Haute Normandie[END_REF][START_REF] Ford | The Relevance of GIS in the Evaluation of Vernacular Architecture[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Tapin | La maison en terre, ou comment se construisait une maison en terre dans les marais de Marchésieux et d'ailleurs[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Collectif | Construire en terre, la recherche d'un habitat chaleureux[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Conti | Earthen Building today, a renewed use of an ancient technology (an experimental cob construction in the Marche region)[END_REF]. This is why where stones were available it was preferred to earth as a building material [START_REF] Bardel | Architecture de terre en Ille-et-Vilaine[END_REF][START_REF] Garrec | Etude granulométrique des constructions rurales en terre du patrimoine d'Ille et Vilaine[END_REF][START_REF] Petitjean | Les maisons de terre, techniques de construction en Ille-et-Vilaine[END_REF][START_REF] Poulain | Pipriac, Histoire et Patrimoine[END_REF][START_REF] Delabie | Maisons en terre des marais du Cotentin[END_REF]. Earth was considered as a default material choice [START_REF] Petitjean | Construction en terre en Ille-et-Vilaine au XIXème siècle[END_REF]. However, some authors noted that in late 19 th and early 20 th century, high-status buildings were built in cob (manors, schools, town halls, churches) proving that cob is not only a building material for the poor [START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Ford | The development of a methodology for creating an earthen building inventory[END_REF][START_REF]Earthen Architecture[END_REF][START_REF] Delagrée | Patrimoine -Le bâti de terre[END_REF][START_REF] Ford | The Relevance of GIS in the Evaluation of Vernacular Architecture[END_REF][START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Josselin | Architecture contemporaine, construire en terre[END_REF][START_REF] Collectif | Construire en terre, la recherche d'un habitat chaleureux[END_REF][START_REF] Poulain | Pipriac, Histoire et Patrimoine[END_REF][START_REF] Cissé | Constructions en terre au Mali : Dynamiques sociales et culturelles d'une tradition ancestrale de construction[END_REF]. Nevertheless, with the introduction of industrial building materials (brick, cement), regarded as a social symbol of modernity, cob fell into disuse [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Morton | Conserving Earth Structures in a Damp Climate[END_REF][START_REF] Dermane | Architecture et urbanisme en Afrique, Habitats Ewe, Kotokoli au Togo[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Vicquelin | Histoire des performances thermiques des bâtiments au XXème siècle de la bauge aux procédés modernes d'isolation thermique par l'extérieur[END_REF][START_REF] Milcent | Maison de terre et de roseau[END_REF][START_REF] Williams-Ellis | Cottage Building in Cob, Pisé, Chalk & Clay a renaissance[END_REF][START_REF] Conti | Earthen Building today, a renewed use of an ancient technology (an experimental cob construction in the Marche region)[END_REF].

Finally, political decisions also had a great influence on cob construction. For example, the old regime land law in Brittany [START_REF] Josselin | Diplôme de fin d'étude -Etude sur la construction en terre[END_REF][START_REF] Troquier | Etude locale (Côtes du Nord et Finistère) de matériaux de construction abandonnés ou inexploités susceptibles d'être mis en oeuvre dans le contexte économique actuel[END_REF][START_REF] Josselin | Architecture contemporaine, construire en terre[END_REF] and an old tax on bricks in the United Kingdom [START_REF] Mccann | Clay and Cob Buildings[END_REF] supported cob construction sector. On the contrary, building regulations were established without regard to cob, which was a major obstacle to the development of the sector [13,[START_REF] Allison | Building in Cob and Pisé de Terre[END_REF][START_REF] Bouflet | Architecture de terre en Mayenne[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF][START_REF] Ley | Devon Earth Building Association: cob and the Building Regulations[END_REF]. Building regulation is still an obstacle for modern earth construction [1].

The future of cob process

Vernacular cob construction has many environmental, social and health benefits and is, therefore, a source of inspiration in order to reduce the impact of the modern building sector. Nonetheless, this slow process was time-consuming and required a large workforce, which is inappropriate in Western modern economies [START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Williams | The feasibility of earth block masonry for building sustainable walling in the United Kingdom[END_REF][START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF][START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Laestander | An economic sustainability comparison between the natural building technique ; cob and the conventional technique ; concrete for residential buildings in Matagalpa[END_REF]. In order to comply with this economic constraint, two options can be identified for cob: the recourse to self-build houses or the recourse to mechanisation and/or prefabrication (section 4.1.2). Self-builders have little site equipment and usually use the vernacular, lowimpact, process. This solution may, however, satisfy only a small part of housing needs. The other solution is to go on with the development of mechanized/prefabricated cob process. These processes may, however, consume more energy and fewer workforces than the vernacular one, thus reducing environmental and social benefits.

The cob material source is another issue since earth is a natural material and varies from a site to another. To overcome these variations, two different approaches are observed: (1) adapt the material to the process, thanks to a granular correction [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Harries | A rational return to earth as a contemporary building material[END_REF], forcing its particle size distribution into a grading envelope predetermined in the laboratory and/or addition of hydraulic binder [4,[START_REF] Morel | Some observations about the paper "earth construction: Lessons from the past for future eco-efficient construction[END_REF][START_REF] Alam | Economical stabilization of clay for earth buildings construction in rainy and flood prone areas[END_REF][START_REF] Ngowi | Improving the traditional earth construction: a case study of Botswana[END_REF], this solutions reduce the environmental benefits of cob [1]; (2) adapt the process to the material [1,[START_REF] Watson | The cob building technique. Past, present and future[END_REF][START_REF] Bui | How to Use In-situ Soils as Building Materials[END_REF], this solution optimizes the consumption of natural resources and relies on the expertise of skilled craftsmen, architects and on performance based tests. It, therefore, requires the education of specialist of cob construction.

Cob, like other earth construction process, encounters a renewed interest thanks to its low environmental impact. However, the economic and regulation constraints of the building sector impose to speed up the construction process and to strengthen the material, which reduces environmental and social benefits. A balance has to be found between a zeroemission vernacular material and a fast implemented and strengthens the material. The future of earth construction will be the result of an optimization of the economic and environmental sustainability of construction processes.

Performance based approach

The placement of construction products in the European Union market is set by the Construction Products Regulation [301]. This regulation enforces manufacturers to provide the characteristics of their products in a Declaration of Performance and to label their product with CE marking. This prescriptive approach is well adapted to standard industrial products but not to natural, variable, non-conventional materials [START_REF] Eisenberg | Breaking down the barriers: challenges and solutions to code approval of green building[END_REF]. This regulation constraint led several authors and producers to propose to standardise earth materials: by granular correction and admixture addition or by exploitation of earth quarries. However, these solutions alter the beneficial impact of earth buildings. Since the use of earth, with regard to conventional material, is legitimated by its low impact, these solutions are deemed as irrelevant for earth construction sector in a long term perspective.

Another solution is the elaboration of performance based procedures [START_REF] Avrami | Earthen Architecture, Sustainability, and Social Justice[END_REF][START_REF] Ley | Devon Earth Building Association: cob and the Building Regulations[END_REF][START_REF] Eisenberg | Breaking down the barriers: challenges and solutions to code approval of green building[END_REF][START_REF] Walker | Development of new performance based standards for earth building[END_REF]. The aim of this approach is to validate the performance of building elements thanks to specimens manufactured on-site. This approach requires the assessment of the performance of any new building. Regardless of the material, the formulation and the implementation technique, the real performance of building elements is assessed. Thus, performance based approach allows using any kind of earth and process, and more specifically local raw earth implemented with low-embodied energy construction technique. It also avoids standardisation of the construction process and contributes to the preservation of the diversity of local construction cultures. This approach thus covers all the needs of the earth construction sector and is the only one enabling the validation of the most sustainable earth building solutions. Two different performance based laboratory procedure are proposed here, one for plasters on earthen walls (section 4.3) and another one for cob walls (section 4.4).

Plasters

Introduction

Plasters maintenance of earth heritage is a major issue in order to preserve this heritage. Unfortunately, old construction techniques fell into disuse in the West and are therefore no longer practised by the vast majority of masons. Industrial cement-based coatings are unsuitable and may even be harmful to earth constructions [START_REF] Lanas | Masonry repair lime-based mortars: Factors affecting the mechanical behavior[END_REF][START_REF] Walker | Rammed Earth: Design and construction guidelines[END_REF]. As part of a working definition of a code of practice for using plaster on earthen walls [START_REF] Casaux | Règles professionelles -Enduits sur support composés de terre crue (French code of practice for plasters for earthen walls), Le Moniteu, réseau Ecobatir, FFB[END_REF], a research campaign was conducted to validate on-site tests to select suitable plaster formulations. These results were published in 2013 in [START_REF] Hamard | A procedure to assess the suitability of plaster to protect vernacular earthen architecture[END_REF].

In France, the maintenance of outside plasters to ensure built heritage is principally achieved with lime/sand renders. These plasters are quite commonly used for stone walls, and their formulations and implementation techniques are well known by masons. Lime and sand plasters are compatible with earthen walls, but earth plasters have also been traditionally used on earthen walls [START_REF] Casaux | Règles professionelles -Enduits sur support composés de terre crue (French code of practice for plasters for earthen walls), Le Moniteu, réseau Ecobatir, FFB[END_REF]. Earth/sand renders are mainly used as inside plasters. For outside plasters, earth/sand renders are added to admixtures that limit the effects of weathering. Unfortunately, in France, masons no longer practised earth plaster formulations and implementation techniques. Thus, this study mainly investigates earth plasters but also includes lime/sand plasters. The proposed procedure is designed for France. It may need some adaptations to be used in other countries, according to climate (high rainfalls for example) and chemical composition of soils (presence of salts for example).

Earth plasters feature two advantages: they are permeable to water vapour, and their mechanical behaviour is similar to that of earthen walls, which make them more compatible with earthen walls than cement based coatings, which are waterproof and overly stiff [START_REF] Bui | Durability of rammed earth walls exposed for 20 years to natural weathering[END_REF][START_REF] Lanas | Masonry repair lime-based mortars: Factors affecting the mechanical behavior[END_REF][START_REF] Walker | Rammed Earth: Design and construction guidelines[END_REF][START_REF] Casaux | Règles professionelles -Enduits sur support composés de terre crue (French code of practice for plasters for earthen walls), Le Moniteu, réseau Ecobatir, FFB[END_REF]. The mechanical compatibility can be estimated based on the difference between Young's moduli of the wall and plaster; if there is too large of a difference, the stress changes induced by overloads, moisture and temperature variations generate a differential strain between the plaster and wall leading to damage to the plaster or earthen wall. The Young's Modulus of the earthen wall (approximately 0.5 GPa for rammed earth [START_REF] Bui | Compression behaviour of non-industrial materials in civil engineering by three scale experiments: the case of rammed earth[END_REF]) is significantly lower than the concrete Young's moduli (ranging from 15 to 50 GPa). Thus, earth and lime/sand plasters [START_REF] Arandigoyen | Pore structure and mechanical properties of cement-lime mortars[END_REF], with Young moduli ranging from 1 to 10 GPa, are well adapted to earthen walls a priori.

Earth plasters are made from earth excavated near the building site; a certain amount of sand is then added to these earths. As masons did for centuries, numerous admixtures (e.g., vegetable and animal fibres, soap, milk, fresh cow dung and red wine) can be added to these two bases to improve their properties [START_REF] Yetgin | The effects of the fiber contents on the mechanic properties of the adobes[END_REF][START_REF] Achenza | On Earth Stabilization with Natural Polymers for Earth Masonry Construction[END_REF][START_REF] Quagliarini | The influence of natural stabilizers and natural fibres on the mechanical properties of ancient Roman adobe bricks[END_REF][START_REF] Galán-Marín | Clay-based composite stabilized with natural polymer and fibre[END_REF]. Unlike standardized building materials, earth materials vary considerably. It is impossible to determine a formulation that is suitable for all sites; therefore, based on tests already carried out by masons, the field tests in this study are proposed to validate plaster formulations in terms of properties of each type of materials used. This approach is designed to allow the choice of materials at the discretion of masons, thus promoting the use of local materials and respecting local construction cultures.

An earth plaster is of acceptable mechanical quality if, after shrinkage, there are no cracks through which water can penetrate into the wall, and the plaster has a sufficient bond with the wall. In this study, two on-site tests (a shrinkage test and a shear test) were conducted to validate the plaster formulations. A testing campaign was conducted to validate these two tests. The proposed tests were applied to plasters made from two different earth. Additional laboratory tests were conducted to measure the methylene blue value, shrinkage, bending strength and water content of these plasters.

Experimental procedure 4.3.2.1 Earthen wall preparation

In the first testing campaign, an old rammed earth house located in Chamboeuf (France) on real on-site conditions was used. This house was rendered with a lime/sand plaster. In this case, only the lime/sand plaster was studied. In the second testing campaign, an outdoor cob wall located in a farm garden belonging to the Grand Parc de Miribel Jonage in Vaulx-en-Velin (France) was used. This wall was composed of a basement of slag concrete that underpinned a cob rising of approximately 500 mm. Non-professionals constructed this wall under bad weather conditions; therefore, it is quite eroded and seems to be of poor quality. In the third testing campaign, stabilized rammed earth walls realized in the laboratory were used. The two rammed earth walls have a smooth wall surface. The cob wall and the rammed earth walls were brushed and repeatedly wetted with a garden sprayer. For the second and the third testing campaigns, a scratch coat consisting of 1 volume of Natural Hydraulic Lime (NHL 3.5) and two volumes of Hostun sand [START_REF] Flavigny | Note technique -Le sable d'Hostun "RF[END_REF] (maximum diameter of 0.8 mm) was thrown on the earthen wall. To limit the impact of the scratch coat on results, the same lime and sand were used, with approximately the same amount of water to get the same consistency and it was always implemented by the same operator. However, the scratch coat is irregular and may have an impact on the scattering of the results. This scratch coat ensures a better key of plaster on the wall. Earth plasters are applied directly to this scratch coat. This is the traditional French way of preparing an earthen wall prior to coating [START_REF] Casaux | Règles professionelles -Enduits sur support composés de terre crue (French code of practice for plasters for earthen walls), Le Moniteu, réseau Ecobatir, FFB[END_REF].

Testing campaign

Earth plasters were prepared from earths (e.g., clays, silts and sand) to which variable proportions of sand and water was added. Clay fraction plays the role of binder and is responsible for the shrinkage of the plaster. Silt and sand constitute the granular skeleton that makes up the mechanical structure of the plaster.

According to masons, a good earth plaster formulation must contain enough clay to bind the entire granular skeleton and prevent its erosion but not too much to limit its shrinkage. Therefore, an earth:sand ratio by volume or by mass that will not generate harmful plaster shrinkage and will allow sufficient sand grain covering is typically sought. In this study, shrinkage is considered to be harmful if it causes deep cracks or a delamination of the plaster; crazing is not considered injurious. To validate their formulations, masons typically conduct on-site tests, which differ from one mason to another. Because of the definition of a new code of practice, which involved more than 60 earth construction professionals under the coordination of the French network "écobâtir", it has been possible to propose a standardized procedure. This procedure consists of a shrinkage test followed by a shear test.

The shrinkage test requires a 250x250 mm sample of each formulation of brown coat. The number of layers and the thickness of the specimens should be the same as those for the final plaster. For the testing campaign, specimens had 2 layers and a total thickness of approximately 20 mm. After drying, when shrinkage is completed, the presence or absence of cracks in the samples was noted. Only samples without cracks are validated.

A second important aspect of earth plaster formulations is their bond to the wall. This bond depends on the nature of the wall (e.g., materials, material implementation and possible heterogeneities), the wall's hydric state and the nature of the plaster.

The aimed dimensions of the shear test specimens are 50 mm × 40 mm × 20 mm. As it is impossible to obtain specimens with those exact dimensions, all specimens were measured before testing. For the first testing campaign on the cob wall, there were 2 specimens of each formulation. Unfortunately, the results were too scattered to be meaningful, which is why a second testing campaign on a rammed earth walls was undertaken. In this second campaign, there were 5 specimens of each formulation. The samples were loaded until failure with a loading device (Figure 47) by increments of 0.5 kg for Tassin earth samples and for reasons of precision, by increments of 0.25 kg for the other samples. At first, the duration of the test was 60 s. Since all sample failures occurred in the first 10 s it was decided to reduce the duration of the test to 30 s. An example of loading device is given in Figure 47. This loading device is not standardized and different kind of loading devices can be used. Nevertheless, the loading device must ensure a good contact with the top of the specimen and minimize the contact with the wall. The mass at which the sample breaks, which is called failure mass (mf, kg), was recorded.

Based on the loads and surface of the sample (S, mm 2 ), it is possible to calculate the average shear stress (τ, Nmm -2 ) as τ = mf.g /S [START_REF] Lebas | La terre crue en Basse-Normandie, De la matière à la manière de bâtir[END_REF] where g = 9.81 m.s -2 .

The following additional laboratory tests were carried out to better characterize the earth plaster:

-The Methylene Blue Values (MBVs) of the Tassin and Rochechinard earth were measured using the French standard NF P 94-068 [START_REF] Afnor | Soils: Investigation and testing -Measuring of the methylene blue absorption capacity of a rocky soil -Determination of the methylene blue of a soil by means of the stain test[END_REF] (Table 14). The MBV measures the water sensitivity of a soil, which is largely related to the amount and nature of the clays of the earth.

-Plaster's longitudinal shrinkage for samples of 40×40×160 mm was obtained by measuring the length of the specimen, thanks to a ruler, before and after drying. Two specimens were measured for each formulation; -Three-point bending test on 2 plaster samples of 40×40×160 mm per formulation was performed. The maximal force reached (F, N) was recorded, and the bending strength (σ, Nmm -2 ) was calculated as σ = ± 3F.d/(2.w.h 2 ) [START_REF] Walker | Modern Innovations in Unfired Clay Masonry in the United Kingdom[END_REF] where: d (mm) is the distance between lower supports points, w (mm) is the width of the specimen and h (mm) is the height of the samples. 

Sample production

Tassin and Rochechinard earth were used for the tests [START_REF] Azeredo | Compressive strength testing of earth mortars[END_REF] (Table 14). Since Rochechinard earth has a 26 % clay content and Tassin has a 18 % clay content [START_REF] Azeredo | Compressive strength testing of earth mortars[END_REF] (Table 14), five different clay contents of 18%, 12%, 9%, 6% and 3% in dry weight were reached by adding Hostun sand to those earths (Table 15). The Rochechinard earth plasters with 18% and 12% clay contents were also tested with Sisal fibres [START_REF] Ghavami | Behaviour of composite soil reinforced with natural fibres[END_REF] and hemp chaff aggregate [START_REF] Samri | Analyse physique et caractérisation hygrothermique des matériaux de construction : approche expérimentale et modélisation numérique (Physical analysis and hygrothermal characterization of building materials: experimental approach and digital modelling[END_REF] (Table 15). The samples contained an admixture amount of 0.5% by dry weight of mortar, which is a classical value [START_REF] Mesbah | Development of a Direct Tensile Test for Compacted Earth Blocks Reinforced with Natural Fibers[END_REF] and which corresponds to 25 g by formulation. Sisal fibres are much finer and longer than those of hemp chaff (Sisal: diameter: 0.15 mm, length: 40 mm; hemp chaff: rectangular section: 2 × 5 mm, length: 20 mm) [START_REF] Ghavami | Behaviour of composite soil reinforced with natural fibres[END_REF][START_REF] Samri | Analyse physique et caractérisation hygrothermique des matériaux de construction : approche expérimentale et modélisation numérique (Physical analysis and hygrothermal characterization of building materials: experimental approach and digital modelling[END_REF]. The number of elements per gram is also much higher in Sisal fibres than in hemp chaff.

Finally, a lime/sand plaster composed of 1 volume of lime (0.5 % calcic lime CL and 0.5 % hydraulic lime NHL 3.5) and 3 volumes of Hostun sand was also tested as a reference.

Before sample production, earth and sand were placed in an oven at 105°C and were considered to be dried after 72 h. Then, earth/sand mixtures were manufactured at the appropriate proportions, dry mixed in the laboratory and were bagged to maintain dryness. The water amount considered necessary to obtain a good workability of the mortar was added on-site. This amount of water was measured, and the water content of the mortar was calculated (Table 15). The results of the 250×250 mm squares shrinkage test are presented in Figure 48. Tassin and Rochechinard 18% clay plasters fell off the wall; those with 12% clay cracked, and those with 9% and 6% clay did not crack. The plasters with 6% clay were very sandy, making them more difficult to work with and relatively powdery after drying. The optimal clay content, in this case, is approximately 9%. Clay content has a clear influence on earth plaster cracking. These results are consistent with shrinkage measurements made with the 40×40×160 mm specimens of the 3-point bending strength (Figure 49): the higher the clay content the greater the shrinkage. This is also consistent with the observations made by Kouakou et al. for earth mortars and adobes [START_REF] Kouakou | Strength and elasto-plastic properties of non-industrial building materials manufactured with clay as a natural binder[END_REF].

Tassin and Rochechinard earth have similar workability and shrinkage test results for the same clay content. This observation is consistent with the MBV of those earths (Table 14), which are of the same order of magnitude. Those two earth have a similar capacity of water adsorption.

The addition of Sisal fibres to the Rochechinard earth with 18% and 12% clay greatly improves the workability of the mortar. Although the mortar tends to delaminate, the cracking of the mortar is significantly reduced because the 18% clay plaster without fibre, which fell from the wall, shows no cracks with a 25 g Sisal addition. The 12% clay plaster with Sisal fibres was validated, while the one without fibres was not. This beneficial role of fibres such as Sisal (limiting damages linked to earth plaster shrinkage) has already been reported in the literature for earth mortars and adobe walls [START_REF] Quagliarini | The influence of natural stabilizers and natural fibres on the mechanical properties of ancient Roman adobe bricks[END_REF][START_REF] Ghavami | Behaviour of composite soil reinforced with natural fibres[END_REF][START_REF] Mesbah | Development of a Direct Tensile Test for Compacted Earth Blocks Reinforced with Natural Fibers[END_REF][START_REF] Morel | Theoretical and Experimental Analysis of Composite Soil Blocks Reinforced with Sisal Fibres Subjected to Shear by[END_REF].

The Rochechinard earth combined with 25 g of hemp chaff aggregate has a similar workability to that without fibres. Thus, the addition of 25 g of hemp chaff does not improve the workability of the mortar. The shrinkage causes the delamination and some cracks in these plasters (R18 + H and R12 + H). Even if cracking is less important for plasters with hemp chaff than for those with earth, none of those plasters could be validated. The effect of 25 g of Sisal in earth plaster is more beneficial than that of 25 g of hemp chaff. The shrinkage test allows finding the earth plaster formulations. Among all the validated formulations, the mason chooses the best one thanks to two criteria: the best workability (which is variable according to masons) with the highest clay content as possible. This test is more relevant for earth plasters than for lime plasters which need less water to obtain the right consistency. Based on the experiences of the different masons, a final protocol can be proposed. To be sufficiently representative, the test has to be carried out under conditions closest to those of the real on-site implementation. First, prepare the wall to be coated as it will be for the real coating. Next, apply a brown coat sample of at least 250×250 mm for each formulation on the wall to be coated. Shrinkage specimens must be the same number of layers and the same thickness as the predicted coating. To validate a formulation, the sample should not fall, crack or delamination. The most argillaceous formulations offer a better resistance to erosion and should be favoured. The test results remain valid only if the plaster is carried out on a wall in a state (brushing and humidification) similar to that during the tests.

Three-point bending strength

The lowest bending strength of the campaign was that of the lime/sand mortar (Figure 50). This is because the very fine Hostun sand (maximum diameter of 0.8 mm) used in the samples did not provide enough structure to the plaster. Furthermore, there was an insufficient time lapse between the manufacturing and testing of the sample (1 month) to enable a good setting of the NHL. The bending strength of the Tassin and Rochechinard earth mortars increase with clay content (Figure 50). An increase in the amount of clay of the 40×40×160 mm specimens increases the amount of binder in the mortar, which in turn increases the shrinkage of the specimen. A greater shrinkage will provide a higher dry density of the specimen and therefore a higher mechanical strength [START_REF] Yetgin | The effects of the fiber contents on the mechanic properties of the adobes[END_REF]. This finding contradicts the shrinkage test results, which showed that an increase in the clay content weakened the plaster. This contradiction is partially due to the size of specimens. Because the shrinkage test specimens are larger and thinner than those used to determine the bending strength, the effect of shrinkage will be more dramatic on the shrinkage test specimens. The contradiction also arises from the implementation of the specimens. The bending strength specimens are free to shrink, whereas a side of the shrinkage test samples is bonded to the wall; this generates a differential shrinkage between the side of the specimen linked to the wall and the opposite side. If this differential shrinkage is too high, it produces cracks in the plaster. The same phenomenon occurs when earth plasters are implemented over the entire surface of a wall. The shrinkage test thus reflects the reality of on-site conditions.

The bending strength of the plasters with admixtures is similar to that of the earth plasters (Figure 50). [START_REF] Mesbah | Development of a Direct Tensile Test for Compacted Earth Blocks Reinforced with Natural Fibers[END_REF] have shown that fibre-reinforced earth blocks have a tensile strength similar to that of plain earth blocks, but fibre-reinforced earth blocks have a higher ductility in tension and thus further limit the propagation of tensile cracks [START_REF] Ghavami | Behaviour of composite soil reinforced with natural fibres[END_REF][START_REF] Mesbah | Development of a Direct Tensile Test for Compacted Earth Blocks Reinforced with Natural Fibers[END_REF]. Figure 51 shows a comparison of the shear strength results versus the clay content of the Rochechinard plasters on the cob wall and those on the rammed earth walls. As the clay content increases from 0 to 6 %, the shear strengths of the Rochechinard plasters on the cob wall and rammed earth walls increase. Then an increase in the clay content beyond 6 % leads to a decrease in the shear strength. Thus, Rochechinard earth plasters on both the cob wall and rammed earth walls exhibit an optimum shear strength depending on the clay content (Figure 51). Rochechinard data from the rammed earth blocks and cob wall are represented using a 3-degree polynomial function. As the 18 % clay content shrinkage specimen had fallen from the cob wall, the shear strength is assumed to be zero.

As shown in Table 16, the Tassin earth plaster shear strength ranges from 14 to 28 kPa for a clay content of 6 %. It rises to 35 to 47 kPa for the 9 % clay content and finally decreases to 10 to 18 kPa for the 12 % clay content. Thus, the Tassin earth plasters on the cob wall also exhibit an optimum shear strength that depends on clay content. An increase in the amount of clay reinforces the plaster until the effect of shrinkage becomes predominant and decreases the shear strength (Figure 51).

The shear strengths of the plasters with admixtures are of the same order of magnitude as those of their counterparts without admixtures (Table 16). However, this results are too few and should be only regarded as a tendency.

For each formulation, the Rochechinard plasters applied on the rammed earth walls had shear strength approximately twice as large as those applied on the cob wall (Figure 51). After the shear tests, all of the failures on the cob wall occurred at the site of attachment to the wall, while the failures on the rammed earth walls occurred inside the plaster. When the wall surfaces were brushed during their preparation, it was apparent that the cob wall was easily eroded, while the rammed earth walls were quite solid. The shear strength of a given plaster depends on the nature of the wall on which it is applied.

The first testing campaign, with lime/sand plasters on a rammed earth house, gave shear strengths of 8 and 10 kPa. Those two lime/sand specimens failed by snatching part of the wall. Those low values are due to the small resistance of the wall, indicating that the shear test is also necessary for lime/sand plasters.

For the cob wall, the optimum clay content corresponding to the maximum shear strength for plasters is approximately 9 % clay for Tassin earth and 6 % clay for Rochechinard earth (Table 16, Figure 51). For a given wall, the shear strength of a plaster depends on the nature of the earth used.

The shear strength results are quite scattered, which is attributable to the heterogeneities of the earthen walls. Therefore, the shear strength of a plaster needs to be tested on different parts of the wall.

Each combination plaster-wall to be coated will have a different behaviour according to the nature of the materials, their implementation and the heterogeneities of the wall. Thus, proposing an on-site shear test with at least 5 specimens to validate plaster formulations is important. The purpose of the shear test of earth plasters on earthen wall is to ensure a sufficient bond between the plaster and its wall. It is not necessary to seek the optimum shear strength on-site; instead, it is sufficient to find a position above a safety threshold. The thickest plasters observed in France by masons are approximately 60 mm [START_REF] Casaux | Règles professionelles -Enduits sur support composés de terre crue (French code of practice for plasters for earthen walls), Le Moniteu, réseau Ecobatir, FFB[END_REF]. Using a safety coefficient of 10, the load exerted by a 600-mm thick plaster on a 50×40 mm sample is 20 N (600 mm × 50 mm × 40 mm × 1.7 10 -6 kg.mm -3 × 10 kg.N -1 ≈ 20 N). Thus, a safety threshold of 20 N is assumed.

In this section, the final protocol for the shear test is proposed. First, prepare the wall to be coated as it will be for the real plaster. Next, apply at least five (50x40x20 mm) brown coat samples for each formulation on the wall to be coated. At least 2 samples must be on an interface, and at least 2 samples must be in the middle of an element (e.g., adobe, rammed earth, or cob layer); each sample tests a different element or interface. When samples are dry, load them with a 20-N mass for 30 seconds. An example of loading device is given in Figure 47. If all of the specimens resist the 20-N load for 30 seconds, then the formulation is validated. The test results remain valid only if the plaster is carried out on a wall in a state (brushing and humidification) similar to that during the tests.

To ensure that the shear test samples are dry, a solution is to carry out shear and shrinkage specimens at the same time. Once the shrinkage test samples have completed their shrinkage, it means they are dry. Then the shear test samples are also dry.

Plaster performance based procedure -Synthesis

This study proposes an experimental procedure to assess the suitability of plasters to protect vernacular earthen architecture. As earthen walls and earth for plastering show important variations, plaster formulations have to be validated through on-site tests. Shrinkage and shear tests of plasters on earthen walls are proposed here. The shrinkage test eliminates formulations beyond a shrinkage threshold specific to the plaster-wall combination and enables to find the best plaster formulation. Then the shear test validates this formulation if it offers sufficient adherence and thus sufficient shear strength of the plaster-wall interface. In addition, the use of this procedure has clarified some of the mechanisms that govern the behaviour of the plaster-wall bond.

The existence of an antagonistic control of the bond between earth plasters and earthen walls by clay content was highlighted in this study; specifically, an increase in plaster clay content results in a better bending strength, which strengthens the plaster but increases shrinkage, which may weaken the plaster-wall interface. Failures are caused by differential shrinkage between the plaster and the wall. There is an optimum clay content that mechanically matches an optimum shrinkage.

Since its publication in 2013, the article presenting these results [START_REF] Hamard | A procedure to assess the suitability of plaster to protect vernacular earthen architecture[END_REF] has been cited 31 times (Table 17). The article is cited mostly to provide context information [START_REF] Melià | Environmental impacts of natural and conventional building materials: A case study on earth plasters[END_REF][START_REF] Faria | Argamassas de terra e cal -características e campos de aplicação[END_REF][START_REF] Chabriac | A procedure to measure the in-situ hygrothermal behavior of unstabilised rammed earth walls[END_REF][START_REF] Faria | Experimental Characterization of an Earth Eco-Efficient Plastering Mortar[END_REF][START_REF] Rojat | Caractérisation mécanique des enduits en terre fibrée[END_REF][START_REF] Ochoa | Heritage architecture from the Colonización Antioqueña : the case of the Santamaría Theater[END_REF][START_REF] Zhang | Study on workability and durability of calcined ginger nuts-based grouts used in anchoring conservation of earthen sites[END_REF][START_REF] Laborel-Préneron | Characterization of Barley Straw, Hemp Shiv and Corn Cob as Resources for Bioaggregate Based Building Materials[END_REF][START_REF] Alrashed | The Role of Vernacular Construction Techniques and Materials for Developing Zero-Energy Homes in Various Desert Climates[END_REF][START_REF] Faria | Air lime-earth blended mortars -assessment on fresh state and workability[END_REF][START_REF] Fabbri | Earthen materials and constructions[END_REF][START_REF] Pimenta | Argamassas de cal aérea e terra caulinítica. Caracterização física e química[END_REF][START_REF] Santos | Avaliação de argamassas de terra para rebocos interiores[END_REF][START_REF] Da | Caracterização de argamassas de terra e cal para refechamento de juntas de alvenaria de pedra no Vale das Lobas[END_REF][START_REF] Correia | Argamassas de terra para rebocos interiores Influência da adição de gesso e da granulometria da areia[END_REF][START_REF] Pimenta | Caracterização de argamassas de cal aérea e terra[END_REF] 126 or to use its results for discussion purpose [START_REF] Emiroğlu | Performance of ready-mixed clay plasters produced with different clay/sand ratios[END_REF][START_REF] Laborel-Préneron | Plant aggregates and fibers in earth construction materials: A review[END_REF][START_REF] Laborel-Préneron | Influence de la teneur en chènevotte sur les performances mécaniques et les propriétés hygrothermiques d'un éco-matériau à base de terre crue[END_REF][START_REF] Hamard | Cob, a vernacular earth construction process in the context of modern sustainable building[END_REF][START_REF] Lanzón | Use of zinc stearate to produce highly-hydrophobic adobe materials with extended durability to water and acid-rain[END_REF][START_REF] Arpacıoğlu | Evaluation of the physical environment in Anatolian rural architecture[END_REF][START_REF] Maskell | Modern earth construction techniques -an overview[END_REF][START_REF] Marchiaro | Conservare e proteggere il patrimonio in terra cruda : sperimentazione di intonaci in terra, Politenico di Torino[END_REF][START_REF] Mcgregor | Procedure to determine the impact of the surface film resistance on the hygric properties of composite clay/fibre plasters[END_REF][START_REF] Santos | Ensaios de caracterização e influência da formulação[END_REF]. Nonetheless, 5 publications used the proposed procedure for plaster suitability assessment [START_REF] Santos | Ensaios de caracterização e influência da formulação[END_REF][START_REF] Nabais | Avaliação da aderência ao suporte de rebocos de terra[END_REF][START_REF] Ghazzali | Architettura in terra cruda in Marocco : sperimentazione di intonaci per la protezione dei paramenti murari[END_REF][START_REF] Mattone | Stabilization of earthen plasters: Exchange of knowledge and experiences between Italy and Morocco[END_REF][START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments (in press)[END_REF].

Table 17. Citations list of [START_REF] Hamard | A procedure to assess the suitability of plaster to protect vernacular earthen architecture[END_REF], 16 publications cite the article to provide context information (Context), 10 to discuss their own results (Discussion) and 5 employed the proposed protocols (Shrinkage and/or shear tests)

of plaster formulations with high and low adherence to the wall. In [START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments (in press)[END_REF] plaster adherence was higher on rammed earth wall than on cob wall, and both exhibited optimum clay content (Figure 52). These findings are in good line with our results (section 4.3.3.3, Figure 52). Nonetheless [START_REF] Nabais | Avaliação da aderência ao suporte de rebocos de terra[END_REF][START_REF] Ghazzali | Architettura in terra cruda in Marocco : sperimentazione di intonaci per la protezione dei paramenti murari[END_REF][START_REF] Mattone | Stabilization of earthen plasters: Exchange of knowledge and experiences between Italy and Morocco[END_REF] noticed that results scattering was high and they recommend to increase the size of shear specimens. Moreover, [START_REF] Nabais | Avaliação da aderência ao suporte de rebocos de terra[END_REF][START_REF] Ghazzali | Architettura in terra cruda in Marocco : sperimentazione di intonaci per la protezione dei paramenti murari[END_REF][START_REF] Mattone | Stabilization of earthen plasters: Exchange of knowledge and experiences between Italy and Morocco[END_REF] also highlighted the difficulty to carry out small plaster test specimens. The DIN 18947 [START_REF]Earth plasters -Terms and definitions, requirements, test methods[END_REF] test procedure is also employed to validate the bonding of earth plasters on walls. The DIN 18947 standard refers to the EN 1015-12 [START_REF]Methods of test for mortar for masonry. Determination of adhesive strength of hardened rendering and plastering mortars on substrates[END_REF] "pull off" testing procedure and sets strengths classes. The strengths classes are deemed as unsuitable [START_REF] Nabais | Avaliação da aderência ao suporte de rebocos de terra[END_REF] and the "pull off" test failed to give a full account of in-situ conditions [START_REF] Santos | Ensaios de caracterização e influência da formulação[END_REF][START_REF] Nabais | Avaliação da aderência ao suporte de rebocos de terra[END_REF][START_REF] Delinière | Physical, mineralogical and mechanical characterization of ready-mixed clay plaster[END_REF]. Instead, they recommend the shear test proposed here.

The plaster performance test procedure, proposed in 2012, is part of the French code of practice for earthen wall plastering [START_REF] Casaux | Règles professionelles -Enduits sur support composés de terre crue (French code of practice for plasters for earthen walls), Le Moniteu, réseau Ecobatir, FFB[END_REF]. This code of practice has been validated by the French inter-professional insurance authorities and is routinely used by earth masons. It is also applied by several laboratories for research purpose. This procedure set a precedent to promote the use of performance based approach in earth construction. However, plasters do not play any building structural role. The application of the performance based approach for a load-bearing material is another challenge. This is discussed in the next section for cob.

Cob

Introduction

Cob is a vernacular earth construction technique, which consists in realizing earth elements in a plastic state, implemented wet and stacked in order to build a monolithic and load-bearing or freestanding wall (section 1.4.1). A significant cob heritage exists in Europe, Africa and Asia and require appropriate maintenance and characterization (section 3.3.1) [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF]. Moreover, like other earth construction techniques, cob encountered a renewed interest in modern sustainable building for its low environmental impact in comparison to conventional construction materials (section 1.1.5) [1,[START_REF] King | The renaissance of earthen architecture -a fresh and updated look at clay-based construction[END_REF]. The development of a performance based procedure to validate cob walls is a major issue (section 4.2).

Cob construction is carried out with highly wetted soil material, kneaded by foot and piled in the wall at plastic state. These mixing and compaction methods generate an irregular kneading and are original in the context of soil mechanic. This particularity of cob material requires the development of a suitable laboratory testing procedure to assess its mechanical performance.

Before presenting the new laboratory procedure, a review of cob mechanical behaviour literature is proposed in section 4.4.2. [START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. Specimens' sizes are either 100×200 mm or 150×300 mm since smaller size specimens are judged unrepresentative and larger ones are too heavy to be handled conveniently [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF]. Cob mixture was implemented inside cylinder moulds in several layers and compacted: (1) under dynamic load thanks to a Proctor compaction device [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF] or (2) placed by hand [START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF]. Cob mixture was also implemented inside cylinder moulds by compaction under static load thanks to a machine [START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. The aim during compaction was to produce specimens that did not contain noticeable air voids. As the cob mixture is in a soft state, overcompaction would have little additional effect on the density [START_REF] Saxton | The performance of cob as a building material[END_REF].

Specimens are air-dried [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF], dried in a humidity and temperature controlled chamber (25°C and 75% relative humidity) [START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF] or oven-dried (75°C) [START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF]. Oven drying can affect suction and therefore lower the mechanical strength of earth materials [START_REF] Ciancio | Advances on the assessment of soil suitability for rammed earth[END_REF]. Moreover, natural fibres are subjected to temperature decay. Usual recommendations impose a drying temperature lower than 60°C. Moreover, the mechanical strength of earth materials depends on the water content of the specimens: the higher the moisture content, the lower the compressive strength [START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Champiré | Impact of relative humidity on the mechanical behavior of compacted earth as a building material[END_REF][START_REF] Gallipoli | Raw earth construction : is there a role for unsaturated soil mechanics ?[END_REF]. For repeatability reasons, specimens should be conditioned in a humidity and temperature controlled chamber until weight stabilisation prior to testing. If conditioning is not possible, the water content during the mechanical test should be recorded.

A typical cob mechanical test description is proposed by [START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. Three phases are identified (Figure 53): (1) initial compaction of the sample, (2) linear stress/strain response of the sample and (3) increasing crack growth within the sample and failure of the sample. [START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF] describe the typical course of cob wallets testing as an elastic range with a low shear modulus followed by a plastic-type deformation of the specimen. In both cases, a linear stress/strain response is followed by a ductile failure, induced by fibres [START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF]. Compressive strength tests conducted on square cob wallets 500 mm side [START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF], nondestructive test estimating the compressive strength using a rebound hammer [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF] (Table 18) and a four points bending strength test method [START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF] were also proposed.

Table 18. Corresponding value between rebound hammer display values and compressive strength, after [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF] Rebound hammer value 35 40 45 Compressive strength (MPa) 0,7 1,0 1,3 Tangent Young's moduli values proposed in the literature are calculated according to total strain of test specimens, i.e. thanks to the displacement of testing machine plates [START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]. However, earth materials have an elasto-plastic behaviour [START_REF] Champiré | Impact of relative humidity on the mechanical behavior of compacted earth as a building material[END_REF]. As a consequence, in order to measure the elastic contribution only, secant moduli of repeated loading cycles should be considered. Furthermore, it has been demonstrated for rammed earth that frictional forces caused by confinement of testing machine plates have a high impact on E values [START_REF] Bui | Stabilité des structures en pisé : durabilité, caractéristiques mécaniques[END_REF]. Strain measurement for E calculation should only concern the central third part of cylindrical specimens. Most of cob data available in the literature were obtained without regard to these requirements.

Little literature exists concerning cob mechanical behaviour, and each author has developed its own testing protocol. This makes difficult data comparison and highlights a unification need for mechanical testing procedure [START_REF] Delgado | The selection of soils for unstabilised earth building: A normative review[END_REF][START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF].

Mechanical behaviour of cob mixture

Cob mixture clods are piled at plastic state to build lifts. Slenderness ratio of lifts depends on the mechanical resistance of cob mixture (section 3.3.3.2): the higher the mechanical resistance, the higher the lift and the quicker the construction process. Past builders aimed at increasing lifts height in order to save time and reduce costs. Mechanical performance of cob mixture is therefore of great interest for the economical optimization of cob process. Typical UCS of cob mixture is 0.05 MPa [START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF], which is enough to build a lift of about 2 m high [START_REF] Quagliarini | Cob construction in Italy: Some lessons from the past[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF].

Fibres, when added, are thought to play a major role in the mechanical behaviour of cob mixture at plastic state by enhancing its cohesion and allowing the mixture to be implemented without the use of shuttering [START_REF] Saxton | The performance of cob as a building material[END_REF]. Hence, Saxton [START_REF] Saxton | The performance of cob as a building material[END_REF] defined an optimal straw and water content domain (Figure 54) for which cob mixture is not too plastic, in order to ease cob mixture implementation, but not too dry, in order to facilitate fibre and earth mix. Fibres contribute to the distribution of drying shrinkage cracks of clayey earth, limiting disorders caused by shrinkage, but also creating fragilities that weaken the structure [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF]. This is the reason why optimal fibre contents are proposed in the literature. 

Mechanical behaviour of cob walls

Load

Ranges of cob compressive strength found in the literature are summarized in Figure 55.

Compressive strength typically range from 0.6 to 1.3 MPa [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Ziegert | Historical cob buildings in Germany -construction, damage and repairs[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF]. The highest compressive stresses in cob buildings are likely to be at the base of gable end walls, and under roof trusses, where wall plates help to distribute the load [START_REF] Saxton | The performance of cob as a building material[END_REF]. Keefe [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF] estimates that the compressive strength at plinth level in a traditional two-storey cob house with 550 to 600 mm thick walls, ranges from 0.08 to 0.10 MPa. Considering minimum compressive strengths found in the literature (Figure 55), for cob heritage, cob compressive strength is at least five times higher than maximum compressive strength borne by cob walls [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF]. 

Texture and density

Several factors govern the mechanical behaviour of cob wall. A well-graded earth allows to maximise particles contact and enhance its mechanical strength [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF]. Strength is also higher in clay-rich earths [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Keefe | The Cob Building of Devon 2 -Repair and Maintenance[END_REF], but clay generate a more important shrinkage and can be responsible for shrinkage cracks that weaken the structure. The more the earth is compacted during implementation, the more the density and the more the strength are [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF]. Authors agreed with a cob dry bulk density close to 1500 kg.m -3 [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Ziegert | Historical cob buildings in Germany -construction, damage and repairs[END_REF][START_REF] Collet | Porous structure and hydric properties of cob[END_REF][START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF]. 

Fibres

Although fibres were not necessarily incorporated into cob mixture (section 3.3.2.3), no data is available on unfibered cob mechanical behaviour. This can be attributed to two different reasons: firstly, for the majority of authors, cob refers necessary to fibre addition and secondly fibres are assumed to have a beneficial effect on the mechanical behaviour of cob before, during and after drying. As a consequence, all bibliographical results presented here concern only fibred cob.

The presence of fibres in cob material results in a ductile behaviour of simple compression test specimens, with large vertical strain [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF][START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF]. Crack patterns after the tests are almost random and even after breaking the fibres hold together the different parts of the broken specimens [START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF].

Stiffness

The presence of fibres also induces a low stiffness of cob specimens, ranging from 170 to 335 MPa [START_REF] Ziegert | Lehmwellerbau -Konstruktion, Schäden und Sanierung[END_REF]. As a consequence, the contrast of stiffness with rigid construction material introduced vertically inside cob walls is responsible for damage mechanisms [START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF]. Same damage mechanism has been highlighted for cement-based platers, too stiff, with regard to earthen walls (section 4.3.1). The architectural design of cob buildings should avoid the use of stiff materials placed vertically against cob walls. This more specifically concerns anti-seismic design.

Moisture

Cob material is traditionally not stabilised with a hydraulic binder. Therefore, cob walls are sensitive to water content variations. When too much water enters a cob wall, the clay particles which bind it together are forced apart, and the cob is first reduced to a plastic, then to a liquid state, with consequent structural failure. There is a coupling between mechanical strength and water content [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Harries | The geological and geotechnical properties of earth material from central Devon in relation to its suitability for building in "Cob[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF] (Figure 56). Saxton [START_REF] Saxton | The performance of cob as a building material[END_REF] considered that above 10 % water content there is a major damage risk. Nevertheless, Keefe [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF] stated that intact soils samples removed from earth walls immediately following their collapse have shown a moisture content as low as 7 % in some cases. Keefe [START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF] defines a Critical Moisture Content (CMC). According to him, this CMC is just below the Plastic Limit (PL). Indeed, the plastic limit of a sample is measured using the fine fraction of the soil (< 425 µm). It is therefore only relevant to soils composed entirely of fine material. As a consequence plastic limit value has to be weighted by the 425 µm Passing (P425µm) of the materials using the formula:

= × (18) 
With: CMC : Critical Moisture Content (%), LP : Plastic Limit (%) and P425µm : 425 µm Passing (%)

Usually, equilibrium water content in a cob wall ranges from 3-4% [START_REF] Saxton | The performance of cob as a building material[END_REF], which is dry enough to provide sufficient strength to the material. Since they were built without damp proof courses, moisture increase more specifically concerns cob heritage buildings. Nonetheless, majority of failures in cob walls can be attributed to either neglect, inappropriate maintenance and repair [START_REF] Keefe | The Cob Building of Devon 2 -Repair and Maintenance[END_REF][START_REF] Morris | The Cob Building of Devon 1 -History, Building Methods and Conservation[END_REF]. If well maintained by skilled craftsmen, moisture is self-regulated by the wall and cob does not pose any particular damage risk [START_REF] Fabbri | Earthen materials and constructions[END_REF].

In modern cob walls, damp proof courses are generally introduced. Modern cob buildings are therefore less concerned by rising damp from the ground. If moisture issue is less significant for modern cob walls than for cob heritage walls, other moisture sources might be considered for this highly hygroscopic material [START_REF] Mcgregor | A review on the buffering capacity of earth building materials[END_REF]. As a consequence, architectural design for modern cob buildings should avoid the use of waterproof covering against cob walls (section 4. Comparative study of the mechanical performance obtained with different test protocols were carried out with regard to the cob wall elements behaviour. The comparisons are focused on the shrinkage ratio, bulk density and pore size distribution obtained with 2 vegetal fibre lengths and 2 drying types.

Earth material source and geotechnical identification

The earth material employed for this campaign derives from an earthwork stock pile of the city of Saint Sulpice-la-Forêt (Brittany, France). This stock pile has been selected since this city possesses an important cob heritage and this earth has been employed with success by several skilled craftsmen for cob wall construction.

The identification of the material consisted in the determination of (1) particle size distribution, thanks to dry sieving for the coarse fraction (above 80 µm), according to French standard NF P 94-056 [START_REF] Afnor | Soil: Investigation and testing -Granulometric analysis -Dry sieving method after washing[END_REF] and thanks to hydrometer method for the fine fraction (below 80 µm), according to French standard NF P 94-057 [START_REF] Afnor | Soils investigation and testing -Granulometric analysis -Hydrometer method[END_REF]; (2) methylene blue absorption capacity value according to French standard NF P 94-068 [START_REF] Afnor | Soils: Investigation and testing -Measuring of the methylene blue absorption capacity of a rocky soil -Determination of the methylene blue of a soil by means of the stain test[END_REF]; (3) plastic limit, liquid limit and plastic index according to French standard NF P 94-051 [START_REF] Afnor | Soil: investigation and testing -Determination of Atterberg's limits -Liquid limit test using Casagrande apparatus -Plastic limit test on rolled thread[END_REF]; (4) normal Proctor water content according to French standard, provided for information only, since the implementation of cob is carried out at plastic state [START_REF] Afnor | Soils: Investigation and testing -Determination of the compaction reference value of a soil type -Standard Proctor test -Modified Proctor test[END_REF]; (5) specific gravity according to French standard NF P 94-054 [START_REF] Afnor | Soils: investigation and testing -Determination of particle density -Pycnometer method[END_REF]. Water contents were determined at 105°C, according to French standard NF P 94-050 [START_REF] Afnor | Soils: Investigation and testing -Determination of moisture content -Oven drying method[END_REF]. Soil classification was stated according to ASTM standard [START_REF] Astm D | -11[END_REF]. Results of material identification are presented in Table 19.

Table 19. Identification of the earth of Saint Sulpice-la-Forêt (Brittany, France) employed for the specimen production.

Specimens production

Cob was mixed by foot treading, according to the vernacular cob process of Brittany (case (a) section 3.3.3.1), with a fibre content of 0.9 % by mass, at a plastic consistency.

Four fibred cob wall elements (600 mm long, 600 mm high and 300 mm thick) were manufactured according to the vernacular cob process of Brittany (case (a) section 3.3.3.1). Average fibre length was 150 mm. Walls were let dry under natural conditions inside a laboratory for 6 months prior testing.

Three criteria were studied in order to propose a laboratory procedure of production of cob specimen: the mould type, the fibre length and the drying conditions. Indeed, the side wall effect of the mould is deemed to have a strong influence on specimen's quality. Two different moulds are tested, one with strong side wall effect (cardboard cylinders designed for concrete) and cylinder with inner face covered with a low stiffness flexible geotextile (Figure 57). Long fibres (50 cm) cannot fit inside cob mould and had to be cut. Two different sizes were used to evaluate the effect of fibre length. Finally, on-site drying conditions (air-drying) and laboratory drying conditions (oven dried at 40°C) are compared in order to assess drying effect of cob specimens. Four different cob specimens' protocols were defined, and named according to these criteria, as shown in Table 20. For each protocol, four specimens were produced. Two different cylindrical mould types, with a 2:1 slenderness ratio [START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF] were employed: cardboard moulds designed for concrete (160 mm diameter, 320 mm height) and plastic moulds (150 mm diameter, 300 mm height) with inner face covered with a flexible geotextile (Figure 57). Specimens were made in 8 layers and compacted according to the normal Proctor protocol. Compaction is made at plastic state so that it is not possible to reach the optimum dry density. The normal Proctor compaction protocol is used for placing purpose only and, actually, compaction have little influence on dry density at plastic state [START_REF] Afnor | Soils: Investigation and testing -Determination of the compaction reference value of a soil type -Standard Proctor test -Modified Proctor test[END_REF].

Fibre length for wall elements and specimens CDA, SDA and SDO (Table 20) is set to 150 mm. In order to evaluate fibre length effect, a second fibre size was employed for SRA cob specimen (Table 20), with a size equal to the radius of the specimen, i.e. 75 mm.

Drying of cob walls and CDA and SDA specimens (Table 20) was conducted under natural conditions, i.e. air dried. In order to assess drying effect, SRO and SDO (Table 20) specimens were oven-dried at 40°C. After drying, oven-dried specimens were conditioned in a temperature controlled laboratory, set to 20°C, for 2 weeks prior to mechanical tests.

Mechanical and microstructural characterization of specimens

After drying, specimens were weighed and their volumetric changes were measured thanks to a vernier calliper. Bulk densities and average vertical and horizontal shrinkages were calculated. In order to compare specimens of different sizes, the vertical shrinkage is divided by the horizontal shrinkage (V/H) and this criterion is reported. Pore size distributions were determined thanks to Mercury Intrusion Porosimetry (MIP). MIP is a powerful laboratory technique to investigate the effect of compaction and shrinkage on microstructural properties of earth materials [START_REF] Bruno | Hygro-mechanical characterisation of hypercompacted earth for sustainable construction[END_REF].

Uniaxial Compressive Strength (UCS) tests were controlled in displacement at a speed of 1 mm.min -1 [START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF]. Tests for cylindrical specimens were carried out on an electromechanical press, with a 100 kN load cell. Tests for wall elements were conducted on a hydraulic press with a 2500 kN load cell. UCS was defined as the maximum strength of the specimen.

Young's moduli were determined by 3 cyclic loadings and deformations measured in the central third of specimens, thanks to extensometers adjusted for cylindrical specimens and thanks to digital image analysis for the wall elements (Figure 58). Maximum stresses of cyclic loads were inferior to the third of the maximum strength so that Young's moduli were determined in the elastic domain. For each cyclic load the secant moduli was calculated. The average secant moduli are reported. As specimens shrunk during drying, then, specimens made with plastic moulds covered with a flexible geotextile (SRO, SDA and SDO) can be removed from plastic moulds and flexible geotextile cover after a 24 h drying period only. Specimens surface state is smoothed (Figure 59b). Because of shrinkage, the upper faces of these specimens were irregular and had to be cut, thanks to a block saw, in order to provide a flat bearing surface for mechanical tests. Specimens made in concrete cardboard cylinder (CDA) stuck to the face of the moulds so that their surface state was of poor quality (Figure 59a). Moreover, concrete moulds are impervious and the bottom of specimens cannot dry, creating a high water content contrast between the dry upper face and the wet lower face of specimens. These specimens were therefore very difficult to remove from moulds. Another consequence of water stagnation is the rust growth at the bottom of moulds that sticks to the lower face of specimens and caused a poor quality surface state.

Compared to plastic moulds with flexible geotextile cover (Figure 57), concrete cylinder cardboard moulds are a simpler device, but they are not adapted to cob drying and produced cob specimens of poor quality. Nonetheless, the discussion on the selection of a protocol has to be based on the physical representativeness of the cob specimens with regard to the wall elements. 

Comparison of shrinkage ratio

For cob, the dry density of the material is the result of shrinkage drying (section 1.4.1).

The mechanical behaviour of cob depends on the density and therefore on the shrinkage rate. Vertical divided by horizontal shrinkage (V/H) is around 2 for wall elements, around 1.7 for SRO, around 1 for SDA and SDO and less than 1, with a large scattering, for CDA specimens (Figure 60).

The stress state of the wall elements during drying is only governed by dead load. Under this condition, vertical shrinkage is higher than horizontal shrinkage. The mass of the cylinder specimens is about 40 times less than these of the wall elements. The effect of dead load is thus less pronounced in cylinder specimens and their V/H shrinkage values are therefore lowers (Figure 60). The large scattering of V/H results of CDA specimens highlights the operator dependency and the difficulty to make cob specimens of satisfactory repeatability with this protocol (Figure 60).

Specimens with fibre length equal to the specimen radius (radius-length fibres) (SRO) have a higher V/H shrinkage ratio than those made with diameter-length fibres (SDA, SDO) (Figure 60). Diameter-length fibres do not easily fit inside moulds and have a higher tortuosity than radius-length fibres. Hence, radius-length fibres are mainly horizontally oriented whereas diameter-length fibres have a more random distribution. Horizontal shrinkage is thus more restrained in specimens with radius-length fibres (SRO) than in those with diameter-length fibres (SDA, SDO). In the wall elements, fibres are mainly horizontally oriented, reinforcing the contrast between horizontal and vertical shrinkage.

Comparison of Bulk densities

Bulk densities of CDA specimens are lower than these of wall elements and exhibit a large scattering (Figure 60). Once again, the large scattering of CDA specimens highlights the operator dependency and poor repeatability of this protocol.

Bulk densities of SRO, SDA and SDO specimens do not exhibit significant differences (Figure 60). The SRO-SDA-SDO average bulk density is 1.56±0.02 g.cm -3 . Compared to the bulk density of wall elements, 1.58±0.02 g.cm -3 , apart from CDA specimens, all bulk density results are in good agreement. This confirms the representativeness of normal Proctor compaction protocol for placing of cob mixture in the specimen's moulds. Pore size distribution of all specimens exhibits a similar 1 µm pic (Figure 61). These results underline the homogeneity of cob mixture used for specimens' production. Nevertheless, the higher pore size named mesoporosity (10-100 µm) of CDA specimens (Figure 61) highlights the presence of cracks and a less effective compaction. This can be attributed to the adherence between the soil and the wall of the concrete cylinder cardboard moulds. This phenomenon is less significant with plastic cylinder moulds covered by flexible geotextile, thanks to the flexibility of the geotextile, following cob material strain under compaction. Mesoporosity of these specimens is therefore in good agreement with wall elements (Figure 61).

[358] studied the microstructural properties of hypercompacted earth blocks using Mercury Intrusion Porosimetry and author calculated inter and intra aggregate pore volume of specimens. Their results are compared with SDO3 in Figure 62. The material employed by [START_REF] Bruno | Hygro-mechanical characterisation of hypercompacted earth for sustainable construction[END_REF] is different from the material employed in this study. Comparison thus provides only a general trend. Nevertheless inter ant intra aggregate pore volume are clearly higher in the cob specimen. The microporosity results from material humidification [START_REF] Romero | Microstructure investigation in unsaturated soils: A review with special attention to contribution of mercury intrusion porosimetry and environmental scanning electron microscopy[END_REF][START_REF] Casini | Consequences on water retention properties of doubleporosity features in a compacted silt[END_REF] and, in the present study, is less affected by compaction. Young's moduli of CDA specimens are very low compared to the Young's moduli of wall elements (Figure 63 and Figure 65). Indeed, the behaviour of CDA specimens is elastoplastic and no elastic domain can be identified (Figure 64, Figure 66). Moreover, CDA results are outside the trends drawn for all other specimens (Figure 65). Hence, mechanical behaviour of CDA specimens cannot be regarded as representative of cob wall elements. This difference is attributed to the side wall effect of concrete moulds, reducing the bulk density of CDA specimens (Figure 60).

Average UCSs of cob specimens carried out according to the new laboratory procedure are lower than those of cob wall elements (Figure 63). This difference is attributed to a different compaction mode: wall elements were self-compacted under dead-load whereas cob specimens were compacted according to Proctor testing protocol. However, a trend can be drawn between bulk density and UCS, the higher the density, the higher the UCS (Figure 65). This tendency can be used to estimate the UCS of a cob wall, of known bulk density, thanks to cob test specimens realized during wall construction and tested according to the proposed laboratory procedure. Another linear correlation can be drawn between Young's modulus and UCS of all specimens, except for CDA, indicating that the higher the stiffness, the lower the mechanical resistance (Figure 65). This tendency is in contradiction with the results of [START_REF] Champiré | Impact of relative humidity on the mechanical behavior of compacted earth as a building material[END_REF] obtained with rammed earth specimens and [START_REF] Salgado | Mechanical behavior of earthen material manufactured in a plastic state: adobe and plaster[END_REF] obtained with pressed adobe bocks specimens, who found a positive strength-to-stiffness ratio. The negative strengthto-stiffness ratio of cob can be attributed to a more brittle (high Young's modulus) or a more ductile (low Young's modulus) mechanical behaviour of cob. For the more ductile behaviour, thanks to fibres, cracks and failures were distributed to a more important volume of cob material which enhanced their ability to bear higher strains. This tendency can be used to estimate the Young's modulus of cob walls of known UCS.

Comparative study of testing devices

The CDA protocol (Table 20), using concrete cardboard cylinders, is easy to use, but presents several limitations: (1) the side wall effect is strong and compaction is not efficient enough (Figure 61); (2) concrete moulds are impervious, the drying is therefore not homogeneous and drying times are very long; (3) earth material stick to the inner face of the mould and generates a specimen surface state of poor quality (Figure 59); (4) the large scattering of CDA results highlights the operator dependency of this protocol (Figure 60 and Figure 63).

The new laboratory procedure proposed here (Figure 57) presents several advantages:

(1) the flexibility of the geotextile cover reduces the side wall effect of the cylinder and reduces the adherence of earth to the inner face of the cylinder (Figure 61); (2) it provides specimens with a good surface state (Figure 59); (3) thanks to horizontal shrinkage, specimens can be unmoulded after a 24 h drying only.

Influence of fibres length and orientation

Radius-length fibre specimens (SRO) have a fibre orientation and a Vertical/Horizontal (V/H) shrinkage ratio close to that of cob wall elements (Figure 60). However, the Uniaxial Compressive Strength, the Young's modulus and the stress-strain response of diameterlength fibre specimens is more representative of the mechanical behaviour of cob wall elements (Figure 64 and Figure 65). Fibre aspect ratio occurs to be a first order parameter with comparison to fibre orientation [START_REF] Danso | Effect of fibre aspect ratio on mechanical properties of soil building blocks[END_REF]. The use of fibre length close to that of the cob wall is then recommended.

Two modes of fibre length were identified for vernacular cob (section 3.3.2.3): small fibres (10-20 cm), and long fibres (40-60 cm). The diameter-length fibres specimens have the same fibre length that cob with short fibres. In the case of cob with long fibres, fibres are too long to fit inside the cob specimen and might be cut.

Influence of drying method

Drying conditions affect specimen shrinkage and have therefore an impact on mechanical behaviour. No significant difference occurs between air-dried (SDA) and oven-dried (SDO) cob specimens, for specimen's characteristics (Figure 60 and Figure 61) and mechanical behaviours (Figure 63, Figure 64 and Figure 65). The accelerated oven-drying can be regarded as representative of on-site drying conditions.

Cob laboratory testing procedure -Synthesis

The results of this preliminary study demonstrate that the protocol using concrete cardboard cylinders is deemed unsatisfactory for cob specimen production. In contrast, the new laboratory procedure proposed here, using plastic cylinders with inner face covered with a flexible geotextile produces cob specimens with bulk density and pore size distribution similar to that of wall elements. The new laboratory procedure succeeds in reproducing the irregular kneading effect of cob. Moreover, it allows estimating Uniaxial Compressive Strength and Young's modulus of a cob wall of known bulk density. This new laboratory procedure offers the advantage to be used either on-site, under air-drying and weather conditions, or in the laboratory, under oven-drying conditions. Nonetheless, more investigations are needed to validate this new laboratory procedure with other cob mixtures.

Synthesis of chapter 4

Earth construction will play an important role in the modern sustainable building of the 21 st century if the actors of the sector adopt earth construction processes able to meet social demand, with low environmental impact and at an affordable cost. The study of earth heritage demonstrated the ability of historical earth builders to innovate in order to comply with social demand variations and technical developments. Earth construction benefits of an old and rich past and it would be a non-sense to leave this past behind. The analysis of earth heritage and the rediscovering of vernacular construction techniques is a valuable source of inspiration for modern earth construction. The valorisation of vernacular knowledge will save time, energy and avoid repeating past mistakes. The future of earth construction should be a continuation of past vernacular earth construction.

In Western countries, the environmental impact of construction was not a specific concern for past builders but it was part of their life. They were dependant on local environment. Any unsustainable building practice would have had a direct consequence on their living conditions. They developed common-sense rules to avoid such practices. Moreover, economic and environmental costs were correlated: it was expensive to spend energy. Since the exploitation of fossil energies, this correlation no longer exists. Conventional building materials expanded due to this low-cost energy context. Current tensions on the energy market increase the need to propose sober construction processes. The use of local and unprocessed earth is a way to meet sober construction process needs.

Many skilled craftsmen possess the required experience to build with these low impact processes, but the building sector regulation is not adapted to the use of local, natural and variable materials. This regulation constraint led several authors and producers to propose to standardise earth materials: by granular correction and admixture addition or by exploitation of earth quarries. However, these solutions alter the beneficial impact of earth buildings. Since the use of earth, with regard to conventional material, is legitimated by its low impact, these solutions are deemed as irrelevant for earth construction sector in a long term perspective.

Another solution deemed more relevant for earth construction sector, is the elaboration of performance based procedures. Regardless of the material, the formulation and the implementation technique, the real performance of building element is assessed. Thus, performance based approach allows using any kind of earth and process, and more specifically local raw earth implemented with low-embodied energy construction technique. It also avoids standardisation of the construction process and contributes to the preservation of the diversity of local construction cultures. In this chapter, a performance test procedure for earth plasters and a laboratory testing procedure, which can be used as a basis for a future performance based procedure, is proposed for cob. The plaster performance test procedure, proposed in 2012, is part of the French code of practice for earthen wall plastering. This code of practice has been validated by the French inter-professional insurance authorities and is routinely used by earth masons. It is also applied by several laboratories for research purpose. This procedure set a precedent to promote the use of performance based approach in earth construction.

Chapter 5 General conclusion

The building sector is responsible for high natural resource and energy consumption which leads to greenhouse gas emissions that contribute to global warming. These resource and energy consumptions are not sustainable in a long term perspective. There is thus a need to significantly reduce the environmental impact of the building sector. The use of local, natural and unprocessed materials offers promising low impact building solutions (section 1.1). Their wide spatial variability is, however, an obstacle for a largescale use. The use of locally sourced and unprocessed materials requires a specific approach adapted to their variability.

The construction strategies developed by past builders were dictated by the local climate and the quality and the amount of locally available construction materials. These construction strategies can be regarded as an optimized management of local, natural and variable resources and are a source of inspiration for modern sustainable building. Unfortunately, this knowledge was almost lost in Western countries during the 20 th century. Earth building heritage is a unique testimony of these low impact construction strategies. Vernacular earth construction know-how rediscovering requires the development of rational heritage investigation means. Another issue regarding the use of natural and variable building material is their compliance with modern building regulation. The development of performance based testing procedures is proposed as a solution to facilitate the use of earth as a building material.

In this manuscript, two different methods were employed to identify vernacular material sources for earth construction. The first method combined micromorphological analysis of samples collected in earth heritage building with pedological survey. The second method identified soils suitable for earth construction at regional scale using cross-referencing of heritage and soil databases. The construction processes were described thanks to a bibliographical analysis for cob, and thanks to a micromorphological analysis for a cob barn and a rammed earth farm. Finally, two different performance based testing procedures were proposed, one for earth plasters and the second one for cob walls. Key results of this work are summarized below.

Micromorphological and pedological analysis permit the identification of the material source of a rammed earth farm (section 2.3). It is located 1 km away from the site. The construction is dated 1860. The network and mean of transportation of this time enable us to envisage the carriage of the earth over such a distance. Indeed, the transportation of the 12 m 3 of earth required for wall construction corresponds to 6 tumbrel travels. The excavated horizon is just below the humiferous horizon and principally concerns the Eg soil horizon present between -5 to -35 cm depth. Considering a 30 cm thickness of soil, the surface excavated to build the wall is estimated to 40 m 2 . The same calculation performed for the entire building gives an excavated area of approximately 800 m 2 . The selection of a particular horizon, located 1 km away, requiring excavation of soil on such a large surface area, tells us how carefully the choice and the excavation of earth for construction was made by the 19 th -century craftsmen and highlights their sophisticated know-how. This result confirms the relevance of the vernacular earth construction rediscovering process.

Cross-referencing of spatialized pedological and heritage data enabled identifying the regional resource of earth suitable for cob construction in Brittany (France) (section 2.4). Six different earth texture and Cation Exchange Capacity (CEC) classes were identified. Among soils of Brittany, the most suitable earths are the siltiest. This result is in contradiction with recommendations available in the literature, suggesting the use of sandy-clayey soils. The current earth suitability recommendations are based on too restrictive results or on theoretical laboratory approaches, whereas vernacular soil selection is the result of time-tested empirical experimentations. Textures identified in this study enlarge the possible sources of earth suitable for cob construction and call into question recommendations available in the literature. Results also highlighted an optimum clay content which decreases when CEC of clays increases. This relationship was suspected for a long time and was brought to light in this study for the first time. Using earth suitability results, geographical representations of Brittany cob resource availability were drawn by percentage of surface and by percentage of volume. The availability of cob soils, expressed by surface, is greater to the northeast part of Brittany and well correlated with the geographical distribution of cob heritage, whereas there is no correlation between the geographical distribution of cob soils by volume and cob heritage. This result suggests that the geographical continuity of the resource was more important than the volume of the resource in order to allow the development of a local earth construction culture.

Macroscale quantification of orders of magnitude of the volume of available soil resource for cob in Brittany were calculated. The volume of soil available was estimated at 6.8 billion m 3 , i.e. 8.8 billion tonnes, and represents 23% of total soils of Brittany. The estimated proportion of the resource already consumed by past builders is 0.03%. The hypothetical consumption of the entire resource would enable the construction of 88 million homes and if all housing of Brittany were made of cob, 2.1% of the resource would have been consumed. These estimations illustrate the huge availability of earth material in Brittany. These calculations take into consideration the best cob soils only. Considering that it is possible to use other types of earth with mechanized cob, that skilled craftsmen are able to use other soils and that other earth construction techniques could be employed, these scales of magnitude should, therefore, be regarded as minimum values in a modern earth construction context. Nonetheless, the soil is a non-renewable material on the human time scale and it provides various ecosystem services like provisioning, regulating, cultural and supporting services. Excavation of earth for construction might impact multifunctional roles of soil. Management of the consumption of this resource should, therefore, be carefully considered. Currently, earthworks excavations generate large amounts of landfilled soils. In Brittany, 2.8 million tonnes of soils are landfilled every year. Considering that 23% of these landfilled soils are suitable for cob, in 2012, 0.6 million tonnes of earth were available and would have enabled the construction of 52% of the individual housing of Brittany that year. The resource of earth suitable for cob in Brittany is huge and earthwork excavations already provide large amounts of earth every year. This high-quality construction material could be valued in the building sector, instead of ending up as waste in landfills.

A cob bibliographical analysis (section 3.3) provided a detailed description of vernacular cob construction process and a classification of cob variations in 4 cases (section 3.3.3.1). Slenderness ratio of lifts was proposed as an indicator of the convenience of earth and of associated process variation, the higher the slenderness and the better the convenience. This bibliographical analysis illustrated the diversity of strategies employed by past cob masons to deal with cob construction process constraints. It was estimated that, at least, hundreds of variations existed for this process. This diversity is a key to promote the use of locally available and unprocessed construction materials, as it broadens the range of sustainable construction solutions and therefore the possibility to find a sustainable construction process adapted to a local context.

For the first time, micromorphological analyses were performed on specimens collected in rammed earth (section 3.4) and cob (section 3.5) heritage walls. Pedofeatures related to material implementation provides information on the water content of manufacturing stage, the blending, kneading and compaction degree, potential admixtures and size and shape of layers/clods. All these elements permitted to propose an accurate description of the construction technique employed by past builders. For the rammed earth and the cob building studied here, we succeeded rediscovering the construction process employed by past craftsmen. A comparison of micromorphological features related to the rammed earth farm and the cob barn at different process stages was drawn.

The maintenance of earth heritage buildings and the consideration of earth construction technique in modern building require a rational approach complying with building regulation. To allow using local earth, which present high variation from place to place, performance based test were proposed, one for plasters and another one for cob.

A performance based on-site procedure was proposed for earth plasters (section 4.3). A shrinkage test, followed by a shear test validates plaster formulations. The shrinkage test eliminates formulations beyond a shrinkage threshold specific to the plaster-wall combination and enables to find the best plaster formulation. Then the shear test validates this formulation if it offers sufficient adherence and thus sufficient shear strength to the plaster-wall interface. Earth plasters exhibit an optimum shear strength that depends on clay content. An increase in the amount of clay reinforces the plaster until the effect of shrinkage becomes predominant and decreases the shear strength. This plaster performance test procedure was proposed in 2012 as part of the French code of practice for earthen wall plastering. This code of practice has been validated by the French inter-professional insurance authorities and is routinely used by earth masons. It was also applied with success by several laboratories for research purpose and several authors recommend this testing procedure since it is judged as representative of on-site conditions. Some authors, however, recommended increasing the size of shear test specimens. This procedure set a precedent to promote the use of performance based approach in earth construction.

An innovative laboratory procedure for cob sample production was proposed and tested in order to assess the mechanical performance of cob walls (section 4.4). A flexible geotextile cover is placed on the inner face of a cylinder mould wall (diameter 150 mm, height 300 mm) to reduce the friction and the adherence with soil. Specimens carried out according to the new testing procedure are compared to 600×600×300 mm cob wall elements. Average Uniaxial Compressive Strengths (UCS) of cob specimens made according to the new laboratory procedure are lower than those of cob wall elements. This dissimilarity is attributed to a different compaction mode: wall elements were selfcompacted under dead-load whereas cob specimens were compacted according to Proctor testing protocol. However, a trend can be drawn between bulk density and UCS: the higher the density, the higher the UCS. This tendency can be used to estimate the UCS of a cob wall, of known bulk density, thanks to cob test specimens realized during wall construction and tested according to the proposed laboratory procedure. Linear correlation can be drawn between Young's modulus and Uniaxial Compressive Strength of all specimens indicating that the higher the stiffness, the lower the mechanical resistance. Although this result is in contradiction with findings for rammed earth and pressed adobe blocks, this trend can be attributed to a more brittle (high Young's modulus) or a more ductile (low Young's modulus) mechanical behaviour of cob. For the more ductile behaviour, thanks to fibres, cracks and failures were distributed to a more important volume of cob material which enhanced their ability to bear higher strains. This tendency can be used to estimate the Young's modulus of cob walls of known UCS. The proposed laboratory procedure provides basis for the development of a performance based test for cob.

The multidisciplinary approach proposed in this work combined micromorphology, pedology, geotechnics and cultural heritage disciplines. It provided complementary tools to assess pedological sources of construction material and geotechnical characteristics of earth employed in vernacular earth heritage. It also provided a detailed description of the construction process of vernacular earth heritage.

The results of this work offer several research perspectives. From an architectural and a historical point of view, this knowledge would enable to follow the evolution and the spread of earth construction processes. From a technical point of view, it would allow us to rediscover the solutions employed by past builders to overcome obstacles that are still relevant nowadays: influence of soil, geography, geology and climate on construction process choices. Some improvements can be proposed for this methodology. This more specifically concerns the determination of water content of manufacturing stage, which has a great impact on kneading/compacting action. Only the material state, i.e. solid, plastic or liquid, can be determined presently. A correlation could possibly be found between porosity shapes or porosity distribution and the water content of manufacturing stage. Another outlook for future could be the utilisation of image analysis to go from a phenomenological approach to a physical approach. However, pedofeatures are complex and multiscale objects and their study requires a high expertise. The development of such image analysis tools would necessitate a significant effort.

Suitable soils for construction are often described as "clayey soils" and recommended textures proposed in the literature are most of the time sandy-clayey soils. However, results suggest that past builders might have preferred silty soils. Further investigations are needed to highlight the reasons for these differences. To further the discussion on the identification and quantification of soils for construction, the same methodologies should be applied to other regions with different earth construction techniques and climates.

Earth construction will play an important role in the modern sustainable building of the 21 st century if the actors of the sector adopt earth construction processes able to meet social demand, with low environmental impact and at an affordable cost. The study of earth heritage demonstrated the ability of historical earth builders to innovate in order to comply with social demand variations and technical developments. Earth construction benefits of an old and rich past and it would be a non-sense to leave this past behind. The analysis of earth heritage and the rediscovering of vernacular construction techniques is a valuable source of inspiration for modern earth construction. The valorisation of vernacular knowledge will save time, energy and avoid repeating past mistakes. The future of earth construction should be a continuation of past vernacular earth construction.
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 1 Figure 1. Earth construction processes classification, adapted after [22,65,70]. The distinction is made between load-bearing and freestanding techniques (bearing) and non load-bearing techniques (non-bearing). (Wm = water content of manufacturing stage, WOP = optimum Proctor water content; WP = water content at plastic limit; WL = water content at liquid limit).

Figure 2 .

 2 Figure 2. Cob process stages and related earth construction processes.

Figure 3 .

 3 Figure 3. Vertical cross-section of weathered materials from ground surface to unweathered bedrock, according to several disciplines definitions.

Figure 4 .

 4 Figure 4. Location map of the rammed earth farm (Cras-sur-Reyssouze, France).

Figure 5 .

 5 Figure 5. Geological East-West cross section of the surroundings of the rammed earth farm performed according to the geological map (Bergerat and Fleury 1985). Positions of pedological surveys are indicated (a, b, c, d and e).

Figure 7 .

 7 Figure 7. Description of pedological surveys performed between the rammed earth farm and the Balvay village, locations are presented in Figure 5.

Figure 8 . 3 -

 83 Figure 8. 3-dimension drawing of the 4 specimens sampling performed in the rammed earth wall (on left) and picture of the wall after sampling (on right).

Figure 9 .

 9 Figure 9. Details of thin sections. a: coarse texture (PPL, × 2) (CRA1); b: fine texture (XPL, × 20) (CRA1); c: vegetal debris (PPL, × 2) (CRA4t); d: porosity of type 1 containing Enchytraeids excretions (PPL, ×2) (CRA4t); e: porosity of type 2 (XPL, ×10) (CRA3t); f: horizontally elongated cavity (PPL, × 2) (CRA4t); g: flattened cavities alignment (PPL, ×4) (CRA2); h: tilted sand particles alignments (PPL, × 2) (CRA4t); i: subhorizontal associated to a subvertical sand particles alignment (PPL, × 2) (CRA3t); j: sharp shape ferruginous nodule (PPL, × 2) (CRA2); k: indistinct shape ferruginous nodule (XPL, × 20) (CRA3t); l: silty-clayey aggregate (PPL, × 2) (CRA3t); m: piece of charcoals (PPL, × 2) (CRA4t); n: detail of an obvious limit, between a low porosity layer below and a high porosity layer above. This limit is underscored by a subhorizontal sand particles and flattened voids alignment (PPL, × 2) (CRA3t).

Figure 10 .

 10 Figure 10. Vertical cross section, reconstructed thanks to 4 thin sections (CRA3t, CRA3d, CRA4t and CRA4d). Obvious limits are pictured by dotted lines. Obvious limits separate 5 layers, named L1 to L5, wherein porosity transition is underlined.

Figure 11 .

 11 Figure 11. Comparison between particle size distributions and mass frequency of the rammed earth wall material (CRA) and material collected during the Balvay plateau survey, between 0 to 36 cm depth (BAL 0-36).

Figure 12 .

 12 Figure 12. Clay content (2 µm passing) evolution with regard to depth of the e survey, located on the Balvay plateau.

Figure 13 .

 13 Figure 13. Pedological database: Soil Map Units (SMUs) are a spatialized depiction of soil landscapes at a scale of 1:125000, SMUs are composed of a proportion, expressed in surface, of various Soil Type Units (STUs) and STU consist of several strata. Only SMUs are delineated.

Figure 14 . 50 Figure 15 .

 145015 Figure 14. Maps of available information in Brittany concerning(a) Heritage database[START_REF] Bastin | L'inventaire du patrimoine culturel en Bretagne[END_REF], and vernacular cob area of Brittany[START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Le Couedic | L'architecture Rurale Française. Corpus des genres, des types et des variantes[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF]; (b) 1:250,000 soil map figuring complex Soil Map Units (SMU)[START_REF] Lemercier | Sols de Bretagne[END_REF]; (c) map of municipalities possessing heritage data, defining the study area, together with vernacular cob area of Brittany[START_REF] Meirion-Jones | The Vernacular Architecture of Brittany[END_REF][START_REF] Gohel | La construction de terre en Haute-Bretagne -Histoire et techniques[END_REF][START_REF] Le Couedic | L'architecture Rurale Française. Corpus des genres, des types et des variantes[END_REF][START_REF] Petitjean | Construction en terre en Ille-et-Vilaine[END_REF].

Figure 16 .

 16 Figure 16. Texture of soils of 40-50 %; 30-40 % and 20-30 %cob frequency classes (left) and comparison of these textures (20-50 % cob frequency) with all soils of Brittany (right). The coloured surfaces of the radar graphical representation allow an easy comparison between recommended textures, but only the extremum clay, silt, sandand gravel contents are to be considered.

Figure 17 .

 17 Figure 17. Texture of fine earth of strata of Brittany according to their cob frequency in percentage. Strata values are presented on a (diamond are mode values and error bars are estimated confidence interval) and frequency classes values, calculated according to section 2.4.3.1 are shown on b. Data are projected in the texture triangle of reference for French soils, defined by the GEPPA (A = clay; L = silt; S = sand). In this representation, regardless of the gravel content, sum of clay, silt and sand content is 100%.

Figure 19 .

 19 Figure[START_REF] Williams | The feasibility of earth block masonry for building sustainable walling in the United Kingdom[END_REF]. Confrontation of texture of fine earth identified as suitable for vernacular cob construction in Brittany with, a: cob recommended texture available in the literature[13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Harries | A rational return to earth as a contemporary building material[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF], and b: texture of fine earth of German cob soils[START_REF] Ziegert | Analysis of material, construction and damage in historical cob buildings in central Germany[END_REF] and damaged cob walls built with soils derived from Permo-Triasic rocks[START_REF] Keefe | Possible causes of structural failure in traditional cob buildings[END_REF]. Data are projected in the texture triangle of reference for French soils, defined by the GEPPA (A = clay; L = silt; S = sand). In this representation, regardless of the gravel content, sum of clay, silt and sand content is 100%.

Figure 20 .

 20 Figure 20. a: Cation Exchange Capacity (CEC) of strata of Brittany plotted against cob frequency, b: clay content of strata with a 20-50 % cob frequency plotted against the CEC of clay fraction (on right). A linear relationship is proposed between Clay content (CLAY) and Cation Exchange Capacity of Clay (CL_CEC) for cob in Brittanywith a correlation coefficient of 0.78 and a standard error of 2.3. The solid line depicts this relationship and dotted lines depict the standard error.

Figure 21 .

 21 Figure 21. Map of soil resource availability for vernacular cob in Brittany, considering strata with a 10-50 % cob frequency; (a) by surface: sum of surface of STUs having at least one strata suitable for cob; (b) by volume: proportion by volume of strata suitable for cob, calculated for each SMU, and comparison with vernacular cob area [174-177].

Figure 22 .

 22 Figure 22. Summary of vernacular cob process. Water contents are to be regarded as order of magnitudes.(elements in brackets are optional; W = water content, WL = water content at liquid limit, WP = water content at plastic limit, WSH = Water content at shrinkage limit).
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 331 Earth elements implementation Cob walls were made by the stacking of: (a) clods of earth snatched from the cob mixture pile, (b) plastic elements of earth cut in squares, (c) plastic elements of earth modelled by hand into specific shapes, or (d) wet clods of earth snatched from the cob mixture pile inside a shuttering.

Figure 23 .

 23 Figure 23. Cumulated citations of minimum (Min) maximum (Max) and average values of cob lift height and cob wall thickness.

Figure 24 .

 24 Figure 24. Cumulated frequency of lifts slenderness ratio together with average slenderness ratio (1.0 with standard deviation of 0.3) and average +/-standard deviation. Slenderness ratio are divided into 4 classes : Low (< 0.7), Medium low (0.7 -1.0), Medium high (1.0 -1.3) and High (> 1.3).
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Figure 27 .

 27 Figure 27. Thin section thumbnail in PPL and XPL with three quartz minerals at different extinction angle.

Figure 28 .

 28 Figure 28. Processing of PPL and XPL thin section images

Figure 29 .

 29 Figure 29. Result of image processing on a thin section thumbnail. Three different quartz minerals (1, 2 and 3) are outlined.

Figure 30 .

 30 Figure 30. Detail of a rammed earth layer limit, marked with a red line, in grey scale (a), after binarization (b) and in porosity map (c).

Figure 33 .

 33 Figure 33. Effect of thin section thickness on brightness

Figure 34 .

 34 Figure 34. Location map of Saint Gilles (Brittany, France).

Figure 35 .

 35 Figure 35. Geological cross section of the locality of "La Poterne", located on the city of Saint Gilles.

Figure 36 .

 36 Figure 36. View of the three different construction stages (north, middle and south) identified in the wall, seen from the inside of the building. Sampling concerned the middle stage (in yellow): rose parts were collected, with particular samples for thin sections (red) and material identification (green).

Figure 37 .Figure 38 .

 3738 Figure 37. Portions of cob wall cut thanks to a rock chainsaw

Figure 39 .Figure 40 .

 3940 Figure 39. Particle size distribution of material collected in north window (NW), south window (SW) and in top of the wall (Top)

Figure 41 .

 41 Figure 41. Detail of a fibre layer (picture taken from above).

Figure 42 .

 42 Figure 42. Cob clods limits of a wall portion underlined on a picture (on left) and depicted on a 3-dimension schematic diagram (on right, dimensions in cm).

Figure 43 .

 43 Figure 43. Horizontal (H) and Vertical (V) cross section highlighting thin sections macrostructure.

Figure 44 .

 44 Figure 44. Microscope pictures of voids type: Vugh = random vughs; Hor. = horizontal vughs; Ves. = vesicles; Pla. = vertical planar voids.

Figure 45 .

 45 Figure 45. Microscope picture of a: stem residues; b: void coating; c: silty coating in the section of a stem; d: intercalations; e: clay depletion at the lower part of the photo; f: voids coating and hypo-coatings; g: stem internal/external hypo-coatings; h: Fe/Mn groundmass impregnations.

Figure 46 .

 46 Figure 46. Fabric pedofeatures: subhorizontal limits (a, b and c) and oblique limit (d) underlined by sand alignments stems and voids parallel to the limits, deformed soil aggregates (e, f and g) and round aggregate (h). All pictures are taken in PPL.

Figure 47 .

 47 Figure 47. Shear test loading device example, 400 mm high, 150 mm large and 20 mm thick.

Figure 49 .

 49 Figure[START_REF] Palumbo | The influence of two crop by-products on the hygrothermal properties of earth plasters[END_REF]. Influence of the clay content on the longitudinal shrinkage of 40×40×160 mm samples. A zero shrinkage is assumed for the 0 % clay content.

122 Figure 50 .

 12250 Figure 50. Influence of the clay content on the 3-point bending strength

Figure 51 .

 51 Figure[START_REF] Rempel | Intrinsic Evaporative Cooling by Hygroscopic Earth Materials[END_REF]. Shear strength vs. clay content of the Rochechinard specimens from the cob and rammed earth walls. Rochechinard data from the rammed earth blocks and cob wall are represented using a 3-degree polynomial function. As the 18 % clay content shrinkage specimen had fallen from the cob wall, the shear strength is assumed to be zero.

Figure 52 .

 52 Figure 52. Comparison of shear test results of[START_REF] Hamard | A procedure to assess the suitability of plaster to protect vernacular earthen architecture[END_REF]and[START_REF] Stazi | An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments (in press)[END_REF]performed on rammed earth wall(a) and cob wall (b)

Figure 53 .

 53 Figure 53. Typical cob Uniaxial Compressive Strength test (ELR = End of Linear stress/strain Response), after [252].

Figure 54 .

 54 Figure[START_REF]Wold Heritage List[END_REF]. Optimal cob mixture with regard to water content of manufacturing stage (Wm) and straw content, after[START_REF] Saxton | The performance of cob as a building material[END_REF] 

Figure 55 .

 55 Figure[START_REF] Ben Ugochukwu | Local Building Materials: Affordable Strategy for Housing the Urban Poor in Nigeria[END_REF]. Range of cob compressive strengths found in the literature[START_REF] Röhlen | Construire en terre crue -Construction -Rénovation -Finition[END_REF][START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Ziegert | Historical cob buildings in Germany -construction, damage and repairs[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF] and average values.

Figure 56 .

 56 Figure 56. Variation in compressive strength against water content, after Saxton[START_REF] Saxton | The performance of cob as a building material[END_REF] 

  this section, an original laboratory procedure for cob sample production is proposed and tested. A flexible geotextile cover (a flexible synthetic fabric) is placed on the inner face of a cylinder mould wall (diameter 150 mm, height 300 mm) to reduce the friction and the adherence with soil (Figure57). Cob wall elements were carried out and tested. Their mechanical characteristics are used as a reference in this study. Different laboratory procedures were tested and compared to cob wall elements.

Figure 57 .

 57 Figure 57. Device for cob specimen production.

Figure 58 .

 58 Figure 58. Mechanical tests of cob cylindrical specimens (a) and cob walls (b).
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 44 Results and discussion 4.4.4.1 Implementation influence on specimens' quality

Figure 59 .

 59 Figure 59. Surface state of specimens made in concrete mould (a) and in plastic mould with a flexible geotextile cover (b).

Figure 60 .

 60 Figure 60. Comparison of average ratio of vertical by horizontal shrinkage (V/H), on left, and average bulk density, on right.

4. 4 . 4 . 4 Figure 61 .

 44461 Figure 61. Comparison of pore size distribution obtained by mercury intrusion porosimetry.

Figure 62 .

 62 Figure 62. Comparison of inter and intra aggregate pore volume of hypercompacted earth blocks [358]with SDO3 4.4.4.5 Comparison of compressive strength and Young Modulus of cob specimens Orders of magnitude of Uniaxial Compressive Strength (UCS) and Young's modulus (E) of cob wall elements (Figure63) are in agreement with[START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF][START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Coventry | Specification development for the use of Devon cob in earthen construction[END_REF][START_REF] Saxton | The performance of cob as a building material[END_REF][START_REF] Ziegert | Lehmwellerbau -Konstruktion, Schäden und Sanierung[END_REF] but two times lower than these of[START_REF] Miccoli | Mechanical behaviour of earthen materials: A comparison between earth block masonry, rammed earth and cob[END_REF]. Stress-strain curves of cob wall elements (Figure64) are in agreement with the 3 stages described by[START_REF] Addison Greer | The effect of moisture content and composition on the compressive strength and rigidity of cob made from soil of the Breccia Measures near Teignmouth, Devon[END_REF]: (1) initial compaction, (2) linear stress/strain response and (3) initiation and propagation of cracks (section 4.4.2.1). Results of cob wall-elements mechanical tests are thus in good agreement with bibliography.

Figure 63 .

 63 Figure 63. Comparison of average compressive strength (fc, on left) and average Young's moduli (E, on right) for the four cob specimen protocols and cob walls.

Figure 64 .

 64 Figure 64. Normalized stress (σ/ σmax) strain (ε) curve of one specimen of the four cob protocols and cob walls.

Figure 65 .

 65 Figure 65. Average water content of manufacturing sae (Wm) with respect to average bulk density (a), average compressive strength (fc) with respect to bulk density (b) and average Young's modulus (E) with respect to average compressive strength (fc) of cob protocols (c).

Figure 66 .

 66 Figure 66. Cyclic loadings performed for modulus assessment
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		0.17	10-20	0.014
		0.17	10-20	0.006
		0.16	10-20	0.026
	66	0.16	10-20	0.024
		0.15	10-20	0.022
	63	0.15	10-20	0.024
		0.14	10-20	0.021
		0.13	10-20	0.022
		0.12	10-20	0.026
		0.11	10-20	0.018
		0.10	1-10	0.014
	56	0.09	1-10	0.015
	21	0.07	1-10	0.017
		0.07	1-10	0.012
		0.06	1-10	0.025
	65	0.06	1-10	0.013
	62	0.06	1-10	0.024
	13	0.06	1-10	0.013
		0.05	1-10	0.018
		0.05	1-10	0.011
	82	0.04	1-10	0.005
		0.04	1-10	0.008
		0.04	1-10	0.017
	53	0.03	1-10	0.015
	26	0.03	1-10	0.012
		0.03	1-10	0.010
	54	0.02	1-10	0.003
	14	0.01	0-1	0.004
	57	0.01	0-1	0.005
	68	0.01	0-1	0.005
		0.01	0-1	0.004
	59	0.00	0-1	0.003
	89	0.00	0-1	0.003
	64	0.00	0-1	0.003
	80	0.00	0-1	0.003
		0.00	0-1	0.004
		0.00	0-1	0.003
		0.00	0-1	0.003
		0.00	0-1	0.002
	97	0.00	0-1	0.003
	67	0.00	0-1	0.002
	72	0.00	0-1	0.001
		0.00	0-1	0.001
		0.00	0-1	0.001
		0.00	0-1	0.000
		0.00	0-1	0.000
		0.00	0-1	0.000

Table 3 .

 3 Texture, Cation Exchange Capacity (CEC) of soils and Cation Exchange Capacity of clay fraction (CL_CEC), according to cob frequency classes. Values are given in percentage by mass.

	Frequency class	Clay	Silt		Sand	Gravel		CEC	CL_CEC
	(%)	(0 -2µm)	(2 -50µm)	(50µm -	(>2mm)	(cmol + .kg -1 )	(cmol + .kg -1 )
			(%)	(%)	2mm) (%)		(%)			
		Min	Max	Min	Max	Min	Max	Min	Max	Min	Max	Average
	40-50	9	17	57	74	13	28	0	2	2.8	5.5	31
	30-40	11	22	54	70	10	25	0	9	2.8	5.3	26
	20-30	12	22	46	63	13	31	0	20	3.0	5.5	24
	10-20	12	22	37	58	17	37	0	21	3.6	6.2	28
	1-10	10	21	32	55	16	36	2	30	3.0	5.4	25

Table 4

 4 

	Frequency class		Clay	Silt		Sand	
	(%)	(0 -2µm) (%)	(2 -50µm) (%)	(50µm -2mm) (%)
		Min	Max	Min	Max	Min	Max
	40-50	9	18	58	75	13	28
	30-40	11	23	56	73	11	26
	20-30	13	23	49	68	14	33
	10-20	13	24	41	64	19	40
	1-10	11	25	38	65	19	43

. Texture of fine earth (clay + silt + sand = 100%), of soils according to cob frequency classes. Values are given in percentage by mass.

Table 5 .

 5 Estimation of soil availability for cob construction in Brittany, by volume, mass and proportion, estimation of the consummation of the resource by heritage and orders of magnitude of potential cob resource provided by earthworks.

Table 6 .

 6 Geographical distribution of cob construction process description in bibliographical references. France and United Kingdom together represent 77 % of the bibliographical references.

Table 8 .

 8 Maximum particle size diameter, fibre type, preparation and length, fibre content (when data are given for 1 m3 of earth, a density of 1600 kg.m-3 for earth has been considered to calculate the fibre content by mass, those calculated fibre content are labelled *) and water content at manufacturing stage (Wm) by weight of cob mixture according to literature.

	Reference	Maximum particle size diameter (mm)	Fibre type	Fibres cut	Fibre length (cm)	Fibre content by weight (%) Minimum Maximum	Wm (%) by weight
	[195]		straw	Yes			
	[195]		hay	Yes			
	[152]					1.3	
	[175]		furze	Yes	10 -15		
	[175]		straw	Yes			
	[164]	80 -100	straw	Yes			
	[196]		straw	Yes	15 -20		
	[197]		straw	Yes			
	[190]		straw	Yes			
	[163]		straw	Yes	15 -20		
	[174]		straw	Yes	15 -20		
	[198]		straw	Yes			
	[116]		straw	Yes	40		
	[249]		straw	Yes	60		
	[200]		straw	Yes	60		
	[250]					1.6*	
	[61]					0.3*	1.0*
	[156]					1.6*	
	[13]	50					
	[120]					1.0	2.0
	[252]	50 -60	straw	Yes			
	[204]		straw	Yes			
	[253]					1.5	2.0
	[36]		straw	No			
	[158]		straw	Yes	15 -20		
	[205]					1.6*	
	[254]					2.0		18
	[155]		straw	No	70		
	[207]		straw	No			
	[207]		hay	No			
	[159]		straw		40 -50		
	[121]	50						18 -25
	[210]		heather	Yes			
	[126]					1.6*	
	[115]		straw	Yes			
	[22]		straw	No		1.0	1.5
	[14]		straw	Yes			
	[151]							10 -20
	[34]	50						18 -25
	[12]		straw	Yes	30 -60	1.4*	1.8*
	[267]		straw	Yes	30 -50	1.3*	1.9*
	[118]		straw	Yes			
	[268]							15 -30
			Average			1.4	1.7	-

Table 9 .

 9 Number of citation and bibliographical references of different fibre type employed with cob.

	Fibre	Number of citation	References
	animal hair	4	[34,72,156,205]
	barley straw	8	[13,34,72,115,117,163,196,252]
	bean pod	2	[164,174]
	broom	5	[77,117,126,162,210]
	cow parsley	2	[34,72]
	fern	5	[16,78,117,162,250]
	flax	3	[34,37,72]
	furze	11	[16,34,72,76,162,164,175,197,200,210,229]
	grass	6	[34,72,126,156,200,250]
	hay	22	[13,16,34,72,77,78,117,126,156,164,174,175,195,200,205,207,209-211,216,225,250]
	heather	18	[34,37,72,74,76-79,117,162,164,174,175,197,200,210,250,261]
	leaf	1	[234]
	moss	2	[34,72]
	needle	1	[229]
	oakum	3	[164,174,175]
	oat straw	12	[16,34,37,47,72,157,164,174,175,197,200,210]
	quack grass	2	[34,72]
	reed	2	[37,72]
	rice straw	2	[47,235]
	root	1	[234]
	rush	8	[16,34,117,126,156,164,205,250]
	rye straw	7	[12,37,47,77,155,209,210]
	sedge	5	[34,72,211,216,229]
			[15,17,18,22,27,32,36,61,76-
	straw	47	79,117,120,126,149,150,152,153,158,162,164,174,175,177,

Table 13 .

 13 Micromorphological features allowing distinguishing the rammed earth farm of Cras-sur-Reyssouze and the cob barn of Saint-Gilles, at different process stages (Wm = water content of manufacturing stage).

	Process	Rammed Earth	Cob
	stage		
	Wm Porosities with rough and irregular walls indicates a solid state (section	Vesicles, clay depletion and intercalations indicates a plastic state
	3.4.2)		(section 3.5.3.4)
	Mixing		Plastic deformations of soil aggregates, straw fibres filled with earth, clay
			depletion and intercalations indicates
			a kneading action (section 3.5.3.4)
	Limits Layers are underlined by obvious and continuous limits outlined by sand	Clods limits are underlined by fibre layers by naked eye and, at microscale,
	alignments, subhorizontally elongated	by a transition zone associated with
	voids and a contrast between an above	subhorizontal fibres concentrations,
	high and a below low porosity (section	flattened voids and sand alignments
	3.4.3)		(section 3.5.3.3)
	Compaction Inside rammed earth layers, ramming process generates overlapping	
	discontinuous limits, horizontally	
	oriented associated with a shortening,	
	oblique shear lines, sometimes	
	combined together to create corner	
	shape figures (section 3.4.3)	

Table 14 .

 14 Characteristics of the Tassin and Rochechinard earths (*MBV = Methylene Blue Value)

	Earth	Clays < 2 µm	2 µm < silts < 20 µm	20 µm < sands< 2000 µm	MBV *
	Tassin	18 %	12 %	70 %	1.4
	Rochechinard	26 %	32 %	42 %	2.5

Table 15 .

 15 Plasters formulations used for the testing campaign together with the water content of the plasters at the time of their application and their curing time. An abbreviation is used to name each formulation, where the

	letter specifies the earth used (T = Tassin, R = Rochechinard), the number corresponds to the clay content
	(18/12/9/6/3) and an admixture (if used) is specified with a + (H = Hemp Chaff, S = Sisal).			
			Tassin			Rochechinard		Rochechinard with admixtures
	Sample name	T18 T12 T9 T6 R18 R12 R9 R6 R3 R18+S R12+S R18+H R12+H
	Clay content by mass (%)	18 12	9	6	18	12	9	6	3	18	12	9	6
	Mass of earth (kg)	5 3.43 2.57 1.71 3.43 2.35 1.76 1.18 0.59 3.43	2.35	1.76	1.18
	Mass of sand (kg)	0 1.57 2.43 3.29 1.57 2.65 3.24 3.82 4.41 1.57	2.65	3.24	3.82
	Sisal (g)	-	-	-	-	-	-	-	-	-	25	25	-	-
	Hemp chaff (g)	-	-	-	-	-	-	-	-	-	-	-	25	25
	Amount of added water (L)	1.35 1.18 1.02 1.14 1.26 1.14 1.25 1.24 -	1.36	1.20	1.28	1.12
	Water content on the cob wall (%)	27 24	20	23	25	23 25	25	-	27	24	26	22
	Curing time on the cob wall		38 days				37 days				20 days	
	Amount of added water (L)	-	-	-	-	-1.03 1.13 1.23 1.33	-	-	-	-
	Water content on the													
	rammed earth blocks	-	-	-	-	-	21 22	25	27	-	-	-	-
	(%)													
	Curing time on the rammed earth blocks	-	-	-	-	-	14 days	55 days	-	-	-	-

  In the proposed protocol only the formulation validated by the shrinkage test might be tested. For the need of the research campaign, the shear test was conducted for all formulations.

	Bending strength 4.3.3.3 Shear test								
		(MPa)									
	1.00										
	0.90										
	0.80										
	0.70										
	0.60										
	0.50										
	0.40										
	0.30			(b)				(a) Rochechinard	R² = 0.9541
	0.10 0.20	Lime/sand	(a)				R² = 0.6994 Rochechinard with hemp chaff (b) Tassin Rochechinard with sisal
	0.00										
		0	2	4	6	8	10	12	14	16	18	20
						Clay content (%)			
							123				

Table 16 .

 16 Shear test results -Tassin and Rochechinard with admixturesThe optimum shear strength relationship with clay content is consistent with the observations made above for the shrinkage and bending tests (section 4.3.3.1 and 4.3.3.2).

	Shear strength (kPa)

  UCS) and Young's modulus (E) determination are the most commonly cited tests for cob mechanical behaviour characterisation. Specimens' fabrication procedures for the determination of UCS and E refer to cylindrical test specimen with a slenderness ratio of 2:1 in order to reduce the frictional forces due to the confinement caused by testing machine plates

	4.4.2 Cob mechanical behaviour review
	4.4.2.1 Laboratory procedures
	Uniaxial Compressive Strength (

Table 20 .

 20 Nomenclature of studied protocols.

Comparison of texture results with existing recommendations

Different grading envelopes are proposed in the literature [13,[START_REF] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Harries | A rational return to earth as a contemporary building material[END_REF][START_REF] Jaquin | Earth Building, History, Science and Conservation[END_REF]. These recommendations were adapted and are presented in Figure 18 and Figure 19a. 

Appendix A Definitions of soil, geomorphology and geology terms

Soil (Pedological definition): product of the weathering of rocks by geological, topographical, climatic, physical, chemical and biological factors [START_REF]Handbook of Soil Sciences, Properties and Processes, Second Edi[END_REF].

Soil (Geotechnical definition): cohesionless materials overlying the solid bedrock crust [START_REF] Reddi | Soil materials for earth construction: poperties, classification and suitability testing[END_REF][START_REF] Briaud | Geotechnical Engineering, Unsaturated and Saturated Soils[END_REF].

Topsoil: first horizon of a soil, where organic matter accumulate (A, O) [START_REF] Ehlen | Above the weathering front: Contrasting approaches to the study and classification of weathered mantle[END_REF][START_REF] Baize | Référentiel pédologique, Quae, Association française pour l'étude du sol[END_REF][START_REF]World reference base for soil resources[END_REF].

Subsoil: horizons located below topsoil [START_REF] Ehlen | Above the weathering front: Contrasting approaches to the study and classification of weathered mantle[END_REF].

Alterite (or weathered bedrock, weathered mantle): Levels located between unweathered bedrock and soil horizons [START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF].

Isalterite: Lower level of alterite, in which the original petrographic structure is maintained and still recognizable [START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF].

Alloterite: Upper level of alterite in which the original textural features have partly or totally disappeared [START_REF] Delvigne | Atlas of Micromorphology of Mineral Alteration and Weathering[END_REF].

Weathering profile: one-dimensional section of weathered mantle from its surface through all its zones to parent material [START_REF] Ehlen | Above the weathering front: Contrasting approaches to the study and classification of weathered mantle[END_REF][START_REF] Eggleton | The Regolith Glossary: surficial geology, soils and landscapes, Cooperative Research Centre for Lanscape Evolution and Mineral Exploration[END_REF] Regolith: unconsolidated mantle of weathered rock and soil material on the Earth's surface [START_REF] Wilford | A regolith depth map of the Australian continent[END_REF][START_REF] Eggleton | The Regolith Glossary: surficial geology, soils and landscapes, Cooperative Research Centre for Lanscape Evolution and Mineral Exploration[END_REF] Pedolith: zone where the pedological processes have destroyed the original bedrock structure [START_REF] Wald | Distribution and properties of soft weathered bedrock at ≤ 1 m depth in the contiguous United States[END_REF][START_REF] Eggleton | The Regolith Glossary: surficial geology, soils and landscapes, Cooperative Research Centre for Lanscape Evolution and Mineral Exploration[END_REF].

Saprolith: zone where the bedrock fabric is weathered but primary bedrock structures are recognised. The saprolith includes saprolite (containing more than 20% altered minerals) and the saprock (containing less than 20% altered minerals) [START_REF] Wald | Distribution and properties of soft weathered bedrock at ≤ 1 m depth in the contiguous United States[END_REF][START_REF] Eggleton | The Regolith Glossary: surficial geology, soils and landscapes, Cooperative Research Centre for Lanscape Evolution and Mineral Exploration[END_REF]. 

Appendix C List of publications