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Abstract

:

In recent years there has been an increasing tendency to recycle the wastes generated by building companies in the construction industry, demolition wastes being the most important in terms of volume. The aim of this work is to study the possibility of using recycled aggregates from construction and demolition wastes in the preparation of precast non-structural concretes. To that purpose, two different percentages (15% and 30%) of natural aggregates were substituted by recycled aggregates in the manufacture of paving blocks and hollow tiles. Dosages used by the company have not been changed by the introduction of recycled aggregate. Precast elements have been tested by means of compressive and flexural strength, water absorption, density, abrasion, and slipping resistance. The results obtained show the possibility of using these wastes at an industrial scale, satisfying the requirements of the Spanish standards for these elements.
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1. Introduction


The recycling and reusing seems to be more and more a necessity in our society. The most polluting sectors should be the ones more concerned about this tendency. In recent years, the Spanish construction industry has generated very large amounts of construction and demolition waste (C&DW) that is mainly stored in dumps. Directive 2008/98/CE of the European Parliament [1] established the necessity of reducing the natural resources consumption, and the need of recycling. It was established with the aim of reusing, recycling, and giving value to 70% of the C&DW generated by 2020. Even though the objective was clearly stated, nowadays in Spain only about 15% (10% in 2013, as stated by Mália et al. [2]). The construction and demolition wastes are about 25–30% of the total wastes generated in the country [3]. There is a clear requirement to improve the recycling percentage and reach values to a similar level to those of other European countries, such as Holland, Belgium, or Denmark, where about 80% of the waste is recycled, and it is necessary to use this waste on a massive scale, otherwise the effort will have a minor effect on the recycling measures [4].



Recycled aggregates are obtained after C&DW processing. Depending on their origin, the recycled aggregates can be classified as asphalt, ceramic, concrete, or recycled mixed aggregates (RMA). The RMA is about 80% of the C&DW [5] and include a great variety of materials, such as those just mentioned and, in minor proportions, plaster, glass, plastic, and so on. In the direction of having a more sustainable sector, the Spanish standard for concrete [6] states, and promotes, the use of recycled aggregates for the preparation of concrete, both for structural and non-structural uses. It allows the use of coarse recycled aggregates coming from concrete up to a percentage of 100%. The standard considers that a 20% replacement of coarse aggregate will cause no loss of properties. However, that standard allows the use of recycled aggregates in greater rates and with no restriction to the aggregate type for non-structural uses, due to the lower strength required in these elements.



Previous results have shown that the use or RMA causes a decrease of the compressive and flexural resistances (among 10–30% for a 50% replacement rate), increases the porosity (around 26% increase for a 75% of RMA), and the water absorption of concrete (about 50% increase for 50% recycled aggregate) [7,8,9] of the manufactured elements with an aggregate composition of 44.20% mortar, 18.30% concrete, 35.60% red ceramics, 0.1% white ceramics, and 1.8% rocks. However, some of these elements fulfil the requirements of the standard, for example in [7] kerbstones prepared with 25% of recycled aggregate have a resistance greater than 3.5 MPa, as required in the standard, and are below the 6% of water absorption up to a 75% of RMA used to replace natural aggregates.



There is another way of making the construction industry more sustainable, and it is by using cements with low clinker content [10], by means of using mineral admixtures such as blast-furnace slag CEM III B [11,12], fly ash, CEM II B- [11,13] or silica fume, and CEM II A-D [14,15]. All these mineral additions are industrial wastes, and among them the one that improves the properties of concrete at low levels of admixture is silica fume. With 15% of silica fume, referring to the weight of cement, the mechanical strength increases in a significant way, from approximately 63 to 82 MPa at 28 days [16] and it also decreases the water sorptivity, about 2.3 m3 × 10−7/(min)1/2 [17] due to the more compact structure that is developed due to the pozzolanic reaction of silica fume with the portlandite produced in the hydration of the calcium silicates [18]. The good properties of this addition have led Spanish authorities to recommend it for high-performance concrete in the standard [6].



There are several works that try to improve the properties of the elements prepared with recycled aggregates. On one hand, some authors try to use cements with additions to provide a higher resistance and impermeability to the elements. It has been shown that the incorporation of high calcium fly ash improves the mechanical behaviour of the precast elements, around 12% after 400 days [19], and the use of standard fly ash improves mechanical resistance 10% for a 25% replacement of cement by fly ash, as well as the resistance to carbonation (0.2 mm/month1/2) and chloride ingress (about 14%) in precast elements [20]. The other way of improving the properties that has already been tested is the use of different compositions. Instead of using the habitual Bolomey methodology. In [21] a methodology was established that took into account the nature of the recycled concrete aggregate, and it improved the results obtained, at least at the laboratory scale, in terms of water penetration, from 30 mm to 10 mm, and chloride ingress from 24.4 mm to 22.1 mm. As a general fact, it is established that the use of coarse recycled aggregate under certain quality control procedures, the same procedures as for natural aggregates, and at rate of substitution of ca. 50%, and for some applications even 100%, could be used to obtain structural concrete [22] with good durability properties, including corrosion phenomena [23], and also in high-performance concrete [24].



The study of the effect of including recycled sand has been pursued more recently, as was stated by Neno [25]. In this work the possibility of using up to 20% of recycled sand to produce construction mortar was proved with no risk to the integrity, from the point of view of water absorption of concrete, mechanical strength and water vapour permeability. The shrinkage shown by mortars containing fine recycled aggregate was almost double as compared to mortars with natural aggregate. This increase of the shrinkage is possibly due to the high elasticity modulus. Some recent studies in this field show clearly poor performance of mortars with recycled concrete fine aggregate, in terms of both mechanical resistance and durability [26,27], but even though there is a mechanical strength loss some authors have proved that it is possible to use it in structural real-size elements under flexural bending [28] due to their energy dissipation ability. A 50% fraction of recycled fine aggregate was proved to be the maximum amount of recycled fine aggregate for masonry mortars for indoor use [29], even though the shrinkage of these materials was great compared to those with natural aggregates. This paper uses the same idea of Fernandez-Ledesma, but the difference is that materials in [29] were prepared in the laboratory. In this work, with the intention of transferring knowledge to the industry, the construction elements have been manufactured in companies under real production conditions.



The present study tries to provide a solution to the problem generated by the demolition wastes and their treatment prior to the possibility of recycling the waste. This is done by means of manufacturing two very useful precast products: paving stone and hollow tiles. Other studies have been conducted with kerbstones, paving blocks, floor blocks, bricks, and blocks [8,30,31,32]. In order to study how recycled aggregates affects the properties of these elements, different substitution rates have been used, testing the influence of the percentage rate in the resistance, in bending strength, water absorption, density, abrasion, and slipping resistance.



In order to improve the mechanical strength, water absorption, abrasive resistance, and slipping resistance prepared silica fume has been used. There are some papers that explore the use of recycled concrete aggregates (RCA) and silica fume to improve the mechanical and durability properties of the products [33,34,35]. In other works the silica fume is used to produce concrete. This concrete, with good properties, is crushed and used as recycled aggregate [36]. Other authors impregnate the recycled aggregate concrete with silica fume [37]. In both cases the results are good as compared with the original concrete.



One of the main problems of using RMA is the differences that can be found in their composition. The analysis of the aggregates used in [7,8,38] shows the following average composition in terms of main components: unbound aggregates: 34.6 ± 33.9; concrete: 49.7 ± 35.8; and ceramics (mainly red): 12.9 ± 5.0. The high standard deviations reflect the very large differences among different RMA, however, with different types of precast elements, or mass concrete samples. Sousa et al. [38] prepared concrete blocks using an RMA with 75% coming from concrete, 15% ceramic, and 10% from soil. The blocks prepared with 30% RMA showed an average loss of resistance of 44%, and an increase in water absorption of 47%. Kou et al. [38] prepared mass concrete, using two different, but similar, RMAs with an average composition of 76% concrete, 9.5% natural aggregates, and 13% ceramic material. Using 50% RMA on different samples, the compressive strength decreased around 18% (average), the shrinkage of concrete increased around 13%, and the resistance to chloride ingress increased about 32% at 28 days. More recent studies [39] have probed that it is possible to use a RMA with 47% concrete, 21.2% ceramics, and 26.3% unbound aggregate to dyke blocks by mixing 50% of the RMA with 50% of slag coarse aggregate. Other work [40] has produced hollow tiles by mixing concrete and brick wastes. The results obtained are in agreement with the literature, but it is shown that, for a 35% replacement, the decrease of the concentrated load test is of only 5%, making these elements accurate for constructive purposes.



Most of these studies have been carried out under controlled laboratory conditions which, on many occasions, differ substantially from the conditions in real companies. In addition to that, under laboratory conditions the amount of recycled aggregate that can be used is not large enough to increase the amount of recycled C&D wastes. In order to increase the recycling rate (as a percentage of the total wastes generated) to achieve the European guidelines in a safe way, effort has to be made to study the properties of elements manufactured at industrial scale, in companies that usually produce this type of precast elements.



In this work there are three main novelties: first, the use of silica fume to try to improve the properties of precast elements prepared with construction and demolition wastes; second, the change of the composition parameters for certain types of recycled aggregates; and, finally, the most important, the production at industrial scale of the elements, studying the behaviour of different recycled aggregate types. This aspect will be essential to recycle a large percentage of demolition wastes and reach the recycling rate compromised for 2020.




2. Materials


2.1. Cement


The cement type used was a CEM II/A-L 42,5 R according to the Spanish standard UNE-EN 197-1 [41] with an approximate clinker content of 84% and 15% of limestone. Its physical and chemical properties are summarized in Table 1.



The cement used includes a certain amount of limestone. This cement was chosen because, as some products used silica fume, it is the closest to the ordinary portland cement (OPC) that the Spanish standard forces to use with silica fume.




2.2. Addition


The addition that was used was silica fume. It was provided by Ferroatlantica (A Coruña, Spain) and was served densified. Its properties are summarized in Table 2. In the selected samples it was added a 6% of cement mass. The Spanish standard limits the amount of silica fume to 10% of the mass of cement. Six percent was selected to avoid making the products more expensive.




2.3. Natural Aggregate


Table 3 shows the main properties of the natural limestone aggregates, produced in a quarry in Estepa, Sevilla (Spain). Both the fine (0/3) and medium (3/6) fractions were used to manufacture hollow tiles and paving blocks. The grading curve of natural aggregate can be seen in Figure 1.




2.4. Recycled Aggregate


In this work, three different types of recycled aggregates have been used. One of them was mainly formed by concrete wastes generated in a precast elements manufacturing company (Vipreluc, Córdoba, Spain). With these elements two different fractions of aggregate were produced: 0/3 mm (CAS) and 3/6 (CA). The second type was formed by ceramic wastes (MA), generated in a brick producing company, so the ceramic material was terracotta. The third, and last, type used was a recycled mixed aggregate (RMA) produced in a construction and demolition waste treatment plant. The recycled mixed aggregate contains other types of wastes, such as stone materials and asphalt in their composition. According to [42], the percent composition is: concrete, 36.8; masonry, 18; unbound aggregates, 14.2; gypsum, 13.4; asphalt, 8.8; floating particles 2.1, and other 4.8. Table 4 show the results of the physical characterization tests for each type of recycled aggregate and Figure 1 shows the results of the grain size analysis for every type of recycled aggregate.



Recycled aggregates were not pre-saturated because the experts at the manufacturing plants did not find it appropriate for industrial production. The total amount of water was adjusted as a function of the recycled aggregate type and percentage, to ensure the same amount of free water for the cement hydration reactions. Knowing the water absorption of the aggregates, it is easy to calculate the total water.





3. Experimental Program


3.1. Products and Dosages


Two different products have been prepared: pavement blocks and hollow tiles.



The pavement blocks and hollow tiles were manufactured with two different percentages of natural aggregates replaced by recycled aggregates: 15% and 30% of volume fractions. Pavement blocks and hollow tiles were also prepared using natural aggregates to have a reference of the conventional properties of these elements. The geometry used and element’s dimensions are shown in Figure 2.



As can be seen in Figure 2, in the case of paving blocks samples are formed by two different layers, one of the of thickness 5.5 cm, while the second layer is only 0.5 cm thick. Recycled aggregates are only used in the base layer (5.5 cm thickness) in the paving blocks. In the case of hollow tiles, recycled aggregates are used in the whole element. The thickness or the walls of the hollow tile (2 cm) was the limiting factor for the maximum size of the aggregates used, as it happens in the industry commonly.



Figure 3 shows the paving blocks manufactured using the different types of recycled aggregate used in this work.



The concrete composition for each element is shown in Table 5. The nomenclature used makes reference first to the type of non-structural precast element, paving blocks (PB), hollow tiles (HT), the percentage of recycled aggregate used, 0% (0), 15% (15), and 30% (30), the type of recycled aggregate used, recycled concrete sand (CAS), recycled concrete aggregate (CA), recycled masonry aggregate (MA), 50% recycled masonry and 50% concrete aggregate (CMA), recycled mixed aggregates (RMA), the dosage method based on the maximum compactness of the aggregates (C) and, finally, the content of silica fume (S).



For the fabrication of the paving blocks two different dosages were used: one for the fine recycled concrete aggregate, 0–3 mm (CAS) where it was used a methodology described in [43] to obtain the maximum compactness of the aggregates. The second one used the recycled fraction 3/6 mm, introducing no change in the usual dosage used by the company. For both series the corresponding reference concrete samples were produced, as well (PB0-C y PB0). In all of these products, the dosage used was the one commonly used in the manufacturing companies that have participated in this work.



The maximum compactness of the aggregates was achieved by Martinez Conesa et al. [43] by using a factorial experiment design and after compacting different mixes measuring their weight to establish a model based on the response surface method. This methodology combines different volumes of aggregates of different size ranges, and after compacting the aggregate mixture using 125 hits in the compacting device described in UNE-EN 196-1. The volume of holes is determined knowing the density and mass of the aggregates. The surface response methodology is used to calculate the mix of aggregates that gives the optimum compactness.



To check the influence of silica fume in this type of precast elements (vibropressed with recycled aggregates) new elements were prepared for paving blocks manufactured with recycled masonry aggregate (MA) and recycled mixed aggregates (RMA), adding a 6% of silica fume referred to the weight of cement (PB1-MA-S, PB2-MA-S, PB1-RMA-S, PB2-RMA-S). Authors did not want companies to change their usual dosages in order to study the possibility of using, at the industrial scale, the results of the work. For that reason silica fume was added as if it was an extra element of the mixture.



The amount of water used for every dosage was modified to obtain the same value in the slump test as the concrete reference (0–1 cm). Once all samples were prepared they were sent to the curing areas where they were kept for 28 days until testing. Conditions in the curing area were room temperature and relative humidity between 75% and 80%.




3.2. Tests


In all the industrial settings, tests have been conducted to determine the consistency of concrete according to the UNE EN 12350-2 standard [44].



Resistance of pavement blocks and the results of the concentrated load test and flexural strength for hollow tiles were determined by tests at 28 and 90 days, according to the UNE EN 1338 [45] and UNE EN 15037-2 [46] standards, respectively. Seven samples were tested for the paving blocks, and six in the case of hollow tiles for every test performed.



Water absorption tests (of prepared concretes) were carried out in paving blocks at 28 and 90 days, and hollow tiles at 90 days according to the UNE EN 1338 standard (valid for both elements). The absorption values for four pavement blocks and hollow tiles by each mixture were recorded.



The resistance to abrasion and slipping were determined in pavement blocks at 90 days, following the procedure described in the UNE EN 1338. Wear resistance made by abrasion, as well as slipping resistance, were determined in the inner face where recycled aggregates had been used. The outer surface was not tested since RMA were not used in that part of the elements.



Concrete density was determined according to the standard UNE EN 12390-7 [47].





4. Results and Discussion


4.1. Compressive and Flexural Strength


Table 6 and Figure 4 show the results of the compressive strength for paving blocks. In Table 7 the results of the concentrated load test for hollow tiles are presented, and Table 8 includes the results of the flexural strength for hollow tiles. The presented values are the average of all the samples tested, as it was explained in the previous point, and includes the standard deviation.



As it could be expected, in most of the cases of recycled aggregates, the increase in the recycled fraction causes a decrease of mechanical resistance even though, in some cases, with the fine fraction of concrete aggregate (CAS), the results are similar, or even higher, than the reference material, as can be seen in Table 6.



Minimum values of compressive resistance, required by the standard UNE EN 1338 [45] on paving blocks are 3.5 MPa. There are only requirements for trading this products on their resistance. At 90 days all samples (taking into account the average value of the resistance), excepting PB30-CA, PB30-MA and PB 15 and 30-RMA-S would fulfil this requirement. It means that the silica fume is not working as it was expected, possibly due to the conditions in the industrial curing chambers. In this samples the effective water:cement ratio was lower leaving less water for the reaction of silica fume, making more difficult the development of its beneficious effect. The RMA could be used with total guarantees in this element up to 30%. Concrete and ceramic aggregates could be used up to 15% replacement in the present conditions. The standard deviations are quite high, but some elements prepared with recycled aggregate show higher resistances than the reference one, which is usually manufactured in the company with good results. Thus, it means that the rest of the products could also be used for construction purposes.



In the case of paving blocks (Table 6) the use of the recycled concrete fraction 0/3, in volume percentages of 30% of natural sand (especially PB30-CAS-C), gives paving blocks with similar compressive strength as the reference material obtained using the dosing technique to achieve the maximum compactness of the aggregate skeleton (PB0-C). If those results are compared with the strength of paving blocks prepared only replacing part of the coarse (3/6) aggregates (PB15-CA and PB30-CA), the obtained results are similar. This fact confirms that, up to a certain level, the replacement of natural aggregate does not significantly decrease the compressive strength, even though the elements are not prepared in a laboratory, but at the industrial scale. Some works have studied both the replacement by concrete recycled aggregate both in the coarse and fine fractions in vibropressed precast elements, and they reached the same conclusions, showing that up to 50–60% there is no significant influence of the use of concrete recycled aggregate on the compressive resistance [48,49], even though these works were conducted in a laboratory and not at the industrial scale.



The use of a dosage method to optimize the compactness of the aggregate skeleton (PB0-C) is an accurate methodology to improve the compressive strength of paving blocks, since it increases the mechanical resistance about 25% after 90 days, as compared with the standard dosage (PB0) used by the company. It could be used to improve the resistance of the precast elements, even in the fine fraction, as is shown by the results of the elements of the series CAS-C, that give a larger compressive strength of all the elements tested, including the ones prepared with the optimized dosage of the coarse aggregate. This result is promising, and seems to open a way of using recycled aggregates just by optimizing the dosage of both coarse and fine fractions.



The replacement of a 15% of the coarse natural aggregate by all the recycled aggregates studied (CA, MA, CMA, and RMA) does not cause a significant loss of mechanical resistance after 90 days, compared to the reference paving blocks. If the volume of recycled aggregate changes to 30% there are differences depending on the composition of the recycled aggregates. Samples with concrete CA and mixed RMA aggregates give similar values to those of the reference after 90 days, while the use of masonry MA and concrete and masonry CMA aggregates cause a loss of compressive strength of about 11% and 14%, respectively.



Even though the properties have not been studied at longer times, due to the high presence of gypsum (13.4%) in the RMA some problems could be expected due to the formation of ettringite. It would be necessary, in order to produce this type of precast elements at industrial scale with no risk of deterioration to keep the sulphate content in the allowed limits (<0.8%, referred to cement weight) by the EHE-08 [6].



As stated in previous sections, 6% silica fume (referring to cement weight) in prepared paving blocks has been included with MA and RMA. The reason of selecting these two types of aggregate is that they are the types more commonly obtained in building demolition, which can be obtained without a complex classification system. This fact implies a lower cost for the recycling of these aggregates, and increases the feasibility of their use at an industrial scale. The results obtained are contradictory. In the case of MA the resistance after 90 days improved about 10% as compared with the elements without silica fume. However, the use of silica fume together with RMA causes a loss of compressive strength of about 20% when compared to the elements without silica fume. These results could be attributed to two different reasons. The first are the poor curing conditions in the industrial process, which do not ensure the relative humidity of 100%, affecting the complete hydration of cement, and the pozzolanic reaction of silica fume. This effect has been observed for active additions with no hydraulic activity, such as class V fly ash, according to the Spanish standard [41]. For this type of addition a significant influence of the environment on the development of the pozzolanic reactions has been observed, a fact that causes a coarser pore network and worse service properties of the material [13,50]. On the other hand, the water absorption results of the aggregates, which will be presented later, show a greater water absorption by recycled masonry aggregates (MA, 16.7%) than by recycled mixed aggregates (RMA, 8.9%). The aggregates tend to absorb water during mixing, and this water could be realized later on, causing a “self-curing” effect [51] that has already been reported in the case of using RMA [7], improving then the properties of samples prepared with the aggregate with higher sorptivity.



The minimum value of compressive resistance required by the standard is fulfilled after 90 days for most of the paving blocks prepared, except for PB30-CA, PB30-MA, PB30-CMA, PB15-RMA-S, and PB30-RMA-S. Results show that it is feasible to obtain paving blocks with 15% of recycled aggregate, no matter the source of that aggregate, fulfilling the requirements stated by the standard UNE EN 1338.



Regarding the two methods for improving the resistance of paving blocks (use of silica fume and optimization of the aggregate dosage) it has to be said that from our results when used in a real industrial production process the silica fume does not work properly, at least when used with recycled mixed aggregate (RMA), and this behaviour could be attributed to the lack of moisture in the industrial processes. This aspect (the relative humidity in curing chambers) should be taken more carefully to improve the resistance of the precast paving blocks due to the use of an active addition. In other work done in a laboratory, 15% fly ash was used substituting concrete and ceramic recycled aggregates and an increase of resistance was observed on the tested paving blocks [32]. In this case the samples were kept under immersion, facilitating all the hydration and/or pozzolanic processes.



The results of the hollow tiles show that an increase in the percentage of recycled aggregate causes strength loss for every type of recycled aggregate used in this study. The results of the concentrated load test are shown in Table 7 and Figure 5 while the results of the flexural strength are presented in Table 8.



In the case of using the recycled aggregate in the coarse fraction (3/6), for the concentrated load test (Table 7) there are clear differences as a function of the type of recycled aggregate used. The results of the concentrated load test show that the masonry aggregates (MA) cause a greater resistance loss, compared to concrete recycled aggregates (CA), as was observed in the case of the paving blocks. The strength lost is (at 90 days, for a replacement of 30%) 41% in the case of using MA, and 18% in the case of CA. These results confirm that the composition of the recycled aggregate has a big influence on the service properties of the concrete prepared, and it usually is due to the weakness of the ceramic material form masonry, compared with the material coming from concrete [49,52].



The use of the 0/3 recycled fraction, coming from concrete (CAS) improves the strength of the precast elements as compared with the results given by the 3/6 CA fraction. This result is very important because it shows that it is possible to obtain good quality precast elements using recycled sand. However, the results of elements prepared using recycled sand are not that good in other works [36]. Due to this difference the fine fraction cannot be discarded, but further in-depth research on the reason of this different behaviour are necessary to clarify the origin and to establish a procedure for using recycled sand.



The UNE EN 15037-2 standard [46] establishes that the minimum concentrated load resistance PRK must be 1.5 kN for non-structural hollow tiles. Based on the results obtained in the study it has been calculated that the average minimum value for the concentrated load test strength PN is 1.67 kN, calculated using the formula PN ≥ PRK + 1.48·σ [46], σ being the standard deviation. The results obtained show that, except for the dosage of HT30-RMA, all the manufactured elements containing recycled aggregates fulfil the requirement of the standard at 90 days, and most of them at 28 days.



If the evolution between 28 and 90 days of the values of the resistance of the hollow tiles is analysed there are no important differences among samples, due to the origin of the recycled aggregate. In another study, where the evolution of the strength of different elements was studied for up to one year [7], it was established that the evolution is slower in the long-term if recycled mixed aggregates are used.



An equivalent analysis could be done with the flexural strength of the hollow tiles, whose results are shown in Table 8 and Figure 6.



It can be seen in the tables and figures that the mechanical resistance of the precast elements decreases in some cases, from 28 to 90 days. In [7] where materials were also produced at the industrial scale, the resistance in some cases decreased. It has to be taken into account that the curing chambers of the companies do not have the same requirements as in the laboratory, and the care in the products’ manufacture is not the same. On the other hand, the water absorption of the aggregates is not instantaneous, and even though the water necessary for the absorption was given, it does not mean that it is goes straight to the aggregates and might cause drying, resulting in drying shrinkage, with the consequent loss of mechanical properties. The MA aggregate presents this anomaly more often and it could be related to their higher water absorption.




4.2. Water Absorption


In general, the increase of the percentage of recycled aggregate produces an increase of the water absorption of the precast elements even though, in the case of the paving blocks, this result is not true for every set of samples manufactured. The results can be seen in Table 9 for paving blocks and in Table 10 for hollow tiles.



The use of the concrete recycled fine fraction (0–3 mm, CAS) produces, in general, hollow tiles with lower water absorption than when the coarse fraction from recycled concrete is used, both in the case of paving blocks and hollow tiles. The same conclusion can be drawn if the results of the fine fraction are compared with the coarse fraction of the rest of the recycled aggregates (MA, CMA, RMA) in hollow tiles. This result is coincident with the good results obtained of the mechanical properties of the precast elements. In that case the use of the fine fraction of recycled concrete aggregate also improved the mechanical properties of both paving blocks and hollow tiles (independent of the dosage technique used). Both results show that the fine fraction of recycled aggregate should not be rejected and discarded as a construction material, even though some works have different results as compared with this work [9,31]. As it was stated in the discussion of the mechanical properties of the precast elements, more research is necessary to clarify the reasons of the different behaviour of the fine fraction in different studies.



A comparison of the results of the paving blocks prepared using the coarse fraction as recycled aggregate show that the masonry aggregate is the element that increases the water absorption more (with 15% of recycled aggregate, an increase of 4%, and with 30% of MA, an increase of 14%, compared with the absorption of the reference, and 21% and 57%, respectively, for the hollow tiles). Recycled aggregates coming from concrete (CA) in the coarse fraction are the ones that produce a lower increase of the water absorption (−1.6% and −3.3% at 90 days for paving blocks, and 12% and 23% for hollow tiles). As can be seen, the results for paving blocks are very similar, or a slight improvement on the results of the reference concrete. The recycled aggregate with the lower water absorption was CA with 3.9%, while the absorption was 17.6% for MA, being much more porous, in general. These values can justify the differences in the absorption of the precast elements.



As can be seen in the tables, the use of CMA aggregates increase the water absorption as compared with the CA results. CMA should also have a higher absorption of water, due to the presence of ceramic aggregates. This result confirms that including masonry wastes as recycled aggregates, that are mainly ceramic, increases the water absorption of the precast elements as it was stated in other work [52]. These results also are in agreement with the results of mechanical properties of both precast elements, because the resistance decreased as the masonry aggregate was included, possibly due to a higher porosity. This result also confirms the different behaviour of the addition of silica fume to different precast elements. The greater water absorption of concrete, clearly due to the presence of masonry aggregate, acts as a water reservoir, which will help the development of the pozzolanic reactions of the silica fume, and the strength gain in the elements prepared with CMA.



The results of the elements manufactured with RMA show a similar behaviour to the reference concrete in the case of paving blocks, slightly better for the case of 30% of RMA, but for the hollow tiles produce an increase in water absorption of 27% and 40% for 15%, and 30% of natural aggregate substitution by RMA. The water absorption of the RMA was 8.9, slightly closer to that of the CA, which is why the RMA causes intermediate water absorption among the CA and MA.



The effect of silica fume does not decrease the water absorption in whichever type of recycled aggregate is used (MA or RMA). In fact, in the case of using RMA, it increases the absorption of water by about 40%. This fact, together with the evolution of the mechanical resistance does not make the use of silica fume suitable to improve the results of these elements with recycled aggregates, possibly due to the industrial curing conditions.



Water absorption in paving blocks is related to their climatic resistance. According to the UNE EN 1338 [45] standard regardig pavement blocks, all concretes will be tagged as 1. It has to be pointed out that the requirement of some climatic resistance for pavement blocks is a choice of the country where the standard is used.



There are surprising data, such as that of the PB0-C samples, which are supposed to be more compact and have a greater water absorption as compared with PB0 samples or that, at 90 days, PB30-CA and PB-30-CAS present lower water absorption as compared to the elements with the same type of aggregate, but only at 15%. The same fact can be found for HR-15-CMA and HT-30-CMA. This fact might be due to the compacting deficiencies or simply to the non-optimal conditions in the industrial processes. However, since the standard does not apply any requirement to this elements. Further research is necessary following the behaviour of the elements under service conditions and in the long-term.




4.3. Density


As could be expected from the literature review [53,54] the density of both paving blocks and hollow tiles decreases as the percentage of substitution of limestone natural aggregate is replaced by recycled aggregate, MA, CMA, and RMA due to the lower porosity of the recycled aggregates compared to the natural aggregates. The results of the density are shown in Table 11. As can be seen in the table, the use of concrete recycled aggregate both in the coarse (CA) or fine (CAS) fraction does not produce a significant change in the density of the produced elements. This fact is due to the low difference in density of the natural recycled aggregates, as well as the percentages of substitution used, to a maximum of 30%.



These results are in keeping with the rest of results presented. The MA gives the precast product the lower density, meaning the higher water absorption and the lower mechanical strength in the case of paving blocks.



A difference in the density of the paving blocks and the hollow tiles can also be seen, being lower than the density of the tiles. This fact is also coincident with the results of water absorption, could be due to the difficulty in compacting this type of elements, due to its geometry, which is shown in Figure 2.




4.4. Abrasive Resistance


The results of the abrasive resistance of the paving blocks are shown in Table 6. This test has no sense in hollow tiles, since those elements are not intended to suffer wear due to traffic or some other event, as in the case of paving blocks. It has to be pointed out here that the abrasive resistance was tested on the lower face of the elements, because this face is the one containing recycled aggregates, and that fact can justify the low values of the abrasive resistance obtained.



The abrasive resistance of paving blocks is similar to the reference ones when the recycled aggregate is incorporated. The use of the coarse fraction of MA and RMA causes a decrease in the abrasive resistance among 7.5 and 10 mm, independent of the type of aggregate and the percentage used. Other researchers had found that the abrasive resistance was only modified when the percentage or recycled aggregate was higher than 40% [55]. In that paper the presence of ceramics and unbound aggregates was higher than the RMA used in this study, while the concrete particles remained in approximately the same range (36.8%). The good behaviour shown by the elements prepared with ceramic aggregate (CA) with respect of abrasive resistance indicates that those aggregates have great importance in the abrasive resistance of the precast elements. This difference demonstrates the importance of the composition of the recycled aggregate in the behaviour of the products manufactured as it has already been shown [7], especially in the case of the presence of ceramic materials.



This fact is confirmed by the results of the CMA (50% CA + 50% MA). In this case the abrasion resistance only decreases 4.8 mm for a 15% of substitution and 6.8 mm for a substitution of 30%. The ceramic material is clearly weaker than the concrete aggregate from the point of view of abrasion.



The use of silica fume improves the behaviour against abrasion when used with the MA and RMA aggregates. It allows obtaining results similar to the reference concrete excepting in the case of using 30% of RMA. In this case results do not improve as a consequence of using silica fume. More research is necessary on the role of silica fume, but it should be focused on improving the mechanical behaviour and water absorption of precast elements.



Finally, the dosage searching the maximum compactness of the aggregates does not present significant differences with the reference one.



Again, some unexpected results in the properties arise, as the density of the PB-15-RMA-S is lower than the density of the samples including 30% RMA. This value could indicate problems in the compaction. These results are in agreement with those of water absorption. The same comment about the need of further research under service conditions could be made here.




4.5. Slipping Resistance


Paving blocks with recycled aggregates do not show important differences compared to the reference ones, independent of the aggregate type and the percentage used (see Table 12). This confirms an already presented result: the use of recycled aggregate does not influence the slipping resistance [7]. The same result has been obtained using concrete and glass wastes [56] and, in other work where only concrete recycled aggregates were used, this property was improved [49] as the percentage of recycled aggregate increased.



The dosage that maximizes the compactness of the aggregates does not show differences with the reference one.





5. Conclusions


In accordance with this experimental study and the results obtained, the following conclusions can be reached:




	
In general, the increase of recycled aggregate ratio causes a decrease of mechanical resistance. The composition of the recycled aggregate has a strong influence on the properties of the precast elements. The higher percentage of ceramic aggregate from bricks causes greater resistance loss, according to the literature, due to the weakness of the ceramic material.



	
Paving blocks, with little exceptions, fulfil all the requirements established by the UNE EN 1338 standard. In spite of the big standard deviation present in the data, since most of them present values greater than the reference materials they could be used for construction. Samples with RMA could be used with all guarantees.



	
In hollow tiles every sample studied satisfies the standard UNE EN 15037-2 except for the hollow tiles with 30% of RMA at 90 days.



	
As a general fact, the increase of the percentage of recycled aggregate causes an increase in the water absorption of the prepared concrete samples. The presence of ceramic materials are especially important for this increase, due to the higher porosity of these materials. Some materials do not follow this rule, possibly due to compaction deficiencies.



	
In the experimental setup used in the companies collaborating in the work, the use of silica fume seems to be not as effective as could be expected. It does not improve significantly the mechanical properties and the water absorption of the precast elements, possibly due to the curing conditions commonly used in the industry, or the lower effective w:c ratio used, that would leave less water available for the silica fume pozzolanic reaction.



	
The density of paving blocks and hollow tiles decreases as the percentage of MA, CMA, and RMA increases, due to its lower density as compared to the natural aggregate used in the study. The unexpected results found in some samples reinforce the idea of a lack of compaction in the prepared samples.



	
The use of the fine fraction of the concrete recycled aggregate 0/3 CAS shows the same behaviour as the coarse fraction 3/6 CA for all the studied properties.



	
Slipping resistance of recycled concretes does not present considerable differences in relation with the slipping resistance of reference concretes.



	
Abrasive resistance if paving blocks prepared with recycled concrete aggregates is similar to the reference ones. The rest of the recycled aggregates studied (MA, CMA, RMA) cause a decrease of the abrasion resistance, even though with the incorporation of silica fume this difference can disappear. Ceramic aggregate seems to have a positive effect in the abrasive wear resistance of the elements prepared in this work.



	
Under the studied conditions it is possible to manufacture at industrial scale precast elements with RMA, CA, and MA. The high water absorption, which is not limited by the standard, would require further research of the materials under service conditions.












Acknowledgments


Authors of this study would like to thank the Centro para el Desarrollo Tecnológico Industrial (CDTI) for financing the project IDI-20120868. In this study VIPRELUC, S.L. and the Centro Tecnológico de la Construcción de la Región de Murcia (CTCON) have participated. In the same way, we would like to thank the laboratory technician Mr Manuel Iniesta Castillo, for his altruistic collaboration in the testing phase.




Author Contributions


The results included in this paper were obtained in the PhD thesis carried out by Carlos Rodríguez at University of Alicante (Spain), under the supervision of Isidro Sánchez and Carlos Parra. Carlos Rodríguez wrote the paper. Carlos Rodríguez and Isabel Miñano performed the experiments at CTCON. Miguel Ángel Aguilar performed the experiments at VIPRELUC, S.L. Isidro Sánchez, Carlos Parra, and José Marcos Ortega supervised the research work and revised the paper. All the authors contributed to conceive and design the experiments, and to analyse and discuss the results.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Parliament, E. Directive 2008/98/EC of the European Parliament and of the Council of 19 November 2008 on waste and repealing certain Directives. Off. J. Eur. Union 2008, 312–330. Available online: http://eur-lex.europa.eu/eli/dir/2008/98/oj (accessed on 19 November 2008).

	



Mália, M.; de Brito, J.; Pinheiro, M.D.; Bravo, M. Construction and demolition waste indicators. Waste Manag. Res. 2013, 31, 241–255. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez, G.; Medina, C.; Alegre, F.J.; Asensio, E.; Sánchez de Rojas, M.I. Assessment of Construction and Demolition Waste plant management in Spain: In pursuit of sustainability and eco-efficiency. J. Clean. Prod. 2015, 90, 16–24. [Google Scholar] [CrossRef]

	



Spanish Ministry of Agriculture Food and Environment. Boletín Oficial del Estado (BOE); Spanish Ministry of Agriculture Food and Environment: Madird, Spain, 2014; pp. 39355–39357. [Google Scholar]

	



Plan for the Integral Gestion of the Construction and Demolition Wastes in the Comunity of Madrid (2002–2011); Regional Goverment of Madrid: Madrid, Spain, 2012.

	



Instrucción de Hormigón Estructural EHE-08 (Structural Concrete Instruction, EHE-08); Ministerio de Fomento: Madrid, Spain, 2008.

	



Rodríguez, C.; Parra, C.; Casado, G.; Miñano, I.; Albaladejo, F.; Benito, F.; Sanchez, I. The incorporation of construction and demolition wastes as recycled mixed aggregates in non-structural concrete precast pieces. J. Clean. Prod. 2016, 127, 152–161. [Google Scholar] [CrossRef]

	



López Gayarre, F.; López-Colina, C.; Serrano, M.A.; López-Martínez, A. Manufacture of concrete kerbs and floor blocks with recycled aggregate from C&DW. Constr. Build. Mater. 2013, 40, 1193–1199. [Google Scholar] [CrossRef]

	



Lovato, P.S.; Possan, E.; Molin, D.C.C.D.; Masuero, Â.B.; Ribeiro, J.L.D. Modeling of mechanical properties and durability of recycled aggregate concretes. Constr. Build. Mater. 2012, 26, 437–447. [Google Scholar] [CrossRef]

	



Aguado, A.; Galvez, J.C.; Fernandez-Ordoñez, D.; de la Fuente, A. Sustainability Evaluation of the Concrete Structures. In Proceedings of the 2nd International Conference on Concrete Sustainability, Madrid, Spain, 13–15 June 2016; pp. 58–71. [Google Scholar]

	



Bijen, J. Benefits of slag and fly ash. Constr. Build. Mater. 1996, 10, 309–314. [Google Scholar] [CrossRef]

	



Ortega, J.M.; Sánchez, I.; Climent, M.A. Durability related transport properties of OPC and slag cement mortars hardened under different environmental conditions. Constr. Build. Mater. 2012, 27, 176–183. [Google Scholar] [CrossRef]

	



Ortega, J.M.; Sánchez, I.; Antón, C.; de Vera, G.; Climent, M.A. Influence of Environment on Durability of Fly Ash Cement Mortars. ACI Mater. J. 2012, 109, 647–656. [Google Scholar]

	



Sanjuán, M.Á.; Argiz, C.; Gálvez, J.C.; Moragues, A. Effect of silica fume fineness on the improvement of Portland cement strength performance. Constr. Build. Mater. 2015, 96, 55–64. [Google Scholar] [CrossRef]

	



Senhadji, Y.; Escadeillas, G.; Mouli, M.; Khelafi, H.; Benosman. Influence of natural pozzolan, silica fume and limestone fine on strength, acid resistance and microstructure of mortar. Powder Technol. 2014, 254, 314–323. [Google Scholar] [CrossRef]

	



Shannag, M. High strength concrete containing natural pozzolan and silica fume. Cem. Concr. Compos. 2000, 22, 399–406. [Google Scholar] [CrossRef]

	



Elahi, A.; Basheer, P.A.M.; Nanukuttan, S.V.; Khan, Q.U.Z. Mechanical and durability properties of high performance concretes containing supplementary cementitious materials. Constr. Build. Mater. 2010, 24, 292–299. [Google Scholar] [CrossRef]

	



Poon, C.S.; Kou, S.C.; Lam, L. Compressive strength, chloride diffusivity and pore structure of high performance metakaolin and silica fume concrete. Constr. Build. Mater. 2006, 20, 858–865. [Google Scholar] [CrossRef]

	



Anastasiou, E.; Georgiadis Filikas, K.; Stefanidou, M. Utilization of fine recycled aggregates in concrete with fly ash and steel slag. Constr. Build. Mater. 2014, 50, 154–161. [Google Scholar] [CrossRef]

	



Kou, S.-C.; Poon, C.-S. Long-term mechanical and durability properties of recycled aggregate concrete prepared with the incorporation of fly ash. Cem. Concr. Compos. 2013, 37, 12–19. [Google Scholar] [CrossRef]

	



Jiménez, C.; Aponte, D.; Vázquez, E.; Barra, M.; Valls, S. Equivalent mortar volume (EMV) method for proportioning recycled aggregate concrete: Validation under the Spanish context and its adaptation to Bolomey methodology for concrete proportioning. Mater. Constr. 2013, 63, 341–360. [Google Scholar] [CrossRef][Green Version]

	



Rodríguez-Robles, D.; García-González, J.; Juan-Valdés, A.; Morán-del Pozo, J.; Guerra-Romero, M. Quality Assessment of Mixed and Ceramic Recycled Aggregates from Construction and Demolition Wastes in the Concrete Manufacture According to the Spanish Standard. Materials 2014, 7, 5843–5857. [Google Scholar] [CrossRef] [PubMed]

	



Gurdián, H.; García-Alcocel, E.; Baeza-Brotons, F.; Garcés, P.; Zornoza, E. Corrosion Behavior of Steel Reinforcement in Concrete with Recycled Aggregates, Fly Ash and Spent Cracking Catalyst. Materials 2014, 7, 3176–3197. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Santos, S.; da Silva, P.; de Brito, J. Mechanical Performance Evaluation of Self-Compacting Concrete with Fine and Coarse Recycled Aggregates from the Precast Industry. Materials 2017, 10, 904. [Google Scholar] [CrossRef] [PubMed]

	



Neno, C.; De Brito, J.; Veiga, R. Using Fine Recycled Concrete Aggregate for Mortar Production. Mater. Res. 2014, 17. [Google Scholar] [CrossRef]

	



Mardani-Aghabaglou, A.; Tuyan, M.; Ramyar, K. Mechanical and durability performance of concrete incorporating fine recycled concrete and glass aggregates. Mater. Struct. 2015, 48, 2629–2640. [Google Scholar] [CrossRef]

	



Cartuxo, F.; de Brito, J.; Evangelista, L.; Jiménez, J.; Ledesma, E. Increased Durability of Concrete Made with Fine Recycled Concrete Aggregates Using Superplasticizers. Materials 2016, 9, 98. [Google Scholar] [CrossRef] [PubMed]

	



Evangelista, L.; de Brito, J. Flexural behaviour of reinforced concrete beams made with fine recycled concrete aggregates. KSCE J. Civ. Eng. 2017, 21, 353–363. [Google Scholar] [CrossRef]

	



Fernández-Ledesma, E.; Jiménez, J.R.; Ayuso, J.; Corinaldesi, V.; Iglesias-Godino, F.J.; Iglesias-Godino, F.J. A proposal for the maximum use of recycled concrete sand in masonry mortar design. Mater. Constr. 2016, 66, e075. [Google Scholar] [CrossRef]

	



Poon, C.-S.; Kou, S.-C.; Wan, H.-W.; Etxeberria, M. Properties of concrete blocks prepared with low grade recycled aggregates. Waste Manag. 2009, 29, 2369–2377. [Google Scholar] [CrossRef] [PubMed]

	



Sousa, J.G.G.; Bauer, E.; Sposto, R.M. Recycled construction debris as an aggregates. Production of concrete blocks. Mater. Constr. 2003, 53, 59–70. [Google Scholar] [CrossRef]

	



Poon, C.S.; Chan, D. Paving blocks made with recycled concrete aggregate and crushed clay brick. Constr. Build. Mater. 2006, 20, 569–577. [Google Scholar] [CrossRef]

	



Corinaldesi, V.; Moriconi, G. Influence of mineral additions on the performance of 100% recycled aggregate concrete. Constr. Build. Mater. 2009, 23, 2869–2876. [Google Scholar] [CrossRef]

	



Kou, S.; Poon, C.; Agrela, F. Comparisons of natural and recycled aggregate concretes prepared with the addition of different mineral admixtures. Cem. Concr. Compos. 2011, 33, 788–795. [Google Scholar] [CrossRef]

	



Dilbas, H.; Şimşek, M.; Çakır, Ö. An investigation on mechanical and physical properties of recycled aggregate concrete (RAC) with and without silica fume. Constr. Build. Mater. 2014, 61, 50–59. [Google Scholar] [CrossRef]

	



González-Fonteboa, B.; Martínez-Abella, F. Concretes with aggregates from demolition waste and silica fume. Materials and mechanical properties. Build. Environ. 2008, 43, 429–437. [Google Scholar] [CrossRef]

	



Katz, A. Treatments for the Improvement of Recycled Aggregate. J. Mater. Civ. Eng. 2004, 16, 597–603. [Google Scholar] [CrossRef]

	



Kou, S.-C.; Poon, C.-S.; Wan, H.-W. Properties of concrete prepared with low-grade recycled aggregates. Constr. Build. Mater. 2012, 36, 881–889. [Google Scholar] [CrossRef]

	



Etxeberria, M.; Fernandez, J.M.; Limeira, J. Secondary aggregates and seawater employment for sustainable concrete dyke blocks production: Case study. Constr. Build. Mater. 2016, 113, 586–595. [Google Scholar] [CrossRef]

	



López Gayarre, F.; Suárez González, J.; Blanco Viñuela, R.; López-Colina Pérez, C.; Serrano López, M.A. Use of recycled mixed aggregates in floor blocks manufacturing. J. Clean. Prod. 2018, 167, 713–722. [Google Scholar] [CrossRef]

	



Composición, Especificaciones y Criterios de Conformidad de los Cementos Comunes; UNE-EN 197-1:2011; AENOR: Madrid, Spain, 2000; p. 30.

	



Tests for Geometrical Properties of Aggregates—Part 11: Classification Test for the Constituents of Coarse Recycled Aggregate; UNE-EN 933-11:2009; AENOR: Madrid, Spain, 2009.

	



Martinez Conesa, E.; Parra, C.; Ortega, P.; Valcuende, M.; Miñano, I. Optimización del esqueleto granular. In Proceedings of the XVI Congreso Internacional de Ingeniería de Proyectos, Valencia, Spain, 11–13 July 2012. [Google Scholar]

	



Ensayos de Hormigón Fresco. Parte 2: Ensayo de Asentamiento (Testing Fresh Concrete—Part 2: Slump-Test); UNE-EN 12350-2:2009; AENOR: Madrid, Spain, 2009.

	



Adoquines de Hormigón. Especificaciones y Métodos de Ensayo (Concrete Paving Blocks—Requirements and Test Methods); UNE-EN 1338; AENOR: Madrid, Spain, 2004.

	



Aistema de Forjado de Vigueta y Bovedilla. Parte 2 Bovedillas de Hormigón (Precast Concrete Products—Beam-and-Block Floor Systems—Part 2: Concrete Blocks); UNE-EN 15037-2:2011; AENOR: Madrid, Spain, 2011.

	



Ensayos de Hormigón Endurecido. Parte 7: Densidad del Hormigón Endurecido (Testing Hardened Concrete—Part 7: Density of Hardened Concrete); UNE-EN 12390-7:2001; AENOR: Madrid, Spain, 2001.

	



Soutsos, M.N.; Tang, K.; Millard, S.G. Use of recycled demolition aggregate in precast products, phase II: Concrete paving blocks. Constr. Build. Mater. 2011, 25, 3131–3143. [Google Scholar] [CrossRef]

	



Yang, J.; Du, Q.; Bao, Y. Concrete with recycled concrete aggregate and crushed clay bricks. Constr. Build. Mater. 2011, 25, 1935–1945. [Google Scholar] [CrossRef]

	



Sánchez, I.; Albertos, T.S.; Ortega, J.M.; Climent, M.A. Influence of environmental conditions on durability properties of fly ash cement mortars. In Proceedings of the 2nd International Conference on Sustainable Construction Materials and Technologies, Ancona, Italy, 28–30 June 2010; pp. 655–665. [Google Scholar]

	



El-Dieb, A.S. Self-curing concrete: Water retention, hydration and moisture transport. Constr. Build. Mater. 2007, 21, 1282–1287. [Google Scholar] [CrossRef]

	



Poon, C.S.; Chan, D. Feasible use of recycled concrete aggregates and crushed clay brick as unbound road sub-base. Constr. Build. Mater. 2006, 20, 578–585. [Google Scholar] [CrossRef]

	



Sousa, J.G.G.; Bauer, E.; Sposto, R.M. Empleo de residuos de la construcción civil como áridos reciclados. Producción de bloques de hormigón. Mater. Constr. 2003, 53, 59–70. [Google Scholar] [CrossRef]

	



Jankovic, K.; Nikolic, D.; Bojovic, D. Concrete paving blocks and flags made with crushed brick as aggregate. Constr. Build. Mater. 2012, 28, 659–663. [Google Scholar] [CrossRef]

	



Mas, B.; Cladera, A.; Olmo, T.D.; Pitarch, F. Influence of the amount of mixed recycled aggregates on the properties of concrete for non-structural use. Constr. Build. Mater. 2012, 27, 612–622. [Google Scholar] [CrossRef]

	



Poon, C.S.; Lam, C.S. The effect of aggregate-to-cement ratio and types of aggregates on the properties of pre-cast concrete blocks. Cem. Concr. Compos. 2008, 30, 283–289. [Google Scholar] [CrossRef]








[image: Materials 10 01374 g001 550] 





Figure 1. Grading curves of recycled and natural aggregates. 
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Figure 2. Geometrical dimensions (in cm) of pavement blocks (left) and hollow tiles (right) used in this study. 
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Figure 3. Paving blocks photographs for the different types of the recycled aggregates used. 
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Figure 4. Results of mechanical strength in paving blocks, as a function of the aggregate type and dosaging method (see Table 5 for nomenclature). 
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Figure 5. Results of the concentrated load test in hollow tiles, as a function of the aggregate type used. 






Figure 5. Results of the concentrated load test in hollow tiles, as a function of the aggregate type used.



[image: Materials 10 01374 g005]







[image: Materials 10 01374 g006 550] 





Figure 6. Results of flexural strength in hollow tiles. 
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Table 1. Physical and chemical properties of cement.
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Parameter

	
Result






	
Composition

	
Clinker

	
84%




	
Limestone (addition)

	
15%




	
Physical Prescriptions

	
Initial setting time

	
144 min




	
Final setting time

	
190 min




	
Compressive Strength

	
Two days

	
30.2 MPa




	
28 days

	
50.3 MPa




	
Chemical Prescriptions

	
Sulfur trioxide

	
3.09%




	
Chlorides

	
0.01%
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Table 2. Physical and chemical properties of silica fume.
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Parameter

	
Result






	
Composition

	
% SiO2

	
92.00




	
% C

	
2.00




	
% Cl−

	
0.03




	
% SO3

	
0.43




	
% CaO

	
0.43




	
% K2O

	
0.54




	
% Na2O

	
0.25




	
% Alkalis as Na2O

	
0.61




	
% Al2O3

	
0.57




	
% MgO

	
0.64




	
% Elemental Si

	
0.18




	
Physical properties

	
Specific surface (m2/g)

	
26.40




	
Apparentdensity (t/m3)

	
0.58




	
Loss on ignition

	
2.10
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Table 3. Properties of natural aggregate.






Table 3. Properties of natural aggregate.





	Properties
	Aggregate 0/3 mm
	Aggregate 3/6 mm





	Water absorption (%) (UNE-EN 1097-6)
	2.5
	2.96



	Density (g/cm3) (UNE-EN 1097-3)
	2.74
	2.6



	Resistance to fragmentation (Los Angeles, UNE-EN 1097-2)
	30
	30



	Fines (<0.063 mm) (%) (UNE-EN 933:10)
	21
	2
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Table 4. Results recycled aggregates physical properties.
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Parameter

	
Concrete Aggregate (CAS)

	
Concrete Aggregate (CA)

	
Masonry Aggregate (MA)

	
Recycled Mixed Aggregates (RMA)




	
0/3 mm

	
3/6 mm

	
3/6 mm

	
3/6 mm






	
Water absorption (%)

	
4.6

	
3.9

	
17.6

	
8.9




	
Dry surface density (g/cm3)

	
2.39

	
2.48

	
1.87

	
2.15




	
Soluble sulfates (%) (UNE 103201)

	
0.60

	
0

	
0

	
2.5




	
Fines (<0.063 mm) (%)

	
7

	
2

	
3

	
11
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Table 5. Dosages used for each element.
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Mixture

	
Cement (kg/m3)

	
Effective Water (kg/m3)

	
Total Water (kg/m3)

	
Silica Fume (kg/m3)

	
Effective Water: Cement Ratio

	
Natural Aggregates 3/6 (kg/m3)

	
Natural Aggregates 0/3 (kg/m3)

	
Recycled Aggregate 3/6 (kg/m3)

	
Recycled Aggregate 0/3 (kg/m3)






	
Pavement blocks with recycled concrete sand (CAS)




	
PB0-C

	
320

	
144

	
144

	

	
0.45

	
506

	
1600

	

	




	
PB15-CAS-C

	
320

	
144

	
147.6

	

	
0.45

	
506

	
1359

	

	
209




	
PB30-CAS-C

	
320

	
144

	
151.3

	

	
0.45

	
506

	
1120

	

	
419




	
Hollow tiles with recycled concrete sand (CAS)




	
HT0

	
230

	
104

	
104

	

	
0.45

	
1101

	
1160

	

	




	
HT15-CAS

	
230

	
104

	
106.6

	

	
0.45

	
1101

	
986

	

	
152




	
HT30-CAS

	
230

	
104

	
108.7

	

	
0.45

	
1101

	
813

	

	
305




	
Paving blocks (PB)




	
PB0

	
320

	
144

	
144

	

	
0.45

	
1012

	
1066

	

	




	
With recycled concrete aggregate (CA)




	
PB15-CA

	
320

	
144

	
145.2

	

	
0.45

	
860

	
1066

	
145

	




	
PB30-CA

	
320

	
144

	
146.2

	

	
0.45

	
708

	
1066

	
288

	




	
With recycled masonry aggregate (MA)




	
PB15-MA

	
320

	
144

	
158.7

	

	
0.45

	
860

	
1066

	
109

	




	
PB30-MA

	
320

	
144

	
173.4

	

	
0.45

	
708

	
1066

	
218

	




	
PB15-MA-S

	
320

	
144

	
167.4

	
19.2

	
0.42

	
853

	
1057

	
108

	




	
PB30-MA-S

	
320

	
144

	
182.1

	
19.2

	
0.42

	
702

	
1057

	
216

	




	
With recycled 50% masonry and 50% concrete aggregate (CMA)




	
PB15-CMA

	
320

	
144

	
152

	

	
0.45

	
860

	
1066

	
127

	




	
PB30-CMA

	
320

	
144

	
159.8

	

	
0.45

	
708

	
1066

	
253

	




	
With recycled mixed aggregates (RMA)




	
PB15-RMA

	
320

	
144

	
150.6

	

	
0.45

	
860

	
1066

	
125

	




	
PB30-RMA

	
320

	
144

	
157.3

	

	
0.45

	
708

	
1066

	
250

	




	
PB15-RMA-S

	
320

	
144

	
159.3

	
19.2

	
0.42

	
853

	
1057

	
124

	




	
PB30-RMA-S

	
320

	
144

	
166

	
19.2

	
0.42

	
702

	
1057

	
248

	




	
Hollow tiles (HT)




	
HT0

	
230

	
104

	
104

	

	
0.45

	
1101

	
1160

	

	




	
With recycled concrete aggregate (CA)




	
HT15-CA

	
230

	
104

	
105.2

	

	
0.45

	
935

	
1160

	
157

	




	
HT30-CA

	
230

	
104

	
106.4

	

	
0.45

	
770

	
1160

	
314

	




	
With recycled masonry aggregate (MA)




	
HT15-MA

	
230

	
104

	
120.1

	

	
0.45

	
935

	
1160

	
119

	




	
HT30-MA

	
230

	
104

	
136.1

	

	
0.45

	
770

	
1160

	
238

	




	
With recycled 50% masonry and 50% concrete aggregate (CMA)




	
HT15-CMA

	
230

	
104

	
112.6

	

	
0.45

	
935

	
1160

	
138

	




	
HT30-CMA

	
230

	
104

	
121.25

	

	
0.45

	
770

	
1160

	
276

	




	
With recycled mixed aggregates (RMA)




	
HT15-RMA

	
230

	
104

	
111.2

	

	
0.45

	
935

	
1160

	
136

	




	
HT30-RMA

	
230

	
104

	
118.4

	

	
0.45

	
770

	
1160

	
272

	








The values shown for the recycled aggregates stand for the percentage of volume substituted.
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Table 6. Results of compressive strength, MPa, of paving blocks, as a function of the aggregate type, dosaging method (see Table 5 for nomenclature), and time.
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	Age
	PB0
	PB0-C
	PB15-CA
	PB30-CA
	PB15-CAS-C
	PB30-CAS-C
	PB15-MA
	PB30-MA





	28 days
	3.52 ± 0.14
	3.56 ± 0.36
	3.48 ± 0.11
	3.79 ± 0.25
	3.42 ± 0.25
	4.45 ± 0.34
	3.39 ± 0.19
	2.96 ± 0.16



	90 days
	3.60 ± 0.18
	4.52 ± 0.32
	4.18 ± 0.26
	3.41 ± 0.15
	3.90 ± 0.11
	4.61 ± 0.68
	3.86 ± 0.08
	3.20 ± 0.50



	
	PB15-MA-S
	PB30-MA-S
	PB15-CMA
	PB30-CMA
	PB15-RMA
	PB30-RMA
	PB15-RMA-S
	PB30-RMA-S



	28 days
	3.84 ± 0.18
	4.01 ± 0.09
	2.98 ± 0.16
	3.41 ± 0.15
	2.85 ± 0.08
	3.58 ± 0.11
	2.51 ± 0.06
	2.87 ± 0.17



	90 days
	4.37 ± 0.08
	3.65 ± 0.39
	3.50 ± 0.12
	3.10 ± 0.58
	3.50 ± 0.48
	3.79 ± 0.39
	2.70 ± 0.09
	2.87 ± 0.24
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Table 7. Results of concentrated load test (kN), of hollow tiles, as a function of the aggregate type, dosaging method (see Table 5 for nomenclature), and time.
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Age

	
HT0

	
HT15-CA

	
HT30-CA

	
HT15-CAS

	
HT30-CAS






	
28 days

	
2.63 ± 0.13

	
2.41 ± 0.11

	
2.28 ± 0.03

	
2.74 ± 0.10

	
2.50 ± 0.08




	
90 days

	
2.52 ± 0.08

	
2.35 ± 0.16

	
2.21 ± 0.09

	
2.89 ± 0.07

	
2.56 ± 0.08




	

	
HT15-MA

	
HT30-MA

	
HT15-CMA

	
HT30-CMA

	
HT15-RMA

	
HT30-RMA




	
28 days

	
2.08 ± 0.20

	
1.55 ± 0.23

	
2.18 ± 0.10

	
2.08 ± 0.06

	
2.00 ± 0.11

	
1.66 ± 0.09




	
90 days

	
2.08 ± 0.17

	
1.75 ± 0.27

	
2.17 ± 0.08

	
1.94 ± 0.10

	
2.01 ± 0.10

	
1.54 ± 0.25
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Table 8. Results of flexural resistance (kN), of hollow tiles, as a function of the aggregate type, dosaging method (see Table 5 for nomenclature), and time.
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Age

	
HT0

	
HT15-CA

	
HT30-CA

	
HT15-CAS

	
HT30-CAS






	
28 days

	
2.39 ± 0.10

	
2.01 ± 0.11

	
2.24 ± 0.07

	
2.20 ± 0.16

	
1.91 ± 0.18




	
90 days

	
2.74 ± 0.16

	
2.33 ± 0.10

	
2.10 ± 0.07

	
2.55 ± 0.13

	
2.14 ± 0.20




	

	
HT15-MA

	
HT30-MA

	
HT15-CMA

	
HT30-CMA

	
HT15-RMA

	
HT30-RMA




	
28 days

	
1.87 ± 0.14

	
1.45 ± 0.06

	
2.04 ± 0.26

	
2.04 ± 0.08

	
1.94 ± 0.07

	
1.14 ± 0.20




	
90 days

	
1.68 ± 0.15

	
1.29 ± 0.08

	
2.21 ± 0.24

	
2.14 ± 0.20

	
1.90 ± 0.11

	
1.41 ± 0.21
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Table 9. Results of water absorption (%), of paving blocks, as a function of the aggregate type, dosaging method (see Table 5 for nomenclature), and time.
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	Age
	PB0
	PB0-C
	PB15-CA
	PB30-CA
	PB15-CAS-C
	PB30-CAS-C
	PB15-MA
	PB30-MA





	28 days
	6.7
	7.6
	6.7
	6.9
	6.6
	6.9
	7.1
	7.6



	90 days
	6.1
	6.6
	6.0
	5.9
	6.6
	5.9
	6.3
	7.0



	
	PB15-MA-S
	PB30-MA-S
	PB15-CMA
	PB30-CMA
	PB15-RMA
	PB30-RMA
	PB15-RMA-S
	PB30-RMA-S



	28 days
	7.2
	7.9
	7.6
	7.3
	7.3
	6.6
	10.0
	9.5



	90 days
	7.0
	7.2
	7.0
	6.4
	6.2
	5.8
	8.8
	9.1
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Table 10. Results of water absorption at 90 days of hollow tiles, as a function of the aggregate type, dosaging method (see Table 6 for nomenclature).
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	Age
	HT0
	HT15-CA
	HT30-CA
	HT15-CAS
	HT30-CAS
	





	90 days
	6.6
	7.4
	8.1
	6.9
	7.5
	



	
	HT15-MA
	HT30-MA
	HT15-CMA
	HT30-CMA
	HT15-RMA
	HT30-RMA



	90 days
	8
	10.3
	8.5
	8
	8.3
	9.2
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Table 11. Results of density at 28 days for paving blocks and hollow tiles, as a function of the aggregate type, and dosaging method (see Table 5 for nomenclature).
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Paving Blocks






	
Sample

	
PB0

	
PB0-C

	
PB15-CA

	
PB30-CA

	
PB15-CAS-C

	
PB30-CAS-C

	
PB15-MA

	
PB130-MA




	
Density, g/cm3

	
2.1

	
2.03

	
2.11

	
2.1

	
2.01

	
2.04

	
1.99

	
1.99




	
Sample

	
PB15-MA-S

	
PB30-MA-S

	
PB15-CMA

	
PB30-CMA

	
PB15-RMA

	
PB30-RMA

	
PB15-RMA-S

	
PB30-RMA-S




	
Density, g/cm3

	
2

	
1.95

	
2.03

	
2.05

	
2.04

	
2.06

	
2.01

	
2.03




	
Hollow tiles




	
Sample

	
HT0

	
HT15-CA

	
HT30-CA

	
HT15-CAS-C

	
HT30-CAS-C

	
HT15-MA

	
HT30-MA

	




	
Density, g/cm3

	
2.05

	
2.03

	
2.07

	
2.02

	
2.03

	
1.9

	
1.87

	




	
Sample

	
15-CMA

	
30-CMA

	
15-RMA

	
30-RMA

	

	

	

	




	
Density, g/cm3

	
1.97

	
1.99

	
1.95

	
1.98
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Table 12. Slipping and abrasive resistance after 90 days.






Table 12. Slipping and abrasive resistance after 90 days.





	Mixture
	Slipping Resistance
	Abrasive Wear (mm)





	PB0
	90
	20



	PB0-C
	93
	23.5



	PB15-CAS-C
	96
	23.3



	PB30-CAS-C
	87
	20.5



	PB15-CA
	91
	23.8



	PB30-CA
	89
	20.8



	PB15-MA
	90
	30.5



	PB30-MA
	91
	27.5



	PB15-MA-S
	88
	21.8



	PB30-MA-S
	88
	19.8



	PB15-CMA
	91
	24.8



	PB30-CMA
	93
	26.8



	PB15-RMA
	89
	27.8



	PB30-RMA
	87
	29.8



	PB15-RMA-S
	91
	18



	PB30-RMA-S
	93
	30











© 2017 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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