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Earthen construction : demonstration of feasibility at 1/2 scale of poured clay concrete construction

Poured earth construction is a very promising alternative to cement-based construction, however it requires a large increase of productivity. Poured earth concrete can meet this issue, but is currently stabilized with cement leading to a high environmental impact. One possible solution is the use of alginate, a biopolymer, to provide a transient liquid-solid transition before the wall is effectively hardened by the long process of drying. Using design experiment, the impact of four parameters (water to binder ratio, dispersant ratio, alginate ratio and level of acidifier) has been investigated on the consistency and the mechanical properties. In this study the feasibility of the use of poured earth concrete stabilized with biopolymer is demonstrated through low wall manufacturing.

Introduction

In order to reduce the carbon footprint related to housing construction, a large part of the scientific community considers the replacement of cement concrete by unfired earth-based materials as a promising route. Indeed, it is a building material with very low embodied energy [START_REF] Van Damme | Cement and Concrete Research[END_REF][START_REF] Melià | Journal of Cleaner Production[END_REF][START_REF] Pacheco-Torgal | Earth construction: Lessons from the past for future eco-efficient construction[END_REF][START_REF] Morel | Building houses with local materials: means to drastically reduce the environmental impact of construction[END_REF], with many advantages in terms of energy consumption and comfort resulting from its hygrothermal performance [START_REF] Van Damme | Cement and Concrete Research[END_REF][START_REF] Mcgregor | The moisture buffering capacity of unfired clay masonry[END_REF][START_REF] Allinson | Energy and Buildings[END_REF][START_REF] Taylor | Evaluating rammed earth walls: a case study[END_REF][START_REF] Paul | A comparison of occupant comfort and satisfaction between a green building and a conventional building[END_REF][START_REF] Singh | Thermal performance study and evaluation of comfort temperatures in vernacular buildings of North-East India[END_REF], and, lastly, the recycling of the earth material is particularly simple with no significant harmful impact on the environment [START_REF] Van Damme | Cement and Concrete Research[END_REF][START_REF] Morel | Some observations about the paper 'earth construction: Lessons from the past for future eco-efficient construction' by F. Pacheco-Torgal and S. Jalali[END_REF][START_REF] Gallipoli | A geotechnical perspective of raw earth building[END_REF].

In order to be able to build productively with earth, and thus replace cement concrete in the construction of small and medium sized houses, the development of a poured earth construction technique is desirable. Many advantages could be gained from this. In addition to drastically increasing productivity compared to traditional techniques, the process would make it possible to conserve the tools and methods of cement concrete technology and, above all, to reduce the labour intensity.

However, to achieve such an objective, the earth based concrete must meet four main requirements : (i)-to have a high fluidity so as to be pumpable, ideally self-compacting (ii) -to present, once placed in the frameworks, a liquid -solid transition that allows the wall to support its own weight in a much shorter delay than its drying time. Then the minimal mechanical resistance to be reached in the wet state can be estimated at about 0.07 MPa [START_REF] Pinel | Towards poured earth construction mimicking cement solidification: demonstration of feasibility via a biosourced polymer -Materials and Structures[END_REF], this should be obtained in less than 24 h to approach the common practice of cement concretes, (iii) -to be able to be implemented with a robust formulation compatible with the large variability of earth-based raw materials. To address this, in addition to the classical practice of granular correction, the use of additives with little or no detrimental effects on the hygrothermal and recycling properties can be considered, (iv) -to be available at a cost-price close to that of cement concretes.

The fluidification of clays is a well known process [START_REF] Van Damme | Cement and Concrete Research[END_REF][START_REF] Jouenne | Traite de Ceramiques et Materiaux Mineraux (Treatise on Ceramics and Mineral Materials)[END_REF][START_REF] Van Olphen | An Introduction to Clay Colloid Chemistry[END_REF] and several solutions exist. However, since the control of pH value or ionic strength appears to be difficult on construction sites, the addition of dispersant (superplasticizers) appears to be the simplest solution. It has been shown that the required fluidification of clays based binders, the first condition mentioned above, can be achieved by the addition of synthetic dispersants [15][START_REF] Garrido | OH-Al polymers and HMP adsorption on kaolinite: experimental conditions and viscosity of deflocculated suspensions[END_REF][17][START_REF] Andreola | Effect of sodium hexametaphosphate and ageing on the rheological behaviour of kaolin dispersions[END_REF][START_REF] Moevus | Earthen construction: an increase of the mechanical strength by optimizing the dispersion of the binder phase, Materials and Structures[END_REF][START_REF] Guihéneuf | Addition of bio based reinforcement to improve workability, mechanical properties and water resistance of earth-based materials[END_REF][START_REF] Landrou | Lime as an antiplasticizer for self-compacting clay concrete[END_REF]. Another important feature of dispersant 3 / 27 addition is that it significantly improves the mechanical resistance of the clay binder based material [START_REF] Landrou | Lime as an antiplasticizer for self-compacting clay concrete[END_REF]. An extrapolation of these results to various earth-based products was also presented by Moevus-Dorvaux et al. [START_REF] Moevus-Dorvaux | Environmental-Clay-based Concrete -Terra[END_REF] and Ronsoux et al. [START_REF] Ronsoux | Poured earth as concrete[END_REF].

The second point is a major technological barrier. It has been addressed by Pinel et al. [START_REF] Pinel | Towards poured earth construction mimicking cement solidification: demonstration of feasibility via a biosourced polymer -Materials and Structures[END_REF] and an innovative formulation has been proposed at the mortar scale. It allows an adjustable and robust liquid-solid transition such as the one obtained with cement. It is based on the addition of alginate, a polysaccharide, which is a bio-sourced, non-toxic, biodegradable and cheap product. This transition is induced by the cross-linking of the alginate chains via bonds incorporating Ca 2+ ions. It allows the mortar to form a gel in a given time. The release of the calcium ions required for this gelling, is obtained by an addition of an acidifying agent, whose action is progressive, the glucono-δ-lactone (GDL). Hence, clay based mortar specimens offer mechanical compressive strengths of up to 0,09 MPa after 24 hours without any water being released. Also, an important aspect is that these formulations allow to set the working times from 1 to 2 hours [START_REF] Pinel | Transition liquide-solide dans des dispersions d'argiles contrôlée par un biopolymère: Application à la construction en terre[END_REF].

The objective of this study is to extrapolate this polymer-based setting method to a concrete formulation and to test it on a scale intermediate to that of the mortar specimens (lab scale) and the wall (scale 1), i.e. at 1/2 scale. Since the main objective is to obtain a formulation that can be easily poured in frameworks, a focus was made on the consistency and the working time. For this purpose, we use the clay-based binder phase from the above-mentioned study [START_REF] Pinel | Towards poured earth construction mimicking cement solidification: demonstration of feasibility via a biosourced polymer -Materials and Structures[END_REF] in the same way as cement in conventional concrete. The influence of four formulation parameters -the ratio of water to binder, dispersant, alginate and GDL -on consistency and mechanical properties 24 h after pouring is investigated.

Experimental methods

Materials

Since the clay based binding phase used here is the same as in [START_REF] Pinel | Towards poured earth construction mimicking cement solidification: demonstration of feasibility via a biosourced polymer -Materials and Structures[END_REF], only its main characteristics will be mentioned here. This is a clay-limestone by-product, AC 0-100 from Carrières du Boulonnais (F-59250 Ferques, France). X-ray diffraction qualitative analysis shows the presence of clays (19 % wt., mainly kaolinite and illite), quartz, dolomite, calcite (60 % wt) and goethite. The median particle size D50 is 10 µm with 100% of grain sizes under 100 µm. Its specific surface is estimated to 21,5 m 2 /g using methylene blue adsorption . Before use, the product is systematically dried in an oven at 105°C for more than a week in order to avoid any correction due to the water absorbed by the product during storage.

The aggregates used are 0/4 mm sand and 4/10 mm gravel, supplied by CEMEX (01340, Montrevel en Bresse, F). The aggregates are alluvial silico-limestone products, rounded and washed. The moisture content of the sands is measured according to NF P94-049-2 [25].

Controlled gelation is achieved by using an alginate selected from a wide range of commercially available products during a preliminary study [START_REF] Pinel | Transition liquide-solide dans des dispersions d'argiles contrôlée par un biopolymère: Application à la construction en terre[END_REF]. This alginate, Protanal LF 200 FTS supplied by FMC Biopolymer, appears to be the best combination in terms of viscosity in aqueous solution and ability to set in the presence of calcium ions. It is commercialized in a powder form with a molecular mass (Mw) of around 230 000 g/mol and a high guluronate ratio (67%) likely to promote significant gelling. The other materials used in this study are sodium hexametaphosphate (SHMP) from Sigma-Aldrich (ref. 71600) as dispersant and glucono-δ-lactone (GDL) also from Sigma-Aldrich (ref. G4750) as acidifying agent. Tap water, with a temperature comprised between 12 and 14 °C, is used in all the experiments.

Concretes preparation

Concrete formulations are based on the standard Dreux-Gorisse formulation rules, considering AC 0-100 as cement. This clay binder phase is used at a rate of 300 kg/m 3 in all formulations. Also a constant sand to gravel ratio of one to one is used to promote high consistency index.

Firstly, a solution of alginate in water is prepared 24 hours before concrete processing with concentrations ranging between 12 and 15 g/l, depending on requirements. If necessary, additional water is added to achieve the desired water/binder ratio. The dispersant (SHMP) is then solubilized under vigorous agitation. When processing concrete, a dry pre-mixing of aggregates and binder phase is conducted in a "Collomix" mixer during 1 min. The alginate-SHMP solution is then added and the whole is mixed for 3 minutes. At this point, the consistency of the concrete is evaluated with the Abrams cone according to NF EN 12350-2 slump test [26]. Then the GDL acidifier is added to the batch and a further 3 min mixing period is carried out to ensure a homogeneous distribution of the GDL acid. The consistency is then measured after 0, 20 and 45 minutes of rest times.

The concrete compositions tested are given in table 1 and 2. The range of variation of each component is chosen with the objective of obtaining at least an S4 consistency. This is done on the basis of study of Pinel et al. [START_REF] Pinel | Towards poured earth construction mimicking cement solidification: demonstration of feasibility via a biosourced polymer -Materials and Structures[END_REF]. For the presentation of the different compositions, the following criteria are considered here :

-the water to binder ratio (W/B), equivalent to the classic water to cement ratio, considering AC-100 as the binder, -the dispersant ratio (SHMP) in % g/g, -the alginate ratio in % g/g, -the level of GDL in % g/g.

These percentages are in respect to the clayey binding phase.

Mechanical tests

Compression test specimens ( 11 cm / h 22 cm) are made by pouring the concrete in three layers, each compacted with a vibrating needle, in standard cardboard moulds. The moulds are hermetically sealed to prevent any water evaporation and stored for 24 hours. At the end of this time, the mechanical compression resistance is measured. It corresponds to the mechanical resistance in the wet state, i.e. only due to the gelling of the polymer without any possibility of water release. All compressive strength values are obtained by averaging the resistances of three specimens.

Mechanical compression tests are conducted on a Schenk Trebel testing machine at imposed crosshead displacement rate of 1.0 mm.min -1 . To compensate for non parallelism, a system consisting of two metallic plates separated by a steel half-sphere is inserted between the sample and the upper piston of the machine. The engineering fracture strength is deduced from the load-strain curve.

For the half scale tests, the concretes are poured into small formworks measuring 38 x 45 x 10 cm and vibrated with a needle. After levelling, the formwork is covered with a plastic film to prevent any drying. As with the mechanical tests on humid samples, formwork removal is carried out after 24 hours.
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Results and discussion

Preliminary tests

As mentioned in the introduction, a clay based mortar formulation with a setting time of around a day has been developed in a previous study [START_REF] Pinel | Towards poured earth construction mimicking cement solidification: demonstration of feasibility via a biosourced polymer -Materials and Structures[END_REF]. In terms of function, this formulation, in addition to the aggregate, can be decomposed into (i) A mineral binder for the long term dry state cohesion, this is the clay part; (ii) an organic binder for short-term cohesion in the wet state, this is a biosourced polymer (sodium alginate) which can transform into a gel due to the presence of calcium cations (calcium being commonly present in mineral components); (iii) an acidifier whose role is to release these divalent ions homogeneously within the mortar, i.e. to allow an "internal gelation", the GDL; (iv) a key additive which combines the role of fluidifier and setting retarder, the SHMP. The latter has a particularly important role to play, as it reduces the demand for water, increases the mechanical resistance of the dry product and controls workability due to its chelating action. It should be noted that the SHMP rate is higher than the optimum value for fluidification, since this over-dosage allows workability to be adjusted. An optimisation of this formulation has led to the mortar composition given in table 1 and the first concrete formulations tested are directly based on it (see also table 1).The W/B ratio range starts at 0.5, which corresponds to the ratio used in mortars.

a) prior the onset of gelation (without GDL addition)

A necessary condition for achieving the intended objective is to check that a consistency higher than class S4 (fluid) can be obtained at the end of the first mixing phase, i.e. before adding the acid (GDL) to the fresh concrete. As alginate has a strong impact on the viscosity of the interstitial fluid, two alginate ratios (0,15 and 0,3% g/g), lower than the optimum observed on mortar formulations (0,6% g/g), against one slightly higher (0,75% g/g) were selected. Similarly, two W/B ratios 0.5 (same as the mortar optimum) and 0.56, are selected. However, the obtained mixture presents little or no slump, far from expectations. To obtain the required consistencies, new formulations with higher W/B ratios were prepared. Then, it was observed that S4 consistencies could be reached only in the case of the two lower alginate ratio (0.15 and 0.3% g/g) and for W/B ratios of between 0.64 and 0.73. For the highest alginate content, 7 / 27 0.75 % g/g, even the unrealistic W/B ratio of 0.88 did not allow a consistency S2 (plastic) to be exceeded (table 1 and fig. 1).

b) after the onset of gelation (with GDL addition)

On this basis, low content alginate concretes with the addition of GDL were tested (table 2).

Surprisingly, in all cases the gelation became too important as soon as the homogenization mixing (3 min) is completed and almost zero slump was observed. It was then noted that the aggregates used for concrete formulations are described as "silico-calcareous" while a silicious sand was incorporated to the reference mortars admixtures. Then, samples of each of these sands were immersed in pure de-ionised water or with the addition of 200 mM of GDL, with a sand/water ratio of 82/18, which is close to the environment achieved during the preparation of the mortars. The mixtures were maintained for 24 hours with three periods of agitation, then pH values measurements and ICP analyses were carried out on the supernatant (table 3). The [Ca 2+ ]/[H + ] molar ratio is obtained by considering that one mole of GDL releases one mole of H + . It can be observed that in the absence of GDL, the two sands do not show any noticeable difference, they both release very few calcium ions in this configuration. On the other hand, we note that a significant quantity of calcium ions are released in the presence of GDL and that the "silico-calcareous" sand releases twice as much as the "siliceous" sand (90 vs. 48 mM). The molar ratio [Ca 2+ ]/[H + ] indicates that it is close to the theoretical maximum of 1 mol of Ca 2+ released for every 2 mol of H + introduced. Moreover, the pH value of the supernatant is slightly acidic, it reaches 6.1, unlike the case of "silicious" sand, for which it is 3.5. These observations suggest that the "silico-calcareous" sand is indeed more calcareous than silicious one, it releases the theoretical quantity of calcium ions expected under acidification and its pH value is much more buffered, confirming the presence of a basic species such as calcite. These observations confirm that the chemical nature of the aggregates can have a marked effect on the quantity of calcium ions available for gelling and therefore on workability.

Of course, imposing a particular type of aggregate for concrete production is not a realistic option.

Therefore, it appeared necessary to adapt the concrete formulation to make it more robust to this type of variation, or at least to propose simple corrections to the formulation that can be easily implemented on site.

Concrete formulation optimisation (to produce a feasibility demonstrator)

In order to limit time and resources, this optimisation step uses a fractional factorial experimental design based on the Taguchi method. This type of experimental approach should make it possible to achieve more readily a formulation that will enable the demonstrators (low walls) to be produced. The Taguchi method simplifies the use of the experimental designs, details on this method can be found for example in [27]. Also, an example of its use has already been presented in [START_REF] Pinel | Towards poured earth construction mimicking cement solidification: demonstration of feasibility via a biosourced polymer -Materials and Structures[END_REF]. Preliminary tests have identified four determining parameters and null or weak interactions between these parameters were suspected. The parameters considered are (i) the W/B ratio, and the concentration of (ii) alginate, (iii) GDL and (iv) HMP. The preliminary study also defined the range of viability for the different manufacturing parameters of an alginate-based PCC (Poured Clay Concrete), i.e. the minimum and maximum acceptable levels for each of the parameters. Table 4 summarizes the values tested by the design of experiments. The minimum SHMP ratio has been chosen at 2% since the initial reference ratio of 1.63% was too low to avoid early setting of the concrete. The selected W/B ratios are rather high in order to ensure that a high fluidity concrete would be achieved in all cases.

A first-order evolution, i.e. without curvature, between the minimum and maximum levels is assumed, the study will therefore be limited to two levels per parameter. Then an orthogonal Taguchi array of type L8 (2^4) is employed. In such arrangement each parameter tested has the same weight. No replication of experiments has been carried out. The response factors should allow an evaluation of the feasibility of casting then dismantling 24 hours after the formwork removal. The first ones are measurements of consistency and workability via slump tests at different times during the use of the concrete: before adding the acid, then after the last mixing at times t = 0 min, 20 min and 45 min. The last response parameter is the mechanical compressive strength of the concrete after 24 hours with no water loss.

Figures 2 to 4 give the main effects plots for each selected response, they show how each factor affects the selected response in comparison to the mean value. Figure 2 shows the effect of the different parameters on slump after the first mixing, i.e. before the addition of GDL acid. These results confirm that the chosen values are now suitable in achieving a high workability of the mix. They are all of S5 class. At this step, it seems that only the W/B and alginate ratio have an incidence. Their effect is weak and at a level close to the uncertainty of the test [START_REF] Larrard | Concrete Mixture-Proportioning -A Scientific Approach[END_REF].

After acid addition (figure 3a), i.e. at the beginning of the use of the mix, all the tested conditions show that an S5 consistency is retained. This contrasts with the observations made during the preliminary experiments and it is a confirmation that the chosen SHMP ratios are able to ensure a high initial workability. The slight effect of the water content is not surprising due to the high level of the chosen W/B ratios. Moreover, the high slumps value obtained, with average values ranging from 220.4 (without GDL) to 217.5 mm (with GDL), are close to the limit of the method for an evaluation of the behaviour of fresh concrete [START_REF] Larrard | Concrete Mixture-Proportioning -A Scientific Approach[END_REF]. More surprising is the predicted effect of the alginate ratio. Indeed, an increase of the slump when the alginate ratio raises from 0.3 to 0.5 % is anticipated, as in the preliminary tests, a strong degradation of the slump for an increase of 0.3 to 0.75% g/g of alginate is observed.

After 20 min the slump average value is clearly degraded and then reaches 100 mm. However, all the parameters show much more marked effects. The strong setting retarding effect of the SHMP is now the predominant parameter even before the W/B ratio. The higher ratio of this chelating agent (2.5%) is then required to maintain a high workability. The alginate ratio always shows an inverse tendency to what was observed in the preliminary tests. Moreover, this goes in contradiction with what can be anticipated by considering the effect of alginate which clearly increases the viscosity of the interstitial fluid [START_REF] Palluault | Nouveaux traitements de surface respectueux de l'environnement par des gels polymères réticulables, Application à la préparation des surfaces d'usage dans le secteur aéronautique[END_REF]. The effect of the GDL ratio, although noticeable, is small compared to the other parameters. It shows a logical evolution, a high GDL ratio allows a greater release of Ca 2+ , which leads to a decrease of the fluidity of the concrete. At 45 min, the average slump has dropped to 78 mm. This coincides with a further increase in the effect of SHMP and GDL ratio. On the contrary, the alginate and the W/B ratios show a lower incidence. At this point, as the setting caused by the alginate physical cross-linking becomes the major limiting phenomenon for slump, the two parameters (SHMP and GDL ratio) directly related to it become logically predominant. On the contrary, water no longer becomes a major parameter because at 45 min the setting by cross-linking of the alginate can begin the formation of a 3D network.

Since the main objective is to obtain a high workability, an important prediction of the design of experiment is that it appears possible to obtain a workability of over 45 min with a S5 consistency class. This is a theoretical result obtained by considering the sum of the favorable evolution of each parameter. SHMP ratio is the determining parameter for this, due to its Ca 2+ sequestrating action.

The compressive strengths predicted on moist specimens are given in figure 4. The average value, 35 kPa, is lower than the targeted value. This is to be compared with the value of 92 kPa previously obtained on mortar [START_REF] Pinel | Towards poured earth construction mimicking cement solidification: demonstration of feasibility via a biosourced polymer -Materials and Structures[END_REF]. The effects observed on the mechanical strength after 24 hours led to small variations, of the order of only a few kPa, which limits the relevance of the analysis. As expected the resistance increases with the alginate ratio and decreases with SHMP and W/B ratios. The effect of an increase in the SHMP ratio to 2.5% shows that the capture of Ca 2+ ions, if it increases workability, has a negative effect on the cross-linking after 24 h of the polymer and therefore on the mechanical strength. The effect of GDL is negligible here in view of the error bars. The low range of strength obtained on the concrete scale derives from less favorable value of the W/B, alginate and SHMP ratios which were respectively of 0.50, 0.60 and 1.63 % g/g in the optimal mortar mix.

One of the most useful insights from this study is the effect of the alginate ratio. It appears that a ratio of 0.5% is positive both in terms of the workability, and the 24 h moist mechanical strength.

While the effect on mechanical strength is clear, the effect on the rheology of fresh concrete is more difficult to be explained. However, Kuo and Ma [START_REF] Kuo | Ionically crosslinked alginate hydrogels as scaffolds for tissue engineering: Part 1. Structure, gelation rate and mechanical properties[END_REF] made a similar observation on alginate gels also obtained using a similar internal gelling method, in an aqueous medium but without mineral fillers. They suggest that a higher alginate concentration, by inducing a more pronounced viscosity of the solution, leads to a slower arrangement of the polymer chains to form the junction zones required for the interactions with calcium and thus for gelation. Considering the observations of the preliminary tests, it can be assumed that with alginate ratios significantly higher than 0.5 % g/g, this positive effect on workability is ultimately masked by the increased viscosity of the interstitial liquid. An optimum ratio between 0.5 and 0.75 % g/g which would improve mechanical resistance without affecting workability is therefore achievable. An alginate 11 / 27 -SHMP interaction can also be questioned since the only point that really changes is the SHMP ratio which is strongly increased. Further trials to complete the experimental design and to test this hypothesis are necessary. So finally, the optimal formulation predicted by the experimental design corresponds to formulation #3 (table 4).

Realization of low wall demonstrators

As the objective was the realization of a demonstrator in the form of a low wall (38 cm x 45 cm x 8 cm), we have given priority here to obtaining an optimum in terms of concrete working conditions, i.e. to obtain a workability of more than 45 minutes with a consistency of S5. This motivated the choice of formulation #3 (see table 4). No further test for the optimum validation is therefore required. A new batch with a volume of 20 l suitable for pouring low walls has therefore been processed. According to compression tests on standard specimens, the material has a strength of 38 kPa 24 hours after pouring, theoretically allowing a 1.5 m height wall to support its own weight.

The concrete batch was easy to place by pouring and then clamping with a vibrating needle as it could be done on site. After levelling, the formwork was covered with a plastic film to prevent drying from interfering with the gelation of the material. It was possible to remove the formwork from the wall within 24 hours thanks to the liquid-solid transition provided by the alginate. The concrete thus does not adhere to the formwork and has a relatively smooth surface (figure 5). Slight swelling was observed at the level of the wall web before demoulding; this disappears once the wall is removed from the mould. This swelling is due to the release of CO2, probably in the form of microbubble, during the CaCO3 dissociation in the acidified medium. There is legitimate concern about this swelling and its effect on the formworks. However no abnormal deformation of the formworks were observed.

Comparative evaluation of the production costs of alginate based Poured Clay

Concretes

The cost of an alginate stabilisation is evaluated here in comparison to that of a cement stabilisation (table 5) . This is done on the basis of a clay concrete prepared from a natural soil without granular correction. The aim is to simply give a first idea of the price difference between the two solutions.

The estimate for alginate stabilisation is made on the basis of the optimal composition of the experimental design used to cast the low wall. For the comparison with cement stabilisation, we consider an addition of 6 to 10 wt.% in relation to the dry mass of the natural soil, as commonly reported in literature [START_REF] Reddy | Low embodied energy cement stabilized rammed earth building-A case study[END_REF][START_REF] Jayasinghe | Compressive strength characteristics of cement stabilized rammed earth walls[END_REF][START_REF] Morel | Building houses with local materials: means to drastically reduce the environmental impact of construction[END_REF]. We did not consider the addition of SHMP or any superplasticizer in the case of cement stabilisation, as this type of addition is generally not considered required in this case. For the different admixtures, the prices per kg indicated in the table are based on typical 2021 prices, for quantities of the order of one to ten tons. For the alginate, a pharmaceutical grade (HV Protanal) was used in this study, its price is of course very high. However, we have checked that it could be replaced by a low purity grade, I3G80 alginate from Alliance Gums and Industries for example. Mortars using this alginate have shown a workability and resistance to 24 hours equivalent to HV Protanal [START_REF] Van Olphen | An Introduction to Clay Colloid Chemistry[END_REF].

Alginate and GDL are much more expensive than cement. Nevertheless the quantities used for 1 m 3 of earth concrete is low, which limits their price impact. If the lowest cement stabilization ratio is selected, then an alginate stabilisation would increase the total price by only 8 %. On the other hand, considering the higher cement ratio, alginate stabilization would be cheaper by more than 30%.

It should be noted that the cost of HMP appears to be the second highest among the additives. Its overdosage (relative to its "gelling retarder" action for alginate) therefore has a significant impact on the cost of the material.

In any case, if the alginate causes a limited extra cost compared to cement stabilisation, the interest of its use must be evaluated in relation to the overall specifications: the short and medium-term resistance, hygrothermal properties, embodied energy, its renewable and bio-sourced characteristic, etc.

Conclusion and perspectives

Concretes based on clay binders with a setting time similar to that of cement concretes have been developed from a clay mortar with the same characteristic. This setting is linked to the controlled cross-linking over time of a bio-sourced additive, alginate, by calcium ions, naturally present in the mineral products used. This experimental formulation of clay concrete is very fluid (class S5) and can be worked for more than 45 minutes. It has enabled the manufacture and demoulding of a 1/2 scale demonstrator of the low wall type. These results allow a first validation of the concept of PCC.

One of the main lessons of this extrapolation is that a significant contribution of calcium ions can come from the aggregates. We can therefore expect strong variations in the availability of these ions depending on the used products. This has led us to develop a solution that allows us to smooth out the calcium intake and thus ensure a constant setting time. This consists of a simple adjustment of the SHMP ratio, the calcium chelating agent. This correction can easily be done on site. Then, SHMP appears to be a determining parameter for maintaining workability, in particular it offers a significant robustness against composition variations of the raw materials.

These results therefore open up the prospect of carrying out a trial on a scale 1. Nevertheless, to achieve this new objective, it will be necessary to improve the 24 hour compressive strength of the wet concrete. The value obtained here allows a 1.5 m high wall to support its own weight, without any consideration of a safety margin. In order to improve the strength of wet clay concrete, initial guidelines have been given, in particular a reduction in the W/C ratio and the transition to an S4 class, that will be sufficient for a pouring process. A full validation of the PCC concept will then require being able to extrapolate this formulation to natural soils that will only be modified by a granular correction. 
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 3 The indicated Ca 2+ /H + molar ratio is obtained by considering that one mole of GDL releases one mole of H +

Table 4 :

 4 Table of Taguchi design of experiment with the parameters and levels tested.

Table 5 :

 5 Cost estimation for the production of one cubic meter of clay concrete, stabilized with cement or alginate

Table 3 :

 3 Evolution of Ca 2+ released as a function of sand origin with or without GDL addition (the indicated Ca 2+ /H + molar ratio is obtained by considering that one mole of GDL releases one mole of H + ).

		Without GDL		With 200 mM GDL	
		Surnatant pH	[Ca 2+ ]	Surnatant pH	[Ca 2+ ]	[Ca 2+ ] / [H + ]
	CEN sand	8.6	0.4	3.5	48	0.24
	CEMEX sand	8.2	0.8	6.1	90	0.45

Table 4 :

 4 Table of Taguchi design of experiment with the parameters, levels and responses for the 8 experiments. The predictions given in fig. 2, 3 and 4 are calculated on the basis of these results.

	exp.		Parameter & level		Slump observed at t (min)	Moist state strength
	#	W / B ratio	Alginate % g/g	GDL % g/g	HMP % g/g	0	20	45	R24h (kPa)
	1	0.67	0.3	1.35	2.0	200	5	0	37.5
	2	0.73	0.3	1.35	2.0	225	0	0	34.0
	3	0.67	0.5	1.35	2.5	230	225	219	38.2
	4	0.73	0.5	1.35	2.5	228	225	225	34.5
	5	0.67	0.3	2.0	2.5	190	0	0	33.0
	6	0.73	0.3	2.0	2.5	225	222	180	21.6
	7	0.67	0.5	2.0	2.0	224	0	0	41.7
	8	0.73	0.5	2.0	2.0	225	120	0	38.0