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Replacing ordinary Portland cement-based materials with alkali-activated industrial wastes is often limited because of significant volume changes occurring in these materials at early age. This experimental study aims to quantify the extent of the volume changes and explore the underlying mechanisms of pastes composed of slag and fly ash (ratio 50:50) which are activated by sodium hydroxide and sodium silicate. Eight compositions were tested, with silica modulus (Ms) varying between 1.04 and 1.58 and with solution-to-binder ratios (S/B) varying between 0.47 and 0.70. Specimen length changes in sealed conditions are monitored by applying repeated thermal variations in an adapted AutoShrink device and are accompanied by isothermal calorimetry, uniaxial compressive strength, and internal relative humidity (IRH) tests. This way, the temporal evolutions of autogenous strains, the coefficient of thermal expansion (CTE), the heat release, the apparent activation energy (Ea), the IRH and the strength are determined and compared to each other. Both the measured autogenous shrinkage and CTEs are rather large; they amount to 4,000–5,000 μm/m and roughly 40 μm/m/°C, respectively, at material ages of 2 weeks. An increase in S/B leads to a decrease in autogenous shrinkage and an increase in CTE. An increase in the Ms causes a decrease in both the autogenous shrinkage and the CTE. Most strikingly, autogenous shrinkage evolves linearly with the cumulative heat released by the binders. The IRH remains continuously above 94% during the first 2 weeks. The apparent activation energy amounts to roughly 74 kJ/mol and is virtually unaffected by S/B and Ms.
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1 INTRODUCTION
The production of ordinary Portland cement (OPC) is the source of approximately 5–8% of the total anthropogenic greenhouse gas emissions (Damtoft et al., 2008; Benhelal et al., 2013; Olivier et al., 2015). Replacing Portland cement in concrete with industrial wastes or by-products such as fly ashes and blast-furnace slags (Ben Haha et al., 2011) has gained significant attention in the last decade. In contact with an alkaline solution, these precursors react and form a solid alkali-activated material (AAM). Different alkaline solutions have been studied: sodium hydroxide, sodium silicate, potassium hydroxide, calcium carbonate, etc. The type of solution and its dosage affect the reaction process, the microstructure, as well as the properties of the material (De Vargas et al., 2014; Lu et al., 2021). Among the different varieties of activators, sodium-based activators are widely available, affordable and cost-effective (Kua et al., 2019; Lu et al., 2021), and are thus chosen in this study. Besides the environmental benefits, these materials offer several additional advantages compared to OPC (Provis and van Deventer, 2014). They are, for instance, characterized by rapid strength development at early ages and enhanced resistance to acid and sulfate attacks (Davidovits, 2005; Shi et al., 2006; Provis and van Deventer, 2014). However, AAMs typically possess crucial shortcomings, most notably, they often exhibit large shrinkage strains which can be up to seven times larger than that of OPC (Bakharev et al., 2000). The high shrinkage may be mitigated when using biochar, superabsorbent polymers or lightweight aggregates (Ye and Radlińska, 2017; Vafaei et al., 2020; Prabahar et al., 2021). When restrained, this shrinkage causes the build-up of tensile stresses that can result in early-age cracking and thus in severely reduced mechanical and durability performance (Bendimerad et al., 2020; Serdar et al., 2020).
Early-age deformations are related to three phenomena: autogenous deformations, drying deformations, and thermal deformations. This study focuses on the development of autogenous and thermal deformations, which are therefore introduced next. Autogenous deformations are deformations which are occurring despite constant environmental conditions (particularly constant external relative humidity and constant external temperature). They are commonly related to several mechanisms, of which the most important are chemical shrinkage, self-desiccation, water absorption, and expansion pressures of precipitating reaction products. The chemical shrinkage or Le Chatelier’s contraction results from the fact that the volume of the reaction products is smaller than the volume of the reactants (Le Chatelier, 1900). Self-desiccation due to the water-consuming reaction leads to the formation of water-air menisci, and the internal relative humidity decreases, which induces a capillary depression of the pore fluid (Serdar et al., 2020). While the former two mechanisms lead to shrinkage, swelling may be caused by absorption of external water (Bjøntegaard et al., 2004; Esping, 2008; Craeye et al., 2010), absorption of internal water provided by water-releasing porous aggregates (such as light-weight or recycled aggregates; Delsaute and Staquet, 2019; Bendimerad et al., 2020; Delsaute and Staquet, 2020), or by the expansion pressure during the formation of reaction products such as ettringite (Mehta, 1973; Bentur and Ish-Shalom, 1974).
While many experimenters observe a large magnitude of autogenous shrinkage (Shen et al., 2011; Chi and Huang, 2013; Rashad, 2013; Jang et al., 2014; Marjanović et al., 2015), the micromechanical reasons for the large magnitude are less clear, but mostly linked to self-desiccation. Collins and Sanjayan (2000) track the high autogenous shrinkage of alkali-activated slags (AAS) back to the dense pore structure of the paste, which is composed of 80% of mesopores (radius between 1.25 and 25 nm). This results in high pore pressures during self-desiccation, as confirmed by Lee et al. (2014). To understand the magnitude of the expected pore pressures, internal relative humidity measurements have been performed on AAMs (Yssorche-Cubaynes and Ollivier, 1999; Hu et al., 2020), demonstrating that there is a large initial decrease in the IRH due to the high initial concentration of ions in the solution, followed by an increase in IRH due to the ion consumption, and only thereafter, the self-desiccation-related decrease in IRH can be observed. Ballekere Kumarappa et al. (2018) related shrinkage to high surface tension effects arising from the large number of ions present in the solution. Cartwright et al. (2014) highlighted the higher saturation degree and the lower elastic modulus. Another origin of the large shrinkage may be related to silica polymerization during the formation of the hydrate gel (Uppalapati and Cizer, 2018). Fang et al. (2018) stated that chemical shrinkage in the fresh state was the source of roughly 70% of the autogenous shrinkage. Li et al. (2020a) highlighted a high consumption of ions that reduces the steric-hydration force, which leads to shrinkage mainly during the acceleration period at early ages.
The main factors influencing the microstructure of AAMs, and thus the autogenous shrinkage, are the quantity and type of activators, the contents of the precursors and the water-to-binder (W/B) ratio (Lee et al., 2014). When the W/B ratio decreases, the pore size also decreases and the capillary stress increases, which results in higher autogenous shrinkage (Thomson, 1871; Lee et al., 2014). A higher dosage of activators results in a greater degree of reaction and thus more chemical shrinkage. In addition, it will decrease the porosity which influences the autogenous shrinkage by increasing the capillary stress (Lee et al., 2014; Ma and Ye, 2015; Ye and Radlińska, 2016; Ballekere Kumarappa et al., 2018). In mixes which are activated by sodium silicate and sodium hydroxide, increasing the content of hydroxide (and thus the pH) decreases the autogenous shrinkage (Cartwright et al., 2014; Hojati and Radlińska, 2017). An increase in the slag content leads to a higher degree of reaction and thus resulting in more chemical shrinkage (Lee et al., 2014), densifies the microstructure of the paste, increases capillary pressure, and amplifies the autogenous shrinkage (Lee et al., 2014; Hojati and Radlińska, 2017; Fang et al., 2018).
In addition to autogenous deformations, volume changes arise from temperature variations, triggered by environmental changes and/or the heat released during the exothermal reaction. The coefficient of thermal expansion (CTE) quantifies temperature-induced volume changes. It is herein defined as the length change of a unit length (linear CTE, µm/m/°C) upon a temperature change of one degree Celsius. Experimental results of CTE evolutions with respect to age for AAMs are absent in the literature. Only a CTE amounting to 16.6 μm/m/°C for a hardened low-calcium fly ash-based geopolymer concrete is reported (Ma and Dehn, 2017), which significantly exceeds the magnitudes between 8 and 12 μm/m/°C that are typically reported for OPC concrete (Fairbairn and Azenha, 2018). Experimental determination of CTEs during early ages is rather difficult. First, it is challenging to distinguish thermal from autogenous deformations because both evolve simultaneously (Serdar et al., 2020). Moreover, experimental monitoring of CTE during early material ages requires the application of thermal loads on the specimen. These temperature cycles significantly alter the thermo-activated maturation reactions of AAMs. Quantifying the dependence using an Arrhenius law (Joseph et al., 2018) has shown that the apparent activation energy for slag activated by sodium silicate and sodium hydroxide amounts to 53.6 kJ/mol (Huanhai et al., 1993), for slag-fly ash mixes, in turn, activated by sodium silicate and sodium hydroxide, the activation energy even amounts to 75.2 kJ/mol. Compared to the 38.0 kJ/mol of a typical Portland cement paste with a water-to-cement ratio of 0.4 (Mounanga et al., 2006), the activation energies in AAMs are significantly higher, which highlights the sensitivity of temperature changes of these pastes.
In this paper, we conduct a comprehensive experimental study to quantify the autogenous and thermal strains of sodium-silicate and sodium-hydroxide-activated slag-fly ash mixes with different solution-to-binder ratios and different silica modulus. The main objectives of this paper are twofold:
• We aim at experimental monitoring of the temporal evolution of the thermal expansion coefficients at early ages to close the knowledge gap the literature.
• Moreover, the temporal evolution of autogenous strains is quantified and linked to the heat release (as an indicator for the chemical reactions taking place during hardening) and to the internal relative humidity (as an indicator for self-desiccation). This way, insights into two critical parameters which affect the shrinkage of AAMs are targeted.
To meet the objectives, a modified AutoShrink device (Germann Instruments, 2015) is used for the quantification of both autogenous and thermal strains, which allows for applying temperature variations during the hardening. The deformation monitoring is accompanied by isothermal calorimetry conducted at three different temperatures, to monitor the reaction process (Ouyang et al., 2020; Joseph and Cizer, 2022) and to quantify the temperature activation behavior. Moreover, internal relative humidity (IRH) evolutions were measured to potentially correlate them with autogenous shrinkage results. Therefore, the paper is structured as follows. First, the materials used are described in detail, followed by the presentation of the experimental methods. Secondly, the experimental results will be discussed starting with compressive strength and heat release, which will allow for determining the apparent activation energy. After that, the results of the autogenous shrinkage and the CTE will be analyzed, followed by a discussion of IRH results. The paper is closed with conclusions.
2 MATERIALS AND METHODS
2.1 Materials
This study considers pastes obtained by alkali-activation of fly ash (FA) and blast-furnace slag (BFS), see Table 1 for the chemical compositions. Their particle size distribution can be found on Supplementary Figure S1 and Supplementary Figure S2. Two activators are considered: a sodium silicate solution (Na2O + SiO2) exhibiting a molarity of 10M with 18% (in mass) Na2O, 28.5% SiO2 and 53.5% H2O, and a sodium hydroxide solution 8M (NaOH). The density of the sodium silicate solution is 1.37 g/ml. The two alkaline solutions were mixed together beforehand. The silica modulus, defined as the mass ratio between SiO2 and Na2O (Ms = SiO2/Na2O), varies between 1.04 and 1.58.
TABLE 1 | Chemical composition of the binders in mass percent from X-ray fluorescence spectroscopy.
[image: Table 1]2.2 Mixture proportions and sample preparation
Eight different alkali-activated slag-fly ash (AASF) pastes were prepared according to the European Standard EN 196-1:2016 (CEN, 2016). X. Dai et al. (Dai et al., 2020) reported that an increase in the fly ash content extended the setting times while an increase in the slag increases and speeds up the structural build-up. To benefit from both advantages, each composition contains 50% (in mass) slag and 50% fly ash. The solution-to-binder ratio (S/B) and silica modulus (Ms) differ, see Table 2 (where W/B is the water-to-binder ratio). The reference mix is labeled SB0.55Ms1.44, implying a solution-to-binder ratio S/B of 0.55 and a silica modulus Ms of 1.44. Firstly, four SB compositions (SB0.47, SB0.50, SB0.64, and SB0.70) with varying S/B ratios but reference Ms = 1.44 (equal to the reference composition) are studied. S/B ratios from 0.47 to 0.70 are studied because it is well-known that S/B is a crucial mix parameter that changes the mechanical properties and shrinkage of AAMs (Nedeljković et al., 2018). Secondly, three Ms compositions (Ms1.04, Ms1.24, Ms1.58) with varying Ms but reference S/B = 0.55 (equal to the reference composition) ratio are tested. All the tests are performed in sealed conditions at a curing temperature of 20°C. The results for those different compositions are compared to the ones of an ordinary Portland cement (CEM I 52.5) paste with a water-to-binder ratio (W/C) of 0.5 to have a familiar composition (Delsaute, 2016).
TABLE 2 | Mix proportions of the tested AASF pastes.
[image: Table 2]2.3 Experimental methods
2.3.1 Compressive strength
To determine the compressive strength of the paste, cubes of 50 mm side were cast, sealed, and then placed in a climatic chamber of constant temperature (20°C). The cubes are unmolded and tested after 2 and 7 days. The tests are performed on two different cubes (Delsaute, 2016; Saleh Mohamed and Wauters, 2016). Thanks to the excellent repeatability, additional tests are obsolete as the range between specimens is less than 5% (ASTM, 2016).
2.3.2 Autogenous and thermal deformations
The original version of the AutoShrink device (Germann Instruments, 2015) allows measuring the (linear) autogenous deformation as a function of time in an environment where the temperature remains constant. But this device was improved at the Université libre de Bruxelles (ULB) to apply controlled temperature variations to the samples (Serdar et al., 2020). These temperature changes allow determining simultaneously the CTE and the autogenous strain by imposing a variation of ± 3°C to the system, based around a central temperature of 20°C. This temperature change is produced by the thermal regulation system composed of a thermostatic bath and a convolution system as shown in Figure 1A. The device is isolated from the environment by an insulated box to improve the efficiency of the thermal regulation. The AutoShrink device contains three samples, which allows for assessing test repeatability (Delsaute, 2016; Germann Instruments, 2015). Figure 1A shows the AutoShrink device at ULB and the different elements: the thermal regulation, three corrugated tubes, the insulator, and the digital gauge.
[image: Figure 1]FIGURE 1 | AutoShrink device developed at ULB (A) and example of the temperature variations (B).
The paste is cast in a corrugated plastic tube with a diameter of 3 cm and a length of 40 cm. The corrugated shape of the tube allows the sample to deform freely due to the lowered longitudinal stiffness. At the end of the tube is located the digital gauge that will record the deformation during the test. Two samples are used for the monitoring of the displacement, while the third specimen is used to record the temperature inside the specimen during the whole test by using a thermocouple inserted in the middle of the specimen. Each channel has its own digital gauge that will record the displacement. In addition, the temperature inside the convolution system is monitored to consider the thermal deformation of the test rig itself (the whole test setup is thermally calibrated; Serdar et al., 2020). The data provided by the device are:
• the temperature inside the paste;
• the temperature of the air inside the isolated box;
• the temperature variations imposed by the thermostatic bath;
• the displacements recorded by the gauges.
After the removal of the thermal deformation related to the test rig, the measurement of the free strain is obtained. Those strains are a combination of the autogenous strain and the thermal strain because they occur at the same time during the reaction:
[image: image]
[image: image] is the total strain [m/m], [image: image] is the autogenous strain [m/m], [image: image] is the CTE [m/m/°C] and [image: image] is the temperature variation (Delsaute, 2016; Delsaute and Staquet, 2017). Temperature variations of ± 3°C are applied every 160 min, see Figure 1B. For the decoupling of total strain into autogenous and thermal strains, we followed the procedure established in Delsaute and Staquet, 2017, as shortly summarized next. We construct a fictitious strain evolution for a sample cured isothermally at 20°C by fitting (using cubic interpolation) only the measured strains at the end of the intervals when the applied temperature amounted to 20°C. These fictitious strains are then subtracted from the total measured strain evolution to isolate the thermal strains resulting from the cyclic temperature history, which allows for the determination of the CTE (Equation 2). Secondly, the autogenous strain (Equation 1) is defined. Despite the thermal variation, the value of the CTE can be considered as the same for two different temperatures because the effect of the temperature on the CTE is very small (Delsaute and Staquet, 2017).
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where the indexes 1 and 2 express the two different temperatures histories (Delsaute, 2016; Delsaute and Staquet, 2017).
2.3.3 Isothermal calorimetry
The heat release is determined by means of an eight-channel TAM Air micro-calorimeter device (TA Instruments, 2019). For each composition, two samples were tested for the repeatability of the results. The tests usually last 2 weeks. Thereafter, the heat flow is too low to accurately monitor it (Delsaute, 2016; TA Instruments, 2013).
By performing the calorimetry tests at three different temperatures (10°C–20°C–30°C), the temperature activation behavior is determined. Therefore, an Arrhenius law is considered to quantify the rate [image: image] of the reaction, reading formally as
[image: image]
In Equation 3, [image: image] is a constant of proportionality, and Ea is the sought apparent activation energy, R is the universal gas constant (8.314 J/mol/°C), and T is the absolute temperature (Joseph et al., 2018). The aim of the tests at different temperatures is to identify the activation energy Ea, for which the superposition method is used, as explained next. Therefore, the cumulative heat releases, measured at two different curing temperatures, are plotted as a function of the so-called equivalent age [image: image], reading as
[image: image]
In Equation 4, [image: image] is the measured temperature (in °C), and [image: image] = 20°C is the reference temperature. The activation energy is then fitted such that the error, in a least-square definition, between the two cumulative heat releases (at the two considered temperatures) is minimized. An alternative method of determination of the activation energy based on rates is explained in the Supplementary Information.
2.3.4 Internal relative humidity
The internal relative humidity (IRH) in the pastes and the relative humidity of the activator solutions themselves have been measured with HC2-AW water activity probes. The specimens are cast directly after mixing in a plastic cylinder (Ø43 mm × 12 mm), sealed, and then stored at a temperature of 20 ± 1°C. At an age between 1 and 2 days, the sensor is placed on the top of the specimen, and data are recorded at an interval of 5 min. For each composition, two samples were tested for the repeatability of the results. Similar to deformation tests and isothermal calorimetry tests, the IRH is monitored for at least 2 weeks. The probes have a nominal accuracy of ±1% RH. Before and after each measurement, all sensors are calibrated using salt solutions (e.g., KNO3 which has an RH of 94.62% at 20°C).
3 RESULTS AND DISCUSSION
3.1 Compressive strength
Figure 2A shows the measured compressive strength of AASF pastes with different S/B respectively, after 2 and 7–days. Very remarkably, there is no clear trend of the measured strength with respect to S/B. The largest 7-day strength amounts to roughly 66 MPa and is obtained for the composition with S/B = 0.50. The evolution of the compressive strength between 2 and 7 days for the different compositions is surprisingly different. For SB0.55Ms1.44, SB0.70, and SB0.47, the compressive strength at 7 days is roughly twice as much as the value at 2 days. For SB0.64, the corresponding strength increase factor amounts to four, while for SB0.50 the factor amounts to three. The observed influence of S/B can be explained by two counteracting phenomena: the quantity of water and the quantity of activators, which both increase with increasing S/B. Increasing the amount of activators has a positive effect on the strength because they promote the formation of strength-giving C-N-A-S-H gel. Water, in turn, has a negative effect on the strength because more water will induce a larger initial volume of pores resulting in a lower strength, a well known fact from modeling and experimental studies on AAM and OPC mixes (Taplin, 1959; Feret, 1892; Königsberger et al., 2018a). If S/B is small, the positive effect of the alkali content results in an increase in strength. The positive effect of increasing the alkali content, which is a result of increasing the S/B ratio, outweighs the negative effect of the increased porosity, which is another result of increasing S/B. When the S/B ratio becomes larger than 0.50, the latter effect becomes dominant. (Wang et al., 1994).
[image: Figure 2]FIGURE 2 | Compressive strength of AASF pastes with different S/B (A) and with different Ms (B).
Regarding the influence of the Ms modulus, depicted in Figure 2B, the test results highlight that the compressive strength at 7 days decreases when the Ms modulus is increased, which is in accordance with results of Hojati and Radlińska (2017). The authors highlight that a higher Ms modulus implies a lower pH. This results in a rapid initial dissolution and formation of reaction products on the surface of slag and fly ash particles, hindering further reaction and preventing efficient strength development (Hojati and Radlińska, 2017).
The results are compared to an OPC paste with W/B of 0.5. At 2 days, the OPC paste outperforms all the AASF pastes. However, at 7 days, AASF compositions with S/B ≤ 0.55 already exhibit a higher compressive strength. This shows that such pastes continue to react significantly after 2 days as already observed by many authors previously (see e.g. (Feret, 1892; Cartwright et al., 2014; Lee et al., 2014; Hojati and Radlińska, 2017)).
3.2 Isothermal calorimetry
Figures 3A,B, and Figures 3C,D, present the results of heat flow and cumulative heat release as a function of the equivalent age at 20°C, respectively. Concerning the heat flow, two peaks are observed. The initial one corresponds to the early dissolution of the FA and BFS and occurs already during the mixing and is thus not recorded entirely (Fang et al., 2018; Prabahar et al., 2021; Vafaei et al., 2020). The second one corresponds to the acceleration of the formation of the C-N-A-S-H gel (Fang et al., 2018; Prabahar et al., 2021; Vafaei et al., 2020), the period in between is called “induction period” (Fang et al., 2018). Interestingly, the second peak occurs later (the induction period lasts longer) and is more pronounced for pastes with higher S/B and higher Ms. The cumulative heat release (Figure 3C,D) is, in general, relatively close for all pastes after the second heat flow peak and amounts to roughly 140 J/g after an equivalent age of 1 week (168 h).
[image: Figure 3]FIGURE 3 | Heat flow of AASF pastes with different S/B (A), with different Ms(B); Cumulative heat release of AASF pastes with different S/B (C) and with different Ms (D).
The slightly higher cumulative heat release for the pastes with S/B ≥ 0.64 may be explained by the increase in activator solution leading to a more significant reaction. The 7-day strength, at least for the mix with S/B = 0.64, is much higher than the 2-day strength, indicating that pastes with high S/B indeed gain more strength (relative to their 2-day strength) between two and 7 days, compared to the mixes with lower S/B ratio, which is in line with the observed heat evolutions. The absolute strength values are, however, still small, given the large initial water content, as mentioned before. The observed delay of the second peak for pastes with high Ms, i.e. for pastes with more sodium hydroxide but less sodium silicate underlines that the sodium silicate leads to a faster reaction, as corroborated by earlier results (Gao et al., 2015).
The heat release of AAMs pastes is much lower than the heat release of OPC paste. This is already well known for blended cements (Moon et al., 2018; Ballim and Graham, 2009). In fact, increasing the amount of fly ash and slag reduces the heat of hydration of the paste, given that typical enthalpies of slag and fly ash in blended cement pastes are around 530 J/g and 285 J/g, respectively (Han et al., 2017), compared to the roughly 500 J/g of OPC (Bentz, 1997).
The ultimate heat release Q∞ is estimated next, based on extrapolation of the cumulative heat release Q(t). This way, the degree of reaction α(t) can be defined as α(t) = Q(t)/Q∞ (Joseph et al., 2018; Delsaute and Staquet, 2017). By representing the cumulative heat release as a function of the inverse of the square root of the age, a linear trend is observed after the equivalent age of around 20 h. When time tends to infinity, the inverse of the square root of the age tends to be zero. Thus, Q∞ is defined as the intersection of the fitted straight line with the vertical axis (Medaets and Lambrette, 2014). An example of the method is illustrated in Figure 4 for the composition SB0.55Ms1.44. The resulting ultimate heats for all eight compositions are listed in Table 3. The resulting ultimate heat release increases when S/B increases while Q∞ increases when Ms decreases (except for Ms1.24).
[image: Figure 4]FIGURE 4 | Extrapolation procedure for the ultimate heat [image: image]: cumulative heat release as function of the inverse of the square root of the age for the composition SB0.55Ms1.44.
TABLE 3 | Extrapolated ultimate heats Q∞ for the different compositions.
[image: Table 3]3.3 Apparent activation energy
3.3.1 Method of superposition
Next, the results of the heat release obtained at 10°C, 20°C, and 30°C, see Figure 5A for the exemplary results of the composition Ms1.58, are used to define the apparent activation energy. The apparent activation energy is calculated individually based on three combinations of measured heat releases: 10°C–20°C, 20°C–30°C, and 10°C–30°C, respectively, using first the method of superposition, as explained in Section 2.3.3 (see Equation 3). A very good superposition of the curves is observed for the three curing temperatures when expressed in function of the equivalent age, see the superimposed heat releases depicted in Figure 5B. The resulting activation energies Ea are presented in Table 4.
[image: Figure 5]FIGURE 5 | Cumulative heat of Ms1.58 (A) and results of activation energy for Ms1.58 according to the method of superposition (B).
TABLE 4 | Activation energies Ea expressed in kJ/mol for each composition (method of superposition).
[image: Table 4]Most remarkably, the resulting activation energies (disregarding the three outliers) are rather close to each other, ranging from 67.3 to 79.1 kJ/mol. Those results are similar to the ones of S. Joseph, S. Uppalapati & Ö. Cizer (2018; 75.2 ± 6.7 kJ/mol; Joseph et al., 2018). The average value based on temperatures 10°C–20°C is the highest, followed by the one of 10°C–30°C and finally 20°C–30°C. Thus, the apparent activation energy seems to be slightly decreasing for increasing temperature. We conclude that Ea seems related to the nature of the binder and not to the content of the activator for the range studied here.
Compared to a cement paste with an apparent activation energy of 38 kJ/mol, the apparent activation energy of the AASF is much higher (Mounanga et al., 2006). It is also interesting to compare the obtained activation energies for the tested slag-fly ash mixes to mixes with only slag or only fly ash. For alkali-activated slag, Ea was determined as 53.6 kJ/mol (Huanhai et al., 1993), for alkali-activated fly ash with a concentration of NaOH of 8M, it amounted to 83.5 kJ/mol (Nath and Kumar, 2019). Applying a simple “rule of mixture” using the aforementioned literature values for our composition with 50% slag and 50% fly ash, one would end up at an activation energy of 68.6 kJ/mol, which is reasonably close to our average.
3.3.2 Method of rates
As an alternative to the superposition method, the apparent activation energy is determined using the method of rates, as explained in Section 2.3.3 (see Equation 3), see Supplementary Figure S3A,B. In Supplementary Table S1, the mean values of the activation energies, averaged over the interval of heat releases, are listed. The obtained results based on the rate method are virtually equivalent to the results using the superposition method.
3.4 Autogenous strain
Next, AutoShrink test results are studied. Notably, autogenous strains, (excluding strains from thermal deformations, as explained in Section 2.3.2) are set to zero at the beginning of the test, around 1.5 h after the mixing of the pastes, which is the time needed to start the test. Figures 6A,B show the development of the autogenous shrinkage of AASF pastes with different values of S/B and Ms, respectively, over a period of 2 weeks as a function of the equivalent age. Most notably, shrinkage strains for all mixes are rather large, they amount to 3,800–5,000 μm/m after 2 weeks. In general, a paste with a high S/B (and thus a high W/B) exhibits a late onset as well as a reduced magnitude of autogenous shrinkage. The reason is that high W/B induces larger pores, resulting in lower capillary pressures and thus in smaller autogenous shrinkage (Lee et al., 2014). In other terms, densification due to lower W/B, implying a reduction and a refinement of the pores, leads to larger capillary pressures and thus larger shrinkage The autogenous shrinkage slightly increases when the Ms modulus decreases. A smaller Ms also means more NaOH in the composition. As for the results obtained with the compressive strength and the heat release, this higher amount of NaOH leads to a higher pH in the solution and may be at the source of the higher autogenous shrinkage. Similar results were found by Ballekere Kumarappa et al., 2018.
[image: Figure 6]FIGURE 6 | Autogenous strains of AASF pastes as a function of the equivalent age with different S/B (A) and with different Ms (B); and as a function of the cumulative heat with different S/B (C) and with different Ms (D).
The autogenous shrinkage of AASF pastes is much higher than that of OPC pastes (Jensen and Hansen, 1999). The chemical shrinkage and finer pore structure are certainly responsible for the change in magnitude (Cartwright et al., 2014; Prabahar et al., 2021; Vafaei et al., 2020). For OPC, some swelling may be observed (as is the case for our mix) just after setting, while there is no swelling for the AASF. In fact, the formation of ettringite in OPC during and after setting causes internal pressure inside the matrix and thus at the macro-scale, swelling (Carette et al., 2018). In AASF paste, no ettringite is formed which may be the reason for the absence of swelling.
As explained in the introduction section, the development of the autogenous shrinkage is associated to the reaction process (formation of finer or more refined capillary pores (Prabahar et al., 2021; Vafaei et al., 2020)) and thus the heat release. In Figures 6A,B, the development of the autogenous shrinkage is plotted according to the heat release. It is observed that the autogenous shrinkage evolved linearly with the heat release for all eight compositions. Thus, the autogenous shrinkage strains [image: image] may be readily fitted according to:
[image: image]
With [image: image] as proportionality parameter, [image: image] is the heat release at the start of the development of autogenous shrinkage, and [image: image] as ultimate heat obtained from isothermal calorimetry measurements as explained in Section 3.2. The parameters [image: image] and [image: image] are obtained by least-square fitting of the observed relations in Figures 6A,B and are listed in Table 5. The rather excellent agreement of the linear fit with the measurements (quadratic correlation coefficients above R2>96%, see Table 5) may indicate that there is one major reaction occurring that induces autogenous strains when slag and fly ash react with both NaOH and sodium silicate. Also, for the same strain, there is more heat release when the S/B is higher. And for the same heat release, there is less strain for a higher S/B ratio. For most of the compositions, the material parameter [image: image] (which is proportional to the slope between the autogenous strain and the heat release) increases when the S/B ratio decreases, see Table 5. When the fitting parameter [image: image] is studied as a function of Ms, a maximum emerges at Ms = 1.38. This means that the composition with a lower S/B ratio and the compositions with Ms = 1.38 may exhibit a lower cracking risk: for the same autogenous strain development, less heat is released. However, for a proper analysis of the cracking risk, stiffness, and strength developments would be required (Serdar et al., 2020).
TABLE 5 | Fitting parameters Q0 and S together with the quadratic correlation coefficient R2 to describe the linear relation between autogenous strain and cumulative heat release.
[image: Table 5]3.5 Coefficient of thermal expansion
This section discusses the thermal expansion coefficients (CTE), which are obtained by subtracting the autogenous strain from the measured total strains. Figures 7A,B present the results of the (linear) CTE for each composition as a function of the equivalent age. Interestingly, the CTE increases rapidly until it reaches a peak between 40 and 100 h at magnitudes of 40 μm/m/°C, followed by a moderate decline. The evolution of the CTE and the magnitude of the CTE are both sensitive with respect to S/B and Ms, as detailed next. In general, the CTE starts increasing sooner and the peak of the CTE is higher when S/B and Ms are lower. The ultimate CTE (at ages of 2 weeks and later), however, seems to increase with increasing S/B. Water has a higher CTE than the solids building up the microstructure. This means that when there is less water, the CTE decreases. This explains the fact that CTE of AAM pastes decreases as the W/B ratio decreases (Sellevold and Bjøntegaard, 2006). Also, with higher water content, the E-modulus of the paste is lower and thus the pressure applied by the water for a temperature change causes more significant volume changes. (Königsberger et al., 2018b).
[image: Figure 7]FIGURE 7 | Coefficient of thermal expansion of AASF pastes as a function of the equivalent age with different S/B (A) and with different Ms (B).
Compared to an OPC paste with linear CTEs at mature ages amounting to 20–30 μm/m/°C (Königsberger et al., 2018b), the CTE for all measured compositions is significantly larger, an experimental result that raises the question whether traditional steel reinforcements may even be used with the tested AASF compositions, given the expected mismatch of thermal expansion coefficients. Moreover, the CTE evolution is slightly different, see Figure 7A. For OPC, the CTE increases and then remains almost constant, but for an AASF paste, the CTE increases and then it decreases.
3.6 Internal relative humidity
The evolution of internal relative humidity (IRH) is presented as a function of the equivalent age in Figures 8A,B for compositions with different S/B ratios and Ms moduli, respectively. For all compositions, the IRH remains rather high, namely between 94% and 100%. To further analyze the results, the measured IRH is corrected by the relative humidity (RH) above the activator solution, which is therefore measured separately, see Table 6 for the results. The RH above the activator ranges from 92% to 98% which is expected because of the ions dissolved in the water and is thus less than 100%. A slight increase from 92 to 96% is observed when Ms increases, while the dependence on S/B is less clear. We define the IRH change ΔIRH as the IRH of the composition from which the RH above the activator solution is subtracted. The resulting evolutions of ΔIRH are presented in Figures 8C,D for compositions with different S/B ratios and Ms moduli, respectively, and discussed next.
[image: Figure 8]FIGURE 8 | Internal relative humidity (IRH) of AASF pastes with different S/B (A) and with different Ms (B); IRH difference ΔIRH (measured RH above activator solution subtracted from the measured IRH evolution of the paste) of AASF pastes with different S/B (C) and with different Ms (D).
TABLE 6 | RH values of the solution of each composition.
[image: Table 6]At the beginning of the test (between 1 and 2 days), an increase in the IRH (and ΔIRH) is observed for all compositions, which is in line with literature results and is explained by the progressive reduction of the ion concentration in the pore solution during the reaction of slag (Li et al., 2020b) and fly ash (Hu et al., 2020). Thereafter, the IRH either continues to increase or decreases slightly, resulting from several phenomena (Hu et al., 2020), 1) the consumption of pore water leads to a decrease in the IRH (self-desiccation), while 2) the release of water during the polymerization of aluminum and silicate monomers leads to an increase in the IRH, 3) the continuous change of the ion composition and concentration of pore solution also affects the IRH. Our results show that the magnitude and duration of the initial increase depend on the composition. It is faster and yields a pronounced peak for pastes with S/B ≤ 0.55, for which the IRH slowly decreases after the peak, see Figure 8C. This probably is a consequence of the dominating self-desiccation mechanism. For compositions with S/B ≥ 0.64, the IRH continuously increases during the entire measurement interval of 2 weeks, which suggests that self-desiccation is less significant. The RH difference ΔIRH is significantly larger for pastes with small silica modulus Ms, as depicted in Figure 8D. It amounts to roughly 8% for the paste with Ms = 1.04 but is close to zero for the paste with Ms = 1.58.
Next, we attempt to correlate the IRH results to autogenous strain and CTE evolution, see Figures 9A,B as well as Figures 9C,D. In general, the higher ΔIRH of the paste is, the larger are the autogenous strains, see Figure 9A. This may suggest, that despite the minor changes of IRH (or ΔIRH), it can still be, at least very qualitatively, correlated to the shrinkage, suggesting that self-desiccation is an important phenomenon when explaining the high shrinkage observed in these pastes. More pronounced self-desiccation effects on IRH evolution might, in fact, be masked by the changing ion composition and concentration in the activator solution. The IRH does, however, not correlate with the measured CTE evolutions, see Figures 9C,D.
[image: Figure 9]FIGURE 9 | Comparison of IRH and autogenous strain with different S/B (A) and with different Ms (B); comparison of IRH and CTE with different S/B (C) and with different Ms (D).
4 CONCLUSIONS AND OUTLOOK
The early-age evolutions of autogenous and thermal strains of alkali-activated slag-fly ash mixes have been experimentally quantified. These tests are accompanied by compressive strength tests, isothermal calorimetry, and internal relative humidity (IRH) tests. Based on the different experiments conducted, several conclusions can be drawn:
• Autogenous shrinkage strains are very high for all eight tested compositions, much higher than in comparable ordinary Portland cement (OPC) paste. The shrinkage is smaller for pastes with a higher solution-to-binder ratio (S/B) and a higher silica modulus (Ms). Most notably, the autogenous strains increase linearly with the cumulative heat, measured using isothermal calorimetry.
• By analogy, thermal strains in AAMs are much higher than in OPC paste. The corresponding coefficient of thermal expansion (CTE) amounts to magnitudes between 30 and 70 μm/m/°C. It is lower for pastes with smaller S/B and smaller Ms. Initially, the CTE increases rapidly for all compositions up to ages of two to 4 days, followed by a slow decrease. The generally very high expansion coefficients as well as the significant changes during the hardening underline the sensitivity of the tested AAMs upon temperature changes and may question their suitability for concrete together with steel reinforcements.
• The compressive strength of the reference AAM mix is smaller at the age of 2 days but is already larger at 7 days, compared to OPC paste with similar water content. In general, strength increases when S/B decreases. The seven-day-strength decreases slightly with increasing Ms.
• The heat flow evolutions exhibit two characteristic peaks. Interestingly, the second peak occurs later (the induction period lasts longer) and is more pronounced for pastes with higher S/B and higher Ms.
• The activation energy, determined by means of isothermal calorimetry tests performed at 10°C, 20°C and 30°C is virtually constant for all compositions, irrespective of S/B and Ms, and amounts to 73.9 kJ/mol.
• The IRH remains above 94% for all compositions up to ages of 2 weeks, despite the large autogenous strains. For pastes with S/B ≤ 0.55, the IRH increases rapidly, reaches a peak at two to 4 days, and then slowly decreases; for pastes with higher S/B, the IRH continuously increases. This may underline counteracting phenomena, self-desiccation (which decreases the IRH during maturation) and a change in ion concentration or composition in the pore solution and/or the release of water during polymerization (which lead to an IRH increase).
The striking linearity between autogenous strains and heat release motivates a deeper analysis of the origin of the shrinkage in AAMs. Therefore, ion composition and concentrations in the pore solution should be measured in parallel to the IRH, particularly during early ages. After all major phenomena are quantified individually, shrinkage predictions using micromechanics modeling can be attempted, based on the evolutions of capillary pore pressures as well as the viscoelastic behavior of the material.
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