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Introduction

Local and non-conventional materials hold potential to cater for the increasing need for affordable and decent housing in most developing countries, specifically Burkina Faso [START_REF] Wyss | La Construction En « matériaux Locaux » Etat d'un Secteur à Potentiel Multiple[END_REF].

Earthen and secondary materials such as calcium carbide residue and rice husk are widely available. The usage of these materials in building construction can provide several socioeconomic, healthy, environmental and architectural benefits [START_REF] Wyss | La Construction En « matériaux Locaux » Etat d'un Secteur à Potentiel Multiple[END_REF][START_REF] Unesco | Earthen architecture in today's world[END_REF][START_REF] Houben | CRATerre: Traité de Construction en Terre: L'encyclopédie de la construction en terre[END_REF]. Indeed, many researchers are currently aiming at reviving the usage of earth-based materials in building construction [START_REF] Houben | CRATerre: Traité de Construction en Terre: L'encyclopédie de la construction en terre[END_REF][START_REF] Sore | Stabilization of Compressed Earth Blocks (CEBs) by geopolymer binder based on local materials from Burkina Faso[END_REF][START_REF] Hema | Vernacular housing practices in Burkina Faso: Representative models of construction in Ouagadougou and walls hygrothermal efficiency[END_REF][START_REF] Azeko | Recycling of Polyethylene into Strong and Tough Earth-Based Composite Building Materials[END_REF][START_REF] Laborel-Préneron | Plant aggregates and fibers in earth construction materials : A review[END_REF][START_REF] Bruno | Mechanical behaviour of hypercompacted earth for building construction[END_REF][START_REF] Masuka | Development, engineering properties and potential applications of unfired earth bricks reinforced by coal fly ash, lime and wood aggregates[END_REF][START_REF] Ouedraogo | Mechanical and Thermophysical Properties of Cement and/or Paper (Cellulose) Stabilized Compressed Clay Bricks[END_REF][START_REF] Izemmouren | Mechanical Properties and Durability of Lime and Natural Pozzolana Stabilized Steam-Cured Compressed Earth Block Bricks[END_REF][START_REF] Ronoh | Characteristics of Earth Blocks Stabilized With Rice Husk Ash and Cement[END_REF][START_REF] Walker | Properties of some cement stabilised compressed earth blocks and mortars[END_REF][START_REF] Reddy | Properties of lime stabilised steam-cured blocks for masonry[END_REF].

Compressed earth blocks (CEBs), among many other techniques, are promising for the construction of modern housing [START_REF] Sore | Stabilization of Compressed Earth Blocks (CEBs) by geopolymer binder based on local materials from Burkina Faso[END_REF][START_REF] Bruno | Mechanical behaviour of hypercompacted earth for building construction[END_REF][START_REF] Masuka | Development, engineering properties and potential applications of unfired earth bricks reinforced by coal fly ash, lime and wood aggregates[END_REF][START_REF] Ouedraogo | Mechanical and Thermophysical Properties of Cement and/or Paper (Cellulose) Stabilized Compressed Clay Bricks[END_REF][START_REF] Izemmouren | Mechanical Properties and Durability of Lime and Natural Pozzolana Stabilized Steam-Cured Compressed Earth Block Bricks[END_REF][START_REF] Ronoh | Characteristics of Earth Blocks Stabilized With Rice Husk Ash and Cement[END_REF][START_REF] Walker | Properties of some cement stabilised compressed earth blocks and mortars[END_REF][START_REF] Reddy | Properties of lime stabilised steam-cured blocks for masonry[END_REF].

The quality of available earthen material usually dictates the need for stabilization in order to reach the required performances of CEBs. Among many techniques of stabilization, the effects of mineral binders such as cement, lime, pozzolan and geopolymer on the curing behaviors and mechanical performances of CEBs are widely studied [START_REF] Sore | Stabilization of Compressed Earth Blocks (CEBs) by geopolymer binder based on local materials from Burkina Faso[END_REF][START_REF] Masuka | Development, engineering properties and potential applications of unfired earth bricks reinforced by coal fly ash, lime and wood aggregates[END_REF][START_REF] Ouedraogo | Mechanical and Thermophysical Properties of Cement and/or Paper (Cellulose) Stabilized Compressed Clay Bricks[END_REF][START_REF] Izemmouren | Mechanical Properties and Durability of Lime and Natural Pozzolana Stabilized Steam-Cured Compressed Earth Block Bricks[END_REF][START_REF] Ronoh | Characteristics of Earth Blocks Stabilized With Rice Husk Ash and Cement[END_REF][START_REF] Walker | Properties of some cement stabilised compressed earth blocks and mortars[END_REF][START_REF] Reddy | Properties of lime stabilised steam-cured blocks for masonry[END_REF]. Cement stabilized CEBs require around 28 days of curing to reach the optimum maturity of the hydration reaction, while lime stabilized CEBs require extended curing time to reach satisfactory performances such as strength and durability, among others [START_REF] Ouedraogo | Mechanical and Thermophysical Properties of Cement and/or Paper (Cellulose) Stabilized Compressed Clay Bricks[END_REF][START_REF] Izemmouren | Mechanical Properties and Durability of Lime and Natural Pozzolana Stabilized Steam-Cured Compressed Earth Block Bricks[END_REF][START_REF] Reddy | Properties of lime stabilised steam-cured blocks for masonry[END_REF][START_REF] Diamond | Transformation of Clay Minerals by Calcium Hydroxide Attack[END_REF][START_REF] Bell | Lime stabilization of clay minerals and soils[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF][START_REF] Al-Mukhtar | Microstructure and geotechnical properties of lime-treated expansive clayey soil[END_REF].

When lime (Ca(OH)2) is added to the clayey earthen material, it involves silica, alumina and eventually iron oxide in pozzolanic reaction for developing cementitious products [START_REF] Diamond | Transformation of Clay Minerals by Calcium Hydroxide Attack[END_REF][START_REF] Bell | Lime stabilization of clay minerals and soils[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF][START_REF] Al-Mukhtar | Microstructure and geotechnical properties of lime-treated expansive clayey soil[END_REF]. The rate of this reaction is influenced by various conditions such as the reactivity of the materials and the curing temperature of their mixtures, among others [START_REF] Diamond | Transformation of Clay Minerals by Calcium Hydroxide Attack[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF]. Comparative studies revealed that increasing the curing temperature (20-50 °C) increases the kinetic of the pozzolanic reaction (by a factor of 6) between the smectite-rich clay soil and industrial˗grade lime [17˗18].

Additionally, calcium carbide residue (CCR), a lime-rich byproduct from the production of acetylene gas, was reported to behave similarly to lime for stabilization of clayey soil [START_REF] Horpibulsuk | Strength development in silty clay stabilized with calcium carbide residue and fly ash[END_REF][START_REF] Kampala | Engineering properties of recycled Calcium Carbide Residue stabilized clay as fill and pavement materials[END_REF][START_REF] Vichan | Chemical stabilization of soft Bangkok clay using the blend of calcium carbide residue and biomass ash[END_REF].

Moreover, the pozzolanic reaction involving lime or CCR was also reported in the presence of natural pozzolan, fly ash and rice husk ash (RHA) [START_REF] Izemmouren | Mechanical Properties and Durability of Lime and Natural Pozzolana Stabilized Steam-Cured Compressed Earth Block Bricks[END_REF][START_REF] Ganesan | Rice husk ash blended cement: assessment of optimal replacement for strength and permeability properties of concrete[END_REF][START_REF] Muthadhi | Optimum production conditions for reactive rice husk ash[END_REF][START_REF] Ugheoke | Review: A critical assessment and new research directions of rice husk silica processing methods and properties[END_REF][START_REF] Hwang | Investigation into the use of unground rice husk ash to produce eco-friendly construction bricks[END_REF][START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF].

In the recent study [START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF], the stabilization of earthen material using CCR partially substituted by RHA (CCR:RHA) improved the compressive strength of CEBs and revealed the possibility to accelerate their curing process. Nevertheless, this study [START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF] was only limited to testing the compressive strength of stabilized CEBs at fixed curing time (45 days) and failed to do so at various curing time which would allow to determine the appropriate time to reach the optimum strength. Testing the strength of CEBs requires bulk samples of the materials which limits its usefulness for evaluating the curing process at various curing time and conditions. The present study investigates the curing process at 40 °C by simply measuring the electrical conductivity and concentration of unconsumed calcium ions on small samples of mix solutions of earthen material-CCR-RHA. This approach is useful as a simple tool to monitor the maturation of the reaction in the mix solutions and assess the effect of the reactivity of the materials on the chemical interactions. The effects of the interactions on the mineral and microstructural changes in the cured mixtures were analyzed using XRD, TGA and SEM to explain the improvement, reported in the previous study [START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF], on the compressive strength of CEBs stabilized with CCR:RHA. Depending on the reactivity of the materials and curing conditions of mixtures, this approach can allow to closely assess the appropriate curing time to reach the optimum maturity of the reaction in the mix solution which could possibly be the same amount of time for reaching the optimum strength of the stabilized CEBs.

Materials and Methods

Characterization and processing of the raw materials

The earthen material used in the present study is red-brown clayey soil collected from the locality of Kamboinse, Ouagadougou, Burkina Faso (12°29'24.48" N; 1°32'59.28" W; altitude 326 m) (Fig. 1a). After drying, the soil particles were separated by softly crushing the earthen lumps. It was sieved to eliminate the particle larger than 5 mm. The CCR is white-greyish byproduct collected from local industry which produces acetylene gas in the locality of Kossodo, Ouagadougou (N12°25.935'; W001°29.374'; alt. 301 m). The CCR was ball milled to obtain fine powder (Fig. 1b). The rice husk was collected as residue of rice farming from the locality of Bagre, southeast of Burkina Faso (N11°28.43'; W00°32.12'; alt. 233 m). It was incinerated at 400 °C for 4 hours (maximum heating capacity of the furnace 1200 °C). The incineration yielded a grey-whitish RHA (Fig. 1c).

The geotechnical and physical properties of the earthen material were characterized in The earthen material contains 50 % of particles smaller than 30 µm (D50 < 30 µm), 90 % of particles smaller than 3000 µm (D90 < 3000 µm) and 30 % of clay particles (< 2 µm) (Table 1).

Table 2 presents the predominance of silica (51.0 %), alumina (23.7 %), iron (III) oxide (12.7 %) and traces of alkali and alkaline earth oxides (Na2O, K2O and CaO) in the earthen material. The mineral composition contains predominantly kaolinite clay (76 %), quartz (11 %) and goethite (9 %), the latter explaining the red-brown color of the earthen material. The physical properties of CCR are summarized in Table 1. The CCR has D50 < 20.5 µm, D90 < 125 µm) and BET specific surface area of 14 m²/g. CCR contains predominantly CaO (67.4 %) and loss on ignition at 1000 °C of 26.7 %. The CCR contains mainly 43 % portlandite (Ca(OH)2), aragonite (21 %), calcite (16 %) and rapidcreekite (13 %) (Table 2).

Table 1

Geotechnical and physical properties of the raw and processed materials. The RHA was ground into the fine powder to reach D50 of 11µm, D90 of 50 µm and BET surface area of 115 m²/g which is higher than that of CCR (Table 1). The chemical composition (Table 2) shows that RHA contains 90 % of silica, with the reactive (amorphous) fraction of 68 % according to the test proposed by Mehta [START_REF] Mehta | Siliceous ashes and hydraulic cements prepared therefrom[END_REF]. This fraction is in agreement with that previously reported by Muthadhi [START_REF] Muthadhi | Optimum production conditions for reactive rice husk ash[END_REF].

Table 2

Chemical and mineral compositions of the raw and processed materials. 

Preparation and curing of the mixtures

Some dry mixtures were prepared using the earthen material and 0-25 wt % CCR with respect to the dry mass of the earthen material. Others were prepared using the same amount of earthen material and 10 to 25 wt % CCR:RHA in various ratios, i.e. 10 to 25 wt % CCR from which 10 to 40 wt % was partially substituted by RHA (Table 3). About 5 g of the dry mixtures were kept in plastic bottles, filled with 100 mL of deionized water and rigorously shaken for preparing the mix solutions. The pH of these solutions was measured after 1 hour to evaluate the change in the basicity as described by Eades and Grim [START_REF] Eades | A Quick Test to Determine Lime Requirements for Lime Stabilization[END_REF]. The bottles were tightly closed to minimize the carbonation, cured in oven at 40±2 °C and regularly shaken before the measurements which were made after different periods of curing: 1, 7, 28, 45, and 90 days. Five samples of each mixture were prepared for testing each one after every curing period.

Similarly, the appropriate amount of water, equivalent to the proctor optimum water content, was added to the dry mixtures for preparing the stabilized CEBs. The CEBs were produced by manually compressing appropriate amount of moisturized mixtures in the mold (295x140x95 mm 3 ) of terstaram press. The compression capacity of the machine is estimated at 35 bars. The CEBs were covered to prevent the loss of humidity and minimize the carbonation during the curing process which took place for 45 days at 40±2 °C.

Table 3

Weight percentage of CCR and CCR:RHA (ratios) added to the earthen material. 

Measurements of electrical conductivity and concentration of calcium ion

The electrical conductivity (EC) and concentration of unconsumed calcium [Ca 2+ ] were monitored in mix solutions of earth-CCR and earth-CCR:RHA systems. After each curing period (1, 7, 28, 45 and 90 days), 60 ml of the solution were filtered and used for the measurements of the EC and [Ca 2+ ]. The EC was measured using pHenomenal CO 3100 lab conductimeter, equipped with conductivity probe CO 11. The [Ca 2+ ] was titrated by potentiometric method with 0.05 M EDTA (Ethylenediaminetetraacetic acid), using 905 titrado equipped with polymer-calcium membrane electrode. This method was similarly used by Al-Mukhtar et al. [START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF] for monitoring the behavior and mineralogy changes in lime-treated clayey soils.

Microstructural characterization of the cured mixtures

X-ray diffraction (XRD) and thermogravimetric analysis (TGA) were carried out on dried (40±2 °C) cured mixtures, previously used for measurements of the EC and Ca 2+ , to identify the mineral changes induced throughout the curing process. The scanning electron microscopy 

Results and discussion

Change of the pH in the mix solutions

The pH of the mix solutions immediately reached the maximum value of 12.4 after 1 hour of addition of only 2 % CCR from a pH of 9.6 of the earthen material (Fig. 2). This is explained by the fact that CCR contains good amount of portlandite (43 % of Ca(OH)2) which dissolves to give hydroxyl ions (OH -) and calcium ions (Ca 2+ ), OH -being responsible for the increase of the basicity. According to Eades and Grim [START_REF] Eades | A Quick Test to Determine Lime Requirements for Lime Stabilization[END_REF], the 2 % CCR basically corresponds to the fraction of CCR necessary for affinity saturation of clayey earthen material used in the present study. It is the fraction of CCR responsible for the short term modification of the clay material through cation exchange and flocculation-agglomeration [START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF][START_REF] Al-Mukhtar | Microstructure and geotechnical properties of lime-treated expansive clayey soil[END_REF]. Beyond this fraction, the CCR must contribute in time dependent pozzolanic reaction, with the aluminosilicates, responsible for the mineral changes in the mixtures [START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF][START_REF] Al-Mukhtar | Microstructure and geotechnical properties of lime-treated expansive clayey soil[END_REF][START_REF] Eades | A Quick Test to Determine Lime Requirements for Lime Stabilization[END_REF]. The low cation exchange capacity of the kaolinite-rich earthen material can be related to the limited occurrence of oxides of alkali and alkaline earth in its chemical composition (Table 2).

Evolution of the electrical conductivity and unconsumed calcium ions in mix solutions

Fig. 3a shows that the electrical conductivity (EC) of the mix solutions reached ~5.5 millisiemens/cm (mS/cm) and ~6.5 mS/cm respectively after one day of addition of 5 % CCR and ≥10 % CCR from 0.14 mS/cm of the earthen material. The elevated EC in solution containing CCR is related to Ca 2+ and OH -from the dissolution of portlandite in the CCR. The low EC in the solution of the earthen materials (0.14 mS/cm) is again explained by the limited content of alkali and alkaline earth elements. The EC in mix solutions of earthen material and CCR decreased over time, as the curing proceeds, but at different rate depending on the mix composition (Fig. 3a). Moreover, the concentration of unconsumed calcium ions [Ca 2+ ] in the mix solutions similarly decreased over the curing time (Fig. 3b). The EC and [Ca 2+ ] reached the apparent minimum values after 45 days of curing in all mix solutions containing earthen material and CCR alone. Nevertheless, the EC and [Ca 2+ ] continuously decreased at the highest rate between the 7 th and 45 th day for the mix solution containing 10 % CCR while the highest rates were recorded between the 28 th and 45 th day for the mix containing more than 10 % CCR (Fig. 3). Fig. 3 shows that the decrease of the EC is related to the consumption of free calcium ions which initially dissolved from the CCR. At early age of curing (1-28 days depending on the mix composition), this consumption is counteracted by more calcium ions dissolving from the excess CCR. This partly explains the delayed decrease of the EC and [Ca 2+ ] for the mix solution containing more than 10 % CCR, which remained practically constant until the 7 th day.

Additionally, the delayed decrease of the EC and [Ca 2+ ] can be explained by the presence of low affinity kaolinite clay in the earthen material whose low cation exchange capacity results in limited short term consumption of Ca 2+ . The effect of the pozzolanic reaction, responsible for consumption of good amount of Ca 2+ as well as OH -, was essentially noticeable after the 7 th day of curing. The pozzolanic reaction between Ca(OH)2 in the CCR and aluminosilicates in the earthen material results in consumption of Ca 2+ which is also accompanied by the consumption of OH - [START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF]. For mixtures containing 10 % CCR and less, the EC and [Ca 2+ ] immediately started decreasing from the first day of curing given that a fraction of it (2 % CCR) contribute to the immediate satisfaction of the affinity of the earthen material and the remaining fraction to the beginning of the pozzolanic reaction. This leaves only limited fraction of excess CCR for further dissolving and replenishing these mixtures with Ca 2+ and OH -.

The change in the evolution of the EC and [Ca 2+ ] can suggest that 10 % is the amount of CCR which initially dissolves to saturation for effective contribution to the pozzolanic reaction with the earthen material used in the present study. The excess content (> 10 % CCR) may result in occurrence of residual CCR in the mixture which, in addition to not reacting efficiently, may compromise the physico-mechanical stability of the mixtures. Indeed, the compressive strength of earthen materials was previously reported to reach the maximum value after addition of 8-10 % CCR, beyond which the strength either remained constant or decreased [START_REF] Horpibulsuk | Strength development in silty clay stabilized with calcium carbide residue and fly ash[END_REF][START_REF] Kampala | Engineering properties of recycled Calcium Carbide Residue stabilized clay as fill and pavement materials[END_REF][START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF].

Therefore, there was need for effective consumption of the residual CCR which justify the partial substitution of the CCR with the pozzolanic material such as RHA locally available.

Fig. 4 shows that the EC and [Ca 2+ ] decreased even faster for mix solutions containing the earthen material and CCR:RHA, thus faster reaction in mixes containing RHA. Fig. 4b obviously shows that the consumption of Ca 2+ is faster in the mix solution containing the earthen material and 10 % CCR:RHA (7:3 ratio), i.e. 7 % CCR and 3 % RHA, than it was in the solution containing the earthen material and only 5 % CCR in Fig. 3b. This implies that the CCR is simultaneously consumed by the earthen materials and the RHA in mixes containing the earth and CCR:RHA; while it is only consumed by the earthen material in the mixes containing earth and CCR alone. Moreover, while the mix solution containing 10 % CCR required 45 days to reach the minimum EC and [Ca 2+ ] (Fig. 3); the solution containing 20 % CCR:RHA in (14:6 ratio), i.e. 14 % CCR and 6 % RHA, reached the minimum values in only 28 days (Fig. 4). The minimum EC and [Ca 2+ ] basically correspond to the end of the reaction. Therefore, it can be deduced that RHA accelerated the reaction in the earth-CCR-RHA mixtures and considerably reduced the time pending for the reaction to take place and reach the optimum maturity. This implies that curing time of earth-based mixtures can potentially be reduced from 45 to 28 days when they are stabilized with CCR:RHA instead of CCR alone. The optimum dosage of CCR:RHA can effectively act similar to cement for stabilization of earth˗based materials, such as CEBs, in term of curing time and possibly improve the mechanical performances of CEBs at early age [START_REF] Houben | CRATerre: Traité de Construction en Terre: L'encyclopédie de la construction en terre[END_REF][START_REF] Walker | Properties of some cement stabilised compressed earth blocks and mortars[END_REF][START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF]. In fact, the previous study reported that the compressive strength improves threefold from 2.2 to 6.6 MPa when the CEBs were respectively stabilized with 15 % CCR and 15 % CCR:RHA (10.5:4.5) after 45 days of curing in ambient conditions of the laboratory (30±5 °C) [START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF]. Note that this improvement does not only depend on the reactivity of materials, i.e. CCR reacting with earth and RHA, but also on the conditions in which the mixtures were produced and cured. The reactivity of lime (Ca(OH)2) in the CCR should have improved if the temperature were increased and maintained at 40±2 °C as in the present study. The effect of curing temperature was shown in the studies carried out by Al-Mukhtar et al. [START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF], where the soil showed accelerated consumption of lime at curing temperature of 50 °C compared to 20 °C. In the same studies, the unconfined compressive strength of the soil treated with 10 % lime cured at 50 °C (~4 MPa) improved almost twice compared to the strength recorded at 20 °C (~2 MPa) after 45 days of curing [START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF]. More studies should investigate the effect of the aforementioned reduction of curing time on the evolution of the mechanical performances of earth based-materials, particularly CEBs, stabilized with CCR and CCR:RHA. 5a) and value of 95 for RHA (i.e. CCR:RHA)-rich solutions (Fig. 5b). This implies that [Ca 2+ ] can simply be deduced from the measurement of the EC in the mix solutions and vice versa, rather than having to carry out series of titrations of calcium ions. Therefore, it is possible to monitor the extent of curing and rate of consumption of calcium in stabilized earth based-materials. This correlation between the EC and [Ca 2+ ] is mostly useful for mixtures where the consumption of Ca 2+ through the pozzolanic reaction is the main phenomena controlling concentration of ions in the solutions such as in kaolinite-rich earthen material. If other ions such as sodium and potassium existed in the solution, for instance from the exchangeable cations in smectite-rich soil where EC=2.7 mS/cm [START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 20°C[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF], the EC and its correlation with [Ca 2+ ] would have to take into account the contribution of these ions. Additionally, the approach used in the present study can be extended to compare the reactivity of various earthen materials before selecting the most appropriate for production of stabilized CEBs without prior testing of the mechanical performances of the bulk samples. 

Mineral changes in the cured mixtures

The change of the mineralogy from the raw materials to the cured mixtures was characterized using XRD and TGA. The XRD patterns of selected cured mixtures are presented in Fig. 6. It reveals that the specific reflection of portlandite at 2.62 Å in CCR disappears after one day of curing, while that of kaolinite at 7.15 Å significantly reduced over time (Fig. 6a). This reveals the mineral changes in the cured mixtures resulting from the reaction of the constituent materials.

Secondary peaks can be observed at 3.87, 3.67, 3.26, 2.86, 2.28, 1.82, 1.60, and 1.54 Å (Fig. 6a).

These peaks confirm the formation of crystalline products in the cured mixtures, which were identified as calcium silicate hydrates (CSH) and calcium aluminate hydrates (CAH). Prior studies similarly reported the formation of CSH and CAH from the reaction between kaolinite clay and Ca(OH)2 [START_REF] Reddy | Properties of lime stabilised steam-cured blocks for masonry[END_REF][START_REF] Al-Mukhtar | Microstructure and geotechnical properties of lime-treated expansive clayey soil[END_REF][START_REF] Arabi | Microstructural development in cured soil-lime composites[END_REF]. Moreover, the XRD spectra of cured mixtures significantly changed between 3.0-1.5 Å (Fig. 6b). There was appearance of new peaks and increase in the intensity of some peaks existing in the raw earthen material, mainly corresponding to quartz mineral. Although the peaks in Fig. 6b are not fully identified, they are possibly related to the CSH products of reaction involving silica and Ca(OH)2. This increase of the basicity in the mix solutions was responsible for the dissolution of fine aluminosilicates, kaolinite clay and silica among others [START_REF] Arabi | Microstructural development in cured soil-lime composites[END_REF]. In the presence of Ca 2+ , this results in the precipitation into CSH and CAH cementitious products [START_REF] Diamond | Transformation of Clay Minerals by Calcium Hydroxide Attack[END_REF][START_REF] Al-Mukhtar | Behaviour and mineralogy changes in lime-treated expansive soil at 50°C[END_REF]. This agrees with the previous study that only the fraction of CCR as small as 5 % can impact permanent structure changes in kaolinitic earthen material and improve the compressive strength of stabilized CEBs thereof formed [START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF]. the earthen material and CCR (Fig. 3b). Therefore; the consumption of portlandite from CCR and kaolinite from the earthen material is responsible for the reaction between the earthen material and CCR, which reached the optimum after 45 days of curing. Additionally, this suggests that RHA basically interact with the CCR not the earthen material given that the intensity of the peak of kaolinite remains practically the same for mixtures containing either CCR or CCR:RHA at a given curing time (Fig. 6a). Besides, the intensity of the reflection peak of calcite (~3.01 Å) slightly increased in the mixtures cured for 45 and 90 days compared to the mixtures cured for 1 day (Fig. 6a). This reveals that carbonation may have taken place possibly during the drying and testing of the mixtures, though the precautions were taken by carefully covering the samples during curing.

The loss of weight of cured mixtures was tentatively determined from the TGA between 100 and 250°C (Fig. 7). It shows that the loss of weight in this temperature range generally increases with the binder (CCR or CCR:RHA) content from 1 day to 45 days of curing. It indeed agrees with prior reports that CSH mainly losses the gel water in this range of temperature [START_REF] Diamond | Transformation of Clay Minerals by Calcium Hydroxide Attack[END_REF][START_REF] Arabi | Microstructural development in cured soil-lime composites[END_REF][START_REF] Arrigoni | Weathering's beneficial effect on wastestabilised rammed earth: a chemical and microstructural investigation[END_REF]. This complies with the XRD results of the cured mixtures (Fig. 6a) and compressive strength of stabilized CEBs [START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF], confirming the formation of more CSH products with the curing time and binder content. 

Microstructural changes in cured mixtures

SEM was performed to further confirm the chemical interactions and microstructural changes which took place in cured mixtures (Fig. 8). Fig. 8a shows portlandite-rich particles in the raw CCR, which dissolved in the cured mixtures (Fig. 8b). This results in formation of new products rich in calcium-silica, in plate-like shape, which grow into an interlocking network in cured mixtures containing CCR:RHA (Fig. 8c). The formation of similar products was previously reported in cured soil-lime mixtures, which were identified as CSH phases [START_REF] Arabi | Microstructural development in cured soil-lime composites[END_REF].

The SEM micrographs of stabilized CEBs show the formation of "porridge-like" cementing products. The microstructure of CEBs stabilized with 20 % CCR shows the earthen particles coated by aluminosilicate-calcium rich products and appearance of no-cemented pores in the inter˗particle zones (Fig. 8d). By contrary, the microstructure of CEBs stabilized with 20 % CCR:RHA (14:6 ratio) shows that the particles and inter-particle zones are cemented (Fig. 8e). For CEBs containing CCR alone, the cementing products are only limited to the earthen particles, leaving some open inter-particle pores. The RHA, in CEBs containing CCR:RHA, improves the formation of more products for the cementation of the particles and the inter˗particle pores. The densification of the microstructure of CEBs stabilized with CCR:RHA compared to that of CEBs stabilized with CCR alone essentially explains the improvement of the compressive strength previously reported for the CEBs stabilized with CCR:RHA [START_REF] Nshimiyimana | Calcium Carbide Residue and Rice Husk Ash for improving the Compressive Strength of Compressed Earth Blocks[END_REF].

Nevertheless, it would be interesting to confirm the evolution of the percentage and size of pore in stabilized CEBs through specialized testing such as mercury intrusion porosimetry or X-ray tomography. 

Conclusions

The chemical interactions took place between CCR and earthen material, and CCR and RHA which were evidenced by the consumption of portlandite from the CCR by the kaolinite from the earthen material and amorphous silica from the RHA. These interactions were responsible for the 

  accordance with standards NF P 18-056 [43], NF P 94-057 [44], NF P 94-051 [45], and NF P 94-093 [46]. The particle size distribution of CCR and RHA was analyzed by laser diffraction technique using the Mastersizer analyser machine. The chemical compositions were determined by X-ray fluorescence (XRF) technique using the ARL Perform'X Sequential XRF equipment. After determination of loss on ignition on the sample materials calcined at 1000 °C for 2 hours, performed using Bruker D8-Advance Eco 1.5 kW diffractometer equipped with copper anticathode (Cu Kα λ= 1.54060 Å, 40 kV, 25 mA) and Lynxeye xe detector in coupled 2θ/θ mode. The XRD patterns were acquired from 2 to 70° 2θ at step sizes of 0.02° 2θ and scan time of 2 s per step. The qualitative and semi-quantitative analyses were carried out using Diffrac.Eva V4.11 software of the Bruker. The specific surface area was determined according to Brunauer-Emmett-Teller (BET) methods by Nitrogen adsorption using micrometrics Gemini V1.01 instrument.

Fig. 1 .

 1 Fig. 1. Raw (top) and processed (bottom) materials: (a) earthen material, (b) calcium carbide residue, (c) rice husk/rice husk ash.

(Fig. 2 .

 2 Fig. 2. Evolution of the pH in earth-CCR mix solution after 1 hour.

Fig. 3 .

 3 Fig. 3. Evolution of (a) electrical conductivity (EC) and (b) concentration of unconsumed calcium ions [Ca 2+ ] in mix solutions of earthen material and 5-25 % CCR.

Fig. 4 .

 4 Fig. 4. Evolution of (a) electrical conductivity (EC) and (b) concentration of unconsumed calcium ions [Ca 2+ ] in mix solutions of earthen material and 10-25 % CCR:RHA in 7:3 ratio.

Fig. 5 .

 5 Fig. 5. Correlation between the EC and [Ca 2+ ] in the mix solutions cured for various time (1, 7, 28, 45, 90 days) containing the earthen material and (a) 5-25 % CCR, (b) 10-25 % CCR:RHA in various ratios, (c) combination of all data.

Fig. 6 .

 6 Fig. 6. XRD patterns of the earthen material, CCR, RHA and mixtures cured for 1, 45, 90 days: earth+20 % CCR; earth+20 % CCR:RHA (16:4 ratio); (a) full view, (b) detailed view; k= Kaolinite, P= Portlandite, C= Calcite, Q= Quartz, CSH= Calcium Silicate Hydrates, CAH= calcium aluminate hydrates.

Fig. 2

 2 Fig.2showed the increase of the pH in the mix solutions, containing only 2 % CCR, up to the initial value of 12.4 due to the dissociation of the Ca(OH)2 from the CCR into Ca 2+ and OH -.

Fig. 6a additionally

  Fig. 6a additionally shows that only 50 % of the intensity of the peak of kaolinite (7.15 Å) remained after 45 days of curing compare to 1 day of curing for mixtures containing either the earthen material and CCR or earthen material and CCR:RHA. The remaining intensity of this peak (7.15 Å) reached 40 % after 90 days of curing which shows that the reaction involving kaolinite substantially took place in 45 days. This agrees with the concentration of unconsumed calcium which reached the apparent minimum after 45 days of curing in mix solution containing

Fig. 7 .

 7 Fig. 7. Loss of weight in 100-250 °C range for various mixtures cured for 1 and 45 days.

Fig. 8 .

 8 Fig. 8. SEM micrographs (a) raw CCR, (b) cured mixtures containing 20 % CCR, (c) cured mixtures containing 20 % CCR:RHA (14:6 ratio); (d) CEBs stabilized with 20 % CCR, (e) CEBs stabilized with 20 % CCR:RHA (14:6 ratio).

  decrease of the electrical conductivity and concentration of unconsumed calcium, and permanent change of the mineralogy and microstructure in the cured mixtures. The following conclusions are reached from this study: 1. The measurement of the electrical conductivity (EC) and concentration of unconsumed calcium [Ca 2+ ] allowed to monitor the curing process and establish the linear correlation between EC and [Ca 2+ ] ([Ca 2+ ] = 97*EC; with R² > 0.95) in the mix solutions of kaolinitic earthen material-CCR-RHA. The curing process of earthen building materials containing CCR or CCR:RHA in various ratios can possibly be monitored by measuring the electrical conductivity and predicting the concentration of unconsumed calcium and vice versa. This can be useful for selecting the most reactive, among different earthen materials, with portlandite-rich material based on the rate of the consumption of calcium; 2. The curing process of mixtures containing kaolinitic earthen material and CCR requires at least 45 days to reach the optimum maturity of the pozzolanic reaction in mix solutions, while those containing the earth and CCR:RHA require only 28 days at 40±2 °C. The RHA accelerates the curing process in the mix solutions of earth and CCR:RHA and had previously improved the compressive strength of stabilized CEBs. This implies that CCR:RHA in optimum ratio could possibly act like cement for stabilization of CEBs to reach the optimum compressive strength after only 28 days of curing rather than 45 days; 3. The chemical interactions, responsible for the consumption of calcium ions, during the curing of mixtures containing the earthen material and CCR or CCR:RHA results in the formation of calcium silicate hydrates and calcium aluminate hydrates. These hydrates are responsible for the cementation and densification of the microstructure of stabilized CEBs. Further study should elucidate the curing process of CEBs stabilized with CCR and/or CCR:RHA. This can be done by investigating the improvement of the physico-mechanical and hygro-thermal performances of stabilized CEBs at various curing time in order to confirm the possibility of reduction of curing time observed in the present study. This may allow to correlate the consumption of calcium ions in mix solutions of earth-CCR-RHA with the compressive strength of stabilized CEBs thereof produced.
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