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Construction and Building Materials 51 (2014) 113–120
 Contents lists available at ScienceDirect
 Construction and Building Materials
 journal homepage: www.elsevier .com/locate /conbui ldmat
 Permeability properties of self-compacting concrete with coarserecycled aggregates
 0950-0618/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.http://dx.doi.org/10.1016/j.conbuildmat.2013.10.061
 ⇑ Corresponding author. Tel.: +351 275329738; fax: +351 275329969.E-mail address: [email protected] (L.A. Pereira-de-Oliveira).
 L.A. Pereira-de-Oliveira ⇑, M.C.S. Nepomuceno, J.P. Castro-Gomes, M.F.C. VilaUniversity of Beira Interior – C-MADE, Centre of Materials and Building Technologies, Covilhã, Portugal
 h i g h l i g h t s
 � Permeability properties of SCC with 20%, 40% and 100% of coarse recycled aggregates were studied.� According to the air permeability method applied, the SCC mixtures are considered airtight.� The recycled coarse aggregate incorporation did not significantly affect the water permeability.� Water capillarity coefficient is slightly decreased when 100% of coarse recycled aggregate is used.� Water penetration depth is reduced with the increasing of the recycled aggregate in SCC.
 a r t i c l e i n f o
 Article history:Received 12 July 2013Received in revised form 11 October 2013Accepted 31 October 2013Available online 21 November 2013
 Keywords:Capillary water absorptionCoarse recycled aggregateConcrete permeabilitySelf-compacting concrete
 a b s t r a c t
 This article addresses to the issue of durability related properties of self-compacting concrete (SCC) withthe use of coarse recycled aggregates obtained from demolition of concrete structures. The objective wasto verify the influence of recycled aggregates on SCC permeability properties. For this purpose fourdifferent types of concrete mixes were produced, one of them used as reference with natural coarseaggregates and the others prepared with 20%, 40% and 100% of recycled coarse aggregates. The propertiesrelated to the durability of SCC, as air and water permeability and capillary absorption were determinedon concrete specimens with and without preconditioning. The results from fresh and hardened concreteproperties lead to the conclusion that it is viable to replace natural coarse aggregates by recycled coarseaggregates since the present research does not show any detrimental to the SCC permeability properties.
 � 2013 Elsevier Ltd. All rights reserved.
 1. Introduction
 The potential use of recycled aggregates in the self-compactingconcrete composition increases the ecological value and partlysolves the issues of waste disposal sites generated by constructionand demolition of structures. In the last two decades, the proper-ties of normal concrete with recycled aggregates were extensivelystudied [1–6]. From these studies it is known that, comparing withthe natural aggregates, the recycled aggregates density is lowerand the water absorption is higher. These differences are due tothe incrustation of cement paste on the recycled aggregates sur-faces. Thus, the increased of the content of recycled aggregates innormal vibrated concrete, both coarse and fine, causes a loss ofthe mechanical properties. Furthermore, the coarse recycled aggre-gate shows a greater negative influence than the recycled fineaggregate [7–9]. Also the durability of the recycled aggregates con-crete can be strongly affected by the porosity and the high waterabsorption of the recycled aggregates [10]. The cause is usually
 associated to the fact that, to reach the same workability, the waterdemand to produce concrete with recycled aggregates is highercompared to natural aggregates, leading to the increase of thewater/cement ratio, thereby, also increasing the porosity of thecementing matrix [8]. The use of water-reducing admixtures mayminimize this effect, since they may provide workability to themixture without increasing the water/cement ratio. The relativelypoorer durability properties of recycled aggregates concrete can beadequately compensated by the use of fly ash, either as a replace-ment of cement or addition, in the concrete mix design [7].
 When compared with normal vibrated concrete, the SCC mix-tures usually exhibit a better durability potential, even when themixtures have larger water contents. This is due to increased finescontent in SCC, that refines the microstructure and hence the porenetwork of the material [11]. It is the capillary porosity that greatlyaffects the permeability of concrete [12]. The permeability of SCC istypically lower than that of ordinary concrete. This is mostlyattributed to the superior flow properties, dense microstructureand refined pore. Good flow properties result in superb packingcondition due to better consolidation, and thus contribute toreduce the permeability of concrete [13]. So, the SCC mixtures
 http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2013.10.061&domain=pdf
 http://dx.doi.org/10.1016/j.conbuildmat.2013.10.061
 mailto:[email protected]
 http://dx.doi.org/10.1016/j.conbuildmat.2013.10.061
 http://www.sciencedirect.com/science/journal/09500618
 http://www.elsevier.com/locate/conbuildmat
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 could be considered as a good receptor of recycled aggregates. Infact, according to Grdic et al. [14], when coarse recycled aggregateof good quality is used, the total replacement of the natural coarseaggregate by recycled aggregate from demolition of concrete struc-tures has a marginal effect on the compressive and tensile strengthreduction. The authors found a reduction of 9% for compressivestrength and 13% for tensile strength, at 28 days. Despite the rela-tively high water absorption of coarse recycled aggregates, theyalso observed a marginal increasing of recycled aggregates SCCwater absorption of 0.4% when compared with control concrete.
 In Portugal, the most used demolition processes is based on thesimultaneous destruction of the entire building, which results inwaste rather heterogeneous. Taking into account the constructiondemolition wastes heterogeneity, the Portuguese recommendationE 471/2009 [15] limit the incorporation of recycled coarse aggre-gate in structural concrete production. The replacement of naturalaggregates by recycled aggregates is limited by this document inorder to avoid large variations of the elastic modulus, creep,shrinkage and durability. The limit is 25% of aggregates composedof 90% minimum of particles from concrete demolition (ARB1) thatcan be used up to concrete strength class C40/50. When the recy-cled aggregates composition has a value between 90% and 70% ofparticles from concrete demolition (ARB2), this can be used up toconcrete class C35/45. Regarding that this recommendation waselaborated for normal concrete and there are few studies aboutSCC with recycled aggregates, hence, in this work, both physicaland mechanical properties of SCC specimens have been studied.The results of this research, indeed may serve to guide practicalrecommendations for recycled aggregates use in SCC mixtures.
 A piece of data which is important for the design of SCC mixturewith recycled coarse aggregates is the quantity of water absorbedby the recycled aggregate, which is always higher in comparison tothe same fraction of the natural coarse aggregate. Normally, thewater requirement of normal concrete with recycled aggregatesis increased, resulting in significant high total water/cement ratio(W/C), regardless of the use of water-reducing admixtures [16].The amount of water absorbed by the aggregate was taken intoaccount separately by some researchers [17], in addition to itswetness before mixing and the free water that formed part of themixture. Other researchers [16,18] consider the total water contentfor W/C ratio, because it is impossible to separate the effectivewater content (water absorbed by recycled aggregate and mixingwater) from the total water content in the fresh concrete, espe-cially in the case of recycled sand. In the case of SCC with recycledaggregate, Grdic et al. [14] observed small variations in the quan-tity of water for SCC mixtures to achieve the equal consistency.From the point of view of the concrete durability properties, it isbelieved that an analogous advantage could result with the useof dry recycled coarse aggregate, since it was observed an highestporosity of the concrete ITZ microstructure around the pre-soakedlightweight aggregate compared with the dry aggregate [19]. Someauthors [20,21] argue that this difference on ITZ microstructureleads to a slightly higher capillary suction or water absorption ofconcrete when pre-soaked lightweight aggregates are used.
 Since one of the goals of this study was to identify the influenceof coarse recycled aggregates in SCC water permeability, the totalwater content was considered in the mixtures water/cement ratio.
 Fig. 1. Grading curves of aggregates mix.
 2. Materials and methods
 2.1. Materials
 A Portland cement type CEM I 42.5R with density of 3140 kg/m3 and a mineraladdition of limestone powder with density of 2720 kg/m3 were used as powdermaterials in the SCC mixtures. The granular skeleton for the fine and the coarseaggregates were defined taking into account the grading reference curves proposedby Nepomuceno and Pereira-de-Oliveira [22]. The fine aggregates mix was done
 with the proportion in absolute volume being 82% for natural sand (S1) and 18%for natural sand (S2). Fig. 1 shows the resultant grading curve of fine aggregatesmix, which was kept constant for all the mixtures produced. Two natural coarseaggregates of crushed granite, CA1 and CA2, were combined on the proportionsin absolute volume of 68% (CA1) and 32% (CA2). Two coarse recycled aggregates,RA1 and RA2, classified according E471 as ARB1 aggregates, were sourced from alocal construction and demolition waste recycling facility and were combined onproportions in absolute volume of 90% (RA1) and 10% (RA2). Table 1 shows the indi-vidual aggregate characteristics. The natural and recycled coarse aggregates havethe same maximum size with a very slightly difference in the fineness modulus.It can be also observed in Fig. 1 that the grading curves of coarse aggregates mixwere quite similar. Only a slight deviation from general tendency occurs on thegrading curve with 100% of recycled coarse aggregate. It means that the particle sizeof recycled aggregates is slightly higher than other coarse aggregates compositions.These similar coarse aggregates grading curves were used to enable replacementwithout changing significantly the concrete granular skeleton.
 A modified polycarboxylate based superplasticizer, with a density of 1050 kg/m3, was used to help the concrete mixtures attain self-compacting rheologicaldesired characteristics.
 2.2. Mix design of self-compacting concrete mixtures
 The methodology of SCC mix design applied in this study was developed byNepomuceno et al. [23,24] and considers the concrete as a two phase material:the matrix (mortar phase) and the incorporation of coarse aggregates on the matrix(concrete phase). The design parameters of the mortar phase should be defined toobtain simultaneously the desired fresh and hardened properties of self-compact-ing concrete. For each of these two phases, an adequate reference curve of granularskeleton was defined. Thus the general approach consists of the following stages:selection of the materials; definition of the reference grading curves for the fineand coarse aggregates; studies in mortars and studies on concretes.
 At the first stage, the powder materials (cement and additions) should beselected taking into account the level of compressive strength to achieve on hard-ened concrete. The fine and coarse aggregates should have adequate grading curvesto enable the best approximation to the proposed reference curves. Preferably, amodified polycarboxylate based superplasticizer should be selected. On the secondstage, the unit volume percentage of fine aggregates and the unit volumepercentage of coarse aggregates must be determined separately.
 The third stage corresponds to the definition of the adequate parameters for themortar phase, that includes the unit volume percentage of each powder material inthe total volume of the blend of powder materials (Vp), unit volume percentage ofeach fine aggregate in the total volume of fine aggregates (Vs), as previously definedon the second stage, Vp/Vs (ratio in absolute volume between powder materials andfine aggregates), Vw/Vp (ratio in absolute volume between water and powdermaterials) and Sp/p% (ratio in percentage between the amounts in mass of superp-lasticizer and powder materials). For the mortar phase, an interval of variation wasdefined for the parameters that characterize the flow behavior of mortars (Gm, Rm),in such a way that it leads to self-compacting concrete. The Gm parameter is mea-sured on mortar spread test and Rm is measured on a v-funnel test. Adequate cor-relations between concrete compressive strength and water to cement ratio areproposed for two types of cements. Since the water to cement ratio is the samefor concrete and mortar phases, this parameter can be defined on the mortar phasedesign. The Vp/Vs ratio should be defined from 0.6 to 0.8, but a value between 0.7and 0.8 is recommended. Correlations are proposed to estimate the percentage ofcement replacement by the addition for different combinations of powder materialsas a function of the Vp/Vs ratio and the water to cement ratio previously estab-lished. The Vw/Vp and the Sp/p% ratios can be also estimated for preliminary testsbased on proposed correlations. However, since the superplasticizer can differ fromdifferent suppliers, the water content Vw/Vp and the superplasticizer dosage Sp/p%have to be experimentally adjusted until the mortar presents the adequate flowproperties, evaluated in terms of relative spread area (Gm) and the relative flowvelocity (Rm). Usually only superplasticizer dosage needs to be adjusted.
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Table 1Aggregates characteristics.
 Notation Maximum size D (mm) Fineness modulus Density (kg/m3) Water absorption (%)
 S1 1.2 1.95 2570 0.30S2 4.8 3.27 2610 0.40CA1 9.5 5.27 2710 0.15CA2 19.0 6.82 2700 0.14RA1 9.5 5.78 2509 4.10RA2 19.0 6.92 2485 4.05
 Table 2SCC mixture proportions.
 Mixture SCC SCC20 SCC40 SCC100
 W/C (kg/kg) 0.57 0.57 0.56 0.57Water (kg/m3) 161.3 163.2 160.7 162.4Cement (kg/m3) 284.9 284.9 284.9 284.9Limestone powder (kg/m3) 370.2 370.2 370.2 370.2Natural sand S1 (kg/m3) 597.6 597.6 597.6 597.6Natural sand S2 (kg/m3) 133.2 133.2 133.2 133.2Natural coarse aggregate CA1 (kg/m3) 550.0 440.0 330.0 –Natural coarse aggregate CA2 (kg/m3) 257.9 206.3 154.8 –Recycled coarse aggregate RA1 (kg/m3) – 134.8 269.6 727.9Recycled coarse aggregate RA2 (kg/m3) – 14.8 29.7 80.6Superplasticizer (l/m3) 3.4 4.8 4.6 6.0
 Fig. 2. Air and water permeability cells used in this work.
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 On the fourth stage the design parameters of concrete are completed by the def-inition of the unit volume percentage of each coarse aggregate in the total volumeof coarse aggregates (Vg) as previously defined on the second stage, the volume ofvoids (Vv) and the Vm/Vg ratio (where Vm is the volume of mortar excluding airand Vg is the volume of coarse aggregate). For this purpose, a mathematical modelwas developed to estimate the adequate Vm/Vg ratio, which takes into account theproperties of the mortar phase (Vp/Vs) and the fresh desired properties for concrete(H2/H1 in L box test and Dm in slump-flow test) and assuming that (t) in the v-fun-nel test for concrete is between 10 and 20 s. The Vm/Vg can vary from 2.00 to 2.60.For the volume of voids it is proposed a constant value of 0.030 m3 per cubic meter,when no air entrainment agent is used.
 Based in this mix design method, in this research work four different concreteswere produced: a reference mixture SCC produced only with natural aggregates,SCC20, SCC40 and SCC100, i.e. self-compacting concrete with 20%, 40% and 100%of natural coarse aggregates replaced by recycled coarse aggregates. To observethe effect of recycled aggregates water absorption on the SCC water and superplast-icizer demand, the recycled aggregates were used on dry conditions. Thus, the fineand coarse aggregates were previously dried on laboratory environment. The refer-ence SCC mix was designed in order to comply with EN 206-9 [25] and fits in a con-crete strength class C45/50 and in accordance with the requirements concerningthe properties of fresh concrete of the same standard. It should be noted that theSCC strength class chosen is the maximum strength class permitted, on the recom-mendation E471, for the application of recycled aggregates from concrete demoli-tion. Table 2 shows the final proportions of SCC mixtures.
 2.3. Methods
 In order to evaluate the rheological properties in fresh concrete, the followingmethods were used: slump-flow test according to EN 12350-8/2010 [26] andv-funnel test according to EN 12350-9/2010 [27].
 The self-compactability properties were evaluated indirectly by means ofslump-flow test and v-funnel test, respectively, expressed in the relative spreadarea (Gc) and in the relative flow velocity (Rc). The value for (Gc) is obtained byEq. (1) [28], whereas (Rc) is obtained by Eq. (2) [28]. The acronym (Dm) stands forthe average spread diameter, in mm; the acronym (D0) stands for the initial diam-eter at the base of the cone, in mm, whereas (t) stands for the time of flow, in sec-onds. The variation interval admissible for Gc and Rc was defined by Gc valuesbetween 8.0 and 11.3 and Rc values between 0.5 and 1.0 s�1 [22].
 Gc ¼Dm
 D0
 � �2
 � 1 ð1Þ
 Rc ¼10t
 ð2Þ
 The mechanical properties of hardened concrete were evaluated by density,compressive strength and dynamic elastic modulus (ultrasonic pulse velocity meth-od) measurements according to the following standards: EN 12390-7/2003 [29], EN12390-3/2003 [30] and BS 1881-203:1986 [31], respectively, at 7 and 28 days. AllSCC mechanical hardened properties were determined in 3 concrete specimensfor each age and mixture.
 SCC properties related to durability, such as capillary water absorption, waterand air permeability were determined in cored cylindrical specimens, while thedepth of water penetration was determined in molded cubic specimens. All testswere carried on at 28 days curing age. Determination of capillary water absorptionwas done according to LNEC E393/1993 [32], as recommended for concrete in setsof two cylindrical specimens with 10 cm high and 10 cm diameter. After drying inoven at a temperature of 40 ± 5 �C during 14 days, the samples were weighed andplaced in a recipient in contact with a level of water capable to submerge themabout 5 ± 1 mm. After a predefined period of time, the samples were removed fromthe recipient to proceed to weight registration. Immediately after weighed, thesamples were placed again in the recipient till reach the following measuring time.The procedure was consecutively repeated at 3, 6, 24 and 72 h. Capillarity coeffi-cient was obtained according to ISO 15148 standards [33]. The capillarity coefficient[kg m�2 min�0.5] determination requires the graphical interpretation of the cumu-lative inflow curve and is defined as the slope of the first stage of the cumulativeinflow curve as a function of square root of time.
 Air and water permeability were obtained using sets of five cylindrical speci-mens of 4 cm high and 5 cm diameter. Air permeability was tested using pressurevalues up to 3.5 bar. The water permeability test was carried for a period of60 min and pressure of 2.5 bar. The details of the equipment used and experimentalprocedures for each of these tests, here briefly described, was also discussed in [34].Water penetration depth was measured according to NP EN 12390-8/2003 [35]. Thetest was carried on in standard moulded cubic specimens of 15 cm size, by applyinga 5 bar water pressure for 72 h. All SCC properties related to durability were deter-mined in 4 concrete specimens for each age and mixture.
 2.3.1. Air permeability testThe permeability cell used to determine air and water permeability of concretes
 is shown in Fig. 2.The permeability cell works with oxygen. It allows submitting samples, with
 the referred dimensions, to a certain pressure, guaranteeing that the flow of oxygenthrough the sample is uniaxial. After a certain period of time elapsed during thetest, the flow can be considered to be laminar (i.e. smooth and uninterrupted). Thisway, the results obtained with this equipment can be explained based on Darcy’slaw. The intrinsic air permeability (being g – oxygen dynamic viscos-ity = 2.02 � 10�5 N s m�2), can be determined by the following equation [36]:
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 K ¼ 4:04� R� L� 10�16
 A� ðP22 � 1Þ
 ð3Þ
 where: K – Intrinsic air permeability (m2), R – Oxygen flow through the specimen(cm3 s�1), L – Thickness of the test specimen (m), A – Area of the section crossedby oxygen (m2), P2 – Oxygen pressure at the forefront of specimen (bar), being theoutlet pressure of 1 bar.
 Fig. 3. Water penetration depth apparatus used in this work.
 2.3.2. Water permeability testThe water permeability test can take place after the air permeability test, in a
 similar way and within the same specimen. With the test specimens placed insidethe permeability cell, the water is introduced on the top of the cell and the pressureis applied in way to force the water to penetrate through the sample. The measure-ment of the permeability is carried out by a method based on water penetrationdepth. It is introduced water with a color indicator that helps to determine the bor-der of penetration depth. The water permeability coefficient is determined then bythe expression 4 presented as follows, that takes in consideration the penetrationdepth [37];
 kw ¼d2
 p � d
 2� h� tð4Þ
 where kw – Water permeability coefficient (m s�1), dp – Water penetration depth(m), d – water absorption of the test specimen (open porosity), t – Time that tookto penetrate to the depth dp, h – Height of water column (m), 1 bar = 10.207 m ofwater column.
 To convert the water permeability coefficient, expressed in m s�1, in intrinsicpermeability Kw, expressed, in m2, which is independent from the properties ofthe liquid, the following expression (5) is used [34]:
 Kw ¼ kw �g
 q� gð5Þ
 being Kw – Water intrinsic permeability (m2), g – Viscosity of the solution, to 20 �C, q– Density of the water (1000 kg m�3), g – Gravity (9.8 m s�2).
 In case that is just used water, the expression (5) becomes the expression (6)and, in the case of using a phenolphthalein indicator (a mixture of 5 ml of phenol-phthalein in 500 ml of ethanol with 500 ml of water) the expression (5) becomesthe expression (7). The expressions [34] are different considering the dynamicviscosity of the solution with the indicator.
 Kw ¼ 1:02� 10�7 � kw ð6Þ
 Kw ¼ 1:3� 10�7 � kw ð7Þ
 2.3.3. Preconditioning specimens prior to testingAccording to the procedure given in RILEM TC 116-PCD [38], before carrying out
 air permeability and capillary absorption tests, concrete specimens should firstreach an intermediate average moisture concentration. With this procedure it is in-tended that a uniform distribution of the evaporable water in the test specimenscan be formed. The preconditioning procedure itself consists of a pre-drying stepand a subsequent moisture redistribution phase and may take up to 35 days. Thus,it consists of a long term conditioning period and offers a relatively complex pre-conditioning procedure. This however is unavoidable if a uniform moisture distri-bution in the concrete specimen is sought, as is specified prior to undertakingconcrete absorption and air permeability tests. In this study, the preconditioningwas done by a simplified procedure, which provides RILEM TC 116-PCD similar val-ues. In the simplified procedure the specimens were dried at 50 �C in a ventilatedoven for 24 h and thereafter placed in a sealed box having 75% RH for three weeks[39].
 However, tests were also carried on without preconditioning specimens, i.e.part of specimens was dried at 50 �C in a ventilated oven for 24 h prior to testing.The results obtained with and without preconditioning specimens are compared.
 Fig. 4. SCC relatives spread area and flow velocity.
 2.3.4. Water penetration testThe water penetration depth apparatus used in this work is shown in Fig. 3.The water penetration test determines the initial absorption at concrete surface.
 Although the test measures surface absorption, it does not represent permeabilityof concrete and mechanisms of penetration of aggressive agents in concrete. Essen-tially, the test characterizes the surface cover of concrete when it is submitted towater pressure, namely rainwater fall.
 The test consists of applying water under pressure in one side of the specimensurface, within a 10 cm diameter area confined by a watertight rubber ring. The testcan be carried on in standard moulded cubic specimens of 15 cm size. It consists ofapplying a 5 bar water pressure for 72 h and measuring afterwards the waterpenetration depth. Prior to the test, the surface of specimen, which will be incontact with water, must be brushed with a wire brush.
 3. Results and discussion
 3.1. Fresh properties of self-compacting concrete
 Fig. 4 shows that the final mix proportions presented in Table 2are within the limits imposed by Gc and Rc rheological parametersdescribed in Section 2.3, which slump-flow and v-funnel resultsare shown in Table 3. As it was explained in Section 2.3, the con-crete mix design was developed taking as goal two fresh propertiesparameters: a relative spread area Gc and relative flow velocity Rc.A self-compactability target was defined for all mixtures by therange values of Gc between 8.0 and 11.3 and Rc between 0.5 and1.0 s�1. It was observed that the W/C ratio and SP content toachieve this target was dependent of the coarse recycledaggregates amount. To keep a quasi-constant W/C ratio for allthe mixtures, a gradually increase of superplasticizer dosage wasnecessary as the coarse aggregates replacement increases from 0to 100%, as shown in Table 2.
 Overall, the W/C ratio increased only around 1% in SCC20 andSCC100 mixtures, but a significant amount of superplasticizerwas added to the mixtures with recycled aggregates incorporation.This supplementary addition of superplasticizer that attained 2.2%of cement content represents an increase of 75% when the totalnatural coarse aggregates are replaced by the recycled aggregates.This can be justified by the higher water absorption of recycled
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Table 3Fresh concrete test results.
 Mixture Slump-flow test Dm (mm) V-funnel test time (s)
 SCC 650 13.0SCC20 650 13.8SCC40 670 17.2SCC100 675 14.4
 L.A. Pereira-de-Oliveira et al. / Construction and Building Materials 51 (2014) 113–120 117
 aggregates, shown in Table 1, which reduce the available waternecessary to lubricate the mixture.
 Regarding the slump-flow and flow time presented in Table 3, itis observed that all mixtures attained the values previously definedas indicator of the self-compactability. It is noted in the case of themixture SCC40, where the superplasticizer amount is slightlylower than that used in SCC20, that the flow time in v-funnel testwas increased by around 30%. The v-funnel results can apparentlylead to a contradiction between the SCC40 and SCC100 results.However, crossing these results with the information in Table 2,it is possible indeed to confirm that the recycled aggregates affectadversely the concrete workability. One can also observe that theflow time is strongly affected by the W/C ratio. In fact, the higherv-funnel value was obtained for SCC40, which has the lower W/Cratio. Thus, a reduction of the solids surface wetting in this mixturewas expected. Anyway, to control the flow time when naturalaggregate was totally replaced by the recycled aggregates in themixtures of similar W/C ratio, an increase of superplasticizeramount was necessary.
 3.2. Physical and mechanical properties of self-compacting concrete
 Table 4 presents the average density values as a function of therecycled aggregate percentages, the compressive strength anddynamic modulus of elasticity values at 7 and 28 days. Analyzingthe results, it appears that the SCC density decreases as the rateof natural coarse aggregates replacement by recycled coarseaggregates increases. This was expected, since the recycled coarseaggregate presents a lower density compared to the natural coarseaggregates, as shown in Table 1.
 About the density loss between 7 and 28 days, it is clear thatthere is an insignificant effect of recycled aggregates incorporationin the density loss of SCC with coarse recycled aggregate(0.7–0.8%). The incorporation of 40% of recycled aggregates reduces1.1% of the SCC density and total coarse aggregate replacementreduces only 3.3%. It is mean that an irrelevant modification onconcrete porosity with the recycled aggregates replacement isexpected. In fact, these marginal values can be justified by thepredominant fine materials composition of SCC mixtures. The mix-tures here studied are composed by 63% of mortar phase, thus, therelatively low volume of aggregates do not have the same influenceon SCC density as in the case of normal concrete which the mortarphase is smaller (45 to 50% on average). Finally, it is also expectedthat this influence on durability properties will be of same order.
 Only from the standpoint of compressive strength and takinginto account the standard deviation (between 0.6 and 0.8 MPa),
 Table 4Results of physical and mechanical properties of SCC.
 Mix Density (kg/m3) Compressive strength
 7 days 28 days 7 days
 SCC 2370 2360 44SCC20 2354 2334 43SCC40 2351 2335 42SCC100 – 2282 –
 the recycled aggregates here studied, do not significantly influencethe SCC mechanical behavior. It was found a very low difference of5% between SCC and SCC100. This difference reflects only thenormal variability of compressive strength results obtained inlaboratory conditions. Clearly, other assessments such as thoseconcerned to durability properties need to be taken into accountin decisions to exceed the limits recommended by some codes. Infact, as stated previously, the coarse aggregates content in SCCmixtures is not greater than 37%. Thus, the influence of the coarseaggregates in SCC mechanical properties appears to be also lessrelevant than in normal concretes.
 Analyzing the average dynamic modulus of elasticity resultspresented in Table 4, taking into account the standard deviation(0.4 to 0.5 GPa), it is to conclude that the elastic modulus was littleaffected by the incorporation of recycled coarse aggregates, record-ing a maximum reduction of 7.5% at 28 days for SCC100. Thisreduction is also influenced by the SCC density, once the determi-nation of dynamic modulus of elasticity depends directly on thedensity value. A relationship between the recycled coarse aggre-gates percentage and the increase in dynamic modulus of elasticitybetween 7 and 28 days was unable to be established since there isan uneven variation in the different concretes. In general, afterseven days, the concrete results analysis showed a modulus ofabout 80% of the value measured at 28 days. It is possible to verify,especially for 28 days, that the average value of dynamic modulusof elasticity increase with the compressive strength, particularlywhen SCC is compared with SCC100.
 3.3. Durability properties of self-compacting concrete
 Table 5 presents the average and standard deviation results ofwater permeability, capillarity coefficients and water penetrationresults.
 Concerning to the air permeability of SCC mixtures tested at28 days, it was not possible to register any value even over apressure of 3.5 bar, for both with or without preconditioning meth-ods. Thus, according to the air permeability method applied, themixtures are considered airtight.
 The water permeability results show in general a very low per-meability coefficient if compared with the normal concrete thattypically is in the range of 5–10 � 10�18 m2 [40,41], measured indry state, i.e. without preconditioning. In these results a trendwas observed when the natural coarse aggregate is replaced by20% of recycled aggregate.
 However, this trend is not clear for 40% and total replacement.By the other hand, it seems that the recycled aggregate increasingis responsible by a kind of growing disturbance on the concreteskeleton modifying their porosity. This disturbance could be ex-pressed by high variation obtained during the tests of four samplesof SCC100 mixture, in order of 57%, whereas for SCC20, SCC40 andSCC this variation is in order of 17% till 22%. Then, comparing withthe self-compacting concrete with natural coarse aggregate, it isconcluded that recycled aggregate incorporation did notsignificantly affect the water permeability, but could promote alarge variation around an average value. Even in this situation,
 (MPa) Dynamic modulus of elasticity (GPa)
 28 days 7 days 28 days
 54 32 3954 30 3953 31 3851 – 36
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Table 5Results of related durability properties of SCC.
 Mixture Water permeability coefficient � 10�18 (m2) Capillarity coefficient � 10�2 (kg/m2 min0.5) Water penetration (mm)
 Mean value SDa Mean value SDa Mean value SDa
 SCC 4.23 0.95 1.43 0.0438 13.9 2.1SCC20 2.61 0.46 1.36 0.0587 16.8 0.0SCC40 2.83 0.63 1.34 0.0007 9.8 0.8SCC100 3.62 2.07 1.24 0.0028 10.6 0.6
 a SD – Standard deviation.
 Fig. 6. Water capillarity coefficient of SCC mixtures with preconditioning.
 Fig. 7. Capillarity coefficient results comparison between with and withoutpreconditioning samples.
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 the values obtained with the total coarse aggregate replacementare of the same magnitude to those observed in concrete of similarstrength class.
 The capillary water absorption determined at 3, 6, 24 and 72 has function of square root of time in minutes are shown in Fig. 5.
 A similar behavior, as shown in Fig. 5, was observed for all mix-tures. As the capillary water absorption is dependent of matrixporosity and pores interconnectivity, the incorporation of recycledaggregates seems not significantly modify the evolution of the cap-illary water absorption on time. Concerning the water capillaritycoefficient, shown in Fig. 6, it was observed a decreasing of valuesfrom 5% up to 13% when the natural coarse aggregate is totallyreplaced by the recycled aggregate. In this case, even assumingthe skeleton disturbance provoked by the recycled aggregatephysical particularities, their addition is favorable to build somebarriers or voids in the porous structure reducing the watermovement.
 The comparison between the values of water capillaritycoefficients obtained on samples with and without preconditioningindicates that the values are highest to preconditioning samples, asshown in Fig. 7. This trend was also observed by Castro Gomeset al. [39] in tests on normal concrete. It means that a certain de-gree of humidity distributed on samples could change the testsresults.
 Taking into account the standard deviations of the waterpermeability coefficients, as shown in Fig. 8, it is confirmed thatany significant difference was observed to be caused by thepreconditioning.
 Fig. 9 shows that the effect of the preconditioning procedure onthe water permeability results is not significant. In this case it wasexpected because the water inside the porous is on pressure.
 The depth of water penetration is normally used to evaluate theconcrete superficial porosity. Fig. 10 indicates that the water pen-etration depth on concrete becomes shorter when the percentagesof incorporation of the recycled aggregate in concrete are signifi-cant (up to 40%). At 28 days age, the water penetration depthslightly increases for the SCC20 mixture, and reduces around 30%
 Fig. 5. The influence of recycled aggregates on the capillarity water absorption.
 Fig. 8. Water permeability coefficient results with (W) and without (WT) precon-ditioning samples.
 for SCC40 and 25% for SCC100. These results show that the recycledaggregate incorporation in SCC mixtures has any prejudicial effectinto water penetration of the concrete.
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Fig. 9. Water permeability results comparison between with and without precon-ditioning samples.
 Fig. 10. Depth of water penetration on SCC with preconditioning.
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 From this analysis, it is clearly observed that when recycledaggregate content increases, the water permeability performanceof the concrete becomes better. In fact, this behavior was expectedsince some related properties measured in this study are particu-larly dependent on the concrete matrix. Moreover, this SCC matrixdependence is also mentioned in [42] where it is clearly demon-strated that the water absorption by capillarity of SCC mixture isstrongly reduced by some kinds of powder additions. However, itwas necessary to confirm if an eventual disturbance in the concretegrains packing by the introduction of recycled aggregates did notprovoke a significant change in the overall concrete porosity.
 4. Conclusions
 With respect to the fresh concrete properties, the particularitynoted during the tests was the need to add more superplasticizeramount for concretes with recycled aggregates. Nevertheless, theincrease of superplasticizer could be considered minor, around2% of cement content for total natural aggregate replacement,against the environmental benefits here involved. This additionalquantity is necessary because there is a water fraction that con-cerns the high values of water absorption showed by recycledaggregates if compared with the natural aggregates.
 For the densities of the hardened concrete, there was a smallweight loss by increasing the incorporation of recycled aggregates.This loss can be explained from the low density values of the recy-cled aggregates, when compared with natural aggregates.
 Regarding the compressive strength, it was observed only 3.3% ofstrength loss with the maximum recycled aggregate incorporation.
 The incorporation of recycled aggregate reduced the concretedynamic modulus of elasticity around 8.0% when compared withthe natural coarse aggregate self-compacting concrete.
 According to the air permeability method applied, the SCC mix-tures are considered airtight. However, it is concluded that recy-cled aggregate incorporation did not significantly affect the SCCwater permeability, but could promote a large variation aroundan average value.
 The SCC water capillarity coefficients obtained on samples withand without preconditioning indicate that the values are higher topreconditioning samples. It means that a certain degree of humid-ity distributed on samples influence the tests results. As the waterpenetration depth is dependent of concrete superficial layer, nor-mally composed exclusively of mortar, the recycled aggregateincorporation in SCC mixtures has any prejudicial effect into waterpenetration of the concrete.
 Taking into account the research done, the type of recycledaggregate used and their marginal effect on SCC properties, it ispossible to conclude that, in general, the SCC incorporating localrecycled coarse aggregates is a viable material with good potentialto be used in the construction industry. Concerning coarse recycledaggregates from concrete demolition, it is also possible in the caseof SCC to extent the limit percentage incorporation imposed by thecurrent recommendation. Naturally, this extent limit needs to beconfirmed, for each individual case, by an SCC mix design study.
 Finally, the possibility to increase the use of recycled aggregatesvolume in self-compacting concrete may be regarded as a greatenvironmental and economical benefit.
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