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Abstract


The main factor that alters the quality of recycled concrete aggregate (RCA) is the paste adhered to the natural aggregate (NA). Since it causes weakening of the interfacial transition zone (ITZ) between the aggregate and the cementitious paste, it becomes a determining factor for the mechanical behavior of concrete. It turns out that it is critical to enhance this interface by improving the surface of the aggregate or by removing the paste adhered to the NA. Considering the variety of methods for removing paste adhered to RCA—namely using acids such as hydrochloric acid (HCl), sulfuric acid (H2SO4), and phosphoric acid (H3PO4), among others—this paper presents a review of treatments for the removal of adhered paste using acidic solutions on the RCA, and their influence on the mechanical properties and durability of concrete produced with RCA. Pearson’s correlation was used in the statistical analysis to determine the linear relationship of the main factors—for instance, immersion time, acidic solution, and aggregate size—involved in the removal of the paste in the RCA.
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1. Introduction


Within construction, the use of recycled materials is being promoted in order to obtain new concrete. Among these materials, recycled concrete aggregate (RCA) is used as a substitute for natural aggregate (NA). In spite of the possible environmental benefits, these new materials face limitations to achieving conventional performance. Compared to NA, RCA shows high porosity, high water absorption, low density, and weak adhesion between the interfacial transition zone (ITZ) and the contained mortar, resulting in a low mechanical behaviour of the concrete [1,2,3,4]. Therefore, the modification of the microstructure of the ITZ has been a major concern for improving the properties of recycled aggregate concrete (RAC).



Two main techniques are identified to improve RCA. The first one is the elimination of the paste adhered to the RCA by means of chemical treatments [5,6,7,8,9,10,11,12,13,14,15], thermal treatments (traditional heating, microwave heating) [7,16], mechanical treatments [17,18], the combination of heating and mechanical treatments [19], and the combination of chemical and mechanical treatments [5,20]. The second technique is the use of polymers to enhance the interaction between RCA and cement paste [21]. The addition of silicones, calcium carbonate bio-deposition, and pozzolanic materials—such as fly ash, silica fume, carbonation and silicate sodium solution—are part of this technique.



The aim of this article is to describe the current scientific state-of-the-art of the characterization and use of RCA treated with different acidic solutions, and to consider the possible advantages that this type of treatment brings to RCA, mainly on its mechanical behavior and durability properties. Environmental benefits based on the reuse of acid mine drainage (AMD) may also be considered [22]. The first part of this article explains the chemical process of removing the mortar with most-often-used chemicals, i.e., hydrochloric acid (HCl), sulfuric acid (H2SO4), and phosphoric acid (H3PO4). Then, improvements to concrete in the fresh and hardened state are presented, ending with a Pearson’s correlation statistical analysis of several variables (acid molar concentration, immersion time, aggregate size, and acid solution) to determine its degree of influence on the removal and water absorption of RCA.




2. Chemistry of Acid Treatment in RCA


The chemical treatment technique of pre-soaking RCA in acidic solutions has been an effective method for the elimination of adhered mortar in RCA and the improvement of its properties. It consists of an acid attack associated with the reaction of an acid (HX) and the calcium hydroxide (CH) portion of the cement paste; this produces a highly soluble calcium salt (CX, where X is the negative ion of the acid) by-product which is easily removed from the cement paste, thus weakening the paste’s structure as a whole (Equation (1)) [23,24].


  HX + CH → CX + H  



(1)







Once the acid interacts with concrete, three major reactions are triggered. Firstly, the hydration products react with acid, forming dissolved ions, thus losing the mortar adhered to the NA; this reaction is called acidolysis. Secondly, depending on the type of acid, insoluble salts form and precipitate, causing expansion and cracking. Other reactions create complexes with calcium, aluminum, iron, and silicate ions, which produce much higher concentrations of these ions in the solution that would otherwise lead to dissolution. This can potentially occur under pH conditions in which cement would normally be relatively stable (complexolysis). Depending on the acid used, more than one of these detrimental mechanisms can be effective [25,26].



The first mechanism increases the content of sulfate ions (SO42−) in the adhered mortar of the RCA through the addition of HCl, H2SO4, and H3PO4. The chemical reactions responsible for cement corrosion depend on the type of acidic solution. Cement is an alkaline material with C3S, C2S, C3A and C4AF as its main components, whose reaction with water form hydration products—calcium silicate hydrate (C-S-H), calcium hydroxide or portlandite (CH), ettringite (C6AS3H32), calcium monosulphoaluminate (C4AS3H12), and hydrogarnet (C3AH6), among others; thus, they constitute a cementitious structure that can easily be attacked by strong acids [27,28].



A sulfate attack generates a series of reactions in the cementitious matrix of the concrete, due to the penetration of SO42− in the cement structure from the exposure of the RCA to acids and the environment. When external sources of sulfate ions penetrate the cementitious matrix, initiating chemical reactions with the hydrated products such as portlandite (Equation (2)), they form gypsum and calcium aluminate phases, which form ettringite; this is followed by reactions of monosulfate (Equations (3) and (4)), tricalcium aluminate (Equations (5) and (6)), tetracalcium aluminate hydrate (Equation (7)) and hydrogarnet (Equation (8)) [29,30]. The calcium ions are initially supplied by portlandite, and when the ions are no longer available, the calcium silicate hydrate dissociates in the silica gel, providing the ions for the formation of ettringite [30,31].


    Na  2    SO  4  + CH + 2 H →    C   S ¯   H   2  + 2 NaOH  



(2)






   C 4     A   S ¯   H    12   + 2    C   S ¯   H   2  + 16 H →  C 6  A    S 3   ¯   H  32    



(3)






  3  C 4     A   S ¯   H    12   + 3   Na  2    SO  4  → 6 NaOH + 2 Al     OH    3  + 21 H + 2  C 6     A   S ¯   H    32    



(4)






   C 3  A + 3    C   S ¯   H   2  + 26 H →  C 6  A    S 3   ¯   H  32    



(5)






   C 3  A + 3   Na  2    SO  4  + 3 CH + 32 H → 6 NaOH +  C 6  A    S 3   ¯   H  32    



(6)






   C 4    AH   13   + 2    C   S ¯   H   2  + 14 H →  C 6  A    S 3   ¯   H  32   + CH  



(7)






   C 3    AH  6  + 3    C   S ¯   H   2  + 2 OH →  C 6  A    S 3   ¯   H  32    



(8)







The acidolysis mechanism takes place when the cement hydration products react with acids in the form of dissolved ions [25]. In particular, when the acidic solution penetrates the pores of concrete, it dissolves the constituents; calcium cation are the first to be dissolved (Figure 1), given that portlandite becomes soluble at high pH values. Exposure to the acid solution also causes loss of calcium—descaling—from the C-S-H gel, leaving behind a relatively weak silica gel. These poorly soluble salts can act as a partial inhibitor of the general process, blocking the tiny passage of cement paste through which water flows [23,25].



Consumption of cement hydration products, particularly Ca(OH)2 due to the action of HCl and nitric acid (HNO3), results in the formation of CaCl2 and Ca(NO3)2 salts, respectively. These soluble salts can be easily transported to the external parts of mortar using water. In this situation, the continuous reactions increase the porosity of the cement paste, and the increase in pore volume accelerates the reaction rate. In the case of an attack of H2SO4, the assessment of deleterious reactions can be divided into two parts. In the first stage, the deterioration of Ca(OH)2 results in expansive plaster formation. Then, the plaster reacts with C-S-H in an aqueous environment and forms a more expansive product called ettringite [20,32].



Another chemical reaction present in the removal of adhered mortar in RCA is the one between the mineralogical nature of the RCA and acids. According to Dyer [33] when limestone aggregate is in contact with an acid, the following reaction occurs (Equation (9)):


    CaCO  3  + 2 HX →   CaX  2  + 2   CO  2   



(9)







Limestone aggregates neutralize acids as they dissolve, making it difficult to remove mortar from the RCA, whereas siliceous aggregates are inert to acid attack [34,35].




3. RCA Properties


The mechanical and durability properties of concretes produced with RCA are directly influenced by the characteristics of the source material, e.g., w/c ratio, type of cement, and strength, in addition to other factors such as production and storage [36,37,38,39]. This high variability in the RCA can affect the removal of adhered mortar using acids. RCA made with cement with a high C3S content show higher resistance to compression at 28 days, demands a higher w/c ratio, and hydrates faster. The abovementioned results in a higher content of Ca(OH)2 and a larger porous structure that is more vulnerable to an acid attack, increasing the removal of adhered mortar [40]. The effectiveness of removing mortar in RCA from concretes with a partial replacement of cement with pozzolanic admixtures or chemical admixtures varies due to differences in their chemical composition, i.e., the type of cement or chemical admixtures used. Pavlík [41] investigated the influence of the w/c ratio on the mortar corrosion process by acetic acids (CH3COOH) and HNO3, showing that the corrosion rate decreases with an increase in the cement content per unit volume of the hardened paste. The author stated that there are two main causes related to this fact: the increased neutralization capacity of the matrix and the increase in diffusion resistance of the corroded layer. The following are the main properties of RCA after being treated with acid solutions.



3.1. Water Absorption


Owing to its porous structure, the paste adhered to RCA is more susceptible to water absorption than NA and needs extra water during mixing. A failure to compensate this water will negatively affect the concrete’s performance [42,43]. There is a high dispersion of water absorption values in RCA, ranging from 1% to 20% [37,44,45,46,47], depending on particle size and density. There are several techniques to improve or modify these characteristics. One of the main techniques for the removal of mortar in RCA is pre-soaking in acidic solutions.



The technique initially proposed by Tam et al. [15] consists of the immersion of RCA in acidic solutions at different concentrations and immersion times, in order to eliminate the mortar adhered to NA. Afterwards, the RCA is washed with water and oven-dried for 24 h at 100 °C, which allows it to be used. This technique is easy to implement and does not require specific equipment. Tam et al. [15] superficially treated RCA in acidic solutions at low concentrations of 0.1 mol with HCl, H2SO4, and H3PO4; in addition, RCAs with particle sizes of 20 and 11 mm were soaked for 24 h at 20 °C and the decrease in water absorption was obtained: 12.16% for HCl-treated RCA, 11.0% for H2SO4-treated RCA, and 8.36% for H3PO4-treated RCA for size 11 mm; the results were similar for a particle size of 20 mm, with a reduction in water absorption of 12.12% for HCl-treated RCA, 10.3% for H2SO4-treated RCA, and 7.27% for H3PO4-treated RCA. The different acids increase the content of SO42− in the adhered paste of RCA; when reacting with the main mortar compounds of RCA, as described in Section 2, this allows the removal of the adhered mortar, reducing the water absorption capacity of RCA.



Akbarnezhad et al. [7] showed that acid treatment at low concentrations reduces RCA’s water absorption. Nevertheless, none of these values approach those of NA. Akbarnezhad et al. [7], used H2SO4 to remove the bonded mortar in NA at concentrations of 0.1 M, 0.5 M, and 1 M, with a pre-soaking time of 1 and 5 days. The water absorption reductions of RCA were 2.3% for a 0.1 M molar concentration soaked for 24 h and 120 h, and 16.6% and 61.9% for 1 M molarity submerged for 24 and 120 h, respectively. Additionally, greater effectiveness occurred when using higher acid concentrations.



Ismail and Ramli [9] studied the immersion of RCA in low HCl molarities of 0.1 M, 0.5 M, and 0.8 M, with pre-soaking times of 1, 3, and 7 days to improve RCA’s characteristics. The study showed that water absorption was reduced in the range of 1% to 28%. Greater reduction was observed at 0.5 M and 0.8 M concentrations and in smaller RCA particle sizes. In addition, it was observed that the pre-soaking time of RCA in the acidic solution was not a determining factor in reducing water absorption. Ismail and Ramli [10], who analyzed the effect of using HCl in a 0.5 M concentration solution for a period of 24 h, reported a reduction in the water absorption of RCA of between 19.3% and 16.6%, relative to untreated RCA.



Purushothaman et al. [13] observed that RCA treated with HCl and H2SO4 in five particle sizes (20.0, 16.0, 12.5, 10.0 and 4.75 mm), at a concentration of 0.1 M and pre-soaked for 24 h, had a reduction in water absorption of 41% and 58%, respectively, for HCl and H2SO4, compared to untreated RCA.



Acid treatments of RCA have also been explored by Pandurangan [12], who studied the effects of the bond between acid-treated RCA concrete and reinforcement. Nitric acid (HNO3) was used to pre-soak RCA at a 1 M molarity for 24 h, a procedure described by Movassaghi [48]. The results obtained were a 36.7% reduction compared to untreated RCA.



Saravankumar et al. [14] also improved the water absorption of RCA using HCl, H2SO4, and HNO3, at a concentration of 0.1 M and after pre-soaking for 24 h; they showed that there was an improvement in water absorption of 10%, 11% and 13% for HCl, HNO3 and H2SO4, respectively.



Al-Bayati et al. [8] also analyzed the effect of acidic solutions of HCl and acetic acid (C2H4O2) on RCA, treated at a concentration of 0.1 M and with a 24 h soaking time. There was a decrease in water absorption of 4.22% for HCl, and of 4.33% for C2H4O2.



Kim et al. [11] also studied the effect of acid treatment on RCA, by treating RCA with HCl and sodium sulfate (Na2SO4) in an acidic solution at a 1:4.5 aggregate: acid ratio (1.2 M), submerged for 48 h, and replacing the solution with a new one after 12 hours of pre-soaking. The results showed a reduction of 38.6% for HCl and of 34.9% for Na2SO4.



Tang et al. [49] treated RCA using a 0.5 M solution of H2SO4 by pre-soaking it for 24 h and shaking the RCA occasionally inside the acidic solution. Then, to ensure that the treated RCA has no residue from the acidic solution, the RCA was washed and submerged in water for 24 h. The results after treatment showed a 10% reduction in water absorption compared to untreated RCA.



Wang et al. [20] pre-soaked RCA in an acetic acid (CH3COOH) solution at an ambient temperature at three different acid concentrations (1%, 3%, 5%), and three different immersion durations (1, 3, and 5 days). The water absorption of all RCA samples was reduced by 9–19%. The lowest water absorption performance was achieved for RCA treated with 1% acetic acid. The authors mentioned that greater incorporation of acetic acid increases water absorption of the treated RCA. The authors also explained that this occurs mainly because more pores were produced in the treated RCA samples due to the dissolution of more hydration products, and possibly some NA in the acetic acid.




3.2. Determination of Mortar Loss


The percentage of mass adhered to RCA is determined by the difference between the initial weight and the final weight, as shown in Equation (10). Ismail and Ramli [9] studied the effect of HCl acid on RCA at different concentrations (0.1 M, 0.5 M, and 0.8 M) and immersion times (1, 3, and 7 days). The results showed that at high concentrations, the loss of mass is higher, with a linear correlation between these two factors; moreover, the soaking time did not have a great influence on removed mortar mass. Ismail and Ramli [9,10] also showed that removal is greater at smaller RCA sizes. This can be explained by Juan and Gutierrez [50] who removed the mortar adhered to RCA using HCl acid, showing that smaller aggregates have a range of adhered mortar of around 33% to 55%, while larger fractions range from 23% to 44%. Other authors also report that the content of adhered mortar is higher for smaller RCA sizes [5,51]. The removal of the paste adhered to RCA is more efficient in aggregates with a higher mortar content, considering that the removal of the mortar depends on the type of cementitious material used in the RCA [52]. Pavlik [53] showed that the rate of corrosion decreases with an increase in cement content per unit volume of hydrated cement paste (increases with w/c).


   % Adhered   mortar   loss  =    Mass   of   RCA  −  Mass   of   RCA   after   treatment     Mass   of   RCA     



(10)







A more aggressive and destructive case of acid attack occurs when concrete is exposed to sulfuric acid. The calcium salt produced by the reaction of the H2SO4 and calcium hydroxide is calcium sulfate which, in turn, causes increased degradation due to a sulfate attack.



Akbarnezhad et al. [6] used the H2SO4 treatment technique to determine the amount of paste adhered to RCA, and proposed four techniques for total removal of the mortar: the first one was to submerge the RCA in H2SO4 at concentrations of 1 M to 6 M; the second technique consisted of submerging the RCA in H2SO4 at concentrations of 1 M to 6 M, renewing it after every 8 h of immersion, after which the RCA was washed before submerging it again in the solution; the third technique was to submerge the RCA at the same concentrations but with continuous agitation of the particles; finally, the fourth technique considered all the procedures previously described in the second and third cases. The results obtained showed that the removal of mortar varied between 12% and 100%, showing that the main factors for this removal were acid concentration and the removal technique (best results: techniques II and IV). In addition, it was observed that the acid concentration lost H+ ions over time, reducing the degree of attack of the mortar. Washing the RCA before each replacement removed a layer of silica and aluminosilicate gels released by C-S-H from the RCA surface [52], increasing the removal efficiency.



Akbarnezhad et al. [7], used H2SO4 to remove the mortar at concentrations of 0.1, 0.5 and 1 M, reporting mass-losses of 2%, 14%, and 34% after one day of exposure, and mass-losses of 2%, 13% and 34% after 5 days of exposure, respectively. Authors such as Al-Bayati [8] and Saravankumar et al. [14] reported mass-losses of 3.92% and 5% for RCA for one day of soaking at concentrations of 0.1 M and 2.7 M, respectively.



Pre-soaking in acid to determine the mortar loss was also investigated by Kim [11], who studied the effect of using HCl and Na2SO4. The author obtained mass-losses between 2.66% and 9.09% for RCA sizes from 2.36 mm to 19 mm for Na2SO4. The values for HCl were 5.34% to 19.91% for the same aggregate sizes. The biggest removal was for HCl, as it is a more aggressive acid.




3.3. Bulk Density


Akbarnezhad et al. [6] produced two types of concrete with 30 MPa and 60 MPa of compressive strength for the production of RCA, using only particles between 8 and 12 mm. There was a linear correlation between the content of mortar in RCA and the decrease in bulk density for the two types of aggregate. The results showed that an increase in mortar content from 0% to 52% (by mass) for RCA produced from 30 MPa concrete resulted in an almost linear decrease in the apparent density of RCA from 2590 to 2295 kg/m3. Similarly, an increase in mortar content from 0% to 58% (by mass) for RCA produced from 60 MPa concrete led to a linear decrease in the bulk density of RCA from 2590 to 2340 kg/m3. The results showed that, as the density of mortar in 60 MPa concrete is higher than that of 30 MPa concrete, a similar mortar content in RCA produced from 60 MPa concrete has a higher bulk density than RCA produced from 30 MPa concrete.



Ismail and Ramli [9] showed that untreated RCA has lower physical properties than NA, and that the particle densities (dry oven condition) of 20 mm and 10 mm RCA were 2330 kg/m3 and 2230 kg/m3, respectively. These figures were lower than those of 20 mm and 10 mm NA (2600 kg/m3 and 2580 kg/m3, respectively). However, the physical properties of RCA improved after immersion in acid, with a higher increase for 10 mm aggregates (4.7%) than for 20 mm aggregates (2.2%) owing to the content of adhered mortar tending to be greater in smaller aggregates than in coarser aggregates [50]. Due to the relationship between aggregates’ density and absorption [37,44,54], the increase in RCA density results in the significant decrease in RCA water absorption. The density of RCA increases at varying concentrations of acid treatment.



Al-Bayati [8] also saw improvements of 7.37% and 5.40% in bulk density for C2H4O2 and HCl, compared to untreated RCA. Saravanakumar et al. [14] observed that, after RCA treatment using three acids (H2SO4, HNO3 and HCl), the bulk density had variations of less than 10%, 13% and 13% for each acid compared to untreated RCA, which showed a variation of 15% in relation to NA.




3.4. Microscopic Analysis of the RCA


According to Ismail and Ramli [9,10], acid treatment at low molarities (0.1 M and 0.5 M) with HCl in RCA reduces the number of loosely adhered particles, leaving a cleaner, smoother surface with less-sharp angles [44]. The authors also observed that, with the increase in molar concentration, the brittle particles of the mortar are released due to the increased attack on the mortar caused by the greater addition of H+. Figure 2 shows a change in the morphology of RCA before (Figure 2a) and after treatment with HCl at molar concentrations of 0.1 M (Figure 2b), 0.5 M (Figure 2c), and 0.8 M (Figure 2d). A scanning electron microscope (SEM) clearly shows cleaner and more uniform surfaces. Saravanakuar and Manoj [14] also analyzed the microstructural morphology of the effects of treatments with HCl, HNO3 and sulfuric acid on the surface of the RCA, showing the same degradation of the paste observed by Ismail and Ramli [9,10]. Al-Bayati et al. [8] showed that there are differences on the surface when RCA is treated with strong acids than with weak ones, reaching the same conclusion as the previous authors. A summary of the techniques discussed in this section is presented in Table 1.





4. Properties of Concrete with Treated RCA


4.1. Fresh-State Properties and Density


The properties of the fresh state of RCA-containing concrete are directly affected by its presence, as it has sharper geometries that reduce the slip between particles and increase water absorption, decreasing the workability of the concrete. Controlling workability is important to achieve adequate compaction [27]. The main results of the influence of chemical treatments on the production of concrete with RCA are shown below.



Ismail and Ramli [9,10] produced concrete with various ratios of RCA incorporation (15%, 30%, 45%, 60%) treated with HCl at molar concentrations of 0.1 M, 0.3 M, and 0.8 M with pre-soaking times of 1, 3, and 7 days, and noted that workability did not show significant differences: 17% higher in concrete produced with treated RCA than in concrete with untreated RCA. This result may be attributed to the high absorptivity of coarse RCA caused by the porous mortar attached to it, which absorbs more water during concrete mixing, thus lowering the workability of concrete. Ismail and Ramli [9] also observed that workability decreases linearly with the increase in the incorporation ratio of acid-treated RCA. The author also reported that the density of concrete made with treated and untreated RCA has no significant difference. In fact, the density of concrete with treated RCA is slightly higher due to the reduction in the adhered mortar to the original NA. This behavior was also observed by Al-Bayati et al. [8], who treated RCA with HCl and C2H4O2 at 0.1 M and a 24-h pre-soaking time. The authors also noted that there is a tendency for density to decrease when the incorporation ratio of treated RCA increases. This trend is also the same as other reported by other authors when using untreated RCA in the manufacture of concrete [55,56].



Purushothaman et al. [13] saturated RCA after treatment with HCl and H2SO4 before the production of concrete, and showed that concrete with treated RCA had an improvement in workability of around 23.5% for both acids relative to concrete with untreated RCA. Similar results were recorded by Pandurangan et al. [12] and Butler et al. [57] in concrete made with RCA treated with HNO3.



Similar results were obtained by Kim et al. [11] as they observed an improvement in the workability of acid-treated RCA concrete. The authors noted that workability improves when RCA is treated with strong acids (HCl), as they have a greater degree of removal than weak acids, leaving a less angular surface that promotes fluidity due to a ball bearing effect [3,34].



In summary, it was observed that all authors reported insignificant increases in the workability of concrete mixes containing RCA treated with acid solutions of low molarities. The differences are due to the fact that mortar adhered to NA still remains.




4.2. Compressive Strength


As previously mentioned, concrete with RCA presents a weaker interfacial behaviour. Tam et al. [15] tested several mixes with coarse RCA treated in acid solutions of HCl, H2SO4, and H3PO4, and substitution ratios of 5%, 10%, 15%, 20%, 25%, and 30%. The authors showed that the compressive strength after treatment had significant improvement, i.e., increases of 10.1%, 11%, 0,07% 6,67%, 12.8%, and 14.0% for HCl, H2SO4, and H3PO4, respectively, and incorporation ratios of 20% and 25% of RCA.



Ismael et al. [9] studied several mixes incorporating coarse RCA at 15%, 30%, 45%, and 60% replacement ratios, treated with HCl at molarities of 0.1 M, 0.5 M and 0.8 M, a water/cement ratio (w/c) of 0.4, a cement content of 537 kg/cm3, and a 28-day compressive strength of 50 MPa. The results presented by the authors showed that the maximum replacement level to maintain strength at 28 days is up to 45% for RCA treated with HCl at molarities of 0.1 M and 0.5 M and not 0.8 M; this is because high concentrations are detrimental to the surface of RCA, leaving it more brittle and fragile and interfering with the good connection between cement and the particles. It was also observed that ratios of 15% incorporation of RCA in the mixes result in improvements in compressive strength, relative to mixes that incorporate untreated RCA. On the other hand, the authors showed that the effect of different RCA soaking ages on the compressive strength is insignificant.



A study by Ismail and Ramli [10] determined the influence of RCA treated with HCl at 0.5 M, submerged for 1 day, on its mechanical and drying properties. The characteristics of the mixes were: a w/c ratio of 0.40, a cement content of 510 kg/m3, a 28-day compressive strength of 50 MPa, and a 60% replacement ratio of NA with treated RCA. The authors determined the compressive strength of concrete at 7, 28, 90, and 180 days. Concrete prepared with treated RCA had better performance than that prepared with untreated RCA. At 7 days, treated RCA concrete had a compressive strength 3% higher than that of control concrete. At 28, 90 and 180 days, the compressive strength of concrete with treated RCA was 96%, 99%, and 98% that of the control concrete, respectively, i.e., almost the same.



Ismail and Ramli [10] determined the ultrasonic pulse velocity (UPV) in mixes containing treated RCA and untreated RCA. They found that the UPV values are slightly higher in mixes with treated RCA. This is due to the improvement of RCA properties, thus improving the ITZ microstructure and increasing the bond strength between the new cement paste and RCA.



Purushothaman [13] studied various concrete mixes, including 100% coarse RCA treated with two types of acid—HCl and H2SO4—at a concentration of 0.1 M, soaked for 24 h, with a w/c ratio of 0.45, containing 380 kg/m3 of cement, and under a 28-day compressive strength of 30 MPa. It was observed that the mixes with untreated RCA reached 80% of the reference mix’s 28-day compressive strength, while the mixes with treated RCA reached 90% and 95% of the same value for HCl and H2SO4, respectively.



Saravanakumar et al. [14] studied the effect on concrete of RCA treated with H2SO4, HNO3, and HCl designed according to the ACI method [58], and mixing ratios of 1:1.4:2.3 (cement:sand:gravel) were used with a w/c ratio of 0.45. Ordinary Portland cement ASTM type 1, with a specific surface area of 3960 cm2/g and specific gravity of 3.15, was used. The authors replaced NA with RCA at 100%. The 28-day compressive strength of concrete made with recycled aggregates was 25% lower than that of concrete made with NA aggregates. In the treated aggregates, the loose mortar was removed as much as possible, and the characteristics of the aggregate’s surface were improved. The contact in the ITZ between the treated RA and the new cement paste improved and; thus, the 28-day compressive strength of concrete improved the treated RCA by 8 to 18% compared to concrete made with untreated RAC. The compressive strength development in concretes of RCA treated at later ages, between 28 and 91 days, was considered good. The relative strength development of concrete with recycled aggregate treated with HCl, HNO3 and H2SO4 was 18%, 18.5%, and 20%, respectively, at the age of 91 days. Among all the treated aggregate mixes, the development of strength was lower for the one treated with HCl.



Pandurangan et al. [12] performed mixes of concrete with RCA to assess the pull-out force between steel and concrete. The mixing ratio by weight was designed according to the ACI method [58] as 1:2.18:2.82 (cement:sand:gravel), with a cement content of 380 kg/m3, and a w/c ratio of 0.45 for concrete class M35. The replacement ratio was 91.5% according to the design method established by Fathifazl et al. [59]. The authors showed that the compressive strength improves by treating the recycled aggregates and represents more than 95% that of concrete with NA only.



Kim et al. [11] obtained results that are in accordance with the existing literature on mechanical properties of concrete with RCA. The compressive strength decreased when natural aggregates were replaced with recycled aggregates. Concrete that incorporated treated RCA exhibited better strength attributes than that with untreated RCA. Compressive strength increased by about 4.5%. This showed that pre-treatment of RCA with HCl is beneficial to the mechanical performance of concrete with RCA.



Wang et al. [20] showed that all concretes containing RCA treated with 1% and 3% acetic acid have higher compressive strength compared to the reference concrete. The strength increased more than 25% at 28 days in concretes with treated RCA. Wang et al. [20] showed that during the process, in higher acid solutions, the residual effect of the acid negatively influences the compressive strength with a greater influence at the ages of 3 and 7 days. Another possible reason for this reduction was indicated by the potential damage induced to the RCA.



The removal of mortar adhered to RCA is not limited only to the coarse aggregates. Kim et al. [60] studied the effect on the compressive strength of mortars manufactured with fine aggregates of RCA treated with H2SO4 and HCl. Unlike the trends of previous authors, they obtained lower results for compressive strength in mortars treated with acidic solutions. This behavior was explained by the production of gypsum in the removal, which, if not correctly eliminated, would come into contact with the calcium alumina of the cement, generating a greater number of voids.



Figure 3 shows the compressive strength results of several authors [9,10,11,13,14] on concretes with aggregates treated with HCl solutions at different ages of curing. A correlation of R2 = 0.70 between the different results can be observed. This variability is due to the fact that the removal is directly linked to the type of cement and the aggregate size. The results also show that there is a positive evolution in the compressive strength when the acid concentration is increased. This evolution in the compressive strength can be affected by the ionization of the acid increasing the content of ions in the RCA [60,61,62,63]. It also presents a confidence interval of 95% (p-Value = 0.0001) for the response in compression with this type of treatment.




4.3. Tensile Strength


Tam et al. [15] reported increases in tensile strength in concrete containing acid-treated RCA. They stated that the best performance improvements in 28-day flexural strength were 4.44% for 25% incorporation of RCA treated with HCl, 5.10% for a 10% RCA treated with H2SO4 and 18.58% for 10% RCA treated with H3PO4.



Ismail and Ramli [10] also reported improvements in the flexural strength of concrete containing treated RCA versus untreated RCA. For treated RCA concrete, the reduction was 4%, 9%, 3%, and 5% relative to the reference concrete at 7, 28, 90, and 180 days, respectively; this indicates that the treatment of the RCA with acid improved the flexural strength, because the reduction without treatment was 3%, 12%, 10%, and 13% at the same ages. Another important result is the good linear correlation that exists between flexural strength and compressive strength, which had a Pearson’s coefficient of R2 = 0.88.




4.4. Modulus of Elasticity


The modulus of elasticity (E) of concrete is directly related to the characteristics of the materials that compose it. RCA can be treated as a composite material of NA and mortar; therefore, the E of RCA is related to the E of the mortar (low) and to that of NA (high), in addition to other factors such as the resistance of the ITZ, stiffness, porosity and volumetric fraction of the paste in the RCA [64,65,66], resulting in concrete with lower E values than those of mixes produced with NA only [55].



Tam et al. [15] showed that E had significant improvements when using treated RCA. These improvements reached up to 20.4% (30% RCA treated with HCl), 15.37% (10% RCA treated with H2SO4) and 10.82% (30% RCA treated with H3PO4) in relation to the reference concrete at 7 days. The improvement was related to the amount of adhered mortar removed using the different acidic solutions, which led to a less porous aggregate with less-fragile particles.



Ismail and Ramli [10] also found improvements in E values for mixes produced with treated RCA. The mixes with treated RCA had reductions of 4%, while the ones with untreated RCA showed reductions of 12%, in both cases, when compared to the corresponding reference mixes. These improvements were due to the treatment effects mentioned in the previous paragraph.



Purushothaman et al. [13] observed that, in mixes with untreated RCA, the reduction in E was almost 35% relative to the reference concrete, while in mixes treated with HCl and H2SO4, the reductions in E relative to the mixes with natural aggregates were less than 8% and 22%, respectively. This better behaviour was due to the fact that the RCA had an increase in density, a removal of adhered mortar, and an improvement in the ITZ between the RCA and the cementitious paste.




4.5. Shrinkage


Studies carried out with RCA on its shrinkage reported a significant increase in the shrinkage of mixes with RCA, compared to conventional concrete.



From the results of shrinkage, Ismail and Ramli [10] observed that the shrinkage of mixes with treated and untreated RCA, which was measured for up to 180 days in total, fell below a micro strain of 500. From the results at the early ages (up to 28 days), the drying shrinkage behavior of all concrete mixes with untreated RCA was observed to be extremely steep (Figure 4). After 28 days, however, the drying shrinkage measured after 180 days for concrete with untreated RCA was 26% greater than that of the control concrete. The high shrinkage of concrete with untreated RCA was related to the low quality and low stiffness of the untreated, coarse RCA. The volume and stiffness of the aggregates are considered important factors that prevent the shrinkage of concrete [67].




4.6. Chloride Ion Penetrability and Carbonation Resistance


The results presented by Kim et al. [11] showed the permeability to chloride ions of untreated RCA mixes to be 27% higher than that of the mixes with NA only. Concerning the permeability to chloride ions of mixes containing RCA treated with HCl and Na2SO4, the penetration was 11% and 14% higher, and those with NA observed an improvement. The carbonation depth of the mixes followed similar trends to those in the chloride penetration tests. The carbonation depth of cast concrete increased by 9% compared to the concrete made with NA. This clearly shows the reduced durability characteristics of this mix when subjected to severe exposure conditions. According Kim et al. [11] the greater depth of carbonation is attributed to the limited formation of C-S-H gel during hydration, resulting in greater porosity and a less dense matrix.




4.7. Interfacial Zone between Cement Paste and RCA


As previously described, the quality of the ITZ depends on the characteristics of the RCA surface. This topic presents ITZ improvement differences between the treated and untreated RCA. Tam et al. [15] performed SEM on concrete mixes with treated and untreated RCA. In Figure 5a, an ITZ with a less dense bond between the paste and RCA is clearly observed. This behavior of the ITZ was also observed by Poon et al. [1], Sidorova et al. [2] and Xiao et al. [68]. When the RCAs were treated with HCl, H2SO4 and H3PO4, the ITZ was reduced (as seen in Figure 5b–d), resulting in a stronger bond between the aggregate and the cementitious paste; this was reflected in the improved mechanical properties of the concrete, as explained above.



Similar research has been conducted reporting the effectiveness of incorporating RCA treated with different acid solutions in concrete and mortar mixes. A summary of the different mechanical parameters that have been determined so far for concrete made with RCA treatment, and the type of acid solution, is provided in Table 2.



The results indicated that the properties of the treated RCAs depend mainly on the molar concentration of the acid solution used for treatment, the amount of cement paste adhered to NA, and the aggregates and water/cement ratio used.





5. Statistical Analysis


From the analysis of the collected data, it was observed that there are parameters that seem to be more influential in removing the mortar adhered to RCA. The main parameters observed from the literature review were molar concentration, pre-soaking time, type of acidic solution, and aggregate size. For this statistical analysis, two types of acid were chosen (HCl and H2SO4), because they are the ones most used by researchers. The analysis established the correlations that exist between the input parameters and the improvement after processing.



Statistical Analysis of RCA Properties


Using Pearson’s correlation to determine the intensity and direction of the linear relationship between variables [69,70,71], an analysis was made regarding molar concentration, soaking time, RCA size and water absorption. From the analysis, it can be seen that there is a small number of relevant correlations. As shown in Table 3, only some correlations are significant, and they have a reduced degree of significance (p-value equal to or less than 0.05) [69,72]. The results for the HCl treatment of RCA show that Pearson’s correlation between molar concentration and mortar loss is r = 0.40, indicating a weak correlation between these two variables. This can be explained by the high variability in the mortar content of the RCA, which means that the same aggregate sizes can have different percentages of adhered mortar [50,73,74,75,76,77], as seen in Figure 6a. Another important parameter is the degree of significance between the two variables, p-Value = 0.05, with a 95% chance of loss of mass with an increase in acidic molarity. The results show that there is a linear correlation between molarity and mass-loss, as seen in Figure 6b, with a correlation coefficient R2 = 0.76; this indicates that the variation in removal is explained by the molarity in 76.3% of cases.



Another important correlation for the HCl surface treatment is that between loss of mass and water absorption, with a value of r = −0.683; this indicates that there is a moderate correlation between loss of mass and water absorption, the relationship is negative because, if the loss of mass increases, the water absorption decreases, with no linear correlation between the two variables. (p-value = 0.05). The analysis concludes that factors such as particle size/soaking time (r = −0.007, p-value = 0.0975) are not significant correlations in the removal of mortar from the RCA.



On the other hand, Pearson’s correlations for H2SO4 treatment between molarity and water absorption (r = 0.055, not linearly associated between them—p-value = 0.00), time and molarity (r = 0.022, p-value = 0.022 linearly related), and time and mass-loss (r = −0.170, p-value = 0.015 linearly related) have a very low degrees of correlation (Table 4). The two factors that have a reasonable level of correlation are the loss of mass and molarity (r = 0.563), and the negative correlation between loss of mass and water absorption (r = −0.992). Neither of these is linearly related. This means that just like in HCl treatment, the variable that is most relevant for mass-loss is molarity, with a degree of variation of 56%; moreover, in this case, the water absorption is 99% correlated with the loss of mass. Figure 7 shows a weak linear correlation between molar concentration and mass-loss where the coefficient is R2 = 0.31.



In order to check whether the acid treatments for the removal of mortar in RCA have a considerable impact on the quality of the aggregates, the proposal of Silva et al. [44], which classifies the aggregates according to the minimum value of oven-dried density and maximum water absorption (Table 5), was considered. An analysis was made comparing the water absorption before and after the treatments of RCA with HCl using data collected in the literature. This type of acid was chosen because it had a significant amount of data from the authors, while other types of acid were evaluated because there are not enough data for analysis. In the authors’ water absorption values before RCA was treated with HCl, it is observed that the untreated RCAs are classified in the following way: 41.3% as BII, 34.4% as BI, 3.44% as AIII, 20.0% as AII, and 0.0% as AI. After the aggregates are treated, the percentages change to 13.3% as BII, 50.0% as BI, 6.66% as AIII, 10.0% as AII and 20.0% as AI, evidencing that there is a significant change in the properties of RCA when treated with HCl.





6. Conclusions


This paper presents a state-of-the-art review of the chemical treatment techniques for the removal of adhered mortar in order to improve the quality of RCA. Based on the review and analysis of the literature, the main conclusions of the article are:



RCA has seen improvements in its physical and mechanical characteristics when treated with solutions at low concentrations, e.g., improving water absorption, density, and RCA surface. From the literature data, it can be concluded that treatments with acids can change the quality classification of RCA for the better.



The immersion time in the acidic solution does not linearly relate to the adhered mortar removal volume. This is due to the fact that, during the removal of mortar, the sulfate ions (SO42−) are consumed in the reaction in the first steps. The total removal of the paste present in the RCA occurs when the acidic concentrations are increased to values greater than 3 M [6].



Concrete mixes that contain treated RCA showed better mechanical behavior than those incorporating RCA without treatment. Thanks to the removal of the paste and improvement of the ITZ between RCA and the new cement paste, higher tensile strength, elasticity module, and tensile strength are achieved. In terms of durability, treated RCA mixes had better values than untreated RCA ones.



There is no strong linear relationship between the variables that control mortar removal and the final physical properties of RCA. This can be explained by the high variability of RCAs both in their physical and mechanical properties.



From the literature review carried out, it can be concluded that the use of acids as a treatment for improving the physical and mechanical properties of RCAs can be an optimal solution, depending on the environment to which the concrete will be exposed. An option for this type of treatment would be acid drainage generated by the mining industry, where there is potential for using this type of waste.







Author Contributions


Conceptualization, J.A.F., J.d.B. and L.E.; methodology, J.A.F., J.d.B. and L.E.; formal analysis, J.A.F., J.d.B. and L.E.; writing—original draft, J.A.F.; writing—review and editing, J.A.F., J.d.B., C.P. and L.E. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Poon, C.S.; Shui, Z.; Lam, L. Effect of microstructure of ITZ on compressive strength of concrete prepared with recycled aggregates. Constr. Build. Mater. 2004, 18, 461–468. [Google Scholar] [CrossRef] [Scilit]

	



Sidorova, A.; Vazquez-Ramonich, E.; Barra-Bizinotto, M.; Roa-Rovira, J.J.; Jimenez-Pique, E. Study of the recycled aggregates nature’s influence on the aggregate–cement paste interface and ITZ. Constr. Build. Mater. 2014, 68, 677–684. [Google Scholar] [CrossRef] [Scilit]

	



Evangelista, L.; De Brito, J. Concrete with fine recycled aggregates: A review. Eur. J. Environ. Civ. Eng. 2014, 18, 129–172. [Google Scholar] [CrossRef] [Scilit]

	



Silva, R.; Neves, R.; De Brito, J.; Dhir, R. Carbonation behaviour of recycled aggregate concrete. Cem. Concr. Compos. 2015, 62, 22–32. [Google Scholar] [CrossRef] [Scilit]

	



Abbas, A.; Fathifazl, G.; Isgor, O.B.; Razaqpur, A.G.; Fournier, B.; Foo, S. Proposed method for determining the residual mortar content of recycled concrete aggregates. J. ASTM Int. 2007, 5, 1–12. [Google Scholar]

	



Akbarnezhad, A.; Ong, K.; Zhang, M.; Tam, C. Acid treatment technique for determining the mortar content of recycled concrete aggregates. J. Test. Eval. 2013, 41, 441–450. [Google Scholar] [CrossRef] [Scilit]

	



Akbarnezhad, A.; Ong, K.; Zhang, M.; Tam, C.; Foo, T. Microwave-assisted beneficiation of recycled concrete aggregates. Constr. Build. Mater. 2011, 25, 3469–3479. [Google Scholar] [CrossRef] [Scilit]

	



Al-Bayati, H.K.A.; Das, P.K.; Tighe, S.L.; Baaj, H. Evaluation of various treatment methods for enhancing the physical and morphological properties of coarse recycled concrete aggregate. Constr. Build. Mater. 2016, 112, 284–298. [Google Scholar] [CrossRef] [Scilit]

	



Ismail, S.; Ramli, M. Engineering properties of treated recycled concrete aggregate (RCA) for structural applications. Constr. Build. Mater. 2013, 44, 464–476. [Google Scholar] [CrossRef] [Scilit]

	



Ismail, S.; Ramli, M. Mechanical strength and drying shrinkage properties of concrete containing treated coarse recycled concrete aggregates. Constr. Build. Mater. 2014, 68, 726–739. [Google Scholar] [CrossRef] [Scilit]

	



Kim, Y.; Hanif, A.; Kazmi, S.M.S.; Munir, M.J.; Park, C. Properties enhancement of recycled aggregate concrete through pretreatment of coarse aggregates—Comparative assessment of assorted techniques. J. Clean. Prod. 2018, 191, 339–349. [Google Scholar] [CrossRef] [Scilit]

	



Pandurangan, K.; Dayanithy, A.; Prakash, S.O. Influence of treatment methods on the bond strength of recycled aggregate concrete. Constr. Build. Mater. 2016, 120, 212–221. [Google Scholar] [CrossRef] [Scilit]

	



Purushothaman, R.; Amirthavalli, R.R.; Karan, L. Influence of treatment methods on the strength and performance characteristics of recycled aggregate concrete. J. Mater. Civ. Eng. 2014, 27, 04014168. [Google Scholar] [CrossRef] [Scilit]

	



Saravanakumar, P.; Abhiram, K.; Manoj, B. Properties of treated recycled aggregates and its influence on concrete strength characteristics. Constr. Build. Mater. 2016, 111, 611–617. [Google Scholar] [CrossRef] [Scilit]

	



Tam, V.W.Y.; Tam, C.M.; Le, K.N. Removal of cement mortar remains from recycled aggregate using pre-soaking approaches. Resour. Conserv. Recycl. 2007, 50, 82–101. [Google Scholar] [CrossRef] [Scilit]

	



Shima, H.; Tateyashiki, H.; Matsuhashi, R.; Yoshida, Y. An advanced concrete recycling technology and its applicability assessment through input-output analysis. J. Adv. Concr. Technol. 2005, 3, 53–67. [Google Scholar] [CrossRef] [Scilit]

	



Yonezawa, T.; Kamiyama, Y.; Yanagibashi, K.; Kojima, M.; Arakawa, K. A study on a technology for producing high quality recycled coarse aggregate. Zairyo 2001, 50, 835–842. [Google Scholar]

	



Ogawa, H.; Nawa, T. Improving the quality of recycled fine aggregate by selective removal of brittle defects. J. Adv. Concr. Technol. 2012, 10, 395–410. [Google Scholar] [CrossRef] [Scilit]

	



Sui, Y.; Mueller, A. Development of thermo-mechanical treatment for recycling of used concrete. Mater. Struct. 2012, 45, 1487–1495. [Google Scholar] [CrossRef] [Scilit]

	



Wang, L.; Wang, J.; Qian, X.; Chen, P.; Xu, Y.; Guo, J. An environmentally friendly method to improve the quality of recycled concrete aggregates. Constr. Build. Mater. 2017, 144, 432–441. [Google Scholar] [CrossRef] [Scilit]

	



Kou, S.-C.; Poon, C.-S. Properties of concrete prepared with PVA-impregnated recycled concrete aggregates. Cem. Concr. Compos. 2010, 32, 649–654. [Google Scholar] [CrossRef] [Scilit]

	



Dhir, B. Biotechnological tools for remediation of acid mine drainage (removal of metals from wastewater and leachate). In Bio-Geotechnologies for Mine Site Rehabilitation; Elsevier: Amsterdam, The Netherlands, 2018; pp. 67–82. [Google Scholar]

	



Beddoe, R.E.; Dorner, H.W. Modelling acid attack on concrete: Part I. The essential mechanisms. Cem. Concr. Res 2005, 35, 2333–2339. [Google Scholar] [CrossRef] [Scilit]

	



Scrivener, K.; Young, J.F. Mechanisms of Chemical Degradation of Cement-Based Systems; CRC Press: Boca Raton, FL, USA, 2014; pp. 4–21. [Google Scholar]

	



Hewlett, P.; Liska, M. Lea’s Chemistry of Cement and Concrete; Butterworth-Heinemann: Oxford, UK, 2019. [Google Scholar]

	



Kurdowski, W. Cement and Concrete Chemistry; Springer Science & Business: Berlin/Heidelberg, Germany, 2014. [Google Scholar]

	



Mehta, P.K.; Monteiro, P.J. Concrete Microstructure, Properties and Materials; McGraw Hill: New York, NY, USA, 2017. [Google Scholar]

	



Mindess, S.; Young, F.; Darwin, D. Concrete, 2nd ed.; Technical Documents; Prentice Hall, Pearson Education, Inc.: Upper Saddle River, NJ, USA, 2003. [Google Scholar]

	



Sarkar, S.; Mahadevan, S.; Meeussen, J.; Van der Sloot, H.; Kosson, D. Numerical simulation of cementitious materials degradation under external sulfate attack. Cem. Concr. Compos. 2010, 32, 241–252. [Google Scholar] [CrossRef] [Scilit]

	



Clifton, J.R.; Pommersheim, J. Sulfate attack of cementitious materials: Volumetric relations and expansions. NIST IR 1994, 5390, 4–9. [Google Scholar]

	



Brown, P.; Taylor, H. The role of ettringite in external sulfate attack. In Materials Science of Concrete: Sulfate Attack Mechanisms; The American Ceramic Society: Columbus, OH, USA, 1999; pp. 73–98. [Google Scholar]

	



Allahverdi, A.; SKVARA, F. Acidic corrosion of hydrated cement based materials. Part 1.: Mechanism of the phenomenon. Ceramics 2000, 44, 114–120. [Google Scholar]

	



Dyer, T. Concrete Durability; CRC Press: Boca Raton, FL, USA, 2014. [Google Scholar]

	



Ramaswamy, K.; Santhanam, M. Influence of Mineralogical Nature of Aggregates on Acid Resistance of Mortar. In Proceedings of the Sixth International Conference on Durability of Concrete Structures, Leeds, UK, 18–20 July 2018. [Google Scholar]

	



Alexander, M.; Fourie, C. Performance of sewer pipe concrete mixtures with portland and calcium aluminate cements subject to mineral and biogenic acid attack. Mater. Struct. 2011, 44, 313–330. [Google Scholar] [CrossRef] [Scilit]

	



Verian, K.P.; Ashraf, W.; Cao, Y. Properties of recycled concrete aggregate and their influence in new concrete production. Resour. Conserv. Recycl. 2018, 133, 30–49. [Google Scholar] [CrossRef] [Scilit]

	



De Brito, J.; Saikia, N. Recycled Aggregate in Concrete: Use of Industrial, Construction and Demolition Waste; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2012. [Google Scholar]

	



de Brito, J.; Silva, R. Current status on the use of recycled aggregates in concrete: Where do we go from here? RILEM Tech. Lett. 2016, 1, 1–5. [Google Scholar] [CrossRef]

	



Silva, R.; De Brito, J.; Dhir, R. The influence of the use of recycled aggregates on the compressive strength of concrete: A review. Eur. J. Environ. Civ. Eng. 2015, 19, 825–849. [Google Scholar] [CrossRef] [Scilit]

	



Allahverdi, A.; ŠKVÁRA, F. Acidic corrosion of hydrated cement based materials. Ceram. Silikáty 2000, 44, 152–160. [Google Scholar]

	



Pavlik, V.; Unčík, S. The rate of corrosion of hardened cement pastes and mortars with additive of silica fume in acids. Cem. Concr. Res. 1997, 27, 1731–1745. [Google Scholar] [CrossRef] [Scilit]

	



Amorim, P.; De Brito, J.; Evangelista, L. Concrete made with coarse concrete aggregate: Influence of curing on durability. ACI Mater. J. 2012, 109, 195–204. [Google Scholar]

	



Ferreira, L.; De Brito, J.; Barra, M. Influence of the pre-saturation of recycled coarse concrete aggregates on concrete properties. Mag. Concr. Res. 2011, 63, 617–627. [Google Scholar] [CrossRef] [Scilit]

	



Silva, R.V.; De Brito, J.; Dhir, R. Properties and composition of recycled aggregates from construction and demolition waste suitable for concrete production. Constr. Build. Mater. 2014, 65, 201–217. [Google Scholar] [CrossRef] [Scilit]

	



Belin, P.; Habert, G.; Thiery, M.; Roussel, N. Cement paste content and water absorption of recycled concrete coarse aggregates. Mater. Struct. 2014, 47, 1451–1465. [Google Scholar] [CrossRef] [Scilit]

	



Cui, H.; Shi, X.; Memon, S.A.; Xing, F.; Tang, W. Experimental study on the influence of water absorption of recycled coarse aggregates on properties of the resulting concretes. J. Mater. Civ. Eng. 2014, 27, 04014138. [Google Scholar] [CrossRef] [Scilit]

	



Barbudo, A.; de Brito, J.; Evangelista, L.; Bravo, M.; Agrela, F. Influence of water-reducing admixtures on the mechanical performance of recycled concrete. J. Clean. Prod. 2013, 59, 93–98. [Google Scholar] [CrossRef] [Scilit]

	



Movassaghi, R. Durability of Reinforced Concrete Incorporating Recycled Concrete as Aggregate (RCA). Master’s Thesis, University of Waterloo, Waterloo, ON, Canada, 2006. [Google Scholar]

	



Tang, A.J.; De Jesus, R.; Cunanan, A. Microstructure and mechanical properties of concrete with treated recycled concrete aggregates. Int. J. GEOMATE 2019, 16, 21–27. [Google Scholar]

	



De Juan, M.S.; Gutiérrez, P.A. Study on the influence of attached mortar content on the properties of recycled concrete aggregate. Constr. Build. Mater. 2009, 23, 872–877. [Google Scholar] [CrossRef] [Scilit]

	



Abbas, A.; Fathifazl, G.; Fournier, B.; Isgor, O.; Zavadil, R.; Razaqpur, A.; Foo, S. Quantification of the residual mortar content in recycled concrete aggregates by image analysis. Mater. Charact. 2009, 60, 716–728. [Google Scholar] [CrossRef] [Scilit]

	



Shi, C.; Stegemann, J. Acid corrosion resistance of different cementing materials. Cem. Concr. Res. 2000, 30, 803–808. [Google Scholar] [CrossRef] [Scilit]

	



Pavlik, V. Corrosion of hardened cement paste by acetic and nitric acids Part III: Influence of water/cement ratio. Cem. Concr. Res. 1996, 26, 475–490. [Google Scholar] [CrossRef] [Scilit]

	



Tam, V.W.; Tam, C.M. Parameters for assessing recycled aggregate and their correlation. Waste Manag. Res. 2009, 27, 52–58. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Pedro, D.; De Brito, J.; Evangelista, L. Influence of the use of recycled concrete aggregates from different sources on structural concrete. Constr. Build. Mater. 2014, 71, 141–151. [Google Scholar] [CrossRef] [Scilit]

	



Silva, R.; De Brito, J.; Dhir, R. Fresh-state performance of recycled aggregate concrete: A review. Constr. Build. Mater. 2018, 178, 19–31. [Google Scholar] [CrossRef] [Scilit]

	



Butler, L.; West, J.; Tighe, S. The effect of recycled concrete aggregate properties on the bond strength between RCA concrete and steel reinforcement. Cem. Concr. Res 2011, 41, 1037–1049. [Google Scholar] [CrossRef] [Scilit]

	



ACI 211.1-91; Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, No. 9. ACI Committee: Farmington Hills, MI, USA, 2002; pp. 120–121.

	



Fathifazl, G.; Abbas, A.; Razaqpur, A.G.; Isgor, O.B.; Fournier, B.; Foo, S. New mixture proportioning method for concrete made with coarse recycled concrete aggregate. J. Mater. Civ. Eng. 2009, 21, 601–611. [Google Scholar] [CrossRef] [Scilit]

	



Kim, H.-S.; Kim, B.; Kim, K.-S.; Kim, J.-M. Quality improvement of recycled aggregates using the acid treatment method and the strength characteristics of the resulting mortar. J. Mater. Cycles Waste Manag. 2017, 19, 968–976. [Google Scholar] [CrossRef] [Scilit]

	



Brown, T.; LeMay, H.; Bursten, B.B.; Burdge, J.R. Química: A Ciência Central; Pearson: London, UK, 2007. [Google Scholar]

	



Mehta, P.K. Mechanism of sulfate attack on portland cement concrete—Another look. Cem. Concr. Res. 1983, 13, 401–406. [Google Scholar] [CrossRef] [Scilit]

	



Neville, A.M. Properties of Concrete; Longman: London, UK, 1995; Volume 4. [Google Scholar]

	



Zhou, F.; Lydon, F.; Barr, B. Effect of coarse aggregate on elastic modulus and compressive strength of high performance concrete. Cem. Concr. Res 1995, 25, 177–186. [Google Scholar] [CrossRef] [Scilit]

	



Kheder, G.; Al-Windawi, S. Variation in mechanical properties of natural and recycled aggregate concrete as related to the strength of their binding mortar. Mater. Struct. 2005, 38, 701–709. [Google Scholar] [CrossRef] [Scilit]

	



Beshr, H.; Almusallam, A.; Maslehuddin, M. Effect of coarse aggregate quality on the mechanical properties of high strength concrete. Constr. Build. Mater. 2003, 17, 97–103. [Google Scholar] [CrossRef] [Scilit]

	



Adam, I.; Sakata, K.; Ayano, T. Influence of coarse aggregate on the shrinkage of normal and high-strength concretes. Okayama Univ. Fac. Environ. Sci. Eng. Res. Rep. 2001, 6, 41–45. [Google Scholar]

	



Xiao, J.; Li, W.; Sun, Z.; Lange, D.A.; Shah, S.P. Properties of interfacial transition zones in recycled aggregate concrete tested by nanoindentation. Cem. Concr. Compos. 2013, 37, 276–292. [Google Scholar] [CrossRef] [Scilit]

	



Walpole, R.E.; Myers, R.H.; Myers, S.L.; Ye, K. Probability and Statistics for Engineers and Scientists; Macmillan: New York, NY, USA, 1993; Volume 5. [Google Scholar]

	



Brown, J.D. Advanced Statistics for the Behavioral Sciences; Springer: Berlin/Heidelberg, Germany, 2018. [Google Scholar]

	



Meyer, R.; Krueger, D.D. A Minitab Guide to Statistics; Prentice Hall PTR: Hoboken, NJ, USA, 2001. [Google Scholar]

	



Barbudo, A.; Agrela, F.; Ayuso, J.; Jiménez, J.; Poon, C. Statistical analysis of recycled aggregates derived from different sources for sub-base applications. Constr. Build. Mater. 2012, 28, 129–138. [Google Scholar] [CrossRef] [Scilit]

	



Çakır, Ö. Experimental analysis of properties of recycled coarse aggregate (RCA) concrete with mineral additives. Constr. Build. Mater. 2014, 68, 17–25. [Google Scholar] [CrossRef] [Scilit]

	



Tam, V.W.; Soomro, M.; Evangelista, A.C.J. A review of recycled aggregate in concrete applications (2000–2017). Constr. Build. Mater. 2018, 172, 272–292. [Google Scholar] [CrossRef] [Scilit]

	



Shi, C.; Li, Y.; Zhang, J.; Li, W.; Chong, L.; Xie, Z. Performance enhancement of recycled concrete aggregate—A review. J. Clean. Prod. 2016, 112, 466–472. [Google Scholar] [CrossRef] [Scilit]

	



Shaban, W.M.; Yang, J.; Su, H.; Mo, K.H.; Li, L.; Xie, J. Quality Improvement Techniques for Recycled Concrete Aggregate: A review. J. Adv. Concr. Technol. 2019, 17, 151–167. [Google Scholar] [CrossRef] [Scilit]

	



Makul, N. A review on methods to improve the quality of recycled concrete aggregates. J. Sustain. Cem. -Based Mater. 2021, 10, 65–91. [Google Scholar] [CrossRef] [Scilit]








[image: Materials 15 02740 g001] 





Figure 1. Calcium dissolved from RCA in acidic solution. 
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Figure 2. (a) Normal (untreated RCA); (b) treated RCA at 0.1 M; (c) treated RCA at 0.5 M; and (d) treated RCA at 0.8 M (Ismail and Ramli [9]). 
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Figure 3. Age of curing (days) versus compressive strength with HCl treatment. 
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Figure 4. Drying shrinkage of concrete mixes versus drying time (Ismail and Ramli [10]). 
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Figure 5. (a) ITZ for concrete with RCA without pre-soaking treatments; (b) interfacial zone for RCA treatment with HCl; (c) interfacial zone for RCA treatment with H2SO4; and (d) interfacial zone for RCA treatment with H3PO4 (Tam et al. [15]). 
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Figure 6. (a) CA particle size with different mortar contents; (b) relationship between concentration of HCl (M) and mortar loss of mass (% Wt) [6,8,9,10,11,13,14,15]. 
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Figure 7. Relationship between concentration of H2SO4 and mortar loss of mass (% Wt) [6,7,13,14,15]. 
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Table 1. Summary of physical and mechanical properties measured in concrete and mortar mixes, and techniques reported for RCA.
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	Measured Parameters
	Technique
	References





	Water absorption
	Immersion of RCA in acidic HCl, H2SO4, and H3PO4
	Tam et al. [15]



	Water absorption, mortar content, and bulk density
	Immersion of RCA in acidic H2SO4
	Akbarnezhad et al. [6,7]



	Water absorption, mortar content, bulk density, and microscopic analysis of the RCA
	Immersion of RCA in acidic HCl
	Ismail and Ramli [9,10]



	Water absorption
	Immersion of RCA in acidic HCl and H2SO4
	Purushothaman et al. [13]



	Water absorption
	Immersion of RCA in acidic HNO3
	Pandurangan [6,12]



	Water absorption, mortar content, and bulk density
	Immersion of RCA in acidic HCl, H2SO4 and HNO3
	Saravankumar et al. [14]



	Water absorption, mortar content, and microscopic analysis of the RCA
	Immersion of RCA in acidic HCl and C2H4O2
	Al-Bayati et al. [8]



	Water absorption and mortar content
	Immersion of RCA in acidic HCl and Na2SO4
	Kim et al. [11]



	Mortar content
	Immersion of RCA in acidic HCl
	Juan and Gutierrez [50]



	Mortar content
	Immersion of RCA in sodium sulfate (Na2SO4), magnesium sulfate (MgSO4), and magnesium chloride (MgCl2)
	Abbas et al. [5,51]



	Water absorption, bulk density, and specific gravity
	Immersion of RCA in acidic H2SO4
	Tang et al. [49]



	Water absorption and apparent density
	Immersion of RCA in acidic CH3COOH
	Want et al. [20]










 





Table 2. Summary of measurements of fresh-state properties, mechanical properties and durability.
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	Parameter
	Concrete Mix
	References





	Density
	Concrete with RCA treated with HCl and Na2SO4
	Al-Bayati et al. [8]



	Workability of concrete, density compressive strength, tensile strength, UPV, modulus of elasticity (E), and shrinkage
	Concrete with RCA treated with HCl
	Ismail and Ramli [9,10]



	Workability of concrete and compressive strength
	Concrete with RCA treated with HNO3
	Pandurangan et al. [12]



	Compressive strength and modulus of elasticity (E)
	Concrete with RCA treated with HCl, H2SO4, and H3PO4
	Purushothaman et al. [13]



	Compressive strength
	Concrete with RCA treated with HCl, H2SO4, and HNO3
	Saravanakumar et al. [14]



	Compressive strength, tensile strength, and modulus of elasticity (E)
	Concrete with RCA treated with HCl, H2SO4, and H3PO4
	Tam et al. [15]



	Compressive strength, tensile strength, and modulus of elasticity (E)
	Concrete with RCA treated with HCl and H2SO4
	Wang et al. [20]



	Compressive strength
	Concrete with RCA treated with HNO3
	Pandurangan et al. [12]



	Compressive strength, chloride ion penetrability, and carbonation resistance
	Concrete with RCA treated with HCl and Na2SO4
	Kim et al. [11]



	Compressive strength, flexural strength, and modulus of elasticity (E)
	Mortar with RCA treated with HCl and H2SO4
	Kim et al. [60]



	Workability of concrete
	Concrete with RCA treated with HCl and HNO3
	Butler et al. [57]










 





Table 3. Pearson correlation for RCA treated HCl.
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	Molarity (M)
	Time (days)
	Size of Aggregate (mm)
	Water Absorption (%)





	Molarity (M)
	1
	-
	-
	-



	p-Value
	1
	-
	-
	-



	Time
	−0.094
	1
	-
	-



	p-Value
	0.633
	1
	-
	-



	Size of aggregate (mm)
	0.077
	−0.007
	1
	-



	p-Value
	0.708
	0.975
	1
	-



	Water absorption (%)
	−0.140
	0.235
	−0.211
	1



	p-Value
	0.478
	0.230
	0.300
	1



	Mortar loss (%)
	0.400
	−0.170
	−0.368
	−0.632



	p-Value
	0.050
	0.415
	0.077
	0.000










 





Table 4. Pearson correlation for RCA treated with H2SO4.
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	Molarity (M)
	Time (days)
	Water Absorption (%)





	Molarity (M)
	1
	-
	-



	p-Value
	1
	-
	-



	Time
	−0.300
	1
	-



	p-Value
	0.022
	1
	-



	Water Absorption (%)
	0.055
	0.135
	1



	p-Value
	0.889
	0.730
	1



	Mortar loss (%)
	0.563
	−0.170
	−0.992



	p-Value
	0.000
	0.015
	0.000










 





Table 5. Physical property requirements for the proposed classes [44].
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Aggregate Class

	
A

	
B

	
C

	
D




	
I

	
II

	
III

	
I

	
II

	
III

	
I

	
II

	
III

	






	
Maximum water absorption (%)

	
1.5

	
2.5

	
3.5

	
5

	
6.5

	
8.5

	
10.5

	
13

	
15

	
No limit
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