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Abstract

:

In this paper, the workability, mechanical, ion leaching, and drying shrinkage properties of alkali-activated concrete with recycled coarse and fine aggregates were studied, and the pore structure and micro-morphology of different alkali-activated recycled aggregate concretes (AARACs) were characterized by using the mercury intrusion method and scanning electron microscopy, respectively. The experimental results showed that with the increase in the replacement rate of the recycled fine aggregate (RFA), the flowability showed a decreasing trend. Adding a certain amount of RFA improves the mechanical properties of the AARAC. The compressive strength at a curing age of 28 days was 65.3 MPa with 70 wt% RFA replacement. When the replacement rate of the RFA was 100 wt%, the maximum splitting tensile strength (4.5 MPa) was obtained at a curing age of 7 days. However, the addition of the RFA had little effect on the flexural strength of the AARAC. As an extension of the curing age, the splitting tensile strength, flexural strength, tension-to-compression ratio, and flexure-to-compression ratio all showed an increasing trend at first and then a decreasing trend. At a curing age of 7 days, the tension-to-compression ratio and flexure-to-compression ratio were both high (except for those of R100), indicating that the ductility and toughness of the specimen were improved. The addition of the RFA increased the drying shrinkage of the AARAC. At a curing age of 120 days, compared to the specimen without the RFA, the drying shrinkage rate of the specimen with the addition of 70 wt% RFA increased by 34.15%. As the curing age increased, the microstructure of the reaction products became denser, but the proportion of large-diameter pores increased. This study evaluated the application of RFA in AARAC. The experimental results showed that the RFA-based AARAC had acceptable mechanical and durability properties.
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1. Introduction


Currently, concrete is one of the most extensively used construction materials, and its global average annual consumption is approximately 11 billion tons [1]. The excessive exploitation of natural resources such as sand and gravel has resulted in a scarcity of native resources and soil erosion, creating severe ecological and environmental problems [1,2]. Consequently, it is crucial and meaningful to find an environmentally friendly and stable composite material to replace some concrete materials [3].



In China, over 1.8 billion tons of construction and demolition waste (C&DW) are produced annually, 40% of which is waste concrete [4]. At present, the main disposal method of C&DW in China is stacking it in landfills, which is harmful to the ecological environment [5,6]. Moreover, it is estimated that the carbon dioxide emissions from the cement industry account for approximately 57% of global emissions [7,8,9]. The generation of the large volume of construction waste and the emission of carbon dioxide gas from cement manufacturing have a devastating impact on the environment. Therefore, in order to address the above-mentioned environmental and resource issues, some new types of concrete, such as alkali-activated concrete and recycled concrete, have been proposed.



Alkali-activated materials (AAMs) are typically made from ground granulated blast-furnace slag (GGBS), fly ash (FA), calcined clay, and other aluminate precursors [10,11,12]. Currently, numerous studies have successfully utilized solid waste materials to prepare geopolymer materials with various properties [13,14]. Regarding slag/fly ash-based geopolymers, both domestic and international scholars have extensively researched their preparation processes and properties [15,16]. Alkali-activated slag (AAS) concrete has excellent performance in terms of its early strength and corrosion resistance [17,18,19], but it also has some drawbacks, such as its large shrinkage and low toughness values [20,21], which limit its widespread application. Recycled aggregate (RA) is produced from waste concrete through crushing, shaping, screening, and other processes. The main difference between RA and natural aggregate is that the former has some old mortar adhering to its surface, and the aggregate particles contain a large number of microcracks formed during the crushing process of the waste concrete. The attached mortar and internal microcracks result in the recycled aggregate’s low apparent density, high water absorption, low strength, and rough surface [22,23,24], which leads to significant differences in performance between recycled aggregate concrete and natural aggregate concrete [25]. The density and absorption capacity of RA are influenced by the attached mortar [26,27]. When natural coarse aggregate was fully replaced by recycled coarse aggregate (RCA), the compressive strength was reduced by up to 30% in AAS concrete [28,29,30]. Aguilar et al. [31] reported that the porous and cracked structure of RA in AAS concrete resulted in a reduction in its compressive strength. The extra water used in RA reduced the dissolution rate of the silica-aluminate precursor of the alkali-activated matrix [32]. Sata et al. [33] showed that the incorporation of RCA generated a weakened interfacial transition zone in AAS concrete. In addition, the water absorption and permeable void volume of AAS concrete increased with an increase in a recycled aggregate admixture [34,35]. Kathirvel and Kaliyaperumal [28] reported that the compressive and flexural strengths of AAS concrete increased slightly, less than 10%, when 50% wt% natural aggregate was replaced with RCA. Cantero et al. [14] studied various replacement levels of recycled structure and demolition wastes in the production of structural concrete. Sun et al. developed self-compacting concrete based on RA, and the replacement levels of the RA ranged from 0 wt% to 100 wt% compared to other aggregates [4,36,37,38,39]. Therefore, the literature has shown that many structural concretes made of RA have good engineering performance. Aguilar et al. [31] reported that the high porosity and microcracks of RA led to a decrease in the compressive strength of AAS concrete. The extra water absorbed by RA reduced the dissolution rate of the aluminosilicate precursors in an alkali-activated matrix [32]. Kathirvel and Kaliyaperumal [28] reported that when the replacement rate of RCA to natural gravel was 50 wt%, the compressive and flexural strength of AAS concrete increased by less than 10% [36,37,38,40]. It has been reported that RFA in concrete may decrease its compressive strength by 21% to 60% and adversely affect its durability. Unlike RCA, RFA has more cement paste on its surface, and the attached cement pastes increase the porosity of the concrete. In addition, due to the complex composition of RFA, the replacement rate is highly restricted, and it is recommended that the replacement rate of RFA in concrete should not exceed 15% [40] or 20% [41]. In practice, the use of RFA in the production of concrete is highly restricted or even banned in some countries [42,43,44].



Based on this context, this study firstly attempted to fully replace natural coarse aggregates with RCAs for the manufacturing of alkali-activated recycled concrete. Then, the effects of the replacement rate of RFA on the fluidity, compressive strength, flexural strength, splitting tensile strength, and dry shrinkage of alkali-activated recycled concrete were investigated. In addition, the pore structure of alkali-activated recycled concrete was characterized by the mercury intrusion method. This work was a preliminary study on the preparation of alkali-activated recycled concrete using bulk solid wastes, which was expected to provide new insights into the development of green recycled concrete.




2. Materials and Methods


2.1. Materials


The materials of binder consist of ground granulated blast-furnace slag (GGBS) and fly ash (FA). The GGBS and FA were obtained from Gongyi and Zhengzhou (Henan, China), respectively. Their chemical compositions are listed in Table 1. Using a volumetric flask and kerosene, the particle densities of FA and GGBS measured by the Archimedes method were 2.42 and 2.93 g/cm3, respectively. The median particle size (D50) parameters of FA and GGBS were 1.83 μm and 3.19 μm. The alkaline activator with a modulus of 1.8 (molar ratio of SiO2 to Na2O) was prepared by blending sodium hydroxide pellets (purity ≥96%) and a commercially available sodium silicate solution (8.54 wt% Na2O and 27.3 wt% SiO2). According to literature [45,46], the proportion of activator solution was 8% Na2O (by weight of binder). After stirring, the activator solution was immediately transferred to an “air-tight container”. Prior to its use in concrete, it must be placed at ambient temperature for at least 24 h to reach equilibrium.



The recycled coarse aggregate (RCA) used in this study was derived from a new building materials factory in Shanghai. RCAs used in study have two particle size ranges, namely, 5–16.5 mm and 16.5–31.5 mm. The blended RCAs were measured according to national standard GB/T14685-2011 [47]. The recycled fine aggregate (RFA) was taken from a construction waste disposal plant in Shaoxing, Zhejiang Province, and its particle size was less than 4.75 mm. The natural fine aggregate (NFA) was taken from Poyang Lake and had continuous particle grading. In order to ensure the continuity of the particle size distribution of the recycled fine aggregates used in the test, the particles with different particle sizes were initially sieved according to national standard GB/T 14684-2011 [48], and then artificial blending was carried out according to the standard grading ranges in order to ensure the continuous grading of the RFA for the test. According to national standards GB/T 25177-2010 [49] and GB/T 25176-2010 [50], the properties of aggregates were evaluated, and the test results are shown in Table 2. The different particle sizes of aggregates are shown in Figure 1.



Tap water was used for mixing concrete and producing alkaline activator. According to the requirements of JGJ 63-2006 [51], it was ensured that tap water was free from impurities and any harmful substances.




2.2. Mixture Proportions


The system was modified with reference to previously published literature [52,53,54] and previous research results. The experiments were carried out with two cementitious materials of GGBS and FA in the ratios of 9:1. Alkali-activated recycled aggregate concrete (AARAC) was prepared using the preferred sodium silicate solution (with a modulus of 1.8 and alkali concentration of 8.0%) as an exciter. RFA was incorporated into the specimens to replace 0 wt%, 30 wt%, 50 wt%, 70 wt%, and 100 wt% NFA. Liquid:binder ratio (mass ratio of alkali solution to cementitious material) was 0.65, and the concrete sand rate was 40%. The mix proportion of AARAC is depicted in Table 3.



The preparation process of alkali-activated recycled concrete is shown in Figure 2. The specimens were prepared according to national standard GB/T 50080-2019 [55]. After casting, the surface of the casting molds was covered with plastic film to prevent moisture loss. All specimens were demolded after 24 h of casting and then cured in air at a temperature of 20 ± 3 °C, with the surface of specimens covered with plastic sheeting until testing took place.




2.3. Test Procedures


2.3.1. Flowability Measurement


The initial flowability of the newly mixed AARAC mixture was tested according to the standard T 0532-2020 [56]. Each specimen was measured at least three times until the error was less than 10%.




2.3.2. Leaching Experiments


Experimental leaching was carried out according to NEN 7341 [57]. The effects of Ca2+, Al3+, and Si4+ on the reaction products of RFA in alkaline solutions were analyzed using 4300DV inductively coupled plasma optical emission spectrometer (ICP-OES).



The artificially prepared RFA was dried and divided into 10 portions of 10 g. Volumes of 200 mL NaOH solutions with molar concentrations of 0 and 5 mol/L were prepared and labeled as A and B. The two NaOH solutions were divided into five portions of 40 mL each, for a total of 10 portions, which were placed in polyethylene (HDPE) bottles with a capacity of 100 mL. The weighed 10 portions of RFA were sequentially placed into the polyethylene bottles, shaken well, and then sealed in a water bath at a constant temperature of 25 °C. Placement times were 10 min, 3 h, 12 h, 24 h, and 48 h to form 10 test protocols. Table 4 shows the filtered samples placed under constant temperature until the specified soaking time. The filtrate was sequentially diluted by 1 mL to meet the concentration requirement (<40 mg·L−1) of the ICP-OES instrument. In this experiment, the samples were first diluted 1000-fold with deionized water and then 5-fold with 2% HNO3, which allowed for the testing of their ion concentrations.



The leaching data are presented as concentrations of the individual elements in the leachates (mg/g). The leaching rate is calculated as follows:


   R i  =   t · C · V   M    



(1)




where Ri is the leaching rate (mg/g), M is the mass of RFA used (g), t is the number of dilutions, C is the leaching concentration (mg/L), and V is the volume of eluent (L). The rate of increase in the leaching rate of alkali-activated reactive ions relative to that of non-alkali-activated ions was calculated according to Equation (2) for different leaching times.


  V r =   R a − R w   R w   × 100 %  



(2)




where Vr is the change in leaching rate (%), Ra is the leaching rate (mg/g) in alkali solution (0 and 5.0 mol/L), and Rw is the leaching rate (mg/g) in water (0 mol/L sodium hydroxide solution).




2.3.3. Mechanical Performances


Cubic molds (with the size of 100 mm × 100 mm × 100 mm) and prismatic molds (with the size of 100 mm × 100 mm × 400 mm) were used to prepare the specimens of AARAC for the compressive strength, splitting tensile strength, and flexural strength measurements. According to GB/T50080-2019 [55], immediately after the preparation of concrete, the slump was tested to reflect the workability of AARAC in the freshly mixed state. The fresh mixture was poured into a plastic mold and then compacted by vibration table. The compressive strength and splitting tensile strength were tested using a WAY-3000 electro-hydraulic pressure testing machine, while the flexural strength was tested using an MTS DCS-300 electro-hydraulic pressure testing machine. The testing method was accordance with the “Standard for Testing Mechanical Properties of Ordinary Concrete” (GB/T50081-2019) [58], with test load rates of 0.5 MPa/s, 0.05 MPa/s, and 0.05 MPa/s, respectively.




2.3.4. Drying Shrinkage Measurement


Drying shrinkage was very crucial to the mechanical properties and durability of concrete. The drying shrinkage of AARAC was measured according to DL/T 5150-2001 [59]. Three specimens were prepared for per test. After 24 h of curing, the specimens were removed from the mold and moved into the curing room (with a temperature of 20 ± 2 °C and relative humidity of 80 ± 5%) for 48 h. The initial lengths of the specimens were measured and recorded using a vertical comparator. Then the specimens were moved to a shrinkage chamber (with a temperature of 20 ± 2 °C and a relative humidity of 50 ± 5%), and the length changes of the specimen were recorded 1, 3, 7, 14, 28, 60, 90, and 120 days after initial measurements.




2.3.5. Pore Structure Analysis


The tested samples needed to be crushed into small pieces, and then the collected fragments were immersed in ethanol to terminate the reaction [60,61]. The mercury intrusion porosity (MIP) test was conducted using PoreMaster 33. The pressure range for this test was from 0.23 psi to 33,000 psi, and the aperture range was 1080 μm–5 nm.




2.3.6. Micromorphology Measurement


The instruments used in this test included a scanning electron microscope (SEM, ZEISS Sigma300 Scanning Electron Microscope, Jena, Germany) and an energy-dispersive spectrometer (EDS, Oxford Xplore 30). Before our observations were made, a layer of gold film was sprayed onto the sample.






3. Results and Discussion


3.1. Flowability Analysis


Figure 3 depicts the effect of the RFA replacement rate on the flowability of the AARAC mixture. It can be observed that the slump of the AARAC mixture decreased with the replacement rate of RFA. This was due to the fact that the un-hydrated cement portion of the RFA was covered by the old cement paste, resulting in a higher water absorption rate. As the replacement rate of RFA increased, the excess water was captured by the RFA, consequently increasing the alkali concentration in the mixed paste and accelerating the reaction, thus reducing its fluidity [54]. In addition, the rough surface and numerous angular shapes of the recycled aggregates had an adverse effect on the workability of the AARAC. For example, when the replacement rate of RFA was 100 wt%, the slump of the mixture was only 170 mm, which was 35.3% lower than that of the mixture without the RFA (230 mm).




3.2. Mechanical Properties


3.2.1. Compressive Strength


The influence of the replacement rate of the RFA on the compressive strength of the AARAC at different ages is depicted in Figure 4. It can be seen that with the increase in curing age, the compressive strength gradually increased. In the early stage, the compressive strength increased rapidly, while in the later stage, the rate of increase in the compressive strength gradually leveled off. This was mainly because in the alkaline environment (provided by the alkaline activator), the Ca2+, Si2+, Al3+, and other substances in the raw materials (GGBS and FA) dissolved, resulting in the formation of a calcium (sodium) aluminosilicate hydrate gel (C-A-S-H, N-A-S-H), thus leading to a high early compressive strength. The results of this study were in good agreement with those of previous studies [62,63,64]. When the replacement rate of RFA was 100 wt%, the compressive strength at 28 days was only increased by 0.98%, compared with the compressive strength at 7 days. The slow development of strength in the later stage might be related to the damage caused by the shrinkage of the AARAC. In other studies of alkali-activated slag concrete, it has also been reported that drying shrinkage is caused by the formation of an unstable gel phase [65] on the concrete surface and low levels of moisture [66]. The curing age was fixed, and a certain amount of RFA replacement improved the mechanical properties of the AARAC. The specimen with an RFA replacement rate of 70 wt% possessed a high compressive strength (65.3 MPa), indicating the possibility of a high replacement rate of the RFA. Although the incorporation of the RFA increased the number of defects in the mix, the alkali-activated paste was denser and more homogeneous than the ordinary Portland cement slurries, which might reduce the defects caused by RAs [67]. This was similar to the findings of Kathirvel P and Kaliyaperal S R M [28].




3.2.2. Splitting Tensile Strength


The effect of the replacement rate of the RFA on the splitting tensile strength of the AARAC at different ages is shown in Figure 5. It could be seen that as the curing age increased, the splitting tensile strength initially increased and then decreased. When the replacement rate of the RFA was 100 wt%, the splitting tensile strength at a curing age of 7 days reached a maximum of 4.50 MPa. The splitting tensile strength decreased with the replacement rate of the RFA, and its downward trend was more remarkable than that of the compressive strength. When the replacement rate of the RFA was 100 wt%, compared with the splitting tensile strength at 7 days, the splitting tensile strength at 28 days was decreased by 21.56%. The reason for this might be the addition of the RFA, which increased the internal damage and drying shrinkage of the concrete structure [68,69]. The reason for this might be that the surfaces of the regenerated fine aggregates were covered with the old mortar and contained more micro-cracks, which increased the water absorption of the aggregate, indirectly increasing the concentration of alkali activation. This led to a more intense early reaction, allowing for the rapid formation of a large amount of reaction products in a short period of time and promoting the development of its strength. However, when the reaction progressed to a certain point, with the gradual consumption of the cementitious components and alkali activation, the rate of the reaction gradually slowed down. At the same time, the volume shrinkage of the alkali-activated slag system produces tensile stress, adversely affecting the drying shrinkage of the concrete and exacerbating the internal structural damage of the concrete. Therefore, the late-stage reaction exhibits a strength-reduction phenomenon. This was similar to the findings of Nanayakkara O and Gunasekara C [70].




3.2.3. Flexural Strength


The effect of the replacement rate of the RFA on the flexural strength of the AARAC at different ages is shown in Figure 6. From the experimental results, it can be seen that the flexural strength increases gradually with the increase in the age of curing, but the increase was slower at the later stage and reached the maximum value at 28 days. When the replacement rates of the RFA were 0 and 100 wt%, the flexural strength values at 28 days were 5.5 MPa and 5.11 MPa, respectively, and the flexural strength only decreased by 7.1%, which indicated that the amount of RFA had minimal impact on the flexural strength of the AARAC. The addition of the RFA reduced the flexural strength due to the incorporation of macro-level voids. With the consumption of water, the alkali concentration in the outer layer of the matrix was higher than in the inner layer, and chemicals formed on the surface, resulting in an inhomogeneous matrix. And the damage in the flexural test occurred on the outside, while the damage in the compression test occurred on the inside, which was why the relationship between the flexural strength and compression strength was not obvious. The surface of the RFA was adhered to the old mortar and contained more micro-cracks, which meant the hardened alkali-activated AARAC structure was not dense enough and there were more defects in the interior; thus, the flexural strength growth was slow.




3.2.4. Tension-to-Compression Ratio and Flexure-to-Compression Ratio


The tension-to-compression ratio (the ratio of split tensile strength to compressive strength) is an indicator of the ductility of concrete; the larger the value, the better the ductility of the concrete. The flexure-to-compression ratio (the ratio of flexural strength to compressive strength) is an indicator of the toughness of concrete; the larger the value, the tougher the concrete [71]. Figure 7 showed the relationship between the replacement rate of the RFA and the tension-to-compression ratio or flexure-to-compression ratio of the AARAC at different curing ages. According to the experimental results, it can be seen that as the curing age increased, the tension-to-compression ratio and the flexure-to-compression ratio both showed a trend of increasing and then decreasing. At a curing age of 7 days, the tension-to-compression ratio and flexure-to-compression ratio were both higher (except R100) than those at other ages, indicating that the specimen had good levels of ductility and toughness. This was mainly due to the generation of a large amount of gel in the early stages of the reaction, which filled the voids between the aggregates, densifying the internal structure and thereby improving the ductility and toughness of the hardened paste. However, in the alkali-activated slag system, due to the rapid reaction rate of the slag, substantial drying shrinkage might occur during the early stages of the reaction, which could lead to the development of numerous micro-cracks in the internal structure. This further exacerbates the damage within the recycled aggregates, resulting in a more pronounced effect on the stiffness, splitting tensile strength, and flexural strength of the recycled aggregate particles [72,73]. In addition, the cracks induced by the alkali activation would ultimately extend to the slurries at a later stage, which would also negatively affect the compressive strength of the material. Therefore, the strength of the AARAC increased slowly and even contracted in the later stages, especially the splitting tensile strength. Pratt PL et al. [74,75] also discussed the advantages and existing problems of alkali-activated slag concrete.





3.3. Leaching Processes and Controls


Figure 8 shows the variation in the leaching rates of Ca2+, Si4+, Al3+, and Mg2+ for the RFA when immersed in deionized water and in a NaOH solution with a concentration of 5.0 mol/L over time. From the test results, it can be seen that the amount of ions leaching from the RFA in the alkaline solution was slightly higher than that with the deionized water, but there were also differences in the leaching patterns amongst the four.



The leaching rates of Ca2+, Si4+, Al3+, and Mg2+ were different, and the magnitude of the leaching rates was Ca2+ > Si4+ > Al3+ > Mg2+. The maximum leaching rate of Ca2+ was 0.0589 mg·g−1, that of Si4+ was 0.0241 mg·g−1, that of Al3+ was 0.0075 mg·g−1, and that of Mg2+ was 0.0056 mg·g−1 in 48 h. The reason for this is that the content of each component in the RFA is different, and RFA consists of residual sand and residual cement paste. Relative to the deionized water, the NaOH solution increased the leaching rate of Ca2+, Si4+, Al3+, and Mg2+ in the RFA at different ages. It can be seen that under the alkali activation, the leaching rates of Ca2+, Si4+, Al3+, and Mg2+ were increased to different degrees, with Si4+ and Al3+ exhibiting the highest leaching rates at 10 min, reaching 96.8% and 109.1%, respectively, Additionally, the leaching rate of Ca2+ peaked at 3 h, reaching 43.0%, and Mg2+ reached its maximum leaching rate at 12 h, reaching 34.4%. The reason for this was that the un-hydrated cement portion in the RFA was covered by the old cement paste. After the alkali activation, the bond energy of the Al-O bonds was lower than that of the Si-O bonds, which made it easier for Al3+ to be solubilized than Si4+ [76,77]. Therefore, the leaching rate of Al3+ showed the highest increase.




3.4. Drying Shrinkage


Figure 9 shows the relationship between the RFA replacement rate and shrinkage of the AARAC at different curing ages. From the test results, it can be seen that at 120 days, the minimum shrinkage (1049.86 μm/m) was observed in the blank group without the RFA, while the shrinkage of the group with 70 wt% RFA was the highest (1408.37 μm/m), which was 34.15% higher than that of the blank group. The shrinkage rates of the AARAC with replacement rates of 50 wt% and 100 wt% were 1191.73 μm/m and 1342.51 μm/m, respectively. The replacement rate of the RFA had an impact on the drying shrinkage of the AARAC. This was because the water absorption rate of the RFA was higher than that of the NFA, and more internal voids were formed during the hardening process, which led to a relative decrease in the density of the concrete and increase in the drying shrinkage of the concrete.



The amount of early shrinkage was high but slowed down with the increasing curing age. When the alkali activator concentration was 8%, the rate of contraction was significantly slower in all groups between the curing age of 60 and 120 days, and the drying shrinkage of the AARAC was still relatively high. The addition of RFA increased the drying shrinkage of the AARAC. It was also found that the drying shrinkage of the AAS concrete increased continuously with time, but the rate of shrinkage slowed down after a curing age of 28 days [78]. Zhang et al. [79] showed that the drying shrinkage increased by a factor of two when 100% of the coarse aggregate was replaced with recycled aggregate. Kumar S et al. also reported similar conclusions [60,70]. Therefore, while alkali-activated slag recycled concrete has great potential for practical applications in the presence of certain concentrations of alkali activators. It is also necessary to focus on shrinkage reduction in subsequent research.




3.5. MIP Analysis


The pore size distribution and porosity of the AARAC samples cured at 28 days were measured using the MIP method shown in Figure 10. The pore size distribution of the alkali-activated slag recycled concrete is depicted in Table 5.



The porosity and pore size distribution have a significant influence on the compressive strength of materials. According to previous studies [80], the pores were categorized into harmless pores (≤20 nm), smaller harmful pores (20 nm~50 nm), harmful pores (50 nm~200 nm), and more harmful pores (≥200 nm). The results of the pore size distribution and porosity of each group are listed in Table 5. The porosity showed a decreasing and then increasing trend with the increase in the RFA replacement rate. When the content of RFA was 50%, the porosity was the lowest, 5.43%, and when the content of RFA was 100%, the porosity reached the maximum, 10.90%. These were 30.82% lower and 38.93% higher than those of the test group without the RFA, respectively. This indicated that the inclusion of the appropriate amount of RFA could improve the densification of the hardened paste, but when the amount is more than 50%, it adversely affects the densification of the hardened paste. However, a content that is greater than 50% would have an unfavorable effect on the compactness of the hardened paste. In terms of the pore size distribution, when the contents of RFA were 0, 50%, and 100%, the proportion of harmful pores and poly-harmful pores in all pores were 65.92%, 52.12%, and 72.10%, which led to the low compressive strength of the hardened paste. The proportions of harmful pores and poly-harmful pores in the experimental group with an RFA content of 70% were small, so the compressive strength of this group was relatively high, which was consistent with the results of the compressive strength in Section 3.2.1.




3.6. SEM Characterization


Figure 11 shows the SEM and EDS images of specimens with 0, 50, and 100 wt% RFA at a curing age of 28 days. The regions of the samples containing the reaction products were selected and observed under SEM, and the chemical compositions of the different products were analyzed using EDS. When the curing age was prolonged, the reaction of the AARAC progressed further, the structure of the reaction products became denser, and fewer pores were observed. From the line scanning results, it can be seen that, at a curing age of 28 days, there was a higher content of calcium, which was mainly due to the reaction between SiO32− from the alkali activator and the Ca2+ dissolved in the slag. In addition, additional silicate materials in the system reacted with the Ca2+ dissolved in the slag to form dense C-A-S-H reaction products [81].





4. Conclusions


This study mainly analyzed the effect of the replacement rate of recycled fine aggregate (RFA) on the mechanical properties and drying shrinkage of alkali-activated recycled aggregate concrete (AARAC), and our conclusions can be summarized as follows:



(1) As the replacement rate of RFA was increased, the flowability showed a rapidly decreasing trend. When the replacement rate of RFA was 100 wt%, compared with the test group without the RFA, the flowability was decreased by 35.3%. Adding a certain amount of RFA could improve the mechanical properties of AARAC. A high compressive strength of 65.3 MPa was obtained at an age of 28 days when the replacement rate of the RFA was 70 wt%, which provides the possibility of using high replacement rates for recycled aggregate.



(2) With the prolongation of the curing time, the splitting tensile strength, flexural strength, tension-to-compression ratio, and flexure-to-compression ratio increased and then decreased. When the RFA content was 100 wt%, the splitting tensile strength reached the maximum value of 4.5 MPa after 7 days. With the increase in the replacement rate of the RFA, the flexural strength of the concrete also increased accordingly but remained lower than that of the experimental group without the RFA. With RFA contents of 0 and 100 wt%, the flexural strength values at a curing age of 28 days were 5.5 MPa and 5.11 MPa, respectively. The flexural strength was only decreased by 7.1%, which indicated that the addition of the RFA had minimal impact on the flexural strength of the AARAC. At a curing age of 7 days, the tension-to-compression and flexure-to-compression ratios were both higher (except for R100) than those of the other ages, indicating good levels of ductility and toughness.



(3) The addition of the RFA increased the drying shrinkage of the alkali-activated recycled concrete. At a curing age of 120 days, the experimental group without the RFA had the lowest shrinkage rate of 1049.86 μm. The test group with the addition of 70 wt% RFA had the highest shrinkage rate of 1408.37 μm, and its drying shrinkage rate increased by 34.15%.



(4) With the increase in the curing age, the reaction of the AARAC proceeded further, and the structure of the reaction products became denser. However, the proportion of harmful and multi-harmful pores increased to varying degrees. At the same curing age, the RFA reduced the porosity when the replacement rate was relatively low. Compared with the samples without the RFA, the porosity of the samples with 30 wt% and 50 wt% RFA decreased by 14.49% and 30.83% at 28 days.



Our experimental results showed that the RFA-based AARAC had acceptable mechanical and durability properties. It is feasible to use recycled fine aggregates in concrete production. The combined use of AARAC and RFA can significantly reduce our consumption of natural resources. Meanwhile, RFA-based AARAC could greatly reduce the burden caused by the manufacturing of cement. Applications of this kind of environmentally friendly material are considered to be in line with sustainable development strategies.







Author Contributions


L.L.: Writing—original draft preparation, Investigation; W.Y.: Supervision, Funding acquisition. G.L.: Conceptualization, Investigation. All authors have read and agreed to the published version of the manuscript.




Funding


The authors gratefully acknowledge the financial support from the National Key Research and Development Program of China (Project No. 2019YFC1906203).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors would like to gratefully acknowledge the financial support of the National Key Research and Development Program of China.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Beumer, C.; Figge, L.; Elliott, J. The sustainability of globalisation: Including the ‘social robustness criterion’. J. Clean. Prod. 2018, 179, 704–715. [Google Scholar] [CrossRef]

	



Kajaste, R.; Hurme, M. Cement industry greenhouse gas emissions- management options and abatement cost. J. Clean. Prod. 2016, 112, 4041–4052. [Google Scholar] [CrossRef]

	



Remišová, E.; Decký, M.; Mikolaš, M.; Hájek, M.; Kovalčík, L.; Mečár, M. Design of road pavement using recycled aggregate. IOP Conf. Ser. Earth Environ. Sci. 2016, 44, 022016. [Google Scholar] [CrossRef]

	



Duan, Z.; Hou, S.; Xiao, J.; Singh, A. Rheological properties of mortar containing recycled powders from construction and demolition wastes. Constr. Build. Mater. 2020, 237, 117622. [Google Scholar] [CrossRef]

	



Xiao, J.; Ma, Z.; Ding, T. Reclamation chain of waste concrete: A case study of Shanghai. Waste Manag. 2016, 48, 334–343. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, H.; Shen, L. Trend of the research on construction and demolition waste management. Waste Manag. 2011, 31, 670–679. [Google Scholar] [CrossRef] [PubMed]

	



Usón, A.A.; López-Sabirón, A.M.; Ferreira, G.; SastResa, E.L. Uses of alternative fuels and raw materials in the cement industry as sustainable waste management options. Renew. Sust. Energ. Rev. 2013, 23, 242–260. [Google Scholar] [CrossRef]

	



Damtoft, J.S.; Lukasik, J.; Herfort, D.; Sorrentino, D.; Gartner, E.M. Sustainable development and climate change initiatives. Cem. Concr. Res. 2008, 38, 115–127. [Google Scholar] [CrossRef]

	



Shi, C.; Jiménez, A.F.; Palomo, A. New cements for the 21st century: The pursuit of an alternative to Portland cement. Cem. Concr. Res. 2011, 41, 750–763. [Google Scholar] [CrossRef]

	



Cao, Y.; Wang, Y.; Zhang, Z.; Ma, Y.; Wang, H. Recent progress of utilization of activated kaolinitic clay in cementitious construction materials. Compos. Part B-Eng. 2021, 211, 108636. [Google Scholar] [CrossRef]

	



Wang, D.; Wang, Q.; Huang, Z. Reuse of copper slag as a supplementary cementitious material: Reactivity and safety. Resour. Conserv. Recycl. 2020, 162, 105037. [Google Scholar] [CrossRef]

	



Longhi, M.A.; Walkley, B.; Rodríguez, E.D.; Kirchheim, A.P.; Zhang, Z.; Wang, H. New selective dissolution process to quantify reaction extent and product stability in metakaolin-based geopolymers. Compos. Part B-Eng. 2019, 176, 107172. [Google Scholar] [CrossRef]

	



Andini, S.; Cioffi, R.; Colangelo, F.; Grieco, T.; Montagnaro, F.; Santoro, L. Coal fly ash as raw material for the manufacture of geopolymer-based products. Waste Manag. 2008, 28, 416–423. [Google Scholar] [CrossRef] [PubMed]

	



Leiva, C.; Luna-Galiano, Y.; Arenas, C.; Alonso-Fariñas, B.; Fernández-Pereira, C. A porous geopolymer based on aluminum-waste with acoustic properties. Waste Manag. 2019, 95, 504–512. [Google Scholar] [CrossRef] [PubMed]

	



Abadel, A.; Alghamdi, H. Effect of high volume tile ceramic wastes on resistance of geopolymer mortars to abrasion and freezing-thawing cycles: Experimental and deep learning modelling. Ceram. Int. 2023, 49, 15065–15081. [Google Scholar] [CrossRef]

	



Zhao, R.; Yuan, Y.; Cheng, Z.; Wen, T.; Li, J.; Li, F.; Ma, Z.J.; John, M. Freeze-thaw resistance of Class F fly ash-based geopolymer concrete. Constr. Build. Mater. 2019, 222, 474–483. [Google Scholar] [CrossRef]

	



Hossain, M.M.; Karim, M.R.; Hossain, M.K.; Islam, M.N.; Zain, M.F.M. Durability of mortar and concrete containing alkali-activated binder with pozzolans: A review. Constr. Build. Mater. 2015, 93, 95–109. [Google Scholar] [CrossRef]

	



Provis, J.L.; Palomo, A.; Shi, C. Advances in understanding alkali-activated materials. Cem. Concr. Res. 2015, 78, 110–125. [Google Scholar] [CrossRef]

	



Bhardwaj, B.; Kumar, P. Comparative study of geopolymer and alkali activated slag concrete comprising waste foundry sand. Constr. Build. Mater. 2019, 209, 555–565. [Google Scholar] [CrossRef]

	



Collins, F.G.; Sanjayan, J.G. Workability and mechanical properties of alkali-activated slag concrete. Cem. Concr. Res. 1999, 29, 455–458. [Google Scholar] [CrossRef]

	



Ye, H.; Chen, Z.; Huang, L. Mechanism of sulfate attack on alkali-activated slag: The role of activator composition. Cem. Concr. Res. 2019, 125, 105868. [Google Scholar] [CrossRef]

	



Verian, K.P. Using Recycled Concrete as Coarse Aggregate in Pavement Concrete. Master’s Thesis, University of Purdue, West Lafayette, IN, USA, 2012. [Google Scholar]

	



Park, W.; Noguchi, T. Influence of metal impurity on recycled aggregate concrete and inspection method for aluminum impurity. Constr. Build. Mater. 2013, 40, 1174–1183. [Google Scholar] [CrossRef]

	



Kurda, R.; de Brito, J.; Silvestre, J.D. Influence of recycled aggregates and high contents of fly ash on concrete fresh properties. Cem. Concr. Compos. 2017, 84, 198–213. [Google Scholar] [CrossRef]

	



Huang, L.; Chen, L.; Yan, L.; Kasal, B.; Jiang, Y.; Liu, C. Behavior of polyester FRP tube encased recycled aggregate concrete with recycled clay brick aggregate: Size and slenderness ratio effects. Constr. Build. Mater. 2017, 154, 123–136. [Google Scholar] [CrossRef]

	



Erik, B.; Hansen, T. Elasticity and drying shrinkage of recycled-aggregate concrete. ACI J. 1995, 5, 648–652. [Google Scholar]

	



Torben, C.H.; Narud, H. Strength of recycled concrete made from crushed concrete coarse aggregate. Concr. Int. 1983, 5, 79–83. [Google Scholar]

	



Kathirvel, P.; Kaliyaperumal, S.R.M. Influence of recycled concrete aggregates on the flexural properties of reinforced alkali activated slag concrete. Constr. Build. Mater. 2016, 102, 51–58. [Google Scholar] [CrossRef]

	



Parthiban, K.; Mohan, K.S.R. Influence of recycled concrete aggregates on the engineering and durability properties of alkali activated slag concrete. Constr. Build. Mater. 2017, 133, 65–72. [Google Scholar] [CrossRef]

	



Vo, D.H.; Hwang, C.L.; Thi, K.D.T.; Yehualaw, M.D.; Chen, W.C. Effect of fly ash and reactive MgO on the engineering properties and durability of high-performance concrete produced with alkali-activated slag and recycled aggregate. J. Civ. Eng. 2020, 32, 04020332. [Google Scholar] [CrossRef]

	



Aguilar, R.A.; Díaz, O.B.; García, J.E. Lightweight concretes of activated metakaolin-fly ash binders, with blast furnace slag aggregates. Constr. Build. Mater. 2010, 24, 1166–1175. [Google Scholar] [CrossRef]

	



Lee, N.K.; Abate, S.Y.; Kim, H.K. Use of recycled aggregates as internal curing agent for alkali-activated slag system. Constr. Build. Mater. 2018, 159, 286–296. [Google Scholar] [CrossRef]

	



Sata, V.; Wongsa, A.; Chindaprasirt, P. Properties of pervious geopolymer concrete using recycled aggregates. Constr. Build. Mater. 2013, 42, 33–39. [Google Scholar] [CrossRef]

	



Shaikh, F.U.A. Mechanical and durability properties of fly ash geopolymer concrete containing recycled coarse aggregates. Int. J. Sustain. Built Environ. 2016, 5, 277–287. [Google Scholar] [CrossRef]

	



Hu, Y.; Tang, Z.; Li, W.; Li, Y.; Tam, V.W. Physical-mechanical properties of fly ash/GGBFS geopolymer composites with recycled aggregates. Constr. Build. Mater. 2019, 226, 139–151. [Google Scholar] [CrossRef]

	



Cantero, B.; Bravo, M.; de Brito, J.; del Bosque, I.S.; Medina, C. Mechanical behaviour of structural concrete with ground recycled concrete cement and mixed recycled aggregate. J. Clean. Prod. 2020, 275, 122913. [Google Scholar] [CrossRef]

	



Chen, B.M.; Zhu, H.; Li, B.; Sham, M.; Li, Z. Study on the fire resistance performance of cementitious composites containing recycled glass cullets (RGCs). Constr. Build. Mater. 2020, 242, 117992. [Google Scholar] [CrossRef]

	



Ouyang, X.W.; Wang, L.; Xu, S.; Ma, Y.; Ye, G. Surface characterization of carbonated recycled concrete fines and its effect on the rheology, hydration and strength development of cement paste. Cem. Concr. Compos. 2020, 114, 103809. [Google Scholar] [CrossRef]

	



Sun, C.; Chen, Q.; Xiao, J.; Liu, W. Utilization of waste concrete recycling materials in self-compacting concrete. Resour. Conserv. Recycl. 2020, 161, 104930. [Google Scholar] [CrossRef]

	



Neno, C.; Brito, J.D.; Veiga, R. Using fine recycled concrete aggregate for mortar Production. Mater. Res. 2014, 17, 168–177. [Google Scholar] [CrossRef]

	



Silva, J.; De Brito, J.; Veiga, R. Recycled red-clay ceramic construction and demolition waste for mortars production. J. Mater. Civ. Eng. 2010, 22, 236–244. [Google Scholar] [CrossRef]

	



Hansen, T.C. Recycled aggregates and recycled aggregate concrete second state-of- the-art report developments 1945–1985. Mater. Struct. 1986, 19, 201–246. [Google Scholar] [CrossRef]

	



Kou, S.C.; Poon, C.S. Properties of concrete prepared with crushed fine stone, furnace bottom ash and fine recycled aggregate as fine aggregates. Constr. Build. Mater. 2009, 23, 2877–2886. [Google Scholar] [CrossRef]

	



Gonçalves, P.; Brito, J.D. Recycled aggregate concrete (RAC)—Comparative analysis of existing specifications. Mag. Concr. Res. 2009, 62, 339–346. [Google Scholar] [CrossRef]

	



Marathe, S.; Mithanthaya, I.R.; Shenoy, R.Y. Durability and microstructure studies on Slag-Fly Ash-Glass powder based alkali activated pavement quality concrete mixes. Constr. Build. Mater. 2021, 287, 123047. [Google Scholar] [CrossRef]

	



Marathe, S.; Mithanthaya, I.R.; Mithun, B.M.; Shetty, S.; Akarsh, P.K. Performance of slag-fly ash-based alkali activated concrete for paver applications utilizing powdered waste glass as a binding ingredient. Int. J. Pavement Res. Technol. 2021, 14, 196–203. [Google Scholar] [CrossRef]

	



GB/T 14685; Pebble and Crushed Stone for Construction. China Standards Institution: Beijing, China, 2011.

	



GB/T 14684; Sand for Construction. China Standards Institution: Beijing, China, 2011.

	



GB/T 25177; Recycled Coarse Aggregate for Concrete. China Standards Institution: Beijing, China, 2010.

	



GB/T 25176; Recycled Fine Aggregate for Concrete and Mortar. China Standards Institution: Beijing, China, 2010.

	



JGJ 63; Standard of Water for Concrete. China Standards Institution: Beijing, China, 2006.

	



Mithun, B.M.; Narasimhan, M.C. Performance of alkali activated slag concrete mixes incorporating copper slag as fine aggregate. J. Clean. Prod. 2016, 112, 837–844. [Google Scholar] [CrossRef]

	



Palankar, N. Performance of Alkali Activated Concrete Mixes with Steel Slag as Coarse Aggregate for Rigid Pavements. Ph.D. Thesis, National Institute of Technology Karnataka Surtathkal, Karnataka, India, 2016. Available online: http://idr.nitk.ac.in/jspui/handle/123456789/14263 (accessed on 7 April 2016).

	



Luo, L.; Yao, W.; Liang, G.; Luo, Y. Workability, autogenous shrinkage and microstructure of alkali-activated slag/fly ash slurries: Effect of precursor composition and sodium silicate modulus. J. Build. Eng. 2023, 73, 106712. [Google Scholar] [CrossRef]

	



GB/T 50080; Performance Test Standard for Ordinary Concrete Mixtures. China Standards Institution: Beijing, China, 2019.

	



T 0532; Test Method for Slump Extension and Extension Time of Cement Concrete Mixtures. China Standards Institution: Beijing, China, 2020.

	



NEN, 7341; Leaching Characteristics of Solid Earthy and Stony Building and Waste Materials—Determination of the Availability of Inorganic Components for Leaching. China Standards Institution: Beijing, China, 1994.

	



GB/T 50081; Standard Test Method for Mechanical Properties of Ordinary Concrete. China Standards Institution: Beijing, China, 2019.

	



DL/T 5150; Test Code for Hydraulic Concrete. China Standards Institution: Beijing, China, 2017.

	



Zhang, S.; Duque- Redondo, E.; Kostiuchenko, A.; Dolado, J.; Ye, G. Molecular dynamics and experimental study on the adhesion mechanism of polyvinyl alcohol (PVA) fiber in alkali-activated slag/fly ash. Cem. Concr. Res. 2021, 145, 106452. [Google Scholar] [CrossRef]

	



Li, Z.; Zhang, S.; Liang, X.; Ye, G. Cracking potential of alkali-activated slag and fly ash concrete subjected to restrained autogenous shrinkage. Cem. Concr. Compos. 2020, 114, 103767. [Google Scholar] [CrossRef]

	



Collins, F.; Sanjayan, J.G. Early age strength and workability of slag pastes activated by NaOH and Na2CO3. Cem. Concr. Res. 1998, 28, 655–664. [Google Scholar] [CrossRef]

	



Fernández-Jiménez, A.; Puertas, F. Setting of alkali-activated slag cement. Influence of activator nature. Adv. Cem. Res. 2001, 13, 115–121. [Google Scholar] [CrossRef]

	



Kumar, S.; Kumar, R.; Mehrotra, S.P. Influence of granulated blast furnace slag on the reaction, structure and properties of fly ash based geopolymer. J. Mater. Sci. 2010, 45, 607–615. [Google Scholar] [CrossRef]

	



Lee, N.K.; Lee, H.K. Setting and mechanical properties of alkali-activated fly ash/slag concrete manufactured at room temperature. Constr. Build. Mater. 2013, 47, 1201–1209. [Google Scholar] [CrossRef]

	



Collins, F.; Sanjayan, J.G. Microcracking and strength development of alkali-activated slag concrete. Cem. Concr. Compos. 2001, 23, 345–352. [Google Scholar] [CrossRef]

	



Wang, J.; Xie, J.; Wang, C.; Zhao, J.; Liu, F.; Fang, C. Study on the optimum initial curing condition for fly ash and GGBS based geopolymer recycled aggregate concrete. Constr. Build. Mater. 2020, 247, 118540. [Google Scholar] [CrossRef]

	



Kumar, S.; G arcía-Triñanes, P.; Teixeira-Pinto, A.; Bao, M. Development of alkali activated cement from mechanically activated silico-manganese (SiMn) slag. Cem. Concr. Compos. 2013, 40, 7–13. [Google Scholar] [CrossRef]

	



Bilim, C.; Karahan, O.; Atiş, C.D.; İlkentapar, S. Influence of admixtures on the properties of alkali-activated slag mortars subjected to different curing conditions. Mater. Des. 2013, 44, 540–547. [Google Scholar] [CrossRef]

	



Nanayakkara, O.; Gunasekara, C.; Sandanayake, M.; Law, D.W.; Nguyen, K.; Xia, J.; Setunge, S. Alkali activated slag concrete incorporating recycled aggregate concrete: Long term performance and sustainability aspect. Constr. Build. Mater. 2021, 271, 121512. [Google Scholar] [CrossRef]

	



Cocchi, A.; Montagnier, O.; Hochard, C. Study of hourglass-shaped specimens for the analysis of compression behaviour in fibre direction of FRP composites using compression and four-point bending tests. Compos. Part A Appl. Sci. Manuf. 2021, 144, 106332. [Google Scholar] [CrossRef]

	



Smaoui, N.; Bissonnette, B.; Bérubé, M.A.; Fournier, B.; Durand, B. Mechanical properties of ASR-affected concrete containing fine or coarse reactive aggregates. J. ASTM Int. 2006, 3, 1–16. [Google Scholar] [CrossRef]

	



Sanchez, L.F.M.; Drimalas, T.; Fournier, B.; Mitchell, D.; Bastien, J. Comprehensive damage assessment in concrete affected by different internal swelling reaction (ISR) mechanisms. Cem. Concr. Res. 2018, 107, 284–303. [Google Scholar] [CrossRef]

	



De Souza, D.J.; Sanchez, L.F.M.; De Grazia, M.T. Evaluation of a direct shear test setup to quantify AAR-induced expansion and damage in concrete. Constr. Build. Mater. 2019, 229, 116806. [Google Scholar] [CrossRef]

	



Collins, F.; Sanjayan, J.G. Effect of pore size distribution on drying shrinkage of alkali-activated slag concrete. Cem. Concr. Res. 2000, 30, 1401–1406. [Google Scholar] [CrossRef]

	



Nazir, K.; Canpolat, O.; Uysal, M.; Niş, A.; Kuranlı, F. Engineering properties of different fiber-reinforced metakaolin-red mud based geopolymer mortars. Constr. Build. Mater. 2023, 385, 131496. [Google Scholar] [CrossRef]

	



Xu, H.; Van Deventer, J.S.J. The geopolymerisation of alumino-silicate minerals. Int. J. Miner. Process. 2000, 59, 247–266. [Google Scholar] [CrossRef]

	



Mehta, A.; Siddique, R.; Ozbakkaloglu, T.; Shaikh, F.U.A.; Belarbi, R. Fly ash and ground granulated blast furnace slag-based alkali-activated concrete: Mechanical, transport and microstructural properties. Constr. Build. Mater. 2020, 257, 119548. [Google Scholar] [CrossRef]

	



Zhang, H.; Wang, Y.; Lehman, D.E.; Geng, Y.; Kuder, K. Time-dependent drying shrinkage model for concrete with coarse and fine recycled aggregate. Cem. Concr. Compos. 2020, 105, 103426. [Google Scholar] [CrossRef]

	



Chen, W.; Li, B.; Wang, J.; Thom, N. Effects of alkali dosage and silicate modulus on autogenous shrinkage of alkali-activated slag cement paste. Cem. Concr. Res. 2021, 141, 106322. [Google Scholar] [CrossRef]

	



Fernández-Jiménez, A.; Puertas, F.; Sobrados, I.; Sanz, J. Structure of calcium silicate hydrates formed in alkaline-activated slag: Influence of the type of alkaline activator. J. Am. Ceram. Soc. 2003, 86, 1389–1394. [Google Scholar] [CrossRef]








[image: Materials 17 02102 g001] 





Figure 1. Particle size distribution of different aggregates. (a) RCA; (b) RFA and NFA. 
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Figure 2. The process of alkali-activated recycled concrete preparation. 
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Figure 3. Effect of RFA replacement rate on the flowability of AARAC mixes. 
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Figure 4. Compressive strength of AARAC mixes upon air curing. 
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Figure 5. Splitting tensile strength of AARAC mixes upon air curing. 
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Figure 6. Flexural strength of AARAC upon air curing. 
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Figure 7. Tensile compression ratio and flexural compression ratio of AARAC with different replacement rates of RFA. (a) the ratio of split tensile strength to compressive strength; (b) the ratio of flexural strength to compressive strength. 
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Figure 8. Curves of ion leaching with time. 
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Figure 9. Shrinkage of specimens with different replacement rates of RFA. 
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Figure 10. Pore size distribution and porosity of specimens with different replacement rates of RFA at 28 days. (a) Distribution of pore size; (b) Porosity distribution of different pore sizes. 
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Figure 11. SEM images and line scans of AARAC for different curing ages. 
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Table 1. Chemical composition (wt%) of FA and GGBS.






Table 1. Chemical composition (wt%) of FA and GGBS.





	Oxide
	SiO2
	Al2O3
	CaO
	Fe2O3
	MgO
	Na2O
	K2O
	TiO2
	LOI





	FA
	45.60
	35.45
	5.78
	6.09
	0.67
	0.44
	2.85
	1.88
	1.24



	GGBS
	21.75
	16.01
	50.40
	0.61
	6.37
	0.30
	0.25
	0.98
	3.33










 





Table 2. Mechanical properties of aggregates.
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	Property
	Natural Fine Aggregates (NFAs)
	Recycled Fine

Aggregates (RFAs)
	Recycled Coarse Aggregates (RCAs)





	Maximum Size
	4.75 mm
	4.75 mm
	31.5 mm



	Specific Gravity
	2587 kg/m3
	2467 kg/m3
	2565 kg/m3



	Aggregate Crushing Value
	-
	-
	14.9



	Water Absorption
	4.86%
	8.18%
	3.40%



	Bulk Density

(Dry Loose State)
	1587 kg/m3
	1460 kg/m3
	1352 kg/m3



	Fineness Modulus
	2.94
	3.05
	-







Note: The modulus of fineness is a dimensionless index that characterizes the degree of coarseness and fineness of sand, i.e., the average grain size of sand. The fineness modulus of medium sand is 3.0–2.3.













 





Table 3. Mix proportions of AARAC.
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Mix-ID

	
Concrete Material Usage (Kg/m3)




	
GGBS

	
FA

	
NFA

	
RFA

	
RCA

	
Sodium Silicate Solution

	
NaOH

	
Liquid–Binder Ratio

	
Water






	
R0

	
450

	
50

	
630.29

	
0

	
945.44

	
246.15

	
23.53

	
0.65

	
54.59




	
R30

	
450

	
50

	
441.20

	
189.09

	
945.44

	
246.15

	
23.53

	
0.65

	
54.59




	
R50

	
450

	
50

	
315.15

	
315.15

	
945.44

	
246.15

	
23.53

	
0.65

	
54.59




	
R70

	
450

	
50

	
189.09

	
441.20

	
945.44

	
246.15

	
23.53

	
0.65

	
54.59




	
R100

	
450

	
50

	
0

	
630.29

	
945.44

	
246.15

	
23.53

	
0.65

	
54.59








Note: In order to ensure a constant liquid–binder ratio, the difference in water absorption between NFA and RFA was taken into account in the design of the proportions.













 





Table 4. Test program.
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NaOH Concentration (mol/L)

	
Solution Volume

(mL)

	
RFA (g)

	
Immersion Time




	
10 min

	
3 h

	
12 h

	
24 h

	
48 h






	
0

	
40

	
10

	
A1

	
A2

	
A3

	
A4

	
A5




	
5

	
40

	
10

	
B1

	
B2

	
B3

	
B4

	
B5











 





Table 5. Pore size distribution of alkali-activated slag recycled concrete.
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	Specimens
	≤20 nm

(%)
	20 nm~50 nm

(%)
	50 nm~200 nm

(%)
	≥200 nm

(%)
	Porosity

(%)





	R0-28d
	29.77
	1.30
	4.22
	61.70
	7.85



	R30-28d
	41.06
	22.96
	3.34
	27.60
	6.71



	R50-28d
	32.99
	14.28
	9.85
	42.27
	5.43



	R70-28d
	55.13
	10.86
	4.59
	28.45
	8.58



	R100-28d
	23.63
	3.49
	3.44
	68.66
	10.90
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