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Abstract

:

Freeze–thaw resistance is a significant issue in the durability of concrete; however, it is not widely discussed in the context of limestone addition to concrete. The present study aims to compare the effect of the addition of different types of limestone powder on the frost resistance of ordinary and self-compacting concrete. Three types of limestone powder were added to concrete in an amount of 15% and 30% cement weight. Compositions with and without the air-entraining admixture were prepared in each instance. Research included tests of consistency, air content, air void distribution, compressive strength and freeze–thaw resistance after 100 and 200 freeze–thaw cycles. The obtained results indicate that in the case of both aerated and non-aerated concrete mixtures, weight loss and the decrease in strength after 100 freeze–thaw cycles did not exceed the allowable range. Concretes with limestone powder did not significantly differ in frost resistance from reference concretes. The type of limestone had an effect on the effectiveness of admixtures, as well as the compressive strength and freeze–thaw resistance of concretes without an air-entraining admixture.
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1. Introduction


Limestone powder is widely used in concrete technology, both as a cement component and as a type I concrete additive. Its popularity is connected to both economic and technological factors, as limestone is readily available in large quantities wherever cement production can be conducted and it acts as a microfiller in concrete and mortar, thus having beneficial effects on their properties.



The effect of limestone powder on concrete properties is mainly related to its physical effect [1,2]. Limestone is relatively soft and thus easier to grind to a specific surface area than cement clinker. This means that limestone powder particles can easily fill the voids between the cement particles, improving the particle size distribution through the filler effect [3]. As a result of the tighter packing of the particles in the paste, increased compressive strength and durability of concrete can be obtained [4,5]. Moreover, the limestone grains can act as additional nuclei of crystallization, accelerating the initial setting of the cement and increasing the hydration rate of the cement [6,7,8,9,10].



Although limestone is mostly considered inert, much research has proven that it also affects the hydration of Portland clinker to a limited degree [11,12,13]. Research by Matschei [7] has found that only up to 5% of limestone in the cement paste takes part in the reaction. Calcite CaCO3 reacts with monosulfate and calcium aluminate hydrate to form calcium monocarboaluminate, which leads to the stabilization of ettringite by inhibiting its transition to monosulfate [14,15,16]. This usually results in the decreased porosity of the cement paste and, in turn, in the increased compressive strength of mortars and concrete.



The addition of limestone as a concrete additive can therefore have several beneficial effects on the properties of concrete. Even if used as a replacement for part of the cement, the addition of up to 10% limestone has been found to increase the compressive strength of concrete [17]. Similarly, the use of limestone in concrete in an amount of less than 10% can result in a decrease in porosity [18,19] and chloride permeability [20]. Studies carried out by Schmidt [21] and Tikkanen et al. [22] show that concretes with Portland lime cement can have similar frost resistance to concretes with Portland CEM I cement. However, to obtain this effect, several conditions should be met: low w/c ratio < 0.45, or limestone content lower than 20% [21,22,23]. Research by Grzeszczyk and Podkowa [24], as well as Panesar and Zhang [17], has also shown the negative effects of adding more than 15% of limestone to concrete due to the increased porosity of the concrete. Additionally, tests conducted by Aqel [25] show that limestone addition may not have any significant effect on the freeze–thaw resistance if limestone is introduced as a replacement for 15% of cement. Research by Palm et al. [26] showed, however, that with the proper aeration of concrete, freeze–thaw resistance can be acceptable with an amount of limestone of 45% of the cement mass. It should be noted, however, that although the effect of limestone powder has been the subject of numerous studies, the influence of different types of limestone on durability in general, and frost resistance in particular, has not been widely discussed.



Research into the effect of limestone on freeze–thaw durability is usually connected with the amounts of limestone that can be used, rather than the possible differences between the limestones and their effects on the properties of the concrete. This translates into the use of a singular type of limestone for the tests, and investigation into either vibrated concrete or self-compacting concrete. There is no systematic research aimed at the effect of the type of limestone on the freeze–thaw resistance, and it has been shown by numerus studies—for example, [27,28]—that the exact effect of limestone on the properties of cement and concrete depends heavily on the type of limestone powder and, more specifically, its grain size and distribution. The present research, therefore, aims to test the possible differences between the effects of different types of limestone.



The aim of this study was to investigate the effect of different types of limestone powder on the frost resistance of regular and self-compacting concretes, as no such systematic research can be found. The findings can contribute to the understanding of the role of limestone powder as an additive in concrete in the context of choosing the appropriate limestone for concrete. Three types of limestone powder were added to concrete in the amounts of 15% and 30% by weight of cement. Additionally, a comparison between vibrated and self-compacting concrete was conducted, to ascertain whether there are any differences in the effect of limestone in both of these types of concrete. A comparative study of the effect of limestone type on the consistency, air content, compressive strength after 2, 7, 28 and 90 days and frost resistance was carried out. The frost resistance tests were started 28 days after forming by studying the decrease in compressive strength and weight loss after 100 and 200 cycles of freezing and thawing.




2. Materials and Methods


2.1. Materials


Portland cement CEM I 42.5R and three types of limestone were used in this study. The chemical compositions of all of the materials are shown in Table 1, while the particle size distribution is shown in Figure 1. All limestones used in the testing conformed to the requirements of the standard for the use of additives in cement and concrete [29]. The aggregate that was used for the tested concretes consisted of sand of fraction 0–2 mm and natural aggregate gravel of fractions 2–8 mm and 8–16 mm. In the case of vibrated concrete, an aggregate of up to 16 mm was used, while, for self-compacting concrete, fractions of up to 8 mm were used. The aggregates were chosen to comply with the requirements of PN-EN 206 + A1:2016-12 [29].



The tests were performed on both concrete compacted by vibrations and self-compacting concrete, with and without an aerating admixture. The composition of the concretes without an aerating admixture was set to comply with the requirements for exposure class XF1 of standard PN-EN 206 + A1:2016-12 [29], while aerated concrete mixes were designed to comply with the requirements for exposure class XF2-4. This meant that the amount of aerating admixture (AEA) was selected to achieve aeration of 6% ± 1%, and the water–cement ratio was kept constant. With the addition of limestone, and therefore a decrease in cement content, the water content was also decreased to maintain a constant w/c ratio. In terms of workability, the mixtures were experimentally designed to have similar compaction ability. Therefore, for vibrated concrete (V) mixes, a consistency of 8–10 s was assumed according to the VeBe method, in line with EN 12350-3:2019 [30]; for self-compacting (SC) mixes, a spread of 65 ± 5 cm was used, according to standard EN 12350-8:2019 [31]. Both methods are popular and widely used means of measuring the consistency of, respectively, vibrated and self-compacting concrete. The exact concrete compositions, with the concrete symbols used in the figures, are shown in Table 2, Table 3, Table 4 and Table 5.




2.2. Methods


Testing consisted of checking the basic properties of the fresh concrete mix (consistency, air content) and tests concerning the freeze–thaw resistance (compressive strength, strength decrease, mass loss).



The consistency of the concrete mix was measured by the VeBe method [31] for vibrated concrete, while the flow of self-compacting concrete was tested in accordance with EN 12350-8 [31]. Air content in the concrete mix was checked using the pressure method, as described in PN-EN 12350-7 [32].



The compressive strength tests of concrete were carried out in accordance with PN-EN 12390-3:2019 [33], on 10 × 10 × 10 cm3 samples. Samples were kept in the mold for the first 24 h at a temperature of 20 °C and humidity of 60%; then, the molds were removed, and samples were placed in water at a stable temperature of 20 °C. After 28 days, compressive strength tests were conducted, and the freeze–thaw testing started. The frost resistance test of concretes was measured as weight loss and strength loss. The test was conducted according to PN-B-06265:2018-10 [34]. The concretes were subjected to 100 freeze–thaw cycles after 28 days of curing, and in the case of concretes with an air-entraining admixture, their performance after 200 freeze–thaw cycles was also tested. Before the testing, samples were kept in water at a temperature of 20 °C. After 28 days, samples chosen for testing were weighed and placed into the freeze–thaw cabinet, where the temperature changed cyclically from −18 ± 2 °C to +18 ± 2 °C to simulate the freeze–thaw process. Each temperature was maintained for 4 h in one cycle. After a set amount of cycles, samples were removed from the freeze–thaw cabinet, weighed to check the mass loss, and, finally, the compressive strength test was conducted to calculate the strength loss.



The average weight loss ΔG was calculated from the following formula:


  ∆ G =    G 1  −  G 2     G 1    × 100 %  



(1)







G1—average weight of the specimens before their first freezing, in a water-saturated state (kg); G2—average weight of the specimens after their last defrosting, in a water-saturated state (kg). Mass loss should not exceed 5%.



The average strength loss ΔR was calculated according to the following formula:


  ∆ R =    R 1  −  R 2     R 1    × 100 %  



(2)







R1—average strength of reference samples, unfrozen and water-saturated; R2—average strength of test samples after the last cycle of freezing and thawing, water-saturated. The strength loss ΔR should not exceed 20%.



To analyze the pore structure of the air-entrained concrete, automatic tests of air void distribution were conducted using the RapidAir 457 system. This allowed us to obtain data about air voids according to standard PN-EN 480-11:2008 [35], namely the total air content A, specific surface of the air void system α, spacing factor L and air void size distribution A300.



ANOVA analysis was conducted using Statistica software, to determine the effects of the limestone on the compressive strength of concretes. The significance level was assumed to be the commonly accepted 5%, meaning that it was assumed that if the p-value was lower than 0.05, the effect was significant.





3. Results


3.1. Air Content


Air content in the concrete mix for aerated concrete was set as 6% ± 1%, and the amount of air-entraining admixture (AEA) necessary to obtain it is shown in Figure 2.



As can be seen, the amount of admixture needed to obtain adequate aeration was different for different limestones. For L2 and L3 limestones, the amount of aerating admixture needed to obtain the set aeration amount was significantly higher than that of the reference concrete and concretes with L1 limestone. The necessity of using more air-entraining admixture in the case of using a limestone filler was previously noted by Tikkaken et al. [22].



The results of Glinicki and Dabrowski [36] showed that the fineness and particle size distribution of the concrete additive have a clear effect on the effectiveness of aerating admixtures, so it can be concluded that the differences in admixture effectiveness in the presence of different types of limestone may be related to their specific surface area and particle size distribution. Both limestone L2 and limestone L3 had higher fine content than cement or L1 limestone, so the admixture’s effectiveness may have been lower in their case. It must be also noted that the increase in the amount of air-entraining admixture in concretes with limestone can be also partially attributed to the lower water content in comparison to reference samples. The lower the amount of water, the higher is the amount of air-entraining admixture necessary to obtain the set aeration level. However, as can be noticed, in the case of limestone L1, this effect was not as visible as in the case of limestones L2 and L3, leading to the conclusion that the particle size distribution of limestone may be the deciding factor.



The results of the air void distribution in hardened concrete are presented in Table 6 and Table 7.



All of the tested concretes had air content over 4% in their hardened state, complying with the requirements of the XF2-XF4 exposure class.



The specific surface area of the air voids a was higher than 20 mm−1 in the case of all of the tested concretes, which can be considered to be beneficial from the freeze–thaw resistance perspective. It should be noted that the concretes with limestone addition, in all cases, exhibited a higher specific surface area of the air voids, with comparable air content, than in the case of the reference concrete. This means that the air voids had larger diameters in the case of concretes with limestone. This is further shown by the amount of micropores under 0.3 mm (A300). It was higher in the case of reference concretes than in the case of concretes with limestone. For freeze–thaw-resistant concretes, the A300 parameter should exceed 1.5%. In the case of the tested concretes, it should be noted that both reference concretes met this criterion, while not every concrete with limestone addition did. In the case of vibrated concrete, only concrete with 15% of L2 addition met this criterion, while, for the self-compacting concretes, only 15% of L2 and L3 reached this threshold. This effect may be connected to the lower effectiveness of the air-entraining admixture in the presence of limestone—as could be seen in Figure 2, the amount of admixture had to be adjusted in order to obtain comparable results regarding the air content in the concrete mix. For concretes with limestone L2 and L3, the dosage was significantly higher, and thus they were closer to the spacing of the air voids in the reference sample.



The spacing factor L for the concretes with limestone was higher than in the case of the reference concrete, which is consistent with the implication of the larger-sized voids in the concrete compared to the reference concrete. It should be also noted that the research by Valcuende et al. [37] showed that with the increase in limestone content, the amount of larger air voids increases with the increase in limestone filler content, making this result compatible with the existing literature.




3.2. Consistency


Due to the fact that consistency was set as 8–10 s according to the VeBe method for vibrated concretes, and, for self-compacting concrete, a spread of 65 ± 5 cm was applied, different amounts of superplasticizer had to be used for the tested concretes. The amount of superplasticizer necessary to obtain comparable consistency in the mixture is shown in Figure 3.



It can be observed that the air-entrained concretes required higher amounts of superplasticizer than corresponding concretes with no air-entraining admixture, which can be attributed to the lower amount of water in the concrete with the admixture. With the increase in limestone content, and thus a decrease in water content, the amount of superplasticizer increases. With a lower amount of water, more superplasticizer is needed to obtain the set consistency. It should be, however, noted that the addition of 15% of limestone for the vibrated concrete did not affect the amount of superplasticizer needed, which can be attributed to the fact that, for the vibrated concretes, the water content reduction was only ~3%, while, for self-compacting concretes, it was over twice as high.



It should be also noted that the presence of limestone may worsen the consistency [38]. The use of limestone introduces a higher amount of fine fractions to concrete than in the case of only using cement, which may result in an increased water demand and thus a need for a higher amount of superplasticizer to obtain the set consistency. No difference in their effect on the consistency of concrete could be found between the different types of limestone used in the research.




3.3. Mass Loss


The results of tests of mass loss after 100 freeze–thaw cycles of the concrete are presented in Figure 4 and Figure 5.



The mass loss after 100 freeze–thaw cycles of concrete with and without air-entraining admixture was low and did not exceed 0.5%. Given that, according to the standard, the limit for mass loss is 5%, all of the concretes did comply with this requirement. For the majority of the samples, the mass loss was, as expected, lower for air-entrained concrete than for concrete with no admixture. It can be noticed, however, that there were instances in which the vibrated concrete showed an increase in mass (V-L2-15), and thus had lower mass loss than the corresponding air-entrained concrete. This may be connected to the notion of water penetration into the cracks that appeared in the structure of the frozen–thawed specimens. The water was absorbed by the sample from the humidity in the freeze–thaw cabinet during the ‘thaw’ phase, and, during the freezing, additional water can further propagate the cracks and microcracks in the structure, thus increasing the possibility of further water absorption. This, in turn, may have led to the increase in mass for the samples. A similar effect was described by Al-Kheetan et al. [39].



In the case of the tested concretes, the type of limestone had no clear effect on the amount of weight loss. In the case of all limestones, it can be observed that with the increase in the amount of limestone in concretes with AEA, the mass loss usually decreased. This may be due to the filler effect of the fine-sized particles of both additives increasing tightness of the structure [37]. There was also no significant difference in the mass loss of self-compacting concrete and vibrated concrete. Research by Presson [40] showed that greater mass loss was expected in vibrated concretes in comparison to self-compacting concretes; however, it should be noted that in the vibrated concrete, no limestone was used, as it was added to increase the mortar volume in self-compacting concretes only. It can be therefore ascertained that if limestone is used for both vibrated and self-compacting concrete, no significant difference in mass loss can be observed, due to the more similar structure of the cement matrix.



Similarly, after 200 cycles of freezing and thawing (Figure 6), all of the aerated vibrated and self-compacting concretes complied with the requirements of the PN-B-06265 [34] standard, and no clear effect of the limestone type was observed.




3.4. Compressive Strength and Strength Loss


3.4.1. Compressive Strength and Strength Loss after 100 Freeze–Thaw Cycles


Results of the tests of compressive strength after 28 days are shown in Figure 7 and Figure 8.



The resulting concretes meet the requirements of at least class C30/37, passing the strength requirement for exposure class XF, for which the concretes were designed.



In the case of concretes without an air-entraining admixture, it can be noticed that while the limestone addition increases, the compressive strength of the concretes decreases slightly, by 10–18% in the case of vibrated concretes and 2–15% in the case of self-compacting concretes. This effect is expected due to the decrease in the cement content in concretes with limestone; however, it should be noted that in the case of limestones L1 and L2, the decrease was low. In the case of vibrated and self-compacting concretes with the air-entraining admixture, there was also a decrease in strength observed in several concretes, up to 15%; however, an increase in the compressive strength was also observed, up to 15%. These effects can be connected to the fact that while limestone powder was introduced as a replacement for a part of the cement, a constant w/c ratio was maintained. With a relatively large amount of cement and a constant w/c ratio, the negative effect of reducing the amount of cement may be compensated by the filler effect and thus a possible decrease in porosity may occur [40,41]. This in turn may lead to a smaller decrease in compressive strength, or even an increase, leading to a ±15% difference in the compressive strength of concretes in relation to the reference sample. This indicates that with a properly designed composition, significant amounts (up to 30%) of limestone powder could be successfully introduced without a significant deterioration in concrete strength. A similar effect was observed by Kadri et al. [42].



The type of limestone had a significant effect on the compressive strength results, as could be ascertained from the ANOVA analysis (Figure 7c and Figure 8c). The lowest strengths in all cases were obtained by concretes with limestone L3, for which the decrease in strength in relation to the reference sample reached up to 15%. The use of limestones L1 and L2 led to a lower reduction in strength, or even, in the case of aerated concretes with limestone L1, to an increase in strength. This significant difference between limestones may be due to the discontinuous particle size of limestone L3, which has been proven to negatively affect the strength of mortars and concrete [38]. A discontinuous particle distribution affects the filler effect of the limestone, leading to a smaller decrease in cement paste porosity than in the case of limestones with a continuous particle size distribution. Similarly, limestone L3 had the biggest impact on the strength loss, what can be seen in Figure 9. While the type of limestone was a significant factor in its effect on the compressive strength, there was no clear relationship between the amount of limestone and its effect on the strength.



In the case of the air-entrained vibrated and self-compacting concretes with limestone, there was no significant decrease in strength after 100 freeze–thaw cycles, what can be seen in Figure 10. In all tested concretes, the compressive strength loss did not exceed 20%, which is a standard requirement for freeze–thaw-resistant concretes. Similar effects have been noted by Panesar et al. [43], who also obtained good freeze–thaw resistance parameters for concretes with limestone filler, albeit only at 15% of the cement mass.



At the same time, no clear effect of the limestone type on strength loss after 100 cycles of freeze–thaw was observed for air-entrained concretes, as no unequivocal effect of either an increase or decrease in strength loss was observed between different limestones, as can be observed from the ANOVA analysis results shown in Figure 11. On the other hand, for the concretes without the air-entraining admixture, the effect of limestone was much more pronounced, with limestone L3 having the lowest compressive strength and highest compressive strength loss. The difference may lie in the fact that, in the case of concretes with no air-entraining admixture, the effect of limestone on the porosity of the matrix is much more vital for the freeze–thaw resistance. In the case of limestone L3, which had a discontinuous particle size distribution, the porosity and therefore water penetration during freeze–thaw tests was higher than in the case of concretes without limestone or limestones L1 and L2. For aerated concretes, the effect of the limestone on porosity is secondary, as the air-entraining admixture creates a structure of pores in the cement matrix, and thus the effect of limestone is not visible.



Unexpectedly, the addition of 15% of limestone to non-aerated concretes had a more negative effect on the compressive strength of the concrete than adding 30% of limestone (Figure 12). This effect could be connected to the fact that, in the case of the addition of 30% of limestone to the concrete mix, the structure was less porous due to the filler effect of the limestone. As previously stated, small particles of limestone can act as a filler, increasing the tightness of the matrix [5,41].



The concrete type did not affect the freeze–thaw resistance after 100 cycles—for both self-compacting and vibrated concrete, the compressive strength loss was comparable, which can be seen in Figure 13, showing the ANOVA analysis of the effect of concrete type on strength. It should be noted that the compressive strength of SCC was consistently slightly lower than in the case of the corresponding vibrated concretes, which may be connected with the higher air content. SCC mixes were characterized by 1% higher air content, which means higher porosity and thus lower compressive strength.




3.4.2. Compressive Strength and Strength Loss after 200 Freeze–Thaw Cycles


The results of tests of the compressive strength after 200 freeze–thaw cycles are presented in Figure 14, and in Figure 15, the compressive strength loss results are presented. Only air-entrained mixes were used for the testing.



It should be noted that similar effects of limestone addition have been observed in the compressive strength tests after 200 cycles of freeze–thaw as after 100 cycles of freeze–thaw.



The decrease in strength for all types of concrete is pronounced, but does not exceed the standard requirement of 20%. Therefore, it is possible to obtain freeze–thaw-resistant concrete with the addition of 30% of limestone.



The type of limestone does not affect the freeze–thaw resistance; however, it must be noted that it does affect the strength, as concretes with limestone L1 are characterized by the highest compressive strength, which is confirmed by the ANOVA analysis shown in Figure 16. This effect may be due to the regular particle size distribution of the L1 limestone, which is consistent with the results obtained for concretes after 100 cycles of freeze–thaw.



Differently than in the case of testing after 100 cycles of freeze–thaw, it could be observed that for 15% of limestone, the compressive strength loss for the majority of concretes is closer to the reference concrete’s mass loss than in the case of concretes with 30% of limestone addition. However, the differences are not significant, which is shown by the ANOVA analysis in Figure 17. It should be concluded that the amount of limestone does not affect, in a significant way, the freeze–thaw resistance of the concrete, especially in light of the fact that none of the tested concretes with limestone addition exhibited higher compressive strength loss than the limit of 20%.






4. Conclusions


The investigations carried out on the properties of ordinary and self-compacting concretes with the addition of limestone lead to the following conclusions:




	
The addition of limestone to concrete has a pronounced effect on both the consistency and aeration of the concrete. In order to maintain comparable aeration and consistency of concretes with limestone powder and reference concrete, formulation adjustments had to be made by increasing the amount of the aerating admixture. The differences in admixture effectiveness in the presence of different types of limestone may be related to their specific surface area and grain size, as well as the different amounts of water in the mixture.



	
The addition of limestone to air-entrained concrete led to an increase in the size of voids in concrete. The type of limestone affected the air void distribution, possibly due to a difference in admixture effectiveness with different types of limestone.



	
The mass loss of vibrated and self-compacting concretes with limestone, both with and without the air-entraining admixture, did not exceed 5%, and thus was within the requirements for frost-resistant concretes after 100 and 200 freeze–thaw cycles.



	
In the case of the tested normal and self-compacting concretes with limestone and aerating admixture, after 100 freeze–thaw cycles, the decrease was within 20%, which is the limit allowed for frost-resistant concretes.



	
Plain and self-compacting concretes with limestone without an aerating admixture, subjected to 100 freeze–thaw cycles after 28 days of maturation, met the strength loss requirements, with one exception (15% addition of limestone B to non-aerated plain concrete).



	
The limestone type played an important role in the compressive strength and strength loss of concretes, especially for concretes without an aerating admixture. This may be due to the difference in particle distribution—limestones with finer particles led to lower porosity and thus higher strength.
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Figure 1. Particle size distribution of the cement, limestone and fly ash used in the research. 
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Figure 2. Amount of air-entraining admixture for (a) vibrated and (b) self-compacting concrete to obtain 6% ± 1% of air content in the concrete mix. 
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Figure 3. Superplasticizer amount for (a) vibrated concrete, (b) self-compacting concrete. 
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Figure 4. Mass loss of (a) vibrated and (b) self-compacting concrete without air-entraining admixture, after 100 freeze–thaw cycles. 
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Figure 5. Mass loss of (a) vibrated and (b) self-compacting concrete with air-entraining admixture after 100 freeze–thaw cycles. 
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Figure 6. Mass loss of (a) vibrated and (b) self-compacting concrete with air-entraining admixture after 200 freeze–thaw cycles. 
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Figure 7. Compressive strength of (a) vibrated concrete and (b) self-compacting concrete, both without air-entraining admixture, with (c) ANOVA analysis of the effect of using limestone. 






Figure 7. Compressive strength of (a) vibrated concrete and (b) self-compacting concrete, both without air-entraining admixture, with (c) ANOVA analysis of the effect of using limestone.



[image: Buildings 12 02003 g007]







[image: Buildings 12 02003 g008a 550][image: Buildings 12 02003 g008b 550] 





Figure 8. Compressive strength of (a) vibrated concrete and (b) self-compacting concrete, both with air-entraining admixture, with (c) ANOVA analysis of the effect of using limestone. 
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Figure 9. Strength loss for (a) vibrated concrete and (b) self-compacting concrete, both without air-entraining admixture. 
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Figure 10. Strength loss for (a) vibrated concrete and (b) self-compacting concrete, both with air-entraining admixture. 
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Figure 11. ANOVA analysis of the effect of limestone type on the compressive strength for reference samples (REF) and samples after 100 cycles of freeze–thaw (FT) for (a) vibrated concretes without AEA, (b) SCC without AEA, (c) vibrated concretes with AEA, (d) SCC with AEA. 
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Figure 12. ANOVA analysis of the amount of limestone on the compressive strength for reference samples (REF) and samples after 100 cycles of freeze–thaw (FT) for (a) vibrated concretes without AEA, (b) SCC without AEA, (c) vibrated concretes with AEA, (d) SCC with AEA. 
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Figure 13. ANOVA analysis of the effect of concrete type on the compressive strength for reference samples and samples after 100 cycles of freeze–thaw for (a) concretes without AEA and (b) concretes with AEA. 
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Figure 14. Compressive strength of (a) vibrated concrete and (b) self-compacting concrete, both with air-entraining admixture. 
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Figure 15. Strength loss for (a) vibrated concrete and (b) self-compacting concrete, both with air-entraining admixture. 






Figure 15. Strength loss for (a) vibrated concrete and (b) self-compacting concrete, both with air-entraining admixture.



[image: Buildings 12 02003 g015]







[image: Buildings 12 02003 g016 550] 





Figure 16. ANOVA analysis of the effect of limestone type on the compressive strength of reference concrete (REF) and concrete after 200 cycles of freeze–thaw (FT) for (a) vibrated concretes, (b) SCC. 
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Figure 17. ANOVA analysis of the effect of limestone content on the compressive strength of reference concrete (REF) and concrete after 200 cycles of freeze–thaw (FT) for (a) vibrated concretes, (b) SCC. 
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Table 1. Composition of materials used in the research.
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Constituent

	
Content, % Mass




	
CEM I 42,5R

	
Limestone L1

	
Limestone L2

	
Limestone L3






	
SiO2

	
19.9

	
1.4

	
3.6

	
4.58




	
Al2O3

	
6.2

	
0.4

	
0.5

	
0.75




	
Fe2O3

	
2.7

	
0.5

	
0.4

	
0.34




	
CaO

	
62.6

	
53.2

	
53.55

	
52.43




	
MgO

	
1.5

	
1.5

	
0.7

	
0.66




	
Na2O

	
0.33

	
-

	
-

	
-




	
K2O

	
0.72

	
-

	
-

	
-




	
Na2Oeq

	
0.8

	
-

	
-

	
-




	
SO3

	
2.6

	
0.02

	
0.02

	
0.12




	
Cl

	
0.05

	
0.007

	
0.006

	
0.022




	
LOI

	
2.9

	
42.7

	
41.2

	
41.7
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Table 2. Composition of 1 m3 of vibrated concrete with no air-entraining admixture.
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Regular Concrete




	
V-REF

	
V-L1-15

	
V-L1-30

	
V-L2-15

	
V-L2-30

	
V-L3-15

	
V-L3-30






	
CEM I 42.5 (kg)

	
340

	
330

	
320

	
330

	
320

	
330

	
320




	
Additive (kg)

	
0

	
49.5

	
96

	
49.5

	
96

	
49.5

	
96




	
Water (kg)

	
187

	
181.5

	
176

	
181.5

	
176

	
181.5

	
176




	
Superplasticizer (kg)

	
0.331

	
0.325

	
1.758

	
0.323

	
1.760

	
0.324

	
1.978




	
Sand 0–2 (kg)

	
559

	
551

	
544

	
551

	
544

	
551

	
544




	
Aggregate 2–8 (kg)

	
559

	
551

	
544

	
551

	
544

	
551

	
544




	
Aggregate 8–16 (kg)

	
745

	
735

	
725

	
735

	
725

	
735

	
725
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Table 3. Composition of 1 m3 of vibrated concrete with air-entraining admixture.
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Regular Concrete with AEA




	
V-REF-AE

	
V-L1-15-AE

	
V-L1-30-AE

	
V-L2-15-AE

	
V-L2-30-AE

	
V-L3-15-AE

	
V-L3-30-AE






	
CEM I 42.5 (kg)

	
354

	
335

	
313

	
337

	
319

	
337

	
317




	
Additive (kg)

	
0

	
49.5

	
96

	
49.5

	
96

	
49.5

	
96




	
Water (kg)

	
171

	
162

	
153

	
162

	
153

	
162

	
153




	
Superplasticizer (kg)

	
1.2

	
1.2

	
3.7

	
1.21

	
4.09

	
1.24

	
2.73




	
Air-entraining admixture (kg)

	
0.26

	
0.26

	
0.3

	
0.31

	
0.71

	
1.08

	
0.56




	
Sand 0–2 (kg)

	
523

	
557

	
555

	
557

	
555

	
557

	
555




	
Aggregate 2–8 (kg)

	
523

	
557

	
555

	
557

	
555

	
557

	
555




	
Aggregate 8–16 (kg)

	
698

	
743

	
740

	
743

	
740

	
743

	
740











[image: Table] 





Table 4. Composition of 1 m3 of self-compacting concrete without air-entraining admixture.
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Self-Compacting Concrete




	
SC-REF

	
SC-L1-15

	
SC-L1-30

	
SC-L2-15

	
SC-L2-30

	
SC-L3-15

	
SC-L3-30






	
CEM I 42.5 (kg)

	
405

	
380

	
360

	
380

	
360

	
380

	
360




	
Additive (kg)

	
0

	
57

	
108

	
57

	
108

	
57

	
108




	
Water (kg)

	
202.5

	
190

	
180

	
190

	
180

	
190

	
180




	
Superplasticizer (kg)

	
3.80

	
10.89

	
13.53

	
10.95

	
11.79

	
10.95

	
11.3




	
Sand 0–2 (kg)

	
689

	
688

	
684

	
688

	
684

	
688

	
684




	
Aggregate 2–8 (kg)

	
1078

	
1076

	
1071

	
1076

	
1071

	
1076

	
1071
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Table 5. Composition of 1 m3 of self-compacting concrete with air-entraining admixture.
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Self-Compacting Concrete with Air-Entraining Admixture




	
SC-REF-AE

	
SC-L1-15-AE

	
SC-L1-30-AE

	
SC-L2-15-AE

	
SC-L2-30-AE

	
SC-L3-15-AE

	
SC-L3-30-AE






	
CEM I 42.5 (kg)

	
405

	
380

	
360

	
380

	
360

	
380

	
360




	
Additive (kg)

	
0

	
57

	
108

	
57

	
108

	
57

	
108




	
Water (kg)

	
193.5

	
182.3

	
171

	
182.3

	
171

	
182.3

	
171




	
Superplasticizer (kg)

	
4.43

	
6.23

	
7.71

	
6.34

	
7.83

	
6.49

	
7.81




	
Air-entraining admixture (kg)

	
0.123

	
0.123

	
0.134

	
0.175

	
0.309

	
0.188

	
0.33




	
Sand 0–2 (kg)

	
690

	
686

	
685

	
686

	
685

	
686

	
685




	
Aggregate 2–8 (kg)

	
1080

	
1073

	
1071

	
1073

	
1071

	
1073

	
1071
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Table 6. Air void distribution parameters for vibrated air-entrained concrete.
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VC with AE (XF2-XF4 Class)




	

	
V-REF-AE

	
V-L1-15-AE

	
V-L1-30-AE

	
V-L2-15-AE

	
V-L2-30-AE

	
V-L3-15-AE

	
V-L3-30-AE






	
A, %

	
4.75

	
4.76

	
4.16

	
4.31

	
4.07

	
5.01

	
4.98




	
a, mm−1

	
35.34

	
37.54

	
29.33

	
28.21

	
30.56

	
29.54

	
28.11




	
L, mm

	
0.126

	
0.154

	
0.189

	
0.179

	
0.184

	
0.169

	
0.185




	
A300, %

	
1.88

	
1.33

	
1.26

	
1.54

	
1.38

	
1.09

	
1.27
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Table 7. Air void distribution parameters for self-compacting air-entrained concrete.
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SCC with AE (XF2-XF4 Class)




	

	
SC-REF-AE

	
SC-L1-15-AE

	
SC-L1-30-AE

	
SC-L2-15-AE

	
SC-L2-30-AE

	
SC-L3-15-AE

	
SC-L3-30-AE






	
A, %

	
4.35

	
4.94

	
4.52

	
4.14

	
5.35

	
4.32

	
4.87




	
a, mm−1

	
31.44

	
29.1

	
29.11

	
28.97

	
29.8

	
29.22

	
29.51




	
L, mm

	
0.131

	
0.15

	
0.157

	
0.154

	
0.177

	
0.152

	
0.165




	
A300, %

	
1.86

	
1.47

	
1.36

	
1.89

	
1.44

	
1.5

	
1.11
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