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Abstract

:

The durability properties of structural recycled aggregate concrete (RAC) produced with 50% coarse recycled concrete aggregates and up to 20% fine recycled concrete aggregates were analysed and compared to those of conventional concrete (NAC). Both the RAC and NAC mixtures achieved the same compressive strength when using an effective water–cement ratio of 0.47 and 0.51, respectively. All the concretes were produced using three types of cement: CEM II A/L 42.5 R, CEM II A/S 42.5 N/SRC and CEM III/B 42.5 N-LH/SR. The properties of drying shrinkage, chloride permeability, and accelerated carbonation coefficient of the concretes were determined experimentally, and the obtained results were compared with the values estimated by specific standards of exposure to XC1–XC4 (corrosion induced by carbonation can happen due to the presence of humidity) and XS1 (corrosion caused by chlorides from seawater) environments. The results showed that all the concretes achieved maximum drying shrinkage for use in structural concrete. Any concretes produced with CEM IIIB, including the RAC-C50-F20 concrete, achieved very low chloride ion penetrability, ranging between 500 to 740 Coulombs. In addition, all concretes manufactured with CEM IIAL and CEM IIAS, including RAC-C50-F20, were suitable for use in XC3 and XC4 exposure environments, both with 50- and 100-year lifespans.
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1. Introduction


Concrete is widely employed in construction due to its remarkable strength and durability. However, the durability of concrete as a permeable material depends significantly on the quality of its constituent materials [1]. Limited investigations have been carried out studying the durability characteristics of concrete made with fine recycled concrete aggregate (FRCA) and coarse recycled concrete aggregate (CRCA) [2,3,4,5,6]. However, in general, the durability of recycled aggregate concrete (RAC) is lower than that of natural aggregate concrete (NAC) due to the influence of factors such as the connectivity of the porous network and water content and the type of cementitious materials (SCM) used having an important influence [2,6,7,8,9]. In addition, SCM such as blast furnace slag (BFS) further enhances the sustainability of RAC by reducing carbon dioxide emissions and increasing the circular economy [10,11].



The use of structural RAC in chloride-containing environments has sparked debate among researchers [12]. Some authors indicate that the increase in RCA content could lead to a higher diffusion of chlorides in RAC due to its high porosity [13,14]. However, some studies have also demonstrated that by reducing the amount of adhered cement mortars, the resistance of RAC to chloride ion penetration can be improved, particularly when RCA originates from higher-strength concrete [15]. The penetration of chloride ions is a major contributor to the corrosion of steel reinforcements. The results of numerous studies [7,16,17,18,19,20] conducted on this topic have revealed the following: the diffusion coefficient of chloride ions exhibits a linear increase with the proportional increase in recycled aggregate use; FRCA influences more than the CRCA in concrete diffusion coefficients; and, similar to NAC, chloride ion migration can be reduced by decreasing the water-to-binder ratio or incorporating SCM such as fly ash, silica fume or blast furnace slag (BFS) [7]. According to Li et al. [13], following the ASTM C1202 classification, while the concrete produced with up to 50% of RCA achieved low chloride ion penetrability, the RAC produced with a higher percentage than 50% was classified with medium penetrability, consequently needing the use of SCM to improve the resistance to chloride ion penetration. As confirmed, BFS cement enhances chloride penetration resistance in concrete due to its ability to immobilize chloride ions [21,22]. This enhancement is achieved through physical and chemical mechanisms, through chloride ion adsorption on the C-S-H surface [21] and the formation of Friedel’s salt due to the higher aluminate content in the BFS cement [21,22].



Carbonation in concrete is a physicochemical process in which CO2 penetrates the cement paste and reacts with Portlandite, forming calcite and reducing the concrete pH from 13 to 8–9. The carbonation rate is influenced by the permeability and moisture content of the concrete [2,7]. As a result of carbonation, steel reinforcement loses its protection, and corrosion begins when adequate oxygen and water levels are present [7].



Extensive research has been conducted on the carbonation resistance analysis of RAC [16,18,23,24]. Different factors can influence the carbonation depth of the RAC. These factors include the replacement ratio of recycled aggregates, the origin and quality of the RCA, the crushing technique employed for RCA production, the cement type and quantity used in concrete production, the curing process, and the use of superplasticisers to reduce the water–cement ratio [7,9,25]. Conclusions regarding the impact of RCA on the carbonation resistance of concrete can be ambiguous and conflicting. According to Pedro et al. [26], the carbonation depth increases as the concrete’s compressive strength decreases. Certain researchers [8,25] have argued that RAC mixtures produced with coarse CRCA exhibit similar or even higher carbonation resistance than NAC due to aged adhered mortar. Zeng et al. [27] suggested that the optimal replacement percentage of natural aggregates (NAs) with RCA is 50%, which prevents a decrease in carbonation resistance. Etxeberria et al. [24] also reached a similar conclusion when employing a 50% replacement of uncarbonated CRCA. Loti et al. [18] found that RAC produced with up to 50% coarse RCA met the current European standards, thus supporting its use in structural application when up to 50% of CRCA is employed in concrete production. However, more investigation is needed to evaluate the influence of FRCA recycled aggregates on carbonation resistance and, in general, on concrete durability.



Furthermore, the service life of concrete structures against carbonation strongly depends on the type of cement used in concrete production [28,29]. The carbonation depth of concrete mixtures produced using SCM was higher due to the reduction of Portlandite during cement hydration, reducing Ca availability [29,30] and, consequently, causing less resistance to carbonation. Although SCMs reduce alkali reserve usually leads to a reduction in pore size, they can decrease the permeability of cementitious matrices [31]. However, carbonation not only lowers the overall pH but may also result in the coarsening of the pore structure, potentially diminishing its durability and susceptibility to various forms of degradation, including chemical and physical attacks [30]. Consequently, the carbonation concrete’s service life decreases as more SCM is used to replace clinker [28,32,33]. However, using limited mineral admixtures in RAC production can improve carbonation resistance. The RCA produced using CEM IIAS achieved a higher carbonation resistance than that produced with CEM IIAL due to the addition of available CaO in the slag cement. In addition, the use of up to 50% of CRCA had little influence on the carbonation depth [34].



According to the shrinkage values obtained, RAC concrete produced with higher percentages of RCA achieved higher shrinkage values [35,36]. Gonzalez and Etxeberria [37] studied the drying shrinkage of RACs produced using only CRCA obtained from different sources. They concluded that the CRCA produced from a lower-strength parent concrete achieved the highest drying shrinkage value. The increase in the RAC shrinkage value is due to the high water absorption of RCAs, which are porous and contain old cement paste [7]. Vintimilla and Etxeberria [36] determined that all concretes with up to 60% CRCA achieved shrinkage values similar to NAC. In addition, they concluded that the use of FRCA increased the shrinkage value when compared to concrete made only with CRCA. Nevertheless, the concretes produced with up to 60% CRCA and 20% FRCA also obtained adequate values ranging from between −200 and −800, following American Concrete Institute (ACI) standards [38]. Simsek et al. [39] conducted a study to evaluate the influence of using 20%, 40%, 60%, 80%, and 100% FRCA or CRCA in the substitution of natural aggregates. They concluded that after 90 days, the RAC with up to 20% FRCA achieved adequate properties. Moreover, several recent studies [36,40] have confirmed the existence of a slight influence of FRCA on structural concrete performance, however not being detrimental and consequently technically viable for their use.



The type of cement used in concrete production also influences the drying shrinkage value. It has been determined that concretes produced using Portland clinker-based cement have very high strength due to the fact that it increases the hydration heat and, as a consequence, leads to higher drying shrinkage [41]. In contrast, the early stage shrinkage caused in SCM cement significantly contributes to final shrinkage, raising the risk of concrete cracking in later stages [42,43].



The main objective of this research work was to conduct a comprehensive analysis of the durability properties of concrete produced using 50% CRCA and up to 20% FRCA. To achieve this objective, all conventional and recycled concretes were designed to obtain the same compressive strength. Thus, all the RAC concretes were manufactured with an effective water–cement value of 0.47 and the NAC with 0.51. Three types of cement, CEM II A/L 42.5 R, CEM II A/S 42.5 N/SRC and CEM III/B 42.5 N-LH/SR, were used for concrete production. The properties of drying shrinkage, chloride permeability, and accelerated carbonation coefficient of the concrete were determined experimentally. The obtained results were compared with the values estimated by specific standards for exposure to XC1–XC4 and XS1 environments.




2. Materials and Methods


2.1. Materials


2.1.1. Cement and Chemical Admixtures


Three different cement types, CEM II A/L 42.5 R, CEM II A/S 42.5 N/SRC and CEM III/B 42.5 N-LH/SR, defined by the European standard EN 197-1 [44], were employed. The three types of cement are sustainable (produced using SCM) and available in Barcelona: (1) CEM II A/L 42.5 R (88% clinker, 12% limestone, excluding the set regulator, added in 5%), with high initial strength, ideal for applications requiring rapid setting; (2) CEM IIAS 42.5 N/SRC (83% clinker, 12% blast furnace slag (BFS) and 5% minority component), providing moderate sulphate resistance and enhanced durability and (3) CEM IIIB 42.5 N-LH/SR (27% clinker, 70% BFS and 3% minority component) with low heat development and sulphate resistance. The composition details of the three cement types are illustrated in Table 1.



Two chemical admixtures were used in the concrete manufacturing process: (1) a superplasticiser (S) based on polycarboxylate ether (PAE) polymer technology and (2) a multifunctional admixture (P) based on Modified Lignin Sulfonate. The manufacturer’s recommendations for these admixtures ranged from 0.3% to 2% S and 0.5% to 1.5% P, based on the cement weight.




2.1.2. Natural Aggregates


Natural limestone aggregates were used for concrete production. One fine fraction (0/4 mm, FNA) and two coarse fractions (4/10 mm CNA1 and 8/20 mm CNA2) were employed. Figure 1 shows the geometrical characteristics of the aggregate fractions. Figure 2 describes the grading distribution of each fraction (determined and classified following EN 933-1 [45] and EN12620 [46] specifications). In addition, the recommended upper and lower limits for fine aggregate, as stipulated in the Structural Concrete Code (SC-BOE) [47], are described. The dry density and water absorption were determined under the EN 1097-6 [48] standard. The obtained property values are shown in Table 2.





 





Table 2. Properties of natural and type A RCA aggregates studied.






Table 2. Properties of natural and type A RCA aggregates studied.





	
Property (Standard)

	
Specification

	
FNA

	
CNA 1

	
CNA 2

	
FRCA

	
CRCA-1 (2/10)

	
CRCA-2 (8/20)

	
SC-BOE




	
(0/4)

	
(4/10)

	
(8/20)

	
(0/4)






	
Density (Kg/m3)

	
EN 1097-6 [48]

	
2.67

	
2.65

	
2.68

	
2.32

	
2.33

	
2.36

	
2.1 1




	
Water Absorption (%)

	
EN 1097-6 [48]

	
0.95

	
0.77

	
0.73

	
5.73

	
5.62

	
5.16

	
<7




	
Humidity (%)

	

	
0.37

	
0.16

	
0.1

	
2.73

	
4.50

	
4.55

	




	
Sand equivalent (%)

	
EN 933-8 [49]

	

	

	

	
100

	

	

	
>70




	
Los Angeles coefficient (wt%)

	
EN 1097-2 [49]

	

	

	

	

	

	
35.77

	
<40




	
Flakiness index (wt%)

	
EN 933-3 [50]

	

	

	

	

	

	
12.81

	
<35




	
Alkali–aggregate reaction (%)

	
UNE 146508 [51]

	

	

	

	
0.042

	

	

	
<0.10








1 Property defined in EN 206.












2.1.3. Recycled Aggregates


The production of RCA involved crushing, cleaning with water, and sieving construction and demolition waste (CDW) at a recycling plant in Barcelona, Spain [52]. Concrete mixtures were manufactured using one fine fraction (0/4 mm, FRCA) and two coarse fractions (2/10 mm, CRCA-1 and 8/20 mm, CRCA-2). Figure 1 and Figure 2 illustrate the shapes and size distribution of the three RCA fractions, respectively.



The components of the CRCA-2 (8/20 mm) fraction were characterized in accordance with the EN 933-11 [53] specification, and the obtained values are described in Table 3. According to the EN 206 [54] specification, the RA employed in this work were classified as type A (RC90, RCU95, Rb10-, Ra1, FL2- and XRg1-), with concrete (RC) and natural stone (Ru) components representing over 90% of the total content, while the ceramic content constituted less than 10%. Specifically, the aggregates were classified as RCU95 [36].



Due to the presence of adhered mortar in RCAs, the porosity of RCA was higher than that of natural aggregates (NAs), reducing their density and increasing their absorption capacity. As previously documented in scientific studies [2,26,36,55].



Table 2 shows that the obtained dry density value of the different fractions of RCA was higher than the minimum requirement value of 2.1 kg/dm3 established by the European standard EN 206 [54] for their use in concrete production. Moreover, although the water absorption value obtained by the RCA aggregates was higher than that of the NA aggregates, it was lower than the maximum value of 7% specified by the structural code SC-BOE. Various studies have reported that the absorption capacities of coarse and fine fraction type A RCA could reach 3.9–9.6% [3,56] and 2.4–19.3% [57,58,59], respectively.



The RCA aggregates also achieved adequate property values of the Los Angeles coefficient, sand equivalent, and flakiness index (see Table 2) for concrete production. Alkali–aggregate reactivity analysis was conducted on the FRCA 0/4 mm fraction. It was established that the specimens exhibited an expansion of less than 0.1% after 14 days, indicating that they could be classified as non-reactive materials.





2.2. Concrete Production and Test Procedures


2.2.1. Concrete Production


All the concrete mixtures were designed to be exposed to XC1–XC4 (corrosion induced by carbonation can happen due to humidity presence) and XS1 (corrosion caused by chlorides from seawater) environments [47]. Those concretes require a minimum characteristic design strength (fck) of 30 MPa (C30/37), using a total water–cement ratio of 0.50 and 300 kg of the three types of cement described in Table 1.



The effective water–cement of 0.47 was maintained constant in all the produced concrete (Table 4). The effective water–cement ratio of 0.47 was determined in conventional concrete (NAC-0.47 concrete) after the effectively absorbed water by aggregates was removed from the total water–cement ratio of 0.50.



Specifically, the effective absorption capacities of fine and coarse aggregates natural aggregates were 70% and 20% of the total absorption capacities, respectively. In comparison, the effective absorption capacities of FRCA and CRCA were 100% and 70%, respectively, of their absorption capacities in 24 h. Table 2 also presents the average humidity (%) of the RCA when they were employed for concrete production. All coarse fractions of RCA were used with high humidity (between 80 and 90% of their absorption capacity) during manufacturing. The total water content in the concrete was calculated by combining the effective water and the water within the aggregates (humidity plus the amount of effectively absorbed water). Table 4 illustrates how the total water–cement ratio increased with higher volumes of RCA incorporated in the concrete mixes. To achieve the same compressive strength of RAC as NAC, a new control mixture of NAC was formulated with a total water-to-cement ratio of 0.55 and an effective water-to-cement ratio of 0.51 (NAC-0.51).



Table 4 shows all the concrete mixtures produced. In addition to the two conventional concretes, NAC-0.47 and NAC-0.51, the RAC was produced using 50% CRCA and 0% FRCA (RAC-C50), 50% CRCA and 10% FRCA (RAC-C50-F10), and 50% CRCA and 20% FRCA (RAC-C50-F20). The five types of concrete were produced using the three types of cement described previously.



The slump values of the concrete samples were determined following the EN 12350-2 [60] specification. It was found that the concretes achieved a slump range between 135–200 mm, which, according to the Structural Concrete Code (SC-BOE) [47], is considered fluid (100–150 mm) and liquid consistency (160–200 mm), and defined as adequate property for building construction. As Table 4 shows, to achieve adequate workability, 1% of S and 1% of P (CEM IIAS and CEM IIIB) were employed. The RAC produced with CEM IIAL showed a slightly higher slump, which can be attributed to the higher dosage of superplasticiser used.



The concrete mixtures were produced employing a vertical axis mixer, adding the materials following a fixed sequence. Initially, aggregates were added, starting with coarser aggregates and terminating with finer ones. They were mixed for 1 min. After the cement was added, water was gradually added while the mixing process continued. Then, the chemical admixtures were added. The complete mixture was then mixed for one additional minute.



The concrete samples underwent manual compaction using a steel rod. Subsequently, a plastic sheet was employed to cover the concrete specimens, which were then subjected to a 24 h air-curing period. After 24 h of casting, the samples were demoulded and stored under controlled conditions at a temperature of 21 °C with a humidity of 95% until the testing ages.




2.2.2. Test Procedure


The concrete’s compressive strength was determined using a 3000-kN capacity loading machine. The compressive strength was determined at 7, 28, and 56 days following the UNE-EN 12390-3 [61] specifications. For each testing age, three cubic specimens measuring 100 × 100 × 100 mm were utilised.



The drying shrinkage of all the produced concretes was determined following the EN 12390-16 [62] specification. Each concrete mixture used two specimens of 75 × 75 × 280 mm. After a 24 h casting, they were demoulded. Their initial lengths and weights were measured, and the two specimens of each concrete were placed in a controlled climatic chamber (temperature of 20 ± 2 °C and relative humidity of 50 ± 5%). Length and weight measurements were recorded at intervals of 1, 7, 14, 28, 56 and 91 days.



The chloride permeability in the concrete was assessed following the ASTM C1202 [63] “Standard Test Method for Electrical Indication of Concretes Ability to Resist Chloride Ion Penetration”. Two cylindrical concrete samples of 200 mm in length were employed for each mixture, and from those, two disc specimens of 100 mm in diameter and 50 mm in thickness were obtained. Two disc specimens, one of each sample, were used to determine the concrete’s chloride ion penetration after 28 and 56 days of curing. The chloride penetrability of the produced concretes was quantified by measuring the total charge (in Coulombs) passed during a 6 h testing period. A potential difference of 60 V was applied across each side of the specimen, which was immersed, one side in solutions containing sodium hydroxide (NaOH) and the other side in sodium chloride (NaCl).



The accelerated carbonation method following the UNE-EN 12390-12 [64] specification was employed in order to assess the carbonation resistance of the produced concrete mixtures. Each concrete mixture used two prismatic 100 × 100 × 300 mm samples. All concrete specimens underwent a curing process in a humidity chamber for 28 days, followed by a 14-day pre-conditioning period under laboratory conditions (CO2 concentration of 425 ppm, 20 ± 2 °C, and 50–55% relative humidity, RH). Subsequently, the samples were stored in a chamber with an environment consisting of 3% CO2, 57% HR and at 20 °C. The carbonation depth of each specimen was measured at specific intervals of 0, 14, 28, 56, 70, and 91 days of exposure to the chamber. In order to determine the carbonation depth, a solution containing phenolphthalein indicator was applied to the freshly fractured surface of the concrete. The solution contained 1 g of phenolphthalein dissolved in 70 g of ethanol and 30 g of water following the UNE-EN 14630 [65] specification.






3. Results


3.1. Compressive Strenght


Table 5 shows the obtained compressive strength values (fcm,cub100) of cubic concrete specimens (100 × 100 × 100 mm) and their standard deviation at 7, 28 and 56 days. The concrete specimens were designed for exposure in XC1–XC4 and XS1 environments, with strength class C30/37. Consequently, according to the Structural Concrete Code (SC-BOE) [47], the minimum characteristic and average strength values of 30 MPa and 38 MPa, respectively, were established for cylindrical specimens of 150 mm and 300 mm in length. According to the calculations made by Vintimilla and Etxeberria et al. [36] following the specifications given in the Structural Concrete Code (SC-BOE) [47], the minimum average compressive strength of 100 mm cube (fcm,cub100) should achieve 46 MPa. In addition, it was found that the standard deviations in the compressive strength results of all samples were acceptable. The dispersion was more noticeable at 7 days but decreased at 28 and 56 days. This pattern indicated that the obtained results closely aligned with the average value, ensuring measurement reliability.



Table 5 shows that the RAC achieved 18% lower compressive strength than that of NAC-0.47 (all concretes were made using the same effective water–cement ratio of 0.47). However, the RAC achieved similar strength to NAC-0.51 concrete, which was made with an effective water–cement ratio of 0.51 (see Figure 3). These findings highlight the influence of recycled aggregates on the mechanical properties of concrete and emphasise the importance of adjusting the water-to-cement ratio to achieve comparable compressive strength to that of NAC.



Although all the RACs had the same effective water–cement ratio, RACs manufactured with type CEM IIAL cement exhibited slightly lower compressive strength than those obtained with type CEM IIAS and type CEM IIIB cement. This difference could be attributed to environmental temperature; the RACs made with CEM IIAL were produced in spring/summer, while the others were produced in autumn/winter [66]. These factors could influence the setting and curing process of the concrete, directly affecting its final strength.



Figure 3a–c describes the ratio of compressive strength value obtained by each concrete with respect to that of NAC-0.51 at 7, 28 and 56 days. In general, NAC-0.47 achieved between 3% and 17% higher strength than NAC-0.51 concrete at different ages.



Figure 3a describes the ratio when the concretes were produced using the cement CEM IIAL. While the RAC-C50 and RAC-C50-F10 achieved similar values to NAC-0.51 at any age, the RAC-C50-F20 obtained a decrease of up to 8.5% at 56 days. Figure 3b shows the results obtained for concrete produced with CEM IIAS. All the RAC, including the RAC-C50-F20, achieved a similar strength to the NAC-0.51 concrete. Similarly, Figure 3c shows that RAC made with CEM IIIB cement achieved a slightly higher strength than NAC-0.51. The results (Figure 3) show that the different substitution levels of RCA (50% CRCA and up to 20% FRCA) did not have a significant detrimental impact on compressive strength. In addition, as discovered in previous work [36], it was verified that the concrete produced with 50% CRCA and 20% FRCA (RAC-C50-F20) achieved similar compressive strength to concrete containing only CRCA (RAC-C50) and NAC when the RAC and NAC were made with an effective water–cement ratio of 0.47 and 0.52, respectively.



Gao and Wang [67] reported that concrete produced with a higher percentage of FRCA caused a reduction of the compressive strength value. However, several researchers suggested that incorporating 30% FRCA as a replacement for natural sand could still achieve satisfactory properties [5,68]. Evangelista and Brito [68] and Pedro and Brito [4] also confirmed the use of up to 30% FRCA for structural concrete production.



According to the results, the NAC and RAC concrete (produced with 50% CRCA and up to 20% FRCA) achieved similar compressive strength when an effective water–cement ratio of 0.51 and 0.47 was used in concrete production, respectively. They all achieved a suitably designed compressive strength of C30/37 for structural applications.




3.2. Drying Shrinkage


Figure 4a–c and Figure 5a–c illustrate the drying shrinkage (µƐ) and mass loss (%) values, respectively, over 91 days for the NAC-0.51 and RAC concretes produced using cement CEM IIAL (a), CEM IIAS (b) and CEM IIIB (c).



According to shrinkage values, the concretes produced with CEM IIAL achieved a drying shrinkage value between −496.8 and −562.7 µm/m at 91 days (see Figure 4a). The RAC-C50 concrete achieved a 7.3% higher drying shrinkage value than that of the NAC. Furthermore, the RAC-C50-F20 concrete achieved a 13.3% higher drying shrinkage than NAC concrete (the RAC-C50-F10 concrete was not tested).



According to the results obtained from the concretes produced using CEM IIAS (see Figure 4b), the obtained shrinkage values were between −318.82 and −496.52 µm/m. Figure 4b shows that RAC-C50 and RAC-C50-F10 had similar drying shrinkage values, which were 18% and 16%, respectively, higher than NAC-0.51. Moreover, the RAC-C50-F20 concrete had 56% higher drying shrinkage than NAC-0.51.



In accordance with the results obtained from the concretes produced with CEM IIIB (see Figure 4c), all the concretes achieved similar drying shrinkage values, between −437.3 and −489.6 µm/m. Figure 4c shows that RAC-50 only exceeds 3% of the value obtained by NAC-0.51 concrete, while RAC-C50-10 and RAC-C50-20 were 11% and 12% higher than NAC-0.51, respectively. The use of RAC reduced stiffness caused by the amount of adhered mortar in the recycled aggregate [36,69,70]. This property is closely associated with the modulus of elasticity, which is the principal mechanical indicator of material stiffness [69]. Vintimilla and Etxeberria [36] determined that RAC concrete produced using CEM IIAL with 50% CRCA and 20% FRCA achieved a 19% lower modulus elasticity and a 14% higher drying shrinkage value than those of NAC. Bendimerad et al. [71] confirmed that the increase in drying shrinkage was associated with a decrease in modulus. According to the achieved results, FRCA strongly influenced and increased the shrinkage value; consequently, the concrete produced with 20% FRCA reached the highest shrinkage value regardless of the obtained compressive strength, as all the concretes exhibited similar compressive strength. Despite this increase in shrinkage, all the values were considered acceptable according to ACI [38], which states that the typical drying shrinkage values of NAC range from −200 to −800 when a high water–cement ratio is employed. In addition, in general, RAC presents deviations similar to those NAC, but between them showed a moderate disperse in most cases.



During the first four days of curing within a drying chamber, the concretes produced with lower clinker (CEM IIIB cement, see Figure 4c) achieved the highest shrinkage value. Drying shrinkage mainly occurs during the early ages and tends to stabilise over time [4]. However, this behaviour is more apparent when SCM is employed as a concrete binder [42,43]. The NAC-0.51 produced with CEM IIIB, CEM IIAL and CEM IIAS cement reached −200 µm/m, −170 µm/m and −110 µm/m, respectively. In addition, the shrinkage value increased as the percentage of RCA used increased. The RAC-C50-F20 produced with CEM IIIB cement achieved a drying shrinkage value of −280 µm/m in the first four days of drying. However, as mentioned above, the shrinkage values stabilised over 28 days.



Figure 5a–c show the mass loss (in %) of each concrete produced with CEM IIAL, CEM IIAS and CEM IIIB, respectively. The three NAC-0.51 mixes achieved a similar mass loss of 2.2%, 2.3%, and 1.9%, respectively. As expected, the concrete mass loss increased as the percentage of recycled aggregates rose. Similarly, for the drying shrinkage value, the RAC-C50-F20 produced with CEM IIAL achieved the highest mass loss with 3.5%, followed by the RAC-C50-F20 produced with CEM IIAS and lastly, CEM IIIB with a mass loss of 3.1% and 2.86%, respectively (see Figure 5). These values are consistent with the results found by other researchers [36,37,52,72].



In all cases, higher drying shrinkage was closely associated with a higher mass loss when comparing concretes that employed the same type of cement. All control concretes exhibited an average mass loss of approximately 2%, while the incorporation of fine and coarse recycled aggregates resulted in an increment of approximately 3% to 3.5%.



The formulations provided by the Structural Concrete Code (SC-BOE) [47] and the Eurocode 2: EN 1992-1-1 (EC-02) [73] were used to predict drying shrinkage in RAC concretes. The calculation method used was described in a previous paper [36].



In order to determine the shrinkage value following the Structural Concrete Code (SC-BOE) [47], the following factors should be considered: the compressive strength at 28 days, concrete specimen size, ambient RH, and the type of cement (the CEM IIAL was considered high early strength (Class CR); the CEM II/AS; and CEM IIIB cements were considered ordinary early strength (Class CN)). However, it must be noted that the SC-BOE does not consider the use of RCA.



However, the use of RCA to estimate the shrinkage value is considered in Eurocode 2: EN 1992-1-1 (EC-02) [73]. The influence of CRCA and FRCA was calculated by applying a specific factor (ηshRA) in the formula to determine the drying shrinkage of RAC. The ηshRA is described as 1+0.8 αRA, where αRA represents the ratio between the recycled aggregates quantity (CRCA and FRCA) and the total quantity of aggregates (coarse and fine aggregates) employed. This factor (ηshRA) is applied when the RCA is employed in replacement of 20–40% of NAs (0.20 < αRA ≤ 0.40) [36,73]. In this research work, the αRA factors were defined by 0.27, 0.31, and 0.36 for the RAC-C50, RAC-C50-F10, and RAC-C50-F20 concretes, respectively.



To demonstrate the effectiveness of the codes in predicting drying shrinkage in concrete, Figure 6 illustrates the ratio between the experimentally obtained drying shrinkage value of each concrete and the value determined using the following standards: (a) Structural Concrete Code (SC-BOE) and (b) Eurocode 2: EN 1992-1-1 (EC-02).



According to Figure 6a, the Spanish Structural Concrete Code (SC-BOE) is not exact in the estimation of NAC-0.51 concrete’s shrinkage value. It has been observed that the concrete produced with CEM IIAL and CEM IIAS cements achieved a 10–15% lower shrinkage value than the value estimated by SC-BOE. However, the concrete produced with CEM IIIB cement achieved a 15% higher shrinkage value than that of the value estimated for SC-BOE cement. Although the type of cement was considered in the drying shrinkage calculation for the SC-BOE, it was not considered in a higher early shrinkage caused by high BFS content cement (CEM IIIB), which can influence total drying shrinkage [42,43]. Moreover, the compressive strength at 28 days is the primary parameter considered in SC-BOE estimation; this proved to be similar in all NAC-0.51 concretes. However, as Figure 6a, indicates more parameters besides the compressive strength should be considered. Revilla-Cuesta [41] suggested that a partial correction coefficient should be used for every change in concrete composition, including aspects such as the type of concrete (vibrated, high-performance, or self-compacting), the content of RA, the maturity of the RA, and the addition of an alternative binder.



The SC-BOE adequately estimates the shrinkage values for RAC-C50 and RAC-C50-F20 concretes made with CEM IIAL as well as the RAC-C50 and RAC-C50-F10 concrete made with CEM IIAS as the use of RCA slightly increased the shrinkage value of concretes. However, the RCA-C50-F20 made with CEM IIAS achieved a 38% higher shrinkage value than the value estimated by SC-BOE. The SC-BOE adequately estimated the shrinkage value of RCA-C50-F20 made with CEM IIAL as it achieved a lower strength than any concrete produced with this cement. Consequently, it can be stated that the SC-BOE can adequately estimate the drying shrinkage of concrete produced with 50% CRCA and up to 10% FRCA. However, it estimates a lower shrinkage rate than the value obtained experimentally when 50% CRCA and 20% FRCA are employed in concrete production.



In addition, all the concretes made using CEM IIIB reached a higher shrinkage rate than estimated by SC-BOE. Several researchers have reported that the code estimations could create a ±30% dispersion in the results [41,74]. Moreover, this difference increased when recycled aggregates were used. As mentioned previously, concrete with a high BFS content exhibits higher early shrinkage, which can influence total drying shrinkage [42,43]. Furthermore, the specimens were placed in a climatic chamber after a short period of curing (after 1 day of casting) [42], which also influenced the increase in experimentally obtained shrinkage values.



Figure 6b describes the ratio between the experimental results and the values determined by EC-02. The values estimated by EC-02 for concrete produced with CEM IIAL and CEM IIAS were higher than those obtained experimentally. However, similar to SC-BOE, the NAC-0.51 concrete produced using CEM IIIB, EC-02 estimated a lower shrinkage value than it achieved experimentally. Moreover, as mentioned above, EC-02 considers shrinkage increase as a factor due to the use of recycled aggregates. Consequently, the EC-02 prediction of RAC drying shrinkage is more accurate for the experimental results than the values obtained by the SC-BOE.




3.3. Chloride Ion Penetration


Table 6 describes the chloride ion penetrability values and their standard deviation (values given between brackets) of produced concrete mixtures measured at 28 and 56 days of curing. The ASTMC1202 test classified the chloride ion penetrability as low (1000–2000 Coulomb), moderate (2000–4000 Coulomb), and high (>4000 Coulombs of total passed charge) [75]. This research found that chloride ion penetrability varied significantly according to the type of cement used, as several researchers have stated [32,76,77,78]. In addition, a direct correlation was observed between the percentage of recycled aggregate replacement ratio and chloride ion penetrability. This is a fact also defined in previous research works [2,4,17].



Figure 7 shows the ratio between the charge passed from each concrete produced with respect to 4000 coulombs (the maximum value considered a moderate corrosion risk concrete). Figure 7a,b describe the data at 28 and 56 days, respectively. Figure 7a shows that all concretes manufactured with CEM IIAL exhibit high values of chloride ion penetration. The addition of BFS to cement reduced the ion penetrability of the concrete, as Kopecký and Balázs et al. [78] stated.



Based on the influence of RCA use, the RAC-C50 achieved lower chloride ion penetrability than that of NAC, independent of cement type. However, it must be mentioned that the RAC-C50 and NAC-0.51 were produced with effective water–cement ratios of 0.47 and 0.51, respectively. In agreement with the study conducted by Kopeckó and Balázs et al. [78], it was shown that an increase in the w/c ratio leads to an increase in the depth of chloride penetration while keeping the same cement content constant. Moreover, when FRCA was employed for concrete production, and more evidently with the use of 20% FRCA in the replacement of natural sand, the chloride ion penetrability increased. In addition, this was more evident when cement without BSF (CEMII AL) or low BSF (CEM IIAS) was used for concrete production. The high porosity and microcracks of the old mortar are present on the RCA surface, resulting in the increased permeability of chloride ions [75,79].



Researchers have demonstrated that RAC exhibits more capillary channels than NAC; these are primarily attributed to the introduction of interfacial transition zones (ITZs) between natural aggregates and old cement mortars, as well as the presence of microcracks in the RCA [2,15]. However, Etxeberria et al. [80] have demonstrated that the total charge passed value for all concretes mixed using CEM IIIB cement with different percentages of recycled mixed aggregates (volumes of 0%, 25%, 50% and 100%) ranged from 800 to 1400 coulombs. The authors have also demonstrated that an adequate cement type was necessary to increase chloride ion penetration resistance in concrete production. Sim and Park [20] concluded that the incorporation of FRCA had a minimal impact on chloride ion penetration. They observed that the type of cement used had a more significant influence on concrete performance than the quantity of recycled aggregates. In addition, Table 6 shows that the standard deviation of concretes produced with CEM IIAL was higher than that produced with CEM IIAS. In addition, the concretes produced with CEM IIIB achieved the lowest deviation standard. These findings highlight variability in concrete properties due to different cement types. Notably, CEM IIAL and CEM IIAS exhibited relatively high standard deviations; however, to ensure accurate values, more than two should be used.



After a curing period of 56 days (see Figure 7b), the chloride penetration resistance increased in all the concretes. However, all the concretes produced using CEM IIAL, including NAC, still had very high chloride ion penetrability values. This fact can be attributed to the limestone base of CEM IIAL concrete [81], which had higher chloride ion permeability than those mixes with a higher replacement of SCM [81,82]. As a consequence, it was concluded that CEM IIAL cement was unsuitable for defined application due to its limited ability to resist chloride ion penetration. The obtained results of chloride penetrability in this work were slightly lower than those determined by Etxeberria and Castillo [83], in which the concrete produced with 50% coarse RCA and the same type of cement with effective water–cement ratio of 0.50 and a cement content 350 kg/m3 obtained 8799 C at 28 days and 6377 C at 56 days. In concrete produced using CEM IIAS, an improvement in chloride ion penetration resistance was observed from 28 to 56 days, with a range between 23% and 37% in all samples. This fact demonstrates that all concrete mixtures achieved a moderate level of resistance in terms of chloride ion penetration. In addition, all the concretes produced using type CEM IIIB cement had low chloride permeability at 28 and 56 days, independently of the percentage of RCA employed. As mentioned above, BFS cement enhances chloride penetration resistance in concrete due to its ability to immobilize chloride ions [21,22].




3.4. Carbonation Resistance


Table 7 summarises the carbonation depth (in mm) and its standard deviation (between brackets), which was determined by testing each produced concrete after 91 days of exposure to 3% CO2, 57% RH and 20 °C. Although the NAC-0.51 concretes achieved the lowest carbonation depths (in each type of cement concretes), the RAC-C50 and RAC-C50-F10 concretes reached similar values to that of NAC-0.51 concrete, with the exception of the RAC-C50-F10 concrete produced with CEM IIAL, which had a 12.9% higher carbonation depth than the corresponding NAC-0.51. According to Guo et al. [2], the RAC and NAC achieved similar resistance and carbonation depth when the RAC was produced with a lower w/c ratio.



Moreover, the use of 20% FRCA in natural sand replacement proved to reduce the carbonation resistance of concrete. The RAC-C50-F20 concrete achieved the highest carbonation depth in each cement type concrete.



The accelerated carbonation coefficient (Kacc) of each concrete was calculated under a steady state condition based on Fick’s first law of diffusion, represented by Equation (1).


  X c ( t ) = K a c c ·   ( t )   0.5    



(1)




where Xc is the determined carbonation depth (mm), Kacc is the carbonation coefficient (mm/day0.5), and t is time (days). The carbonation depth was determined at 0, 14, 28, 56, 70, and 91 days.



As shown in Table 7, the concretes produced with CEM IIAS cement achieved the lowest Kacc values, followed by those made with the CEM IIAL and CEM IIIB. The RAC-C50-F20 concrete produced with CEM IIAS also achieved a lower Kacc than that of the NAC-0.51 produced with CEM IIAL and CEM IIIB. These findings are consistent with Etxeberria et al. [34], who demonstrated that concretes with CEM IIAS display the lowest values of carbonation depth, regardless of the aggregates used. In addition, the test proved that any concrete produced with CEM IIAL achieved a lower carbonation rate than NAC-0.51 produced with CEM IIIB. Several researchers [33,84] have noted that this increase in the carbonation coefficient in concrete made with CEM IIIB is directly related to a reduced clinker content when compared to CEM IIAL and CEM IIAS cement types, as well as the reduced CO2 buffering capacity. Consequently, the carbonation resistance of recycled concrete decreases when the employed cement was composed of a high volume of mineral admixtures, reducing the CaO content [20,33,85], resulting in the coarsening of the pore structure and potentially diminishing its durability [30].



In addition, the accelerated carbonation coefficient of RAC-C50 concretes increased by less than 4% compared to that of NAC, regardless of the cement type employed. These findings are in line with several research studies [24,27,33,83]. Moreover, the Kacc of concrete produced with 10% FRCA in the replacement of natural sand, using CEM IIAS and CEM IIIB, were 5.2% and 4.8%, higher, respectively, than that of NAC-0.51. However, the concrete produced with CEM IIAL reached a 19.4% higher value than that of NAC. Furthermore, the use of 20% FRCA in replacement of natural sand increased the Kacc value. The RAC-C50-F20 concretes produced with CEM IIAL, CEM IIAS, and CEM IIIB cements achieved 29.1%, 19.7%, and 13.3% higher Kacc values, respectively, than the corresponding NAC-0.51 concrete. The findings demonstrate that incorporating FRCA replacements can lead to notable increases in the carbonation depth.



It is important to note that even when concretes achieved the same compressive strength at 28 days, there were variations in the carbonation depth values depending on the type of cement used.



The theoretical natural carbonation coefficient (knatTHEO) is related to the kacc, and it can be determined using Equation (2) [86,87]. The obtained values of knatTHEO are described for each in Table 7. According to previous wok [34], it was determined that the knatTHEO of NAC and RAC was 1.6 and 1.8 times higher, respectively, than knat (natural carbonation rate obtained experimentally), guaranteeing similar behaviour in both types of concretes. Leemann et al. [33] supports the use of accelerated carbonation tests as a method for evaluating resistance under natural conditions. Nevertheless, further research is needed to enhance the predictive capability of carbonation depth in RAC and its accuracy with different levels of RCA [88].


    K a c c   K n a t T H E O   =       ∅ a c c     0.5         ∅ n a t T H E O     0.5     ,  



(2)




where   ∅ a c c   and   ∅ n a t T H E O   are the CO2 concentrations in the accelerated carbonation (3%) and natural carbonation processes (425 ppm, in Barcelona), respectively.



Table 8 describes the carbonation depth values obtained by each produced concrete, calculated based on the knatTHEO rate, over a lifespan of 50 and 100 years. According to The Spanish Structural Concrete Code (SC-BOE) [47], concrete produced for use under XC3 exposure conditions must have a minimum cover of 20 mm for 50 years and 30 mm for 100 years lifespans. Additionally, for concrete XC4 environment conditions, a minimum cover depth of 25 mm for 50 year and 35 mm for 100 years lifespans are obligatory.



According to the obtained results, it was determined that all the concretes manufactured with CEM IIAL and CEM IIAS, including RAC-C50-F20, were suitable to be used in XC3 and XC4 exposure environments, both over 50 and 100-year lifespans.



Based on concretes produced using CEM IIIB, while all the concretes were acceptable to be exposed to the XC4 environment for 50 and 100 years, none of the concrete could be considered adequate for exposure to an XC3 environment, even for 50 years. In addition, the theoretical carbonation depth value of NAC-0.51 was 19.7mm in 50 years, and according to the Structural Concrete Code (SC-BOE), the minimum cover is 20 mm.



Moreover, according to Silva et al. [23], in order to prevent corrosion of concretes exposed to environmental conditions classified as XC3 and XC4 (as specified in the EN 206-1), the maximum accelerated carbonation coefficient should be 35 mm/year0.5 for XC3 and 50 mm/year0.5 for XC4 when 50 years of service life is considered. Consequently, according to those limits, all the concretes produced complied with the minimum requirements established for XC3 and XC4 environments during a 50-year service life.





4. Conclusions


The results of this study lead to the following conclusions:




	
The compressive strength of RAC using 50% CRCA and up to 20% FRCA was lower than that of NA when being produced with the same w/c ratio. Consequently, the RAC must have a 0.04 lower effective water–cement ratio than that of the NAC to achieve the same compressive strength.



	
All the RAC using 50% CRCA and up to 20% FRCA achieved a suitably designed compressive strength of C30/37 for structural applications.








The durability properties of RAC concretes, (RAC and NAC proved to have similar compressive strength):




	
RAC produced with 50% CRCA and up to 10% FRCA achieved a similar shrinkage value to that of NAC, independent of the cement type employed. Although the use of 20% FRCA increased the drying shrinkage values of the concretes, the total drying shrinkage values obtained by RAC-C50-F20 concretes were acceptable for a structural concrete application.



	
A comparative study of both the EC-02 and SC-BOE standards determined that the first provided higher accuracy in predicting drying shrinkage of RAC than the latter, independent of the type of cement employed. However, there are no standards which precisely estimate the shrinkage value of NAC produced with CEM IIIB. This is probably due to the fact that the standards are mainly based on considering the compressive strength at 28 days as the prime factor instead of the initial shrinkage value.



	
The use of BFS cement reduced ion chloride penetrability independently of the type of aggregates used. Concretes made with CEM IIIB, including RAC-C50-F20, reached a very low ion penetrability, suitable for structural applications. In addition, the CEM IIAS concretes achieved moderate ion penetrability, except for the RAC-C50-F20, which achieved a high chloride ion penetrability due to the use of 20% FRCA. Moreover, all of the concretes, including NAC with CEM IIAL cement, achieved high penetrability and were unsuitable for structural applications.



	
All concrete produced with CEM IIAS, including the RAC-C50-F20, achieved a lower carbonation coefficient than NAC with CEM IIAL cement. However, concretes manufactured with CEM IIAL and CEM IIAS were suitable for use in XC3 and XC4 exposure environments at 50 and 100-year lifespans.



	
The carbonation resistance of RAC decreased when the cement employed had a high BFS. In addition, incorporating 20% FRCA can lead to notable increases in carbonation depth.








This study also underscores the critical importance of cement type selection in the durability and strength of structural recycled aggregate concrete, particularly under specific conditions. The concrete using CEM IIAS cement has been shown to meet durability requirements in accordance with shrinkage value, chloride penetrability and carbonation resistance, even with replacement rates of up to 50% CRCA-10% FRCA. However, while the concrete using CEM IIAL achieved low chloride penetration resistance, the concrete produced with CEM IIIB achieved low carbonation resistance, independently of the type of aggregates used for concrete production.



As futures research lines, it is recommended to conduct long-term research to assess the durability and resistance to factors such as corrosion and carbonation in structures built with recycled aggregates.
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Figure 1. Image of all the fractions: (a) raw aggregates; (b) recycled aggregates. 
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Figure 2. Particle size distribution of natural and recycled aggregates. 
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Figure 3. Relative compressive strength at all concrete ages produced with cements: (a) type CEM IIAL; (b) type CEM IIAS; (c) type CEM III-B. 
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Figure 4. Drying shrinkage development at 91 days: (a) CEM II/AL, (b) CEM II/AS, (c) CEM III/B. 






Figure 4. Drying shrinkage development at 91 days: (a) CEM II/AL, (b) CEM II/AS, (c) CEM III/B.



[image: Sustainability 15 14272 g004]







[image: Sustainability 15 14272 g005] 





Figure 5. Mass loss development at 91 days: (a) CEM II/AL, (b) CEM II/AS, (c) CEM III/B. 
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Figure 6. Shrinkage estimation analysis depicted through ratios of (a) experimental results/numerical estimation SC-BOE and (b) experimental results/numerical estimation EC-02. 
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Figure 7. The ratio of chloride ion penetrability (determined in charge pass) for all concretes with respect to maximum value of 4000 Coulombs: (a) 28 days and (b) 56 days. 
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Table 1. Composition of cement as a percentage of the total weight.
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	Cement
	CaO
	SiO2
	Al2O3
	Fe2O3
	SO3
	MgO
	K2O
	TIO2
	Na2O





	CEM II A-L 42.5 R
	61.47
	17.87
	3.61
	2.64
	3.69
	1.45
	0.736
	0.183
	0.228



	CEM II A-S 42.5 N/SRC
	59.97
	21.66
	4.35
	3.75
	3.47
	2.1
	0.395
	0.327
	0.314



	CEM III/B 42.5 N-LH/SR
	49.4
	27.8
	8.41
	1.96
	3.96
	4.65
	0.48
	0.457
	0.365










 





Table 3. Constituents of type A CRCA-2 (8/20 mm) aggregates.
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Type

	
Concrete, Concrete

Products, Mortar (Rc)

	
Unbound Mortar,

Nature Stone (Ru)

	
Mansory

(Rb)

	
Asphalt

(Ra)

	
Glass

(Rg)

	
Other

(x)






	
CRCA-2

	
68.3%

	
28.0%

	
1.9%

	
0.98%

	
0.0%

	
0.39%




	
EN 12620

	
Rc + Ru > 95

	
≤10%

	
≤1%

	
≤1%

	
-











 





Table 4. Mix proportions of concretes were produced with CEM IIAL, CEM IIAS and CEM IIIB.
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Materials

(kg)

	
Concrete Types




	
NAC-0.51

	
NAC-0.47

	
RAC-C50

	
RAC-C50-F10

	
RAC-C50-F20






	
Cement

	
300

	
300

	
300

	
300

	
300




	
Total water

	
165

	
150

	
175.8

	
179.5

	
182.3




	
CNA 1

	
354.5

	
360.1

	
180.5

	
180.5

	
180.5




	
CNA 2

	
723.68

	
737.2

	
369.3

	
369.3

	
369.3




	
FNA

	
954.1

	
971.9

	
1014.2

	
875.7

	
778.4




	
CRCA 1

	
-

	
-

	
165.8

	
165.2

	
165.6




	
CRCA 2

	
-

	
-

	
338.8

	
339.1

	
337.2




	
FRCA

	
-

	
-

	
-

	
87.1

	
174.1




	
P (%)

	
1/0.7 1

	
1

	
1/0.6 1

	
1/0.5 1

	
1/0.3 1




	
S (%)

	
1

	
1

	
1/1.5 1

	
1/1.5 1

	
1/1.5 1




	
effective w/c

	
0.51

	
0.47

	
0.47

	
0.47

	
0.47




	
Slump-IIAS (mm)

	
175

	
145

	
150

	
155

	
150




	
Slump-IIIB (mm)

	
175

	
160

	
135

	
150

	
150




	
Slump-IIAL (mm)

	
175

	
150

	
190

	
200

	
195








1 Plasticizer content utilised in CEM IIAL.













 





Table 5. Compressive strength and its standard deviation (between brackets values) in all produced concretes.
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Concrete Reference

	
IIAL

	
IIAS

	
IIIB




	
7d

	
28d

	
56d

	
7d

	
28d

	
56d

	
7d

	
28 d

	
56d






	
NAC47

	
52.5 (1.3)

	
62.9 (1.3)

	
65.5 (1.0)

	
54.5 (1.3)

	
69.8 (1.0)

	
71.3 (1.9)

	
53.1 (0.8)

	
67.2 (0.4)

	
69.9 (0.9)




	
NAC51

	
45.2 (2.0)

	
56.2 (1.6)

	
58.8 (1.0)

	
54.1 (2.0)

	
59.2 (0.5)

	
64.7 (0.2)

	
51.5 (0.1)

	
57.2 (1.2)

	
59.9 (0.9)




	
RAC-C50

	
48.6 (2.5)

	
57.3 (1.0)

	
59.9 (1.7)

	
53.9 (2.5)

	
59.2 (2.3)

	
62.8 (1.2)

	
53.7 (0.3)

	
61.4 (2.0)

	
62.0 (1.0)




	
RAC-C50-F10

	
46.9 (1.8)

	
56.3 (1.5)

	
57.5 (0.3)

	
52.4 (1.8)

	
59.7 (1.3)

	
59.9 (0.2)

	
53.4 (2.8)

	
60.6 (1.7)

	
61.6 (0.7)




	
RAC-C50-F20

	
44.9 (2.4)

	
52.7 (0.3)

	
53.8 (0.4)

	
50.2 (2.4)

	
60.7 (0)

	
63.7 (1.2)

	
53.6 (1.5)

	
62.8 (1.4)

	
62.9 (1.3)








Compressive strength values for 100 mm cube specimens. ( ) Standard deviation.













 





Table 6. Chloride ion penetrability and the standard deviation (described in brackets) determined in Charge pass in coulombs.
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Concrete Types

	
IIAL

	
IIAS

	
IIIB




	
(Coulombs)

	
Δ (%)

	
(Coulombs)

	
Δ (%)

	
(Coulombs)

	
Δ (%)




	
28d

	
56d

	
28d

	
56d

	
28d

	
56d






	
NAC-0.51

	
5314 (2)

	
4096 (271)

	
23

	
2897 (111)

	
1976 (129)

	
32

	
674 (15)

	
501 (12)

	
26




	
RAC-C50

	
4479 (441)

	
4065 (71)

	
9

	
2535 (136)

	
1962 (80)

	
23

	
610 (9.0)

	
503 (8)

	
18




	
RAC-C50-F10

	
6038 (596)

	
4448 (97)

	
26

	
3130 (58)

	
2293 (5)

	
27

	
626 (16)

	
531 (15)

	
15




	
RAC-C50-F20

	
6401 (569)

	
4944 (178)

	
23

	
4515 (91)

	
2866 (66)

	
37

	
740 (40)

	
532 (18)

	
28








( ) Standard deviation. Δ (increase in resistance).













 





Table 7. Carbonation depth, their standard deviation, and the accelerated and theoretical natural carbonation coefficient of all concretes.
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Concrete Types

	
Carbonation Depth (mm) at 90 Days

	
Carbonation Coefficient




	
kacc (mm/day 0.5)

	
knatTHEO (mm/year 0.5)




	
II AL

	
II AS

	
III B

	
II AL

	
II AS

	
III B

	
II AL

	
II AS

	
III B






	
NAC-0.51

	
7.7 (0.1)

	
6.0 (0.1)

	
12.0 (0.4)

	
0.81

	
0.65

	
1.22

	
1.84

	
1.48

	
2.79




	
RAC-C50

	
8.0 (0.4)

	
6.1 (0.2)

	
12.1 (0.2)

	
0.84

	
0.68

	
1.27

	
1.9

	
1.55

	
2.89




	
RAC-C50-F10

	
8.7 (0.2)

	
6.3 (0)

	
12.1 (0.1)

	
0.97

	
0.68

	
1.28

	
2.19

	
1.55

	
2.92




	
RAC-C50-F20

	
9.8 (0.0

	
7.2 (0.2)

	
12.9 (0.1)

	
1.04

	
0.78

	
1.39

	
2.37

	
1.77

	
3.16











 





Table 8. Carbonation depth after lifespan of 50 and 100 years.
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Concrete Types

	
Carbonation Depth

(50 Years)

	
Carbonation Depth

(100 Years)




	
II AL

	
II AS

	
III B

	
II AL

	
II AS

	
III B






	
NAC-051

	
13.0

	
10.4

	
19.7

	
18.4

	
14.8

	
27.9




	
RAC-C50

	
13.5

	
11.0

	
20.5

	
19.0

	
15.5

	
28.9




	
RAC-C50-F10

	
15.5

	
11.0

	
20.6

	
21.9

	
15.5

	
29.2




	
RAC-C50-F20

	
16.8

	
12.5

	
22.3

	
23.7

	
17.7

	
31.6




	
Min. Cover (mm) [47]

	
XC3

	

	
20

	

	
25




	
XC4

	

	
30

	

	
35
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