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The objective of this paper is to study the flow and viscoelastic properties of fly ash-based geopolymers activated at different concentrations of NaOH. Although the investigated geopolymers exhibited a shear thinning behavior, their rheological properties are greatly affected by the NaOH concentrations. Increasing the concentration of NaOH up to 7 mol/L resulted in an increase of the yield stress, the storage modulus, and the rigidification rate of the geopolymers. However, the use of higher concentrations resulted in lower yield stress, storage modulus, and rigidification rate. The competition between dissolution and geopolymerization processes seems to be the key parameter affecting the evolution of rheology of the investigated geopolymers. In the case of a NaOH concentration lower than 7 mol/L, the geopolymerization process is accelerated. However, when the concentration exceeds 7 mol/L, the geopolymerization is delayed despite the higher dissolution. This is probably due to the dominance of the repulsive forces between particles, thus preventing the network formation. Geopolymers activated at a NaOH concentration of 2 mol/L and a temperature around 40°C exhibited comparable rheological and viscoelastic properties than those activated at higher concentration of 7 mol/L and a temperature of 25°C.

Introduction

Concrete is a sustainable building material because it provides energy efficiency, long durability, and lower life-cycle costs. However, it is important to find out for more sustainable binder resources, because the production of one ton of cement can cause the emission of one ton of CO2 [START_REF] Criado | Alkali activated fly ash: Effect of admixtures on paste rheology[END_REF][START_REF] Gartner | Industrially interesting approaches to 'low-CO2' cements[END_REF]. The potential replacement of cement-based concrete by geopolymers, which are inorganic polymers, aims to reduce the CO2 emission due to cement production. In addition, the use of industrial by-products, such as fly ash, blast-furnace slag, and metakaolin as precursor sources to provide aluminosilicate needed for geopolymerization processes is interesting from an economical and environmental point of view [START_REF] Davidovits | Geopolymers -Inorganic polymeric new materials[END_REF][START_REF] Palomo | Alkali-activated fly ashes: A cement for the future[END_REF][START_REF] Robayo-Salazar | Life cycle assessment ( LCA ) of an alkali-activated binary concrete based on natural volcanic pozzolan : A comparative analysis to OPC concrete[END_REF]. Geopolymerization is a complex process involving the dissolution of solid reactants, hydrolysis of the dissolved species, and condensation of the geopolymer itself [START_REF] Palomo | Alkali-activated fly ashes: A cement for the future[END_REF]. Dissolution process, during which reactive aluminate and silicate species are brought into solution, is chemically driven by the action of hydroxide ion on aluminosilicate that leads to monomeric, and probably partially deprotonated silicates and aluminates [START_REF] Davidovits | Geopolymer cement : A review[END_REF][START_REF] Davidovits | Geopolymer chemistry and applications[END_REF]. Immediately after dissolution, the development of microstructure takes place due to condensation mechanisms between isolated monomeric units.

The analogy with the structure of an organic polymer has been established to describe the molecular structure of a geopolymer [START_REF] Davidovits | Geopolymers -Inorganic polymeric new materials[END_REF]. Based on X-ray diffraction and nuclear magnetic resonance results, the shape of the molecules forming the base unit of a geopolymer was established [START_REF] Davidovits | Properties of Geopolymer Cements[END_REF]. The SiO4 and AlO4 molecules form tetrahedra that bind together to form the large geopolymeric chain. The bond is made by sharing the oxygen atoms, the presence of alkalis (K + or Na + ) is mandatory to balance the electrical charge of the structure [START_REF] Davidovits | Geopolymers -Inorganic polymeric new materials[END_REF][START_REF] Davidovits | Properties of Geopolymer Cements[END_REF] due to the replacement of Si 4+ by Al 3+ . The nomenclature chosen for these molecules is polysialates, having the following molecule formula: Mp{(SiO2)z AlO2}p.wH2O. M is K + or Na + , z is: 1,2,3 and p describes the degree of polymerization [START_REF] Davidovits | Geopolymers -Inorganic polymeric new materials[END_REF].

The experimental investigations carried out using NMR proposed several models that can describe the structure of geopolymer in a simple way. The model presented in Fig. 1, proposed by Barbosa [9], consists of a Na-Polysialate geopolymer. Following the hydrolysis/dissolution processes, the microstructure development occurs due to condensation mechanisms between monomeric units, hence resulting in the formation of two-and three-dimensional linkages via oxygen bridges. The types of formed network and their workability characteristics are very dependent on their chemistry [START_REF] Criado | Alkali activated fly ash: Effect of admixtures on paste rheology[END_REF][START_REF] Davidovits | Geopolymer cement : A review[END_REF], which depend on the precursor and activator types. The workability of geopolymers is often characterized using standardized empirical methods established for cement-based materials. For example, standard penetration tests are often used to determine the setting time [START_REF] Lee | The effect of ionic contaminants on the early-age properties of alkali-activated fly ash-based cements[END_REF][START_REF] Qing-Hua | A Study of Rheological and Mechanical Properties of Mixed Alkali Activated Slag Pastes[END_REF][START_REF] Palacios | Effect of superplasticizer and shrinkage-reducing admixtures on alkali-activated slag pastes and mortars[END_REF], whereas the mini-slump tests are used to determine the consistency [START_REF] Qing-Hua | A Study of Rheological and Mechanical Properties of Mixed Alkali Activated Slag Pastes[END_REF][START_REF] Palacios | Effect of superplasticizer and shrinkage-reducing admixtures on alkali-activated slag pastes and mortars[END_REF]. Fig. 1: Proposed model for a Na-Polysialate geopolymer [START_REF] Barbosa | Synthesis and characterisation of materials based on inorganic polymers of alumina and silica : sodium polysialate polymers[END_REF] It is well established that sodium silicates provide an additional source of free silica and allow better geopolymerization [START_REF] Nuruddin | Evolution of geopolymer binders: a review[END_REF], while a combination of sodium hydroxide and sodium silicate provide better mechanical performance [START_REF] Nematollahi | Effect of different superplasticizers and activator combinations on workability and strength of fly ash based geopolymer[END_REF][START_REF] Phoo-Ngernkham | Effects of sodium hydroxide and sodium silicate solutions on compressive and shear bond strengths of FA -GBFS geopolymer[END_REF]. It is reported that the Si/Al and Na2O/Al2O molar ratios should be controlled to ensure optimum mechanical performance [START_REF] Rowles | Chemical optimisation of the compressive strength of aluminosilicate geopolymers synthesised by sodium silicate activation of metakaolinite[END_REF][START_REF] Kamalloo | Modeling of compressive strength of Metakaolin based geopolymers by the use of artificial neural network[END_REF][START_REF] Duxson | The effect of alkali and Si / Al ratio on the development of mechanical properties of metakaolinbased geopolymers[END_REF][START_REF] Ryu | The mechanical properties of fly ashbased geopolymer concrete with alkaline activators[END_REF]. In the case of metakaolin, this can be attributed to the plate-like particle shape of metakaolinite. On the other hand, the increase of the H2O:Na2Oeq ratio contributes to the dissolution kinetics of the precursor, but can delay the condensation process [START_REF] Cui | Effects of the n(H2O:Na2Oeq) ratio on the geopolymerization process and microstructures of fly ash-based geopolymers[END_REF]. Recently, a predictive model was established to correlate the setting time of geopolymers to the characteristics of the alkaline solution [START_REF] Arnoult | How to control the geopolymer setting time with the alkaline silicate solution[END_REF]. This model can be used to avoid early setting problems of geopolymers. On the other hand, a better understanding of the early stage geopolymerization can allow better use of these eco-friendly binders (geopolymers). In particular, calorimetry [START_REF] Firdous | Natural pozzolan based geopolymers : A review on mechanical , microstructural and durability characteristics[END_REF][START_REF] Aboulayt | Stability of a new geopolymer grout : Rheological and mechanical performances of metakaolin-fly ash binary mixtures[END_REF], Fourier transform infrared spectroscopy (FTIR) [START_REF] Rees | In situ ATR-FTIR study of the early stages of fly ash geopolymer gel formation[END_REF][START_REF] Zhang | Quantitative study of the reactivity of fly ash in geopolymerization by FTIR[END_REF][START_REF] Hasnaoui | Optimization approach of granulated blast furnace slag and metakaolin based geopolymer mortars[END_REF], nuclear magnetic resonance NMR [START_REF] Criado | Effect of the SiO2/Na2O ratio on the alkali activation of fly ash. Part II:29Si MAS-NMR Survey[END_REF][START_REF] Palomo | Alkaline Activation of Fly Ashes : NMR Study of the Reaction Products[END_REF][START_REF] Lee | A study on the characteristics and microstructures of GGBS / FA based geopolymer paste and concrete[END_REF], the rheology [START_REF] Poulesquen | Rheological behavior of alkali-activated metakaolin during geopolymerization[END_REF][START_REF] Favier | Flow properties of MK-based geopolymer pastes. A comparative study with standard Portland cement pastes[END_REF][START_REF] Palacios | Rheology and Setting of Alkali-Activated Slag Pastes and Mortars: Effect of Organic Admixture[END_REF][START_REF] Vance | Observations on the rheological response of alkali activated fly ash suspensions : the role of activator type and concentration[END_REF][START_REF] Zhang | Rheology, agglomerate structure, and particle shape of fresh geopolymer pastes with different NaOH activators content[END_REF][START_REF] Xie | Effect of superplasticiser on workability enhancement of Class F and Class C fly ash-based geopolymers[END_REF] and the microstructure [START_REF] Behera | Microstructure and mechanical properties of carbon microfiber reinforced geopolymers at elevated temperatures[END_REF][START_REF] Hu | Mechanical property and microstructure characteristics of geopolymer stabilized aggregate base[END_REF] can be useful to develop geopolymers with adequate performance. limited information is available on their rheological behavior. Furthermore, the available data addressed mostly the determination of the yield stress and viscosity [START_REF] Favier | Flow properties of MK-based geopolymer pastes. A comparative study with standard Portland cement pastes[END_REF][START_REF] Vance | Observations on the rheological response of alkali activated fly ash suspensions : the role of activator type and concentration[END_REF] using the Bingham [START_REF] Güllü | On the rheology of using geopolymer for grouting : A comparative study with cement-based grout included fly ash and cold bonded fly ash[END_REF] or Herschel-Bulkley models [START_REF] Mehdizadeh | Rheology and apparent activation energy of alkali activated phosphorous slag[END_REF]. For example, it was reported that geopolymers possess lower yield stress, but higher plastic viscosity than ordinary cement paste [START_REF] Criado | Alkali activated fly ash: Effect of admixtures on paste rheology[END_REF][START_REF] Favier | Flow properties of MK-based geopolymer pastes. A comparative study with standard Portland cement pastes[END_REF]. In the case of fly ash-based geopolymer, the increase of NaOH concentration from 4 to 8 mol/L can lead to higher yield stress and the plastic viscosity values [START_REF] Vance | Observations on the rheological response of alkali activated fly ash suspensions : the role of activator type and concentration[END_REF]. On the other hand, the use of metakaolin can result in impractical rheological properties of the mixture characterized by an extreme thixotropic behavior and relatively high yield stress [START_REF] Provis | The role of particle technology in developing sustainable construction materials[END_REF]. The compressional rheology was used to investigate the flow properties of aluminosilicate hydrogels [START_REF] Phair | Characteristics of aluminosilicate hydrogels related to commercial " Geopolymers[END_REF]. On the other hand, the early age properties of alkaliactivated fly ash-based cement (before setting) was studied using a Haake vane rheometer based on Bingham yield stress measurements [START_REF] Lee | The effect of ionic contaminants on the early-age properties of alkali-activated fly ash-based cements[END_REF]. The dynamic mechanical analysis (DMA) is also used to study the rheological behavior of metakaolin-based geopolymer [START_REF] Rahier | Low-Temperature Synthesized Aluminosilicate Glasses Part II Rheological Transformations During low-Temperature Cure and High-Temperature Properties of a Mode/Compound[END_REF]. The reported data revealed the great effect of temperature on the viscosity, which is attributed to the higher geopolymerization kinetics [START_REF] Romagnoli | Rheology of geopolymer by DOE approach[END_REF].

Studies are necessary to highlight the effect of precursor and activation concentrations on the rheology and viscoelastic properties of the geopolymers. Characterization of the rheological behavior at various shear rates can reveal the chemical and physical changes during the curing period of alkali-activated materials. On the other hand, determination of the viscoelastic properties using dynamic rheology can provide a deep insight into the geopolymerization reactions, especially the rigidity and its evolution with time. The main objective of this study is to assess the flow and viscoelastic properties of fly ash-based geopolymer mixtures activated using different NaOH concentrations. Various geopolymer mixtures were prepared at different NaOH concentrations and a constant liquid-to-solid ratio (L∕S). On the other hand, the chemical analysis of the pore solution and Fourier Transform InfraRed spectroscopy (FTIR) measurements were used to identify the chemical processes that accompany the variation of NaOH concentration and evaluate its effect on the rheology of geopolymers. This study aims also to coupling rheological and chemical measurements for better understanding of flow performance and viscoelastic properties of geopolymers. The experimental approach consists of first determining the linear viscoelastic domain that can help to identify the critical strain. The structuration behavior is then determined within the linear viscoelastic domain. The effect of the activation solution concentration, which is of primary importance on the geopolymerization reaction, is investigated. Finally, the effect of temperature on the rheology of geopolymers is also assessed.

Experimental program

Materials and mixture proportions

Geopolymer mixtures were prepared using a class F Fly ash (FA-F) complying with the ASTM C618-19 specifications [START_REF]ASTM C618-19 Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete[END_REF] as aluminosilicate precursor. The FA-F has a total oxide content (SiO2 + Al2O3 + Fe2O3) greater than 50%, CaO content less than 18%, the LOI is under 6%, and SO3 content less than 5%. The chemical characteristics of the FA-F are summarized in Table 1. Its mean particle size (d50) and Blaine specific surface are 9.5 µm and 405 m 2 /kg, respectively. On the other hand, the sodium hydroxide (NaOH) was used as an alkaline activator. The NaOH was prepared by dissolving the pellets in the water at a constant temperature. The mass of NaOH was varied to achieve the targeted concentration. The investigated mixtures were prepared using a given solid fraction of 0.442 and different NaOH concentrations. In the case of cement-based suspension, this solid fraction is equivalent a water-tocement ratio (w/c), by weight, of 0.40. The solid fraction is calculated as follow (Eq. 1):

Φ Fly ash paste = !"# $ = Φ %Cement paste, * + = 0.4 %wt1 (Eq. 1)
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The investigated NaOH concentrations (Table 2) varied between 2 and 14 mol/L. The viscosity of NaOH solutions is determined using the same shear protocol used to assess the flow curves of fly ash geopolymer pastes (Fig. 2). The investigated mixtures were prepared in batches of 0.50 liter using a high-shear mixer in accordance with the ASTM C1738M-14 specifications [START_REF]ASTM C1738/C1738M-14 Standard Practice for High-Shear Mixing of Hydraulic Cement Pastes[END_REF]. The mixing protocol consisted of introducing the binder gradually during 1 min while the mixer is rotating at 4000 rpm. The rotational speed was then increased to 10 000 rpm and the mixing was presumed for 30 s. After a resting period of 150 s, an additional mixing at 10 000 rpm for 30 sec was presumed. The temperature of mixing water was maintained at 25°C to compensate for the heat generated during mixing. At the end of mixing, the temperature of the investigated mixtures was 25 ± 2°C. Immediately after mixing, the samples were conserved in sealed containers to prevent water evaporation.

Tests methods

Rheological measurements

All performed rheometric measurements were conducted using coaxial cylinders rheometer with serrated surfaces. The diameters of the cup and bob are 28.911 mm and 26.660 mm, respectively, providing a shear gap size of 1.126 mm. The rheological measurements were carried out 10 min after the first contact between the liquid and powder, hence allowing the occurrence of early chemical reactions. All the rheological measurements were conducted at a constant temperature of 25°C. On the other, each measurement was repeated to verify the repeatability of test measurements.

The flow curves were determined after applying a pre-shear regime at 200 s -1 for 120 s. The shear rate was then decreased in steps from 200 to 0.27 s -1 (Fig. 2). For each step, the time of shearing was optimized throughout several test measurements to ensure an equilibrium state.

Fig. 2: The shear protocol used to determine the flow curves

The flow curves of the investigated mixtures were fitted according to the modified Bingham model given in Eq. 1 [START_REF] Yahia | Analytical models for estimating yield stress of high performance pseudo-plastic grout[END_REF] :

τ = τ 0 + μ p γ2 + Cγ2 2 (Eq. 2)
where, τ 0 is the yield stress (Pa), μ p 34 the plastic viscosity (Pa.s), and C is a the pseudoplastic constant: linear behavior for C = 0, shear thinning when C < 0, and shear thickening when C > 0.

The strain sweep measurements were carried out to determine the viscoelastic properties of the investigated mixtures. The sample was subjected to an oscillatory shear, where the shear strain increases from 0.0001% to 100% at a constant angular frequency of 10 rad/s. This testing protocol allows determination of the evolution of storage modulus G' and loss modulus G'' with shear strain.

Furthermore, the phase angle (δ) is calculated as follow: δ = tan 67 8 99 8 9 . The phase angle can vary between 0 and 90°, where 0° corresponds to an elastic state, i.e. perfect solid state, and 90° for a viscous state, i.e. perfect liquid state. This can indicate the delay between the induced shear strain and the measured stress response. The determination of the linear viscoelastic domain (LVED) and critical strain (γcri) can also be determined [START_REF] Mezger | The rheology handbook : For the users of rotational and oscillatory rheometers[END_REF][START_REF] Roussel | The origins of thixotropy of fresh cement pastes[END_REF]. In the LVED, the elastic moduli values are independent of shearing time and strain. Moreover, the critical strain is defined as the strain value at which the storage modulus starts to decrease. In this study, γcri is taken as the strain value corresponding to 90% of G' (0.90 G') of the LVED (i.e. deviation by 10% from linearity) [START_REF] Sun | Rheometric and ultrasonic investigations of viscoelastic properties of fresh Portland cement pastes[END_REF].

Preforming the oscillatory tests at strain values within the LVED can ensure non-destructive measurements.

The build-up kinetic of the investigated geopolymer mixtures was quantified using time sweep measurements. The pre-shear was applied to ensure a perfect dispersion before the rest period where the structuration of the suspension can occur. Recently, a new method that combines a rotational shear and a Large amplitude oscillatory shear (LAOS) was proposed to ensure a well-dispersed state before the rest period [START_REF] Mostafa | Performance evaluation of different rheometric shearing techniques to disperse concentrated cement suspension[END_REF]. These measurements were carried out within the LVED. The time sweep protocol used in this study is presented in Fig. 3. The evolution of storage modulus G' and phase angle δ with time is recorded while the sample is subjected to a small amplitude oscillatory shear (SAOS) within the LVED, where the applied strain is lower than γcri. This can allow carrying out the measurements in a non-distributive regime. 

Chemistry of the pore solution

In addition to rheological measurements, for each geopolymer mixture, the chemistry of pore solution extracted by centrifugation technique was determined. The extraction procedure consisted of submitting 15-mL of geopolymer sample to a centrifugation process at a constant speed of 3 200 rpm, which is equivalent to a force of 1163 times the gravity, for 10 minutes. The interstitial fluid filtered obtained at different periods of 10 min, 25 min, and 40 min after the first contact between fly ash and NaOH is analyzed to determine its chemical composition. The chemical analysis was carried out using the inductively coupled plasma mass spectrometry (ICP-MS) technique. This consists of ionizing the solution with a plasma torch and then analyzing the resulting plasma using mass spectroscopy [START_REF] Wolf | What is ICP-MS ? … and more importantly, what can it do?[END_REF]. The high sensitivity of this technique ensures the detection of almost all species present in the solution, which allows identifying all the elements that have been relegated after the dissolution of fly-ash powder [START_REF] Feng | New observations on the mechanism of lithium nitrate against alkali silica reaction ( ASR )[END_REF]. The concentrations of silica (Si) and alumina (Al), the basic elements forming the fly-ash based geopolymer, are determined.

Fourier Transform Infrared spectroscopy (FTIR)

The FTIR, which consists in subjecting the sample to an infrared light spectrum with a wavelength ranging from 500 cm -1 to 4000 cm -1 , was carried out to determine the structure of geopolymer. The types of chemical bonds that exist between the atoms or the molecules can be identified. FTIR spectroscopy includes the absorption, reflection, emission, or photoacoustic spectrum [START_REF] Jaggi | Fourier Transform InfraRed spectroscopy[END_REF][START_REF] Bates | Fourier Transform Infrared Spectroscopy[END_REF].

Fourier transform analysis of the recovered spectrum allows obtaining the stretching peaks of each chemical bond existing in the sample. In particular, the Si -O or Al -O bonds, which are the basic bonds of a geopolymer [START_REF] Zhang | Quantitative study of the reactivity of fly ash in geopolymerization by FTIR[END_REF][START_REF] Taylor | Application of infrared spectroscopy to studies of silicate glass structure : Examples from the melilite glasses and the systems Na2O-SiO2 and Na2O-Al2O3-SiO2[END_REF], can be identified. This technique has already been used in the literature to detect the formation of a geopolymer [START_REF] Rees | In situ ATR-FTIR study of the early stages of fly ash geopolymer gel formation[END_REF][START_REF] Palomo | Mid-infrared spectroscopic studies of alkali-activated fly ash structure[END_REF]. The peaks corresponding to the different bonds that are targeted in this study are summarized in Table 3. Unreacted fly ash [START_REF] Rees | In situ ATR-FTIR study of the early stages of fly ash geopolymer gel formation[END_REF][START_REF] Voll | Infrared band assignment and structural refinement of Al-Si, Al-Ge, and Ga-Ge mullites[END_REF] The FTIR measurements were carried out on fly ash-based geopolymer mixtures sampled after 5 min, 10 min, 30 min, 2 hours, and 4 hours of age (i.e. the time after the first contact between fly ash and NaOH solution). In order to eliminate the effect of water, the measured spectrum was corrected by eliminating the spectrum of water. The employed method is similar to that reported in reference [START_REF] Rees | In situ ATR-FTIR study of the early stages of fly ash geopolymer gel formation[END_REF].

Results and discussions

Effect of NaOH concentration on the initial setting time of Fly ash-based geopolymer

The polymerization process is highly dependent on the concentration of activator and type of precursor. For example, the alkali activator is known to influence the geopolymerization kinetics and As can be observed, the use of a NaOH concentration up to 8 mol/L resulted in reasonable variation in setting time. However, the use of 14 mol/L of NaOH delayed significantly the setting time.
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Flow curves and apparent viscosities

The flow curves of geopolymer mixtures activated using various NaOH concentrations are shown in Fig. 4. On the other hand, the pseudoplastic index values (i.e. coefficient C) are summarized in Table 5. As can be observed, all the investigated geopolymers exhibited a shear thinning or linear behaviors, which are characterized by a decrease in the apparent viscosity with shear rate. The pseudoplastic behavior is shown to vary as a function of the concentration of NaOH. For example, for an alkali activators concentration less than 8 mol/L, a shear-thinning behavior is observed (C values less than 0). However, for higher concentrations (i.e. 11 and 14 mol/L), the material showed a linear Bingham behavior.

As can be observed in Fig. 5, the investigated mixtures exhibited yield stress values ranging between 4 and 29 Pa. The use of alkali activator concentration of up to 8 mol/L increased the yield value ( 29Pa). This can be related to the formation of a rigid network [START_REF] Roussel | Steady state flow of cement suspensions: A micromechanical state of the art[END_REF][START_REF] Flatt | Towards a prediction of superplasticized concrete rheology[END_REF]. However, the increases in concentration to 11 and 14 mol/L decreased both the yield stress and pseudoplastic responses (i.e. linear behavior). These results comply with those reported in a previous study [START_REF] Rifaai | Rheological and mechanical properties of alkali-activated hybrid matrix for self-consolidating concrete[END_REF]. The yield stress undergoes a gradual decrease to a minimum value of 4 Pa when the NaOH concentration of 11 mol/L was used. This decrease reflects the formation of a less rigid structure. It is worthy to mention that the plastic viscosity showed a different trend than the yield stress. Indeed, the plastic viscosity increased for a NaOH concentration up to 3.5 mol/L. Beyond this concentration, the plastic viscosity decreased for concentration lower than 8 mol/L. The use of higher concentration resulted in a gradual increase in plastic viscosity. This can be due to the relatively high viscosity of NaOH solution at higher concentration (Table 2). Similarly, a previous study showed that the viscosity of metakaolin suspension depends exclusively on the viscosity of the activator solution [START_REF] Favier | Flow properties of MK-based geopolymer pastes. A comparative study with standard Portland cement pastes[END_REF]. These results revealed that the polymerization process from a rheological point is greatly affected by the concentration of alkali activator.

On the other hand, the viscosity of suspension depends on the solid fraction according to Krieger -Dougherty model [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF] as shown in Eq.3.

η = η < 1 - Φ Φ ? @ 6[B]D EFG Eq. 3
where, η < is the solution viscosity, Φ is the solid fraction of the suspension, [η] is the intrinsic viscosity, and Φmax is the maximum solid fraction. Therefore, the increase in solid fraction and the solution viscosity results in higher plastic viscosity. In terms of the apparent viscosity (Fig. 6), the highest values were obtained, in order of importance, with geopolymers at NaOH concentrations of 8, 3.5, and 2.0 mol/L. As mentioned earlier, this can be due to the formation of a rigid network when NaOH concentration is lower than 8 mol/L. 

Strain sweep measurements

The strain sweep measurements carried out to determine the linear viscoelastic domain and the corresponding critical strain values were presented in Fig. 7. For the geopolymers synthesized in this study, the critical strain ranged between 0.004% and 0.010%. As expected, the obtained results confirmed that the use of a NaOH concentration between 2.0 and 8.0 mol/L resulted in higher storage modulus, which reflects higher geopolymerization kinetics compared to the reference mixture. For example, the increase in NaOH concentration up to 8.0 mol/L caused a considerable increase in the storage modulus, which indicate the presence of a rigid structure. However, in the case of higher concentrations of 11 and 14 mol/L, lower geopolymerization kinetics, reflected by lower storage modulus and relatively higher critical strain values, was observed. This result confirms a previous study [START_REF] Rifaai | Rheological and mechanical properties of alkali-activated hybrid matrix for self-consolidating concrete[END_REF]. The use of 14 mol/L resulted in the highest critical strain value of 0.1% compared to the other concentrations, while the reference mixture showed the lowest critical strain. This may reflect the development of higher repulsive forces between particles [START_REF] Roussel | The origins of thixotropy of fresh cement pastes[END_REF][START_REF] Mikanovic | Influence of superplasticizers on the rheology and stability of limestone and cement pastes[END_REF], thus preventing the formation of a network (Fig. 8). It is worthy to mention that the increase in storage modulus follows the same trend of the yield stress. determined and used to quantify the build-up kinetics of the investigated geopolymers. The calculated build-up indices [START_REF] Mostafa | New approach to assess build-up of cement-based suspensions[END_REF] were summarized in Table 6. As can be observed, the use of NaOH at a concentration of up to 8 mol/L resulted in a quick decrease in the phase angle, which is traduced by lower percolation time and higher storage modulus, compared to the reference mixture. This rapid decrease in the phase angle and the increase in storage predominance of the elastic aspect (i.e. solid-like properties where phase angle tends to zero), hence resulting in more rigid geopolymer structure. These results in highest build-up indices of 14 125

Pa/min compared to 400 Pa/min of the reference mixture. Furthermore, the increase in storage modulus with time is an indication of the increase in the rigidification of the geopolymers. This is generally attributed to the formation of larger oligomers that promote the connectivity of the tetrahedral network [START_REF] Poulesquen | Rheological behavior of alkali-activated metakaolin during geopolymerization[END_REF]. The use of higher NaOH concentrations of 11 mol/L and 14 mol/L resulted, however, in high percolation time and low rigidification rate, which confirms previously reported results [START_REF] Rifaai | Rheological and mechanical properties of alkali-activated hybrid matrix for self-consolidating concrete[END_REF], which resulted in lower build-up kinetics of 124 Pa/min 1/2 and 46 Pa/min 1/2 , respectively. This is an indication of a lower geopolymerization, hence resulting in a longer time to form the network and develop rigidity [START_REF] Mostafa | New approach to assess build-up of cement-based suspensions[END_REF]. 

Chemistry of the pore solution of geopolymers

Fly ash-based geopolymers activated at two different concentrations of NaOH, corresponding to 2.0 and 14.0 mol/L, were studied. The mixtures were proportioned using an L/S ratio equal to that for mixtures investigated earlier in this study. For each geopolymer, the evolution of silicon and aluminum concentrations with time was determined (Fig. 11). This is necessary to understand the processes of dissolution and geopolymerization at low and high concentrations of NaOH.

Fig. 11: Evolution of silicon and aluminum concentrations with time

As can be observed, upon the contact between fly ash and alkali activator, there is a rapid dissolution of silicon aluminum in the pore solution. The increase in NaOH concentration from 2 to 14 mol/L resulted in higher silicon and aluminum concentrations in the pore solution. For example, the silicon content increased from 280 ppm to 2 330 ppm when the NaOH concentration increased from 2 to 14 mol/L. These results are consistent with those reported in the literature [START_REF] Khale | Mechanism of geopolymerization and factors influencing its development : a review[END_REF]. Furthermore, in the case of low concentration (2 mol/L), the alumina content was very low (25 ppm) compared to that obtained with the highest concentration of 14 mol/L (2 225 ppm) and remained constant with time.

The stability of the aluminum concentration may be due to the equilibrium between the kinetics of its relegation into the interstitial solution and its incorporation into the geopolymer chain. In the case of its reaction to form the geopolymer. However, in the case of the highest concentration of 14 mol/L, the silicon content increased from 2330 to 3330 ppm during 30 min. The concentration of aluminum also increased slightly from 2210 to 2420 ppm. This can reflect either the high dissolution compared to the consumption or the lower geopolymerization process.

Fourier Transform InfraRed spectroscopy

The variation of the silicon and alumina species in the pore solution is mainly due to the competition between dissolution and geopolymerization. The Fourier transform infrared spectroscopy (FTIR)

analysis is then conducted on both geopolymers activated at 2 and 14 mol/L of NaOH to highlight the chemical phenomena that occur during geopolymerization. As can be observed, in the case of geopolymer activated at 2 mol/L, the spectrum measured after 5 and 10 min after the initial contact between fly ash and NaOH solution are below that of the fly ash powder. The decrease in the light adsorption (i.e. absorbance) reflects the dissolution of fly ash particles. This confirms the relegation of silicon and aluminum into the pore solution observed at 10 min (Fig. 11). The spectrum observed after 30 are higher than that of fly ash powder, hence reflecting the beginning of geopolymer formation corresponding to structures Si -O -Si or Si -O -Al (reflected by the appearance of different peaks). It is worthy to mention that the peak shifted from 1080 to 980 cm -1 . This observation is consistent with the silicon reduction in the pore solution observed after 10 min (Fig. 11), reflecting a consummation of silicon and the formation of geopolymer.

In the case of geopolymer activated using 14 mol/L of NaOH, the obtained spectrums are lower than those of fly ash powder, regardless of the age after the first contact between fly ash and NaOH. This means that during the first 4 hours, the dissolution of fly ash is predominant. This is confirmed by the increase in silicon and alumina contents with time in the pore solution (Fig. 11), which reflects the absence of geopolymerization. In terms of the FTIR measurements, this is associated with the appearance of the peak around 920 cm -1 , which reflects the existence of Si -OH or Si -O (Na+)

structures. The presence of Na+ ions is needed for the equilibrium of electric charges. Although, the observation time investigated in this study is far from the setting time of geopolymer activated using 21 14 mol/L of NaOH (7 days), the obtained results suggest that in the case of the highest alkalis concentration, the dominant dissolution process combined with a low geopolymerization kinetics resulted in increasing silicon and aluminum concentrations, hence leading to higher setting time.

Discussions

As mentioned earlier, in the case of the lowest NaOH concentration, the absorbance spectrums observed after 5 and 10 min are lower than that of the fly ash powder, hence reflecting the higher silicon and aluminum concentrations in the pore solution. This can reflect the dominance of the dissolution process than the geopolymerization one. However, beyond 10 min after the first contact between NaOH and fly ash, the absorbance spectrums are higher than that of the fly ash powder.

Furthermore, the absorbance peak shifted from 1080 to 980 cm -1 at 10 min of age. This is associated with the geopolymerization process reflected by a gradual decrease in silicone and aluminum concentrations (Fig. 11). The period of 10 min may be required to fly ash dissolution, hence providing sufficient silicon and aluminum species into the solution and allow favorable conditions of the geopolymerization process.

In the case of the highest NaOH concentration of 14 mol/L, the concentration of silicon and aluminum increased with time. For example, after 10 minutes of age, the concentration of silicon is almost 10 times greater than that recorded in the case of the lowest NaOH concentration of 2 mol/L. This reflects the higher dissolution process of fly ash powder observed when the geopolymer is activated using 14 mol/L and its dominance relative to the chemical reaction. This is reflected by the lower absorbance spectra observed in geopolymers activated using 14 mol/L of NaOH and the appearance of a peak around 920 cm -1 , which is associated with Si -OH species [START_REF] Zhang | Quantitative study of the reactivity of fly ash in geopolymerization by FTIR[END_REF][START_REF] Taylor | Application of infrared spectroscopy to studies of silicate glass structure : Examples from the melilite glasses and the systems Na2O-SiO2 and Na2O-Al2O3-SiO2[END_REF]. The formation of Si -OH rather than Si -O -Si, reflected by the continual increase of silicon and aluminum contents with time, resulted in higher setting time and lower storage modulus of geopolymer. These results confirmed the hypothesis of the absence of geopolymerization in the case of the highest NaOH concentration of 14 mol/L.

In the chemical "The sol-gel process" model, there is a competition between hydrolysis and condensation to form inorganic polymers that may contain silicon or other molecules [START_REF] Hench | The Sol-Gel Process[END_REF][START_REF] Kline | Sol-Gel Kinetics for the Synthesis of Multi-Component Glass Materials[END_REF]. The contact of the NaOH precursor with water can trigger the hydrolysis and release Si(OH)4 elements.

These elements can condense each other by releasing water molecules according to the following equation:

Si(OH)4 + Si(OH)4 [(OH)3 ≡ Si-O-Si ≡ (OH)3 ] + H2O
The occurrence of this equation is conditional to several conditions, especially the pH and electrostatic forces. Indeed, in the case of an acid medium, the hydrolysis process is faster than the condensation one. However, in the case of basic media, the condensation dominates and allow the polymer formation [START_REF] Venkateswara Rao | Synthesis and physical properties of TEOS-based silica aerogels prepared by two step (acid-base) sol-gel process[END_REF][START_REF] Brinker | Hydrolysis and condensation of silicates: effects on structure[END_REF]. Similarly, in the case of the geopolymerization process, there is a competition between the dissolution due to NaOH and the condensation of the dissolved species to form the geopolymer. This competition is strongly influenced by the concentration of NaOH. The increase in the concentration of NaOH promotes the dissolution process [START_REF] Khale | Mechanism of geopolymerization and factors influencing its development : a review[END_REF]. However, a higher dissolution process does not always favor condensation and polymerization. For example, for NaOH concentrations up to a concentration of 8 mol/L, there is a formation of geopolymer, while the use of higher concentration reduces the polymerization process. This can be due to the excessive presence of negatively charged monomers Si -O -or Si -(OH) that increase the repulsive forces between them, hence induce a delay of the condensation process. In this case, the monomers remain suspended in the pore solution until the attractive forces overcome the repulsive ones and promote the condensation. The setting time of 7 days observed with geopolymer activated at 14 mol/L confirmed the hypothesis of delayed condensation in the case of high NaOH concentration. This result is consistent with that reported in a recent study conducted on the geopolymerization kinetics with the alkaline concentration [START_REF] Nath | Role of alkali concentration on reaction kinetics of fly ash geopolymerization[END_REF]. Indeed, the authors concluded that at ambient temperature, the increase of the alkaline concentration caused retardation of the geopolymerization process. As can be observed, the geopolymer activated using 7 mol/L of NaOH exhibited the highest yield stress, storage modulus, and rigidification rate, hence reflecting the formation of the tridimensional network. The higher rigidification rate confirms also the higher kinetic of geopolymerization. This suggests that the concentration of 7 mol/L corresponds to the value where the geopolymerization accelerates.

Optimal NaOH concentration -Deflection point

Effect of temperature

The increase in temperature accelerates the kinetics of geopolymerization and improves mechanical performance [START_REF] Ridtirud | Factors affecting the shrinkage of fly ash geopolymers[END_REF]. This can, therefore, be a useful alternative to the increase in NaOH necessary to enhance the geopolymerization kinetics. The geopolymer mixtures activated using two different NaOH concentrations of 2 and 7 mol/L were used to evaluate the effect of curing temperature on the rheological properties of geopolymers, including the storage modulus and rigidification rate. All the investigated mixtures were first prepared at a temperature of 25°C. For each investigated temperature, the samples were kept at the targeted temperature for 10 minutes before carrying out the rheological measurements. As expected, for a given temperature of 25°C, the increase in NaOH concentration from 2 to 7 mol/L resulted in higher storage modulus and rigidification rate values. On the other hand, for the lowest NaOH concentration of 2 mol/L, the increase in temperature to 40 °C can achieve higher storage modulus and rigidification rate than those obtained with 7 mol/L. It was reported that the increase in temperature can enhance the kinetics of the reaction [START_REF] Nath | Role of alkali concentration on reaction kinetics of fly ash geopolymerization[END_REF] and ensure greater mechanical properties [START_REF] Van Deventer | Effect of Curing Temperature and Silicate Concentration on Fly-Ash-Based Geopolymerization[END_REF][START_REF] Cho | Effect of Na2O content , SiO2/Na2O molar ratio , and curing conditions on the compressive strength of FA-based geopolymer[END_REF]. Similarly, the increase of temperature at the fresh state increased the rate of the dissolution and the geopolymerization processes because of the higher thermal agitation of the monomers in the pore solution. This will increase the probability that two monomers come together to initiate the condensation by forming the first oligomers of the geopolymer network. The increase of temperature is a useful procedure to enhance the geopolymerization and achieve adequate properties using a low concentration of NaOH. Further studies are ongoing to evaluate the mechanical properties developments and highlight the efficiency of increasing temperature instead of the NaOH concentration.

Conclusions

The rheological properties of fly ash-based geopolymer mixtures activated using different NaOH concentrations are investigated. Based on the resulted presented in this paper, the following conclusions can be pointed out:

1. Fly ash-based geopolymers activated using NaOH concentrations lower than 8 mol/L exhibited reasonable setting time values. However, the use of higher concentrations resulted in delaying the setting time up to 7 days. 4. The use of a higher concentration of NaOH up to 14 mol/L increased the dissolution rate but did not enhance the geopolymerization kinetics. Indeed, the geopolymerization is lower than the dissolution rate, hence resulting in lower storage modulus and rate of rigidification. This is probably caused by the formation of negatively charged monomers, which induces an increase in repulsive forces preventing geopolymerization.

5. The use of low alkali concentration of 2 mol/L and a temperature of 40 °C (temperature of the sample at its fresh state) allowed relatively higher storage modulus and rigidification kinetics than those obtained with a higher concentration of 7 mol/L and a lower temperature of 25 °C.
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 3 Fig. 3: Protocol of time sweep measurements[START_REF] Mostafa | Performance evaluation of different rheometric shearing techniques to disperse concentrated cement suspension[END_REF] 
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 4 setting time. In order to allow sufficient time to carry out the rheological measurements, the setting time of fly ash-based geopolymer mixtures prepared with different NaOH concentrations was evaluated according to the ASTM C191-13 specifications[START_REF]ASTM C191-13 Standard Test Methods for Time of Setting of Hydraulic Cement by Vicat Needle[END_REF]. This consists of casting the geopolymer in a conical ring having a height of 40 mm. The sample is kept at rest for 30 min before starting penetration measurements using Vicat needle having 1 mm diameter. The measurements are performed each 15 min. The initial setting time corresponds to the time from the first contact between fly ash powder and NaOH solution needed to obtain a penetration of 25 mm. The obtained results are summarized in Table4. Initial setting time of fly ash-based geopolymer mixtures
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 45 Fig. 4: Flow curves of fly ash-based geopolymers activated at different NaOH concentrations
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 5 Fig. 5: Evolution of Bingham modified parameters of fly ash-based geopolymer activated at different NaOH concentrations
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 6 Fig. 6: Variations of the apparent viscosity of geopolymers activated at different NaOH concentration
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 7834 Fig. 7: Evolution of storage modulus with the shear strain of geopolymers activated at different NaOH concentrations
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 910 Fig. 9: Time sweep measurements: a) Evolution of G' with rest time (b) Evolution of the phase angle with rest time
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 12 Fig. 12: FTIR spectroscopy of geopolymer activated using 2 mol/L of NaOH
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 1415 Fig. 14: Evolution of the yield stress of geopolymer with NaOH concentration
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 1718 Fig. 17: Evolution of the yield stress of geopolymers activated using 2 mol/L of NaOH and different curing temperatures
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 23 The investigated geopolymer mixtures exhibited shear-thinning behaviors, regardless of the NaOH concentrations. On the other hand, the geopolymers activated at 8 mol/L of NaOH exhibited the highest yield stress and storage modulus values. Two different domains of NaOH concentrations are identified. A concentration of up to 7 mol/L resulted in higher dissolution and adequate geopolymerization kinetics after 10 min of age reflected by maximum storage modulus and rigidification rate values. This period reflected the necessary time for the dissolution process to take place.

  

Table 1 :

 1 Chemical characteristics of used fly ash

	Fly Ash -F (%)

Table 2 :

 2 The investigated NaOH concentrations and their corresponding viscosity values

	NaOH concentration	Viscosity (Pa.s)
	0 mol/L	1.00
	2 mol/L	1.69
	3.5 mol/L	2.58
	8 mol/L	6.79
	11 mol/L	14.21
	14 mol/L	26.09

Table 3 :

 3 Wavelengths corresponding to different bonds of fly ash-based on geopolymer

	Wavenumber (cm -1 )	Bond types	Références
	~ 980	Si -O -Si or Si -O -Al	[24]
	~ 920	Si -OH or Si -O -..(Na+)	[25,55]
	~ 1050 --1100		

Table 6 :

 6 Build-up indices of various geopolymer mixtures

	NaOH concentrations (mol/L)	0.0	2.0	3.5	8.0	11.0	14.0
	Build-up indice	K LMN O P QRL	400	3263	7277	14125	124	46
	(Pa/min 1/2 )