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Abstract: This paper provides a systematic literature reyieased on the identification, ap-
praisal, selection and synthesis of the evidend®afpublications published over a period of
43 years from 1973 to 2015, relating to the effetctincorporating recycled aggregates,
sourced from processed construction and demolitiaste, on the modulus of elasticity of
concrete. It identifies various influencing aspewkated to the use of recycled aggregates
such as replacement level, size and origin, as agethixing procedures, exposure of the re-
sulting concrete to different environmental corais, use of chemical admixtures and addi-
tions, and development of the modulus of elastioigr time. A statistical analysis on the
collated data is also presented with the purposendérstanding the loss of modulus of elas-
ticity, based on quality and replacement leveleafycled aggregates. Furthermore, a relation-
ship between modulus of elasticity and compressivength, in accordance with existing

specifications for conventional structural concretealso proposed.

Keywords. Recycled aggregates, construction and demolitiastey concrete, modulus of

elasticity, prediction model.

1 Introduction

Over the last 100 years, the exponential growth@human population has led to a great expan-



sion of the construction industry. It embodies oh¢he largest and most active sectors in the
World, consuming more raw matter and energy thgno#imer economic activity. Consequently,

wastes produced by its activities comprise a ngadrof the overall amount of generated waste.

The increasing and unsustainable consumption afalaesources, as well as the excessive pro-
duction of construction and demolition waste (CDWjs been a cause of great concern for the
environment and economy. In order to reverse thiglf there have been several efforts to pro-
mote the ecological efficiency in the constructiedustry, one of them being the reutilization of
CDW in new construction. By doing so, besides desing the amount of waste mass sent to
landfills and the extraction of natural resourecesre value will also be added to these materials,
thus opening new market opportunities (Coelho an@ito, 2013a, b). Indeed, the results of a
life cycle assessment performed by Blengini ando@aro (2010) gave encouraging results in
terms of resources and from an environmental padiniew, in that recycled aggregates (RA)

play a key role in the sustainable supply mix @ragates for the construction industry.

The global market for construction aggregates was@ed to increase 5.2%/y until the current
year of 2015, up to 48.3 billion t (Freedonia, 2018 the USA, the Environmental Protection
Agency (EPA, 2014) estimated that the generatiaebfis, from construction, demolition, and
renovation of residential and non-residential bogd in 2003, was close to 170 Mt. According
to Eurostat (2015), the total amount of waste gerdrin the European Union, in 2012, was

over 2.5 billion t, 34% of which belonged to constion and demolition activities.

Bearing this in mind, the use of RA as replacenfennhatural aggregates (NA) in the pro-
duction of concrete has been considered one omttst efficient methods for recycling cer-

tain materials from CDW and thus contributing teajer sustainability in construction.

Research on this subject started with basic obsemgaon the effects of using recycled concrete

aggregates (RCA) on the compressive strength ofretan (Buck, 1973; Frondistou-Yannas,
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1977), as well as its economic feasibility (FrotalisYannas and Itoh, 1977). Since then, re-
search on recycled aggregate concrete (RAC) hammaeprogressively complex, introducing
several new variables, in which the durability4etaperformance has also been considered. The-
se more recent studies have generally shown andealithe mechanical and durability-related
performance, when compared to that of natural @géeeconcrete (NAC), with similar character-

istics (mix design, curing conditions, strengthss|aetc.).

The scope of this investigation was to bring togetanalyse and evaluate the published infor-
mation on the effect of RA on the modulus of etatstiof concrete. This property was chosen
because of its importance in designing structuseshie serviceability limit state, in which the

main focus is the control of crack widths and thatation of deflections. Contrary to compres-

sive strength of RAC, which can be easily offséagi® number of methods, investigation con-
cerning the modulus of elasticity suggests thgeiterally strongly decreases with increasing RA
content. This means that, even when the compressiegth of RAC is equivalent to that of a

conventional concrete, its modulus of elasticitgaserally lower, and therefore the deformations
are higher, which is a source of distrust and #actfe barrier to using RA in concrete, thus pre-
venting the positive environmental impacts of raégycumped materials and at the same soil
dilapidation in stone quarries. A comprehensivéssiizal analysis on the relationship between
the modulus of elasticity and compressive strenfffRAC was also made, in order to establish

accurate correction factors that can be easilyie@pply professionals in the construction industry.

2 Methodology

A very specific strategy was followed in the pregiemm of the systematic literature review
provided in this paper. First, an initial list ofifdications was collected, based on various
factors: relevance of the title in relation to theme; aggregate type and aggregate size; and

accessible data for statistical analysis.



Considering the vast number of publications, itdmee apparent that a full analysis of each
publication would become an overly time-consumingcpss. Therefore, an initial appraisal
became necessary in order to establish which opdidications were worth pursuing, based

on the quality of their information.

For each publication collected, an expedient aimakyas made in order to establish the rele-
vance of its contents to the investigation, as aglthe tests performed, main results and con-
clusions. This information was then properly idBeti and transcribed into a spreadsheet,

containing various topics of interest for all pablions.

As each publication was individually assessed réhevant data regarding the production of
recycled concrete (i.e. aggregates used, mix desiging conditions, compressive strength
and modulus of elasticity at various ages, etcrevedso collected. This information was then
submitted to a statistical analysis in order t@lelsth a relationship between the modulus of

elasticity and compressive strength of RAC.

Afterwards, an initial table of contents was pragbso serve as a guide for the following
investigation. This allowed a comprehensive expionaof the existing information on sev-

eral factors relating to the use of RA in the moduwf elasticity of concrete.

When writing this paper, the key points were regddfom the analysis, evaluation and re-
packaging of data. This allowed drawing severalctgions on the effects of using RA on
the modulus of elasticity, as well as the propaga simple approach to predict the perfor-

mance of RAC, and thus facilitate its use in carcdton applications.

3 Recycled aggregates from construction and demolition wastes suitable for the pro-
duction of structural concrete
According to existing specifications (BRE, 1998;-8%0, 2006; DAfStb, 1998; DIN-4226,

2002; EHE-08, 2010; LNEC-E471, 2006; NBR-15.1160200T-70085, 2006; PTV-406,
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2003; RILEM, 1994; TFSCCS, 2004; WBTC-No0.12, 20@R¢re are three main types of mate-
rials arising from CDW, which, after being subjette proper beneficiation processes in certi-
fied recycling plants, are suitable for the produtiof structural concrete; these materials are
crushed concrete, crushed masonry, and mixed demnotiebris. The composition of these

materials may be found in Table 1.

4 Influencing factorson the modulus of elasticity of recycled aggregate concr ete

The modulus of elasticity of concrete is known &ifluenced by the cement paste, the ag-
gregate’s nature, the interfacial transition zdid&) and the compacity of concrete (Neville,
1995). Like other properties, the modulus of etdtstialso depends on the age of concrete, as

a result of the cement paste stiffening over time.

The literature review has shown that there are tess ways of designing and producing
concrete using RA. It was the authors’ aim to idgreind appraise the main issues related to
the use of RA, which may affect the modulus of tetég of concrete. These factors were: the
replacement level of RA; the aggregates’ size amality; mixing procedure; curing condi-

tions; chemical admixtures and additions contemd; &ge of concrete.

4.1 Recycled aggregate replacement level

The collected literature unanimously suggests tthette is a decrease in the modulus of elas-
ticity as the replacement level increases, provithed every other parameter related to the
mix design is constant. This loss is directly agsied with the lower elastic modulus of RA,

which consequently governs the modulus of elagtafithe resulting concrete.

The use of up to 30% of RCA has been considerédvte minimal effects on the modulus of
elasticity (Dhir et al., 1999; Dhir and Paine, 20Q#mbachiya et al., 1998). However, when
100% coarse RCA are used in the production of RIA€ modulus of elasticity may fall by

as much as 20% to 40% (Frondistou-Yannas, 1977sétamnd Boegh, 1985; TFSCCS,
5



2004; Xiao et al., 2005).

The effect of using 20% coarse RA, with varying RMAd RCA content, was studied by Dhir
and Paine (2007). It was found that a RA blend aseg of only RCA caused minimal effects
on the modulus of elasticity (Figure 1a). Howewr,the RMA content increased in the MRA
blend, the modulus of elasticity decreased. Thiecefvas noticed by Gomes and de Brito (2007,
2009), who have also studied the effects of usingeasing amount of MRA, with varying RCA
and RMA contents, on the performance of concretgir€ 1b shows that for the same replace-

ment level, there is a greater loss in the modofiedasticity as the RMA content increases.

The decline in the modulus of elasticity is heigie# by the increasing amount of contami-
nants, such as plastic, rubber, soil, wood, whrehlightweight constituents, and also bitumi-
nous materials. Studies on the effect of usingtigldBerreira et al., 2012; Silva et al., 2013)
and rubber (Bravo and de Brito, 2012; Valadaresal.et2012) on the properties of concrete
showed clear losses in the compressive strengtimaadius of elasticity and also resulted in
decreasing performance in durability-related progerlt is possible to minimize these mate-
rials in processed CDW using wet separating teclasgwhich are effective to remove

lightweight contaminants (Rodrigues et al., 20B®search carried out on the introduction of
increasing contents of asphalt-based aggregatese@aimed asphalt pavement - RAP)
showed worrying losses in the compressive streagth moduli of elasticity (Huang et al.,

2006; Huang et al., 2005). The use of 100% coarde IRd to an almost 80% decrease in the
modulus of elasticity. This can be explained by éRestence of an impervious bitumen film

in the ITZ between the RAP and the cement pasts, ppreventing an effective bond between
them. This reduction can also be explained by ¢iss ktiff asphalt film around the RAP, in

comparison to the concrete matrix and NA. Therefaretrong bond cannot be established
between inorganic phases (cement and aggregatedrgadic phase (asphalt) in concrete

containing RAP. However, research on the influemicesing RA from crushed glass (Serpa
6



et al., 2015; de Castro and de Brito, 2013), whgloften considered as a contaminant,
showed that replacing a small amount of NA withsthenaterials may lead to similar and

even slightly higher moduli of elasticity when coang@d to that of the NAC.

Derived from the results of 476 concrete mixes, enaith RA of different size, type and
origin, sourced from 35 publications, Figure 2 shdhe relative moduli of elasticity of con-
crete with varying RA content. This figure showattthe minimum relative modulus of elas-
ticity for RAC with 100% coarse RA content was ardul0% lower than that of the corre-
sponding control concrete, which is in agreemenh wther findings (TFSCCS, 2004). An
analysis of the upper and lower limits of the 958ffaence interval shows that there is a
probability of 95% that RAC with 100% coarse RA tant may exhibit moduli of elasticity

between 0.97 and 0.52 times that of the control NAC

The scatter of the results plotted in Figure Zhes dutcome of the combined effect of the large
number of variables involved with the RAC, as poely stated. Contrary to what would gen-
erally be expected, it can also be seen from Figutiegat some RAC results are higher than
those of NAC. Generally, this comes as a resulisiig RCA sourced from concrete with

greater strength and stiffness in the productiotootrete with lower mix design strength.

4.2 Recycled aggregate size

The type of crushing devices used to break dowgelapieces and the number of processing
stages influence the size and shape of the regwtgregates. The recycling process normal-
ly uses primary and secondary crushing stagescdashers, which are typically used in the
primary crushing stage, provide the best grain-dis&ibution of RA for concrete produc-
tion. A second crushing usually leads to rounder lass angular particles. It was found that
it reasonably easy to produce good quality coagsgegates that meet the size specification

range by simply adjusting the setting of the crusiperture (Hansen, 1992). However, it was
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found that during the production of fine RA, theerd to become coarser and more angular
than any of the standard sands used in the prastuoficoncrete (Lamond et al., 2002) due

to the existence of hardened cement mortar pasticle

Studies (Corinaldesi, 2010; Debieb and Kenai, 2608ng et al., 2006; Kenai et al., 2002;
Teranishi et al., 1998) have shown that fine RAdtemcause a higher fall in the modulus of
elasticity than the coarse fraction. This effecinignsified when both coarse and fine frac-
tions are used (Chen et al., 2003b; Debieb andiK2@@8; Maruyama et al., 2004; Teranishi

et al., 1998; Yanagi et al., 1998).

Gerardu and Hendriks (1985) found that, while tee af coarse RCA caused a maximum
loss of 15% in the modulus of elasticity of coneret 40% reduction was found in the same

property when replacing sand by fine RCA.

Debieb and Kenai (2008) studied the effect of usm@yse, fine and both fine and coarse RMA,
obtained from crushing bricks, on the propertiesasfcrete. The authors observed a reduction of
up to 30, 40 and 50% of the modulus of elastigilyen the coarse, fine and both coarse and fine

fractions, respectively, were used as full replaa@of the corresponding NA size fractions.

However, it was found (Evangelista and de BritdQ20yang et al., 2008) that it is possible
for RAC mixes produced with fine RCA to presentitimdecreases in the elastic moduli as
mixes made with coarse RCA. In one of these studigangelista and de Brito, 2007), the
authors observed that, when using 30% fine RCAefdace sand, minimal effects were no-
ticed on the modulus of elasticity (4% decreases)fdk concrete mixes with 100% fine RCA,
a loss of 18.5% in the modulus of elasticity wagistered. Similar effects were noticed by

Ravindrarajah and Tam (1987).

Figure 3 presents the results of a study (Yangl.e808) on the effects of using either



coarse or fine RCA on the modulus of elasticitycohcrete. Concrete mixes produced with
100% fine RCA exhibited a loss of nearly 25% in thedulus of elasticity, whilst mixes

produced with coarse RCA-1 at the same replaceleesitshowed a near 10% decrease.

Nevertheless, the authors of another study (Limilgackt al., 1998) suggested that by simply
adjusting the w/c ratio it is possible for RAC nmext® achieve compressive strength and modu-
lus of elasticity equivalent to those of a corresping NAC. In this study when 100% coarse
and 50% fine RCA were used in the production ofccere, a correction factor of 0.93 was

applied to its w/c ratio to achieve mechanical geniances equivalent to corresponding NAC.

4.3 Quality of theoriginal material

As mentioned, the modulus of elasticity mainly dejseon the aggregates and cement paste,
specifically on their nature, as well as their bamdl arrangement. In comparison to NA, RCA
are less stiff due to the presence of old cementamevhich has higher deformability than stone.
Consequently, concrete produced with increasinijacement levels of RCA and relatively high
mortar content has decreasing moduli of elastiasypointed out in section 4.1. However, the
amount and quality of old mortar may vary signffita depending on the recycling processes
used and strength of the original materials. Tloeegfit is only natural that RA’s with varying

quality are capable of producing concrete mixeh diiferent elastic moduli.

Figure 4a presents the moduli of elasticity of eete with different target strength produced
with RCA sourced from materials with varying strénglasses (Hansen and Boegh, 1985). It
is clear that RCA, from low strength concrete mater{RAC-L) caused a greater loss in the

modulus of elasticity than when using RCA from hggrength concrete (RAC-H).

In another study, Kou and Poon (2008) evaluatecetfeet of incorporating increasing RCA
contents from different sources on the moduludastieity of concrete. Based on its composi-

tion, oven-dried density, water absorption andstasice to fragmentation, RCA-1 was consid-
9



ered to have the closest characteristics to thb®&Ap followed by RCA-3 and RCA-2. The
incorporation of 100% coarse RCA-1, RCA-3 and RCledto modulus of elasticity decreas-
es of 17%, 19% and 22%, respectively. This clesitlywed a correlation between the decreas-

ing quality of the three RA and the decreasing ralaf elasticity of mixes containing them.

Figure 4b shows the results of a more recent ff@dyzalez and Etxeberria, 2014), in which the
authors analysed the influence of adding RCA, froaterials with different known strengths, on
the properties of concrete with a target strenft06 MPa. All mixes showed decreasing modu-
lus of elasticity with increasing RCA content. Hax@g this decrease was governed by the quali-
ty of the original concrete. The use of 100% co&6&A sourced from 100 MPa concrete caused
a reduction of 9% on the elastic modulus, whilsewhising the same amount of RCA from 60

MPa and 40 MPa source concrete this decrease #&8©&nd 26%, respectively.

Bogas et al. (2015) studied the influence of addiiftgrent replacement levels of RA ob-

tained from crushed structural and non-structugddtiveight concrete. The results showed
that as the RA content increased, the modulus asftielty also increased. Although these
results contradict the rest of the literature reyig has a very simple explanation. Since the
RA used in this study consist of a mixture of olthered mortar and expanded clay light-
weight aggregates, its resulting stiffness is higtian that of the lightweight aggregates

alone, thus resulting in RAC with higher moduliedésticity.

Yang et al. (2008), besides studying the effectssofg either coarse or fine RCA on the modu-
lus of elasticity of concrete, also studied thduieice of their quality. Figure 3 shows that
coarse RCA-1 were capable of producing RAC witratgnemodulus of elasticity than coarse
RCA-2. This can be explained by the presence oéatgr amount of cement mortar adhered to
the surface of RCA-2, in comparison to RCA-1. Amotinteresting aspect found in this re-

search is that, even though the literature revieggssts that fine RA tend to have a greater
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influence on the modulus of elasticity, mixes proetl with coarse RCA-2 and fine RCA

showed similar losses in their moduli of elasticBy analysing the RA’s physical properties, it
was found that these exhibited similar oven-driedsities and water absorption values. As
demonstrated in other studies (Silva et al., 20b4ait is expected that concrete mixes pro-

duced with two different RA presenting similar peoies exhibit comparable performance.

4.4 Influence of the mixing procedure

For conventional concrete mixes, it is normal foe producer to mix aggregates in a dry
state, since their water absorption is generalty V@v (normally between 0.5% and 1.5%),
and therefore relatively little water is requireddompensate for the water absorbed by the
NA during mixing. However, for RAC mixes, one shiblde fully aware of the high water
absorption of RCA, due to the cement mortar adhtreis surface. Hansen (1992) suggested
that RA should be introduced in a saturated antheewdry condition. This prevents the RA
from absorbing the free water that lends workapild the mix. Throughout the literature
review, most researchers have produced RAC mixés prie-saturated RA, allowing the
production of RAC mixes with similar workability tihat of control mixes. More recently,
Etxeberria et al. (2007) suggested that RCA shbeldvetted, using a sprinkler system the
day before mixing, up to a recommended level of iditsn of 80%, whilst Mefteh et al.
(2013) suggested that RCA can be prepared by wgténem for 1 min. Naturally, it is also
possible to produce RAC mixes with increasing RAteat and with the same total wi/c ratio

as that of the control NAC, but this would leadass workable mixes.

As an alternative to pre-saturating RA 24 h pramtixing, Leite (2001) proposed the use of
a simple water compensation method that can be disedg concrete mixing. Since then,
several authors (Amorim et al., 2012; Barbudo gt2813; Evangelista and de Brito, 2007,

2010; Ferreira et al., 2011; Fonseca et al., 2MEHtias et al., 2013; Pereira et al., 2012a, b),
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who have used this method, produced RAC mixes mithmum strength loss and equivalent
workability to that of the control concrete, redass of the replacement level. This method
consists on the use of additional mixing water,clitgorresponds to the amount absorbed by
RA, with the aim of keeping the free water contemistant. Naturally, the additional water

and time to absorb it depend on the aggregatessasid potential absorption capacity.

Ferreira et al. (2011) studied the influence ohggre-saturated and water compensated RCA in
the production of concrete. The results showedtkigatvater compensation method is capable of
producing RAC mixes with more stable levels of ¢stescy and with slightly improved com-
pressive strength. The modulus of elasticity of RiRes produced with the water compensa-
tion method exhibited slightly higher values for R€ontents between 20% and 50%. This im-
provement was explained by a “nailing effect”, whiesults from the penetration of cement
paste inside superficial pores of RCA particlegrRo mixing, pre-saturated RCA exhibited not
only a high level of humidity but also water on thaface and within surface pores. This may
have impaired the penetration of the cement pastetiie pores and caused a decrease of the

“nailing effect” and, consequently, a weaker ITZA@en cement paste and RCA.

Other authors (Tam et al., 2005; Tam et al., 20@6n and Tam, 2007; Tam et al., 2007) pro-
posed a slightly different approach for the promucbf RAC. Instead of the normal mixing
approach (NMA), in which all components are plageside the mixer at the same time, it had
been proposed dividing it in two stages (two stageng approach - TSMA). The TSMA con-
sists of pre-wetting the RA before adding the cemarorder to strengthen the weak bond of
RA with the new cement paste. The concept behiisdnixing procedure, which is similar to
the one previously mentioned, is that it allows¢bment slurry to coat the RA, thus providing
a stronger ITZ by filling the cracks and pores witthem. Test results showed considerable
improvement in compressive strength (strength asgdbetween 10% and 20% for a replace-

ment level of 30%) (Tam et al., 2005). These austlatso found that, for the same replacement
12



level and mix design, by simply allowing the RCAatesorb part of the mix water before add-
ing the cement (TSMA), it was possible to produ@e€Rnixes with slightly higher modulus of

elasticity than when using NAM (average moduluslasticity increase of 8%).

45 Exposureto different environmental conditions

Experimental research (Amorim et al., 2012; Buytd® and Hadjieva-Zaharieva, 2002;
Dhir et al., 1999; Fonseca et al., 2011) has besteron the effect of different environmental
conditions on the properties of RAC mixes, relativehe corresponding NAC. It has been
observed that RAC mixes had parallel strength dgweent to NAC, regardless of the envi-
ronmental condition. In other words, the influemée¢he curing process on concrete strength

appears not to have been affected by the presémita.o

This phenomenon was also observed to some exteheimodulus of elasticity. Fonseca et
al. (2011) studied the influence of curing conditdo the properties of concrete produced
with increasing coarse RCA content. The resulthisfstudy showed that fully replaced con-
crete mixes exhibited slightly lower losses aftemly cured in a laboratory environment (the
driest environment of the four). The authors o$ ttudy suggested that the presence of com-
pensating water within the RCA offset the loss ioduus of elasticity of concrete subjected
to a drier environment. This allowed a proper htidraof cement particles, thus improving
the RAC’s mechanical performance. Neverthelessdifierence of the relative modulus of
elasticity between RAC and NAC cured in differenvieonments is very low. Therefore, for
all practical purposes it can be said that thenguprocess had marginal influence on the elas-

tic modulus of concrete containing RA.

4.6 Chemical admixtures

Recycled concrete mixes generally need a greateuaimof water to maintain the same

workability as that of an equivalent NAC compositia@ue to the relatively high water ab-
13



sorption of RA and sometimes their rougher surfabks/ertheless, it is possible to obtain
workable RAC mix with the same total w/c ratio hattof the control NAC, simply by con-

trolling the amount of superplasticizers (Prakasth drishnaswamy, 1998).

Juan and Gutiérrez (2004) conducted a study orfteet of superplasticizers on the mechan-
ical performance of RAC with increasing RCA contdfigure 5a presents the comparison of
the modulus of elasticity of concrete mixes witkragasing RCA content with the same ce-
ment content, but with increasing superplasticcmartents. The results show that, regardless
of the superplasticizer content, there is a pdrdiéeelopment of the modulus of elasticity

with increasing replacement levels. This means thatuse of increasing superplasticizer
contents appears to have marginal influence onmbéulus of elasticity of concrete mixes

with increasing RCA content.

In another research, Pereira et al. (2012b) stuttieceffects of incorporating two types of
water-reducing admixtures (i.e. a regular one, WBAd a high-range water-reducing one,
HRWRA) on the mechanical performance of concretetaining fine RCA. Figure 5b pre-
sents the modulus of elasticity of concrete mix@agithese admixtures and with increasing
RCA content. The results show that concrete mixagdenwith HRWRA exhibited similar
losses of the modulus of elasticity with increasreglacement levels, when compared to
mixes without chemical admixtures. However, mixesitaining WRA exhibited a greater
loss in the modulus of elasticity with increasingARcontent, in comparison to the other two
series. Further research is required to ascerthather this is a generalized trend or if indeed
concrete mixes display parallel development of mm@dulus of elasticity with increasing

RCA content, regardless of the water reducing atlmes’ power and content.

4.7 Additionsincorporation

It is known that using fly ash as cement replacdmeth cause a decline of the mechanical
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performance of concrete with a relatively early.afyestudy by Kou et al. (2007) suggested
that this effect may vary with increasing replacatrievels of NA with RCA. Figure 6 pre-
sents the modulus of elasticity of concrete mixeth Wwcreasing coarse RCA and fly ash
content. As expected, as the fly ash content isedahe modulus of elasticity decreased for
NAC mixes (Figure 6a). However, as the coarse RGtent increased, concrete specimens
began displaying similar moduli of elasticity, redi@ss of the fly ash content. Figure 6b
shows that for the same replacement level of 10086se RCA, concrete mixes produced
with 0%, 25% and 35% fly ash content, the modulfuslasticity decreased around 40%, 35%

and 25%, respectively, relative to the control cete

Contrary to that observed in the previous studyu(i€b al., 2007), Kou et al. (2008) obtained
concrete mixes with higher modulus of elasticitigmfncorporating fly ash. This can be easily
explained by the fact that, in their first studyo(Ket al., 2007), they replaced part of the cement
with fly ash, whereas in the second (Kou et alg8Qhey added it to the existing amount of ce-
ment, thus obtaining a greater amount of bindetetdnThis increase in the modulus of elasticity
was of 10%, 9%, 13% and 14% for concrete mixesgoeepwith 100% coarse RCA and with
wic ratios of 0.55, 0.50, 0.45 and 0.40, respdgtividhe results of this study also showed that the
elastic modulus decreased with increasing RCA obniteit increased with a decrease in the w/c
ratio. Furthermore, regardless of the wi/c ratie, miodulus of elasticity of concrete mixes with
increasing coarse RCA content was parallel betwezse produced with fly ash and those with-
out it. These results suggest that the incorparationcreasing amounts of RCA has no effect on

the elastic modulus development of concrete migasaming fly ash.

Corinaldesi and Moriconi (2009) studied the inflaerof adding mineral additions on the
performance of concrete containing 100% MRA (70%AREZ7% RMA and 3% of contami-
nants) as substitute of fine and coarse NA. Thaaxstobserved that the static moduli of

elasticity mainly depend on the concrete’s strergith are not significantly influenced by the
15



presence of mineral additions. The dynamic modoluslasticity was found to be mainly
influenced by the type of aggregate used, but aanhach by the presence of mineral addi-
tions. Furthermore, the authors observed that ¢se method for evaluating the dynamic
modulus of elasticity tends to underestimate tlasted modulus of RAC since it could only
detect the presence and amount of voids in therraktbut not the quality of the ITZ be-

tween the cement paste and RA.

The simultaneous use of ground granulated blasafi slag (GGBS) as cement replacement
and RCA in the production of concrete was studig@érndt (2009). The dynamic moduli of
elasticity of NAC mixes produced with 100% ordind®grtland cement (OPC) and with a
binder containing 50% OPC and 50% GGBS mixes wguévalent (47.2 GPa and 47.4 GPa,
respectively). Replacing the cement at 70% by GG@&%ed a slight reduction in the dynam-
ic modulus (around 4% to 45.6 GPa), relative totthe previously stated. However, when
the coarse aggregate fraction was fully replaceddarse RCA, the moduli of elasticity de-
creased almost in a parallel manner. These resugigest that the presence of RCA has a

marginal influence on the effect of adding GGBSancrete.

4.8 Development over time

Similarly to compressive strength, the modulus las&city depends on the age of concrete,
because the cement paste hardens over time witbotieecutive hydration reactions of ce-
ment particles. In the case of RAC mixes, it hasnbguggested (Corinaldesi and Moriconi,
2009; Etxeberria et al., 2006; Tam et al., 2005} these hydration reactions in the ITZ be-
tween the new cement paste and RCA are the cawseiofproved bond strength. This may
be explained by the internal curing effect causgdhe water, initially absorbed by RCA,

moving to the new cement paste and to unhydrateckiceparticles contained in the old ad-

hered mortar and thus resulting in new calciuneai@-hydrates (C-S-H). The newly formed
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C-S-H can gradually fill the ITZ region and effegly improve the ITZ bond strength be-
tween the RCA and new cement paste (Poon et &l4; Zkakata and Ayano, 2000), thus re-

sulting in slightly improved mechanical performance

The results of a study by Poon and Kou (2010) endivelopment of the mechanical per-
formance of concrete over the course of 10 y, witiheasing replacement levels and varying
fly ash content, are shown in Figure 7. As expeaicconcrete mixes showed an increase of
the modulus of elasticity over time (increase oEBa to 10 GPa between 28 d and 10 y).
RAC mixes with 100% coarse RCA showed a decreaseekbe 5 GPa and 10 GPa, relative
to the corresponding NAC mixes. This gap was caonistaer the course of years. In other
words, the modulus of elasticity of RAC mixes deys in parallel with that of the corre-

sponding NAC mixes. Furthermore, the addition aréasing fly ash content, as partial re-
placement for cement, did not cause any speciatefin the modulus of elasticity develop-

ment over time of mixes with increasing coarse RfDAtent.

5 Predicting the modulus of elasticity of recycled aggregate concrete by means of a

per formance-based classification
There is considerable discrepancy in the literatorecerning the loss in modulus of elasticity
(Ecm) of RAC relative to the corresponding NAC. It isar that some aspects related to the
use of RA in concrete still elude researchers. Despe fact that some authors (de Brito and
Robles, 2010; Dhir et al., 2004; Dhir and Pain€)72Kikuchi et al., 1998; Teranishi et al.,
1998) have emphasized that certain RA have distinatacteristics and that these should be
used accordingly, the literature review has shomat RA are used with no criteria and no
regard to their quality. Therefore, a statisticahlgsis was performed on the collated data in
order to develop a model for predicting the effetctncreasing content of RA with known

quality on the &y value of concrete.
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After an evaluation of the results presented irufég, it was perceived that these were not
enough to establish effective correlations thaticcdully explain the disparity in the moduli
of elasticity of RAC. Therefore, the authors credtégure 8 by separately plotting the coarse
and fine RA of Figure 2. The maximum recorded lesee¢he moduli of elasticity of concrete
produced with 100% or coarse or fine RA were juedow 45%. However, the lower limit of
the 95% confidence interval in Figure 8a suggdsis RAC mixes may exhibit a maximum
loss of 56%. This may be because the RAC mixesbérhi a greater than expected loss in
Ecm in low replacement levels, and therefore this dr@nopagated to greater replacement
levels. These results suggest that the discrepahttye moduli of elasticity of RAC mixes
cannot merely be explained on the basis of RA siad,therefore further analysis of the data

is required to explain the results.

Figure 9 presents an analysis of the 95% confidéntts, similar to Figure 8a, but in terms
of the RA type. By observing the average losseéeermoduli of elasticity it is unclear which
RA type is capable of producing concrete with aas&t modulus similar to that of NAC.
According to the literature review, RCA is the aeswo this question, since it is sourced
from materials similar to those in which they agnlg used, i.e. there is greater compatibil-
ity, and normally exhibit lower porosity levels, igh result in higher &, The scatter of the
results can be explained by RCA sourced from sococerete with varying moduli of elas-
ticity, or which have been subjected to insuffitieecycling procedures and thus exhibit
greater amount of deformable old mortar. Theseltesuggest that the loss i Ewith in-
creasing RA content cannot also be fully explaiordhe basis of RA type. For this reason,

the data were further analysed with respect tatiadity of RA.

In their previous study (Silva et al., 2014b), thehors were able to produce a performance-
based classification using the relationship betwberwater absorption (WA) and oven-dried

density (ODD) of RA (Table 2). This was made poesitly means of a statistical analysis
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performed on 589 aggregates of different typegssand origins, sourced from 116 publica-
tions. The use of this simple methodology providesieans to measure the quality of RA
based on their easily accessible physical proerieother words, instead of classifying RA
solely based on their composition, which is propokg some of the current specifications
(BRE, 1998; DIN-4226, 2002; LNEC-E471, 2006; NBR11E5, 2005; OT-70085, 2006;
WBTC-No0.12, 2002), it allows classifying them basad their quality as well. In another
study (Silva et al., 2014a), this classificatiorsteyn was used to measure the quality of RA
and analyse its effect on the compressive streffigthof concrete. The results showed strong
to very strong correlations which allowed producangeneric prediction model of thg,fof

concrete with increasing coarse RA of known quality

Using this performance-based classification, Figl@ewas made. It shows the.Eof con-
crete with increasing RA content of known qualiBigss A, B, C and D). Figure 10a, which
was based on 31 concrete mixes from 5 studies, shioat the use of 100% coarse class A
RA allows the production of concrete with an averdgss in By, of around 11%. As the
guality worsened there was a greater variabilitthmresults, i.e. the 95% confidence interval
increased as the content of lower quality RA inseel In Figure 10d, for example, the lower
limit of the 95% confidence interval suggests timtes using 100% class D RA (normally
composed of RMA) would lead to a maximum loss ¢¥a8Blowever, the maximum recorded
loss in Em of mixes using 100% coarse RA was of around 40%p#reviously mentioned,
this may be explained by greater than expecteditoEs, in low replacement levels, whose

trend propagated to greater replacement levels.

Despite the results’ scatter, Figure 10 suggesitsthte E,, of concrete depends on characteris-
tics other than the type and size of RA. Indeed,ghality of the RA, which can be measured
using the performance-based classification (Sitval.e2014b), is a factor that also needs to be

accounted for when producing RAC. Indeed, by olsgrizigure 11 it is clear that, in each of
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the individual studies (Akbarnezhad et al., 201hjr@and Paine, 2007; Kou and Poon, 2008;
Yang et al., 2008), the authors were able to predimmcrete mixes with different moduli of

elasticity using coarse RCA of different qualityhelTuse of 100% coarse class A RCA, pro-
duced mixes with moduli of elasticity between 0a88® 0.92 times that of the corresponding

NAC, whilst for class B RCA the range of these ealwas of 0.72 to 0.86.

6 Relationship between the E., and fc, of recycled aggregate concrete

According to EC2 (2008), the elastic deformatiohsancrete mostly depend on its composi-
tion, especially its aggregates. For this readom B, of a concrete specimen depends on the
elastic modulus of each of its components. EC2 §2@us considers the possibility of pro-
ducing concrete using NA of different geologicalgor: basalt, quartzite, limestone and
sandstone. In this standard, it is considered fbathe samecf, and mix design, a concrete
specimen made with different kinds of NA will extiilgarying moduli of elasticity. For this
reason, it is reasonable to assume that RA’s &reifit size, type and quality have a predict-

able effect on the g of concrete.

When designing and building structures, projectfald engineers often use a simple formula
to determine the & by means of the.f of a given concrete mix. The relationship between
these two properties, despite looking differentunrent standards for structural concrete (ACI-

318, 2002; CEB-FIP, 1990; EHE-08, 2010; EN-1992-2aD8), exhibit similar development.

Over the years, various researchers (Cabral e2@L0; Dhir et al., 1999; Dillmann, 1998;
Kakizaki et al., 1988; Mellmann et al., 1999; Rairarajah and Tam, 1987; Xiao et al., 2006;
Zilch and Roos, 2001) proposed formulas that cewlalain the relationship between thg,E
and {,, of RAC mixes (Figure 12). However, these do naoaat for the replacement level,
which has a significant impact on thg.EMeanwhile, attempts were made by the Task Force

of the Standing Committee of Concrete of Spain 42Q6 estimate the & based on the re-
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placement level and on the nature of the rock isethe production of the source concrete.
The authors of this publication proposed the additf a correction factor based on the re-
placement level (1.00 for concrete mixes contaird@go coarse RA of controlled quality and

0.80 for mixes containing 100% coarse RA) to theatign proposed by the EHE-08 (2010).

Figure 13 presents the relationship between theaid ., of 588 concrete mixes produced

with either coarse or fine RA of different qualiiyd type, sourced from 43 publications.

Most of the RAC mixes (around 80%) are above th& EQrve for sandstone aggregates.
Most of the values below this curve belong to twages (Dhir and Paine, 2007; Limbachiya

et al., 2012), in which most of the values of teatcol NAC mixes were below the curve as

well. After discarding these values, it was fouhdtt95% of the values were above the rela-
tionship proposed by the EC2 using a correctiotofagqual to 0.71 (including those values,
this correction factor would have been 0.61), wHmhpractical purposes can be rounded to
0.7. In other words, there is a 95% chance thaEthe®f a RAC mix with known 4, is above

the EC2 curve corresponding to sandstone aggregates

According to the literature review and the resuitsection 5, the use of increasing RA con-
tent has a significant impact on thg,Fand more so if these exhibit low quality. Twodias

were found (Juan and Gutiérrez, 2004; Kou et @082, in which the authors evaluated the
effect of including an increasing amount of coadrg@A on the properties of concrete pro-
duced with a wide range of w/c ratios, thus enapimaking Figures 14 and 15. The coeffi-
cients of correlation (or Pearson’s r) were withiie range 0.701-0.981. From a statistical
point of view, according to Piaw (2006), having abed such coefficients means there is

either a strong (0.7 < k|0.9) or very strong (0,9 < |r| < 1) correlatiotvibeen En, and §n,.

By comparing the figures, it is clear that for g8ame §,, mixes in Figure 15 present a greater

loss in Em with increasing coarse RCA content, than thodeigmire 14. This may be because
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of the lower quality RCA (lower ODD and higher WA$ed in the first study (Kou et al.,

2008). These results show that even though allegalsere within the EC2 curves for basalt
and sandstone aggregates, the elastic moduli shaweehat disparity for mixes using increas-
ing coarse RCA content. Therefore, it is suggestatifurther research is made on the effect of
using increasing amount of RA with known qualitgdarding to the performance based classi-
fication (Silva et al., 2014b)) on the modulus &fséicity of RAC. This would become a step

forward in determining more suitable correctiontdas that engineers can relate to when de-
signing and building concrete structures. In coecesign, the modulus of elasticity has a
vital role in the serviceability limit state, ind®r to control the deformation of concrete. From a
structural point of view, the stiffness of the etats is proportional to the third power of the

relationship between its height and thickness. &foee, the loss of stiffness in a concrete

beam, for example, can be easily compensated wgifgte increase of its height.

7 Conclusions

The scope of this investigation included an exationaof the main factors of RA that influ-
ence the modulus of elasticity of concrete andasissical analysis of data available in the
literature, which enabled establishing a relatigmdsetween the modulus of elasticity and
compressive strength of recycled aggregate conaretdacilitating the structural designers’
option for this type of concrete. Based on the ltesaf this investigation, the following con-

clusions can be drawn:

. The modulus of elasticity normally decreases wittréasing RA content, the de-
gree of which depends on characteristics inhe®RA, i.e. type, size and quality
of the original material.

. RCA normally produce RAC mixes with the lowest age loss in the elastic

modulus, followed by MRA and RMA. Since RMA usuahligve lower oven-dry
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density and higher water absorption values, asdhént of this material increas-
es, it is expected that the modulus of elasticitiydecrease.

The use of several crushing stages on concreteathkecoarse fraction of RCA
lose part of its adhered mortar, which remainshia finer fraction. Because of
this, fine RCA exhibit relatively low elastic moduand therefore these will have
a more deleterious effect on the modulus of eldgtican the coarse fraction.

As the strength and stiffness of the original malt@ncrease, it is expected that RA
obtained from them produces concrete with lowesdssn the modulus of elasticity.
The use of a water compensation method during mixwas found to produce
RAC with lower losses in the modulus of elasticdye to the improved ITZ be-
tween RA and new cement paste.

Over a long period of time, regardless of the RA #iy ash contents, RAC mixes
are expected to present a parallel developmenhefntodulus of elasticity in
comparison to that of corresponding NAC mixes.

In order to predict the modulus of elasticity oihcecete, apart from the size and
type of RA, its quality is a factor that also ne@dde taken into consideration.
The performance-based classification of RA provetd an effective and practi-
cal means of measuring the quality of RA for useancrete. By ranking RA on
the basis of both their composition and their qyalt is possible to predict the
modulus of elasticity of concrete with increasimgtent of RA of known quality.
The statistical analysis performed on the relatignbetween the modulus of elas-
ticity and compressive strength shows that evenghdRAC may exhibit similar
compressive strength to corresponding NAC mixeth@®fRA content increases the
modulus of elasticity decreases. However, for @migompressive strength, most

studies obtained moduli of elasticity of RAC abdle proposed EC2 curve for



sandstone aggregates. This means that even wherRAigeplacement levels are
used in the production of concrete the resulting”Raill generally have moduli of
elasticity compliant with existing standards andcsfications for NAC.
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Table captions

Table 1 - Composition of recycled aggregates sauroen construction and demolition wastes

Table 2 - Physical property requirements of thdoperance-based classification (Silva et al.,

2014b)
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Table 1 - Composition of recycled aggregates salfieen construction and demolition wastes

Recycled concrete

- 0 ) |
aggregates (RCA) Minimum of 90%, by mass, of Portland cement-basagments and natural aggregates.

Minimum of 90%, by mass, of the summation of théofeing materials: aerated and
lightweight concrete blocks; ceramic bricks; blasthace slag bricks and blocks; ceram
roofing tiles and shingles; and sand-lime brickarfsen, 1992).

Recycled masonry
aggregates (RMA)

C

Mixed recycled

Composed of less than 90%, by mass, of the summatithe two aforementioned RA.
aggregates (MRA)

Table 2 - Physical property requirements of théquemrance-based classification (Silva et al., 2014b)

A B C
I I Il I I 11l I Il 11l

2600| 2500 2400 230p 2200 21p0 2000 1900 1800

Aggregate class

Minimum oven-dried density

(kg/n)
Maximum water absorption| 4 5 | 55| 35| 5| 65 85 105 13 15 \°
(%) limit

Maximum LA abrasion mass

l08s (%) 40 45 50
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Figure captions
Figure 1 - Effect of increasing RA content on thedulus of elasticity, based on data from:
a) Dhir and Paine (Dhir and Paine, 2007); b) Goarekde Brito (Gomes and de Brito, 2007,

Gomes and de Brito, 2009)

Figure 2 - Effect of incorporating increasing RAntent on the relative modulus of elasticity

of concrete

Figure 3 - Increasing RCA content of different sized quality, based on data from (Yang et

al., 2008)

Figure 4 - Effect of RCA from different sources thre modulus of elasticity, based on data

from (a) Hansen and Boegh (1985) and (b) GonzaldZixeberria (2014)

Figure 5 - Effect of adding superplasticizers oa thodulus of elasticity of concrete, based

on data from: a) Juan and Gutiérrez (2004); b)iReet al. (2012b)

Figure 6 - Modulus of elasticity of concrete wititieasing coarse RCA and fly ash content,

based on data from (Kou et al., 2007)

Figure 7 - Modulus of elasticity over time of coeter mixes with increasing coarse RCA content
and varying fly ash content: a) No fly ash; b) 28@sh; c) 35% fly ash; 55% fly ash based on

data from (Poon and Kou, 2010)

Figure 8 - Effect of incorporating increasing ce@afg) and fine (b) RA contents on the

relative modulus of elasticity of concrete

Figure 9 - Effect of incorporating increasing c@&aRCA (a), RMA (b) and MRA (c) contents

on the relative modulus of elasticity of concrete
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Figure 10 - Effect of introducing increasing Clasga), B (b), C (c) and D (d) RA on the

relative modulus of elasticity of concrete

Figure 11 - Effect of incorporating increasing g@aRA on the relative modulus of elasticity
of concrete, based on data from: a) Akbarnezhad ¢2011); b) Yang et al. (2008); c) Dhir

and Paine (2007) and; d) (Kou and Poon (2008))

Figure 12 - Relationship between Ecm and fcm

Figure 13 - Comparison of the relationship betwEem and fcm from the literature review

and those proposed by EC2

Figure 14 - Relationship between Ecm and fcm of coete mixes with increasing

replacement levels, based on data from (Juan atidréaz, 2004)

Figure 15 - Relationship between Ecm and fcm of coete mixes with increasing

replacement levels, based on data from (Kou e2@08)
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Figure 1 - Effect of increasing RA content on thedulus of elasticity, based on data from: a) Dhd &aine

(Dhir and Paine, 2007); b) Gomes and de Brito (Goarel de Brito, 2007; Gomes and de Brito, 2009)
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elasticity of concrete
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Figure 11 - Effect of incorporating increasing @@aRA on the relative modulus of elasticity of cate, based

on data from: a) Akbarnezhad et al. (2011); b) Yengl. (2008); c) Dhir and Paine (2007) and; d)ykand

Poon (2008))
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Figure 13 - Comparison of the relationship betwEgrand §,, from the literature review and those proposed 69 E
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Figure 14 - Relationship betweegfand {, of concrete mixes with increasing replacementlveased on

data from (Juan and Gutiérrez, 2004)
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Figure 15 - Relationship betweegfand {, of concrete mixes with increasing replacementleveased on

data from (Kou et al., 2008)
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Resear ch Highlights

Systematic literature review on the elastic modolugcycled aggregate concrete
117 publications published over a period of 42 ydéiam 1973 to 2014

476 concrete mixes analyzed

Influence of recycled aggregates’ quality on thelohes of elasticity of concrete

E.m - fom relationship of recycled aggregate concrete acuptd the EC2



