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One-part alkali-activated slag (AAS) as a binder material has a promising application in the construction industry. The properties of one-part AAS incorporating agricultural wastes have been seldom studied. In this paper, the fresh and hardened properties of one-part AAS with the addition of rice straw powder (RSP) were investigated. The reaction rate in the acceleration period of AAS is reduced by RSP. The compressive strength of the mixture decreases with the introduction of RSP, while the flexural strength increases. The porosity of the hardened mixtures becomes lower when RSP was incorporated. N-(C)-A-S-H gel was detected in the system when 4.2% RSP was present. The RSP reduces the early-age autogenous shrinkage of AAS by providing internal curing to the matrix, but its effect on long-term drying shrinkage is limited.
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1 INTRODUCTION
The usage of alkali-activated materials (AAMs) as binder materials has been demonstrated to be promising in construction industry. With industrial by-products or waste as precursors, the use of AAMs adds value to the sustainability of the construction sector (Shi et al., 2020; Chindaprasirt et al., 2022; Sadeghian et al., 2022). Alkali-activated binders typically include two-part and one-part or “just add water” binders. The two-part alkali-activated binder is prepared by liquid alkali solution, while the one-part alkali-activated binder involves a dry mix of precursor and solid activators with the addition of water. Without the use of a liquid activator, which is toxic and inconvenient to store and transport, the latter system is easier and safer to prepare by workers (Luukkonen et al., 2018; Sadeghian et al., 2022). Agricultural wastes (e.g., rice straw or husk fibers and ashes) are renewable materials with rich resources, economy, and environmental protection (Ardanuy et al., 2015; Van Nguyen and Mangat, 2020). Many researchers have studied the influences of pre-treated rice straw on OPC and AAMs systems (Xu et al., 2012; Hwang and Huynh, 2015; Xia et al., 2018). It was discovered that incorporating these agricultural wastes improved the mechanical properties and microstructure of the OPC system. Rice straw fibers, for example, reduce the cost of cement bricks while also providing greater insulation and fire resistance (Xia et al., 2018). Rice husk ash (RHA) has been used as natural pozzolans in OPC concrete systems (Huang et al., 2017). RHA can react with the calcium hydroxide phase produced by cement hydration to form the calcium hydrated silicate and other gelling compounds, resulting in excellent mechanical properties and environmental sustainability (Zareei et al., 2017; Miller et al., 2019). Likewise, studies on the mechanical properties and microstructure of AAMs with agricultural wastes as precursors have also been conducted (Hwang and Huynh, 2015; Sturm et al., 2016). The addition of rice straw fibers, for example, has a considerable impact on improving strength and compensating for dry shrinkage in AAMs (Van Nguyen and Mangat, 2020). However, the properties of one-part alkali-activated slag (AAS) incorporated with agricultural wastes have been seldom studied until now.
One of the main disadvantages of AAMs is their large shrinkage (e.g., autogenous and drying shrinkage), which is relevant for both one-part and conventional AAMs (Ye and Radlińska, 2016; Luukkonen et al., 2018). Some literature documented that the shrinkage of AAS can be up to 6 times that of OPC peers (Ye et al., 2017; Omelchuk et al., 2018). Internal curing agents (Jiang et al., 2021; Yang et al., 2021), shrinkage-reducing admixtures (SRA) (Palacios and Puertas, 2005; Ye et al., 2020), and heat curing (Aydın and Baradan, 2012; Humad et al., 2019) have all been investigated as methods to reduce the high shrinkage of alkali-activated binders. According to previous research (Jiang et al., 2021; Yang et al., 2021), internal curing agents such as superabsorbent polymer and lightweight aggregate can significantly mitigate the autogenous shrinkage of AAS by relieving capillary stresses, but this strategy compromises the early age compressive strength of AAMs and is ineffective in reducing the drying shrinkage of AAMs. When compared to the control sample, the addition of a shrinkage-reducing admixture (SRA) can lower the drying shrinkage of the system by approximately half (Palacios and Puertas, 2005; Ye et al., 2020). Expansive additives used in OPC, such as MgO-type and gypsum, have the potential to reduce the drying shrinkage of AAS. It has been found, for example, that adding higher than 5% highly-reactive MgO reduces the drying shrinkage of AAS at an early age (Jin et al., 2014). Bakharev et al. (2000) discovered that adding 6% gypsum in AAS can significantly lower the drying shrinkage due to the compensating effects of AFt and AFm phases. Heat curing has been employed in some studies to reduce shrinkage (Jiang et al., 2021; Yang et al., 2021). It has been found that the condensation of C-A-S-H during high-temperature curing may result in the formation of a coarse porosity microstructure that reduced effective capillary stress (Bakharev et al., 1999). The shrinkage of one-part AAS is also considerable according to (Coppola et al., 2020; Yin et al., 2022) and seems to be smaller than the two-part AAS (Yin et al., 2022). The difference between shrinkage reduction of one-part AAS and conventional AAS has not yet been reported to our knowledge. In addition, the effective shrinkage compensating techniques of one-part AAS is still lacking. It would be beneficial if the incorporation of agricultural wastes could mitigate the shrinkage of the AAS system.
The goal of the current paper is to explore the feasibility to incorporate an agricultural waste, rice straw powder (RSP), into the one-part AAS system. Firstly, the incorporation of RSP on the setting time and reaction kinetics of AAS paste with and without RSP are investigated. Then, the effect of RSP on the microstructure of AAS pastes is analyzed. X-ray diffraction (XRD), Scanning Electron Microscope (SEM), Energy Dispersive Spectroscopy (EDS) tests and Mercury intrusion porosimetry (MIP) are conducted to characterize the hydration products and the pore structure of the hardened mixtures. 1H nuclear magnetic resonance (NMR) tests are used to evaluatethe possible internal curing effect of RSP. Finally, the autogenous, drying shrinkage, and mechanical properties of the mixtures are studied. The results of this paper are valuable for the application of one-part AAMs with the incorporation of agricultural wastes.
2 EXPERIMENTAL
2.1 Materials and sample preparation
The ground granulated blast furnace slag (hereafter denoted as slag) was used as the main precursor. Solid anhydrous sodium silicate powders and analytic reagent-grade solid flake sodium hydroxide were used as solid activators. The content of the former ingredient was 76.9% SiO2 and 23.1% Na2O (i.e. molar ratio: SiO2/Na2O = 3.4). The density of the solid anhydrous sodium silicate powder was 2.4 g/cm3. The alkalis do show a high carbon footprint compared to cement and slag, but due to the relatively low dosage of the alkalis (usually <10%), the overall CO2 emission and embedded energy per ton of binder are still much lower than OPC systems, according to (Provis and Bernal, 2014). Several studies have been conducted on alternative activators like Na2CO3 and Na2SO4, but the mechanical properties of the binders are relatively low (Wang et al., 1994; Abdalqader et al., 2016) due to the low pH. For one-part AAS, we expect the strength would be even lower since there is no alkali solution immediately available and the reaction of slag relies on the dissolution of Na2CO3 and Na2SO4 which provide too low OH─. Tap water was used for the mixing. The RSP Figure 1A was obtained from ball milling of rice straw fibers, which was provided from a locally harvested field in Anhui province of China. The RSP was collected and passed a No. 60 sieve (the mesh size is 0.3 mm). The density of RSP was 1.4 g/cm3. The contents of cellulose, hemicelluloses, and lignin in the rice straw powders were 28.4%, 27.3%, and 4.4%, respectively, according to the Van Soest method (Van Soest, 1965). Three repetitions of every sample were done. The chemical compositions of slag and RSP are given in Table 1, based on X-ray fluorescence (XRF). It can be seen that the RSP involved fibrous and prismatic-shaped particles, as shown in Figure 1B. The particle size distributions determined by laser diffraction (GSL-101BI, Liaoning) were displayed in Figure 2. To obtain the particle distribution of the testing samples, 2–3 mg of the powder was first poured into a transparent rectangular glass container filled with alcohol, then the glass container was placed in an ultrasonic cleaner (KQ218, Kunshan) for ultrasonic dispersion for 5 min, the glass container was further placed into the groove of a laser particle distribution meter for testing. Finally, the results were measured by the corresponding particle analysis software on the computer connected to the instrument. The mean particle diameters determined by laser diffraction of slag and RSP were 10.6 µm and 165.5 µm, respectively.
[image: Figure 1]FIGURE 1 | (A) particle morphology and (B) SEM morphology of rice straw powder.
TABLE 1 | Chemical composition of slag and RSP (wt. %).
[image: Table 1][image: Figure 2]FIGURE 2 | The particle size distributions of slag and rice straw powder.
2.2 Mix proportions
The water glass moduli and the Na2O dosage were fixed at 1.5 and 4% by mass of slag for all the mixtures. The volumetric contents of RSP were the ratio of the volume of the RSP to the volume of precursor (slag). The volumetric contents of RSP were 1.0%, 2.1% and 4.2%, corresponding to 0.5 wt. %, 1 wt. % and 2 wt. %. The mixed proportions of the mixtures were shown in Table 2. The water/solid ratio of the mixtures was 0.41. The mixing process of AAS pastes involved the dry blending of solid materials first for 3 min manually to obtain a homogeneous mixture. Then water was added to the mixture by stirring. The mixtures were continuously stirred at 140 rpm for 2 min, then stopped for 15s, and stirred at 285 rpm for another 2 min.
TABLE 2 | Mix proportions of alkali-activated slag pastes.
[image: Table 2]2.3 Experimental part
2.3.1 Setting and hydration heat
The initial and final setting time of the pastes was measured by a Vicat apparatus (Standardization Administration of the People’s Republic of China, 2011). An eight-channel isothermal calorimeter with a temperature of 20 ± 0.02°C and a minimum detection limit of 4 μW was used to measure the hydration heat of AAS pastes. To obtain a homogeneous mixture, 10 g of pre-mixed powders and 4.43 g of water were placed into the plastic bottles with an inner diameter of 24.5 mm and manually stirred for 2 min. The bottles were then sealed and transported to the chamber. The entire procedure took around 10 min. The evolution of hydration heat and cumulative heat were tracked for 3 days. The reaction heat results are normalized by the weight of slag.
2.3.2 Microstructure characterization
The pore structure of the samples was measured by a MIP test carried out with MicroActive AutoPore V9600. The samples after 28 days of moist curing (constant temperature of 20°C and relative humidity >99%) were broken into small pieces with a maximum size of 5 mm and then placed in a large volume of isopropanol for 7 days. The isopropanol was replaced by a new one after 1 and 3 days. The samples were then dried in a desiccator under vacuum for 7 days.
The low-field 1H NMR instrument (MacroMR) of Suzhou Niumai Analytical Instrument Corporation was conducted for the 1H NMR test. The constant magnetic field was 0.3 T. The length of the π/2 rf pulse (P1) and π rf (P2) pulse was 7 and 13.04 μs, respectively. The transverse relaxation time (T2) of free water and RSP-entrained water in the pastes was determined using the Carr-Purcell-Meiboom-Gill (CPMG) methods (Zhou et al., 2018; Jiang et al., 2021). To improve the signal to noise ratio of the CPMG relaxation time measurements, eight repeated scans were performed. The room temperature was kept constant at 20 ± 2°C throughout the testing period. The measurement was conducted on paste cured for 1 day and 7 days with moist curing.
The prepared samples after 28 days of moist curing were ground to pass through a 75-micron sieve prior, then they were placed in anhydrous ethanol to stop hydration for at least 3 days. The samples were further dried for 3 days under vacuum. They were collected for the XRD tests, which were carried out on a Rigaku Smartlab9 X-ray diffractometer, with a tube setting of 40 kV and 150 mA. The step size is 0.02° and the scan rate is 8°/min. The XRD data were collected in the 2θ range of 5–90°.
Some powders were also gold-coated for SEM and EDS tests, which were carried out on a high-resolution Schottky field emission (FEI 400FEG). The SEM test was used to observe the surface of the powder particles. One of the three points in the EDS test was chosen in the region of reaction products for EDS analysis.
2.3.3 Compressive strength and flexural strength
40 × 40 × 160 mm3 alkali-activated slag specimens were prepared according to NEN-196–1 (NEN 196-1, 2005). The compressive strength and flexural strength of the specimens were tested at 1 day, 7 days, and 28 days with moist curing. Compressive strength tests were performed on the broken half prisms from the flexural strength tests.
2.3.4 Autogenous and drying shrinkage
The autogenous shrinkage test was conducted under sealed conditions. The fresh AAS pastes were poured into molds with dimensions of 25 × 25 × 280 mm and sealed by plastic film. The specimens were wrapped in plastic films after 12 h of demolding, set as the zero time. When we measured the lengths of specimens after 24 h demolding, the initial deformation during the 24 h of mixing was ignored. However, the autogenous shrinkage of AAS systems develops quickly in the early stages. Hence, we intended to remove the molds as soon as possible to get early autogenous shrinkage results. Finally, the zero time of 12 h instead of 24 h was chosen due to the difficulty in demolding and consideration of the integrity of the test specimens. The mass loss of the specimens was within 0.1 g during the measurements. The lengths of specimens were measured using a digital comparator. The comparator had a resolution of 0.01 mm. The drying shrinkage measurements were started after demolding at 24 h, which is unlike the foregoing autogenous shrinkage test. They were exposed to a curing chamber with a constant relative humidity of 50% after measuring the initial lengths. The length and mass loss of AAS samples were recorded regularly. These two tests were both conducted at a constant temperature of 20°C.
3 RESULTS AND DISCUSSION
3.1 Setting times
Table 3 presents the setting time of the AAS mixtures with and without RSP. The control mixture has an initial setting time of 78 min and a final setting time of 158 min. It can be seen that the initial and final setting times of the mixtures are delayed after adding RSP. The RSP4.2 has initial and final setting times of 350 min and 450 min, respectively. This is related to the cellulose in RSP undergoing chemical reactions in an alkaline environment. This leads to various acids being generated and neutralized with hydroxide ions to produce salts. These salts accumulate on hydration products and prolong the setting time of AAS, as described in (Yun Yang and Montgomery, 1996; Guo and Wu, 2008; Doudart de la Grée et al., 2017; Choi and Choi, 2021). The retarding properties produced by RSPs can improve the open time of alkali-activated slag during construction.
TABLE 3 | Setting times of AAS mixtures.
[image: Table 3]3.2 Reaction kinetics
The heat evolution curves of the AAS pastes with and without RSP are shown in Figure 2. It was found that the mixtures all show two peaks in the heat flow curves (Figure 3A). The first peak is dominated by the dissolution of slag grains and solid activators, whereas the second peak is attributed to the formation of the major aluminosilicate gels (Tu et al., 2019). In addition, it also can be seen that the first peak of RSP-based pastes exhibits a moderate delay compared to the control sample. This can be attributed to the fact that RSP has larger particle sizes than slag, which results in less slag-activation solution contact and a delayed dissolution of the slag. After the induction period, the addition of RSP reduces the intensity of the main peak. As indicated in Section 3.1, RSP can be degraded in an alkaline environment to produce acids such as glycolic acid and lactic acid and then neutralized with OH− (Yun Yang and Montgomery, 1996; Guo and Wu, 2008; Doudart de la Grée et al., 2017). This may be contributed to a lower pH of the RSP-based AAS system. Hence, the heat flow of the AAS pastes decreases upon the addition of RSP.
[image: Figure 3]FIGURE 3 | (A) Cumulative heat flow and (B) cumulative heat of AAS mixtures with and without RSP.
The accumulated heat results likewise exhibit the aforementioned impacts. Figure 3B demonstrates that the cumulative heat of RSP1.0 and RSP2.1 pastes are lower than that of the control sample after the deceleration period. However, the cumulative heat of RSP4.2 pastes becomes higher in the long run. This suggests that the addition of 4.2% RSP enhances the reaction of the AAS in the long run and increases the amount of hydration products, as will be mentioned in the next section. It also can be noticed that the final cumulative hydration heat of the four AAS pastes increased to 150J/g until 72 h, which was about half that of the common heat release of OPC pastes with the same w/b of 0.45 (Brough and Atkinson, 2002). This finding is consistent with the results of one-part and conventional AAS mixtures (Li et al., 2019a; Kim et al., 2019).
3.3 Hydration products
Figure 4 presents the XRD patterns of the AAS mixtures with and without RSP at the age of 28 days. It can be found that slag was mostly amorphous (Ye and Radlińska, 2016). The SiO2 can be seen in the XRD pattern of RSP. From the X-ray diffractograms for AAS paste, the peaks at 29° and 49.8° represent the formation of C-(N)-(A)-S-H (denoted as “1”) and C-A-S-H (denoted as “2”) gels (Ben Haha et al., 2011; Kovtun et al., 2015). They were the main hydration products of the AAS system, as described in (Li et al., 2019a; Qu et al., 2020). Calcium aluminum oxide hydrate and calcium aluminum oxide carbonate hydrate are also found in RSP-based pastes, especially for the RSP2.1 and RSP4.2 pastes. All pastes contain calcite (CaCO3), which can be related to atmospheric carbonation (Jiao et al., 2018). Similar results also can be obtained in (Ben Haha et al., 2011; Kovtun et al., 2015). Compared to the results as reported in (Yin et al., 2022), rice straw ash from burning of rice straw and rice straw powders from shredding have different influences on AAS due to their different physical and chemical properties. The rice straw ash results in the anisotropic growth of the formed crystals, which can partially compensate for the autogenous shrinkage of the pastes. While it seems that RSP used in this study leads to no distinct changes in the main hydration products of the AAS binder according to the XRD data. In addition, distinct differences in the morphologies of the C-S-H can be observed between RSP4.2 and control pastes, as will be analyzed below.
[image: Figure 4]FIGURE 4 | XRD patterns of the AAS mixtures with and without RSP after 28 days of curing.
Figure 5 shows the microstructure of the control and RSP-based pastes at 28 days Figure 5A and Figure 5B display the SEM image of control and RSP4.2 pastes. Some cracks can be observed in Figure 5A. This can be attributed to the shrinkage during curing or sample preparation (Li et al., 2021). Small amounts of C-S-H (I) can also be found attached to the matrix phases, which is consistent with the results of (Ren et al., 2021). Figure 5B reveals that a substantial amount of N-(C)-A-S-H gel (petal-shaped) accumulated into clusters in the RSP4.2 sample, as indicated in the reaction kinetics analysis. The RSP4.2 sample also has flake fibers, as marked by red circles. As the fibers become intertwined, the compressive strength decreases due to the agglomeration of the fibers. Similar results can be found as described in (Alomayri, 2017).
[image: Figure 5]FIGURE 5 | Morphologies of (A) control and (B) RSP4.2 paste and EDS analysis of the AAS paste with and without RSP at 28 days.
Table 4 displays the EDS results of the selected zone of the hardened mixtures at 28 days. In comparison to the control sample, the Ca/Si ratios of the RSP1.0, RSP2.1, and RSP4.2 samples are lower. The lower Ca/Si ratios of AAS pastes appear to have a denser microstructure, especially for the RSP4.2 sample (Figure 5B). The Si/Al ratio of the control sample was 1.81, which is supported by the results reported by Jiao et al. (Lloyd et al., 2010; Jiao et al., 2018). The RSP1.0, RSP2.1, and RSP4.2 samples have Si/Al ratios of 3.26, 2.70, and 3.74, respectively, indicating that Si-O bonds were generated more in AAS specimens. As shown in Table 4, the Na/Al ratio of RSP-based pastes increases, implying that Na+ eventually integrates into the gel products. It can be seen that N-A-S-H gel was generated in RSP4.2 (Figure 5B), and the other mixtures were not detected. This may be the reason for the significantly high Na/Al for RSP4.2 compared to other mixtures. This is related to cellulose in RSP is more likely to dissolve and precipitate in an alkaline environment. Hence, the sodium contained in RSP can be released to participate in the formation of N-(C)-A-S-H gels (Doudart de la Grée et al., 2017). Further studies are still necessary to reveal the mechanism of this phenomenon.
TABLE 4 | EDS determination of atomic ratio.
[image: Table 4]3.4 Pore-related properties
Figure 6 shows the pore size distribution and cumulative intrusion of the AAS mixtures at 28 days. According to (Jiao et al., 2018), Table 5 depicts the classification of pores. Table 6 lists the results of the volume proportion, average pore sizes, and porosity of the hardened mixtures. The porosity discussed here is the total porosity of pastes. From Table 6, It can be found that the volume proportion of mesopores of RSP-based AAS mixtures was all increased. The volume proportion of mesopores of RSP4.2 paste is 8.6% higher than that of the control samples. It can be noted that RSP-based AAS pastes had a lower volume proportion of voids and microcracks. In addition, the porosity of AAS hardened pastes decreases upon the introduction of RSP. The porosity of RSP1.0, RSP2.1, and RSP4.2 paste is 9.2%, 8.2%, and 5.8% lower than that of the control pastes. These may be explained by that the adsorption of the mixing water by the presence of RSP (Vargas et al., 2017). By decreasing the mixing water, less porosity is generated. Furthermore, the formation of hydration products (Figure 4) is also responsible for the decreased porosity of AAS binders.
[image: Figure 6]FIGURE 6 | (A) Differential intrusion and (B) cumulative intrusion of AAS mixtures with and without RSP at 28 days.
TABLE 5 | Classifications of pores in the AAS pastes.
[image: Table 5]TABLE 6 | Volume proportion, average pore sizes, and porosity of hardened mixtures at 28 days.
[image: Table 6]3.5 Relaxation distribution and liquid status
The 1H NMR method reveals the internal curing effect of RSP in AAS during the hydration process. The transverse relaxation time (T2) of control and RSP4.2 paste is shown in Figure 7. It can be seen that the T2 distributions of the two mixtures mainly fall in 0.1–100 ms, which corresponds to the signal of capillary water (Liu et al., 2021). The initial single peak at T2 of 0.1–10 ms shifts left from 1 day to 7 days, which indicates that the pore structure is dense due to the continuous production of hydration products (Jiang et al., 2021; Liu et al., 2021). With increasing hydration time, the intensity of the T2 peak dropped, implying that free water was continuously consumed and transformed into chemical-bound water.
[image: Figure 7]FIGURE 7 | T2 distributions of AAS mixtures with and without RSP for selected hydration times.
In the RSP4.2 mixtures at 1 day, an extra signal arises in the range of 100–1,000 ms. This is due to the entrained water in RSP, which is comparable to the signal observed in binders containing superabsorbent polymers (SAP) (Jiang et al., 2021; Zhong et al., 2021). This peak suggests that RSP can act as an internal curing agent in one-part AAS. The hump representing RSP-entrained water is not visible at the age of 7 days, which suggests that the water was gradually consumed as evidence of internal curing. This is also analogous to the internal curing of porous ashes such as RHA, which has been used for a long in cementitious systems (Van et al., 2014; Kang et al., 2019).
3.6 Mechanical properties
The compressive strength of the mixtures incorporating 1.0%, 2.1%, and 4.2% RSP is shown in Figure 8. As can be seen in Figure 8A, the compressive strength of the AAS mixtures increases over time. Compared with the control pastes, the compressive strength of RSP1.0, RSP2.1, and RSP4.2 samples show a lower magnitude of the reduction of the compressive strength with time. This is because RSP, which serves as internal curing by absorbing moisture during mixing (Section 3.5). At 28 days, the early-age strength shows a significant reduction as 4.2% RSP was added to the specimens. In addition to the internal curing by SAP between specimens, the decreased hydration rates at early ages of RSP-modified AAS binders are also a reason for this result (Figure 3). Furthermore, the decreased compressive strength with 4.2% RSP also may be related to the higher volume proportion of mesopores in the matrix, as indicated in Section 3.4.
[image: Figure 8]FIGURE 8 | Effect of RSP content on (A) compressive strength and (B) flexural strength of AAS mixtures after 1 day, 7 days and 28 days of curing.
As shown in Figure 8B, the incorporation of RSP increases the flexural strength of AAS mixtures. For example, compared with the control samples, the flexural strength of RSP1.0, RSP2.1, and RSP4.2 specimens at 1 day increased by 20.5%, 12.3%, and 24.0%, respectively. Similar trends can be seen in the flexural strength of the mixtures at 7 days and 28 days. The improved flexural strength indicates a strong bonding between RSP particles and the AAS matrix. Compared to other fibers like PVA fibers, the surface of the fibrous RSP is rougher (see Figure 1B) (Vargas et al., 2017). The RSP particles can be more closely embedded in the matrix by their bridge effect, thus the flexural strength of the mixtures is improved (Alomayri et al., 2013). Similar observations also can be seen in (Venkatesan and Pazhani, 2016). Also, the dense and thinner ITZ coupled with the porous RSP can be another reason for the enhancement in the flexural strength, similar to the Lightweight aggregates (LWA) concrete as described by Vargas et al. (2017). As indicated in Table 6, the lower volume proportion of voids and microcracks also relates to the higher flexural strength.
3.7 Autogenous shrinkage
Figure 9 demonstrates that the control mixture has an autogenous shrinkage of around 2000 μm/m at 7 days. The autogenous shrinkage at 28 days is 3000 μm/m. According to (Li et al., 2019a; Kim et al., 2019; Tu et al., 2019; Li et al., 2020a; Qu et al., 2020), the autogenous shrinkage of AAMs ranges from 2000 to 10,000 μm/m within 28 days. It seems that the autogenous shrinkage of the one-part AAS in this paper was smaller than the conventional AAS. It is worth noting that the autogenous shrinkage within the first 12 h was not measured in this paper. Nonetheless, the autogenous shrinkage of one-part AAS pastes in this paper was roughly 4 times larger than that of the OPC paste (w/c = 0.4) (Li et al., 2020a).
[image: Figure 9]FIGURE 9 | Autogenous shrinkage of AAS mixtures with and without RSP.
The autogenous shrinkage of AAS pastes becomes lower when RSP is present, especially at a very early age, as shown in Figure 9. This is also related to the decreased reaction rate due to the internal chemical reaction of the AAS pastes with the addition of RSP (see Figure 3). After 7 days, the reduction of the autogenous shrinkage for RSP1.0 and RSP2.1 paste is not obvious, which may be related to the low content of RSP. However, the RSP4.2 paste shows an autogenous shrinkage reduction of 47.8% at 7 days, as compared to the control paste. This mitigating effect is already comparable to the effect of SAP (Tu et al., 2019; Li et al., 2020b). These results suggest that RSP can be employed as an effective shrinkage-mitigating admixture for one-part AAS considering also comparable strength. As indicated in Section 3.5, the reason for the decreased autogenous shrinkage is probably due to the internal curing effect of RSP, since the internal curing water begins to be released from the swollen RSP at hardened stage. The moisture loss can be supplemented and thus the deformation caused by self-desiccation and volume reduction of chemical reactants can be restrained by RSP. Similar phenomena have been seen in SAP, LWA, and RHA containing AAS pastes (Kang et al., 2019; Balapour et al., 2020; Jiang et al., 2021). The pore structure of the hardened AAS pastes reveals that the addition of RSP increases the average pore size (see Table 6). This indicates a smaller hygro-mechanical deformation, in line with the above discussion. As a result, specimens with RSP should show a lower autogenous shrinkage.
3.8 Drying shrinkage and mass loss
Figure 10 depicts the development of drying shrinkage and mass loss of AAS samples with and without RSP. It can be seen from Figure 10A that the dry shrinkage of the one-part AAS pastes was only 60% of the drying shrinkage of conventional AAS pastes measured by Qu et al. (2020). According to other literature (Ye et al., 2017; Jiao et al., 2018; Li et al., 2019b; Kim et al., 2019; Qu et al., 2020), one-part AAS paste appears to have a lower drying shrinkage than two-part AAS, implying a positive message for the application of one-part AAS.
[image: Figure 10]FIGURE 10 | Drying shrinkage and mass loss of AAS paste with and without RSP.
The addition of RSP decreases the drying shrinkage of the mixtures at an early age. As shown in Figure 10A, the drying shrinkage is decreased by 32.2%, 35.1%, and 28.1% at 7 days compared to the control sample, respectively. Part of the reason lies in the reduction of the autogenous shrinkage of AAS pastes when RSP is present since the drying or in fact total shrinkage measured in this study was considered a combination of drying and self-induced shrinkages. The addition of RSP can be used as a filler to play a role similar to coarse aggregate in AAS (Gao et al., 2021). However, mixing 4.2% RSP increases the drying shrinkage after 13 days of AAS. The drying shrinkage of RSP4.2 paste is increased by 20.7% at 30 days, as compared to the control paste. It also seems that the drying shrinkage in RSP1.0 and RSP2.1 pastes can exceed that of the control sample after 30 days. The increased drying shrinkage may be related to the results of the internal curing, which can decrease the autogenous shrinkage but is not effective in reducing the drying shrinkage, since the entrapped free water would evaporate at a later age (Gao et al., 2020). In addition, the elastic modulus can also be reduced when RSP is present (as indicated in Figure 8A), which may contribute to larger drying shrinkage. The higher volume proportion of mesopores in RSP mixtures as mentioned in Section 3.4 also can be related to the high drying shrinkage at a later age, as described in (Collins and Sanjayan, 2000; Jiao et al., 2018). The tendency of the mass loss curve is similar to that of the dry shrinkage curve, which shows that the addition of RSP can not hinder the moisture loss of the mixtures.
4 CONCLUDING REMARKS
In this study, the fresh and hardened properties of one-part alkali-activated slag paste with and without RSP are investigated. The following conclusions can be made:
1. The addition of RSP prolongs the initial and final setting times of the AAS mixtures. The addition of RSP reduces the reaction rate in the acceleration period of one-part AAS.
2. The main products of one-part AAS with and without RSP are C-A-S-H gels. The porosity of AAS mixtures decreases and N-(C)-A-S-H gels are detected upon the addition of 4.2% RSP.
3. The introduction of RSP shows a smaller reduction in compressive strength of AAS mixtures when compared to the control sample. While the addition of RSP increases the flexural strength of AAS.
4. The introduction of RSP reduces the autogenous shrinkage of AAS pastes, attributed to the internal curing effect of RSP, but its mitigation of drying shrinkage is limited.
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