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Abstract: Using recycled aggregate (RA) and slag instead of natural aggregate (NA) and cement can reduce greenhouse gas emissions (GHGE) and achieve effective waste recovery. In recent years, RA has been widely used to replace NA in concrete. Every year, several researchers conduct investigations on the mechanical performance and durability of recycled aggregate concrete (RAC). Due to the loose and porous material properties of RA, the mechanical properties and durability of RAC, such as strength, carbonation resistance, permeability resistance and chloride ion penetration resistance, are greatly reduced compared with natural aggregate concrete. In contrast, concrete containing slag instead of NA and cement generally improved the strength of concrete and reduced the internal porosity of materials. Herein, we discuss the effects of RA and slag on the workability, compressive strength, splitting tensile strength, ultrasonic pulse velocity (UPV) value, and elastic modulus of concrete. The relationships between the compressive strength and the splitting tensile strength, UPV value, and elastic modulus are discussed, and the optimal substitution method is proposed. In addition, various equations for calculating the compressive strength of concrete based on performance factors related to the compressive strength are summarized.
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1  Introduction

Concrete is a composite material composed of a binder (i.e., cement paste) and aggregates (i.e., sand, crushed stones, or gravel) [1]. These raw materials are non-renewable resources, and their mining and production processes have an adverse impact on the environment [2–4]. In recent years, owing to the impacts of climate change, significant attention has been devoted to reducing greenhouse gas emissions (GHGE) from various industries. According to one estimate, more than 25% of the global GHGE can be attributed to construction activities [5]. Concrete is one of the most widely used building materials in the world, with approximately 25 billion tons consumed annually, making it one of the main sources of GHGE in construction [6]. Therefore, a significant amount of research has been conducted to reduce GHGE during the production and preparation of raw materials and concrete. Flower et al. [7] recorded GHGE data from typical concrete manufacturing plants. The percentage of GHGE that can be attributed to each component of concrete is shown in Table 1. As shown, cement has the highest GHGE, followed by coarse and fine aggregates. The GHGE of the other raw materials is almost negligible compared to that of concrete, and is not listed in the table.
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Flower et al. [7] stated that replacing cement with ground granulated blast furnace slag (GGBFS) can reduce GHGE by 22%. Nanayakkara et al. [8] revealed that compared to traditional concrete, alkali-activated slag–natural aggregate concrete and alkali-activated slag–recycled aggregate concrete have 43.5% and 52% lower GHGE, respectively. Therefore, GHGE can be reduced by replacing traditional concrete materials with materials that have lower carbon emissions; for example, by replacing natural aggregate (NA) and cement with recycled aggregate (RA) and slag, respectively.

The aggregates formed by crushing, grading, and mixing waste concrete in a certain proportion are called RA. Concrete prepared using RA is called recycled aggregate concrete (RAC). Globally, over 10 billion tons of construction waste are generated annually, most of which is disposed in landfills [9], which severely impacts the environment. By increasing the recycling and reuse of construction waste, environmental pollution can be reduced and construction raw material resources can be saved. Numerous studies have demonstrated that RA can successfully substitute natural coarse and fine aggregates, and provide the performance required for normal structural concrete [10,11]. Nevertheless, RA has significantly lower performance than NA in some aspects [12]. For example, the apparent and bulk densities of RA are lower than those of NA, whereas its crush index and water absorption are higher. Therefore, the use of RA affects the workability, mechanical performance, and durability of concrete. Tran et al. [13] investigated the difference in performance between concrete containing 100% recycled coarse aggregates and concrete containing natural coarse aggregates, and observed that the slump, compressive strength, splitting tensile strength, and elastic modulus of the RAC were 32.1%, 9.1%, 7.6%, and 6.4% lower, respectively, than those of the natural aggregate concrete. Tangchirapat et al. [14] replaced NA with RA, and observed a similar reduction in performance. In general, the performance of RAC degrades more noticeably as RA substitution increases.

RA extracted from waste concrete that is crushed and sieved by a grinder is generally composed of 65%–70% natural coarse and fine aggregates and 30%–35% old cement paste [15]. However, several internal cracks occur in the RA during the crushing process. Consequently, the crushed RA has high absorption and low density and strength. The strength of RAC is affected by various factors, including the RA quality, replacement ratio, type of RA, water–cement ratio, etc.

Based on the results obtained by numerous researchers, it can be concluded that the strength reduction in RAC is lessened as RA quality increases [16,17]. The quality of RA depends on the treatment method and degree of the aggregates. Common treatment methods include mechanical [18], chemical [19,20], and biological [21,22] treatments. The purpose of these treatments is to remove or enhance the old mortar attached to the surface of the RA, thereby enhancing its quality. The compressive strength of RAC decreases with the increase in the RA replacement ratio [23,24], and the reduction in strength can be as high as 40%. The strength reduction also varies based on the type of concrete used with RA. Poon et al. [15] performed strength tests on RAC prepared using ordinary concrete (OC) and high–performance concrete (HPC), and observed that compared to the ordinary RAC, the compressive strength of the high–performance RAC was closer to that of natural aggregate concrete.

To reduce the performance gap between RAC and natural aggregate concrete, certain admixtures can be added to RAC for specific engineering applications. The mechanical properties and durability of RAC can be greatly improved by adding grinding waste glass at a sub-micron level [25], a certain amount of fly ash [26,27] and slag [28,29] instead of cement. However, compared with the directly recovered slag, the grinding process of broken glass will generate a certain amount of additional greenhouse gases. Meanwhile, the composition of fly ash materials from different sources varies greatly, and the initial strength of the materials after incorporation is not high. Therefore, this paper mainly discusses the strengthening effect of green sources and high strength slag on recycled aggregate concrete.

Slag is a partially vitreous by-product of ore smelting processes. Steel slag and blast furnace slag are some examples of slag. Steel slag is a by-product of converting iron ore to steel [30]. Globally, 50 million tons of steel slag are produced every year [31]. Based on the steelmaking process, slag can be classified as pretreatment slag, ladle furnace slag (LFS), electrical arc furnace slag (EAFS), basic oxygen furnace slag (BOFS), and casting residue [32]. Table 2 summarizes the chemical composition of BOFS and EAFS [33]. Owing to the high content of CaO in slag, it is a suitable substitute material for concrete. However, steel slag also contains free-CaO [30], which can be detrimental to the volumetric stability of concrete if the free-CaO content exceeds 2% [34]. The volume stability decreases as the free-CaO reacts with water to form calcium hydroxide, increasing the volume by up to 98% [35]. However, as the steel slag ages, the probability of expansion or collapse gradually decreases [36]. Steel slag can be aged by exposing it to outdoor air for at least three months [34] or by immersing it in water, which increases the aging rate [34].
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Steel slag can either be ground into a powder to serve as a partial substitution material for cement [37], or can be directly used as coarse or fine aggregates [38]. Chen et al. [38] observed the microscopic morphology (Fig. 1) of limestone and steel slag aggregate (SSA) using backscattered electron–scanning electron microscopy (BSE–SEM). As shown in Fig. 1, the surface texture of the SSA is rougher and has several micropores, which improves its ability to combine with cement paste, whereas the surface of the limestone is smoother and has fewer micropores. Faleschini et al. [39] prepared concrete with 100% EAFS aggregates. Experiments revealed that the EAFS aggregates improved the quality of the interfacial transition zone (ITZ) in the concrete. In summary, slag provides better performance than NA owing to either its physical properties or the microscopic properties of the products formed by its reactions with the concrete mixture. Consequently, the tensile strength and splitting tensile strength of concrete mixed with slag are higher than those of natural aggregate concrete.
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Figure 1: Microscopic morphologies of limestone and SSA [38]. Adapted with permission from [32], Copyright © 2020, Elsevier B.V.

The effects of partially or totally substituting NA and cement with RA and slag on the working performance of fresh concrete and the compressive strength, elastic modulus, ultrasonic pulse velocity (UPV) value, and splitting tensile strength of hardened concrete are summarized herein. The variation in the relative compressive strength (RCS) with various replacement ratios reflects the impact of the replacement ratio on the compressive strength of the concrete. RCS can be calculated as:


RCS=CS1/CS2
(1)

where, 
RCS
is the relative compressive strength, 
CS1
is the compressive strength of the concrete after replacement, and 
CS2
is the compressive strength of the concrete before replacement.

RCS is introduced because the source, RA particle size, and water–cement ratio used by different researchers can vary significantly. Consequently, the compressive strengths obtained using the same replacement ratio are not comparable. As the RCS data compares the compressive strengths of concrete before and after replacement, it can be directly compared across different research and test groups, and clearly reflects the relationship between the compressive strength and the replacement ratio.

How to improve the mechanical properties and durability of RAC has been a research hotspot for many scholars. Many researchers have made a lot of achievements in improving the performance of RA itself and the influence of some active materials on the performance of RAC. This paper summarizes a large number of research results of previous researchers on the specific effects of RA on the workability, compressive strength, splitting tensile strength, elastic modulus, and UPV value of concrete, and the effects of different alternative forms of slag on the performance of RAC. Combined with economic feasibility and environmental awareness, the best alternative form of slag to improve the performance of RAC has been put forward. This paper also compares some formulas related to the compressive strength of RAC and verifies the applicability of the formulas to a certain extent, which provides further theoretical support for the structural application of RAC.

2  Workability

RA usually has higher water absorption than NA. The water absorption values of NA and RA measured in various studies are compared in Fig. 2. As shown, the water absorption of RA is more than twice that of NA. This can be attributed primarily to the old mortar that adheres to the RA [15,40]. The water absorption of different kinds of steel slag also differs from that of limestone aggregate. Studies have shown that when steel slag is used as fine aggregate, its water absorption is higher than that of NA [41], whereas when steel slag is used as coarse aggregate, its water absorption is lower than that of NA [42,43]. Therefore, concrete composed of RA and steel slag instead of NA does not have the same workability as normal aggregate concrete. In general, the workability of concrete is determined using the slump test.
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Figure 2: Water absorption of NA and RA [44–50]

2.1 Influence of RA on the Workability of Concrete

Regardless of whether RA replaces coarse or fine aggregates, the working performance of RAC is lower than that of natural aggregate concrete. Several factors affect the working performance of RAC, including the water–cement ratio, temperature, and time. These factors have a comparable impact on natural aggregate concrete. The RAC with smaller water–binder ratio, higher mixing temperature and longer mixing time will exhibit worse fluidity for the fresh mixture.

Under specific conditions of the water–cement ratio, time, and concrete temperature, the RA replacement ratio has a significant influence on the workability of the RAC. The change rule of the slump reduction rate for three different kinds of RA with the variation in the replacement ratio is shown in Fig. 3. As shown, as the RA replacement ratio increases, the slump of the RAC gradually decreases. The slump reduction rate after 100% replacement is almost 20%. Malešev et al. [51] prepared RAC with 50% and 100% RA and achieved similar slump reduction results. In particular, the concrete slump decreased by 31% at a replacement ratio of 100%. These results indicate that the slump of RAC with a high RA replacement ratio is low. Furthermore, Topçu et al. [52] revealed that the concrete slump decreases significantly above a replacement ratio of 50%.
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Figure 3: Relationship between reduction rate of slump and replacement ratio of RA [47]. Adapted with permission from [41], Copyright © 2008, ACI

The decrease in the slump of RAC occurs primarily owing to the high absorption of RA. The higher water absorption decreases the quantity of mortar, which affects the slump [53,54]. Therefore, reducing the water absorption of RA can reduce the decrease in the workability of RAC. Sim et al. [55] concluded that the water absorption of recycled fine aggregate is higher than that of recycled coarse aggregate. Considering recycled coarse aggregate, Savva et al. [44] and Kou et al. [46] revealed that the larger the aggregate particle size, the lower its water absorption.

Low workability increases the porosity and decreases the density of concrete, which is detrimental to its strength and durability. To obtain the same workability as that of natural aggregate concrete, most researchers either add more water [56,57] or use a certain amount of superplasticizer [58] in RAC. Furthermore, RA can also be pretreated to reduce its water absorption. Pretreatment primarily serves to remove or improve the old mortar attached to the RA. Wang et al. [59] and Lu et al. [60] used carbonization technology to improve the old mortar and soaked the RA in acetic acid to remove the old mortar. Tam et al. [61] used different pre-soaking treatment methods to remove the old mortar, and observed that the water absorption of the treated RA was lower than that of the untreated RA. Most researchers treat RA by soaking it followed by surface drying to reduce its water absorption. Wang et al. [62] revealed that the fluidity of RAC containing RA treated using the microbial carbonate precipitation method was 11.6% higher than that of untreated RAC.

2.2 Influence of Slag on the Workability of RAC

Steel slag can replace natural coarse aggregate, natural fine aggregate, and cement in concrete mixtures. Based on the type of replacement, steel slag has different effects on the slump of concrete. In general, when steel slag replaces aggregates, the slump of the concrete mixture decreases with the increase in the replacement ratio. Choi et al. [34] prepared concrete with 50% and 100% steel slag coarse aggregate. The experimental results revealed that as the steel slag replacement ratio increased, the slump gradually decreased. Notably, the decrease in slump was independent of the type of mineral admixture. Therefore, replacing aggregates with steel slag has negative effects on RAC. Sharba [41] used 15%, 25%, 35%, and 45% steel slag and RA to replace natural fine and coarse aggregates, respectively. The results indicated that as the replacement ratio increased, the slump of the mixture gradually decreased, owing to the high absorption of the steel slag and RA.

In contrast, when steel slag powder replaces cement, at a certain substitution rate, the slump of the mixture increases with the increase in the replacement ratio. Therefore, adding steel slag powder to RAC instead of cement has a positive effect. Pan et al. [63] prepared self-compacting concrete by replacing NA and cement with 30% recycled coarse aggregate and different steel slag powder replacement ratios, respectively. The results demonstrated that the slump initially decreases and then increases with the increase in the steel slag powder replacement ratio. The concrete performance remains unchanged at a replacement ratio of 0%–10% and the slump gradually decreases; at a replacement ratio of 10%–50%, the slump gradually increases. This increase in slump may be attributed to the reduction in the volume and size of voids owing to the presence of the steel slag powder [64]. This also explains the decrease in slump at a replacement ratio of 10%. Nevertheless, the negative effect of 30% RA on the slump of the concrete mixture may outweigh the positive effect of the steel slag powder.

Besides steel slag powder, concrete prepared using GGBFS also has good workability. Amer et al. [65] prepared concrete using alkali-activated GGBFS instead of cement. The experimental results indicated that as the replacement ratio of GGBFS increased, the concrete slump gradually decreased. This is because the high cement content increases the speed of the hydration reaction, shortens the setting time, and reduces the slump of the concrete mixture. In addition, increasing the water–cement ratio can also increase concrete slump. As the water–cement ratio increases, the concentration of the alkali solution decreases, slowing down the polymerization reaction. Majhi et al. [66] used recycled coarse aggregate and different replacement ratios of GGBFS to replace NA and cement, respectively, and observed that the resulting concrete had good workability.

The influences of RA and slag on the workability of concrete are significant when both RA and slag are used as replacement materials. Based on various studies, the best approach is to use RA instead of NA, with a coarse aggregate replacement ratio of less than 50%, and steel slag powder or GGBFS instead of cement. Before replacement, the RA should be pretreated to improve its quality. These measures can ensure that the resulting RAC has satisfactory workability.

3  Compressive Strength

3.1 Influence of RA on Compressive Strength of RAC

The safety and stability of a concrete structure depend primarily on the compressive strength of the concrete [67,68]. The quality of the RA, replacement ratio, moisture content, type of RA, and water–cement ratio impact the compressive strength of RAC. The quality of the RA has the strongest influence on compressive strength. The density of concrete prepared using high quality RA is higher than that using low quality RA. The higher the density of the RAC, the higher its compressive strength. The microstructure of the ITZ between recycled coarse aggregate from OC and the RAC matrix and that between recycled coarse aggregate from HPC and the RAC matrix are shown in Fig. 4. The Fig. 4(a) represents ITZ between recycled coarse aggregate from ordinary concrete and RAC matrix, and Fig. 4(b) represents ITZ between recycled coarse aggregate from high–performance concrete and RAC matrix. As shown, the ITZ in Fig. 4a is denser and less porous than that in Fig. 4b. The microscopic images also reveal why more water is required to prepare RAC with the requisite fluidity than that required to prepare natural aggregate concrete. Tangchirapat et al. [14] revealed that the water absorption of RA is 12–13 times that of NA.
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Figure 4: Microscopic images of interface transition zone [15]. Adapted with permission from [12], Copyright © 2004, Elsevier B.V.

The RA extracted from waste concrete that is subsequently crushed and sieved by a grinder is generally composed of 65%–70% natural coarse and fine aggregates and 30%–35% old cement paste [15]. Owing to the presence of the old cement mortar, the aggregate has high water absorption and porosity and low density, thereby resulting in a low compressive strength [69–71]. Owing to the high absorption of the RA, the water–cement ratio around the aggregates decreases significantly; the incomplete hydration around these aggregates and the higher porosity of the RA increase the stress in the RAC around these aggregates, thereby reducing its strength [72].

3.1.1 Influence of RA Quality on Compressive Strength of RAC

The quality of RA has a significant effect on the compressive strength of RAC. The higher the quality of RA, the higher the compressive strength of RAC. Fig. 5 depicts the experimental results of the studies listed in Table 3, and compares the compressive strengths of RAC samples prepared by various researchers using treated and untreated RA. As shown, the compressive strength of the treated RAC is higher than that of the untreated RAC. By selecting a proper RA treatment process, it is possible to obtain RAC with a compressive strength that is almost equal to that of natural aggregate concrete. Therefore, to minimize the reduction in the compressive strength of RAC, the quality of the RA should be as high as possible. The quality of the RA can be improved either by removing the adhesive old mortar or by strengthening it. The methods used by various researchers to treat RA are described and listed in Table 3. Owing to its simplicity, the most popular RA treatment method is mechanical grinding, wherein RA and water are rotated in a concrete drum to remove the loosely bonded mortar on the surface of the RA through contact between individual RA particles and that between the RA and the drum wall. However, mechanical grinding increases the number of internal cracks in the RA, which further reduces the compressive strength of the RAC.
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Figure 5: Comparison of compressive strengths of RAC containing treated and untreated RA. Adapted with permission from [44], Copyright © 2021, MDPI, [45], Copyright © 2021, Elsevier B.V., [48], Copyright © 2021, Elsevier B.V., [61], Copyright © 2007, Elsevier B.V., [62], Copyright © 2017, Elsevier B.V., and [73], Copyright © 2004, American Society of Civil Engineers
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3.1.2 Influence of Replacement Ratio of RA on Compressive Strength of RAC

The replacement ratio of RA also affects the compressive strength of RAC. The higher the RA replacement ratio, the lower the compressive strength of RAC. According to Majhi et al. [74], the decrease in compressive strength can be attributed to the decrease in the density of the RAC owing to the gaps left by the filtration of soluble calcium hydroxide. However, in some cases, a low RA replacement ratio increases the compressive strength of concrete [75,76]. This is because the addition of RA improves the grain gradation of concrete [77]. Furthermore, some unreacted cement particles may also adhere to the RA, thereby increasing the cementitious material content in the mixture [78]. This phenomenon is very rare.

The variation in RCS owing to the replacement of natural coarse aggregates with recycled coarse aggregates, considering different replacement ratios, are shown in Fig. 6. As shown, when natural coarse aggregates are replaced by recycled coarse aggregates, the RCS of the RAC decreases by as much as 40% compared to the strength of the original concrete. This is consistent with the research results of Younis et al. [79]. Based on the data from references [23,80–82] shown in Fig. 6, at an RA replacement ratio of 0%–50%, the reduction in the concrete compressive strength is less than 20% and is not evident. This was confirmed by Barhmaiah et al. [23]. However, the experimental data corresponding to [83] in Fig. 6 differ significantly from the rest of the data: first, the compressive strength decreases significantly even at a low RA replacement ratio; second, as the replacement ratio increases from 30% to 40%, the RCS suddenly decreases. The reasons for this behavior are: (1) the type of concrete used to prepare the RAC in [83] was self-compacting concrete, which differs from that used in the other studies; and (2) the porosity of the mixture increased considerably when the RA replacement ratio increased from 30% to 40%, decreasing the compactness of the concrete and ultimately reducing its compressive strength. Nevertheless, the RA replacement ratio is only one factor that affects the compressive strength of RAC.
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Figure 6: 28-d RCS of RAC [23,80–85]

Various factors that affect the compressive strength must be considered while preparing RAC to achieve the required structural strength. In general, as the RA replacement ratio increases, the strength of RAC decreases. However, even at the same replacement ratio, the eventual reduction in strength can differ considerably. This is because the low compressive strength of RAC is related to the high absorption of RA [77]. The absorption varies based on the pretreatment method. In addition, RA can be obtained from concrete with diverse water–cement ratios, which has a significant effect on the performance of the RA [86]. The compressive strength of RAC is also related to the water–cement ratio of concrete, which is also the case with natural aggregate concrete. Qasrawi [87] prepared concrete using recycled coarse aggregate and determined that the compressive strength of RAC gradually decreases with the increase in RA content. However, the high water–cement ratio of RAC decreases the reduction in compressive strength at a constant RA replacement ratio. As shown in Fig. 7, with a low water–cement ratio and high RA replacement ratio, the reduction in the compressive strength of the RAC is approximately 25%. In contrast, the reduction in the compressive strength of RAC with a high water–cement ratio and low RA replacement ratio is less than 5%, which is almost equal to the strength of the control concrete. This is consistent with the conclusions of Chen et al. [88].
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Figure 7: Compressive strength reduction [77]. Adapted with permission from [77], Copyright © 2003, Informa UK Limited

3.1.3 Influence of Type of RA on Compressive Strength of RAC

The compressive strength and ultimate strength of RAC also vary with the type of RA. Table 4 lists the compressive strengths of concrete samples prepared using different types of RA. RA (a), RB (b), and RC (c) are derived from three types of concrete with increasing compressive strengths [73]. The mixed aggregates comprised crushed concrete, glass, masonry, etc. As shown, although the RA replacement ratios are the same, the compressive strengths of the RAC samples differ significantly based on the type of RA. When RA derived from high–strength concrete is used to prepare RAC, the reduction in strength is lower. Furthermore, the particle size of the RA also affects the compressive strength of the RAC. The reduction in the compressive strength of RAC containing recycled coarse aggregate is lesser than that containing recycled fine aggregates [89].
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3.2 Influence of Slag on Compressive Strength of Concrete

Slag is often referred to as a supplementary cementitious material (SCM) owing to its pozzolanic activity [90]. Studies have shown that it can enhance the strength and durability of concrete [91]. The application of slag varies based on its particle size. Slag with finer particle size, such as GGBFS, steel slag power, and alkali-activated slag, can be used as a substitute for cement. Coarse slag such as steel slag can be used as an aggregate substitute. SSA can have different effects on the compressive strength of RAC based on the type of aggregate substituted. Replacing NA with SSA usually increases the compressive strength of concrete. As SSA has a rougher surface texture and more micropores than limestone, it promotes cement slurry bonding [38]. The compressive strength of concrete is affected both positively and negatively when SSA is used as fine aggregate instead of NA. As SSA is stronger than NA and has a rougher surface than NA, the bonding strength with the cement slurry increases. However, the addition of SSA increases the porosity of the concrete, and owing to its high angularity, steel slag requires more cement to cover its surface, which reduces the strength of the concrete [92]. These positive and negative effects have a competitive effect, resulting in an overall increase or decrease in strength.

The use of steel slag instead of coarse aggregate generally improves the compressive strength of RAC. The RCS of concrete prepared by various researchers using different steel slag replacement ratios is shown in Fig. 8. As shown, the compressive strength of concrete increases when natural coarse aggregates are replaced with steel slag. As the replacement ratio increases, the strength increment increases. The maximum strength increment relative to the control group was approximately 40%. Notably, thus far, the use of slag has not been reported to have any adverse effects [101].
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Figure 8: Relative compressive strength changes in 28-d RCS [37,42,93–100]

In addition to using steel slag to replace natural coarse aggregates, it can also be used to replace natural fine aggregates and cement. The amount of steel slag that replaces fine aggregate is an important factor of the resulting strength enhancement. Based on the results obtained by Papayianni et al. [97], Pellegrino et al. [94], and Qasrawi et al. [102], the threshold value of steel slag that can replace fine aggregate is 50%; above this threshold, the steel slag has a negative impact on concrete strength. In contrast, Roslan et al. [101] partially replaced cement with EAFS and observed that the compressive strength of concrete increased with the increase in the EAFS replacement ratio. However, the early strength of the EAFS concrete was not as good as that of the control concrete; similar findings were reported by Amer et al. [65]. This behavior can be attributed to a lack of cement in the concrete mixture, which delays the hydration process, resulting in a minimal amount of initial calcium hydroxide (Ca(OH)2) formation. As the concrete ages, the amount of Ca(OH)2 increases and reacts with the EAFS and steel sludge to form additional calcium silicate gel (C-S-H), which increases the concrete strength [101]. Therefore, when slag is used to replace cement, the replacement ratio must be determined based on the needs of the project. To obtain an ideal early strength, the slag replacement ratio or the water–cement ratio must be reduced; this increases the cement content, accelerating the rate of the hydration reaction, and increasing the content of the early hydration products. This is contrary to the strength development rule applied when SSA is used as the replacement. Nguyen et al. [103] stated that the compressive strengths of concrete containing SSA at 7 and 28 d were approximately 55%–66% and 69%–73%, respectively, of that at 365 d. This indicates the strength development of concrete containing SSA primarily occurs during the early stages.

Not all types of steel slag or slag enhance the strength of concrete. Brand et al. [93] observed that for the same replacement ratio, the compressive strength of concrete containing EAFS increased by 4.8%, whereas that containing BOFS decreased by 13.0%. Therefore, most researchers use EAFS. Considering the material composition, the free CaO content in BOFS is higher than that in EAFS. A high free CaO content reduces the hydration reaction, thereby reducing the compressive strength of concrete. Liu et al. [37] replaced concrete with different ratios of steel slag powder and discovered that the compressive strength of concrete decreased with the increase in the steel slag powder replacement ratio. Papayianni et al. [95] also arrived at the same conclusion. This happens because the addition of steel slag powder increases the proportion of hardened pastes with pores larger than 50 nm. In addition to steel slag, the concrete strength can also be increased by using ferrochrome slag [104] and blast furnace slag [100] instead of aggregates.

3.3 Influence of Slag on Compressive Strength of RAC

RAC often has a lower compressive strength than natural aggregate concrete. Its compressive strength varies based on the type and amount of slag added to it. When steel slag is used to replace NA, it may not always improve the compressive strength of RAC. Anastasiou et al. [105] discovered that the compressive strength of concrete was reduced by 26.1% after 28 d when 100% RA and steel slag were used instead of natural fine and coarse aggregates. However, compared to natural aggregate concrete, the compressive strength of RAC decreased by 18.1% after 365 d, considerably alleviating the reduction in strength. Although the positive effects of SSA on the compressive strength of RAC are not evident initially, they can be detected as the concrete ages. Qasrawi [87] discovered that when NA was replaced with RA and steel slag in a ratio of 2:3, the resulting concrete had higher compressive strength than natural aggregate concrete. Therefore, when NA is simultaneously replaced by RA and steel slag, a satisfactory compressive strength can be obtained by selecting an appropriate mixture ratio of the two. In addition, as far as possible, the RA replacement ratio should not exceed 50%.

When steel slag is added to RAC instead of cement, the compressive strength of the RAC does not necessarily increase with the increase in steel slag. Pan et al. [63] prepared self-compacting concrete with 30% RA instead of NA and used different steel slag powder replacement ratios instead of cement. After curing for 28 d, the reduction rate of the compressive strength of the RAC varied with the steel slag powder replacement ratio, as shown in Fig. 9. The compressive strength of RAC increased by 7.2% compared with the control group when the cement was replaced by 10% steel slag powder. When the replacement amount of steel slag powder changed from 20% to 50%, the compressive strength of RAC decreased gradually, and the strength reduction rate reached up to 42.7%. The compressive strength of the RAC was higher than that of the control group only when the steel slag powder replacement ratio was relatively low. Moreover, the higher the steel slag powder replacement ratio was used, the greater the decrease in strength was observed. The hydration products of steel slag powder with low content can fill pores, so the compressive strength of RAC will be improved. However, the research results of Wang et al. [106] indicate that the dormant period of a steel slag-cement composite binder is longer than that of a cement binder. Moreover, the higher steel slag content will result in a longer dormant period. Therefore, the 28-day compressive strength of RAC prepared with a high content of steel slag powder instead of cement decreases gradually with the increase of steel slag power.
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Figure 9: Compressive strength reduction with increase in steel slag replacement ratio. Adapted with permission from [54], Copyright © 2019, Elsevier B.V.

The compressive strength of RAC can be increased by using GGBS [107,108]. However, the increase in strength is not evident initially. This is because the hydration reaction with GGBS is slow and the hydration products are few, with most GGBS particles acting as a filler. Majhi et al. [74] did not find C-S-H gel and ettringites in the SEM images of early stage RAC containing GGBS. The early strength of RAC can be improved by using alkali-activated slag aggregates as the alkali solution promotes the rate of the hydration reaction [109].

4  Splitting Tensile Strength

Splitting tensile strength is an extremely important strength index for concrete as it determines the formation and development of cracks on the tensile side of flexural members [110]. The addition of RA negatively influences the splitting tensile strength of concrete, whereas the addition of slag has a positive influence. Therefore, slag can be added to RAC to maximize the use of RA and reduce solid waste.

The factors affecting the splitting tensile strength of RAC include the RA replacement ratio and type of RA. The relationship between the splitting tensile strength of RAC and the RA replacement ratio is illustrated in Fig. 10. As shown, the splitting tensile strength decreases as the replacement ratio increases. At a replacement ratio of 100%, the splitting tensile strength decreases by approximately 40%, which is comparable to the reduction in compressive strength. This decrease in the splitting tensile strength can be attributed to the decrease in the bond strength between the RA and the mortar. Savva et al. [44] analyzed the impacts of recycled coarse and fine aggregates on the splitting tensile strength of concrete at the same replacement ratio. As shown in Fig. 11, recycled fine aggregate has a smaller impact on the splitting tensile strength of concrete compared to that of recycled coarse aggregate.
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Figure 10: Changes in relative splitting tensile [47,49,58,111–113]
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Figure 11: Splitting tensile strength of strength RAC at different replacement ratios [44]. Adapted with permission from [44], Copyright © 2021, MDPI

Mavroulidou et al. [114] analyzed the splitting tensile strength of concrete prepared by replacing cement with alkali-activated GGBS. They revealed that the splitting tensile strength of the resulting concrete was 19.9%–31.7% higher than that of the control concrete. Qi et al. [115] prepared concrete by replacing cement with different ratios of SSA. As the SSP replacement ratio increased, the splitting tensile strength gradually increased by approximately 10%. Maslehuddin et al. [43] prepared concrete with different SSA replacement ratios instead of NA. They discovered that as the SSA replacement ratio increased, the splitting tensile strength of the prepared concrete gradually increased. Almusallam et al. [42] arrived at the same conclusion by using 100% steel slag instead of NA, and achieved a strength increase of 27%. Therefore, slag can replace cement and the coarse and aggregates in concrete without significantly affecting the splitting tensile strength.

Qin et al. [116] investigated the change in the splitting tensile strength of concrete containing RA and slag. As shown in Fig. 12, the splitting tensile strength of concrete decreases with the increase in the RA replacement ratio and increases with the increase in the slag replacement ratio. However, a high slag replacement ratio also negatively influences the strength of the concrete. Nevertheless, the splitting tensile strength of the RAC containing RA and slag was satisfactory compared to that of the control concrete (the dotted line in the figure represents the splitting tensile strength of the control concrete). Therefore, the addition of slag to RAC can improve its splitting tensile strength even with an RA replacement ratio of 100%. The active SiO2 and Al2O3 in slag can react with the hydration product Ca(OH)2 of cement, resulting in secondary hydration in RAC. More gel materials are created as a result of secondary hydration. These gel materials will optimize the internal interface transition zone, enhance the bond strength between aggregates, and eventually increase the splitting tensile strength of RAC. However, when excessive slag is mixed into RAC, there is not enough Ca(OH)2 in the matrix to hydrate with extra slag. Excess slag is used to fill the pores. This is the cause of the decreased splitting tensile strength of RAC when more than 20% slag is included [116].
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Figure 12: Splitting tensile strength with simultaneous substitution using RA and slag. Adapted with permission from [103], Copyright © 2019, Qin et al. [116]

Although there is a close correlation between the compressive and tensile strengths of RAC, this correlation is not entirely positive. Numerous researchers have proposed various prediction equations to describe the relationship between the compressive and splitting tensile strengths, as shown in Table 5. Khan et al. [117] used the data acquired by substituting NA with recycled coarse aggregate to derive Eq. (2); Arioglu et al. [118] and Bhanja et al. [119] proposed Eqs. (3) and (4), respectively; Larrard et al. [120] proposed Eq. (5), which is applicable regardless of the age of the concrete; Khoshkenari et al. [121] used RA instead of NA and derived Eq. (6) from test data. These test data were also used to verify the accuracy of Eqs. (3)–(5). The results revealed that Eqs. (3) and (4) had an error of approximately 3%, whereas the average error of Eq. (5) was approximately 12%. As these errors are within the acceptable range, these equations can be used to predict the splitting tensile strength of concrete based on its compressive strength.
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5  Modulus of Elasticity

The elastic modulus represents the capacity of concrete to withstand deformation under compression. To some extent, it reflects the compactness and strength of the concrete. Therefore, when RA and slag are used in concrete, their effect on the elastic modulus must be analyzed.

The elastic modulus of concrete is influenced by the elastic modulus of the coarse aggregate in the concrete [122]. Consequently, RA and slag can affect the elastic modulus of concrete. In general, RA decreases the elastic modulus of concrete, whereas slag increases it. According to Jacintho et al. [123], as the RA replacement ratio increases, the elastic modulus of RAC decreases. With an RA replacement ratio of 50%, the elastic modulus of the concrete decreased by 25.3%. The decrease in the elastic modulus of RAC can be attributed to the presence of the old mortar on the RA, which is characterized by a weak binding interface; in addition, the porosity of recycled concrete aggregate is low [124]. Occasionally, the addition of RA may increase the elastic modulus of concrete. Nanayakkara et al. [8] studied the variation in the elastic modulus of alkali-activated slag concrete before and after using 100% recycled coarse aggregate. The results revealed that the elastic modulus of the concrete decreased by 5.9% after aggregate replacement. The difference in the degree of the reduction in elastic modulus can be attributed to the unhydrated cement attached to the RA, which promotes the hydration of the alkali-activated slag concrete and increases the density of the interface microstructure.

The addition of slag increases the elastic modulus of concrete. Soldado et al. [125] discovered that the elastic modulus of concrete increased by 6.5% when slag was used instead of cement. Gholampour et al. [126] revealed that the addition of 100% recycled fine aggregate decreases the elastic modulus of concrete by 21.7%, whereas the elastic modulus of concrete containing 50% recycled fine aggregate and 35% GGBFS increases by 1.2%. El-Hawary et al. [127] used recycled coarse aggregate instead of NA, which decreases the elastic modulus. However, the addition of GGBS increased the elastic modulus above that of the control concrete. This increase in the elastic modulus of concrete primarily occurs because the addition of slag fills the pores in the concrete, thereby increasing its density [34]. However, when excess slag is added, it has a negative effect on the elastic modulus of concrete. The variation in the elastic modulus of RAC with the amount of cement replaced by slag is illustrated in Fig. 13. As is shown, the positive effect of slag on the elastic modulus of concrete has a certain content threshold. When the content of the added slag exceeds this threshold, the elastic modulus of RAC gradually will decrease as the slag replacement ratio increases. The dormant period of a steel slag-cement composite binder is longer than that of a cement binder. Moreover, the RAC with higher steel slag content needs a longer dormant period [106].
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Figure 13: Variation in elastic modulus of RAC with slag replacement ratio [63,128]

The elastic modulus of concrete is closely linked to its compressive strength. Studies have shown that the elastic modulus of concrete is positively correlated with its strength. However, the conventional equation to express the relationship between the compressive strength and the elastic modulus of concrete is not applicable to RAC. Table 6 lists the equations proposed by various researchers to express the relationship between the compressive strength and the elastic modulus of RAC. El-Hassan et al. [124] proposed Eq. (7) based on the RA and steel fiber dosage, wherein 
RCA
represents the percentage replacement of RA and 
SF
represents the volume fraction of steel fiber; Yuan et al. [129] also proposed Eq. (8) for the relationship between compressive strength and elastic modulus of concrete containing RA and steel fiber, wherein 
λm
represents the volume fraction of steel fiber, 
ra
represents the percentage replacement of RA and 
d1
, 
d2
represent the regression coefficients of the elastic modulus. Park et al. [122] used a significant amount of test data to derive Eq. (9), wherein R represents the correction factor, which is related to the quality and replacement quantity of RA, 
σ
represents the compressive strength of RAC and 
γ
represents the mass of a unit volume of the RAC; Tošić et al. [130] proposed Eq. (10), wherein 
kE
accounts for the type of aggregate and 
αRA
represents the ratio between the mass of RA and the total aggregate mass in RAC.
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6  Ultrasonic Pulse Velocity

UPV is a popular non-destructive and indirect approach used to measure the compressive strength of concrete. The UPV value has a good correlation with the compressive strength of concrete. Furthermore, it can also be used to evaluate the uniformity of the concrete and detect defects.

The UPV value is determined based on the ITZ characteristics of the concrete and the aggregate density. As illustrated in Fig. 14, the UPV value decreases with the increase in the RA replacement ratio [89]. This is because the voids and cracks in the concrete also increase with the increase in the RA replacement ratio [124]. The decrease in the UPV value can be attributed primarily to the high porosity and weak ITZ of the RAC [131]. The UPV value is also related to the curing conditions and type of RA used in the RAC. Cho et al. [132] revealed that the UPV value of concrete varies based on whether it is subjected to air curing or standard curing. Revilla-Cuesta et al. [89] stated that the use of excessive recycled fine aggregate leads to a higher predicted UPV value when the compressive strength of the concrete is measured using UPV. Consequently, when the compressive strength of the concrete exceeds 60 MPa, the compressive strength predicted by the UPV value is slightly overestimated [133]. Nanayakkara et al. [134] used UPV to evaluate the uniformity and defects in concrete and revealed that concrete containing slag and RA had excellent long–term performance. With time, the material quality improved, the strength increased, and the porosity decreased.
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Figure 14: Ultrasonic pulse velocity of RAC with slag replacement ratio [89]

Table 7 demonstrates the relationships between the UPV value and the compressive strength of concrete proposed by various researchers. Revilla-Cuesta et al. [89] proposed different formulae based on the range of the UPV values. Saha et al. [135] clarified the relationship between the compressive strength, density, water–cement ratio, and UPV value of concrete; 
ρ
represents the density and 
ω
represents the water–cement ratio of concrete. El-Hassan et al. [124] established a relationship between the compressive strength and the UPV value of concrete, and Hong et al. [136] proposed a formula for the relationship between the UPV value and the compressive strength of high–strength concrete. The four formulas are all highly correlated functions that have been fitted from a large amount of experimental data. Eqs. (10), (13) and (14) directly present the relationship between compressive strength and UPV value without considering the characteristics of the concrete itself. After comparative analysis, the deviation between the three formulas is obvious, which is obviously not universal. Compared with the other three formulas, the relationship between the compressive strength and UPV value of RA given by Eq. (14) limits the density and water–binder ratio of materials, and the applicability of the formula is obviously improved. Therefore, the RAC prepared for different materials needs to adopt appropriate formulas to show the relationship between UPV value and compressive strength.

[image: images]

7  Conclusion

After reviewing 136 studies, the following conclusions are drawn:

(1)   Slag added to RAC can improve its workability. When RA and slag are added to the concrete, the best approach is to use RA instead of NA, with a coarse aggregate replacement ratio of less than 50%, and steel slag powder or GGBFS instead of cement. Before replacement, the RA should be pretreated to improve its quality.

(2)   When slag aggregate and RA replace natural aggregate together, the replacement amount of RA should not exceed 50%. The proportion of natural aggregate replaced by RA and slag aggregate is the key to the high compressive strength of concrete. In order to obtain a high early compressive strength of RAC, the proportion of steel slag powder replacing cement should be kept at about 10% or GGBFS should be used instead of cement.

(3)   The elastic modulus, UPV value and splitting tensile strength of RAC are positively correlated with its compressive strength. Many researchers have established many relations between them according to their own experimental results. When these relationships are used, bias can be greatly reduced by selecting relationships that include as many material properties as possible.

In conclusion, this paper summarizes the factors and mechanisms of RA and slag on concrete workability, compressive strength, splitting tensile strength, elastic modulus, and UPV value. The best alternative method for incorporating RA and slag into concrete has been identified. Some formulas related to the compressive strength of RAC are compared in this paper, and their applicability is verified to a certain extent. The author thinks that in order to obtain the wide application and recognition of RAC, the quality of RA should be divided into certain grades based on the material source, particle size, the content of old mortar, and other aspects, and this grade must be mutually transformed with the grade of natural aggregate. Secondly, the replacement amount of RA should be capped. Future research should not be limited to the mechanical properties of RAC, but more research should be done on its durability, so as to provide more data support for the application of RAC.
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Table 3: Different treatment methods for RA

Ref. Method of quality improving of RA Specific measures
[62] Strengthen the old mortar Microbial carbonate precipitation
[48] Strengthen the old mortar Accelerated carbonation
Soaking in lime with accelerated carbonation
Remove the adhesive old mortar Soaking in acetic acid
Soaking in acetic acid with rubbing
Soaking in acetic acid with accelerated carbonation
[61] Remove the adhesive old mortar Pre-soaking in HCI solution for 24 h

Pre-soaking in H,SO,4 solution for 24 h
Pre-soaking in H3PO, solution for 24 h

(Continued)





OEBPS/Images/table-4.png
Table 4: Compressive strengths of RAC containing different types of RA. Adapted with permission from [62],
Copyright © 2017, Elsevier B.V., and [73], Copyright © 2004, American Society of Civil Engineers

Ref. Type of  Replacement Compressive Reduction in Water Bulk density
RA ratio strength (MPa)  compressive strength  absorption  (kg/m’)
(%) )
[73] RA (a) 100% 42.3 7.4 5.1 1356
RB (b) 42.8 6.3 5.5 1353
RC (¢) 44.3 3.1 5.3 1348
[62] RA 100% 53.8 11.8 = =
Mixed 43.6 28.5 — —

aggregates
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Table 7: Relationship between UPV and compressive strength. Adapted with permission from [89], Copyright
© 2021, Elsevier B.V,, [124], Copyright © 2021, MDPI, [135], Copyright © 2021, Elsevier B.V., and [136],
Copyright © 2014, Trans Tech Publications, Ltd.

Authors and Ref. Equation of two variables Equation number
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Hong et al. [136] £ = 0.069*9 (14)
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Table 1: Percentage of GHGE of each component of concrete. Adapted with permission from [7], Copyright ©
2007, Springer Nature Switzerland AG

Components Cement Coarse aggregates Fine aggregates
Percentage (%) 74-81 13-20 3.9-8
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Table 6: Relationship between elastic modulus and compressive strength of concrete. Adapted with permission
from [122], Copyright © 2015, ICE Publishing, [124], Copyright © 2021, MDPL., [129], Copyright © 2022,
MDPI., and [130], Copyright © 2020, John Wiley & Sons, Inc.
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Table 2: Chemical composition of steel slag. Adapted with permission from [33], Copyright © 1999,
Elsevier B.V.

Chemical composition (%)

CaO SIOZ A1203 FeO MgO F6203 MnO P205
EAFS 30-50 11-20 10-18 822 8—-13 5-6 5-10 2-5
BOFS 45-60 10-15 1-5 7-20 3—-13 3-9 2-6 14

Steel slag
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Table 5: Relationship between compressive strength and splitting tensile strength. Adapted with permission
from [117], Copyright © 2020, ICE Publishing, [118], Copyright © 2006, AMER Concrete INST, [119],
Copyright © 2005, Elsevier B.V., [120], Copyright © 1992, E & FN Spon., and [121], Copyright ©
2014, Elsevier B.V.

Authors and Ref. Proposed equation Equation number
Khan et al. [117] fi=0.65x ()" Q)
Arioglu et al. [118] fr = 0.387 x f00 (3)
Bhanja et al. [119] f; = 0.248 x f3-717 (4)
Larrard et al. [120] f: = 0.6 4+ 0.06f, (5)
Khoshkenari et al. [121] fi =0.24 x £271 (6)

Note: f; represents the splitting tensile strength (MPa) and /. represents the cylinder compressive strength (MPa).
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