Abdelaziz Hasnaoui 
email: abdelaziz.hasnaoui@esitc-caen.fr.
  
Elhem Ghorbel 
  
George Wardeh 
  
Performance of metakaolin/slag-based geopolymer concrete made with recycled fine and coarse aggregates

Keywords: Geopolymer, Recycled Coarse Aggregate, Recycled Fine Aggregate, Mechanical Properties, Predictive Models Ordinary Portland cement. GC: Geopolymer concrete Granulated blast furnace slag aggregates solution. NaOH: Sodium hydroxide Characteristic compressive strength. , : Mean splitting tensile strength. : Characteristic splitting tensile strength. : Elastic modulus. Γ: incorporation rate of RA

In this paper, the potential use of both fine and coarse recycled demolition aggregates (RA) in geopolymer concrete (GC) manufacturing was investigated. The geopolymer binder adopted was a mix of metakaolin (MK) and granulated blast furnace slag (GBFS), activated by an alkaline solution (SiO2/Na2O=1.8) with a water to solid ratio of 0.5. A control GC (0% RA) with C35/45 class of compressive strength and S4 class of workability, and three GC mixtures with 10, 30 and 50% of RA were manufactured. It was found that the introduction of presaturated RA in GC mixtures does not affect the class of workability, but the slump loss over time decreased proportionally to the RA percentage. With 10% of RA, a slight decrease was recorded in both water porosity and mechanical performances. Moreover, a drop of 18 and 27 % in compressive strengths was recorded with 30 and 50% of RA incorporation, respectively.

Based on the obtained results and an extensive number of experimental data from the literature, the validity of empirical relationships between the mechanical performances of GC was assessed, and more adequate predictive equations were proposed.

Introduction

Geopolymer concrete has been highly recommended as a suitable alternative to ordinary Portland cement (OPC) -based concrete over the past few years [START_REF] Singh | Geopolymers as an alternative to Portland cement: An overview[END_REF]. Indeed, it is known for its good compressive and splitting tensile strengths which can reach over 60 and 3 MPa respectively [START_REF] Erfanimanesh | Mechanical and microstructural characteristics of geopolymer paste, mortar, and concrete containing local zeolite and slag activated by sodium carbonate[END_REF]. Furthermore, in comparison to OPC concrete, geopolymer one is characterized by a low carbon footprint with a high chemical resistance, a low water permeability, and an excellent fire resistance [START_REF] Valencia-Saavedra | Performance of FAbased geopolymer concretes exposed to acetic and sulfuric acids[END_REF]- [START_REF] Hasnaoui | Comparison between Portland cement concrete and geopolymer concrete based on metakaolin and granulated blast furnace slag with the same binder volume[END_REF]. Geopolymer concrete is based on an activated aluminosilicate raw material using an alkaline solution which is often a sodium silicate one. The raw material precursors used are either a single-phase precursor or a blended mix [START_REF] Prachasaree | Manuscript title: Development of strength prediction models for fly ash based geopolymer concrete[END_REF]- [START_REF] Bellum | Investigation on Performance Enhancement of Fly ash-GGBFS Based Graphene Geopolymer Concrete[END_REF]. Geopolymers based on a single-phase precursor are the most studied in the literature [START_REF] Ma | Structural and material performance of geopolymer concrete: A review[END_REF]. However, the use of only one aluminosilicate raw material such as the fly ash, metakaolin or slag, may resulting in several technical problems and environmental issue [START_REF] Zhang | Efflorescence and subflorescence induced microstructural and mechanical evolution in fly ash-based geopolymers[END_REF], [START_REF] Bajpai | Environmental Impact Assessment of Fly Ash and Silica Fume Based Geopolymer Concrete[END_REF]. In fact, fly ash based geopolymers require often a heat treatment in order to enhance their geopolymerization process while high water demand and efflorescence formation have been largely reported when only metakaolin or slag were used as precursor [START_REF] Davidovits | Geopolymer chemistry and applications[END_REF], [START_REF] Huseien | Effect of metakaolin replaced granulated blast furnace slag on fresh and early strength properties of geopolymer mortar[END_REF]. To deal with these problems, using a blended metakaolin and granulated blast furnace slag mix was found to be one of the best solutions in order to obtain a high workability with a strength class higher than 50 MPa while avoiding the heat curing treatment and efflorescence problems [START_REF] Huseien | Effect of metakaolin replaced granulated blast furnace slag on fresh and early strength properties of geopolymer mortar[END_REF], [START_REF] Hasnaoui | Effect of Curing Conditions on the Performance of Geopolymer Concrete Based on Granulated Blast Furnace Slag and Metakaolin[END_REF]. Therefore, the geopolymer paste adopted for the concrete formulations in the present work is a blended metakaolin and granulated blast furnace slag geopolymer which is proposed in a previous study [START_REF] Hasnaoui | Optimization approach of granulated blast furnace slag and metakaolin based geopolymer mortars[END_REF]. Although it was proven that replacing OPC cement by a geopolymer binder leads to reduce largely the environmental impact of concrete manufacturing [START_REF] Davidovits | Geopolymer cement[END_REF], the increasing demand of fine and coarse aggregates for concrete formulation requires a continuous supply of non-renewable raw materials, which is another real environmental issue [START_REF] Omary | Mix design and recycled aggregates effects on the concrete's properties[END_REF]. In this context, replacing natural aggregates by recycled concrete ones (RA) for geopolymer concrete formulations seems to be a promising solution in order to reduce the greenhouse gas emissions of OPC industry and preserve our natural resources.

The use of RA in OPC concrete has been largely studied and it has been revealed that it is safe and feasible to apply recycled aggregates concrete as a structural material in civil engineering applications [START_REF] Santos | Self-compacting concrete with recycled aggregates-a literature review[END_REF]- [START_REF] Ghorbel | Mechanical and fracture properties of recycled aggregate concrete in design codes and empirical models[END_REF]. Furthermore, several studies with innovative techniques were devoted to enhance the performance of RA-based OPC concrete [START_REF] Xiao | Mechanical properties of confined recycled aggregate concrete under axial compression[END_REF]- [START_REF] Li | Development of nano-silica treatment methods to enhance recycled aggregate concrete[END_REF]. Nevertheless, relatively few investigations have been devoted to RA-based geopolymer concrete [START_REF] Dadsetan | Construction and demolition waste in geopolymer concrete technology: a review[END_REF]. Statistical percentage of sixteen investigations devoted to geopolymer concrete incorporating RA is given in Fig. 1 [28]- [START_REF] Shaikh | Mechanical and durability properties of fly ash geopolymer concrete containing recycled coarse aggregates[END_REF]. In this figure, the aluminosilicate precursor as well as the type of recycled aggregates employed in geopolymer concrete preparation was considered for each of the sixteen papers. As it can be seen in the pie chart, most of the geopolymer concrete studied are based on fly ash or a mix of either fly ash and slag or fly ash and metakaolin while the metakaolin-slag binder has never been studied with RA incorporation. Furthermore, the RA are generally used as coarse aggregates mixed with naturel sand while the use of fine RA is often ignored because of its very high water absorption coefficient [START_REF] Nuaklong | Recycled aggregate high calcium fly ash geopolymer concrete with inclusion of OPC and nano-SiO2[END_REF], [START_REF] Shaikh | Mechanical and durability properties of fly ash geopolymer concrete containing recycled coarse aggregates[END_REF]. The use of only coarse RA without valorizing the fine one is counterproductive from both environmental and economic point of view. In fact, the crushing process of demolition waste results in large quantities of fine RA that remain untapped in the recycled platforms. Hence, the use of fine and coarse RA in combination is especially beneficial for sustainable development.

Furthermore, it was found that the use of recycled sand can work as an internal curing agent to improve the microstructure of the interfacial transition zone (ITZ) between the recycled sand particle and the Portland cement paste [START_REF] Liu | Workability and mechanical properties of mortar containing recycled sand from aerated concrete blocks and sintered clay bricks[END_REF].

In terms of interaction between geopolymer paste and the RA, Koushkbaghi et al. [START_REF] Koushkbaghi | Influence of different monomer ratios and recycled concrete aggregate on mechanical properties and durability of geopolymer concretes[END_REF] studied the RA-paste interfacial zone for RA-based geopolymer and they reported a relatively weak RA-paste interfacial zone which was attributed to the old mortar attached on RA.

Nonetheless, the hydration products that can be formed from the old mortar overlapped and interwoven with each other to result in a good geopolymer paste formation around the recycled aggregate particles [START_REF] Koushkbaghi | Influence of different monomer ratios and recycled concrete aggregate on mechanical properties and durability of geopolymer concretes[END_REF], [START_REF] Pasupathy | Influence of recycled concrete aggregate on the foam stability of aerated geopolymer concrete[END_REF].

Fig. 1. The statistics about the type of the aluminosilicate precursors and the RA used in sixteen research papers [START_REF] Saravanakumar | Strength and Durability Studies on Geopolymer Recycled Aggregate Concrete[END_REF]- [START_REF] Shaikh | Mechanical and durability properties of fly ash geopolymer concrete containing recycled coarse aggregates[END_REF].

Xiao J Z, et al. [START_REF] Xiao | Recent studies on mechanical properties of recycled aggregate concrete in China-A review[END_REF] reported that the mix design procedure of recycled concrete is very similar to that of conventional concrete. However, more water is often required to attain similar workability because of the high water absorption of RA. This is also valid for geopolymer concrete since it is commonly known that the incorporation of RA leads to a decrease in the workability [START_REF] Saravanakumar | Strength and Durability Studies on Geopolymer Recycled Aggregate Concrete[END_REF], [START_REF] Nuaklong | Properties of metakaolin-high calcium fly ash geopolymer concrete containing recycled aggregate from crushed concrete specimens[END_REF]. In order to overcome this problem, the pre-saturation of RA was found to be a sufficient technique to enhance the rheological performance of RA based OPC concrete [START_REF] Omary | Relationships between recycled concrete aggregates characteristics and recycled aggregates concretes properties[END_REF]. However, the effect of this technique in the case of MK/GBFSbased geopolymer concrete has never been discussed in the literature.

Therefore, the present study aims to assess the effect of fine and coarse RA incorporation on the properties of granulated blast furnace slag and metakaolin-based geopolymer concrete. fresh state. Moreover, the workability's evolution during the first 90 minutes after mixing was also followed. At the hardened state, compressive and splitting tensile strengths, dynamic modulus of elasticity and water porosity were investigated. Based on the obtained mechanical results and data available in the literature, analytical predictive models were proposed.

2 Materials and experimental methods

Materials

The materials used in the present study are the following:

• Granulated blast furnace slag (GBFS) form ECOCEM-France. Its physical properties and chemical composition are presented in Table 1. It is characterized by a specific gravity of 3.1, a specific surface area of 0.43 m 2 /g and a high CaO content.

• Metakaolin (MK) from IMERYS-France. As it can be seen in Table 1, the MK used is a pure aluminosilicate precursor with high finesses and low density.

• Sodium silicate solution (SS) from Fisher Scientific with a molar ratio SiO2/Na2O (MR) of 2.1 and a water content of 61.7 %.

• Sodium hydroxide (NaOH). It was added to the sodium silicate solution in order to obtain a molar ratio (MR) of 1.8. The choice of MR (1.8) is based on the results of a previous investigation where the geopolymer binder formulation was optimized [START_REF] Hasnaoui | Optimization approach of granulated blast furnace slag and metakaolin based geopolymer mortars[END_REF].

• Natural aggregates (NA) and recycled concrete aggregates (RA). It should be noted that the abbreviation RA adopted in the present work refers to both fine and coarse aggregates, while ''fine'' or ''coarse'' words are used to specify the type of RA. The used natural aggregates are 0/4 mm rolled river sand (NS) and 4/10 mm coarse crushed silico-calcareous aggregates (coarse NA). The recycled aggregates were delivered from a retreatment platform of demolished buildings. They were used in two fractions, 0/4 and 4/10 mm, named respectively RS and coarse RA. The different aggregates are presented in Fig. 2 and their granulometric distributions are plotted in Fig. 3. The main characteristics of the natural and the recycled aggregates are depicted in Table 2 

Concrete mixtures

In the present study, a control geopolymer concrete (GC) with naturel aggregates and three recycled aggregates geopolymer concrete, named GC10, GC30 and GC50, were manufactured. The recycled aggregates were introduced by substituting the volume of both naturel sand and coarse aggregate with a substitution rate of 10%, 30% and 50%. RA were pre-saturated before the concrete formulation in order to avoid the technical problem related to their high absorption capacity, including the workability loss. In fact, recycled aggregates were saturated for 48 h in cylindrical plastic containers with a quantity of water equivalent to their absorption capacity plus 1%. This 1% of water was subtracted from the total water used in the concrete mixture. In this way, it was ensured that they are saturated while precisely controlling the water amount in the mixture which allows avoiding the extra water problem often encountered when adopting the saturation of aggregates through total immersion in water [START_REF] Omary | Mix design and recycled aggregates effects on the concrete's properties[END_REF], [START_REF] Ghorbel | Mechanical and fracture properties of recycled aggregate concrete in design codes and empirical models[END_REF], [START_REF] Omary | Relationships between recycled concrete aggregates characteristics and recycled aggregates concretes properties[END_REF], [START_REF] Salgues | Influence of initial saturation degree of recycled aggregates on fresh cement paste characteristics: consequences on recycled concrete properties[END_REF]. The control geopolymer concrete was formulated for a target strength class C35/45 and a workability class S4. The geopolymer binder formulation used in the present work is a 50/50 GBFS/MK activated by an alkaline solution (MR=1.8) with a water to binder ratio of 0.5 [START_REF] Hasnaoui | Optimization approach of granulated blast furnace slag and metakaolin based geopolymer mortars[END_REF]. The adopted coarse aggregate to sand ratio 0.9
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 was obtained through the packing method. The mix proportions of the different concrete formulations are presented in Table 3. The manufactured geopolymer concrete cylinders (11 × 22 cm) were demolded 24 hours after formulation and they were stored in water at room temperature. 

Characterization methods

Slump test and air content measurement were carried out for concrete at the fresh state according to the standards NF EN 206-1 and EN 12350-7 respectively. In addition, the workability evolution during the first 90 minutes after mixing was followed. At the hardened state, compressive and splitting tensile strengths, dynamic modulus of elasticity, apparent density and water porosity were evaluated. Compressive and splitting tensile strengths of cylindrical 11×22 cm specimens were determined with a servo-hydraulic machine using respectively a stress rate of 0.5 and 0.05 MPa/s. The shape and the dimensions of the specimens for mechanical characterization (cylindrical samples of 22 cm high and 11 cm diameter) were selected in accordance with the standard NF EN 12390-1. Dynamic modulus of elasticity test was carried out according to the standard ASTM C215, using E-Meter MK II equipment as it can be seen in Fig. 4. The test consists in determining the resonance frequency response of the cylindrical 11×22 cm specimen induced by a mechanical impact generated with a steel ball. The dynamic modulus (MPa) is then given by the following equation:
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With:

: fundamental longitudinal frequency (Hz)

: specimen length (m)

: specimen diameter (m)

: specimen weight (kg).

The vacuum saturation method, according to the standard NF P 18-459, was adopted for the determination of the apparent density and the water porosity.

Results and discussion

Workability evolution

The slump results of the different geopolymer concrete are depicted in Table 4. Despite the slight decrease in slump value due to the incorporation of RA, it can be seen that S4 workability class (180 ±20 mm) was obtained for the different geopolymer concrete regardless of the percentage of RA. This result would mean that the use of RA in a saturated form is an effective technique for maintaining the workability class. This is fully consistent with the results reported by Hou et al. [START_REF] Hou | Effect of moisture condition and brick content in recycled coarse aggregate on rheological properties of fresh concrete[END_REF] which showed that the humid and less rough surface of presaturated RA decreases the friction force among aggregate particles, reduces the adsorption of free water and thus enhances the concrete workability.

In order to assess the effect of RA incorporation on the slump evolution, the relative workability of the different mixtures as a function of time is presented in Fig. 5. During the first 40 minutes after mixing, the workability loss seems to be similar for all mixtures.

However, after 40 minutes, which represents the dormant period of geopolymer binders, the RA incorporation effect gradually become significant. Indeed, the loss of workability is more pronounced for mixtures with low RA content. This behavior can be explained by the fact that the chemical interactions between the alkaline solution and the old cement paste of the recycled aggregates lead to a reduction in the effectiveness of the alkaline solution, which affects the activation of the aluminosilicate precursors and consequently increases the setting time of the mixture. The proposed explanation is supported by the results reported by Pasupathy et al. [START_REF] Pasupathy | Influence of recycled concrete aggregate on the foam stability of aerated geopolymer concrete[END_REF] which shown that the Ca(OH)2 contained in the old mortar of RA can react with the alkaline solution. The use of saturated RA can also affect the paste-aggregate interface by reducing the cohesion between the two phases, which reduces the workability loss over the time. Fig. 5. Effect of RA incorporation on the slump evolution over time.

Air content and fresh density

The effect of the recycled aggregates on the air content percentage as well as on the fresh density of the geopolymer concrete is presented as a function of the substitution ratio in Fig. 6 and Fig. 7 respectively.

An increase in the percentage of air content with the RA percentage was recorded (Fig. 6)

while the opposite trend was obtained for the fresh density (Fig. 7). This can be attributed to the high porosity of RA on the one hand and their low density on the other hand (Table 2).

The air content percentages obtained are acceptable in comparison with those of OPC concrete, which are often near to 2% [START_REF] Hasnaoui | Comparison between Portland cement concrete and geopolymer concrete based on metakaolin and granulated blast furnace slag with the same binder volume[END_REF]. In fact, the air content in geopolymer concrete formulated with 10% of RA (GC10) is approximately 20% lower than 2%, while a value comparable to the latter was obtained with a recycling ratio of 30 % (GC30).

Furthermore, it appears that both the air content percentage and the fresh density of concrete depend linearly on the RA percentage. The same observation has been reported for Portland concrete based on RA [START_REF] Omary | Relationships between recycled concrete aggregates characteristics and recycled aggregates concretes properties[END_REF]. 

Water porosity and apparent density

The water porosity and the apparent density at 28 days of the different geopolymer concrete as a function of the RA percentage are respectively presented in Fig. 8. The values obtained are consistent with the results of the air content and the fresh density. The highest porosity, 23.9 %, was recorded for GC50 which also possesses the lowest apparent density (1970 kg/m 3 ). Generally, the low density of concrete is not a problem per se, but the high porosity can cause a real problem with respect to mechanical strength and durability concerns.

The high porosity of RA based geopolymer concrete is mainly due to the quality of the used recycled aggregates and not to shrinkage cracking since all the concrete has been kept in total immersion in water to avoid shrinkage [START_REF] Hasnaoui | Effect of Curing Conditions on the Performance of Geopolymer Concrete Based on Granulated Blast Furnace Slag and Metakaolin[END_REF]. From this point of view, it appears that the introduction of RA in the geopolymer concrete mixtures must be carried out with low substitution ratios in order to avoid the durability problems related to the high porosity. 

Mechanical properties

The effect of RA incorporation on the compressive strength and the splitting tensile strength of geopolymer concrete at 3,7 and 28 days are presented respectively in Fig. 9 and Fig. 10.

According to the obtained results, it can be established that the introduction of RA, even with a low substitution ratio (GC 10), leads to a decrease in both compressive and splitting tensile strengths. Beyond a 10% of RA, a considerable drop in the compressive strength was observed. The same trend is also recorded for the splitting tensile strength. In terms of strength development, it appears that the kinetic is not affected by the RA percentage where a very similar evolution trends were recorded. It has been shown that the very high alkalinity of the alkaline solution can favor the hydration of the non-hydrated cement particles contained in the attached mortar of RA [START_REF] Parthiban | Influence of recycled concrete aggregates on the engineering and durability properties of alkali activated slag concrete[END_REF]. With substitution ratios below 50%, this led to a gain in compressive and tensile strengths at 28 days [START_REF] Parthiban | Influence of recycled concrete aggregates on the engineering and durability properties of alkali activated slag concrete[END_REF]. This phenomenon has not been noticed for our recycled concrete because of the low alkalinity of the alkaline solution used (Si/Na=1.8). All the concretes reached around 80% of their maximum compressive strength after 7 days and no visual degradation or efflorescence formation were detected on the samples. This indicates that the geopolymer binder adopted in the present study is compatible with RA and shows, once again, the advantage of using an alkaline solution with a low Na2O dosage (RM between 1.45 and 1.95 [START_REF] Davidovits | Geopolymer cement[END_REF]). The effect of RA incorporation on the dynamic elastic modulus of geopolymer concretes is presented in Fig. 11. The obtained results are consistent with the evolution of mechanical strengths where we notice a decrease in the dynamic modulus with the increase in the RA percentage. The effect of recycled aggregates on the dynamic modulus is more significant beyond a substitution ratio of 10%. The lowest stiffness at 28 days was recorded for GC 50 which showed a decrease in the dynamic modulus of around 30% compared to GC. The drop of rigidity is mainly due to the fact that RA possess a low stiffness compared to natural aggregates. Geopolymer based materials are known by their low rigidity in comparison with OPC based materials [START_REF] Hasnaoui | Comparison between Portland cement concrete and geopolymer concrete based on metakaolin and granulated blast furnace slag with the same binder volume[END_REF], [START_REF] Mobili | Metakaolin and fly ash alkali-activated mortars compared with cementitious mortars at the same strength class[END_REF] which is confirmed in the present study. The low rigidity can provide an advantage in the case of seismic loads, however, concrete with very low rigidity, as it is the case for GC 50, may show a large creep strain in the long term which is a major durability issue. Therefore, it can be concluded that the use of RA for the formulation of geopolymer concrete should not be applied with high percentages.

Fig. 11. Effect of RA incorporation on the dynamic modulus of geopolymer concrete.

Empirical models for predicting splitting tensile strength and elastic modulus

The validity of analytical models proposed in the literature for the splitting tensile strength (fctm,sp) prediction as a function of the compressive strength (fcm) of geopolymer concrete has been verified for a total of 194 values, of which 33 values are obtained for geopolymer concrete based on RA [START_REF] Saravanakumar | Strength and Durability Studies on Geopolymer Recycled Aggregate Concrete[END_REF], [START_REF] Nuaklong | Recycled aggregate high calcium fly ash geopolymer concrete with inclusion of OPC and nano-SiO2[END_REF], [START_REF] Sata | Properties of pervious geopolymer concrete using recycled aggregates[END_REF]- [START_REF] Kthangamanibindhu | [END_REF], [START_REF] Parthiban | Influence of recycled concrete aggregates on the engineering and durability properties of alkali activated slag concrete[END_REF], [START_REF] Ryu | The mechanical properties of fly ash-based geopolymer concrete with alkaline activators[END_REF]- [START_REF] Wardhono | Comparison of long term performance between alkali activated slag and fly ash geopolymer concretes[END_REF]. The age of materials found in the literature varies between 3 and 540 days. In addition, these concretes were formulated using different raw materials and different mix design parameters, which allowed us to have a large and diverse database. The materials used for the preparation of concrete as well as the adopted curing condition from each data source used for developing the splitting tensile strength predictive models, are summarized in Table 5. It is worth noting that all geopolymer concrete considered in the present investigation are prepared with a mix of sodium silicate and sodium hydroxide solutions. Nuaklong et al. [START_REF] Nuaklong | Properties of metakaolin-high calcium fly ash geopolymer concrete containing recycled aggregate from crushed concrete specimens[END_REF] Fly ash/Metakaolin Coarse RA (100%) 60°C for 48h

Galvin and Lioyd [START_REF] Galvin | Fly ash based geopolymer concrete with recycled concrete aggregate[END_REF] Fly ash Coarse RA (20-40%) 60° for 18h

Ahirwar et al. [START_REF] Ahirwar | Compare the Strength of Fly Ash Based Geopolymer Concrete with Demolition Waste[END_REF] Fly ash RA (100%) 80° for 24h Kthangamanibindhu et al. [START_REF] Kthangamanibindhu | [END_REF] Slag/Fly ash Coarse RA (10-40%) 90° for 18h * NA: natural fine and coarse aggregates; RA: Recycled fine and coarse aggregates.

The assessment approach adopted consists in studying GC with natural aggregates as a first step. Then, in a second step, the effect of recycled aggregates on the prediction of the mechanical properties of GC was considered by introducing the coefficient Γ which represents the percentage of recycled aggregates in the mixture. The choice to evaluate the recycled concrete separately from the natural aggregates-based GC was made to give more reliability to the proposed models, and also to provide a fair assessment of the evaluated models from the literature, since they were proposed for natural aggregates-based GC.

The parameters used for the comparison between the predictive models validity are the coefficient of determination = 1and the coefficient
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. Indeed, R 2 provides a good indication on the accuracy of the model, while ξ coefficient indicates whether the equation underestimates (ξ>1) or overestimates (ξ <1) the experimental values.

The splitting tensile strengths as a function of compressive strengths for natural aggregatesbased geopolymer concrete are shown in Fig. 12 while the tested models as well as the statistical parameters are given in Table 6.

From Fig. 12 and Table 5 , it appears that the type of the aluminosilicate precursor and the curing conditions used for the geopolymer concrete formulation does not significantly affect the relationship between the two mechanical strengths (fctm,sp and fcm) which is in accordance with the results obtained for geopolymer mortars in a previous investigation [START_REF] Hasnaoui | Optimization approach of granulated blast furnace slag and metakaolin based geopolymer mortars[END_REF]. The results reported in Table 6 show that the expression proposed by Omary et al. [START_REF] Omary | Mix design and recycled aggregates effects on the concrete's properties[END_REF] for OPC concrete, predicts well the splitting tensile strength with an R 2 of 0.80 and a coefficient ξ of 0.93. Yang and Song's [START_REF] Yang | Empirical Equations for Mechanical Properties of Ca (OH) 2-Based Alkali-Activated Slag Concrete[END_REF] expression also showed a good correlation with an R 2 of 0.76. The equation of EC2, that of CEB-FIB and that proposed by Ryu et al. [START_REF] Ryu | The mechanical properties of fly ash-based geopolymer concrete with alkaline activators[END_REF] are the least adequate for predicting fctm,sp of geopolymer concrete. Although the expression of Ryu et al. [START_REF] Ryu | The mechanical properties of fly ash-based geopolymer concrete with alkaline activators[END_REF] has been established from the results of geopolymer concrete, a low correlation coefficient is obtained. This low correlation lies in the fact that this equation has been developed based on experimental results of a single study [START_REF] Ryu | The mechanical properties of fly ash-based geopolymer concrete with alkaline activators[END_REF].

In order to enhance the prediction of the splitting strengths of geopolymer concrete, a new model is proposed with an R 2 of 0.88 and a coefficient ξ of 1.00:

0.6 ( ) 0.34 ctm cm f MPa f = (Eq. 7)
The good prediction of this equation is due, in part, to the fact that it is developed from a large database. With Γ is the equivalent weight ratio defined as RS RG NS NG RS RG
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The validity of Eq. 8 was evaluated using the values obtained in the present work as well as the values of the literature. As it can be seen in Fig. 13, Eq. 8 provides an excellent prediction with an R 2 of 0.94. . Hence, this equation has been adopted in order to study the relationship between the tangent modulus c E and the mean compressive strength fcm.

More than 150 values of c E (exactly 159 results) obtained for geopolymer concrete, including results of the present work and others from the literature [START_REF] Akbarnezhad | Recycling of geopolymer concrete[END_REF]- [START_REF] Shaikh | Mechanical and durability properties of fly ash geopolymer concrete containing recycled coarse aggregates[END_REF], [START_REF] Olivia | Properties of fly ash geopolymer concrete designed by Taguchi method[END_REF], [START_REF] Hardjito | Studies of fly ash-based geopolymer concrete[END_REF]- [START_REF] Nath | Flexural strength and elastic modulus of ambient-cured blended low-calcium fly ash geopolymer concrete[END_REF], were used to evaluate the ability of models to predict the elastic modulus and to propose a more adequate expression. Among the available results, 22 values were obtained from geopolymer concrete based on RA. The materials and the curing modalities used for the preparation of RA-based geopolymer concrete from each data source adopted for developing the elastic modulus predictive models are given in Table 7. The same parameters, R 2 and ξ, were also considered to evaluate the reliability of the models and the obtained results are summarized in 

Reference Equation

Nath and Sarker [START_REF] Nath | Effect of GGBFS on setting, workability and early strength properties of fly ash geopolymer concrete cured in ambient condition[END_REF] (Eq. 9) It is known that the expressions proposed for Ec prediction of OPC based materials cannot be adopted for geopolymer ones [START_REF] Nath | Effect of GGBFS on setting, workability and early strength properties of fly ash geopolymer concrete cured in ambient condition[END_REF]. In fact, for the same compressive strength, GC possess an elastic modulus 40 % lower than that of Portland concrete [START_REF] Hasnaoui | Comparison between Portland cement concrete and geopolymer concrete based on metakaolin and granulated blast furnace slag with the same binder volume[END_REF] due to the nature of solid-state interatomic bonds. The same conclusion was reported in the work of Hardjito et al. [START_REF] Hardjito | The stress-strain behaviour of fly ash-based geopolymer concrete[END_REF] and that of Nath and Sarker [START_REF] Nath | Flexural strength and elastic modulus of ambient-cured blended low-calcium fly ash geopolymer concrete[END_REF] where new expressions have been proposed.

Based on these experimental results, a new expression is proposed for GC with natural aggregates (Fig. The proposed expression allows better prediction of the elastic modulus as a function of the compressive strength compared to those established by Hardjito et al. [START_REF] Hardjito | Development and properties of low-calcium fly ashbased geopolymer concrete[END_REF] and Nath and Sarker [START_REF] Nath | Effect of GGBFS on setting, workability and early strength properties of fly ash geopolymer concrete cured in ambient condition[END_REF] (Table 6). The evaluation of this equation is displayed in Fig. 15 where it can be seen that the results of Akbarnezhad et al. [START_REF] Akbarnezhad | Recycling of geopolymer concrete[END_REF] and Shaikh [START_REF] Shaikh | Mechanical and durability properties of fly ash geopolymer concrete containing recycled coarse aggregates[END_REF] are not very well predicted in comparison with the results of Alserai et al. [START_REF] Alserai | Effect of Iron Filings on the Mechanical Properties of Different Types of Sustainable Concrete[END_REF] and those obtained in the present work. Nonetheless, the proposed equation (Eq. 12) provides a better prediction of the elastic modulus of GC based on RA with an R 2 of 0.42 which is higher than those obtained using Hardjito et al. [START_REF] Hardjito | The stress-strain behaviour of fly ash-based geopolymer concrete[END_REF] and of Nath and Sarker [START_REF] Nath | Flexural strength and elastic modulus of ambient-cured blended low-calcium fly ash geopolymer concrete[END_REF] models (0.21 and 0.34 respectively). The relatively low R 2 obtained for Eq. 12 is due in part to the limited data of RA-based geopolymer concrete in terms of elastic modulus.

In addition, it seems from Table 7 that the curing conditions can affect considerably the However, confirming this result and introducing the curing conditions as a parameter in Eq.

12 to build a more accurate model requires a more large number of data.

Fig. 15.

Young's modulus of GC formulated with RA incorporation as a function of compressive strength (Eq. 12).

Conclusions

In the present investigation, the effect of RA inclusion on both fresh and hardened properties of MK/GBFS-based geopolymer concrete was studied. The main conclusions and recommendations to be drawn are as follows:

• The workability loss over time of geopolymer concrete can be limited with the incorporation of recycled concrete aggregates at saturated state.

• Increasing the replacement ratio of RA up to 50% leads to a drop in the fresh density and to an increase in the air content. However, the results obtained are widely acceptable in comparison with OPC concrete. 
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 2 Fig. 2. Images of fine and coarse aggregates: (a) Naturel sand 0/4 mm (NS), (b) Naturel coarse aggregate 4/10 mm (Coarse NA), (c) Recycled sand 0/4 mm (RS), (d) Recycled coarse aggregate 4/10 mm (Coarse RA).
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 3 Fig. 3. Granulometric distribution of fine and coarse aggregates.
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 4 Fig. 4. Dynamic modulus of elasticity test using E-Meter MK II equipment.
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 67 Fig.6. Effect of RA incorporation on the air content of fresh geopolymer concrete.
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 8 Fig. 8. Effect of RA incorporation on the water porosity and the apparent density of geopolymer concrete.
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 910 Fig. 9. Effect of RA incorporation on the compressive strength of geopolymer concrete.
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 13 Fig. 13. Splitting tensile strength of GC formulated with RA incorporation as a function of
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 14 Fig. 14. Young's modulus of GC as a function of compressive strength (Eq. 11).

  compressive strength and the elastic modulus of RA-based GC.

53% 12% 23% 12% Fly ash Fly ash/Metakaolin Fly ash/Slag Metakaolin 75% 25% Recycled coarse aggregate Recycled fine and coarse aggregate

  

	Four geopolymer concretes were manufactured with RA content of 0, 10, 30 and 50% by
	volume of the granular skeleton. Density, air content and workability were measured at the

Table 1 .

 1 . Chemical composition and physical properties of GBFS and MK.

	Chemical composition (Wt.%)	GBFS	MK
	SiO2	35.9	55
	Al2O3	11.2	39
	Fe2O3	0.3	1.8
	TiO2	0.7	1.5
	CaO	42.3	0.6
	MgO	8.0	-
	(Na2O+K2O)eq	0.7	1.0
	Specific gravity	2.91	2.2
	Specific surface area (m 2 /g)	0.45	19

Table 2 .

 2 Physical properties of naturel and recycled aggregates.

Aggregate Specific gravity Water Absorption (%) fineness modulus Los Angeles Abrasion value (%)

  

	NS	2.57	0.9	2.77	-
	Coarse NA	2.71	0.5	-	17.5
	RS	2.08	8.9	3.43	-
	Coarse RA	2.29	5.6	-	31.2

Table 3 .

 3 Mix proportions of the different geopolymer concrete formulations.

	Constituents (kg/m 3 )	GC	GC10	GC30	GC50
	GBFS	139	139	139	139
	MK	139	139	139	139
	SS	227	227	227	227
	NaOH	5	5	5	5
	NS 0/4	913	830	645	461
	Coarse NA 4/10	822	746	572	405
	RS 0/4	-	75	224	373
	Coarse RA 4/10	-	70	207	342
	Efficient water	185	185	185	185
	Efficient water/Binder (w/b)	0.50	0.50	0.50	0.50

Table 4 .

 4 Effect of RA percentage on the slump of geopolymer concrete.

	Concrete	GC	GC10	GC30	GC50
	Slump (cm)	18.8 ±0.7	18.3 ±0.5	18.4 ±0.4	17.2 ±0.6

Table 5 .

 5 Materials and curing conditions adopted for the preparation of geopolymer concrete from each data source used for the development of the splitting tensile strength predictive models.

	Reference	Precursor	Activator	Aggregates	Curing condition
	Kumar et al. [59]	Slag/Metakaolin	NaOH+Na2SiO3 NA *	Room temperature
	Wardhono et al. [58]	Slag		NA	23°C
		Fly ash		NA	80°C for 24h
	Parthiban et al. [50]	Slag		NA	Room temperature
	Dhivakar et al. [57]	Metakaolin/Fly ash		NA	Room temperature
	Yang and Song [54]	Slag		NA	Room temperature
	Ryu et al. [52]	Fly ash		NA	60°C for 24h
	Olivia and Nikraz [53]	Fly ash		NA	60-75°C for 12-24h
	Jindal et al. [55]	Fly ash		NA	90°C for 24h
	Ding et al. [56]	Slag/Fly ash		NA	Room temperature
	Saravankumar [28]	Fly ash		Coarse RA * (25-100%) Room temperature
	Nuaklong et al. [29]	Fly ash		Coarse RA (100%)	60° for 48h
	Sata et al. [36]	Fly ash		RA * (100%)	60°C for 48h

Table 6 .

 6 Evaluation of the predictive models for the splitting tensile strength of geopolymer concrete.

	Author	Equation		
		( f MPa ctm	) 0.3( ) ck f =	2	3
	EC2 [60] (Eq. 2)	f	ck	=	f	ctm	-	8	0.60	0.98
		f	ctm	=	0.9	f	, ctm sp
	CEB-FIB [61] (Eq. 3)	f	, ( ctm sp	MPa	) 0.301 =	f	ctm	0.67	0.67	0.90
	Omary et al. [17] (Eq. 4)	f	, ( ctm sp	MPa	) 0.364 =	f	cm	0.608	0.80	0.93
	Yang and Song [54] (Eq. 5)	f	, ( ctm sp		MPa	) 0.26 =	f	cm	0.7	0.76	0.93
	Ryu et al. [52] (Eq. 6)	f	, ( ctm sp	MPa	) 0.26 =	f	cm	3	4	0.58	1.20

Table 8 .Table 7 .

 87 Materials and curing conditions adopted for the preparation of geopolymer concrete from each data source used for the development of the elastic modulus predictive models.

	Reference	Precursor	Activator	Aggregates	Curing condition
	Nath and Sarker [68]	Fly ash	NaOH+Na2SiO3	NA *	Room temperature
	Olivia and Nikraz [53]	Fly ash		NA	23-25 °C
	Noushini et al. [63]	Slag/Fly ash		NA	75°C for 18h
	Hardjito [62]	Fly ash		NA	60-90°C for 24 h
	Nguyen et al. [64]	Fly ash		NA	60-120°C for 10h
	Ryu et al. [65]	Fly ash		NA	60° for 48h
	Hung and Chung [66]	Slag		NA	Room temperature
	Fang et al. [67]	Slag/Fly ash		NA	20°C; 60% RH
	Diaz-Loya et al. [69]	Fly ash		NA	60°C for 72h
	Akbarnezhad et al. [41]	Fly ash/Slag		Coarse RA * (20-100%)	40-80°C for 48h
	Alserai et al. [42]	Metakaolin		RA * (100%)	Room temperature
	Shaikh [43]	Fly ash		Coarse RA (15-50%)	60°C for 24h

*

NA: natural fine and coarse aggregates; RA: Recycled fine and coarse aggregates.

Table 8 .

 8 Evaluation of the predictive models for the elastic modulus of geopolymer concrete.
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• Beyond a 10% substitution ratio, a drop of 18 and 27 % in compressive strengths was respectively recorded with 30 and 50% of RA incorporation. In fact, a C35/45 strength class was obtained for geopolymer concrete of natural aggregates while with 30% of recycled aggregates, a C25/35 concrete was obtained.

• Using a large data base of mechanical properties, new equations were proposed for the prediction of the splitting tensile strength and the elastic modulus of geopolymer concrete with and without RA incorporation. Furthermore, the obtained results showed that the precursor type and the curing conditions do not affect the relationship between the compressive strength and the splitting tensile strength.

• With the incorporation of RA in GC, no sign of severe crack emergence or efflorescence formation was observed on the surface of the concrete specimens which confirms the advantage of using an alkaline solution with moderate amount of sodium hydroxide. However, investigations on long-term durability of RA-based GC are required, especially in terms of alkali-aggregate reaction.