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Abstract

:

This paper is focused on the influence of the geological nature and quality of the aggregates on the compressive strength of concrete and explains why it is important not to ignore the characteristics of aggregates in the estimation of the strength of concrete, even for virgin aggregates. For this purpose, three original (Abrams, American Concrete Institute Manual of concrete practice and Slater) and two modified (Bolomey and Feret) models were used to calculate the strength of concrete by considering results of various publications. The results show that the models do not properly predict the strength of concrete when the characteristics of aggregates are neglected. The scatter between the calculated and experimental compressive strength of concrete, even when made with natural aggregates (NAs) only, was significant. For the same mix composition (with similar cement paste quality), there was a significant difference between the results when NAs of various geological nature (e.g., limestone, basalt, granite, sandstone) were used in concrete. The same was true when different qualities (namely in terms of density, water absorption and Los Angles abrasion) of aggregates were used. The scatters significantly decreased when the mixes were classified based on the geological nature of the aggregates. The same occurred when the mixes were classified based on their quality. For both modified models, the calculated strength of mixes made with basalt was higher than that of the mixes containing other types of the aggregates, followed by mixes containing limestone, quartz and granite. In terms of the quality of the aggregates, the calculated strength of concrete increased (was overestimated) as the quality of the aggregates decreased. The influence of the aggregates on the compressive strength of concrete became much more discernible when recycled aggregates were used mainly due to their more heterogeneous characteristics.
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1. Introduction


1.1. General Facts on Compressive Strength Estimation


Concrete is one of the most consumed materials in the construction industry. Apart from durability, consumers normally demand a target strength. The target strength can be achieved in different ways, e.g., by increasing the cement content, incorporating a specific amount of supplementary cementitious materials (SCM), and decreasing the water content or introducing a superplasticizer (SP). For that purpose, researchers have proposed several formulas to calculate the strength of concrete [1,2].



Researchers normally focus on the quality of the cement paste to calculate the strength of concrete. However, the strength of concrete not only depends on the strength of the hydrated product and the porosity of the cement paste [3] but also on the properties of the aggregates [4]. Further details regarding the mentioned factors are provided in the following paragraphs.



The strength of the hydrated product in the cement paste depends on the chemical and physical properties of cement [5,6]. The porosity of concrete depends on the air content that is mainly affected by the maximum size of the aggregates, and the particle size distribution in the used materials, mixing procedure, workability, placing, and compaction [4].



The properties of the aggregates directly or indirectly affect the strength of concrete. The influence of the aggregates’ properties can be clearly seen in high strength concrete, because failure occurs through the aggregates. For that purpose, a previous study [7] attempted to classify aggregates into four classes (A, B, C, and D) based on their physical properties, mainly by considering their density and water absorption (WA), and mechanical properties (Los Angeles (LA) abrasion) from the results of 116 studies (Table 1). The authors believe the strength of concrete produced with class A (high quality of aggregates) should be higher than that of those with B class, followed by classes C and D.



In our study, the strength of concrete made with ordinary Portland cement (OPC) and natural aggregates (NA) was calculated using different formulas (Section 1.2) and compared with the actual (experimental) strength. Then, the strength of the NA concrete was classified based on the quality of the aggregates. The first objective of this procedure was to show the importance of the quality of the aggregates rather than their procurement source (e.g., recycled aggregates (RA) versus NA) and confirm the relationship between the strength of concrete and the properties of the aggregates, regardless of the type of virgin aggregates used.



Regarding the indirect effects of the aggregates, studies have concluded that the quality of the hydration products affects the bond between the aggregates and cement paste (Interfacial Transition Zone—ITZ) [8]. Therefore, some of the recent investigations (Section 1.2) have considered the cement content and strength class of cement to calculate the strength of concrete. However, other studies [9] that updated the Bolomey formula [10] realized that, for the same quality of cement paste, the compressive strength of concrete made with rolled natural aggregates (NA) differs from that of concrete made with crushed NA, when both come from the same natural sources. This is because the shape of aggregates also affects the ITZ [11].



In fact, for concrete made with crushed aggregates, the effective water/cement ratio (main contributor to the quality of the cement paste and of the ITZ) should be increased in order to obtain the same workability as concrete made with rolled aggregates [12]. However, all the formulas proposed until then to calculate the strength of concrete failed to consider one of the most effective factors that affects the bond between aggregates and cement paste (ITZ), which is the texture of aggregates. The texture of the aggregates depends on the geological nature of the aggregates (e.g., limestone, basalt, sandstone, granite). For example, basalt can be considered to be a high-quality aggregate due to its high density and high mechanical strength, but its bond with the cement paste may be not strong enough due to its very smooth texture which is relatively similar to that of glass [11]. Thus, the calculated strength may be overestimated. In terms of chemical reactivity, the study of Kong and Du [11] showed that the amount of OH− that is absorbed by the aggregates and that releases Si4+ at the same time depends on the geological nature of the aggregates, and this process significantly affects the pore structure of the hydration product and the ITZ as a result.



Therefore, this study attempted to show the effect of the geological nature of the aggregates on the ultimate strength of concrete and how the scatter between the estimated and the actual strength of concrete decreases if the results take the geological nature of the virgin aggregates into account.



Generally, the geological nature of aggregates affects the ultimate strength of concrete in different ways. When the strength of aggregates is lower than that of the cement paste, the quality of the aggregates controls the ultimate strength, because failure occurs though the aggregates. However, when the strength of the aggregates is higher than that of the cement paste, failure may not only occur in the cement paste itself but also in the ITZ between the aggregates and the cement paste [13]. In fact, the quality of the aggregates needs to be considered a main factor in the estimation of the compressive strength for low and high strength concrete mixes. It is well known that failure normally occurs in the ITZ between the aggregates and the cement paste because the effective water to cement ratio (w/c) of the cement paste around the aggregate particles is higher than that of the other parts of the cement paste [14]. This phenomenon relates to the capillary absorption between cement paste and aggregates which is affected by the WA and density of the aggregates.



Since the effect of SP, binder content and its characteristics, the w/c and aggregate content and the parameters described in [15,16] on concrete have already been studied, this study focuses on the effects of the quality and geological nature of NA on the compressive strength of concrete when all the mentioned parameters are constant, mainly by considering two modified models shown in the next sub-section. Thus, in terms of the aggregates, it is advisable to focus on the two mentioned parameters rather than only on the source of the aggregates, e.g., NA versus RA. To that purpose, this study considered the results of 84 publications for concrete made with virgin aggregates and 41 other publications (Section 2) for concrete made with RA.




1.2. Background of the Compressive Strength Estimation Models


Feret [1] is considered one of the pioneers in devising a formula to calculate the strength of concrete based on the volume of aggregates to the cement ratio and the void index. He was followed by Abrams [2] who calculated the strength of concrete by taking into account the w/c ratio. A study of Hicks [17] simplified Slater’s formula [18] and reported that the strength of concrete linearly changes with the w/c ratio. Similarly to Slater’s formula, ACI 2000-I [19] calculated the strength of concrete by considering the effect of the w/c ratio.



Powers and Brownyard [3] concluded that the porosity of the cement paste affects the strength of concrete. Thus, they developed the Feret’s formula by considering another factor, namely, the “gel (volume of hydration products) to space (capillary porosity)” ratio. Then, Karni [20] added another factor (degree of hydration) to the Powers and Brownyard’s formula. Regarding the porosity of the cement paste, Popovics [21] introduced the influence of air content into Bolomey’s formula. Thirteen years afterwards, the same researcher [22] worked on Abrams’s formula and added the effects of cement’s hardening rate and the air content. Since the compressive strength of concrete with the same w/c may vary with its cement content, Popovics [23] then added another factor (cement content) to Abrams’s formula. However, the number of concrete samples considered to calibrate these factors and the new model were not significant compared to the previous model. Furthermore, de Larrard [13] updated Feret’s formula by considering the maximum paste thickness, the maximum size of the aggregates, the aggregates’ packing density, the content of pozzolanic binders and a few types of aggregates. However, de Larrard did not consider the properties of cement, and the number of concrete samples used to calculate the factors was not significant. A recent study [15] proposed an innovative way to calculate the strength of concrete mixes using the M5P model tree algorithm by taking into account the results of nine publications. However, the cement class (e.g., CEM I 35.5 or 42.5) and quality of the aggregates were not considered as main factors in the model.



According to the parameters considered in each of the models suggested by the above researchers, two common facts can be seen. First, some of the formulas calculate the strength of concrete by only taking into account the w/c ratio. However, it is well known that the strength of two concrete mixes with the same w/c may not be equal when their cement contents are different [23]. Therefore, the volume of aggregates to cement ratio and void index (water and air), which depend on the maximum size of the aggregates and the water content, should be considered. Secondly, most formulas fail to consider the strength class of cement. For example, the strength of concrete mixes made with the same cement content is not similar when different cement classes (e.g., CEM I 32.5 or 42.5) are used [24].



The majority of current formulas follow those of Feret [1] and Abrams [2]. In the past decades, a few researchers have attempted to update the mentioned formulas, but their results are still not reliable, since they only considered a few case studies (concrete samples) to calibrate the correction factors. However, Sika-comp recently released a new software (SIKA-mix design) to design concrete mixes by using Faury’s [25] method and calculate the strength of concrete by updating Feret’s [1] formula. Thus, the new Feret-based formula depends on the ratio of the volume of aggregates to cement, the void index, the strength class of cement (cement class), and the maximum size of aggregates. In addition, a study [9] proposed a modification of Bolomey’s [10] formula by taking into account the w/c ratio, the strength class of cement and the aggregates’ production method (e.g., crushed or natural). Thus, the two updated formulas (Feret and Bolomey) were used as the main models to analyse the results.





2. Methodology


Three original models (Abrams, Slater and ACI) (Table 2) and two modified models (Bolomey and Feret) (Table 2 and Table 3) were used to estimate the compressive strength at 28 days of concrete made with ordinary Portland cement (OPC) and NA. The mentioned formulas were applied to 206 concrete mixes (206 concrete mixes × minimum 3 samples = 618 concrete samples) made with 100% NA sourced from 84 studies (Table 4). After that, the results were classified based on the aggregates’ classes (Table 1) proposed by Silva et al. [7]. Then, the geological nature of the aggregates (e.g., limestone, basalt, granite, sandstone) was considered to analyse the results.



Additionally, for each analysis (by considering the aggregates’ quality or geological nature), different studies (Table 4) were considered based on the supplementary information given in the publication. For example, the studies that did not provide the geological nature of the aggregates (Table 4—5th row) were still considered in the analysis of the effect of the quality of the aggregates on the compressive strength of concrete when their WAs and densities were provided. In the first stage of this analysis, all the concrete mixes used were made with NA and OPC (without any SCM). In the second stage, some examples (Table 4) containing 100% coarse RA were studied.



It is well known that the shapes and sizes of the concrete samples (e.g., cube or cylinder) affect the results. Therefore, this study took into account these two factors, and the experimental results (non-standard cylinder sizes) were converted to be equivalent to those of a cylinder with a 150 mm diameter × 300 mm length (fcm, cube 100 mm → fcm, cube 150 mm → fcm, cylinder 150 × 300 ← fcm, cylinder 100 × 200) in order to compare them with the calculated strength. Thus, according to the state-of-the-art method described in FIB Bulletin 42 [118], the “fcm, cube 150 mm to fcm, cube 100 mm” ratio is equal to 0.97. Similar results can be seen in other studies [119,120]. After that, fcm, cube 150 mm was converted to fcm, cylinder 150 × 300, according to EN 1992-1-1:2004 (E). Regarding fcm, cylinder 100 × 200, the majority of the researchers agree that, up to 33 MPa, the difference between fcm, cylinder 150 × 300 and fcm, cylinder 100 × 200 is insignificant. The average difference between them is 2%, according to previous studies [121,122,123]. For higher strength values (over 33 MPa), the average “fcm, cylinder 150 × 300 to fcm, cylinder 100 × 200” ratio is 0.90 (Table 5).



As mentioned above, in this study, the strength of concrete made with OPC and NA was calculated using different formulas (Table 2) and compared with the actual (experimental) strength. Then, the strength of the NA concrete was classified based on the quality of the aggregates. The first objective of this procedure was to show the importance of the quality of the aggregates rather than their procurement source (e.g., recycled aggregates (RA) versus NA) and to confirm the relationship between the strength of concrete and the properties of the aggregates, regardless of the type of virgin aggregates used.




3. Results


Cement has been used as a construction material for many centuries. However, modern cement has been produced only in the last century. Due to the substantial changes made in cement production during the last decades, the quality of cement has significantly improved [128,129]. Therefore, the results of this study focus on the investigations published in the last two decades. Figure 1 shows the relationship between compressive strength and the w/c of concrete mixes made with only NA and OPC. The results show that, for a 95% confidence interval, there is a large amount of scatter between w/c and the compressive strength of concrete. This result was expected due to the quality of cement paste and aggregates. The effect of the quality of the cement paste on concrete strength has been extensively studied for decades, and several formulas have been suggested to relate these two properties. However, the effect of the quality of the aggregates on concrete strength had not previously been sufficiently studied. For this reason, this study focused on the effects of the physical and geological nature of the aggregates in the following sections.



3.1. Effect of the Geological Nature of Natural Aggregates on the Compressive Strength of Concrete


As mentioned in the literature review, the strength of concrete may be affected by different factors, including the quality of the cement paste. Therefore, the original models (Abrams, Slater, and ACI) calculated the strength of concrete based on the w/c (Figure 2). The results showed that the estimated strength of concrete based on the quality of the cement paste is not accurate, and the relationship between the actual and calculated strength in all of the original models was poor (R2 was −0.31, −0.14 and 0.15 in the Abrams, Slater, and ACI models, respectively) when only w/c was considered to be an influencing factor. This is because the compressive strength of concretes with the same w/c may vary with cement content [23] and cement class [24], which respectively influence the aggregate: cement volume ratio and void index and the quality of the hydration product. The other reason is that the original formulas ignore the quality (e.g., geological nature) of the aggregates. Thus, the relationship between the calculated and actual strength of concrete mixes improved when the original formulas also considered the geological nature of the aggregates (R2 was −0.23, 0.03, −0.58, −0.05, 0.52 and 0.46 with Abram’s model, and 0.27, 0.20, −0.57, 0.20, 0.85 and 0 with Slater’s model, and 0.25, 0.40, −0.03, 0.23, 0.81, 0.84 with the ACI model when the aggregates were classified as basalt, granite, limestone, NA (geological nature not given), quartz, and sandstone, respectively. The negative R2 is due to the fact that the linear trendline was set to intercept the origin of the axes [130,131]). This behaviour is further discussed in the next paragraphs. Furthermore, for the 95% confidence intervals (red dashed lines in each graph), there is a big scatter between w/c and compressive strength of concrete, and the lower and upper k (fcm, calculated/fcm, experimental) values in all original models were 0.67 ± 0.02 and 1.67 ± 0.01, respectively.



As mentioned previously, the calculated strength based only on the w/c independently of the cement content and its properties, is not reliable. Therefore, this study essentially focused on the modified models (Bolomey and Feret) rather than the original models (Abrams, Slater, and ACI).



Figure 3a,b show the relationship between the experimental and calculated compressive strength obtained according to the Bolomey and Feret models, respectively. Relative to the original models (R2 was up 0.15) that only considered the w/c as a main factor, the relationship between the calculated and actual compressive strength significantly improved (R2 ≈ 0.50), as seen in Figure 3a. This is due to the additional factors considered in Bolomey’s model, namely the strength class of cement and the way that aggregates are produced (Table 2). However, this model neglected the effect of the cement content (volume of aggregates to cement ratio) which significantly affects the results due to its influence on the strength of concrete (for the same w/c, the strength may vary with the cement content [23]). As shown in Figure 3b, by using Feret’s model, the relationship between the calculated and experimental strength of concrete significantly improved (R2 ≈ 0.60) relative to the original models. This is because of the factors considered in the model, namely, the cement strength and content. However, this model neglected the aggregates’ production methods.



Even though the relationship between the actual and calculated strength improved by using the modified models (Bolomey and Feret), there was still a big scatter between the mixes (Figure 3). For example, for a 95% confidence interval, the k value (fcm, calculated/fcm, experimental) varied between 1.20–0.60 and 1.63–0.83 when the strength was calculated based on the Bolomey and Feret models, respectively. This may be related to the fact that both models neglected the properties of the aggregates as a factor to calculate the strength. To validate this assumption, the mixes were classified according to the geological nature of their aggregates, and the k value was found for each of them according to a 95% confidence interval (Figure 4). As a consequence, the relationship between calculated and actual strengths considerably improved in most cases. For example, the R2 of concrete mixes made with basalt, granite, limestone, and quartz was about 0.60, 0.80, 0.40, and 0.80 when Bolomey’s model was used to calculate the strength, and 0.40, 0.90, 0.60, 0.90 for Feret’s model, respectively. Additionally, for both the Bolomey (Figure 4a) and Feret models (Figure 4b), the difference between upper (k1) and lower (k2) boundaries (k value = fcm, calculated/fcm, experimental) for a 95% confidence interval of the concrete mixes significantly decreased when the classification was based on the geological nature of the aggregates, except for concrete with limestone aggregates. This is because limestone has a large scatter of characteristics (Table 4), and it is classified in various generic categories, e.g., carboniferous, dolomitic, and calcareous, or it may be a composite (e.g., limestone–quartzitic, limestone–siliceous).



In order to simplify the results, the average of the k1 and k2 values (as seen in Figure 4) was considered to make Figure 5. According to both models, all other parameters being the same, the calculated/actual strength ratio of concrete mixes made with basalt was higher than that of mixes containing other types of the aggregates, followed by mixes containing limestone, quartz, and granite. This ranking, which was repeated for both models, is further explained in the following paragraphs. Furthermore, apart from the above factors, the shape ratio and shape regularity of the aggregates may also affect the strength of concrete. For example, less water content (one of the main contributors to the quality of the cement paste and ITZ) is required to obtain the target slump with rolled aggregates compared to that with angular aggregates [12]. However, the bond between angular aggregates and cement paste is stronger than that in the mixes made with rolled aggregates. However, the bond also depends on the surface texture of the aggregates.



Ingham et al. [132] studied the shape, form, and texture of various geological natures of aggregates using about 270 cases. Based on their explanations and the classification of Silva et al. [7] (Section 1), Figure 6 was drawn to show all of the factors that may affect the influence of the aggregate on the quality of concrete. The shape ratio and shape regularity of the aggregates also affects the quality of concrete, but they can be controlled by sieving the aggregates. However, the surface texture of the aggregates and their quality and chemical composition may not be easily controlled. Therefore, it is important to identify the geological nature of the aggregates, because it determines the texture [132] and chemical composition [11], and in most cases, the physical characteristics, shape ratio, and regularity.



Notwithstanding a significant standard deviation that may be affected by the selected database, in both models, the calculated/actual strength ratio of concrete containing basalt was generally higher than that of the other aggregates (Figure 5). This is because, generally, basalt has an aphanitic texture or, in some cases, can be considered to be glassy [133]. As a consequence, the bond between basalt aggregates and cement paste will be weaker and failure may occur at ITZ. In other words, the models that calculate strength based on the quality of cement paste (without considering the geological nature of the aggregates) may fail, and relative to mixes containing other aggregates, the strength is overestimated. Furthermore, the chemical composition of the aggregates (rich with silicon or calcium), which influences the way they absorb other elements from the cement paste (and vice-versa), may also affect the interfacial hydrates around the aggregates. For example, limestone is rich in calcium, and therefore, there is more ettringite and calcium–hydroxide in the ITZ, while for basalt, which is rich in silicon, further calcium silicate hydrates are generated in that zone [11].



Unlike basalt aggregates, granites generally have a phaneritic texture [133]. This explains the trends shown in Figure 5, where the calculated/actual strength ratio of concrete containing granite is lower than that of the mixes made with other aggregates. The rougher surface of the granite increases the bond between cement paste and aggregates. Although both basalt and granite have similar chemical compositions (rich in silicon content) because of their surface texture, the ultimate strength of concrete with each aggregate and the same cement paste is different. Furthermore, the surface texture of the aggregates, as well as their chemical composition, shape ratio and regularity, and quality (e.g., WA and density) also affect the ultimate strength of concrete, as discussed in the following sections.




3.2. Effect of the Quality of Natural Aggregates on the Compressive Strength of Concrete


Concrete mixes were classified based on the aggregates’ quality, namely their WA, density, and LA abrasion (Table 1), according to the study by Silva et al. [7]. As for the geological nature (Section 3.1), the results show that the relationship between the calculated and actual strength of concrete (without taking into account the aggregates’ classes, the R2 values for the linear trends were 0.50 and 0.60 for the Bolomey and Feret formulas, respectively) improved when the mixes were classified based on their quality (classes A, B, C, and D). Thus, the R2 values for the linear trends were 0.72 and 0.62 for the Bolomey model and 0.60 and 0.74 for the Feret model when the mix’s aggregates were from classes AI and AII (specified in Table 1), respectively (Figure 7). This shows that the quality of the aggregates may significantly affect the ultimate strength of concrete. Therefore, it is important to identify the quality of the aggregates simultaneously with the other factors shown in Figure 6. According to both models, the scatter between the results (the k values of the all mixes were 0.6–1.30 and 0.80–1.50 when the strength was calculated according to the Bolomey and Feret models, respectively) decreases when the mixes are classified in terms of the quality of their aggregates (Figure 7).



In order to simplify the results, the average of the k1 and k2 values (as seen in Figure 7) was considered to make Figure 8. According to both models, all other parameters being the same, the calculated/actual strength ratio of concrete increases as the quality of the aggregates (high WA and LA abrasion, and low density “Table 1”) decreases. In low-strength concrete, failure normally happens at the ITZ. Apart from the factors discussed in Section 3.1, namely, the shape ratio and regularity, and the surface texture and chemical composition of the aggregates, this can be related to the fact that the w/c of the cement paste around the aggregates is higher than in other parts of the cement paste [14]. The quality of the aggregates, namely their WA and density, which both affect the capillary absorption between the aggregates and the cement paste, is a determinant of the ITZ bond strength. For high strength concrete, failure may not happen in the cement paste (the mechanical properties of the aggregates control concrete’s ultimate strength). Therefore, again, the quality of the aggregates, namely their LA abrasion, controls the ultimate strength of concrete. Additionally, relative to the Feret model, the calculated strength using Bolomey’s model is either close to the line of equality or below it. This may be related to the aggregates’ production method (rolled or crushed) considered in the formula, which helps to prevent overestimation of the compressive strength of the aggregates. This result also proves the importance of considering the properties of aggregates to calculate the strength of concrete.



In order to further show the importance of considering the quality of aggregates, the strength of concrete mixes made with various aggregates qualities (A, B, C, and D, as in Table 1) was drawn (Figure 9).



The results calculated with Bolomey’s model came from 84 studies [26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109] of concrete mixes made with 100% coarse NA and 41 other studies [34,35,36,42,46,47,48,50,52,53,54,57,66,67,70,71,76,77,78,81,85,87,90,93,94,95,100,102,103,104,105,107,110,111,112,113,114,115] of concrete made with 100% coarse RA. The k values show that, for a 95% confidence interval, the scatter between the mixes made with NA (mostly classed as A in Table 1) was slightly smaller than that of the mixes made with RA (generally classed as B–D) (Figure 9a). This big scatter of the NA mixes allows one important conclusion—it is conceptually established that the quality of RA affects the strength of concrete, and the same is true for NA, but on a smaller scale, because the differences in quality are also smaller. In other words, the quality of the NA needs to be considered to understand the performance of concrete made with them (Figure 9a). Figure 9b was drawn based on the upper and lower boundaries of Figure 9b. This figure confirms the abovementioned facts demonstrated for concrete mixes made with NA only—as the quality of the aggregates (regardless of the source, i.e., NA or RA) decreases (A to D), the calculated/actual strength ratio increases, i.e., existing formulas overestimate the compressive strength the most for lower quality aggregates.





4. Conclusions


This study allows a better understanding of the compressive strength of concrete made with aggregates of various geological natures (e.g., limestone, basalt, granite, and quartz) and qualities (WA, density, and LA abrasion). The following conclusions can be drawn from this study.



The original (Abrams, Slater, and ACI) and modified (Bolomey and Feret) models cannot accurately estimate the compressive strength of concrete when the characteristics of aggregates are neglected. In other words, the estimated strength of concrete based on the quality of cement paste only is not accurate, and the relationship between the actual and calculated strength for all the original models is poor when only w/c (with and without considering the volume of aggregates to the cement content) is considered as an influencing factor.



The scatter between the calculated and experimental compressive strength of concrete, even if made with 100% NA, is significant. In other words, for the same mix composition (similar cement paste quality), there are significant differences between the results when various geological natures of NA (e.g., limestone, basalt, granite, sandstone) are used in concrete. The same is true when various qualities (WA, density, and LA abrasion) of aggregates are used.



The modified models (Bolomey and Feret) work better than the original models (Abrams, Slater, and ACI) because they consider the strength class of cement as one of the factors. However, Bolomey’s model does not consider the ratio of the volume of aggregates to cement paste, and Feret’s model does not consider how the aggregates are obtained (e.g., rolled or crushed) as influencing factors.



In most cases, the scatter between concrete mixes measured by the difference between the upper (k1) and lower (k2) boundaries (k = fcm, calculated/fcm, experimental) for a 95% confidence interval significantly decreased when they were split based on the geological nature of the aggregates used. The same occurred when the mixes were split based on the quality of their aggregates.



According to both modified models (Bolomey and Ferret), the calculated/actual strength ratio of the concrete mixes made with basalt is higher than that of the mixes with aggregates of other geological natures—in descending order, limestone, quartz, and granite. In terms of the physical characteristics of the aggregates, the calculated/actual strength ratio of concrete increases as the quality (high WA, low density, and LA abrasion) of the aggregates decreases.



In order to further show the importance of considering the physical characteristics of aggregates, the strength of a few examples of concrete made with aggregates of various qualities (A, B, C, and D, according to Table 1), namely incorporating 100% coarse RA or NA, was calculated using Bolomey’s model. For a 95% confidence interval, the scatter between the mixes made of NA (mostly classed as A) was slightly smaller than that of the mixes made with RA (generally classed as B–D), but still significant. This means that to estimate the compressive strength of concrete made with either NA or RA, the influence of the geological nature and physical quality cannot be ignored, and this should be included both in the standard formulas and in the codes.
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Figure 1. Relationship between the compressive strength “fcm, cylinder 150 mm x 300 mm length” and w/c ratio of concrete. 
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Figure 2. Relationship between the actual and calculated compressive strength of concrete mixes made with NA sourced from different geological natures. The strength values were calculated according to the (a) Abrams, (b) Slater and (c) ACI formulas. k = (fcm, calculated/fcm, experimental). 
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Figure 3. Relationship between the actual and calculated compressive strength of concrete mixes made with NA sourced from different geological natures. The strength values were calculated according to the (a) Bolomey and (b) Feret formulas. k = (fcm, calculated/fcm, experimental). 
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Figure 4. Relationship between the actual and calculated compressive strength of concrete mixes made with NA sourced from different geological natures. k1 and k2 are the upper and lower boundaries for a 95% confidence interval, respectively, according to the (a) Bolomey and (b) Feret models. 
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Figure 5. Relationship between the actual and calculated compressive strength of concrete mixes made with NA sourced from different geological natures. The average k value is the average of k1 and k2 from Figure 4, according to the (a) Bolomey and (b) Feret models. The standard deviation for the k values was ≈0.20 in both models. 
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[image: Applsci 08 01095 g005]







[image: Applsci 08 01095 g006 550] 





Figure 6. Factors that affect the influence of aggregates on concrete quality. 
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Figure 7. Relationship between the actual and calculated compressive strength of the concrete mixes made with NA, classified in terms of their quality. The physical quality of A-I aggregates is better than that of A-II aggregates, followed by B-I aggregates. k1 and k2 are the upper and lower boundaries for the 95% confidence intervals, respectively, according to the (a) Bolomey and (b) Feret models. 
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Figure 8. Relationship between the actual and calculated compressive strength of concrete mixes made with NA, classified in terms of their quality. The physical quality of the A-I aggregates is better than that of A-II, then followed by B-I. The average k value is the average of k1 and k2 from Figure 7, according to the (a) Bolomey and (b) Feret models. The standard deviation for the k values was ≈0.25 in both models. 
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Figure 9. Relationship between the actual and calculated compressive strength of concrete mixes made with 100% NA and RA classified in terms of their quality. The strength was calculated according to Bolomey’s model. The physical quality of A aggregates is better than B, followed by C and D. (a) k values for NA and RA concrete mixes, (b) k1 and k2 are the upper and lower boundaries for the 95% confidence intervals, and (c) the average k value is the average of k1 and k2 from Figure 9b. The standard deviation for the k values was ≈0.51 in (c). 
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Table 1. Physical boundaries for each proposed class of aggregates [7].






Table 1. Physical boundaries for each proposed class of aggregates [7].





	
Aggregate Class

	
A

	
B

	
C

	
D




	
I

	
II

	
III

	
I

	
II

	
III

	
I

	
II

	
III






	
Minimum oven-dried density (kg/m3)

	
2600

	
2500

	
2400

	
2300

	
2200

	
2100

	
2000

	
1900

	
1800

	
No limit




	
Maximum water absorption (%)

	
1.5

	
2.5

	
3.5

	
5

	
6.5

	
8.5

	
10.5

	
13

	
15




	
Maximum LA abrasion mass loss (%)

	
40

	

	

	
45

	

	

	
50
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Table 2. Formulas to calculate the compressive strength of concrete.






Table 2. Formulas to calculate the compressive strength of concrete.





	Model
	Formula a,b
	Notes/Limitations





	Abram
	   f cm =  A   B  w / c       
	The constants A and B are 96 MPa and 7, respectively. The w/c ratio should be between 0.3 and 1.2



	Slater
	   f cm = 0.007   ·  (  2700   ·  C w  − 760  )    
	This formula can be used only for mixes without SP



	American Concrete Institute Manual of Concrete Practice (ACI2000-I)
	   f cm = 117.07   ·  e  − 2.572 · w / c     
	The w/c ratio and cement content of the concrete mixes are limited to 0.41–0.82 and 300–360 kg/m3, respectively. The equation was adapted from the results of the table given in the specification with R2 = 0.996



	Bolomey
	  f cm = A 1   ·  (   1  w / c   − 0.5  )    if w/c > 0.4

  f cm = A 2   ·  (   1  w / c   + 0.5  )    if w/c ≤ 0.4
	The constants (A1 and A2) depend on the way aggregates are produced and on the strength class of cement (Table 3)



	Feret
	   f cm = k   ·    (   v  v + I    )   2    
	The constant, k, depends on the strength class of cement. It is 265–290 and 315–350 for cement class CEM I 32.5 and 42.5, respectively; v is the absolute volume of cement paste and I is the volume index (air and water contents)







ac and w are the cement and water contents, respectively. In other words, w/c is the water to cement ratio; b fcm is the average compressive strength of the concrete in cylinders (150 mm diameter × 300 mm length) at 28 days (MPa).
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Table 3. Constants in Bolomey’s formula.
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Aggregate

	
w/c

	
Constants a

	
Strength Class of Cement (MPa)




	
25

	
35

	
40

	
45

	
52.5

	
55






	
Natural (rolled)

	
>0.40

	
A1

	
13.73

	
17.65

	
19.61

	
20.59

	
22.0675

	
22.56




	
Natural (rolled)

	
≤0.40

	
A2

	
9.32

	
11.7

	
12.75

	
14.22

	
14.5875

	
14.71




	
Natural (crushed)

	
>0.40

	
A1

	
15.2

	
19.61

	
21.57

	
23.54

	
25.01

	
25.5




	
Natural (crushed)

	
≤0.40

	
A2

	
10.3

	
13.24

	
14.22

	
15.69

	
16.7925

	
17.16








a The constant between the presented strength class was determined by interpolation and the average value of the rolled and crushed aggregates was considered if information on the way the aggregates were produced was not provided.
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Table 4. Statistical data from the selected studies.
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References a

	
Aggregates

	
Cement

	
Mix Composition

	
Strength




	
Geological

Nature

	
Physical

Properties

	
Oven-Dried Particle Density (kg/m3)

	
WA-24h (%)

	
Properties

	
Max. Aggregate Size (mm)

	
Los Angeles (LA) Abrasion (%)

	
Cement Type/Strength

	
Cement Content (kg/m3)

	
w/c

	
Water Content (L/m3)

	
fcm, cyl 150 × 300 (MPa)






	
[26,27,28,29,30,31,32,33,34,35]

	
Basalt

	
AI

	
2716–2915

	
0.68–1.60

	
Crushed

	
14–20

	
17–24

	
CEM I 42.5–52.5

	
300–500

	
0.24–0.70

	
108–210

	
20–62




	
[26,27,31,33,34,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80]

	
Limestone

	
AI-BI

	
2277–2739

	
0.20–5.00

	
Crushed/

rounded

	
10–32

	
10–42

	
CEM I 32.5–52.5

	
210–677

	
0.28–0.86

	
126–266

	
10–69




	
[26,81,82,83,84]

	
Quartz

	
AI

	
2624–2780

	
0.17–1.5

	
Crushed/

rounded

	
16–32

	
24–36

	
CEM I 42.5

	
300–500

	
0.36–0.61

	
148–214

	
22–59




	
[85,86,87]

	
Sandstone

	
AI

	
2625–2660

	
0.50–0.94

	
Crushed

	
19–20

	
-

	
CEM I 42.5

	
250–463

	
0.40–0.60

	
153–185

	
23–56




	
[34,50,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109]

	
Natural gravel (N.G.) b

	
AI-AII

	
2511–2719

	
0.05–2.5

	
Crushed/

rounded

	
15–25

	
20–30

	
CEM I 42.5

	
214–635

	
0.32–0.84

	
148–259

	
15–52








a The following studies [34,35,36,42,46,47,48,50,52,53,54,57,66,67,70,71,76,77,78,81,85,87,90,93,94,95,100,102,103,104,105,107,110,111,112,113,114,115,116,117] were considered to study the effects of quality of aggregates on the compressive strength of concrete made with 100% coarse recycled aggregates (RA); b N.G.—the geological nature of the natural aggregates (NA) is not given.
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Table 5. The “fcm, cylinder 150 × 300 to fcm, cylinder 100 × 200” ratio in different studies.






Table 5. The “fcm, cylinder 150 × 300 to fcm, cylinder 100 × 200” ratio in different studies.










	Studies
	fcm, cylinder 150 × 300 to fcm, cylinder 100 × 200 Ratio
	Strength [MPa]





	Malhotra [124]
	0.84
	~46



	Forstie and Schnormeier [125]
	0.87
	~48



	Carrasquillo et al. [126]
	0.93
	48–80



	Lessaed and Aitcin [127]
	0.95
	35–122



	Average over 33 MPa
	0.90
	











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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