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Abstract

Adopting a holistic threstep literature review workflow, a total 639 journal articles

wereused in this studgs the literature sampielated to recycled aggregate (RAhis study
summarized the existing research topazsising on RA, gaps of current research, suggestions
for promoting RA usage, and research directions for future work. A research vameas

also proposed linking the existing research themes into trends indeArca This review
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work serves as a foundation work to bridge the gap between scientiecalesend industry
practice, as well as to guide the directions in-fRRRted academic work using an
interdisciplinary approach.

Keywords. Circular economyrecycled aggregate; construction waste; sustainable concrete;
literature review

1. Introduction

Over the last decade the concept and development model of Circular Economy has been
gaining a growing attentigd]. It aimsto provide an alternative to the traditional and dominant
model [2]featured at consuming resources and then disposing it. Circular Economy emerges
through three main actions, namedgduction, euse, andecycle[3]. According to Ghisellini
et al.[1], waste management, as a recovery of resources and environmental impact prevention,
has become an importasibsecor of Circular EconomyAround 30% to 40% of the urban
solid wastes come from construction and demolition (C&D) acts/jd¢ The overwhelming
amount of C&D wastes generated in the forms of concrete, bricks, and tiles are causing
pressures on the limited urban landfill spggle On the other hand, limited natural resouyces
such as virgin aggregatesall for the utilization of recyeld alternatives to meet the
construction industry needs [6].

The increasing needs for sustainability in the construction industry and theneravef
Circular Economy is driving the research of recycling and reusing waste streach as
recycled aggregates (RAs) obtained by crushing C&D wastes. RA was idegifjfeedone of
the main research topics in the domain of C&D waste managemera tyfaal product after
the initial treatment of C&D wastes (e.gp)d concretg So far, limited research has been
performed to provide a holistic overview of the fRflated scholarly work. However, a review
of RA-based research is important for multiple stakeholders including enginearg npakers,

and academgbased on the facts that: (1) it is a concrete example of waste management
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strategyin the micro level of Circular Economy as proposediyselliniet al.[1]; (2) it is the
main form that C&D wastes are processed for reuse to reduce the demands oresatuncs
and torelease the landfill pressure; and (3) the utilization of RAs in the constrgsctor has
multiple effects to the cleaner production in terms of social, econoedtnical, and
environmental aspect$he technical and environmental effectsadbpting RAs have been
widely studied according to existing literature, such as how the cement compositets’

guality would be affected by reusing RF, and the carbon emissions of adopting F#s

The cost factors (e.g., labor and equipment inputs) of adopting RAs have also been considered

in reusing RAs as the alternative approach to consuming natural aggfégateshe social
aspect in the cleaner production includes education and training aiming to produocalsiesta
outcomes, to raise public awareness, and to chamgeublic attitudes as indicated by
Kjaerheim [11]. Social aspects involved in adopting RAs include the public awareness,
governmental policies, social value and cultural acceptance towards usiffjZRAS].

Adopting a holistic literature review approach by incorporatingn@ring method in the
RA literature sample ftowed by an irdepth discussion, this study aims to provide answers to
the following research questions: (1) what are the mainstream research toperaes ith the
RA domain? (2) what are the current research gaps and challenges of adopting RAs fo
cleaner production? (3) what recommendations could be made to promote the usageof RAs
the construction industry? and (4) what could be the promising research directibrsrr
scholarly work?

Existing reviewbased studigd 4, 15] havdargeted on the applications of RA in concrete
production, especiallyhe investigation of properties of recycled aggregate concrete (RAC)
containing RAsSome othe existingeviewbased studigd 6-18] havebeenfocusingon RAs
using C&Dwastes, such as old concre®dva et al[19] provided the review ofhe freshstate

performance of RAC; Guo et §R0] targetedon the durability issue of RAQam et al[21]
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extended the scepf RA into the general applications in concr8ased on these prior studies,
researchers believe thabme furthe work could be performedFor example,a more
comprehensive review for RAs in terms of its sources and applicaboit be providedit is
worth notng that the source of RAs may not be limited to C&D wastes, but may also include
other industrial waste streams, for instance, agricultural and aquacultpreducts[22],
urban or industrialwastes sch as oyster she[R3], bottom ash[24], and rubber[25].
Furthermorethe application of RAs may not be limited to concrete mix design and production
[26], but can also include other uses such as pavemenFgs@adway constructiof®], and
other cement compositéz3].

Besides the need for the review of RA in a wider scope in terms of its sources and
applications during the life cycle procegbetextmining-based scientometrapproach coul
also be adopteith assisting the literature review of Ri&lated studiesAs stated bysong et al.
[29] andHosseini et al[30], several existing reviewased studies were prone to subjectivity,
either due to limitediterature sample or because of researchers'sekection of journal
sources in a given research domain. To address this issue of subjectivity or lielgeestire
search, more recent revidvased studie$31, 32] introduced the scientometric analysis
approach by incorporating the taxining method in analyzing the contents within a larger
sample of literature. By adopting the scientomeanelysis, articles and keywordbat are
influential in the given research domain could be summarized in a quantitatyvéiming to
address the research gaps in RAs in terms of its scope and review method, thamsitioly
achieve these following objectives: (1) establishing a comprehensive ligesataple covering
a wider scope of RAelated studies; (2) identifying the mainstrelmywords and influential
articlesthat are active in RA research; éjopting durtherin-depthdiscussion for linking the
existing research themes in RA to future research directamals(4) providing suggestions for

enhancing the RA usagdhe novelty of this study lies in that: (1) it pides a more
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comprehensive coverage of R@lated research topics from a potentially larger literature
samplejand @) it moves forward from several existing studies applying scientometric review
[29, 33] by uilizing the textmining outputs for further in-depth discussion, which would then
initiate a research framework guiding future scholarly work inrBlated studiess well as
propose recommendations for promoting RA usage in the constrsetitor

The following sections of this study are structured as: Section 2 describes the revie
methodology consisting of three stef@ection 3 presents the results of the scientometric
analysis conducted to the literature sample of RA; Section 4 extends the seiectogniew
from the prior section into a further-depth discussion; Section 5 concludes this rexbased

study.

2. Methodology

This study was based on a thwsdep workflow to evaluate the research outputs in RAs.
Fig.1 describes the review steps adapted from Xu EB3|.consisting of bibometric search
of literature usingscopus as the database, scientometric analysis adoptd®y/iewer as the
textimining tool [34], andthe followrup qualitative discussion. Th&cientometricreview
approach, as described Hgsseini et al[30] and Song edl.[29], could addess the bisedness
or subjectivity problems in previatudies in the construction sector (e.g., Tang dgal).
However, some existing scientometric analmsed review (e.g., Zhao et F6]) are also
limited to the seHlexplanatorydiscussions such agho arethe most produtive sholars in the
research domain. Aiming to address both limitations in these twoitenagview approaches,
this study providea more comprehensive approach as shown in Figdolbiningthe text

mining method and the in-depth discussion.
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Fig.1. Description of threstep literature review of RAelated studies

2.1.Bibliometric search

The bibliometric search of Reelated research was conductedSsopus, which was
defined by Aghaei Chadegani et f7] with a wider coverage of articles and more recent
publications compared /eb of Science. The keyword input and filtering of publications in

Scopus is shown below:

TITLE-ABSKEY ("recycled aggregate” OR "recycled aggregates’ ) AND (LIMIT -

TO (DOCTYPE, "ar") OR LIMIT -TO (DOCTYPE, "re")) AND (LIMIT -
TO (LANGUAGE , "English" )) AND (LIMIT-TO (SRCTYPE, "j"))

Only journal articles including review papers published in English were tedrtor
literature review in this study. As seen in Figekira substeps(i.e., further screeningyere
performed to screen out initially selected articles that didargeton RA researchThese

articles which barely mention RA in thetexts but not really focusn RA-based research



138 would be removed from the initially identified literature samplering the further screening
139  process, all the eight researchers in shigly reviewed the title, abstract, and keywords of the
140 initial literature sample. Discussions were held among researchers to agneedegision of

141  removing each of thesmticles.

142  2.2.Xcientometric analysis

143 Based on the literature sample finalized from the prior step, all the artiadlesupleaded
144  to VOSViewer for scientometric analysi¥OSViewer wasdescribed byan Eck and Waltman
145 [38] as a tool that provided a distarzased visualizations of bibliometric networks, especially
146  for visualizing larger networks with textining functions. Some existing studies in other
147  research domains adoptiM@PSViewer can also be found, such as Song ef28l] in project

148  management, andu et al[31] in cement composites reinforced by graphene oxide. Similar to
149  the study oflin et al.[7], VOSViewer was utilized in this study to: (1) load the Rased
150 literature sample froncopus; (2) compute, and evaluate theflience of mainstream
151  documentsand RArelated research keywordé3) summarize the main ekisy research
152 keywords in this domain.

153  2.3.Qualitative discussion

154 Following the scientometric review, a further-depth qualitative discussion was
155  conducted to address the three main research questions related to: (1) the maias&aich
156  topics or themes within RA; (2) the limitations of existing resea(8h;suggestions for
157  promoting RA usage in the construction sector; ahdgcommendations for future research
158 in RA. The discussion also aimed to propose a research framework that could limgexis
159  research topics into future directions in fR&lated scholarly wark.

160 3. Resultsof scientometric analysis

161 The keyword inputs ifcopusinitially generated a total df,652 journal articles published

162  between 1984 and 2018. These journal articles were initially screened by the ressmaroh
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this study to remove those which did not focusR#s. Excluding those not targeting on RA
research, the remainirdigo39 articles were agreed by the research team as the finalized sample
for further literature review.
3.1.Articlesinfluential in recycled aggregates

The total1,639 articles selected for literature review are ranked accordirtedotal
citation. Table 1provides theankingof most influential articles evaluated Hyetotal citation

Tablel. Most influential articles measured by ToGitations in the RA domain

ArticleTitle
Total
Reference Citation
Influence of amount of recycled coan
Etxeberriaetal. | aggregates and production process
[39 properties of recycled aggregate concrete 490
Mechanical properties of recycled aggreg
Xiao et al.[40] concrete under uniaxial loading 360
Evangelista and d{ Mechanical behaviour of concrete made W
Brito [4]] fine recycled concrete aggregates 339

Performance of concrete made w
SagoeCrentsil et | commercially produced coarse recyc
al.[42] concrete aggregate 328
Effect of microstructure of ITZ on compressi
strength of concrete prepared with recyd

Poon et al[43] aggregates 326
Properties of concrete made with recyc
Katz[44] aggregate from partially hydrated old concrsg 314

Influence of moisture states of natural g
recycled aggregates on the slump i

Poon et al[45] compressive strength of concrete 299
Study on the influence of attached mofn

de Juan and content on the properties of recycled concrete

Gutiérrez[46] aggregate 297

Microstructural analysis of recycled aggreg
concrete produced from twsiage mixing

Tam et al[47] approach 295
Ajdukiewicz and | Influence of recycled aggregates
Kliszczewicz[48] | mechanical properties of HS/HPC 285

Tablel providedentop rankedarticlesin terms of total citationlt could be inferrethese
articles in Tabld tended to unanimously focos mechanical propertied cement composites

adopting RAsNeverthelesst can be found thaaome more recent studies haxended ta



175 mechanical properties tdurability of RAC [49-51] as well as emputing and modeling
176  methods [52, 53]. Mre studie§54-56] applying data science methods (e.g., data mining in
177  sustainable concrete) can beurd in recent yearfesearchers hawaso started reviewing

178 literature of how RA affect properties of RATC4, 16, 57].

179  3.2.Keyword analysis

180 Keyword analysis is an important work to depict the existing topics that have been focused
181  within a given topid58], such as RA in this study. Accordinguan Eck and Waltma[84],

182  the keyword network shows the knowledge, research themes, as well as their rgstimsh

183 intellectual organizations. AdoptingOSViewer as the teximining tool, the research team

184 identified the most frequently studied “Author Keywords”. These keywords had a mnimu
185  occurrence o10. Initially 74 out of totally3,052 keywords were identifiedseneral keywords

186  such as “Recycled Aggregate’eve removed from the keyword list. Other keywords with the
187  consistent semantic meanings were combined, for example, RAC and “recyclegatggre
188  concrete”, RCA and “recycled concrete aggregate”, etc. Several keywords were contbined in
189  asingle keywordepresenting the same category. For instance, the original keywords including
190 “Split Tensile Strength”, “Compressive Strength”, and “Mechanical Strengtte a@nbined

191 into “Mechanical’ Ultimately a total 088 keywords were selected for analysis.

192 Mechanicalproperties of RAC were the most frequently studied topic inr&aed

193 research. RAC is the second most frequently studied keyword. It should be noticeeé that th
194  third highest ranked keyword “Concrete” is different from RAC. RAC refers tajp8cation

195  of RA in the concrete mix design. “Concrete”, on the other hand, could be either the source of
196  RA or the application of RA. In other words, concrete exists across the life agds sf RA.

197  Itis foundthat LCA is another frequently studied topic in th& dmain. The highly occurring

198  keywords (e.g., “Mechanical” and RAC) may not be the ones with highest average citations

199 is inferred that HPC and LCA are the keywords with the highest influendees tcesearch
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community of RA with theihigh average ditions, followed by “Microstructure”, “Durability”,

and “Shrinkage”.

The keywordswere divided into eight clusters iWOSViewer. Keywords in the same

cluster are more likely to have mutual impacts of being cited by each othexdample,

“Mechanical”, “ITZ”, and “Microstructure”. Based on the visualization and quantitative

measurements of mainstream keywords in RA, these following themes of researohdkeyw

can be summarized as below.

Coarse RAs applied in concrete mix design and how they would affect the mechanical
properties and microstructure of new concrete: examples of existing studies theme

include but are not limited tAbreu et al[59], Luo et al. [60], andCantero et al61], etc;

Fine RAs recycled and reused in cement composites (e.g., mortar): these studies also
emphasized how the recycled fine RAs affected the performance of cement composites.
Examples of studies adopting fine RAs in cement composite products can be fS8osd in

et al.[62], MartinezAires et al[63], Kim et al.[64], andHo et al.[65];

LCA approach in studying the sustainability of adopting RAs from C&D wastes: these
studies may extend the engineering properties of recycled products (e.g., RACnarth a
comprehensive analysis of the environmental, social, and economical aspecisiig

wastes. Examples of these studies can be foumidiimkovié et al. [66], Rosado et a[67],

Hossain et al68], andGan et a[12];

The effects of RAs on the fresh concrete properties, such as rheological properti€s in SC
[69, 70} the workability[71, 72] of concete containg RAS is a concern;

The interrelationship between creespfinkage [73pf RAC andthe seismic perforance

of reinforced concrete structurg&]: seismic resistance of reinforced concrete structural
members containing RAs has been gaining a momentum in the academic research in both

numerical simulation and experintahstudies, such dsu et al.[75], and Ma et al[76];
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e The inferior properties of RAs due to its higheater absorption compared to NARidies
[77, 78] have been focusing on improving the qualities of cement composites containing
RAs. The nature and quality of RAs, as identifiedAngulla [79], could have significant
impacts on RCA properties. Besides water absorption, the nature and quality dS®As a
include their densif30], composition [49]as well as the wasteeatment methof81];

e Adoptions of RA in pervious concrete [82, 88hd the effects dRAs on the permeability
of RAC: to minimize the negative effects of the RA porosities, different sizes, sources,
admixtures, and supplementary cementitious materials (S[BMIs35]were considered in
the mix design of pervious concrete;

e Durahblity of concrete containing RAs, including adopting RAs in HBG, 87} the
durability properties of HPC that have been studied in literaholeded permeability,

resistance to carbonaticemdresistance to chloride penetrati@s, 89].

Besides these aforementioned RAC types, including pervious concrete, HPC, steel
reinforced concrete structure, SCC, it should also be noticed thatrdibhérced polymer
(FRP) composite materials adopting RA6, 91] have also gained some increased attention
in the academic community adopting RAS.

4. In-depth discussions
4.1.Mainstream research topics in recycled aggregates

Most studies from the literature sample focused on RAs from recycled C&D wastes,
especially old concrete. Existing studies using RAs for a cleaner produereralso mostly
targetedon cement composites especially new concrete mixing and tes&sde&igonstrates
the typical micrestructure of RAs from crushed concrete observed under scanning electron

microscope (SEM).

Aggregate
surface

Crack
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Fig.2. Microstructure of RAs from crushed concrete

Itis seen in Fi@ that RAs from recycled concrete generally have rough surface, cracking,
and attached mortar. These mistouctural features could cause significant impacts on the
engineering properties of cement compositastaining RAs, for example, the mechanical
behavior and durability of RAC. Several important studlemonstrating the influences of RAs
on cement composites are showcased in Table

Table2. Studies investigating the influences of RAs on cement composites’ properties

Study Typeof RA | Mix design | Cement Applications | Major findings
adopting composite of the
RA properties cement
tested composite
containing
RAs
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Alexandridou| RA  from | 0% , 25%,| Compressive | Concrete The compressive strength
et al.[49] different and 75% of| strength, specimens | RAC ranged from
Greek coarse concrete for the | significantly lower (37%
recycling natural absorption, laboratory reduction) than that o
plants aggregates | sorptivity, and| tests ordinary concrete. Cla
(NA) carbonation minerals had a more adver
replaced by resistance of effect to concrete's strengt
RA RAC Higher water absorption ¢
respectively coarse RA was their mo
negative physical
characteristic. Coarse R
reduced the durabilityof
hardened concrete.
Dimitriou et | Coarse RAS NA Compressive | Concrete Increasing the replaceme
al. from replaced by strength, specimens | ratio of RA to NA resulted in
[50 different 50% and| flexural for the| lower quality of RAC
sources off 100% of RA | strength, laboratory compared to norma
crushed splitting tests concrete. Both mechanic
concrete tensile and durability properties ar
strength, negatively affected by th
modulus  of increase of the replaceme
elasticity, ratio. But a simple treatment
porosity, method to rduce the
sorptivity, and adhered mortar at R/
permeability surface could diminish th
of RAC negative effects of RAs an
create a better quality ¢
RAC which could be
competitive  to  norma
concrete.
Ozbakkaloglu| Coarse RAY RAs used tg Compressive | Specimens | An increase in the coarg
et al.[5]] in two | replace NA| strength, for testing,| aggregate size led to g
different at different| elastic including increase in the 28ay elastic
sizes (i.e., 7 replacement| modulus, cylinder modulus and a decrease
mm and 12| rates, flexural specimens | the 28day flexural and
mm) including 0, | strength, and prism| splitting tensile strengthg
25%, 50%,| splitting specimens | Coarser RA caused high
and 100% | tensile drying shrinkage and watg
strength, absorption in concrete mix.
workability, RACs with up to 2% RA
drying content exhibited slightly
shrinkage, and inferior mechanical an
water durability-related propertie
absorption of compared to the
RAC conventional concrete wit
the same compressiy
strength. But replacement
100% NA would causg
significant reductions ir
concrete properties.
Thomas etl. | Fine and| 20% of | Compressive | Mortar and| The sulphur within RA did
[92] Coarse RASg replacement| and tensile| concrete not significantly affect the
from of RA to the | strength, specimens | mechanical or physice
crushed tes| the coarsg permeability, | for the | performance of mortar @
concrete NA, and | water laboratory RAC. But using RA from
specimens | 100% penetation, tests crushed concrete, with ¢
replacement| chloride without sulphur, wawiable
to both fine| penetration for the manufacture o
and coarse recycled structural concretes
NAs for applications WithouT




exposure to high

temperatures. The use of the

fine fraction in RAs caused ja

)

Pdii®]

[

D @

significant loss of
properties.
Etxeberria et Coarse RA| Four Compressive | Concrete Concrete crushed by &g
al.[39 from different and tensilel specimens | impact crusher achieves
crushed RAC strength, for high percentage of RA
concrete produced, modulus  of| laboratory without adhered mortar.
made with| elasticity of| tests Adhered mortar in RA
0%, 25%,| RAC caused the weak point in t
50% and RAC microstructure. RAC
100% of RA made with 100% of coars
respectively RA had significantly lower
compression strength the
conventional concrete, ¢
required more cement in mix
design to achieve highg
strength.
Evangelista | Fine RA | Five Compressive | Structural It was viable to produc
and de Brito| from different strength, split concrete concrete made with fine R/
[41] crushed replacement| tensile specimens | for structural concrete. Up {
concrete ratios of fine| strength, for 30% replacement of fine R
RA to fine| modulus of| laboratory to fine NA did not seen
NA  were| elasicity and| tests affecting the compressiv|
adopted, abrasion strength of RAC. Both
namely 10%,| resistance of tensile splitting and modulu
20%, 30%, RAC of elasticity were reduce
50%, and with the increase of th
100% replacement ratio. Th
abrasion resistance seem
to increase with the
replacement of fine NA with
fine RA.
Tam et al.| RAs 0%, 10%,| Compressive | RAC The twostage mixing
[47] collected 15%, 20%,| strength of| specimens | approach gives way for th
from local | 25% and| RAC for cement slurry to gel up th
recycling 30% of RA| specimens a| laboratory RA, providing a stronge
plants, with| was used tqg different tests interfacial transition zone b
sizes at| replace NA | curingages by filling up the cracks anc
10mm and using the pores within RA. This tweo
20mm normal mixing stage mixing approach cg
respectively approach ang provide an effective metho
the twostage for enhancing the
mixing compressive strength ar
approach other mechanica
performance of RAC.
Xiao et al.| Coarse RA| Replacemen| Compressive | RAC RAC specimens failed in
[40Q] from waste| percentages| strength, thel specimens | shear mode. The stres
concrete of RA to NA | elastic for strain curves of RAC
brought at 0%, 30%, modulus, the laboratory indicated an increase in th
from 50%, 70%| peak and thgq tests peak strain and a significal
runway and  100%) ultimate decreae in the ductility. The
respectively | strains of RAC compressive strengtt

elastic modulus of RAC
generally decreased as t
replacement ratio of R/
increased. The peak strain
RAC also increased with th
increase of RA contents.
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Poon et al| Coarse RAS Full Microstructure| RAC RAC prepared with the R
[43] from  two | replacement| and specimens | from HPC developed
different of NA by | compressive | for higher compressive strength
type of| RA  from | strength of| laboratory than RAC prepared with R
crushed NC, and RA| RAC tests from NC at all tested ages. [n
concrete, from HPC particular, the strength
namely respectively RAC prepared with the R
normat from HPC was comparabl
strength to that of conventiona
concrete concrete. The difference i
(NC), and strength developme
high- between the RAC with HP
performance and with NC aggregates was
Concrete due to the differences i
(HPC) both the strength of th
coarse aggregates and ft
microstructural properties gf
the interfacial transition
zones.
Poon et al. Coarse RA| Various Slump and| RAC The moisture states of th
[45] from replacement| compressive | specimens | RAs affected the change of
crushed and ratios of RA| strength of| for slump of the fresh RB. RA
graded to NA, were| RAC laboratory with OD led to a highe
unwashed | adaopted, tests initial slump and quicke
concrete namely 0%, slump loss, while RAs with
from a| 20%, 50%, SSD and AD had normg
single and 100%; initial slumps and slump
source, The losses.RAC from RA with
sized at| moisture AD exhibited the highes
10mm and| states of RA compressive strength.
20mm were Aggregates in the AD state
controlled at containing not more tha
air-dried 50% RA should be optimum
(AD), oven for normal strength RAC
dried (OD) production.
and
saturated
surface
dried (SSD)
states prion
to use.

These influential studies showcased in Talllesxd 2could lead to further discussions

below.

4.1.1. Engineering properties of cement composite materials adopting RAs

It is generally believed by the public that RAs would decrease concrete strengtieior low
other RAC properties. This could be due to their high porosity, internal crackindetéiiof
sulphate and chloride contents, high level of impurity and high cement mortagddh&As

[93]. This has been proved by many existing stuffiés51, 94]. However, multiple studies
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showed that a moderate percentage of replacement of RA to NA could achieve comparable o
even higher mdwanical strength of concrete. This replacement percentage of RA to NA, as
recommended in previous studies, generally ranges from 25% t¢EDB5]. A further mix
design methodology was proposedHgpe et al97] to predict the performance of RAC (e.qg.,
compressive strength). Utilizingepositive effect®f RAs for enhancing RAC properties was
discussed extensively by Xu et @8], who proposed an optimized replacement percentage of
RA to NA in concrete mix design, when the “internal curing” featirdRAs due to its
porosities could compensate the inferior qualities of RAs. In order to imgre\engineering
properties and also to reduce carbon emissions, it is commonplace to adopt both RAdsnd SC
(i.e., supplementary cementitious materials)yanarete mix design. For example, fly ash could
enhance concrete workability when RA absaribre moisture during concrete mixif@g].

These commonly adopted SCMs (e.g., fly ash) identifiedibyet al.[100] in commecial
concrete production have been widely adopted together with RAs in sustainabétecamigr
Besides the addition of SCM and adding chemical admixture (e.g., superplgstagze
suggested in existing studi¢s01, 102] to reduce the negative effects due to the water
absorption of RAs, some pretreatment of RAs, such as removing imp{t@@jsand pe-
wetting of RAg104], could also be applied to to reduce the effects from the inferior properties

of RAs.

4.1.2. The effect of RA sources on properties of recycled products

The effects of RA on concrete properties could be affected by multiple factorssdteh a
water absorption rate and chemical composifi#®]. Chakradhara Ral05] studied the
effeas of RAs coming from different parent concrete samples on RAC properties ibund
that RAs from the parent concrete would reduce the new concrete’s compressivl,ddngt
RAs from parent concrete with higher strength could result in comparadabgtsiin the new

concrete [105]Kou and Poorj106] found that RAs from higistrength parent concrete (i.e.,



288  80-100 MPa) samples could be used to produce high performance concrete with higher strength,
289 lower drying shrinkage, and higher resistance to chloride ion penetratiortu@igdrem Kou

290 and Poorj106] provided the guide of selecting proper parent concrete source to produce RA.
291 However, how the higher strength of parent concrete would also produce higher quality of RA
292 leading to better perforamce of RAC was not explained-diepth in most relevant existing

293  studieq105, 106]. Despite that, it could be indicated frduwotfi et al.[107] that the quality of

294 the parent concrete would affect the RAsS’ microstructure, which further infRAst

295  engineering properties (e.g., water absorption, roughness, and abrasion resistaniia, edtc).

296  al. [104]compared two different types of RAs (i.&As from demolished concte and from

297  recycled red bricks) in terms of their effects on concrete properties. It wabttoat the water

298  absorption and hardness of RAs could cause differences in mechanical propeA€s FR.

299 It was indicated by Poon et §.3] that the RA from different parent concrete samples could
300 affect the newly produced RAC'sterfacial transition zones, which further affect the

301  engineering properties of RAC. It was further suggesteBdpe et al[103] that “cleaning”

302  RAs to enhance their physical properties could reduce the parioengap between RAC and

303 ordinary concrete. The “autogenous cleaning” of RAs, as described by PepgléBhl.

304 referred to removal of surface impurities and reduction of particle hetezdges.

305 4.1.3. Different types of RACs containing RAS

306 Ongoing research has been studying the feasibilities of adopting RAs in multipleftypes o

307 RACSs, including pervious concreft@?], reinforced concref@08], SCC[69], FRP composites

308 [109], and HP{110]. Aslani et al[111] optimized the mix design of higherformance SCC

309 adopting RAs by testing the fresh and hardened properties. It was found that the praposed m

310 design could save cement amount u@@® [111]. Yan et al.[112] adopted flax FRP tube

311 encased RAC to improve both the sustainability and the mechanical behavior of concrete

312 specimen. Mechanical properties were also checked by adopting RAs in structural eoncret
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For example,GonzalezCorominas et al[113] found that a high performance recycled

aggregate concrete could meet the structural requirements for prestressed caepets.sl

4.1.4. Sustainability effects of adopting RAs

Although most existing studies in RAs, as indicated in Taphave been focusing on the
engineering properties of cement composites (especially concrete) suntRiAs, other
aspects of RA adoption such as economic fa@0} has also been concernddfe cycle
assessment (LCA) methofisl4] have been developed to assess the impacts of adopting RAS,
especially in comparing the environmental impacts between RAs and NAs based oneavailabl
database and established invenitbt$]. The sustainabiy effects of adopting RAs could be
defined in a certain scope such as carbon dioxide)(€@issions and energy consumption
[116]. It was evaluated by Ding et fl16]that the longer transportation distance for delivering
NAs would make RAs an alternative option to lower environmental impact. 8ymila
Colangelo et al[117] adopted the LCA approach assisted by a computer simulation to
demonstrate that RAs outperformed NAs in terms of environmental sustainabilitys It wa
further indicated that different types of RAs had variable sustainability is{ddd]. The LCA
approach not only covers the cost and environmental effects by adopting RAs, bueatso af

policy making [118].

4.2.Research gapsin existing recycled aggregate studies
4.2.1. Sources of RAs

A review of the RA literature sample in this study reveals tlentajority of RAs adopted
for scholarly work come from C&D wasteespecially demolished concrdfiel 9]. Although
C&D wastes from other buildgymaterials such as brickg20], tiles[121], and ceramicflL22]
havealso been studied as RA sources, significantly less researkhambeen performed to

obtain RAs from other locally available sources. For example, oyster shatl$doal wastes
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in coastal cities could potentially be reused as RAs for new applications (eldindowall
claddings).

Even within existing studiesvhich adopted RAs from demolished concrete, the
uncertainty on the source of the parent concrete could cause variability of RAS’ engineer
properties (e.g., water absorption), which would further lead to uncertaintibge IRAC
properties (e.g., mechaal strength and durability). Therefore, a comprehensive list of
parameters that influence the RAC properties need to be established. As indicadatein
existing studie§86, 123] these parametersud include the mix design of the parent concrete
which further affects its strength, crushing method of the old concrete, arehpreint of RAS.
Most studieg105, 106]have been limited to the description of experimental findings of how
the property of parent concrete would affect the RAC qualliiedar, there is still insufficient
investigation from the material science perspective to explain how these parametieks wo

affect RAC properties.

4.2.2. More engineering propertiesto be tested of cement composites containing RAs

More studies adopting RAs so far have been more focusing on RAC’s performance in
terms of traditionally defined properties such as mechanical propgrékand durability
[125]. There have been limited applications of RAs in being studied for their effects on othe
properties of RAC, such as environmental protection functions. For example, X9 al
stated that although there have been some ongoing studies of developing photocatalytic
conventional concrete, not sufficient research had been performed to utilieattive of RAs
in the mix design of photocatalytic RAC. The internal pores and rouggicewof RAs could
become an advantage of RAC to capture photocatalysts (e.g., titanium dioxide)doif &l
purification purposg122]. The applications of RAs in building or infrastructure sectors are

limited to nonstructural member$l26]. Developing RAs for a variety of engineering
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applications could be explored. RAs could also be tried avitarent cementitious materials
in concrete mix design, e.g., grapheme oxide composites, as suggested by Xu et al. [31].
The literature sample from this study also indicates that there has been limitedhresear
investigating the performance of concrete structures containing RAs undee fatigdverse
outdoor environment. Assisted Hyesign Expert and Center Composite Design (CCD)
software, Li et al. [127] found that fatigue and freetbaw cycles wouldrifluence the
compressive strength and substantially impact the performance of pavement reaqyelgdtag
concrete Liu et al.[128] concludedhat the RAs could enhance the fatigue life of rubber
modified recycled aggregate concrete (RRAC). Somewhat in corth@sgsearch d?Peng et
al. [129] showed that the fatigue life, residual strength, and residual stiffness of RAC all
decreased with an increase in RA replacement percentage. Thomgs$3fi]also suggested
that the use of RA reduced the ability of RAC to resist fatigue cycles. Thesegsisties of
RAC did not reach completely consistent findings. Before extending RAS’ apqticiti
practical engineering, the experimental and theoretical investigationsoneattinue in order
to reveal more insightful findings regarding RAC or other composite structurggidat

performance otheir performance under adverse environment.

4.2.3. Recycled products adopting RAs

So far the majority of existing studies from this literature sample focused on IRAE
attention has been paid to other cement composites (e.g.-meeely mortar), or other
applications of RAs. The gap between scientific research and engineeringgpecantbe found
by reviewing the literature sample. For example, most of the studies have beérgfoaube
engineering properties of concrete containing RAs. However, the commonplacetepyslica
of RAs (e.g., from old concrete), could be largely limited to roadway constructiormpave

subbase, and backfilling aocding to several existing investigatiofi00, 131, 132] The
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uncertainty of RA sources would cause problems of deciding the reapplication of RAs, as

indicated by Oikonomou [133] arMeyer[134].

4.2.4. Enhancing the reuse rates of RAs

Crushed concrete for recycling and reuse could cause secondary wastes due to the fact that
not all the sizes of RAs could be reused. Koshiro and I¢hi&® attempted to address this
issue by adopting thentire waste reuse modtirough utilizing different sizes of RAs in
cement composites (e.g., clay tiles). However, there have been so far lintdied atidressing
how RAs from different sources, sizes, and compositions could be efficientiedtilo
enhance their reuse rate. It is common to see only part of the RAs fromsthemdiuidings
being reused in RAC production. There is a need to have standards, guidelines, or even
legislations to specify the applications of RAs according to their qualitigeragrerties.
Technological applications to obtain this information of quality or property of R&ddv

become necessary.

4.2.5. A comprehensiveindicator system of RA adoption

There has been insufficient research on a holistic evaluation of the impacts of adopting
RAs. Existing studies may even come up with contradictory findings on the impacts. For
example,Tam [136] andGull [10] held different views on the cesffectiveness on reusing
RAs from C&D wastes. Factors contributing to the adoption between RAs and Nédeinc
but are not lintied to labor costs, available equipment, energy inputs, local availability, and
reuse purpose (e.g., pavement). There is a need to develop a deakiog framework (e.g.,
an updated LCA approach) for stakeholders to evaluate the advantages and digadwaint
choosing RA and NAEven though RAC containing RA could be improved by initial treatment
of RAs, the practical feasibility of procedures to oeimpurities (e.g., Tam et @7]) in RA
surfaces needs to be investigated, especially considering other factors such asdaiost.

4.3.Suggestions for enhancing RA adoption as sustainable construction materials



410 The mainstream research topics in RAs and research limitations based on the scientometric
411 review of this literature sample indicate the interdisciplinary nature of adoptisgiédAhe

412 cleaner production in the construction industry. The industry is causing a sigriiiipact on

413 the living environment based on the facts that: (1) it consumes a tremendous amoun&abf natur
414  resources (e.g., NAs); (2) it contributes a significant portion of the carb@siemcrossing

415  industries; and (3) it generates an overwhelming amoiu@&D wastes causing shortages of

416  urban landfill spaceThe concept of cleaner production has been practiced for a few decades
417  and participating companies had shown some positive results in terms ohmatkzation,

418 lowered energy consumptions and reduced carbon emigdidhsimplementation of the

419  cleaner production involves technological evolvemenrgijriss models, and public awareness
420 as indicated from existing studig®, 137] This has been somehow reflected in adopting RA
421 inthe construction sector. For example, Jin ¢i.26] provided the workflow in the production

422 line of using RAs from crushed C&D wastes to manufacture masonry bricks. @ohsigh

423 the discussion provided b§jaerheim[11], it was further inferred that the adoption of cleaner
424  production needs multiple driving factors, such as governmental policy, social acceptahce

425  the market conditionl26, 131].

426 A review of existing literatur¢ll, 138, 139])ndicates that LCA has been a commonly
427 adopted modeling approach in evaluating the outcomes of implemsnstagnability In the

428  context of utilizing wastes in the construction sector, LCA has been implemerdedritify

429  the environmental and technical effects of RA adopfigt0, 141] Based on the existing

430 studies of promoting cleaner production practice, as well as research on reusing RAs

431  suggestions to enhance RA utilization to improve the sustainability are proposed here

432 e Information tracking system can be developed for sources of RAdén o determine its
433 application. Sources of RAs could cause different engineering properties to newt cemen

434 composites as indicated from previous resef4B, 143] The information system of RAs
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could include but be not limited to its parent concrete mechanical strengtindp type,

and laboratory test results, etc.

More site investigation and trail projects can be conducted for investigatinggiineering
properties and new applications of construction products containing RAs. For example,
precast concrete members,cae type of offsite construction components, can be tested

of its resistance to natural disasters when RAs are adopted in its mix design. The
applications of RA in building construction could be more than jusistructural members.

For example, Japaresndustrial Standards [144, 145] provietame guides othe classes

of RAsto be applied in different types of concretaistures A variety of applications for
RA-based construction products can also bridge the gap between scientific research
community and industry practice.

Local availability and regional contexts should be considered for adopting RASs.
Stakeholdersncluding policy makers, industry practitioners, and academic researchers
could promote the local “green” production by looking at regionally available waste
sources beyond the construction industry. For example, sea animal shells from fosd waste
could bepotentially recyclable resources to produce RAs in coastal areasulgal
regions might also consider reusiogal by-products for RA as indicated by Ezief(ii2].
Reusing these localagtesfor productions of RAs should not be limited to C&D wastes,
but across industries. A comprehensive evaluation of the social, economic, akammc
environmental indicators for adopting a certain type of RAs would be necessary. This
evaluation system, bBad on the life cycle assessment of RAs, should support the decision
making for not only whether or not to adopt a certain type of RA (e.g., RA from oyster
shells), but also for how to optimize its reuse and application. For example, shyalter

may not only be used for coarse RAs in concrete production, but also as fine RAs for wall

finish or decoration.
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e Determining the multiple uses of the same type of RA, or RA from mixed safreestes
(e.g., C&D waste) in order to enhance the reuse rate. Itpsrtamt to minimize the
“secondary waste” generated by producing RAs from wastes. For example, finegparticl
would become “secondary waste” if only coarse RAs are utilized from crushing C&D
wastes. Fine RAs could also be potentially applied in congiru¢dig., mortar).

e Finally, public awareness towards building products containing RAs can be raised to
embrace the sustainability culture. The public might have a biased opin@amltogcycled
products, but the mindset could be changed when they gain more knowledge of properties
of products containing RAK26]. Pilot construction projects or a prototype of building
product such as Waste Houfk46] works a bridge between multiple stakeholders,

including researchers, industry practitioners, and the general public.

4.4.Research directions for recycled aggregate

Following the summaries of mainstream research topics, gaps from existing RA studies,
and suggestions to enhance RA adoption, the research framework in the RA dpnagiossd
in Fig.3. The existing research topics in B@re generated based on the prior scientometric

analysis of keywords, for example, mechanical properties of new concrete conasing



476

477

478

479

480

481

482

483

484

485

486

487

488

Existing Resear ch Topics Research Themes Research Directions

. Mechanical properties . . . More  properties of cemer
. Engineering properties of : g -
. Fresh properties . composites incorporating RAs fc
= cement composites —» : S
. Durability containing RAS emerging applications (e.q
. Microstructure 9 photocatalytic performance)

\ 4

A WDNPRE

1. Digital approach to track the R

1. Water absorption information during its life cycle

2. Porosny__ > Properties of RAS 2. Deqsmnmakmg .of RAS reust
3. Composition according to their sizes ar
4. Waste sources properties

3. Entire waste use model

1. Selfcompacting concrete; 1. A variety of waste sources f
2. High performance concrete . RAs (e.g., oyster shell wastes)

. Different types of cement : g
3. Pervious concrete > composites adontin RA—» 2. A variety of cement composite
4 Fiberreinforced  polyme P pung adopting RAs (e.g., readmixed
composites mortar)

n

Life cycle assessment (Lf A more comprehensive indicat
using RAs system evaluating the impacts
using RA against NA

Cost and energy input by
adopting RAs as compared pe
NAs

v

Data mining and statistical |n . . .
estimating the properties pf | Data Science applied in sl yicsand Bid Data in H

. o 2> —» for  producing new cemer
cement composites containing RA research .
RAS composites

Fig.3. Research framework linkinidpe existing research topics in RA to future research
directions

Five main themes are suggested in ¥ig.the RA domain, linking the existing research

topics into future directions:

Depending on the application of RAs, more engineering properties chiRAa variety of
RACs could be developed. For example, applying RAs in photocatalytic pervious concrete
pavements for absorbing air pollutant particles. As suggested by Xy%]aRAs have

their advantage of beingiore capable to absorb more photocatalysts for developing
environmentally friendly concrete.

Besides the properties of RAs themselves listed ir8Bigch as water absorption, the waste
treatment method is a key factor that affects the properties of RAs, and foftinances

the properties of recycled products, as in@iddrom existing studief81, 147] A digital



489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

platform such as Building Information Modeling (BIM) and Geographic Information
Systems (GIS)could be adopted to identify or track the information (e.g., source) of RAs
before being applied. This information of RAs would be important for deciding how to
reuse the RAs (e.g., in natructural building elements). Information tracked from the
sourceof RAs would also be useful to analyze the heterogeneous compositions of wastes
in order to enhance the reuse rate of RAs.

The source of RAs and the application of RAs could be extended to other industries beyond
the construction field. Depending on lolailability, more sources of RAs could be
identified besides the C&D site$or example, various types of industrial wastes as
introduced by de Brito and Saik[a48]. GIS, as the information tool whidimas been
applied in the C&D waste treatmefit49], could also be further developed in locating
potential sources of RAs arttieir applications which may not be limited to cement
compositedbut also geotechnical and road pavement matg¢tiaG.

Digital approach to track the property information of RA throughout its life cgiclading

its early stagefl51] could be further developed. For example, during the design stage of a
concrete structure building, the amount of RAs in different sizes for reuse could be
estimate and stored as information in the BIM platforfine properties of RAs would be
critical for applications in structural concrete especially from the life cycsppetivg152]

A more comprehensive sustainability indicator system for adopting RAs ayéissould

be developed by considering and weighting social, economical, environmental, and
engineering aspects.

The existing data mining and Big Data amwio[153] could be applied in estimating
properties of new cement composites containing ,RiAs example,the Analytical
Systemization Method newly developed by Obe ¢1%0] in building the datamatrix for

applying RAs The properties of cement composites should not be limited to mechanical
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properties [154]More properties of cement composite®pting RAs such as durability

could be evaluated using data analytics methods as suggested by Koo et al. [55].

5. Conclusion

This study extends the concept of Circular Economy by focusing on recycled aggregate
(RA) as the vehicle to bridge construction and demolition (C&D) wastes and thitaipps
during its life cycle. A comprehensive rew of existing literature based on the sample of
1,639 journal articles was conducted to provide the big picture of the existingcesgatus
in RAs, to discuss limitations in adopting RAs, as well as providing visions for futwarces
in RAs. The current study contributes to the body of knowledge in adoptirags RAstainable
construction materialsased on the fact that the source of RA should not be limited to C&D
wastes, and the application of RA could be more than cement composites.

A holistic review approach consisting of three steps, namely bibliac literature search,
text-miningbased scientometric analysis, andiepth qualitative discussion, was adopted as
the research methodology. This holistic review methodology could be further adaptdtto as
the review of other research domains. odajindings generated following this review

methodology can be summarized below.

5.1.Findings from scientometric analysis

Major findings from scientometric analysis are summarized below:

e Most existing research focused on adopting RAs in the studies of new concrete production,
with mechanical properties of recycled aggregate concrete as the most frequdrety stu
topic in RA.

e Articles with most citations were published in earlier yesnd focusedn mechanical

properties of cement composites containing RAsckes with highest normalized citations
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were published in more recent years and focused on review work, durability of recycled
aggregate concrete, and applying computing and modeling methods.
5.2.The interrelationship between the scientometric analysis results and RA as sustainable

construction materials

Following the scientometric analysis, this study summarized the mainstream research
topics in existing literature of RA, identified the gaps of existing studied, provided
suggestions for enhancing RA usage. Existing research topics have been largahg fosusi
adopting RAs from C&D wastes, applying RAs in concrete mix, and testing the engineeri
properties of concrete containing RAs. A variety of concrete types had been studlielihgnc
high-perfomance concrete, setbmpacting concrete, fibeeinforced polymer composites,
and pervious concrete. LHgycle assessment approach had been applied in comparing the
environmental effects between RAs and natural aggregates. Limitations of thes® exist

studies were identified and discussed, including:

e the need to explore more engineering properties of cement composites containing RAs
beyond mechanical behaviour and durability, such as photocatalytic concrete for air
purification purpose;

e the need to hava variety of RA sources beyond C&D wastes;

e the need to enhance the reuse rate of RAs from C&D wastes;

¢ the necessity of having a variety of RA applications, such as reagid mortar;

e academic studies of RA applications to bridge the gap between expalinesearch and
industry practice, such as the composite structure’s fatigue performance;

e a comprehensive indicator system to evaluate the sustainability of RA adoption.

Barriers in adopting RA to embrace the cleaner production in the realwemdddisussed

among the research team, specifically uncertainty of waste sources for decision making of
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proper application of RA in the construction industry; (2) lack of a comprehensitegon

of the properties of building products containing wasteslirf8ted applications of recycled
products; (4) the gap between academic research and industry practice of RASING)
insufficiently developed indicator system for decision making in adopting RAs. @ondisg
suggestions were provided addressing these existing barriers to promote thageAnubhe
construction sector, including: (1) an information tracking system to be developedlut®r

the risks of using RAs associated with its source uncertainty; (2) miaretesiis and
investigations to explore engineering properties of construction products adopting RAs; (3)
multi-stakeholder involvement in evaluating the proper type of RAs in the local context; (4) a
crossindustry vision to identify appropriate sources of RAs; (5) minimizing the “secpnda
wastes” in the process of producing RAs; and (6) nurturing a sustainability eclojur

demonstrating more pilot projects or prototypes to the public.

5.3. Research framework guiding future research directionsin RA

Finally, a research framework was proposted link existing research topics to

recommended future remeh directions

e more engineering properties of cement composites to be explored depending on the RA
applications;

e information tools to be developed to track the source and quality of RAS;

e digital methods to obtain the RA information throughout its life cycle;

e a more comprehensive sustainability indicator system for adopting RAs agdunstl na
aggregates;

e data analytics methods applied in estimating more properties of cement composites

cortaining RAs.
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To move the academic research work forward, researchers in this study suggést that t
scholarly work of adopting RAs should not be limited to engineering properties of cement
composites containing RAs, but also a variety of RA sources, varied RA applicasiove) a
as interdisciplinary research incorporating data science, digital tegi®l@olicy making,

and a comprehensive sustainability assessment in promoting RA research and practice.

5.4 Research limitations

This reviewbased study i$imited to the English journal articles indexedScopus. It
excludes articles published in other languages and also other types of publishedsssmhrce
as trade magazine. The literature sample in this study was limited to academat gwticles.
Another review focusing on latest industry practice from other referenceesof#.g., trade
magazines) focusing on RAs in would be useful to further identify the gap between academic
research and industry practice.
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