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The aim of this paper is to evaluate the properties of four alkali-activated materials subjected to precasting and in situ concreting conditions: fluctuations in water content (± 5%) and in temperature (10°C, 20°C, 30°C). The initial slump and compressive strengths at 1, 2, 7, 28 and 90 days of a metakaolin-based geopolymer, and of sodium silicate-activated slag, sodium metasilicate-activated slag and sodium carbonate-activated slag mortars were determined, then compared to the properties of an ordinary Portland cement mortar (CEM I). A total of 50 mortars were cast for the five formulations studied and the different conditions. This paper reports that alkali-activated materials are as robust as CEM I in precasting and in situ concreting conditions. However, some adjustments should be made to offset the low reactivity in cold weather, such as hot water or hot curing, or reducing the water/binder ratio. The apparent activation energies were determined for the five pastes to explain these observations.

Introduction

Alkali-activated binders have been widely considered as clinker-free binders that may offer prospects to replace Portland cement in some applications, in order to reduce carbon emissions of construction industry. Alkali-activated binders, if produced using locally available raw materials (fly ashes, calcined clays, slags), could be effective components of the future toolkit of sustainable construction materials. These materials could be used as concrete-based building materials for high volume applications in reinforced concrete, plain concrete, precast concrete components, mortars, grouts and renders, foamed and lightweight concretes, matrices for the immobilization of toxic and nuclear wastes, in precast as well as in situ concreting [START_REF] Provis | Alkali-activated materials[END_REF], [START_REF] Shi | Alkali-Activated Cements and Concrete[END_REF]. They have already been used for large-scale applications worldwide, including in the construction of an airport in Australia [START_REF] Glasby | EFC Geopolymer Concrete Aircraft Pavements at Brisbane West Wellcamp Airport[END_REF], longstanding application and standardization in Ukraine and Russia [START_REF] Krivenko | Alkaline Cements and Concretes: Proceedings of the First International Conference Held at the Scientific-Research Institute on Binders and Materials Named After V. D. Glukhovsky[END_REF], [START_REF] Provis | Demonstration projects and applications in building and civil infrastructure[END_REF], and a building in China [START_REF] Yang | First structural use of site-cast, alkaliactivated slag concrete in China[END_REF].

Alkali-activated binders are made by mixing solid aluminosilicate precursors, such as fly ash and metakaolin (low-calcium precursors), or blast furnace slag (high-calcium precursor), with alkaliactivators (MOH, M2O.rSiO2, M2CO3, M2SO4, where M is often either Na or K). Depending on the nature and characteristics of the precursors and the activators, different setting kinetics, properties and mineralogy are observed [START_REF] Shi | Alkali-Activated Cements and Concrete[END_REF], [START_REF] Li | A review: The comparison between alkali-activated slag (Si+Ca) and metakaolin (Si+Al) cements[END_REF], [START_REF] Humad | Effects of fineness and chemical composition of blast furnace slag on properties of alkali-activated binder[END_REF]. They are generally amorphous materials with some crystalline phases. Metakaolin-based geopolymer consists of a 3D-aluminosilicate network with alkali cations playing the role of charge-balancing ions [START_REF] Rowles | 29Si, 27Al, 1H and 23Na MAS NMR Study of the Bonding Character in Aluminosilicate Inorganic Polymers[END_REF]. Sodium silicate-activated slag and sodium carbonate-activated slag contain hydrates, mainly C-(N-)A-S-H and hydrotalcite-type phases [START_REF] Park | Hydration kinetics modeling of sodium silicate-activated slag: A comparative study[END_REF]- [START_REF] Bernal | Role of carbonates in the chemical evolution of sodium carbonate-activated slag binders[END_REF]. Metakaolin-based geopolymer and sodium silicate-activated slag set fast with very high and moderate compressive strengths, respectively, at early age [START_REF] Awoyera | A critical review on application of alkali activated slag as a sustainable composite binder[END_REF]- [START_REF] Luukkonen | One-part alkaliactivated materials: A review[END_REF], while the sodium carbonateactivated slag has a prolonged hardening process related to the slow development of alkalinity required to initiate the dissolution of slag, with low compressive strengths at early age (up to 3-4 days) [START_REF] Awoyera | A critical review on application of alkali activated slag as a sustainable composite binder[END_REF], [START_REF] Luukkonen | One-part alkaliactivated materials: A review[END_REF]. It is for this reason that there is not a universal mix design procedure for alkaliactivated materials but one for each precursor. An optimization is needed [START_REF] Provis | Alkali-activated materials[END_REF], [START_REF] Ko | AAM Concretes: Standards for Mix Design/Formulation and Early-Age Properties[END_REF].

Many studies have looked into the influence of the formulation [START_REF] Luukkonen | One-part alkaliactivated materials: A review[END_REF], [START_REF] Ruiz-Santaquiteria | Alkaline solution/binder ratio as a determining factor in the alkaline activation of aluminosilicates[END_REF]- [START_REF] Adam | The Effects of Water to Solid Ratio, Activator to Binder Ratio, and Lime Proportion on the Compressive Strength of Ambient-Cured Geopolymer Concrete[END_REF], the water content [START_REF] Adam | The Effects of Water to Solid Ratio, Activator to Binder Ratio, and Lime Proportion on the Compressive Strength of Ambient-Cured Geopolymer Concrete[END_REF], [START_REF] Yang | Effect of water-binder ratio on the mechanical properties of calcium hydroxide-based alkali-activated slag concrete[END_REF], and the curing period and temperature [START_REF] Luukkonen | One-part alkaliactivated materials: A review[END_REF], [START_REF] Fang | Effect of alkali contents, moduli and curing time on engineering properties of alkali activated slag[END_REF], [START_REF] Medina | EFFECT OF CURING TEMPERATURE IN THE ALKALI-ACTIVATED BLAST-FURNACE SLAG PASTE AND THEIR STRUCTURAL INFLUENCE OF POROSITY[END_REF]- [START_REF] Shoaei | Waste ceramic powder-based geopolymer mortars: Effect of curing temperature and alkaline solutionto-binder ratio[END_REF] on the binder properties, generally for specific formulations (geopolymer, sodium silicate or carbonate-activated slag). However, to the best of our knowledge, only very few papers have dealt with their robustness in comparison with Portland cement. Provis [START_REF] Provis | Alkali-activated materials[END_REF] considers the robustness of the technology for alkaliactivated materials, discussing what is possible and what needs further development. In a second paper, Provis et al. [START_REF] Provis | RILEM TC 247-DTA round robin test: mix design and reproducibility of compressive strength of alkali-activated concretes[END_REF] report an inter-laboratory study including 15 laboratories to determine the reproducibility of five alkali-activated materials: two sodium silicate-activated slag materials, two fly ash-based geopolymers and one metakaolin-based geopolymer. The round-robin test outcomes showed that each participating laboratory was able to reproducibly produce alkali-activated concretes, the inter-laboratory deviations being broadly consistent with the expectations for Portland cement-based concretes. Typically, variations of 20% to 30% in the compressive strengths were observed for alkali-activated slag concretes and less than 20% for metakaolin-based geopolymer concrete, while variations of up to 50% have been reported for Portland cement concrete [START_REF] Bosiljkov | Mechanical properties of cement based materialsextended round robin test of COST Action TU 1404[END_REF]. The within-laboratory reproducibility of the test results was very good, with no more than 10% spread across replicates in any given laboratory (comparable to Portland cement). The difference was mostly attributed to the compatibility of the binder with aggregates, since each laboratory used its own aggregates, potentially differing in mineralogy and characteristics. Thus, the next step for considering the use of alkali-activated materials as replacements for conventional cements requires studies of their sensitivity to water content and temperature in the conditions that might be encountered for precast and cast-in-situ concrete. In that respect, the robustness to water content (± 5% of water) and possible outdoor temperature in a moderate climate (10°C for the winter period and 30°C for summer) was determined for four alkali-binders: one metakaolin-based geopolymer, two sodium silicate-activated slags and one sodium carbonateactivated slag, and then compared to one Portland cement (CEM I). The aim of this paper is to provide a better understanding of the fresh and hardened state properties (slump and compressive strengths) of alkali-activated materials when they are handled and used for civil engineering applications.

One way of addressing the dependence of cementitious materials on temperature is to consider their apparent activation energy. That is why, for the first time, the apparent activation energies were determined simultaneously for four different alkali-activated binders, alongside that of CEM I, by isothermal calorimetry at 12°C, 20°C and 30°C. Previous studies have generally focused on Portland cement and Blended cement [START_REF] Ezziane | Compressive strength of mortar containing natural pozzolan under various curing temperature[END_REF]- [START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF] or on one specific alkali-activated binder: sodium silicate activated slag [START_REF] Joseph | Instantaneous activation energy of alkali activated materials[END_REF]- [START_REF] Huanhai | Kinetic study on hydration of alkaliactivated slag[END_REF] or metakaolin, or pozzolan geopolymers [START_REF] Rahier | Reaction mechanism, kinetics and high temperature transformations of geopolymers[END_REF]- [START_REF] Poulesquen | Rheological Behavior of Alkali-Activated Metakaolin During Geopolymerization[END_REF]. Temperature and experimental techniques have varied depending on the authors (adiabatic or isothermal calorimetry, compressive strength, rheological measurements with viscosity models, X-ray total scattering measurements and pair distribution function, PDF).

Experimental methodology

Materials

The alkali-activated materials were prepared from two precursors: Argicem® metakaolin manufactured by ARGECO Développement at Fumel, France, and ground-granulated blast-furnace slag (GGBS) manufactured by ECOCEM France at Fos-sur-Mer, France. The metakaolin was obtained by flash calcination at 750°C for a few tenths of second. It is a ground material with a density of 2.59 g/cm 3 and a specific surface area of 17 m²/g (BET). The GGBS used had a density of 2.93 g/cm 3 , a Blaine's specific surface area of 4633 cm 2 /g and a 28-day activity index of 98% (NF EN 196-1). The GGBS was mainly amorphous, while the metakaolin comprised 47.1 ± 2.5% by weight of amorphous phase and a large proportion of quartz (42.3 ± 1.6 wt%), together with accessory minerals such as calcite, kaolinite, mullite and iron and titanium oxides. The compositions are given in Table 1 and Table 2. (Lumbres, France), was used as the reference material for this study. It is composed of 92 wt% of clinker, 3 wt% of limestone filler, and 5 wt% of gypsum as a set regulator. Its Blaine's specific surface area is 4400 cm 2 /g and its density is 3.09 g/cm 3 . The clinker was composed of 61% C3S, 19.3% C2S 8.6% C3A, and 11.1% C4AF, in mass percentage. Mechanical strengths were estimated by the supplier at 24 MPa, 38 MPa and 62 MPa after 1, 2 and 28 days, respectively (standardized mortar with water to cement ratio of 0.50).

Five types of mortars and pastes were prepared: a geopolymer, two sodium silicate-activated slag materials, a sodium carbonate-activated slag and one Portland cement (CEM I). Three activators were used for alkali-activated materials:

-a commercial sodium silicate solution, Betol 47T, from WOELLNER containing 55.5% by weight of water and 44.5% of activator with an SiO2 to Na2O mass ratio of 1.7, i.e. 27.5% of SiO2 and 16.9% of Na2O. -a sodium silicate powder (sodium metasilicates: Na2SiO3, 50.7% Na2O, 49.3% SiO2) from SILMACO, with a density of 0.99 g/cm 3 (purity > 95%). -a light sodium-carbonate (Na2CO3) from SOLVAY with a density of 2.53 g/cm 3 (purity > 99%).

Standard sand from Société Nouvelle du Littoral, composed of crystallized quartz and with a grain size distribution below 2 mm (CEN EN 196-1; ISO 679: 2009), and tap water from the city of Toulouse (France) were also used for mortar preparation.

Mortar and paste mix design, curing and testing methodology

The mortar mixtures were made in a standardized mixer (Automix Control®) according to the standard protocol NF EN 196-1 (60 seconds at 140 ± 5 rpm with sand addition after 30 seconds, 30 seconds at 285 ± 10 rpm, 90 second pause, 60 seconds at 285 ± 10 rpm), then poured at 20°C into 4x4x16 cm 3 polystyrene moulds. The test pieces were cast in two steps followed by 10 seconds of vibration on a vibrating table.

The five mortars (Table 3) were prepared with a sand to precursor/cement (slag, metakaolin or cement) mass ratio of 3. The water to binder (w/b, or cement: w/c) mass ratio was 0.4 for the four alkali-activated materials, and 0.5 for the Portland cement. The value of 0.5 was selected to facilitate the casting and vibration of the mortar bars and avoid the robustness results being influenced by mortar defects due to poor vibration; a dry mix was obtained with 0.4.

In the case of the four alkali-activated binders, binder was composed of precursor and dry activator. The activator content was chosen thanks to several preliminary tests done in the laboratory to reach at least 40 MPa at 28 days for a same water to binder ratio:

• The geopolymer consisted of a mix of metakaolin and Betol 47T (Geo). The amount of dry activator was fixed at 35.5 % of metakaolin. The formulation selected was based on precedent work [START_REF] Samson | Formulation and characterization of blended alkali-activated materials based on flash-calcined metakaolin, fly ash and GGBS[END_REF]. • The sodium silicate-activated slag materials were prepared from a mix of slag and Betol 47T (10% of dry activator) (NaS-slag) or sodium metasilicates (8% of activator) (MS-slag). The decrease from 10 to 8% between silicate and metasilicate was due to a higher efficiency of the MS.

• The sodium carbonate-activated slag material consisted of a mix of slag and sodiumcarbonate (NaC-slag).

The Portland cement was prepared using a CEM I 52.5 N CE CP2 NF (CEM I). In order to study the robustness of these five mortars, the following conditions were chosen:

-The sensitivity to the water content was measured by adding or removing 5% of water in mass from the initial mix (Table 3). In the case of the four alkali-activated mortars, this implied w/b ratios of 0.380 and 0.420. In the case of the CEM I mortar, it implied w/b ratios of 0.475 and 0.525.

-The sensitivity to temperature was measured with three temperatures often encountered in France for winter (10°C), spring and autumn (20°C), and for summer (30°C). Although the weather may be colder (down to less than 0°C) or hotter (up to 40-45°C) during several days depending on the region and the season, the temperatures chosen here were 20°C ± 10°C, as construction workload often slows down outside these temperatures. The raw materials (powders, sand and liquids) were conditioned for 48 hours prior to casting at 10°C, 20°C, or 30°C. The mortars were prepared in a room, at the ambient temperature (20°C ± 3°C, 65% RH). Then the mortar bars were cured for 3 days in climatic chambers at the selected temperature (10°C, 20°C, or 30°C) before being stored at room temperature (20°C ± 3°C, 65% RH). These 3 days of curing were similar to those of control samples of casting for in situ concreting (samples generally left outside after casting and before being tested). The surface of the moulds was covered by a plastic sheet and plate to avoid excessive desiccation during the 3 days of curing. Mortar bars were also kept longer (28 days and 90 days) at 10°C in order to assess the influence of curing time on long-term compressive strength development.

The slump and the temperature of each mix were measured after mixing, with a small Abrams cone (height: 15 cm, Diameters: 5 cm and 10 cm) and a thermocouple, respectively.

The mortar bars (4x4x16 cm 3 ) were removed from their mould after 3 days of curing in the selected condition and sealed in plastic sheets at room temperature (20°C ± 3°C) to avoid desiccation. The compressive strengths were determined at 1, 2, 7, 28, and 90 days, repeating the measurement on 3 samples with standardized 3R presses following the standard protocol NF EN 196-1 (rate of load increase of 2400 ± 200 N/s). For the compressive strengths at 1 day and 2 days, only one mortar bar was removed from the mould, while the others were kept in it until 3 days of curing had elapsed. A mean value of compressive strength was determined on 3 samples, with a confidence interval of 95%.

Finally, five pastes were prepared as described in Table 3 without sand. They were made with a kitchen mixer according to the following protocol in five steps: liquid mixing for 2 min at slow speed, powder addition, mixing for 1 min at slow speed and 1 min at fast speed, stop for 30 sec and mixing for 1 min at fast speed. The heats of reaction/hydration of the five pastes studied were measured over 10 days using a TAM Air isothermal calorimeter at 12°C, 20°C, and 30°C in order to determine the apparent activation energies of the four alkali-activated materials. The apparent activation energies were then compared to the ones measured on CEM I paste. The temperature of 12°C was selected rather than 10°C to avoid condensation within the calorimeter, which could lead to a deterioration of the device, due to the presence of liquid water (dew point at 12°C for the temperature (20°C) and relative humidity (50%) of the room).

The term "apparent activation energy" ( ) was used for cementitious systems instead of using "activation energy" in order to take account of several simultaneous reactions that take place in these complex systems. Kada-Benameur et al. [START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF] showed that the apparent activation energy can be determined according to the degree of reaction (geopolymer) or hydration (cement and slagactivated materials) assuming that reaction/hydration kinetics follow the Arrhenius Equation (Eq. 1).

= ( . 1)

k is the rate constant (sensitive to temperature), (sensitive to temperature), T is the absolute temperature (in kelvins: K), A is the pre-exponential factor, a constant for each chemical reaction, Ea is the activation energy for the reaction (in the same units as RT, J/mol), R is the universal gas constant (8.31 J/mol/K).

The apparent activation energy can then be determined according to the following equation (Eq. 2):

= -ln( ) + ln ( ) ( . 2) 
The degree of reaction/hydration (α) can be defined (Eq. 3) by the ratio of cumulative heat released during measurement, Q(t), to the final quantity of heat released in the long term, Q∞. Q∞ is considered equal to the asymptotic value of the curves Q(t). In practice, Q(t) is obtained by plotting the curve Q = f(1/t) and the required asymptotic value Q∞ is obtained by regression to X-axis at 1/t = 0.

( ) = Q(t) Q ( . 3)
In the case of one paste subjected to two different temperature histories (T1, T2), it is assumed that the two pastes will have the same degree of reaction/hydration at two different times (t1, t2).

( ) = ( ) ( . 4)

Thus, for the same degree of reaction/hydration, it can be assumed that the rate constant, , is an inverse function of time ( # ), so the ratios of # values determined at different temperatures can be used instead of to calculate [START_REF] Rahier | Reaction mechanism, kinetics and high temperature transformations of geopolymers[END_REF], [START_REF] Najafi Kani | Calorimetric study of geopolymer binders based on natural pozzolan[END_REF]. Plotting -ln ( 1 # $ ) against ( 1 $ ), shows a linear relationship, with slope (Eq. 5).

-ln ( ) = -ln % 1 # & ( . 5)

Results

Slump evolution for the five mortars

Table 4 gives the slump measurement for each mix depending on the water content and the temperature of the raw materials (powders + sand + liquids) before casting. The temperature measured after mixing is also specified for all the mixes. Despite an equal water to binder mass ratio of 0.4 for the four alkali-activated materials, the rheology of these four mixes presents significant differences. The slump is greater for geopolymer (Geo) and sodium silicate-activated slag (NaS-slag) than for metasilicate-activated slag (MS-slag) and carbonate-activated slag (NaC-slag). The use of a solution of sodium silicate, such as Betol 47T, enabled the mortars to flow but the geopolymer (Geo) and sodium silicate-activated slag (NaS-slag) were more viscous. In the case of geopolymer, the difference might also be partially explained by a higher volume of paste in the mortar: 607.9 g of binder (precursor + dry activator) for 1350 g of sand, while CEM I contained 450.0 g of binder and slag alkali-activated mortars 495.0 g of binder. For the five mortars (CEM I, Geo, NaS-Slag, MS-slag, NaC-slag), the slump increased/decreased with the water content (+5% H2O/-5% H2O). Altogether, MS-slag, NaC-slag and CEM I reference mortars presented low slump values, close to zero, in their initial mix design but proved to be impacted by 5% water addition in the same fashion as other mix designs (+2-3 cm of slump), with a more pronounced evolution in the case of the sodium silicate and carbonate activated slag mix (+6 cm of slump).

As regards the effect of the temperature of the raw materials, depending on the formulation, the temperature varied from 22.9°C to 26.8°C for the raw materials (powders + sand + liquids) stored at 20°C before mixing, while it varied from 17.6°C to 19.7°C and from 26.6°C to 29.6°C for the raw materials stored at 10°C and 30°C, respectively, for 48 hours before mixing. For each formulation, conditioning raw materials at 10°C or 30°C prior to mixing led to a difference of 4°C to 6°C within the mix in comparison with raw materials stored at 20°C. The temperature of the mix depended, not only on the initial storage conditions of the raw materials but also on exothermic reactions occurring in the early stages of hydration. It has been demonstrated in several publications that the dissolution of metakaolin and the geopolymerization process are exothermic [START_REF] Granizo | Alkaline Activation of Metakaolin An Isothermal Conduction Calorimetry Study[END_REF]- [START_REF] Sun | Isothermal calorimetry and in-situ XRD study of the NaOH activated fly ash, metakaolin and slag[END_REF], as are the dissolution of cement and slag and the precipitation of C-S-H or C-(N-)A-S-H hydrates [START_REF] Bernal | Role of carbonates in the chemical evolution of sodium carbonate-activated slag binders[END_REF], [START_REF] Sun | Isothermal calorimetry and in-situ XRD study of the NaOH activated fly ash, metakaolin and slag[END_REF]- [START_REF] Ravikumar | Reaction kinetics in sodium silicate powder and liquid activated slag binders evaluated using isothermal calorimetry[END_REF]. Furthermore, it should be kept in mind that the temperature of the mix also depends on the specimen volume: the temperature will increase with the volume cast, as shown in the literature [START_REF] Lee | The Effect of Specimen Size on the Results of Concrete Adiabatic Temperature Rise Test with Commercially Available Equipment[END_REF].

Regarding the slump tests, there was no relevant influence of temperature on CEM I mortar. For the three systems activated with silicates (NaS-slag, MS-slag, Geo), the slump was lower when the temperature was higher (30°C) and higher when the temperature was lower (10°C). For NaC-slag mortar, a higher slump was measured when the raw materials were stored at 30°C. This result might be explained by better dissolution of the activator (Na2CO3) [START_REF] Wells | PHASE RELATIONS OF THE SYSTEM: SODIUM CARBONATE AND WATER[END_REF].

Compressive strength of the five reference mortars

Figure 1 shows the compressive strengths measured for each of the reference samples kept in endogenous conditions at 20°C. The calculated confidence interval (CI) of 95% is also indicated for each mean value. 

Robustness of Portland cement (CEM I) mixtures

The CEM I mortar (w/c = 0.5, 20°C) prepared as a reference had a compressive strength of about 29.3 MPa to 62.0 MPa between 1 and 90 days. Figure 2 shows that increasing the water content by 5% obviously led to lower compressive strengths at all ages, but without significant effect of time (-13% to -19% between 1 and 90 days, without specific order). As regards the effect of raw material temperature for casting and the curing temperature, the early age and final compressive strengths were affected in different ways at 10°C and 30°C. Hot casting and curing temperature (30°C) yielded higher mechanical strengths at early age (35.1 MPa at 1 day, +20%) without significant influence on 28-day compressive strengths. However, lower compressive strengths at later age were obtained (-12% at 90 days) which could be explained by a limitation of the hydration of the cement over time due to its early reactivity [START_REF] Elkhadiri | Effect of curing temperature on cement hydration[END_REF], [START_REF] Martínez-Ramírez | The effect of curing temperature on white cement hydration[END_REF]. Cold casting and curing temperature (10°C) led to a strong decrease in mechanical strengths at 1 day (9.7 MPa, -66%), and 2 days (22.3 MPa, -42%). However, even though the compressive strengths were lower at early age -probably because of a lower initial reactivity [START_REF] Elkhadiri | Effect of curing temperature on cement hydration[END_REF]- [START_REF] Je\vzo | EFFECT OF TEMPERATURE UPON THE STRENGTH DEVELOPMENT RATE AND UPON THE HYDRATION KINETICS OF CEMENTS[END_REF] -after a longer maturing period (7, 28, and 90 days) in ambient temperature conditions, the mix had higher mechanical strengths. Compressive strengths of 40.6 MPa at 7 days, 55 MPa at 28 days, and 54.2 MPa at 90 days were measured for samples cured for three days at 30°C, while 54.5 MPa, 59.9 MPa and 69.3 MPa were measured for samples cured for three days at 10°C.

Longer curing times of 28 days and 90 days at 10°C led to higher compressive strengths: 66.0 MPa and 71.1 MPa, respectively. (+22% and +15% in comparison to CEM I reference mortar kept at 20°C, +10% and +3% in comparison to CEM I mortar kept for 3 days at 10°C and 25 days at 20°C). These results point out that longer cold curing time, possibly encountered during winter, might delay the development of early age properties but better performances would be attained at later ages (28, and 90 days). This will be discussed in Figure 9. 

Robustness of geopolymer (Geo) mixtures

The geopolymer mortar, in normal casting conditions (w/b = 0.4, 20°C), developed compressive strengths of 38.9 MPa to 61.0 MPa between 1 and 90 days. Figure 3 shows a lower dependence on water content in comparison to CEM I (-1% to -7% for 5% addition of water, without significant effect of time or specific order), and that reducing water content increased compressive strengths. Slight differences observed with respect to the reference geopolymer fell within the confidence interval of 95% (±3.8 MPa and ±4.5 MPa respectively). As for CEM I, it seemed that higher early compressive strengths were obtained for casting and curing at 30°C (+40%, 54.5 MPa and +23%, 54.6 MPa at 1 and 2 days respectively), and lower early mechanical strengths at 10°C (-100%, 0.0 MPa and -83%, 7.6 MPa at 1 and 2 days respectively). However, geopolymer early age properties were more dependent on casting and curing temperature. For instance, no compressive strength could be measured at 1 day for the sample cured at 10°C (the geopolymer mortar bar was still plastic and had not yet completely set), and only 7.6 MPa was observed at 2 days, which corresponds to a strength loss of more than 80% compared to the reference casting conditions. At later age (7, 28, and 90 days), the temperature of the raw materials and the curing temperature did not seem to have any strong influence on compressive strengths. Although the 90-day results showed the same trend as CEM I mortars, hot and cold casting and curing temperatures implied a decrease and an increase, respectively, of compressive strengths in the long run (55.2 MPa at 90 days for 30°C, and 66.3 MPa at 90 days for 10°C).

Longer curing times of 28 days and 90 days at 10°C yielded compressive strengths close (within the confidence interval of 95%) to those of the reference geopolymer mortar kept for 28 days at 20°C: 57.7 MPa (-2%) and 56.9 MPa (-7%), respectively (see Figure 9). 

Robustness of sodium silicate-activated slag (NaS-slag)

The sodium silicate-activated slag mortar (w/b = 0.40, 20°C) had a compressive strength of 9.5 MPa to 77.8 MPa between 1 and 90 days. Figure 4 shows that early age mechanical strengths of NaS-slag mortar were more dependent on water content and temperature than those of CEM I mortar. For mixes containing less water (-5%) or cast and cured at high temperature (30°C) for 3 days, strong increases in mechanical strengths, respectively of +117% (20.6 MPa) and + 319% (39.1 MPa) were measured at 1 day, whereas, for mixes containing more water (+5%) and cast and cured at low temperature (10°C), a strong decrease was observed. At 10°C, the mechanical strengths were quite low at 1 and 2 days, only 1.3 MPa (-83%) and 2.3 MPa (-94%) respectively. NaS-slag and Geo mortars showed similar behaviour regarding temperature, but NaS-slag mortar showed more dependence on water content at the early age. At later ages (7, 28, and 90 days), neither the temperature of raw materials and curing temperature, nor the water content, seemed to have strong influence on compressive strengths in comparison to CEM I. The higher the water content, the lower the compressive strengths: 77.8 MPa, 80.6 MPa, and 73.0 MPa were respectively obtained at 90 days for mortar with w/b ratios of 0.40, 0.38, and 0.42. Hot casting and curing tended to limit final compressive strengths: 78.0 MPa, 77.8 MPa and 70.7 MPa were obtained at 90 days for 10°C, 20°C, and 30°C casting and curing respectively.

Longer curing times of 28 days and 90 days at 10°C yielded compressive strengths slightly lower than (28 days) or equivalent to (90 days) the reference NaS-slag mortar kept at 20°C: 68.9 MPa (-11%) and 79.6 MPa (+2%), respectively, which may be explained initially by a delay in hydration (see Figure 9). 

Robustness of sodium metasilicate-activated slag (MS-slag)

The sodium metasilicate-activated slag mortar (w/b = 0.40, 20°C) had compressive strengths of 20.0 MPa to 62.0 MPa between 1 and 90 days. As for other mortars (CEM I, Geo, NaS-slag), the more water, the lower the compressive strengths, and inversely (adding 5% of water yielded -2% to -18 % between 1 and 90 days, without specific order). The early age properties were also strongly dependent on casting and curing temperatures: hot temperature (30°C) gave higher mechanical strengths at 1 day (+43%, 28.7 MPa) and 2 days (+12%, 34.2 MPa), while cold casting and curing temperature (10°C) resulted in a strong decrease in mechanical strengths at 1 day (-97%, 0.7 MPa), and 2 days (-89%, 3.2 MPa) (Figure 5). It was also noticed that using sodium silicate powders (metasilicates) instead of sodium silicate solutions (Betol 47 T), led to less sensitivity to water and temperature for early age properties (Figure 4 vs Figure 5). At later ages (7 days, 28 days, and 90 days), the mechanical strengths were very slightly impacted when the water content was increased or decreased by 5% and the temperature was set to 10°C or 30°C (Figure 5). A slight increase in mechanical strengths was measured for a sample containing less water (+6%, 45.9 MPa, and +8%, 56.9 MPa, at 7 and 28 days respectively), but a slight decrease of 4% was obtained at 90 days in comparison to reference sample with w/b ratio of 0.40, which fell within the confidence interval of 95%: ± 2.5 MPa at 90 days. For a sample containing 5% more water, a compressive strength decrease of 10% was measured at 90 days, which is comparable to CEM I, NaS-slag mortars. As regards samples cast and cured for three days at 10°C, +9% (47.2 MPa), +8%, (56.7 MPa) and +16% (71.8 MPa) were obtained at 7, 28, and 90 days, respectively. Samples cast and cured for three days at 30°C had generally lower long-term compressive strength, for example 56.4 MPa at 90 days (-9%).

Longer curing time times of 28 days and 90 days at 10°C yielded compressive strengths slightly higher than the strength of the reference MS-slag mortar kept at 20°C: 59.4 MPa (+12%) and 68.0 MPa (+10%), respectively (see Figure 9). 

Robustness of sodium carbonate-activated slag (NaC-slag)

The sodium carbonate-activated slag mortar (w/b = 0.40, 20°C) had a compressive strength of 0.8 MPa to 59.6 MPa from 1 to 90 days, respectively. As observed in Figure 6, sodium carbonateactivated slag mortar had limited early reactivity and it was, therefore, not possible to discuss the impact of water content or temperature variations on early compressive strengths. However, curing at 30°C significantly increased the reactivity and the strength development: 25.8 MPa was measured at 2 days compared to 1.3 MPa for the reference sample kept at 20°C. As previously observed for CEM I, Geo, NaS-slag, and MS-slag mortars, slight fluctuations were observed on 7-, 28-and 90-day mechanical strengths. At 28 days of curing, more water (+5%) or hot casting and curing (30°C) did not have much impact on compressive strengths (47.0 MPa and 45.3 MPa respectively); a decrease of 11% (41.4 MPa) was measured for cold casting and curing (10°C). At 90 days, the results were slightly different, more water or hot casting and curing led to small decreases of 7% (55.2 MPa) and 8% (54.9 MPa), respectively, and a decrease of 6% (56.3 MPa) was observed for cold casting and curing.

Longer curing times of 28 days and 90 days at 10°C yielded compressive strengths of 42.0 MPa and 61.3 MPa respectively, 10% lower (28 days) and 4% higher (90 days) than for the reference NaC-slag mortar kept 28 days at 20°C (see Figure 9). As for NaS-slag, cold curing that might be encountered during winter may delay hydration. 

Reaction/hydration heat and apparent activation energies for alkali-activated and CEM I pastes

The reaction heat of the five pastes over time was calculated from the integration of heat flux measurements at 12°C, 20°C and 30°C. This method is often used to characterize the kinetics of reaction and it provides a good picture of the amount of reaction products, such as hydrates in the case of cements [START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF]. The heat flux measurements and reaction/hydration heat release are presented in Figure 7 for each binder and the three temperatures studied.

For cement and slags (CEM I, NaS-slag, MS-slag, NaC-slag), the heat flux evolved according to three stages. The sharp instantaneous peak due to isothermal calorimeter equilibration after inserting the sample was not taken into account (30 to 45 minutes). First, the released heat was weak (latent period). This was followed by the period of acceleration indicating the formation of hydrates (mainly C-S-H for CEM I or C-A-S-H for alkali-activated binders). Finally, a period of deceleration resulted from the diffusion of water and ions through the layers of hydrates, which become increasingly thick [START_REF] Huanhai | Kinetic study on hydration of alkaliactivated slag[END_REF], [START_REF] Shi | A calorimetric study of early hydration of alkali-slag cements[END_REF]. In the case of NaC-slag, two exothermic peaks were observed, suggesting two hydration products: CaCO3 polymorphs (calcite, gaylussite) and C-A-S-H hydrates [START_REF] Ke | Controlling the reaction kinetics of sodium carbonateactivated slag cements using calcined layered double hydroxides[END_REF].

As regards the geopolymer binder (Geo), only a strong exothermic peak was observed at the beginning. The reaction started immediately after the mixing and it was therefore difficult to observe this early peak and accurately quantify the hydration heat after excluding the first 30 minutes.

For all five binders, it was noticed that increasing the temperature considerably accelerated the reactions (sharper and earlier exothermic peaks). The hydration/reaction heat evolutions clearly point out that the delay between 20°C and 12°C was greater than between 30°C and 20°C. This is in accordance with the drop of compressive strengths observed at early age on all mortars cured at 10°C. Furthermore, the mortars could also be classified by their final heat of reaction/hydration as follows:

-At 20°C and 30°C, Q∞(CEM I) > Q∞(Geo) > Q∞(NaS-slag) and Q∞(MS-slag) > Q∞(NaC-slag), -At 10°C, Q∞(Geo) > Q∞(CEM I) > Q∞(NaS-slag) and Q∞(MS-slag) > Q∞(NaC-slag). Hydration heat (J/g)

Time (h) NaC-slag
From the hydration/reaction heat release, the apparent activation energies (Ea) could be determined on the five pastes depending on the degree of reaction/hydration (α, Eq. 2). The corresponding times to reach a given degree of reaction α (α = 0.2, α = 0.3, α = 0.4, α = 0.5, α = 0.6) were identified for each temperature (12°C, 20°C, 30°C) and then the apparent activation energies were obtained by plotting -ln ( 1 # $ ) against ( 1 $ ) and determining the slope of the linear relationship according to Eq. 5 (Figure 8-a for CEM I paste). The maximum degree of reaction was 0.6 because the measurements were only performed for 10 days. The results are presented in Figure 8-b and the time values identified for each temperature at the five degrees of reaction/hydration are given in Table 5. 5 show that apparent activation energies could vary depending on the degree of reaction selected. For CEM I paste, the apparent activation energy increased with the degree of hydration (37.5 kJ/mol for α = 0.2, 42.0 kJ/mol for α = 0.4, 49.7 kJ/mol for α = 0.6, Figure 8-a). That was probably why apparent activation energies between 32 kJ/mol and 46 kJ/mol have been reported in the literature for Portland cement depending on the authors [START_REF] Roy | Hydration, Structure, and Properties of Blast Furnace Slag Cements, Mortars, and Concrete[END_REF]- [START_REF] Ma | Calorimetric Study of Cement Blends Containing Fly Ash, Silica Fume, and Slag at Elevated Temperatures[END_REF], [START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF]. It was also reported that, according to the calculation method used, different values of apparent activation energies could be obtained: the value of instantaneous activation energy could increase by 20 kJ/mol in comparison with the evolution of the energy activation determined from parallel measurements at different temperatures [START_REF] Joseph | Instantaneous activation energy of alkali activated materials[END_REF]. Kada-Benameur et al. [START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF] found Ea (10-20°C) and Ea (20-30°C) respectively equal to about 32 kJ/mol and 38 kJ/mol and said that, generally, for CEM I, the apparent activation energy remains appreciably constant between α = 0.1 and α = 0.5. The variations at very young age (α ≤ 0.05) can be explained by the fact that the reaction is directed more by a diffusion mode. Moreover, in the long term (α > 0.5), we pass from a mode controlled by chemical reactions to a mode controlled by the diffusion of water through the layers of hydrates [START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF].

As regards alkali-activated binders, different behaviours were observed: the apparent activation energy of geopolymer binder (Geo) seemed rather constant over the whole range of degrees of reaction, while the apparent activation energies of slag activated binders (MS-slag, NaS-slag, NaCslag) were more dependent on the degree of hydration (Figure 8-b). The apparent activation decreased significantly for MS-slag and NaS-slag when α > 0.4, and increased for NaC-slag when α > 0.2. This difference might be due to a difference in reactivity, since the reactivity is lower for NaCslag. Thus, apparent activation energies of 89.0 kJ/mol (α = 0.2) and 92.3 kJ/mol (α = 0.5), 75.7 kJ/mol (α = 0.2) and 48.7 kJ/mol (α = 0.5), 58.7 kJ/mol (α = 0.2) and 42 kJ/mol (α = 0.5), 49.9 kJ/mol (α = 0.2) and 67.6 kJ/mol (α = 0.5) could be determined for Geo, NaS-slag, MS-slag, and NaC-slag respectively. Some of these values are close to the ones reported in the literature: 84 kJ/mol for sodium metakaolin-based geopolymer [START_REF] Rahier | Reaction mechanism, kinetics and high temperature transformations of geopolymers[END_REF], and 53.6 kJ/mol (α = 0.5) [START_REF] Huanhai | Kinetic study on hydration of alkaliactivated slag[END_REF], 57.6 kJ/mol (α = 0.5) [START_REF] Fernández-Jiménez | Alkali-activated slag cements: Kinetic studies[END_REF] for sodium silicate-activated slag (4% Na2O). No value has been reported in the literature for NaC-slag systems so far.

It was noticed that alkali-activated materials had higher apparent activation energies than CEM I (37.5 kJ/mol for α = 0.2), this observation might explain why they seemed more dependent on temperature conditions at early age. Furthermore, according to apparent activation energy values, the geopolymer paste would be more dependent on temperature conditions than slag-activated materials would, and NaS-slag paste would be more sensitive than NaC-slag paste, which, itself, would be more sensitive than MS-slag paste. 

Summary and discussion

Influence of water on the robustness of the five mortars

The results in this article on the influence of water content (± 5% H2O) show that alkali-activated materials (Geo, NaS-Slag, MS-slag, NaC-slag) generally present levels of sensitivity to variations of water content that are similar to those of CEM I. Reducing water content by 5% caused a lower slump (Table 4) and higher compressive strengths, while adding 5% of water led to a greater slump (Table 4) and lower early compressive strengths. The early age properties were affected in the same way, except for the one-day compressive strength of sodium silicate-activated slag (NaSslag), which had very different mechanical strengths depending on the w/b ratio (Figure 4). For this formulation, compressive strengths of 20.6 MPa, 9.5 MPa, and 2.8 MPa were measured for mortars with w/b equal to 0.38, 0.40, and 0.42, respectively. It is well known that adding or reducing water content delays or shortens hydration processes of cement, since the inter-particle spacing of cement grains is larger or smaller and more or less time is needed to reach supersaturation of hydrates [START_REF] Ley-Hernandez | Elucidating the Effect of Water-To-Cement Ratio on the Hydration Mechanisms of Cement[END_REF], [START_REF] Pang | The effect of water-to-cement ratio on the hydration kinetics of Portland cement at different temperatures[END_REF]. Additionally, in the case of alkali-activated materials, the activating solution is slightly diluted.

For each material, the 28-day and 90-day mechanical strengths (final properties for CEM I and Geo) were not significantly changed by modifying the water content by 5%. CEM I mortar had the highest variations when water content increased: -13% at 28 days and -17 % at 90 days. This could have been due to the higher w/b ratio used to enable the casting and vibration of mortar bars (w/b = 0.5).

Influence of temperature on the robustness of the five mortars

The results in this article on the influence of raw material temperature and three days' curing temperature revealed that alkali-activated materials (Geo, NaS-Slag, MS-slag, NaC-slag) and CEM I had the same behaviour with regard to strength development. For high temperatures such as could be encountered during summer (30°C), a gain of mechanical strengths was observed at early age, which could be attributed to an acceleration in hydration/geopolymerization processes. In the case of alkali-activated binders, this could be explained by an increase in the solubility of activators (Na2CO3 [START_REF] Wells | PHASE RELATIONS OF THE SYSTEM: SODIUM CARBONATE AND WATER[END_REF] and silica species [START_REF] Alexander | The Solubility of Amorphous Silica in Water[END_REF], [START_REF] Siever | Silica Solubility, 0°-200° C., and the Diagenesis of Siliceous Sediments[END_REF]), implying an increase in pH value that might speed up the dissolution of raw materials, hydration, and compressive strength development. For cold temperatures that could be encountered during winter (10°C), a loss of mechanical strength was observed in the early age, which could be attributed to a delay in hydration/geopolymerization processes. These observations had already been highlighted by several authors for CEM I [56]- [START_REF] Je\vzo | EFFECT OF TEMPERATURE UPON THE STRENGTH DEVELOPMENT RATE AND UPON THE HYDRATION KINETICS OF CEMENTS[END_REF],

[64]- [START_REF] Escalante-Garcia | The effect of temperature on the early hydration of Portland cement and blended cements[END_REF], metakaolin-based geopolymer [START_REF] Yuan | Effect of curing temperature and SiO2/K2O molar ratio on the performance of metakaolin-based geopolymers[END_REF], [START_REF] Muñiz-Villarreal | The effect of temperature on the geopolymerization process of a metakaolin-based geopolymer[END_REF], [START_REF] Mo | Effect of curing temperature on geopolymerization of metakaolin-based geopolymers[END_REF] and alkali-activated slag materials [START_REF] Medina | EFFECT OF CURING TEMPERATURE IN THE ALKALI-ACTIVATED BLAST-FURNACE SLAG PASTE AND THEIR STRUCTURAL INFLUENCE OF POROSITY[END_REF], [START_REF] Gu | Effect of curing temperature on setting time, strength development and microstructure of alkali activated slag cement[END_REF], [START_REF] Gebregziabiher | Temperature and activator effect on early-age reaction kinetics of alkali-activated slag binders[END_REF].

However, early age properties seemed more dependent on temperature in all alkali-activated materials than in CEM I especially in cases of cold casting and curing. For CEM I mortars kept at 10°C for three days of curing, a drop in compressive strengths of 66% (at 1 day) and 42% (at day 2) were measured in comparison to the reference sample kept at 20°C during curing (Figure 2). In the case of alkali-activated materials, with the exception of the NaC-slag mix which cannot be discussed here because of its low reactivity (Figure 6), the drop measured in mechanical strengths was always greater than 80 % at 1 and 2 days. For instance, the compressive strength of geopolymer mortar could not be measured at 1 day, since it was still in the plastic stage and not completely set (taken as 0 MPa instead of the 38.9 MPa of the reference sample in Figure 3). The compressive strengths of metasilicate-activated slag materials were also really low at 1 day, 0.7 MPa instead of 20 MPa (Figure 5). The lower compressive strengths at 10°C for alkali-activated binders might be explained by their higher apparent activation energy: the reactions were slower and more energy was needed to enable rapid strength development.

Whatever the temperature of raw materials (liquids + powders + sand) and the first 3 days of curing (10°C, 20°C, 30°C), the 28-day compressive strengths were not significantly affected for any of the materials. However, in the longer term (90 days), samples cured at lower temperature (10°C) tended to attain better performances than samples initially cured at high temperature (30°C). Moreover, longer curing at 10°C (28 days and 90 days) yielded higher compressive strengths for CEM I at both maturing times (+22% and +15%), and slightly lower (except for MS-slag) and higher (except for Geo) compressive strengths for alkali-activated mortars at 28 days and 90 days respectively (Figure 9). These observations may have been due to a delay of the reaction/hydration induced by cold curing.

In the case of geopolymer and sodium silicate-activated slag, the variations were small and fell within the confidence interval of 95%. As regards the effect of temperature of the raw materials on slump (Table 4), the alkali-activated materials also seemed more dependent than CEM I. Nevertheless, it should be noted that the CEM I employed in this study presented a low slump in classical casting conditions of mortar. The slump differences observed between the four alkali-activated materials mainly depended on the nature of the activator. The fact that Na2CO3 is hygroscopic (wetting agent) and its solubility increases with temperature [START_REF] Wells | PHASE RELATIONS OF THE SYSTEM: SODIUM CARBONATE AND WATER[END_REF] might explain why a higher slump was measured for raw materials kept at 30°C. In the case of mixes containing silica species (NaS-slag, MS-slag, Geo), it is also known that such species are more soluble at higher temperature and the sodium silicate solutions are less viscous [START_REF] Alexander | The Solubility of Amorphous Silica in Water[END_REF], [START_REF] Siever | Silica Solubility, 0°-200° C., and the Diagenesis of Siliceous Sediments[END_REF]. However, in contrast to sodium carbonate-activated slag mix (NaC-slag), lower and higher slumps were measured for mixes cast with raw materials kept at 30°C and 10°C, respectively. The loss of workability at higher temperature (30°C), especially for sodium silicate-activated slag mixes (MS-slag, NaS-slag), could be explained by a faster reaction and setting in comparison with the NaC-slag mix.

The better workability at lower temperature (10°C) in presence of silica species in solution might be 

Geo Geo

Reference mortar caused by very slow hydration processes (slow dissolution of raw materials and slow precipitation of hydrates consuming water). It has been observed previously on conventional calcium silicate cement that slump increased and the water demand decreased during cold weather [START_REF] Husain | Effects of temperature on concrete[END_REF]- [START_REF] Bashir | Impact of cold weather on workability, compressive and flexural strength of concrete[END_REF].

Conclusion

This paper has reported slump and compressive strength results for five mortars (CEM I, Geo, NaSslag, MS-slag, NaC-slag) depending on the conditions that might be encountered for precasting or in situ concreting: variations of water content (± 5 %) and temperature (10°C, 20°C, 30°C). The aim was to evaluate the robustness of four alkali-activated mortars in accordance with these parameters, then compare them to an ordinary Portland cement mortar (CEM I). The results showed that:

• the metakaolin-based geopolymer, the sodium silicate-activated slag, the sodium metasilicate-activated slag, and the sodium carbonate-activated slag were as robust as an ordinary Portland cement (CEM I) in the long term. The 28-day and 90-day compressive strengths did not seem to be any more affected by slight fluctuations in water content and casting and curing temperature than those of CEM I did. • they could be used instead of Portland cement for precasting or in situ concreting for temperatures above 20°C. However, during cold weather, their early age properties appeared to be more affected than CEM I. Thus, they could prove tricky to use during winter if preventive measures, such as the use of hot water, significant water to binder ratio reduction or even mix design modifications, were not set up.

• alkali-activated binders had higher apparent activation energy than CEM I: 89.0 kJ/mol (α =0.2) and 92.3 kJ/mol (α = 0.5), 75.7 kJ/mol (α = 0.2) and 48.7 kJ/mol (α = 0.5), 58.7 kJ/mol (α = 0.2) and 42 kJ/mol (α = 0.5), 49.9 kJ/mol (α = 0.2) and 67.6 kJ/mol (α = 0.5) were respectively found for the metakaolin-based geopolymer, the sodium silicate-activated slag, the sodium metasilicate-activated slag, and the sodium carbonate-activated slag. This can explain their higher sensitivity to temperature variations. Therefore, hot curing might have an interest for alkali-activated materials.
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 1 Figure 1: Evolution of compressive strengths over time for the five mortars studied.

Figure 2 :

 2 Figure 2: Evolution of compressive strengths in comparison to CEM I reference mortar depending on the water content (±5%)and temperature of the raw materials, at casting and during the first 3 days of curing.

Figure 4 :

 4 Figure 4: Evolution of compressive strengths in comparison to NaS-slag reference mortar depending on water content (±5%)and the temperature of raw materials at casting and during the 3 first days of curing.

Figure 5 :

 5 Figure 5: Evolution of compressive strengths in comparison to MS-slag reference mortar depending on water content (±5 %)and the temperature of raw materials and the 3 first days of curing.

Figure 6 :

 6 Figure 6: Evolution of compressive strengths in comparison to NaC-slag reference mortar depending on water content (±5%)and the temperature of raw materials and the 3 first days of curing.

Figure 7 :

 7 Figure 7: Evolution of the heat flux and heat of reaction/hydration over time for the five pastes studied.

Figure 8 :

 8 Figure 8: Arrhenius plot, showing -ln(1/t) against 1/RT for CEM I (a), and apparent activation energies for the five pastes studied (CEM I, Geo, NaS-slag, MS-slag, NaC-slag) depending on the degree of reaction/hydration (b).

Figure 8

 8 Figure 8 and Table5show that apparent activation energies could vary depending on the degree of reaction selected. For CEM I paste, the apparent activation energy increased with the degree of hydration (37.5 kJ/mol for α = 0.2, 42.0 kJ/mol for α = 0.4, 49.7 kJ/mol for α = 0.6, Figure8-a). That was probably why apparent activation energies between 32 kJ/mol and 46 kJ/mol have been reported in the literature for Portland cement depending on the authors[START_REF] Roy | Hydration, Structure, and Properties of Blast Furnace Slag Cements, Mortars, and Concrete[END_REF]-[START_REF] Ma | Calorimetric Study of Cement Blends Containing Fly Ash, Silica Fume, and Slag at Elevated Temperatures[END_REF],[START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF]. It was also reported that, according to the calculation method used, different values of apparent activation energies could be obtained: the value of instantaneous activation energy could increase by 20 kJ/mol in comparison with the evolution of the energy activation determined from parallel measurements at different temperatures[START_REF] Joseph | Instantaneous activation energy of alkali activated materials[END_REF]. Kada-Benameur et al.[START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF] found Ea (10-20°C) and Ea (20-30°C) respectively equal to about 32 kJ/mol and 38 kJ/mol and said that, generally, for CEM I, the apparent activation energy remains appreciably constant between α = 0.1 and α = 0.5. The variations at very young age (α ≤ 0.05) can be explained by the fact that the reaction is directed more by a diffusion mode. Moreover, in the long term (α > 0.5), we pass from a mode controlled by chemical reactions to a mode controlled by the diffusion of water through the layers of hydrates[START_REF] Kada-Benameur | Determination of apparent activation energy of concrete by isothermal calorimetry[END_REF].

Figure 9 :

 9 Figure 9: Variations of compressive strengths between samples kept for 28 days and 90 days at 20°C (reference mortars) and 10°C for the five mortars studied (CEM I, Geo, NaS-slag, MS-slag, NaC-slag).

Table 1 :

 1 Metakaolin mineralogical composition estimated by Rietveld modelling on X-ray diffractograms.

	Phases	Proportion (wt%)
	Amorphous	47.1 ± 2.5
	Quartz	42.3 ± 1.6
	Illite	3.5 ± 0.5
	Mullite	3.1 ± 0.4
	Anatase	1.5 ± 0.1
	Calcite	1.0 ± 0.1
	Hematite	0.9 ± 0.1
	Rutile	0.3 ± 0.1

Table 2 :

 2 

		SiO2	Al2O3	CaO	Fe2O3	Na2O	K2O	TiO2	MgO	MnO	LOI	Total
	Raw materials	(wt%)	(wt%)	(wt%)	(wt%)	(wt%)	(wt%)	(wt%)	(wt%)	(wt%)	(wt%)	(wt%)
	Metakaolin	68.2	23.4	0.7	3.6	0.2	0.2	1.2	1.2	0.0	1.3	100

Chemical composition of raw materials obtained with X-ray fluorescence analyses.

Table 3 :

 3 Mix design of the five mortars tested (four alkali-activated materials and one Portland cement).

	Raw materials (g)	CEM I	Geo	NaS-slag	MS-slag	NaC-slag
	Metakaolin	-	450.0	-	-	-
	Slag	-	-	450.0	450.0	450.0
	CEM I	450.0	-	-	-	-
	Betol 47T	-	354.9	101.3	-	-
	Metasilicates	-	-	-	35.5	-
	Na2CO3	-	-	-	-	45.0
	Standard sand	1350.0	1350.0	1350.0	1350.0	1350.0
	Tap water (g)	225.0	46.2	141.8	194.4	198.0
	w/b or w/c	0.5	0.4	0.4	0.4	0.4

Table 4 :

 4 Slumps and temperatures of the four alkali-activated materials and the Portland cement after mixing, according to the water content and temperature of the raw materials before casting.

		CEM I	Geo		NaS-slag	MS-slag	NaC-slag
	Conditions	Slump	Tmix	Slump	Tmix	Slump	Tmix	Slump	Tmix	Slump	Tmix
		(cm)	(°C)	(cm)	(°C)	(cm)	(°C)	(cm)	(°C)	(cm)	(°C)
	Reference	0.5	23.9	7.5	24.7	8.5	22.9	0.5	26.8	0.5	25.9
	[20°C]										
	Mixture	0.0	24.5	5.5	24.3	5.5	22.8	0.0	26.2	0.0	25.6
	-5% of H2O										
	Mixture	1.8	24.4	10.0	24.1	11.0	22.0	2.0	25.6	6.5	25.8
	+5% of H2O										
	Mixture with	0.5	18.1	10.0	18.3	9.0	17.6	2.0	20.9	0.5	19.7
	raw materials										
	at 10°C										
	Mixture with	0.5	28.4	7.0	28.9	3.5	26.6	0	29.3	3.5	29.6
	raw materials										
	at 30°C										

  of activator (dry content of Betol 47 T solution, see Table3). Geo and CEM I mortar compressive strengths were respectively 58.6 MPa and 54 MPa at 28 days. At 90 days, the compressive strengths had continued to increase for all the mortars: 62.0 MPa for CEM I (+14.7%), 61.0 MPa for Geo (+4%), 77.8 MPa for NaS-slag (+8.7%), 62.0 MPa for MS-slag (+17.7%), and 59.1 MPa for NaC-slag (+27.7%). The strongest evolution was obtained for NaC-slag, which presented the slowest initial reaction rate.

	instead of 10%																						
		CEM I		Geo	NaS-slag		MS-slag		NaC-slag											
	Compressive strength (MPa)																								
	29.3	38.9	9.5	20.0	0.8	38.6	44.4	35.4	30.5	1.3	49.5	55.2	59.7	43.5	32.4	54.0	58.4	71.6	52.7	46.7	62.0	61.0	77.8	62.0	59.1
		1 day				2 days				7 days			28 days			3 months	
	All the mortars had high (29.3 MPa for CEM I, 38.9 MPa for Geo) or moderate (9.5 MPa for NaS-slag,
	20 MPa for MS-slag) early age compressive strengths (1 day), except for NaC-slag mortar, which
	presented 0.8 MPa and 1.3 MPa at 1 and 2 days, respectively. This result could be explained by the
	low initial alkalinity of NaC-slag delaying the dissolution of slag.										

All the mortars had compressive strengths above 45 MPa at 28 days. The mortar with the lowest mechanical strengths was NaC-slag mortar (46.7 MPa), and the mortar with the highest mechanical strength was NaS-slag mortar (71.6 MPa). The MS-slag mortar had lower 28-day compressive strength (52.7 MPa) than NaS-slag mortar since only 8% of activator (metasilicate powder) was used

Table 5 :

 5 Time taken to reach 3 values of degree of reaction/hydration (α = 0.2, α = 0.4, α = 0.6) and the corresponding apparent activation energies for the pastes (CEM I, Geo, NaS-slag, MS-slag, NaC-slag).

	CEM I