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ABSTRACT

Concern for the environment has lately heighteneat@ness about the need for recycling in the
construction industry. However, some standardsy siscthe Spanish standard, only accept the
recycling of aggregates derived from concrete, Whiimits the extensive use of construction
and demolition waste, which are produced in mugigdyi volumes. The aim of this work was to
explore the possibility of using recycled mixed eggtes (RMA) in the preparation of precast
non-structural concretes. To that end differentg@etages of natural aggregate were replaced
by RMA in non-structural elements (25, 50, 75 aff%). Contents of cement, water, and the
dosages commonly used by companies were unchangddebintroduction of RMA. The

characterization of the prepared elements has thees using the specific tests for each type of
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non-structural element (terrazzo for indoor usdlokotiles, kerbstones and paving blocks):
compression and flexural strength, water absorpt@imensional tolerances, abrasion and
slipping resistance. The paving blocks, kerbstoaes, hollow tiles prepared were tested for
360 days. The stability of the tested propertiesfiomed the possibility of using these wastes
on an industrial scale satisfying the standardirements.

However, the surface of terrazzo with RMA is notgmd as that prepared with natural

aggregate.

Keywords: Mixed recycled aggregate, non-structural concrptecast concrete, mechanical

properties, water absorption.



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

1. INTRODUCTION

Recycling and reuse are becoming increasingly seacgsn today's world. The construction
industry, one of the greatest offenders in termgatiution, is starting to be concerned about the
issue. One of the main environmental problems ehbgecivil work and building construction

is the amount of construction and demolition waséeerial (C&DW) created every year, which
is deposited mainly in dumps. In addition to thiat; every new work huge amounts of
aggregate are required. A current trend to avadattcumulation and treatment of waste and to
reduce the consumption of natural resources netmguoduce the aggregate is the use of
recycled aggregates which retain the required ptegeof concrete. C&DW were used to
produce concrete and the mechanical propertieselisas the water absorption were measured
at 28 days (Medina et al., 2014), reaching the losien that regarding those properties the
produced concrete would be apt for housing constnicbut no measurment in the long term
was taken, and properties may change with timetdfiedt al., (2013) studied the influence of
the moisture in the recycled aggregates determifiagusing pre-wet or saturated surface-dried
aggregates improves the mechanical properties mezhati 28 days, but again no measurement
is made in the long term. This works deal with k&bory prepared samples also, and no
especific use is thought for the prepared concsatmples. Other works determine the
mechanical properties after one year (Thomas et2@ll4) but samples are prepared in the
laboratory and some factors, such as w:c raticchamged, fact that could be a problem when
trying to manufacture concrete at an industrialescehe measurement of the evolution of the
properties required for the constructive use ofgttepared elements is very important, because
it shows the tendency, tha in case of being a dsurg tendency will not guarantee the
properties in the long term.

Directive 2008/98/CE about wastes (European Pagiim2008) states the necessity of
reducing the use of natural resources and the foeedcycling. It predicts that by 2020 70% of

the C&DW generated should be reused, recycled ssgksaed.
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By means of processing C&DW, recycled aggregatesohtained. Depending on their original
waste material, recycled aggregates could be ctmoreramic or a mixture (recycled mixed
aggregate, RMA). RMA constitutes around 80% of C&R&gional government of Madrid,
2012). It comes from building demolitions and camtaa wide range of materials, such as
concrete waste, pavement material, ceramic prodacts, in lower gquantity, other materials
such as gypsum, glass, wood, etc. A paper recenttlished (Rodriguez et al., 2015) studies
the real situation of the reusing of C&DW in Spdogused on the work of the recycling plants,
and on the role of the Spanish Goverment . Onéhefconclusions of the work is that the
government’s role should be more active promotimg teusing of C&DW. Present work is
focused to explore the possibility of using thesestes at industrial scale for some constructive
elements, and could help to enhance the cleantiigkis

Efforts have been made on the study of reusing C&MMNobtain different constructive
elements. Some studies (Sousa et al., 2003; Yamad},e2011) have shown that, in elements
made of vibro-pressed precast concrete, such akstir pavement blocks, the use of concrete
recycled aggregates, in fine fraction as well aare® fraction, the substitition of natural
aggregate by RMA up to 50% or 60%, had no strdfece Other studies have analysed the
behaviour of concrete pavements made with ceragugcted aggregates. It was observed that
increasing the percentage of substitution decresseagth, density and abrasion resistance.
However, these works show that, up to a substiupercentage of 32.5%, the criteria
established by Regulation EN 1338 on pavement black fulfilled (Jankovic et al., 2012).

A comparison has been made between the perforn@nggecimens of non-structural precast
concrete for pavements (blocks), some of them withcrete recycled aggregates and others
with ceramic recycled aggregates. The results stimt with ceramic recycled aggregates
density and compressive and tensile strength deereand the level of water absorption
increases because of the higher absorption of vegteeramic materials used. The substitution
of 25% of concrete aggregrates with ceramic reclyelggregates produces pavement which

fulfils the Hong Kong regulation on traffic aredopn and Chan, 2006).
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Soutsos et al. (Soutsos et al., 2011) showedttlzapossible to produce concrete for pavement
blocks using concrete and ceramic recycled aggesgatth similar mechanical properties to
those of natural aggregrate, without any need toease the amount of cement. Even tough
some works replicated the industrial procedure liabaratory (Soutsos et al., 2011), no one of
these elements were produced at industrial scatktte properties were measured at a given
age (in general 28 days), leaving the uncertairitthe evolution of the behavior of the
properties due to the presence of recycled aggregat

There are not many studies on the use of RMA ingtarctural vibro-pressed precast concrete
(Lépez Gayarre et al., 2013; Poon et al., 2009cofding to the results obtained in these
studies, compressive strength, or resistance, ancétse of vibro-pressed elements, decreases
whenever the proportion of RMA increases, bothdoarse fraction and for fine fraction. The
loss of resistance is higher when the water/cemaitt is lower (Chen et al., 2003; Mas et al.,
2012hb), or if concretes with higher strength aredugMas et al., 2012a). Regarding the
influence of recycled coarse and fine fraction, addition of fine aggregates causes less loss of
strength with low substitution percentages. Newess, for higher substitution percentages, the
loss of strength is equal . Other authors (Lovatal.e 2012) have found that a 100% recycled
fine fraction substitution causes an 18% decreasesistance. This decrease is lower with a
100% coarse fraction substitution (24% decread®cause of the difficulties of compacting
when ceramic coarse aggregates are used. The dse dfaction is also discussed by other
authors (Evangelista and de Brito, 2007). Howewdher studies on recycled concrete with
subtitutions of concrete fine recycled agreggatendit obtain satisfactory results (Etxeberria et
al., 2007; Gonzalez-Fonteboa and Martinez-Abel@82. Because of these differences, the use
of fine fraction in the future should not be dissad, but more research on it is needed.

The results of flexural strength and tensile sttierage contradictory. Some studies state that the
addition of RMA causes a reduction of strength @tovet al., 2012; Mas et al., 2012a, 2012b),
caused by a higher porosity of recycled aggregates the presence of ceramic materials.
Nevertheless, other researchers find that recyelggregates does not have an important

influence on tensile strength (de Brito et al., 200’hey state that their addition improves the
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tensile strength in relation to the use of conwaral concretes, except in the case of 100%
substitution (Etxeberria et al., 2007), despite fiduet that recycled aggregate is usually more
fragile than natural aggregate.

Because of the lower density of recycled aggregatescretes made with RMA show lower
densities than reference concretes. Recycled denalesorbs more water, as can be expected
from the density data. This property increases rifdiee recycled aggregates are added than if
the replacement is made by coarse recycled agge¢atvato et al., 2012; Sousa et al., 2003).
Slipping resistance of recycled concretes presasradictory results. Yang et al. found that,
using recycled aggregates, mainly concrete wasie, stipping resistance improved with
increasing substitution percentage (Yang et all,120Conversely, Poon and Lam stated that
using recycled aggregates from concrete and glassevdid not change the slipping resistance
(Poon and Lam, 2008).

The resistance to abrasion decreases with the magme of substitution by ceramic recycled
aggregate (Jankovic et al., 2012). The use of RMésgnts the same tendency: it keeps its
values with 20% substitution, and the resistancabi@sion decreases with 40% substitution
(Mas et al., 2012b). Some researchers have obséraederamic aggregate is harder than the
rest (Mas et al., 2012b; Poon and Lam, 2008).

This work is focused on the possibility of usingaarse fraction of RMA in the production of
elements made of vibro-pressed precast concretbstomes, pavement blocks, terrazzo and
hollow tiles. In order to study how RMA affects thmoperties of these items, different
substitution percentages have been used, testinigfitence in terms of resistance, bending
strength, water absorption, density, abrasion, dimbing resistance. The results seem to be
promising as regards the use of mixed recycledeagdes at industrial scale, since all elements
were produced in real industries, with their tedbgg and using the dossages provided and
employed by the companies; few works cover thigmss way to reuse big amounts of C&D
wastes. Also, in this work several properties hbeen measured up to one year after their
preparation. The measurements have been madedh ttteeguaranty that these products have

for using according to the Spanish and Europeardatary Standards. These results guarantee
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that changes in properties are not important aray ttill fulfil the required standards,

independent of the age of the prepared element.

2.MATERIALS

Two different types of concrete were used, but veithilar characteristics. For terrazzo and
hollow tiles, CEM Il A-LL 42,5 R concrete was usadcording to the Spanish Standard
(AENOR, 2000). On the other hand, for kerbstoned pavement blocks, a CEM | 42.5 R
concrete was used. No additive was used in any unit

As natural aggregate, crushed limestone was userlaggregates used for terrazzo and hollow
tiles were 2/6 mm coarse aggregate and 0/4 mmaiggeegate. For kerbstones and pavement
blocks, the coarse aggregate was in the rangel@frim and the fine aggregate in the range of

0/4 mm.
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Fig. 1. Granulometric analysis of fractions 0/4, 5/12, 68n natural aggregate and RMA.

The natural aggregates were replaced by recyclecednaggregate (RMA) in different
percentages. Fraction 5/12 mm was used in kerbstaneg pavement blocks, whereas fraction
2/6 mm was used in terrazzo and hollow tiles. Eighows the granulometric distribution of
both RMA fractions, as well as the amount thataegetl natural aggregate. It can be observed
that fraction 2/6 mm has a higher content in batiarse particles (4-6 mm) and fine particles as

compared with natural aggregate and 5/12 mm redyatggregates show a lower content of



187 particles between 6 and 10 mm as compared withralatiggregate. The use of fine recycled
188 aggregate was ruled out at the beginning of thdystSome studies state that the use of this
189 aggregate increases the water absorption from lextymoncrete more than the use of coarse
190 aggregate (Lovato et al., 2012; Sousa et al., 2008 value of this parameter is limited for
191 kerbstones, pavement blocks and terrazzos (AENOBG,20044a, 2004b).

192 Results of RMA characterization tests are showifable 1. Comparison of the results with
193 Spanish Standard EHE-08 limitations for concreteyeked aggregates shows that the main
194  properties are not fulfilled by sulphates and fimamtent. Both aggregate fractions presented a
195 similar composition, as they came from the same @&bhaterial supply. The composition
196 determination test (Table 2), performed accordmdJNE EN 933-11, shows that 74.3% of
197 RMA used was made of unbound aggregate or nattwaksThe rest, 25.7%, was made of

198 other materials.

199 Table 1. Results of RMA characterisation.
2/6
Test 5/12 mm EHE-08
mm
2.4
Density (UNE-EN 1097-6) 2.37 g/cm3 -
g/cm3
Recycled
aggregate +
Absorption (UNE-EN 1097-6) 470% 4.10%
Natural
aggregatec 5%
Resistance to fragmentation (UNE EN 1097 29 29 <40
Flakiness index (UNE EN 933-3) 12 14 <35
Sulphur content (UNE EN 1744-1) 0.18%  0.25% <1%

Acid soluble sulphates (UNE EN 1744-1) 0.52% 0.81% <0.8%
Water-soluble sulphates (UNE EN 1744-1) 0.22% 0.28% -

Organic matter content (UNE 103204) 0.31% 0.31% 1%
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! Coarse aggregate UNE-EN 1744-1

Table 2. RMA components. Fractions 2/6 mm and Sitr2

Test components UNE EN 933-11 (%)

Floating particles 0.6%
Other 0.5%
Concrete 11.8%
Unbound aggregate 74.3%
Masonry 5.6%
Asphalt 4.9%
Glass 0.1%
Gypsum 2.2%

In addition to the characterisation of fractionsSmm and 2/6 mm, during the year before the
tests samples were periodically taken from the #&8BR waste treatment plant in Cartagena
(Spain). The objective was to study the contentetain contaminants (Table 3), such as
sulphates or organic substances, which could atfsatrete properties negatively.

The content of organic matter causes some prohilette hardening process and loss in terms
of resistance values. Results obtained in the sssrgblow low values.

SO; content is limited to 0.8% in the EHE-08 standd@bncrete, 2008). This amount
corresponds to 1.72% of gypsum in the stoichiometinge. It was observed that all samples
presented a lower gypsum content than this maxinagoepted value. Nevertheless, some
researchers (Mas et al. 2012a), who collected sasipt three years (2007 to 2010), found that
the main properties which were not fulfilled werater absorption and sulphate content.

Table 3. RMA content.
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Sample
Sample 11/06/2010  Sample 08/10/2010
13/06/2011
Test Standard

0/40 0/3 0/40 0/80
0/3mm 0/40 mm
mm mm mm mm

Total amount of soluble
NLT 114 1.14% 0.47% 1.78% 0.80% 0.52% 0.02%
salts, including gypsum

NLT-

Gypsum content 1.13% 0.46% 1.41% 0.78% 0.51% 0.02%
115/99
UNE

Organic matter content 0.59% 0.15% 0.60% 0.17% 0.19% 0.36%
103204

3. EXPERIMENTAL SET-UP

3.1. Products and dosages

Four different types of elements were preparedazeo for indoor use, kerbstones, pavement
blocks and hollow tiles.

Terrazzo tiles were prepared as a two-layer uniasmeng 40x40x3.5 cm. Hollow tiles
measured 60x25x50 cm. Kerbstones meas8iki@x25 cm dimensions and 50 cm long were
prepared. Lastly, paving blocks measured 20x20x6Karbstones and paving blocks were also
prepared with the two-layer system.

A 2/6 fraction of RMA was used for terrazzos antidw tiles. In terrazzos, it was used only in
the surface layer, whereas in hollow tiles it wasdiin the whole unit. A 5/12 fraction of RMA
was used for kerbstones and pavement blocks. A &§ecm thick was used in kerbstones,
whereas a 5 cm layer was used in the case of pandioeks.

For all products, the initial dosage used was the commonly used by the manufacturing
companies. It was used as a reference dosage eneédhof the dosages were obtained just
changing of 25%, 50%, 75% or 100% of the volumenafural aggregate by RMA. An
exception was the case of indoor terrazzos, whété Replacements accounted for only 25%,

50% and 75% of the volume of natural aggregate.



234  All dosages are displayed in Table 4. The nomemtatised to identify each concrete makes
235 reference to its type: concrete with recycled aggtes (HR), or traditional concrete (HT),
236  which is the non-structural type, kerbstones (KERBvement blocks (P), hollow tiles (H) or
237 terrazzo for indoor use (T). Lastly, substitutioergentages of RMA are also displayed (0%,
238  25%, 50%, 75%, or 100%).

239 Table 4. Dosages used for the preparation of tifereint elements.

Effective Nat. Agr. Nat. Agr. Nat. Agr. Nat. Agr. Rec. Agr. Rec. Agr.
Slump Cement

Mixture water 5/12 4/8 0/4 0/3 5/12 4/8
(em)  (kg/m’) (kg/m’) (%) (%) (%)’ (%)’ (%) (%)
HT-KERB-0% 0 360 162 33.00 67.00
HR- KERB-25% 0 360 162 24.75 67.00 8.25
HR-KERB50% O 360 162 16.50 67.00 16.50
HR-KERB-75% 0 360 162 8.25 67.00 24.75
HR-KERB-100% O 360 162 67.00 33.00
HT-P-0% 0 360 162 33.00 67.00
HR-P-25% 0 360 162 24.75 67.00 8.25
HR-P-50% 0 360 162 16.50 67.00 16.50
HR-P-75% 0 360 162 8.25 67.00 24.75
HR-P-100% 0 360 162 67.00 33.00
HT-H-0% 0 320 120 40.00 60.00
HR-H-25% 0 320 120 30.00 60.00 10.00
HR-H-50% 0 320 120 20.00 60.00 20.00
HR-H-75% 0 320 120 10.00 60.00 30.00
HR-H-100% 0 320 120 60.00 40.00
HT-T-0% 15 360 276 56.00 44.00
HR-T-25% 15 360 276 42.00 44.00 14.00

HR-T-50% 15 360 276 28.00 44.00 28.00



HR-T-75% 15 360 276 14.00 44.00 42.00

240 1 The percentages shown are for the total aggregate

241

242  Dosages were calculated with the same quantityfetterze water used in the original dosages
243 from companies. The amount of water was modifiecbeding to the difference of the water
244 absorption level between RMA and natural aggregate.

245  During the production, it was checked that all thexes had the same slump cone as the
246 reference concrete. Once all the products were mhey were sent directly to the curing
247  concrete areas from companies, where they rem&neé8 days before being tested.

248 Terrazzos are formed by two layers: one from théasa and the one from the base. Both of
249 them are subjected to a process of vibration &ingt then a process of pressure. To produce the
250 surface layer, a fluid concrete is made (Fig. 2jisTconcrete is poured into a mould, and later
251 the base surface is added. The base surface ysraatderial with a rough finish. The difference
252  of water content level between both layers allotsirt union. The reason is that the base
253 absorbs the water excess from the surface laydeiprocesses of pressing and hardening. The
254  aggregate used for the production of the base lay&10/3 sand. Fractions used for the surface
255 layer are a 0/3 sand and a 2/6 coarse fractiorth@dsise of a recycled aggregate fine fraction

256  was ruled out at the beginning of the study, 2/6/RNas used only in the surface layer.

257

258 Fig. 2. Manufacturef terrazzos. Fluid concrete for surface layer.
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Fig. 5. Manufacture dfiollow tiles.
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In order to produce kerbstones, pavement blockshatidw tiles, concrete was subjected to a
process of vibration and pressure at the same tinggde some metallic moulds. The

manufacture of the materials is shown in Figs., 2, 8nd 5.

3.2. Tedts

During the preparation of the elements in every mamy, tests were made to determine the
consistency of concrete according to the UNE EN50D23 standard (AENOR, 2009). In the
case of indoor floor tiles, samples were takendteinine the compressive strength at 28, 90,
180 and 360 days, according to the UNE EN 1239@3dsird (AENOR, 2001). The objective
was to study the effects of the addition of RMAtba strength of the weakest layer of the floor
tiles.

Mechanical properties of kerbstones, pavement Blodkrrazzos and hollow tiles were
determined by resistance and flexural strengtts tats28, 90, 180 and 360 days, according to
the UNE EN 1340 (AENOR, 2004b), UNE EN 1338 (AENGRO04a), UNE EN 13748-1
(AENOR, 2005) and UNE EN 15037-2 (AENOR, 2011) dtds, respectively.

In addition, tests were made on day 360 in ordeletermine the water absorption of pavement
blocks, kerbstones, terrazzos and hollow tiles matiog to the UNE EN 1340, UNE EN 13748-
1 and UNE EN 1338 standards, respectively (thixgutare was also used to determine the
absorption of hollow tiles).

Resistance to abrasion and slipping were determineklerbstones, pavement blocks, and
terrazzos at 360 days, following the procedure ritesd in the UNE EN 1340, UNE EN 1338,
UNE EN 13748-1 standards, respectively. In the cdderbstones and pavement blocks, wear
resistance (abrasion), as well as slipping resistawas determined in the inner face where
recycled aggregates had been used. The outer swt not tested since RMA were not used
in that part. Concrete density was determined aicgrto the UNE EN 12390-7 standard
(AENOR, 2001).

Dimensional tolerances were determined at 28 afdda§s, according to the UNE EN 1340,

UNE EN 13748-1 and UNE EN 1338 standards.
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Each test was performed on four samples at 28n8@&0 days, and on six samples at day 360.
The presented results are the mean values ofeathtasurements.

Lastly, mercury intrusion porosimetry (MIP) was dde analyse porosity and the pore network
structure of some of the samples. This techniqus @y used in concretes used for the
terrazzos, in order to explain the differences ketmthe results of the water absorption test and
the results for the rest. An AUTOPORE IV porosimdtem Micromeritics was used. It has
been widely explained in the literature (Cabezal e2002). Two samples were tested to check

the repeatability of the measurement.

4. RESULTSAND DISCUSSION

In this section the main results obtained usinghedlprocedures described before are presented
and analysed. In some plots, a discontinuous lpeears. It indicates the minimum value
required by the UNE EN 1338 and UNE EN 13748-1 daaths for pavement blocks and
terrazzos for indoor use. In the case of kerbstomey are classified as Class 2, according to

the UNE EN 1340 standard.

4.1. Compressive and flexural strength
The results of resistance for pavement blocks,dtertes, hollow tiles and terrazzos for indoor

use are displayed in Figs. 6-9.
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Fig. 6. Time evolution of the resistance of pavenidocks.

As could be expected, the increase of recycledesgge causes a loss of resistance. However,
in the case of pavement blocks and kerbstonesupeaddwith 5/12 coarse fraction, strength
decreases only when more than 50% of the aggregegplaced by RMA.

In the case of pavement blocks, the resistancesdses at day 90 is 25%, 21% and 29.5% for
substitutions of 50%, 75% and 100%, respectively.(B). For a 25% replacement of natural
aggregate by RMA, values show an increase of dinesigsome stages (day 28, 180, and 360).
This could be because of a higher percentage ofatgdl cement, caused by higher water
content. Vibro-compressed concretes usually haweloe water content, and a small excess of
water could affect the strength positively. As melgapavement block cross-sections (Fig. 10),
the higher compaction of the elements, and thed@eeosity for HR-P-25% is visible at naked
eye.

Minimum values of compressive resistance, requingdJNE EN 1338 for pavement blocks
(3.5 MPa), are only fulfilled by the reference cate and the substitution of 25% of RMA. No
similar studies were found about the use of mixeaycled aggregates in this context.

The data analysis shows that the loss of flexurahgth is, in the case of kerbstones, about

12% for substitutions by RMA of 50% and 75%, and624d for a 100% substitution (Fig. 7).
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However, 25% substitution does not cause any lbsesistance. The same was observed in
another study (Guzman, 2010), where substitutignsoub0% of RMA (5/10 fraction) caused
loss of resistance below 10%. The main composiioRMA used in that study consisted of:
51% unbound aggregate, 18.5% ceramic materials, @8f6rete. In another study (Lopez
Gayarre et al.,, 2013), 0/12 fraction of RMA (comifios: 1.33% asphalt, 17.67% ceramic
material, 9.33% concrete, 69% unbound aggregaB¥%2.other components) was used to
produce kerbstones. In that study, flexural stlevgas only affected with RMA substitutions
beyond 70%. A loss of 34% in strength with a 10084ARsubstitution was observed, which is
similar to the value obtained in our study. In &eotstudy (Kou et al., 2011), a loss in strength
of 35.7% for a 100% substitution of natural aggtegdy RMA coarse fraction was seen. RMA

composition was 74.6% concrete, 8.6% unbound agtgegnd 16.1% ceramic material.
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Fig. 7. Results for flexural strength of kerbstariéme evolution.

The comparison of the obtained results shows tletuuthbound aggregate is the component of
the RMA that has the most positive influence regaydnaintaining the mechanical resistance
of the elements. Concrete recycled aggregate caligefly higher losses of strength than the

unbound aggregate. The use of ceramic recycleceggtgs substituting for concrete recycled
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aggregates shows losses of strength because bifgther weakness of ceramic aggregates. This
result that had been obtained in laboratory temitdde expected.

A recent work also produced paving blocks and kertes (and concrete pipes) at industrial
scale but only measured the resistance lost ang8 ©zalp et al., 2016). In that paper authors
reach a maximum replacement of 40% of natural aggecby only coarse, or both coarse and
fine recycled aggregates. The nature of the C&DWasgiven. Authors report a decrease of
39% of the resistance when using 40% of coarsecletyaggregates, while in this work less
than 15% was lost for paving blocks or kerbstonitls a/50% of coarse recycled aggregate, and
the resistance of the elements with this percentd@@DW increased slightly with time. The
reason might be the nature of the recycled aggeedaigh percentage of unbound aggregates)
or the compaction method used for the elementsugeatiin this work (vibro-compressed).
Comparing results obtained with limits establisirethe UNE EN 1340 standard, all concretes
produced fulfil Class 1 (minimum resistance 3.5 ) Rad only the reference concrete and the
concrete with 25% RMA substitution fulfil ClassiGimum resistance 5.0 MPa).

Results obtained for the flexural strength of helldes show reductions, at 90 days, of 14%,
17%, 23% and 36% for 25%, 50%, 75% and 100% substiis, respectively (Fig. 8). A linear
loss of resistance is shown as the proportion ofARM substitution increases. This has been
observed in other studies (Guzman, 2010; Kou gp@l2; Leiva et al., 2013; Martinez-Lage et
al., 2012; Mas et al., 2012b; Sousa et al., 2088)sa et al. (2003) used 2.4/9.6 mm RMA
fraction, with a composition consisting of 75% cate and mortar, 15% bricks, 10% soil. The
objective was to produce concrete bricks, and gtrelosses of about 23% were obtained with

RMA substitutions of 40%.
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Fig. 8. Results for mechanical resistance in holiid@g. Time evolution.

According to article 36 of the EHE-08 standard ear filling elements for floor slabs, light
concrete hollow tiles must have a flexural resistahigher than 1.0 kN. This value was reached
in this study, regardless of the percentage of RMAd. This result is promising, and it could
signal a suitable use for RMA. In another studyp@s Gayarre et al., 2013), where RMA was
also used to produce hollow tiles, the authors lcalea that hollow tiles can be obtained by
100% recycled agreggate, since the requirementgided in the UNE EN 15037-2 standard
are fulfilled.

In terrazzos for indoor use, the flexural strergftier 90 days decreased on a percentage of 12%,

14% and 25.5%, for substitution degrees of 25%, 80%75%, respectively (Fig. 9).
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Fig. 9. Results for flexural strength in terrazZbisne evolution.

Fig. 10. Pavement block cross-sections.

Some samples were also prepared for compressigagsir testing, and the results obtained
showed a higher resistance loss compared with féstrength results (Fig. 11). The decrease,

in percentage terms, on day 90 was 34%, 35% and, 44%esponding to the substitution
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percentages of 25%, 50% and 75%, respectively.eTt#erences among results are justified
because the most resistant part of the terrazzakeidase layer, which is formed by dry
concrete. Thus, the surface layer, made with ftaidcrete and where RMA were used, has less

influence on flexural strength in terrazzos.
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Fig. 11. Results for compression strength in texwaamples. Time evolution.

If the evolution of strengths for different precasments is analysed, it can be observed that
decrease of strength caused by the use of RMAgkehiafter 28 than after 360 days, for
substitution percentages of 75% and 100%, in tise c& pavement blocks. In kerbstones, the
compressive resistance decreases more after 28tayafter day 360 for RMA substitutions
of 25%, 50% and 100%. The same result is obsemvedllf substitution percentages in the case
of hollow tiles and terrazzos, with the exceptidnsabstitution of 75% in terrazzos. This
confirms that the acquisition of strength is slovileRMA is used. This phenomenon was
observed by other authors (Mas et al., 2012a, 20¥bregards the fine content of recycled
fractions of 2/6 (hollow tiles and terrazzos) antizsmm (pavement blocks and kerbstones), the
2/6 mm fraction has a content of fines 4% highantthe 5/12 mm fraction (8% against 4%).

According to the results obtained by Mas et al1@f), the evolution of strength of concrete
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produced with RMA fine fractions is slower, becaitseould retain some non-hydrated cement
mixed with fine. The same result was reported iarifelista and de Brito (Evangelista and de
Brito, 2007), where concrete recycled fine aggregatere used, and it was observed that the
mixtures with substitution percentages of 30 an@%Ghowed increasing resistance after 28
days, whereas the reference concrete stabilisedhthe of the resistance. In another study (Kou
et al., 2011), where concrete recycled aggregatgs wainly used, increases in compressive
strength and tensile strength after five years visegber for recycled aggregate concretes than
for natural aggregate concretes. According to thinas, recycled aggregate from concrete
enhances the microstructure of the aggregate-mpmitar area. This effect has been recently
reported by studying the microstructure of concptiluced using C&DW (Bravo et al, 2016).
The work shows the influence of the nature of #®ycled aggregate on the microstructure, and
the water absorption of concretes, and in the oasmsing fine aggregates. On the other hand,
coarse aggregates can, during the mixing processyla water. It is well known that the self-
curing mechanism in concrete has some relation thighabsorption and gradual liberation of
water (Dhir et al., 1998; El-Dieb, 2007), the hyttha level increases. It is possible that the
excess of water absorbed by the recycled aggreuateled in the mix was released gradually.
This would increase the amount of hydrated cememd, therefore, allow concrete to have a
slower gradual acquisition of mechanical resistai®mth hypotheses are possible but it is
difficult, given the present results, to decide ethis the more accurate. The determination of
the mechanism that causes this resistance incebasgd be studied with other techniques and
was not an objective of this study.

Once all the mechanical resistance have been ahlitsis possible to say that using C&DW
with higher quantity of unbound aggregates can e wat industrial scale, and no important
loose of resistance will happen in most elementgeting terrazzo until one year. The result is
very promising because it opens the field of thessie used (industrial scale) of C&DW in

non-structural elements with all the guarantiesrdutime.

4.2. Water absor ption
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In Fig. 12, results of water absorption obtaine@raB60 days are presented. According to the
figure, water absorption in recycled concrete iases with substitution percentage of RMA. An
increase of 10%, 16.5%, 14% and 27% was measurelibstitutions of 25%, 50%, 75% and

100%, respectively and in the case of pavemenkbloc

8- —m— Pavement Blocks|
—O— Kerbstone
—A— Terrazzo
7 —v— Hollow Tiles l

% water absorption

T T T T T T T T T 1
HT-0% HR-25% HR-50% HR-75% HR-100%

Fig. 12. Results for water absorption in pavemdotks, kerbstones, terrazzos for indoor use

and hollow tiles.

Water absorption in such precast elements is cel@teheir climatic resistance. According to
the UNE EN 1338 standard for pavement blocks,alteetes can be tagged as numberB8%(
water absorption), except for those that contai@%d0of recycled aggregate that should be
tagged as number 1. It has to be pointed out igatequirement of some climatic resistance for
pavement blocks depends on the country where déinelatd is used.

In kerbstones, a higher increase is produced fbstgutions which are above 50%. Results
show an increase of 12%, 12.5%, 26% and 41% fastution percentages of 25%, 50%, 75%
and 100%, respectively.

These results are concordant with the ones obtdige@uzman et al. (Guzméan, 2010). They
worked with an RMA 5/10 fraction (RMA main compagit: 51% natural or unbound

aggregate, 18.5% ceramic materials and 25% conaggeegate) to produce kerbstones with
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substitution percentages of about 30% and 50%. [Reshtained were very similar, with an
increase of about 15% of water absorption for babstitution percentages. Medina et al.
(Medina et al., 2014) obtained similar results. Tke of RMA (RMA main composition: 28%
natural or unbound aggregate, 5.30% ceramic m&terd®.33 asphalt material and 45.64%
concrete aggregate) in concretes at the replaceragatof 50% resulted in sorptivity of the
recycled concretes being 10 to 20% higher thanréfierence concrete. Sousa et al. (2003)
reached the same conclusion, using a RMA 2.4/a€tiém with a composition consisting of
75% mortar and concrete, 15% ceramic materialsl®9d soil. They obtained an increase of
15% of water absorption for 40% substitution petages. In this study a fine RMA 0/2.4
fraction was also used. It increased water absmrptonsiderably, reaching values twice as
large as the ones taken as reference, for RMA isuliish percentages of 60% and 70%.

The UNE EN 1340 standard for kerbstones makes #imee sclassification as the one for
pavement blocks. Therefore, kerbstones with suititit percentages of 25%, 50% and 75%
can be tagged as number <6%). In another study (Lopez Gayarre et al., 2088)en the
substitution percentage of RMA was above 50%, whfewater absorption were higher than
the established values of the EN 1340 standarkieidostones (tagged as number 2).

The results on hollow tiles tests showed an ineredsvater absorption of 16%, 17%, 26% and
37.5% for substitution percentages of 25%, 50%, @B%100%, respectively (Fig. 12).

Results for terrazzos show a different behaviomfrthe rest of the precast elements. The
increase of water absorption in terrazzos is omifceable in substitution percentages higher
than 75%. In order to analyse the reason for thesdts, porosimetry measurements were made
of samples obtained from the layer of terrazzopamed with RMA. The surface layer was
analysed, as it is the one that can absorb watehi$ case, it was also the surface layer that
contained RMA (Fig. 13).

The obtained results are coherent with water atisorpresults. It can be observed that
concretes produced with 25% of RMA have lower tgilosity and a higher amount of pores
of smaller size. Reference concretes and 50% RM®&retes present a higher quantity of pores

of a larger size. There is a peak in pores whoamelier is around 1000 nm, which was not
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found in the porosimetry of concrete with 25% RM@oncretes with RMA substitution
percentages of 75% clearly show a higher numbkrgér pores.

The difference among terrazzos and the rest optbeast elements, where an increase of water
absorption was observed with increasing RMA sulitstin, could be caused by better
compression (during production) and higher fluximghe case of 25% RMA. A decrease in the
number of pores with diameters between 300 and 2000approximately, if HR-T-25% is
compared with the reference one (HT-T-0), can le&.s€his could be caused by a small excess
of water, which facilitated the development of arenoompact microstructure, as indicated by

the slightly lower total porosity.
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Fig. 13. Mercury porosimetry: terrazzos. Surfagetavith RMA.

Lastly, if UNE EN 13748-1 is revised, the maximubmsarption from terrazzos must be 8%.

This value is fulfilled for every substitution pertage of recycled aggregate (Fig. 12).

4.3 Abrasiveresistance
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Abrasive resistance of pavement blocks and kerbstimsimilar to the resistance of reference

concretes up to substitution percentages of 75%iskece to the abrasion decreases for

substitution percentages of 100% (Table 5). Howemer change in this parameter for any

substitution percentage in the case of terrazzasokaerved. Other researchers found that the

use of RMA madifies abrasive resistance with stitstin percentages above 40% (Mas et al.

2012h).

Low abrasion resistance in kerbstones and pavebiecoks is justified: this test was made in

their base layer, because it was the one with RMA.

Table 5. Density, slipping resistance and abrassestance after 360 days

Mixture Density Slipping resistance Abrasive wear
g/em? mm
HT-KERB-0% 2.30 82 30
HR- KERB-25% 2.28 71 30
HR- KERB-50% 2.24 64 31
HR- KERB-75% 2.21 70 315
HR- KERB-100% 2.13 75 36.5
HT-P-0% 2.15 91 29
HR-P-25% 2.15 95 26
HR-P-50% - 87 31.5
HR-P-75% 2.02 94 34
HR-P-100% 2.01 89 33
HT-H-0% 2.25 - -
HR-H-25% 1.96 - -
HR-H-50% 2.01 - -
HR-H-75% 1.90 - -
HR-H-100% 1.93 - -
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HT-T-0% 2.26 110 19

HR-T-25% 2.32 96 17
HR-T-50% 2.31 101 21.5
HR-T-75% 2.29 99 17

4.4 Slipping resistance

Slipping resistance of recycled concretes doegregent significant differences in relation to

reference concretes in kerbstones, pavement bldudgw tiles and terrazzos. Therefore,

recycled aggregates seem to have no influenceispibperty (Table 5). The same conclusions
were drawn in another study (Poon and Lam, 2008)pagh in that case recycled aggregates
from concrete and glass waste were used. In anasthdy, where recycled aggregates from
concrete waste were mainly used, slipping resistanproved with substitution percentage

(Yang et al., 2011).

4.5 Density

Because of the lower density of RMA in comparisdthwatural limestone aggregates used in
the study, density from kerbstones, pavement blackkhollow tiles is reduced with the use of
recycled aggregate. This was observed in otherestud@ravo et al., 2015; Jankovic et al.,

2012). Nevertheless, density in terrazzos is sirfilaevery concrete produced (Table 5).

4.6 Dimensional tolerances

Although results obtained for terrazzos are pramgisithe use of RMA in the surface layer
presents a very significant issue because of e percentage of defects which produce weak
zones in the surface layer. The surface in RMAataws is not as good as the surface of
terrazzos with natural aggregate. It would be egeng to study its incorporation in the base
layer. However, a coarse fraction of aggregateclwhias not been used yet, would be needed in

order to accomplish it.
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In general, the results obtained are promising, &y show that non-structural precast
concrete wall units, such as pavement blocks, kanles and hollow tiles, can be made by
adding RMA and using the same technigues and puoesds the ones used with these kinds of
products. In kerbstones, pavement blocks and wsazimensional tolerances were fulfilled
on days 28 and 360. After day 360, no superfigiatks appeared. This aspect is essential, since
elements produced at industrial scale seem to bawd properties even after one year. This
means that RMA could be introduced in the indudtsing able to guarantee the performance

of the elements.

5. CONCLUSIONS

The following conclusions can be drawn from thipenimental study:

-  RMA presents higher water absorption than natugdregates. This influences the
production methodologies, the water absorptionradpced concretes and the mechanical
resistance.

- Essential properties of pavement blocks, kerbstamelshollow tiles are retained until an
RMA substitution percentage of 25% is reached. Jurgace of terrazzos with RMA is not
as good as the surface of natural aggregates.

- Generally, the increase of recycled aggregate redioses a decrease of mechanical
resistance for both 2/6 and 5/12 fractions.

- These losses of resistance because of the use Af&R&lhigher at day 28 than day 360 for
most of the substitution percentages. This confitinag acquisition of resistance is slower
with the addition of RMA. This is possibly becauddhe presence of non-hydrated cement
mixed with RMA fine aggregates. Another hypothdsishat a self-curing effect could be
produced because of the initial water absorptiam técycled aggregates commonly suffer.

- Water absorption in recycled concretes increasts twe RMA substitution percentage. In
terrazzos for indoor use, the increase of waterorghion is only appreciable with

substitutions of about 75%.



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

- Slipping resistance of recycled concretes does pmesent considerable differences in
relation to slipping resistance of reference caiesre

- Abrasion resistance in the case of kerbstones anenpent blocks (recycled 5/12 fraction)
presents the same values in relation to abrasisistaace in reference concretes with
substitution percentages of up to 75%. Neverthglederrazzos where 2/6 fraction is used,

no significant resistance reduction for any subttih percentage was observed.

ACKNOWLEDGEMENTS

The authors of this study would like to thank thetituto de Fomento de la Regién de Murcia
for financing project 2009.03.ID+1.0065 in the Feamork Programmes for Research and
Technological Development. The ASTESA GR Company @ue Technological Centre of the
Construction of the Murcia Region (CTCON) parti¢gzhin this study. We would also like to
thank the Terrazos Gonzalez Navarro, Vigas Alemad 8ortubo companies for their

collaboration, as well as Manuel Iniesta Castiiodollaboration in the testing.

REFERENCES

AENOR, 2011. UNE-EN 15037-2:2011 sistema de forjdeaigueta y bovedilla. parte 2
bovedillas de hormigdn (precast concrete produlbtsam-and-block floor systems - part
2: Concrete blocks).

AENOR, 2009. UNE-EN 12350-2:2009 Ensayos de hormigésco. parte 2: Ensayo de
asentamiento (testing fresh concrete - part 2: Sitest).

AENOR, 2005. UNE-EN 13748-1 Baldosas de terrazdeph Baldosas de terrazo para uso
interior (terrazzo tiles - part 1: Terrazzo tiles internal use).

AENOR, 2004a. UNE-EN 1338 adoquines de hormigope@§icaciones y métodos de ensayo
(concrete paving blocks - requirements and teshouksi).

AENOR, 2004b. UNE- EN 1340:2004 Bordillos prefabdos de hormigon. especificaciones y
métodos de ensayo. (concrete kerb units - requitenaad test methods).

AENOR, 2001. UNE-EN 12390-7:2001 Ensayos de hormigigdurecido. Parte 7: Densidad



588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

del hormigdén endurecido (testing hardened conerpégt 7: Density of hardened
concrete).

AENOR, 2000. UNE-EN 197-1:2011. Composicion, ediagiones y criterios de
conformidad de los cementos comunes.

Bravo, M., de Brito, J., Pontes, J., Evangelista2D15. Mechanical performance of concrete
made with aggregates from construction and deranlitiaste recycling plants. J. Clean.
Prod. 99, 59-74. doi:10.1016/j.jclepro.2015.03.012

Cabeza, M., Merino, P., Miranda, A., N6voa, X.Ranghez, I., 2002. Impedance spectroscopy
study of hardened Portland cement paste. Cem. CResr 32, 881-891.
doi:10.1016/S0008-8846(02)00720-2

Chen, H.-J., Yen, T., Chen, K.-H., 2003. Use ofding rubbles as recycled aggregates. Cem.
Concr. Res. 33, 125-132. doi:10.1016/S0008-8846(0238-9

Concrete, P. comission for, 2008. Instruccion derigon estructural EHE-08(Structural
Concrete Instruction, EHE-08).

de Brito, J., Pereira, A.S., Correia, J.R., 2008cNanical behaviour of non-structural concrete
made with recycled ceramic aggregates. Cem. C@wnpos. 27, 429-433.
doi:10.1016/j.cemconcomp.2004.07.005

Dhir, R.K., Hewlett, P.C., Dyer, T.D., 1998. Meclems of water retention in cement pastes
containing a self-curing agent. Mag. Concr. Res850-90.

El-Dieb, A.S., 2007. Self-curing concrete: Watdengion, hydration and moisture transport.
Constr. Build. Mater. 21, 1282-1287. doi:10.10T6fbuildmat.2006.02.007

Espinar, X., 2009. Aportacion a la construcciortesuible: Prefabricados de hormigdn con
arido reciclado vibrocomprimidos. Demolicion y Reaje 21, 75.

Etxeberria, M., Vazquez, E., Mari, A., Barra, M)0Z. Influence of amount of recycled coarse
aggregates and production process on propertiecyptled aggregate concrete. Cem.
Concr. Res. 37, 735—-742. doi:10.1016/j.cemconr@3.B2.002

Evangelista, L., de Brito, J., 2007. Mechanicaldbébur of concrete made with fine recycled

concrete aggregates. Cem. Concr. Compos. 29, 397-40



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

doi:10.1016/j.cemconcomp.2006.12.004

Gonzalez-Fonteboa, B., Martinez-Abella, F., 200@detes with aggregates from demolition
waste and silica fume. Materials and mechanicgbgnties. Build. Environ. 43, 429-437.
doi:10.1016/j.buildenv.2007.01.008

Guzman, A. de, 2010. Estudio de las propiedadegafuentales de elementos prefabricados de
hormigdn no estructurales, con incorporacion daodrreciclados en su fraccion gruesa y
fina. (Study of the main properties of non-struatwoncrete precast pieces prepared with
fi.

Jankovic, K., Nikolic, D., Bojovic, D., 2012. Comte paving blocks and flags made with
crushed brick as aggregate. Constr. Build. Mai&r639-663.
doi:10.1016/j.conbuildmat.2011.10.036

Kou, S.-C., Poon, C.-S., Etxeberria, M., 2011.defice of recycled aggregates on long term
mechanical properties and pore size distributiooonfcrete. Cem. Concr. Compos. 33,
286-291. doi:10.1016/j.cemconcomp.2010.10.003

Kou, S.-C., Poon, C.-S., Wan, H.-W., 2012. Propertif concrete prepared with low-grade
recycled aggregates. Constr. Build. Mater. 36, 889
doi:10.1016/j.conbuildmat.2012.06.060

Leiva, C., Solis-Guzman, J., Marrero, M., Garciamas, C., 2013. Recycled blocks with
improved sound and fire insulation containing cangton and demolition waste. Waste
Manag. 33, 663—71. doi:10.1016/j.wasman.2012.06.011

Lépez Gayarre, F., Lopez-Colina, C., Serrano, MLApez-Martinez, A., 2013. Manufacture of
concrete kerbs and floor blocks with recycled agate from C&DW. Constr. Build.

Mater. 40, 1193-1199. doi:10.1016/j.conbuildmat2@01.040

Lovato, P.S., Possan, E., Molin, D.C.C.D., Masuér8,, Ribeiro, J.L.D., 2012. Modeling of
mechanical properties and durability of recycledragate concretes. Constr. Build.
Mater. 26, 437-447. doi:10.1016/j.conbuildmat.2061043

Madrid, R. government of, 2012. Plan De Gestiordrada De Los Residuos De Construccion

Y Demolicion De La Comunidad De Madrid (Plan foe tintegral Gestion of the



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

Construction and Demolition Wastes in the Comuaftiladrid).

Martinez-Lage, I., Martinez-Abella, F., Vazquez-té¢eo, C., Pérez-Orddfiez., J.L., 2012.
Properties of plain concrete made with mixed remydoarse aggregate. Constr. Build.
Mater. 37, 171-176. doi:10.1016/j.conbuildmat.20T72045

Mas, B., Cladera, A., Bestard, J., Muntaner, Dpdzx C.E., Pifia, S., Prades, J., 2012a.
Concrete with mixed recycled aggregates: Influesfdbe type of cement. Constr. Build.
Mater. 34, 430-441. doi:10.1016/j.conbuildmat.2022092

Mas, B., Cladera, A., Olmo, T. del, Pitarch, F.120. Influence of the amount of mixed
recycled aggregates on the properties of concoetedn-structural use. Constr. Build.
Mater. 27, 612—-622. doi:10.1016/j.conbuildmat.2061073

Medina, C., Zhu, W., Howind, T., Sanchez de Rdjas,, Frias, M., 2014. Influence of mixed
recycled aggregate on the physical — mechanicglgpties of recycled concrete. J. Clean.
Prod. 68, 216-225. doi:10.1016/j.jclepro.2014.02.00

Mefteh, H., Kebalili, O., Oucief, H., Berredjem, Brabi, N., 2013. Influence of moisture
conditioning of recycled aggregates on the proeeni fresh and hardened concrete. J.
Clean. Prod. 54, 282-288. do0i:10.1016/}.jclepro3203.009

Miguel Bravo, Anténio Santos Silva, Jorge de Britois Evalgelista, J. de B., 2016.
Microstructure of Concrete with Aggregates from &onction and Demolition Waste
Recycling Plants. Microsc. Microanalisys 22, 1497416

Ozalp, F., Yilmaz, H.D., Kara, M., Kaya, Gahin, A., 2016. Effects of recycled aggregates
from construction and demolition wastes on mectas@nd permeability properties of
paving stone, kerb and concrete pipes. ConstrdBuater. 110, 17-23.
doi:10.1016/j.conbuildmat.2016.01.030

Parliament, E., 2008. Directive 2008/98/EC on wé#laste Framework Directive) -
Environment - European Commission.

Poon, C.S., Chan, D., 2006. Paving blocks made neitjicled concrete aggregate and crushed
clay brick. Constr. Build. Mater. 20, 569-577. d6i1016/j.conbuildmat.2005.01.044

Poon, C.-S., Kou, S., Wan, H., Etxeberria, M., 20@@perties of concrete blocks prepared



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

with low grade recycled aggregates. Waste Manag2260—-77.
doi:10.1016/j.wasman.2009.02.018

Poon, C.S., Lam, C.S., 2008. The effect of aggestzatement ratio and types of aggregates on
the properties of pre-cast concrete blocks. CemcC€&ompos. 30, 283-289.
doi:10.1016/j.cemconcomp.2007.10.005

Rodriguez, G., Medina, C., Alegre, F.J., AsensipS&nchez de Rojas, M.l., 2015. Assessment
of Construction and Demolition Waste plant manageneSpain: in pursuit of
sustainability and eco-efficiency. J. Clean. P&f].16-24.
doi:10.1016/}.jclepro.2014.11.067

Sousa, J.G.G., Bauer, E., Sposto, R.M., 2003. Enrgeeresiduos de la construccion civil como
aridos reciclados. Produccién de blogues de homiigd Materiales de Construccion. pp.
59-70.

Soutsos, M.N., Tang, K., Millard, S.G., 2011. U$eezycled demolition aggregate in precast
products, phase Il: Concrete paving blocks. Coistild. Mater. 25, 3131-3143.
doi:10.1016/j.conbuildmat.2010.12.024

Thomas, C., Sosa, |., Setién, J., Polanco, J.Age6iada, A.l., 2014. Evaluation of the fatigue
behavior of recycled aggregate concrete. J. CRRand. 65, 397—405.
doi:10.1016/j.jclepro.2013.09.036

Yang, J., Du, Q., Bao, Y., 2011. Concrete with odeg concrete aggregate and crushed clay

bricks. Constr. Build. Mater. 25, 1935-1945. doiilX16/j.conbuildmat.2010.11.063



