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CONSTRUCTION FIELD MONITORING OF A COB PROTOTYPE BUILDING
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Cob is an earthen building material made by soil, fibres and water used for millennia. However, cob construction disappeared out during the nineteenth century. These last years, it is experiencing a renaissance in Northwestern France and Southern England. Due to a limited technical knowledge, the investigation of engineering properties is important for modern design practice and code requirements. Moreover, to ensure building properties, it is necessary to have same quality mix along the building phases.

The aim of this study is to determine material variation during the monitoring of a cob prototype building in Normandy (France). This study investigated structural cob mix composition, water content, density, mechanical properties and thermal conductivity. Specimens shape used were cylindrical 110 x H220 mm and prismatic 300 x 300 x 70 mm.

Results indicated a variation in cob mix (water content, materials proportions) between three different lifts. These variations lead to different densities and, consequently, to variables compressive strengths: 0.99 to 1.38 MPa and thermal conductivities from 0.610 -0.816 W.m -1 •K -1 .

INTRODUCTION

Green construction is a major concern. In the building sector, a growing interest has been observed during the last decades within ecological materials. Like other earth construction techniques, cob has met with renewed interest for its low environmental impact [START_REF] Morel | Building houses with local materials, means to drastically reduce the environmental impact of construction[END_REF] and [START_REF] Ford | The Development of a Methodology for Creating an Earthen Building Inventory[END_REF].

European Buildings consume most of the energy, responsible for 40 % of final energy consumption [START_REF] Dixit | Identification of parameters for embodied energy measurement: a literature review[END_REF]. The use of local materials as well as the absence of hydraulic cement can reduces the building grey energy. The use of earth as a building material can contribute to the reduction of greenhouse gas emissions, thereby mitigating the risks associated with climate change. In addition, the sorption and evaporation capacity of the earth material allows for temperature harmonization and air filtering [START_REF] Röhlen | Construire en terre crue : construction, rénovation, finitions[END_REF]. There is limited literature on monitoring cob mix during construction of a real building. Knowing the material variability will allow to ensure building properties throughout the construction phase. This will help to satisfy modern design practices and code requirements. To the best of our knowledge, there is no normalized procedure to determine the mechanical performance of cob. Indeed, various specimen production protocols exist with differences in terms of size, mold, mix preparation, drying and water conditioning before testing [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] 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] Keefe | Earth Building -Methods and materials, repair and conservation[END_REF][START_REF] Pullen | Index and Engineering Properties of Oregon Cob[END_REF]Vinceslas et al., 2018). It must be noted that uniaxial compressive strength (UCS) and Young's modulus (E) of cob is most often carried out on double slenderness cylindrical specimens. The mechanical resistance of cob affects the wall height, which reduces construction time and cost (Hamard et al., 2016). The aim of this work is to monitor the material variation during the building of a cob prototype in Normandy (France). The study is based on the analysis of structural cob mix composition, water content, density, mechanical properties and thermal conductivity. Specimens used were cylindrical (110 x H220 mm) and Prismatic (300 x 300 x70 mm) shape. This scale 1 prototype building is part of the European Interreg project CobBauge (Fig. 1). The main objective of this project is to build a prototype complying with the French thermal regulation.

Fig. 1: outdoor and indoor view of the earth-based building

The earth, prototype building will have a total area of 20 m 2 for an indoor area of 13 m 2 . The soil-fibre walls will be built on a 70 cm high composite sub-base made of light concrete and thermopierre. This sub-base structure ensures the same thermal resistance of the soil-fibre walls. The earth, prototype building is also intended to establish the various constructive details to be used for this type of material. The ground plan of the building shows two different layers in the walls, structural cob indoor, and thermal cob outdoor with two different thicknesses used, 70 cm in the North and East for better thermal insulation and 50 cm in the South and West more exposed to solar radiation (Fig. 1 and2). 

MATERIALS AND METHODS

Materials

The structural cob is made with a mix of two soils (soil 1 and soil 2) and flax straw. Soils were characterized according to their particle size and their clay activity. Particle size analysis was performed by mechanical sieving up to 80µm according to the standard XP P94-041 and by laser grain size for particles under 80µm following the standard ISO 13320. The two soils particle size distribution is presented in Fig. 3. Soil 1 has a high fine fraction (≈ 85 %). That fine fraction leads to the use of soil 2 as a granular corrector. The clay activity was determined according to blue value test with respect to the standard NF P94-068 and Atterberg's limit by following the standard NF P94-051 (Tab.1). Logically, soil 1 presents a higher clay activity than soil 2. The soils used were classified according to the LCPC-USCS classification.

Tab Mix and manufacturing specimens According to the amount of mix needed for the building prototype, a mechanical digger was used to accelerate the mixing process (Fig. 6). The theoretical formulation of cob mix is 1/3 (33 %) of soil 1, 2/3 (65 %) of soil 2 and 2 % of flaw straw fibre. The fibre content is relative to the dry soil mass.

Fig. 6: The cob mixes on the construction site

During the mixing process and building phase, cob mix samples were taken to measure the water content according to the standard NF EN ISO 17892-1, for all the building walls. Specimens were obtained by manual compaction rod. Three cylindrical specimens (110 x H220 mm) for each lift were used to determine compressive strength, apparent density (NF X31-501 Standard) and fibre content (Fig. 7). Three prismatic specimens (300 x 300 x 70 mm) for each lift were used to determine apparent density and thermal conductivity (Fig. 7). When the cylindrical and prismatic cob specimens were prepared, they were kept in 20 ± 2 °C within a relative humidity of 50 ± 5 % one day and dried at 40°C until reaching an equilibrium weight (three consecutive weighing's at 24 hours intervals within 1 % standard deviation).

Fig. 7: Cylindrical and prismatic specimens

▪ Compressive strength and thermal conductivity tests Uniaxial compressive strength (UCS) test was carried out using an IGM press, with a capacity of 250 kN (Fig. 8). The loading speed used is 0.4 kN/s. Mechanical performance of structural cob is determined for a strain of 2 %. This choice was made to have representative values of in-situ material. Three prismatic specimens (300 x 300 x 70 mm) of each lift were used to measure thermal conductivity of cob with a Heat Flow Meter from Netzsch (HFM 436 Lambda). The measurement was performed at 20 °C (Fig. 8).

Fig. 8: Compressive strength test (Left) and thermal conductivity test (Right)

▪

Cob mix and fibre content Currently, on-site cob mixing is made using volumetric material estimation. To monitor the mix variation during building, flax straw fibre content was determined. The experimental protocol consists in dissolving three cylindrical specimens for three lifts, in water and sieving the materials. Sieving size used are 6.3 -5 -3.15 -2.5 -0.9 and 0.5 mm, see Fig. 9. 

Fibre content in cob mix

In the laboratory, the percentages of flax straw fibre measured for three lifts in relationship with the dry mass of soil are presented in Tab.2. The cob mixes on the site were done in volumetric estimation, which leads to variations in the amount of fibre in lifts.
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Tab. 2: Fibre content measured in laboratory

Water content in cob mix and walls

According to the water contents measured in three cylindrical and three prismatic specimens of three lifts, there is not a significant variation in the water content, with the range of 18.4 % to 21.9 % (Fig. 10). The maximum water content in the walls is 21 %, as can be seen in Fig. 11.

Fig. 10: Average water content of the three lifts

Comparison between water content determined in cylindrical and prismatic specimens (Fig. 10) and those measured for walls (Fig. 11) confirm that there is not a large variation in water content. This moderate variation is due to the difference of initial water quantity added to the mix on site, building duration of lift (2 to 3 days) and weather condition (Temperature and relative humidity).

Fig. 11: water content of the different building walls

Dry density

After removal from the mold, they were oven dried at 40°C until they reached equilibrium weight; three consecutive weighing's at 24 hours intervals were within 1 % of each other (average 21 days). Densities of cylindrical and prismatic specimens are presented in Tab 3.

Tab. 3: Dry density of cylindrical and prismatic specimens The variation of dry density shown in Fig. 12 is ranging between 1660 and 1873 kg/m 3 in (3) lifts. This variation is probably due to the quantity of fibre in the mix and the material compaction. In lift 2, the presence of 3.7 % flax straw affects the dry cob and makes it less dense. The results of thermal conductivity measurement present values ranging between 0.610-0. 816W.m -1 •K -1 (Fig. 14). This variation of thermal conductivity results is in a relationship with a dry density of the prismatic specimens. 

CONCLUSION

In this paper, monitoring and analysis of cob mixes have been done with control of four parameters: water content, dry density, compressive strength, and thermal conductivity. Results show that:

✓ Mix variations during construction lead to different densities and, consequently, to variable maximum compressive strengths range from 0.99 to 1.38 MPa and thermal conductivities from 0.610 to 0.816 W.m -1 •K - 1 .

✓ The variation in water content did not have a significant effect on the compressive strength, but it may affect the performance of the mixture throughout the contact between lifts. Particularly during drying, creating cracks. The monitoring of cob during three different lifts achieved by material characterizations can give a clear idea about the real mechanical and thermal performances of the prototype building; also, the preparation of homogenous and similar cob mix for each lift is important to ensure similar building properties. This work will continue all along the prototype building. 
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 2 Fig. 2: Ground plan of the earth-based building

Fig. 3 :

 3 Fig. 3: Granulometric curve of the studied soilsFibre used in this study is natural flax straw, see Fig.4, they shows water absorption of 431 % after 24 hours, see Fig.5. This characteristic influences the mix properties at fresh state (absorption of available water) and at long term (hygrometric balance). Tensile strength tests on flax straw fibre were carried out under ambient conditions. Fibres of flax straw with 10 cm length were used to measure the tensile strength. The maximum tensile strength is 112 MPa[START_REF] Phung | Formulation and characterization of an earth-plant fibre composite[END_REF]. The average absolute density of flaw straw is 1300 kg/m 3 .
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 9 Fig. 9: flax straw fibre and soil separation protocol 3 RESULTS AND DISCUSSION

Fig. 12 :

 12 Fig.12: Average dry density of the three lifts3.4 Compressive strength and Thermal conductivityThe compressive strength results are presented in Tab.4 and Fig.13. They have not shown a large variation in maximum compressive strength [σ(max)] with range of 0.99 to 1.38 MPa and for a strain of 2 % [σ2%] with range of 0.96 to 1.20 MPa. Lift 2 presents a low compressive strength compared to the two others, probably due to the high amount of fibre in the mix and the compaction. According to the New Zealand earth construction standard NZS 4298[New Zealand Standards 1998], the shape of specimen, height to thickness ratio is 2.0, representing aspect ratio factor (Ka) of 0.80, specified by the standard NZS 4298. With: σ NZS 4298 = σ(max) * 0.7/0.8. The compressive strength results in three lifts are close to the minimum value "1.3 MPa" of New Zealand Standards 1998.Tab. 4: Dry density and compressive strength in 3 lifts

Fig. 14 :

 14 Fig. 14: Cob thermal conductivity in 3 different lifts
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