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Abstract: As a response to the great disparity in the recyeggregates (RA) evaluated in most
investigations and those sourced from recyclingislathis paper presents an overview on the sub-
ject and seeks to provide information on the presaste issue in the construction life cycle. Sev-
eral factors related to the wider recognition asd of RA in construction are also described and
analysed in this paper, including the main barrterseuse and recycling, economic and environ-
mental impacts, the choice of demolition methodg)dge recycling procedure and certification of
the final product. Increased governmental inteneentwith ensuing strict legislation and compre-
hensive standardization, have been found to bedkiegrs for a greater pro-active engagement of
construction and demolition related entities. Femhore, with recent developments on the classifi-
cation of RA, which can facilitate certificatiort, will become increasingly easy to increase the
stakeholders confidence on the products’ quality @sulting materials’ predictable performance,
consequently increasing demand for a technicalgifde and potentially more economical substi-

tute to their natural counterparts.

Keywords: Construction and demolition waste, recycled agapesy sustainability, environmental

impact, selective demolition, certification.



1 Introduction

The construction and demolition industry is resjaiasfor the production of immense quantities of
waste, the increasing volume of which has becontearable from the environmental, economic
and social viewpoints. In the EU alone, it accodatsapproximately 30% of the total waste gener-
ated (Eurostat, 2015). In 2003, the Environmentatdetion Agency (EPA, 2014) estimated that
the production of construction and demolition wagigéDW) was about 170 million tonnes in the

USA, while, in China, it was of 120 million tonnes,2006 (Zhao and Rotter, 2008).

CDW arise from activities such as the constructiad total or partial demolition of buildings and
infrastructures, disaster debris, road planningraathtenance activities. These consist of materials
including concrete, bricks, excavated soil, metglass, gypsum, wood, plastic, asbestos and vari-
ous polymers, many of which can be recycled. Howethe lack of knowledge on the composition
and other characteristics (i.e. quantity, qualifype and real cost) by many who manage CDW,
generally results in the dumping of huge quantittégotentially reusable/recyclable materials,
which could be an alternative to their natural deywarts. Furthermore, most small and medium
enterprises, which correspond to the largest pomiothe construction and demolition industries,
want to perform the job as quickly and as cheaplya@assible (CIB, 2003) and are unaware that
most of these wastes are avoidable and that fatigwhe conventional approach often reduces rev-

enues.

Aside from the general lack of knowledge on thepprodisposal approach, in many cases, the
aforementioned companies are not compelled encugbduce CDW generation and find added-
value to it, due to insufficient legislation or $iym have no choice other than disposal by landill.

great amount of time and experience are needed Waste management system to fully develop
into a reliable, skilful, marketable and sustaiealvidustry, which is one of the reasons why so

many feel discouraged in venturing into the reuse recycling market. Even in a context in which



one of the stakeholders would be interested in tatppa more ecological stance, this would only be
a half measure, since it is essential that alligminhvolved in the process (manufactures, clients,
contractors, designers and planners) play theirfpathis attempt to grow into a fully sustainable

system.

In spite of the extensive literature concerningittiieience of recycled aggregates (RA) on the prope
ties of several construction materials, the agdesgased in these studies are mostly laboratoremad
and uncontaminated versions of the reality. IniggaRA from CDW recycling plants can exhibit
widely varied composition, be highly contaminatadcertified and thus incapable of being used in
high-grade applications (Rodrigues et al. 2013yvBret al. 2015). Therefore, this paper presents an
overview seeking to expose the present waste isghe construction life cycle, specifically frommet
moment in which CDW is generated until its accepgaim recycling plants, ending with some rec-
ommendations for future research that can guidanihestry towards a more sustainable practice.
Several factors related to the wider recognitioth ase of RA in construction are also analysedis th
paper, including the main barriers to reuse/renggleconomic and environmental impacts, types of

demolition, CDW recycling process and certificatafrthe final product.

2 Economic viability and environmental impacts of regcling CDW

As people are becoming better educated and witloxtedlow of information on global, regional and
local issues, individuals now have a stronger arflee on decision-making via such means as the media
pressure groups and communications systems, partjcwebsites and blogs. By identifying and un-
derstanding international, national and local isspeople are now demanding that their governments
adopt the concept of sustainable development anitlipto practice. Organizations that use sustaina

ity concepts as part of their management systemasttebe more aware of developing trends and events
and are more flexible and adaptable to change hwhakes them more competitive (Bond, 2005). Still,

in most countries, waste management of CDW is uasable, from economic and environmental



viewpoints, and shows significant resistance tatpmesmodifications.
2.1 Barriers

In spite of being widely known (Figure 1) and wrgasonably easy solutions, it is still difficult to
overcome the barriers that prevent the wider usBRAfin construction. Indeed, even though the
reincorporation of processed CDW is perfectly sotordstandard practice, most of the known ob-
stacles for this approach remain in place usuallye€onomic reasons. Many entities still sell NA at
particularly low prices because the raw materitddsation does not consider the actual extraction’s
environmental impact. Furthermore, the gate fa@lMV recycling plants is not sufficiently alluring

to discourage illegal dumping activities.

The advantages, both economic and environmentailsiofy RA as an alternative to NA are greatly
affected by transportation (Braga, 2015). Owinghi® potentially great distances between demoli-
tion sites to the nearest CDW recycling plant, hgeldistances may significantly increase the cost
and ecologic footprint of RA. As a result, the attiveness of using RA to concrete manufacturers
and contractors will greatly decrease. Still, dejpbeg on the sites’ raw material availability and
their target construction application, mobile rdoyg plants are preferred to stationary ones thereb

practically eliminating haulage operations by road.

Since the choice of sending CDW to certified reygiplants largely depends on its economic ap-
peal, which mainly depends on road haulage disgntces also possible that many of these manu-
facturers might not have enough raw materials &tasni their operations and answer existing de-
mand. From another perspective, even if a recygiagt has enough material to process, it is also
possible that there may not be enough consumensade for the stocked material thereby delaying

operations due to lack of storage space or eveanggding that facility’'s economic sustainability.

In most cases, distrust concerning the RA’s teécri@asibility is claimed by clients, concrete pro-

ducers and contractors. Similarly to what happemaany other scientific fields, lack of confidense



typically complemented by lack of enlightenmenttba subject matter. Assuming that the product
complies with high-quality standards, the use of iRAtructural concrete manufacture is widely ac-
cepted in the scientific community as a realislieraative to NA (Nagataki et al., 2004; Pedrolet a
2014). In fact, experience has shown that, apam the insufficient fiscal incentives, one of thaim
excuses for not considering the use of RA is tigl mconsistency of their properties. This saidk it
also true that the professionals working in mosyckng plants are often either uninterested in- pro
ducing reasonably high-quality RA for high-grad@stouction applications or are simply unaware of
the most appropriate processing methods to oltaim.t In both cases, since the quality of the final
product may vary daily and normally low, distrusincerning its technical feasibility will endure.
However, one must fully acknowledge that this Mty in quality will always exist, which can,
nonetheless, be appraised based on their most fiagsecal properties (Silva et al., 2014b). In all
stages of a construction and demolition life cyalaste materials must be sorted on the basis of the
nature and characteristics, in order to separatnpally high quality RA from low quality ones. By
doing so, a wide array of recycled products wittywey, yet certifiable, quality becomes commergiall

available, which can be used in their most suitapfaication (Figure 2).

There is a general belief that the environmentglaich of CDW beneficiation is greater than that of
NA. In spite of this being accurate in circumstanae which the adhered mortar of recycled con-
crete aggregates (RCA) is removed by heating utetty high temperatures alongside mechanical
processing, when treated with the same technigomesally applied to conventional aggregates, RA

display a considerably lower carbon footprint (Brag015).

Despite the fact that existing standards and spatiiins (BRE, 1998; DAfStb, 1998; RILEM, 1994)
permit applying RA in concrete manufacture, thedabit restricting limitations to the charactersti
and amount of RA to be used or deliver a vagueeqinaf the future performance of recycled aggre-
gate concrete (RAC). Indeed, the main codes (A@I-2014; EHE-08, 2010; EN-1992-1-1, 2008) for

structural concrete design lack clauses that daw @ better understanding of the potential stmattu

5



behaviour of RAC (Goncalves and de Brito, 2010ye5ét al., 2016a; Silva et al., 2016b). Bearing in
mind that concrete producers and designers stifiailyw these codes, a revision is vital in order f

them to fully grasp the implications of incorpongtiRA on the performance of concrete thereby con-
tributing to a greater confidence in the materiad ase of a greater amount of value-added CDW in

construction.
2.2 Financial incentives

Naturally, it is always best to strive for an iresegly “green” culture. However, faced with anaxa-

tive business opportunity, especially one that usegcled products, one must also assess its e@nom
viability. From a public policy perspective, theglementation of specific taxes, such as taxing &&h,

be motivated by both fiscal and environmental ggts. From an economic efficiency perspective, the
main purpose of taxing NA is to raise revenues autldistorting economic activities. In practicasth
implies that goods with a relatively steady pribewdd be taxed higher than goods with higher price
fluctuations. The demand for NA normally leads teeady prices, partly because there are few substi-

tutes and the investment in obtaining and procgsai materials is quite high (Séderholm, 2011).

Taxing NA can also be prompted by environmentaksoea. One must, first, understand the
underlying truth that the economic system is a gstiesn of the environment (Tietenberg, 2002). In
other words, economic activities cannot exist witththe materials that the environment provides,
though the environment may well exist in the abseot human economic activity. In essence,
increasing extraction of natural resources resalisiore harmful emissions and solid wastes, the
accumulation of which may go far beyond Nature'gereerative ability, thereby endangering the
future supply of natural resources. For this reagmocessing CDW into RA is an absolute
necessity, in order to prevent unnecessary accuimlaf waste in the environment and relieve the

huge consumption of NA.

The main benefits of taxing natural resources, feomenvironmental perspective, are (S6derholm,



2011): preventing raw material depletion; decregasiaste production and other pollutant emis-
sions during extraction and; encouraging the usgpgfaded CDW. The first major benefit of NA
taxation is to prevent resource depletion, which @ime concern when it comes to overexploita-
tion of non-renewable resources. If the collectiba resource is taxed, mining and quarrying activ-
ities decrease and will foster a more efficient osBIA, ultimately leading to lower pollutant emis-
sions and waste production. Furthermore, NA witfhbr costs compels consumers to look for oth-
er more sustainable alternatives, specifically ggeed CDW, which closes the full cycle (“cradle-to-
cradle” approach). Furthermore, since CDW recyct@gds to be less energy-intensive than natural
resource extraction (Estanqueiro et al., 201@)isth leads to fewer emissions besides avoidingitie

posal of solid waste.

The UK aggregate levy, which currently stands a@@2onne, has been in effect since April tfie 1
2014, and has been applied to businesses thateratural materials. For this reason, exemptions
were reinstated with the objective of encouragiggragate recycling, and the use of waste and by-

products from other processes instead of natugleggtes.

Besides NA taxation, a landfill tax, the rate ofigthhas increased significantly in some countiigs,
an effective approach to encourage constructiondanablition industries to produce less waste and
to recover/recycle materials from CDW. The UK, ésample, introduced a landfill tax in 1996 that is
applied to waste that is disposed of in licensedfils (Hurley et al., 2001) and seeks to refled,
much as possible, the environmental impact of aagrgut improper waste disposal. The UK landfill
tax, which increases every year, currently stahd? 65 per tonne of material exhibiting loss am4g
tion (LOI) lower than 10% (which corresponds to astall CDW), whereas the standard rate is
£84.4 (GOV.UK, 2016). Analyses on the success @fdhdfill taxation in the Netherlands also sug-
gest that it is an effective measure to direct e/gstvaluable alternatives (Bartelingsa and Lind#rh
2006). It was also observed that increasing ldrdides and fees drives waste suppliers towards in-

vesting in separate collection systems for differenovery and recycling options (EEA, 2009). Fur-
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thermore, the experience obtained from three daskes (WRAP, 2003a; 2003b; 2004), apart from
demonstrating the technical viability of reusing RAm recycling plants located closer to the con-
struction site, also showed considerable savinggsnmsportation costs and in landfill tax by theyre

cled and secondary materials’ suppliers.

During the demolition phase, by using a deconstvacpproach during the decommissioning of a
building or structure, it is possible to retrievgr@ater amount of reusable materials and all &ssoc
ated revenues. Naturally, the amount of materettaimed during construction or demolition will

continue to rise if component reuse in mainstreamstuction also increases. A comparison be-
tween the reclamation and recycling methods shdwas the first may involve less processing,

greater employment and more efficient use of ressuthan the second (Hurley et al., 2001).
Therefore, if separating components during constmand demolition activities became a stand-
ard procedure, it would certainly increase the amai reclaimed elements and thus encourage

their greater use in new projects.

The results of the BigREc Survey, on the reclammatn@ustry in the UK (CRWP, 2007), showed
that, in 2007, apart from over 2.2 million tonnésomponents having been reclaimed or salvaged,
which avoided their deposition in landfills, it alemployed over 25,000 individuals and exhibited a

revenue of over £360 million (Table 1).

Tam (2008) carried out a detailed comparative amlgf the costs and benefits of conventional
practice of CDW disposal relative to a recyclingoaach. In that study, conventional practice
means that CDW are dumped in landfills and conasepeoduced with natural resources (energy is
wasted in both the disposal of CDW and the prodactif NA for concrete manufacture). The pro-
posed recycling method consisted of sending CDWirtwessing plants (i.e. reduced NA extrac-
tion-related energy and amount of landfilled mais)i the result of which would be used in con-
crete production. After having conducted detaile@grviews with the staff of various construction
and demolition companies, recycling plants and fidledthe results showed that the recycling
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method had a positive net benefit of nearly $31iomil(Australian dollars) per year, while the con-

ventional method had a negative net benefit of affdd million per year.

Table 1 - Size of the reclamation industry (CRWIR7)

Sector Revenue (£ x ) Amount (tonnes) Employment
Reclaimed and salvaged materials
Iron and steel 2,026 22,000 730
Wood 4,645 49,000 7,126
Beams 10,192 286,000 5,310
Bricks 117,029 847,800 1,810
Roofing 9,349 100,670 790
Stone 21,625 573,700 1,201
Flooring 7,205 19,900 1,620
Paving 12,924 178,650 1,043
Architectural elements
Stone 21,595 13,000 729
Wood 26,126 26,150 2,212
Iron and steel 15,497 17,400 424
Terracotta 803 320 95
Ornamental antiques
Stone 42,954 38,400 597
Wood 19,348 32,400 429
Iron 18,909 14,800 542
Terracotta 16,714 6,400 437
Old bathrooms 15,401 6,500 725
Total 362,342 2,233,090 25,820

Coelho and de Brito (2013a, b) studied the econemaltulity of a CDW recycling plant in the Lisbon
Metropolitan area of Portugal. This plant, withapacity of 350 tonnes/hour and the technology re-
quired to produce high-quality RA, would be capaiflseparating all main components from a com-
plex combination of debris and discarding (non-gindaus contaminants and wet sludge carrying
ultra-fine particles. Several scenarios for theneoaic viability were tested, in which the main pa-
rameters were: the plant’s capacity; input gate R sale price; rejected materials landfill feelan
amount of delivered mixed and separated CDW. Utlderconditions stated in that study, it was
found that the amount of input CDW significantlyfezted the plant’'s profitability; over a 60-year
operation period (i.e. the plant’s working life)rexycling facility running at a capacity of meréy
tonnes/hour would have close to 80% less profih tivhen working at its full capacity. However, a
facility with a full capacity of 350 tonnes/houruwtd have had a payback period of 1 year in a best-
case scenario. Therefore, to guarantee the econaatiitity of a recycling plant with low payback

periods, relatively high design capacities showdobeferred. Although investment in a state-of-the-



art large-scale CDW recycling plant may prove toabeaulti-million euro enterprise, it has a high

profit potential.
2.3 Positive and negative environmental impacts of CDWecycling

Sustainability in construction is about consideiatighe positive and negative impacts of the dpmra
involved and ensuring that the maximum positiveeatspare prioritized. Recovering and recycling
CDW have four highly important benefits (Table r2duced use of natural resources; reduced transpor-
tation to/from extraction sites; reduced consunmptibenergy and; reduced CDW volume sent to land-

fill.

Coelho and de Brito (2013c, d) carried out an emrirental sensitivity analysis of a CDW recy-
cling plant in the Lisbon Metropolitan Area, PorallgThe impact factors of this installation includ-
ed incorporated, operation and transport relatguhots, which were converted into energy use and
CO, equivalent emissions. The authors observed tieag¢tiironmental benefits of installing such a
recycling plant are quite substantial, in which grecesses involved in recycling and using recy-
cled materials from this plant in construction apggions generated nearly 90% less,@Quivalent
emissions, than when using natural resources. diitiad, this recycling method required almost

85% less energy than the conventional approach.

Table 2 - Positive environmental impacts of usidg(Rond, 2005)

Positive environmental impacts

. Reduced damage to habitat
Reduced use of natural resources .

. Less visual damage

. Reduced greenhouse gas emissions
Reduced transportation of natural resources . Reduced pollution emissions

. Less use of fossil fuel resources

. Reduced greenhouse gas emissions
Reduced energy consumption . Reduced pollution emissions

. Less use of fossil fuel resources

) . Less damage to existing habitat

Reduced amount of CDW sent to landfill . g . g

. Less visual amenity damage

Though the use of RA will avoid or reduce the afeeationed impacts, recycling plants also have their
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own associated carbon footprint, which must begeized in order to mitigate it. Considering thet fac
that CDW availability and potential locations fheeir reuse after processing are likely to be inanor
urban settings, transport and delivery related atgpassociated with CDW recycling are essentibity t
same as those accompanying road-delivered NA, sutthesCDW can be processed and used on the
original site (Coelho and de Brito, 2013c). Ther @so several energy-related costs involveden th
manufacturing process of RA (i.e. thermal proc&gsim some of the more complex CDW recycling
plants. Additionally, aggregate washing may invajveat amounts of potable water to remove contam-
inants, which may not be well disposed of and thkety to pollute groundwater. Therefore, CDW re-

cycling operations are likely to generate the feitgy main environmental impacts (DETR, 2000):

Land take and ancillary development, such as viandl aesthetic impacts of the recy-

cling plant and material stockpiles, and the |dssatural features and habitats;

. Dust produced during storage, processing and toatagwn of materials;

. Noise, vibrations, gas emissions and odour deriveth processing operations and
transportation vehicles;

. Land contamination and water pollution caused e/ uke of internal combustion en-

gines and lubricants used by the equipment;

Additional transportation impacts (e.g. road detangestion, poorer safety).

2.3.1 Impacts of land take and ancillary development

One of the main impacts of land take and anciltigyelopment is visual, which affects landscape
aesthetic especially that related to the recydiawyity, the storage of CDW and processed materi-
al, and the aspect of screening bunds and vegeta@ioce long abandoned industrial sites may
provide suitable locations for recycling facilitjegforts must be made to adjust its general agpect

the surrounding environment (DETR, 2000).
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2.3.2 Dust

Dust is generated by processing operations, buintpact is likely to be of more concern in close
proximity to sensitive receptors (e.g. suburban aién areas, fragile habitats). The operations tha
are liable to generate most dust are processintgeomaterials (e.g. crushing and air-sifting), and
collecting and depositing them for storage. Othgnicant sources of dust are vehicles travelling
over unpaved surfaces and airborne dust genenatedstockpiles of material in windy conditions.
Considerable efforts should be made in mitigatind avoiding the impact of dust, i.e. preventing

dust from becoming airborne at the source (DETRQ20
2.3.3 Noise and vibration

Like dust, noise and vibration are generated bggssing operations and are likely to be of greater
concern if the recycling facility is close to sdiva receptors. Although sound and vibrations ema-
nating from these operations are normally not sigfitly strong to cause property damage or inju-
ries to people, they can be quite uncomfortables fifain sources of noise and vibration are the
working engines that power on-site crushing an@esung equipment plant, as well as vehicles.
The impact of material in metal hoppers and chuatesrushers and lorry movements are other
sources. Although there is considerable scopedduaing the impacts of noise and vibration, the

nature of the operation is such that they cann@rneely eradicated (O'Mahony, 1990).
2.3.4 Additional transportation impacts

Additionally to the noise, vibration and dust, cadidy the transportation traffic, this has other im
pacts of great concern, including road obstructammgestion, delay, heightened anxiety, and poorer
safety. Although these impacts can be mitigatesbtoe extent, the environmental effects of transpor-
tation are likely to be considerable. The trangdtm and delivery impacts associated with recygclin
CDW are essentially the same as those associatadead-delivered NA. The exception is when

CDW are processed and used on the same site @bélemecycling facilities) (BRE, 2008).
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2.4 Mitigation of environmental impacts

In order to reduce the environmental impact of ¢bestruction and demolition industries, several
measures may be implemented by following the “redueuse, and recycle” approach (Table 3). A
waste minimization philosophy should always be aered, particularly when waste (i) is generat-
ed in large volumes (e.g. concrete), (ii) origisatkem valuable materials (e.g. marble), (iii) laas
high salvage value (e.g. metals), or (iv) is tofaay. oils and chemicals). One way of minimizing
waste production is by prolonging the life spannadterials/components (i.e. higher durability
means that it will take longer to replace them widwer ones and thus less waste is produced and
fewer resources are consumed). Another effectiypecaeh to reduce the environmental impacts of
the construction industry consists of closing tbk life cycle based on a “cradle-to-cradle” per-
spective (e.g. in the end of a structure’s lifeleymstead of landfilling all materials, it is [zosle

to add value by sorting and reclaiming/processmghat these materials can be reused/recycled in
future constructions (Blengini and Garbarino, 2018)some countries, this has been encouraged
by implementing stricter legislation, requiring treduction of environmental pollution caused by
waste materials, including waste building produ@tsis is achieved by handling and disposing of
wastes in an efficient, user-friendly manner andtlng their generation by promoting their use (De

Vries, 1995).

Table 3 - Summary of methods used to reduce, sngseecycle CDW (Guthrie, 1997)

Reduce Reuse Recycle

* Purchase reclaimed materials « Separate waste on site (e.g. excavation soil, timbetals, + Separate wastes on site for easier
Constructions Focus on reducing raw material usage architectural features, concrete pipes, tileskbyiplastics, processing in recycling plants

practices . store raw materials to minimize loss, damagePPer: 0ils, and paints) * Use reclaimed materials generated
and theft « Return packaging and excess materials to supfiiiersuse  on site (e.g. excavation soil)

« Minimize material use, minimize temporary * Promote purchase of reused materials
works, optimize design life, and minimize « Promote reuse of materials on site, both duringeautite end® Promote use of recycled materials
waste from abortive work, offcuts or damage of the project

Design
innovation

In spite of the benefits of recycling, CDW recydiplants also present notable impacts and, in or-

der to secure their operation as a sustainablenattee, several preventative and mitigation
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measures as a response to the adverse environraadtamenity impacts of RA production have
been identified (BRE, 2008; DETR, 2000; Silva, 201Brevention, being the best way to reduce
environmental impacts, can be achieved by adaptiegmplementation and enforcement of envi-
ronmental protection regimes to the location, alteithe internal layout of processing sites and
using management control. Where an impact canngrdeented, the mitigation of its effects will

be necessary, which can be accomplished by malsignl and physical alterations.

3 Demolition of a building structure

There are two distinct philosophies for the denwiitof buildings and structures: conventional
demolition and selective demolition (or deconstrgt Several studies have been published on
selective demolition and its technical, economid anvironmental implications (ACWMA, 2013;
Coelho and de Brito, 2011; Dantata et al., 2005y, @006; Guy and Gibeau, 2003; Roussat et al.,
2009). Even though selective demolition is alreathndard practice in some countries, in many

others it is still looked at as with dubious ecomoappeal and little practical features.
3.1 Selective demolition

The results of an economic analysis of conventimeedus selective demolition in a case study
(Coelho and de Brito, 2011) showed that the ecoadeasibility of applying a selective demolition
approach greatly depends on a number of factorkjdimg labour costs, market prices, and tipping
fees for recovered materials. In spite of this,ithy the selective demolition approach is likedy t
be more cost-effective than the conventionally useel. Furthermore, from an environmental point
of view, the results of a life cycle assessmentasious scenarios applying different levels of cele
tive demolition (Coelho and de Brito, 2012) showtleat there was a significant reduction of impacts
(the tested factors were the amount of heavy metaldification, climatic change, nitrification and
summer smog). Still, this occurred only when tmecttire was subjected to an almost complete selec-

tive demolition, whereas partial selective dematit(i.e. controlled demolition of non-structurag¢-el
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ments, which were sent to a processing plant,vi@tbby conventional demolition of the rest of the
structure and landfilling) could even slightly ing#fy the impact on the environment, in comparison
to the conventional approach, due to increasedp@tation distances. Therefore, looking to the
whole life cycle, in order to mitigate environmdntapact, it was estimated that the recycling rate

has to increase to over 90% and the resulting rtenust be incorporated in the new construction.

In a more recent study (Tam and Lu, 2016) concgrmaste management operations practiced in
Australia, European Union, Hong Kong and the Unk&dgdom, the results showed that there has
been a clear decrease in the amount of generatsi# \@a a result of increasing efforts towards a

“greener” construction industry.

Furthermore, from a technical point of view, comsidg the different nature of the components
normally encountered in CDW (Figure 3), in ordemmimize contamination, a high quality con-

trol during the selective demolition is viewed adremely effective. Since this has great im-
portance on the output quality of recycling plasslective demolition is encouraged by the intro-
duction of strict control procedures and applyimifedent gate fees depending on the composition,

amount of contaminants and origin of the CDW (Vymekd Rousseau, 1993).

Figure 4 presents the concept of a performancedbgggroach to the use of RA in construction ap-
plications with varying requirements, in which, ¢gtegorizing RA based on their intrinsic properties
rather than on their composition alone, it is gassto maximize the incorporation of RA in their
most suitable application without significant lasgperformance. Furthermore, classification of RA i
easily understandable categories, alongside pagéfication, also helps facilitate future cligmir-
chases since they will be buying an item approptiatits future application (e.g. structural cotere

may use RA of class A, whereas RA of class D maydeel for subgrade, in road construction).

Selective demolition comprises a series of subiets, as shown in After the structure has been

demolished, steel or wooden beams that were pdhedbasic structure can finally be removed. At
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this stage, some of the steel reinforcing barsatsm be removed while crushing concrete members
using scissor crushers (the remaining ferrous meta be recovered later via electromagnets in the

recycling plant).

Table 4. Although these sub-activities can takegia any order, or even simultaneously, they are
generally organized in the order shown. After gateacdemolition has taken place and the envelope
of the construction has been demolished, theréuatteer sub-activities to consider, which cover the

demolition of structures, and the treatment/dispobwastes.

After the structure has been demolished, steelomden beams that were part of the basic structure
can finally be removed. At this stage, some ofdtel reinforcing bars can also be removed while
crushing concrete members using scissor crusheesr¢imaining ferrous metals can be recovered

later via electromagnets in the recycling plant).

Table 4 - Component elements of selective demol{8ymondsGroup, 1999)

Sub-activity Materials Observation

Valuable architectural materials, stained glass,

Selective removal of accessible materials with decorative carved doors and wall panelling, Without proper management, the

la : decorative wrought iron and tiles, double glazed materials may be stolen or even
high marketable value glass window and door units, electrical fittings, sent to a landfill
metals
Selective removal of accessible materials, which, This will reduce the amount of
1b if not removed, will cause CDW to be consideredisbestos and other hazardous materials. CDW that has to go to hazardous
as hazardous landfill
Selective removal of materials, which, if not re- This will raise the value of the
1c moved, will lower the value of the remaining CDW Wood, plastic, glass, gypsum plaster CDW-derived aggregates subse-
when crushed quently produced

This is a relatively new con-
cept/activity. It is only likely to
be appropriate in the case of
industrial structures

Chemical treatment in situ of exposed building Surface materials (roofing, walls, floors) that
1d parts, contaminated during the building’s life  have been subjected to chemical altera-
cycle, followed by removal tion/contamination

Following the aforementioned steps will ensure thatresulting CDW will largely consist of inert ma
terials, predominantly concrete, mortar, bricksangc materials and gypsum. If these are not napgss
on-site for filling or landscaping (thus avoidimarisportation of NA or clean soil), then they can b
transported to a recycling facility, where they apgraded for use in other applications, the affect

ness of which also depends on the sorting sucegsgycconstruction and demolition operations. As-
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suming that all directly reusable components aparsgted and the remaining is subjected to catego-
risation by type of material, resulting CDW are mbkely to contain fewer contaminants. Thereaf-
ter, upon processing in certified recycling fa@it, there is a greater chance of producing high-

quality RA.
3.2 Methods and equipment for production and collectiorof CDW debris

The demolition industry has undertaken significdr@nges. In the early years, demolition of a sirect
was a labour intensive, low skill, and poorly regedl activity, dealing mainly with the disassendig
demolition of buildings using simple technologi€sday, following the trend of all major industries,
the industry has automated the process by replanergual labour with machines. This evolution is
mainly because of the increasing complexity inding design, advances in plant design, financial

pressures from clients, health, safety, and otrgariatory and legal requirements.

The ACI Committee 555 (Lamond et al., 2002) produaegeport on the removal and reuse of con-
crete using techniques that conform to the conokpélective demolition. It discusses several steps
and equipment required for the deconstruction etracture, the first step of which requires an
evaluation of existing materials. This may be aebdievia petrography studies or non-destructive
and semi-destructive testing, which can assesguhbty, condition and strength of concrete (e.g.

surface hardness; penetration resistance techniguksff tests).

Depending on the type of concrete structure (génerass concrete structures, underground struc-
tures, reinforced concrete structures, pre-strgsssitensioned structures, pre-tensioned members,
separately stressed precast units, monolithictsires, progressively pre-stressed structuresgreft
support structures and demolition methods are reduA number of factors that influence the choice

of demolition method are presented in Table 5.

Table 5 - Factors influencing the choice of the diéion method (Kasai, 1998)

Factor Description
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Structural form of the building  Shape of the stumetas well as technology and materials used

Scale of construction Larger structures may magenaplex method more economic and faster, while lsiugidings
could be demolished using simple techniques

Location of the building Urban/non-urban settingd access can affect the choice of demolition egei

Acceptable levels of nuisance Noise, dust and titrdolerance levels

Scope of the demolition Some methods are not daifabdeconstruction or partial demolition

Use of the building Contaminated structures ardecedifferently from ordinary structures

Safety Safety of workers, the public and environmaunst be ensured with the choice of proper equippme
Time period Longer periods result in more matesegaration and reuse, yet short periods may mespidy

but not necessarily greater, return of investment

The wide range of demolition techniques and coearenoval methods may be divided into manu-
al labour, mechanical methods, thermal cutting was$h mechanical cutting and grinding methods

and expansion-based methods.

Manual labour-based demolition was often used d#ffterFirst and Second World Wars in heavily
bombarded areas. It is still used in countries, reHabour is cheaper than the cost of buying or
renting demolition equipment. Mechanical demolitimethods are normally associated with the
heavy demolition of large facilities. These mackimaay use impact, crushing or shear-based
methods to demolish a structure. Table 7 preseme ©f the heavy demolition equipment used for

collecting CDW.
Table 6 presents the various hand-operated toels fias demolition.

Mechanical demolition methods are normally assediatith the heavy demolition of large facili-
ties. These machines may use impact, crushingeardfased methods to demolish a structure. Ta-

ble 7 presents some of the heavy demolition equipmsed for collecting CDW.

Table 6 - Hand-operated demolition tools (Lamonral.e2002)

Hand tools Hammers, chisels, drills, crowbars,ga@admmers, etc., may be used for removing materisfaall amounts

These are the smallest type of hand-operated pgoaler they have lower energy output, and are mostd

Manual electrical tools in confined areas

Hand
operated Manual hydraulic tools  Small impact hammers, didésns, and grinders, whose power is provided layl lightweight power packs
rig\(/)vlgr Manual pneumatic tools ~ Pavement breakers and jatkless are available in a wide range of sizes, endawvered by compressed air

Drop hammers/blades Available in several sizes and faster than handabpe pavement breakers, these tools are usedialide
concrete highway pavements, parking lots and slabs. They produce very little dust, only reqoine
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operator, and are easily handled

Petrol-driven tools Two types: drilling and perdassor percussion only. Gasoline-powered toolsdeel for remote locations

Table 7 - Heavy demolition equipment (Hendriks Bietersen, 2000; Lamond et al., 2002)

Powered hydraulically or by compressed air. Thesezary common in the demolition industry. Theivadtages
are their wide range of sizes and ready availgbiBbth pneumatic and hydraulic breakers can be émeun-
derwater work

Impact breakers
and hammers

Also known as mechanical sledgehammers, they & tesbreak concrete pavements, decks, walls, #ret o
thin members. The arm of the hammer is hydraujigatiwered and the impact head is spring-powerecchMu
faster than impact hammers

Spring-action
hammers

Attached to a crane, the wrecking ball is eithepged or swung against the structure. These conaewide

Heavy Wrecking ball range of weights that vary according to the cranajsacity

demolition
equipment

Using a slitting action developed by a steel plugvedge, this equipment is placed on pre-drilleté$ian the re-

Mechanlcal tracted position. Hydraulic pressure applied togrson plug advances it, and the feathers areedoegainst the
splitters . ]
sides of the hole, producing a break
Ripper The ripper is a large blade that is used to brgakatge areas of slabs and to separate the stafdroements

from concrete

Concrete crush- Concrete crushers have a wide range of sizes atidgcjaw configurations. Ideal for removing kerlpgrapets,
ers slabs, beams and wall sections, and for crushigg lpieces of concrete

For thermal cutting operations, the object may iv&led into smaller parts by creating narrow slots.
Iron and steel are cut by heating them to high &atpres to initiate combustion and then maintain-
ing it. Another common method is melting the matefror mechanical cutting and grinding, a struc-
ture is divided into smaller elements using ddliel saws listed in Table 9. Some of these apparat-
uses use hard cutting diamond tools, which cantergaooth holes or surfaces. These tools have
minimal vibration and, when water-cooled, minimahgst. However, hard aggregates or high con-

centrations of steel reinforcements can greatlycedhe cutting speed and life of drill bits or saw
Table 8 presents some thermal cutting equipment.

For mechanical cutting and grinding, a structureiisded into smaller elements using drills and
saws listed in Table 9. Some of these apparatusedard cutting diamond tools, which can create
smooth holes or surfaces. These tools have mimuibaation and, when water-cooled, minimize
dust. However, hard aggregates or high concenttod steel reinforcements can greatly reduce

the cutting speed and life of drill bits or saws.
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Table 8 - Thermal cutting equipment (Hendriks aiatdPsen, 2000)

Cutting torch

These tools work on oxygen and fuel gas. The gagesbtained from high-pressure cylinders. Theaghof gas and
burner depend on the thickness of the material @ra steel). Once the iron is heated, it will barthe oxygen flow

Powder
cutting torch

Supplied with iron or aluminium powder, or a midwf both. These torches have three intakes: oxygehgas and
pressurized air. They cut slots rather than haldsage used for heat resistant steels and cast iron

-I;Z?tri?al Powder Similar to power cutting torches. This unit hasreggtions for oxygen and the powdered air mixtuheyTare used for
equip mge nt cutting lance steel and other metals, mass concrete and reidfoarerete and other stony materials
Plasma It can be used to cut highly alloyed and structstegl, aluminium and copper. Plasma is an eledlfriconductive gas.
cutting torch  Unlike in oxygen and fuel gas cutting, the matetizés not burn; instead, the molten metal is bloutrof the cut
Electrical This method is used to separate concrete from dritsnsteel reinforcements. Cracks develop in thecrete
heating cover, thus facilitating its removal
Table 9 - Mechanical cutting and grinding equipnieamond et al., 2002)
Core drills Available in various sizes, core drdln be powered by electricity, compressed airpbet hydraulic power packs
Diamond saws This is the most common type of saw blade for rgttioncrete. Dry-cutting diamond blades and abeasiades
are also available. They are used for cutting sladrgements and walls
Hand-held Hand-held diamond saws are generally availablevitda range of diameters and are powered by ebégtri
diamond saws petrol engines, compressed air or hydraulic powekg. They are lightweight units designed for sgiaraawing
Walk-behind Two types of walk-behind diamond saws: light datydmall jobs, and heavier models with enginesatemore
Mechani- diamond saws  powerful. Very commonly used in demolition
cal cutting -
anq grind-  Rideable pave- Rideable pavement saws provide high productivitywiades up to 760 mm in diameter
ing ment saws
equipment - \. - -
Wall saws Wall saws make accurate cuts in walls by riding érack bolted to the concrete. Blade sizes ugeih dne same range

as floor saws. They are powered by a remote sagiog either compressed air, hydraulics or anrelatsystem

Diamond wire
saws

A diamond wire saw is a continuous loop of multastl wire strung with steel beads bonded with dizno
abrasive that is pulled through concrete. This wekil ideal for mass concrete and other sectiamghiok for
diamond-tipped circular saws and where noise aatitn may be a problem

Stitch drilling

Stitch drilling is a technique used to produce @utsoncrete by overlapping drilled holes. Stitehlidg may be
used where the required depth of cut is greaterithpossible with a diamond saw

Expansion methods are based on the principle tmé ®lements rupture after considerable volume
increase, which may occur at varying speeds. Exmes gases and solid non-explosive agents
(Hydro-demolition, or water-jet blasting is typialised in situations where steel reinforcements
are intended for reuse (e.g. rehabilitation). Thisthod does not create vibration-related damage

and avoids fire risk, normally from thermal demiolit methods.

Table 10) may be used for expansion-based demulilibereafter, the resulting materials need to

be further reduced in size using other equipment.

Hydro-demolition, or water-jet blasting is typicalised in situations where steel reinforcements are

intended for reuse (e.g. rehabilitation). This moetliloes not create vibration-related damage and
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avoids fire risk, normally from thermal demolitiomethods.

Table 10 - Expansion-based methods (Hendriks agtdriBén, 2000)

There is a wide range of explosives, with spegif@perties. Depending on the circumstances anchéterials to
be demolished, explosives with a high or low detionsspeed may be used. The use of explosiveteictigt for
the demolition of large amounts of distressed atdrabrated concrete. Blasting operations are alyefontrolled
by using a range of detonators and placing expasiaterials at strategic points. This allows thecstire to
collapse onto itself in a matter of seconds, withsequent minimum physical damage to surroundBesides
building implosions, explosive blasting can alsaibed for underwater demolition

Explosive blasting

Expansion
methods The expansion of liquid CQOnto the gas state builds up pressure in a ptedtiole in the material to be
Gas expansion  demolished. An electrically heated filament ingimthe evaporation of gas. The resulting presseakb the
materials, which will then be reduced in size usitiger methods

A mixture consisting primarily of calcium oxide andicium silicate is mixed with water and then palinto
predrilled holes. After some time, the mixture exgis, thereby exerting sufficient pressure to cthekcon-
crete. The agent should be used in sound conareiehieve the desired crack propagation

Non-explosive
demolition agents

4 Recycling plants

CDW recycling plants are not greatly different frgotants that produce crushed NA from other
sources. They may use various crushers, screansfdr equipment, and devices for removing con-
taminants, with the objective of manufacturing acsfic-sized granular material. The degree of pro-
cessing depends on the initial CDW's level of comteation and their intended future application,
such as: surface material, base and sub-basedrcopestruction, general bulk fill, concrete manufac

ture or hydraulically bound materials (Hansen, 3992
4.1 Stationary or mobile?

Recycling plants can be mobile or stationary. Ndlyna mobile plant consists of one crusher (very
occasionally it may consist of two crushers) anohesaorting devices, with lower contamination
removal effectiveness (Figure 5). A stationary odiog plant usually consists of a large primary
crusher working in conjunction with a secondarytentiary crusher. They also include various
cleaning and sieving devices to produce high qu&A. The choice as to whether CDW processing
should be done in stationary or mobile recyclirans is complex and needs to be evaluated on a case
to-case basis taking into account several techriisahcial, and environmental aspects (i.e. ptapiac-

ity, transportation cost, haulage distances, CDWuait) economy of scale, NA price, and tipping fees)
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(Zhao et al., 2010).

Table 11 briefly presents the main advantages @satidantages of using either of these recycling

plants.

The choice as to whether CDW processing shouldobe ¢h stationary or mobile recycling plants is
complex and needs to be evaluated on a case-tdpaaisetaking into account several technical, finan
cial, and environmental aspects (i.e. plant capatibinsportation cost, haulage distances, CDW

amount, economy of scale, NA price, and tipping¥é£hao et al., 2010).

Table 11 - Advantages and disadvantages of usifgerar stationary recycling plants

Recycling plant type Mobile recycling plant Statiorary recycling plant
Reduced transportation distances Production of higtlity RA
Advantages Local supply of aggregates increases Enhancedegfig in varying particle size distribution
Easy mobility to another demolition site Greatemnufacturing capacity
Production of RA of lower quality High initial ingément
Disadvantages High levels of dust and noise to the vicinity Gedtansportation distances

Only economically viable when there is sufficie@W on site Production efficiency depends on cortSEidW supply

Owing to their varying nature, CDW are difficult ppocess and the existence of contaminants affects
the handling and properties of the final produet, quality of which, being inferior to that of Ni&,one

of the biggest barriers to their wider use in aartsion. As shown in the literature (Dhir et a999;
Dosho et al., 1998; Eguchi et al., 2007; Gokcd.eP@11; Mas et al., 2012; Miller, 2004; Nagateiki

al., 2004; Teranishi et al., 1998; Yanagi et &98; Zhao et al., 2010), the treatment procedunside
erably affects the quality of RA and, because efrthmber of existing processing techniques, the cha
acteristics of RA produced in different plants elifsignificantly. Moreover, materials from the same
plant can show changing characteristics, dependmghe composition of the demolished source-
structure. Nevertheless, stationary recycling plaatve progressed to a point that minimizes thatgua

ty of contaminants to an acceptable minimum therlmwing the production of high quality RA

for higher grade applications. This stricter qyatibntrol system, normally follows a standard proce
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dure for acceptance and processing, from theircsotar the buyer’'s ownership (Figure 6). Further-
more, owing to their larger size and similar operato that of conventional aggregate quarries, sta
tionary plants have the potential of building upc&s of different quality materials for immediate

supply to larger contracts.

Mobile recycling plants, on the other hand, hawwasiderable advantage over stationary facilities
in terms of the short transportation distances betwthe demolition site and the processing equip-
ment. Furthermore, when the end use applicationdwasequirements and there is an abundance of
inert materials on the demolition site, it is bet® use a mobile facility thereby reducing transpo

tation costs and carbon emissions.

Concerning the economic feasibility of CDW recyglplants, Zhao et al. (2010) assessed this feature
for a case study in Chongging, China and observatithere is an enormous demand for recycled
materials derived of on-going construction actegfiwhich created a large market potential andahus
significant growth of the recycling sector. The hems concluded that recycling plants with new
equipment have uncertain viability because theitpnwdrgin is limited by high fixed costs. However,
the economic feasibility of recycling plants is irmoped if production costs can be lowered by taking
advantage of the economies of scale of stationiantg) as the size of the recycling plant increases
the production costs of RA decrease, as fixed @stamortized due to the greater production. Oper-

ational efficiency also improves with increasingls¢leading to lower variable costs.

More recently, Coelho and de Brito (2013a, b) asediythe economic viability of a CDW recycling
plant in Portugal, the conclusions of which furtheinforced some of those of the abovementioned
study. The most favourable conditions were whengtite fees were at their highest and nearly all
of the delivered CDW materials were completely rdix@hese two parameters maximized the
plant’s financial feasibility from charging the higst CDW input gate fee. Therefore, special atten-
tion must be given to ensure that this fee is madas efficiently as possible, since it has a gtron
influence on the facility’s profitability.
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4.2 Recycling procedure

There is a wide range of possible recycling prooegluwhich can change according to the level of
contamination, available technology and the praslutsired quality. Figure 7 shows a flow diagram
of a possible combination of recycling processes ¢tn produce RA of relatively good quality and
with minimum contamination, without spending tooahenergy. In the case of plain concrete blocks
(without steel reinforcements), for example, ipisssible to bypass some of the processes such as

manual or mechanical removal of contaminants, sangg energy.
4.2.1 Crushing stage

Upon arrival at the recycling plant, CDW may eitlesiter directly into the processing operation or
need to be broken down to obtain materials withkable particle sizes, in which case hydraulic
breakers mounted on tracked or wheeled excavaterssad. In either case, manual sorting of large

pieces of steel, wood, plastics and paper maydpéresl, to minimize the degree of contamination.

The three types of crushers most used for crus@iDyv are jaw, impact, and gyratory crushers
(Figure 8). A jaw crusher consists of two platesedi at an angle (Figure 8a); one plate remains
stationary while the other oscillates back andhfeglative to it, crushing the material passing be-
tween them. This crusher can withstand large pie€esinforced concrete, which would probably
cause other types of crushers to break down. Towerethe material is initially reduced in jaw
crushers before going through other types. Thegharize reduction depends on the maximum and
minimum size of the gap at the plates. Jaw crushkers found to produce RA with the most suita-

ble grain-size distribution for concrete product{®olin et al., 2004).

An impact crusher breaks CDW by striking them vathigh speed rotating impact, which imparts a
shearing force on the debris (Figure 8b). Mateffi@lsonto the rotor and are caught by teeth odhar
steel blades fastened to the rotor, which hurl tagainst the breaker plate, smashing them to smalle

sized particles. Impact crushers provide bettengiae distribution of RA for road constructionrpu
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poses and are less sensitive to material that therwushed (i.e. steel reinforcement).

Gyratory crushers, which work on the same princgdecone crushers (Figure 8c), exhibit a gyrato-
ry motion driven by an eccentric wheel and will matcept materials with large particle sizes as
they are likely to become jammed. However, gyratmyg cone crushers have advantages such as
relatively low energy consumption, reasonable arhoficontrol over particle size and production

of low amount of fine particles.

Generally, jaw and impact crushers have a largactesh factor, defined as the relationship betwtben
input’s particle size and that of the output. A jenusher crushes only a small proportion of thegioai
aggregate particles but an impact crusher crusloegamand aggregate particles alike, and thus may

generate twice the amount of fines for the samaman size of particle (O'Mahony, 1990).

In order to produce RA with predictable gradingveyrit is better to process debris in two crushing
stages, at least. It may be possible to considertiary crushing stage and further, which would un
doubtedly produce better quality coarse RA (i.es ladhered mortar and with a rounder shape). How-
ever, concrete produced with RA subjected to @atgrtrushing stage may show only slightly better
performance than that made with RA from a secondarghing stage (Gokce et al., 2011; Nagataki
et al., 2004). Furthermore, more crushing stagaddwield products with decreasing particle sizes,
which contradicts the mainstream use of RA (i.arser RA fractions are preferred, regardless of the
application). These factors should be taken intmat when producing RA as, from an economical
and environmental point of view, it means thattreddy good quality materials can be produced with
lower energy consumption and with a higher propartf coarse aggregates, if the number of crush-

ing stages is prudently reduced.

4.2.2 Sorting and contamination removal

There are two attitudes towards the removal ofamimants from CDW: pre-crushing separation or

post crushing separation (O'Mahony, 1990). In st &pproach, debris can be sorted while a struc-
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ture is being demolished. Although this type ofagafion can be expensive and time-consuming for
the demolition contractor, it brings great bendater on, both ecological and financial. Sortiag c
also take place when CDW reach the recycling plante there, these are stockpiled according to
major constituents and/or the expanse of contammahereby allowing the plant operator to take
the necessary measures for each case. This sutitahg can help optimize the crushing time, ener-
gy spent and quality of the product, e.g. if lagg@ntities of clean debris have accumulated in a

stockpile, they can then be crushed in a singleticoous run.

It is also possible that, if CDW introduced in tieeycling process have a small enough particle size
and with no need for further crushing (as exengdifin Figure 7), then the primary crusher is by-
passed. Furthermore, should these also be corzases and exhibit a very low degree of contami-
nation, it is possible to make good use of the madténer than 10 mm in the primary screening
stage, instead of disposing of it. Many studiesehstvown that the use of fine RA is perfectly feasi-
ble in the production of mortars (Ledesma et &1% Silva et al., 2016c¢) and structural concrete
(Evangelista and de Brito, 2004; Evangelista andBd®, 2007, 2014; Evangelista et al., 2015),

provided that a strict quality control is followddring the mixing procedure.

Post-crushing separation, on the other hand, ieedasut after crushing stages, where several nonta
nant removal techniqgues may be employed. The n@sglstforward method is hand sorting, which
involves removing contaminants by hand from thevegar belts. Concentration of operators and speed
of the conveyor belt are vital factors for the @éincy of the hand sorting system. Although the d&um
eye can recognise contaminants that would be dliffio remove by mechanical means (e.g. glass, as-

phalt), it is also the costlier approach.

After the primary crushing stage, self-cleaning netg, positioned in various strategic locations

over the conveyor belts, separate bits of steafosiements and other ferromagnetic metals. Their
efficiency depends on the distance between the etagrd the debris, the conveyer belt speed, the
volume of passing debris and the angle of the ntagnenagnet is more efficient when it is posi-
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tioned directly above and parallel to a slow mowogveyor belt with a low concentration of mate-
rial. Electromagnets may be in a fixed position\abthe conveyor belt (Figure 9a) or take the form
of a rotating magnetic belt (Figure 9b). The magnle¢lt has the advantage of carrying the metals

to the side, instead of accumulating them in thgmea

In addition to ferrous metals, CDW may contain hemeus metals such as aluminium, copper,
brass, lead and zinc. These are non-magnetic arsdhitve to be separated from CDW using an
eddy current separator, which is based on the iptenthat when a conducting metal is led through
a varying magnetic field, eddy currents are geeerat the metal. By placing this device at the end
of a conveyor belt, metals are thrown off the betliile other materials simply fall off, due to grav

ty. Since ferromagnetic metals may damage the eddgnt separator, these must be removed from

the debris at an earlier stage.

At a later stage, it is possible to eliminate digpsum, plaster, and other fine impurities by ass

the crushed aggregates over a set of scalpingnscrBey screening can be used to separate the mate-
rial into several size fractions, which can laterrbcombined to produce well-graded RA. Materials
can be separated more efficiently by using slopeeesis vibrating at low frequencies and large am-
plitudes, while horizontal screens vibrating athhigequencies and small amplitudes are better for

separating fine material. This process only sepanaiaterial based on particle size and shape.

Concerning the final contamination removal stagéber air sifting or wet separation can be used.
Although air sifting may be as effective as wetasafion, in terms of the removal of lightweight

contaminants (i.e. wood, hardboard, plastics, straefing felt, and asbestos fibres), and would
also avoid the use of large quantities of watez,|#tter allows leaching of water-soluble chlorides
and sulphates (Galvin et al., 2014; Rodrigues .et28l13; Van Der Wegen and Haverkort, 1998;
Weimann and Miiller, 2004). Despite the potentiébiywer economic and ecological advantages,
this means that aggregate washing is a better momaat removal method for the production of RA

meant for the production of cementitious materi#tign air sifting. However, since sulphate or
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chloride contents have little impact on the perfance of unbound or bitumen bound applications,

the air sifting method can be used instead of wpamation.

As a complement to the aforementioned crushingquioes, there are also other less conventional
methods for the removal of adhered cement mortan fthe surface of the original natural aggre-

gates. Table 12 presents a brief description th ehthese methods.

Table 12 - Alternative contamination removal methfmit old adhered mortar

Method Description References
* Electrical energy is transformed into mechanicargy in the form of sonic impulses generated undg(inR and Mueller,
Underwater water, which are applied to RCA in a water-fillaghtainer 2004)
high perfor- * The sonic waves generate pressure and tensilesestrdmetween aggregate and old cement mortar(Maeda et al.,
mance sonic destroying their bond 2008)
impulses  « The particle size reduces and the adhered cemstet peparates from the aggregates (Narahara et al.,
+  Quality and particle size of the end product candperolled by varying the number of impulses aoithge 2007)
« Exposure of RCA to concentrated microwave heattrrglatively high frequencies, high temperatures (Akbarnezhad and
develop in the surface layer while the interior pemature remains more or less unaffected Ong, 2010)
Microwave + This differential heating leads to high thermagsses as well as rapid evaporation of any watietens ~ (Akbarnezhad et
heating the aggregates and causes the delamination ofextlhement mortar al., 2011)
« By adjusting the microwave frequency and powe ftossible to control the extent and pattern ef th (Ong et al., 2009)
microwave heating (Ong et al., 2010)
Wet arindin » In the wet grinding method, concrete is grounchigyrotation of a rotor positioned inside a cylindrishell
mgthod 9 . Fine RA, of 5 mm or less, are produced by passinggh a screen and contaminants (i.e. fine powder,(Dosho, 2007)
wood chips) are extracted by a wet high-speed ifegér
* The differential heating of RCA to around 300 °Gftens” the adhered cement mortar by producing
Heating and micro-cracks in the ITZ between the cement montarthe original NA (Shima et al
grinding « After thermal processing, RCA are subjected toirrding process that separates the adhered cement 2005) h
method mortar from the original NA, since the bond betwtdgem has been weakened, resulting in a relatively

clean aggregate

Screw grind- ¢ Shaft screw with an intermediate part, followeddmyexhaust part with a warping cone, which remove%Matumura 2005)
ing method the adhered cement mortar '

Mechanical ¢ Inadrum body, steel balls move vertically andizamtally by rolling the drum, which separates
grinding partition boards with holes of the same size (Kajima, 2006)

method * The quality of the end product can be adjustedasyowing the inside space using the partition beard

4.3 Storage of CDW before and after processing

Experience has shown that the system, currentlgtipeal by many construction and demolition
operators and in recycling facilities, lacks propategorisation and storing of materials, which
normally leads to severe contamination and inciegse¢e fees and processing costs. Several as-

pects must be taken into account when handling GBlkla et al., 2000):

. At an initial stage, all CDW should be stored omsivithin suitable containers so that the
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waste does not get scattered and does not becomgsore to the public;

. Wastes must be properly separated into differeapfi@o preserve their characteristics, thus
facilitating their future reuse or recycling;

. Materials that can be reused at the same site |exglling, base layers, road surface pave-
ment) should be kept in separate heaps from othatsvill be sold or sent to landfill;

. In large projects (e.g. bridges, dams), speciakidamations must be made for storage of
waste. Movement of CDW has to be planned accorttirthe site’s storage capacity, other-
wise, sending it to recycling plants or landfill wd place a constraint on the job and be a

nuisance to road traffic.

Naturally, care must also be taken when storing &ar beneficiation, in order to prevent mixing
and/or contamination. The following recommendatiomsst be followed whenever possible (Kasali,

1998):

. RA derived from materials of different quality shia¢ stored separately;

. RA produced by different recycling procedures mdthshall be stored separately;

. RA of different types shall be stored separately;

. RA with different size fractions shall be storegaeately;

. Due to the self-cementing properties of unhydratechent particles within RA, it is recom-
mended that materials are kept dry, as long askpgesantil their use;

. RA shall be transported in a manner that respéetsabove recommendations and that pre-
vents breakage and segregation;

. It is recommended that each set of mechanismsan\aling plant should only process CDW
of given quality and type as this will both redwbeaning expenses and the risk of contamina-

tion when switching from one material to another.
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5 Certification of recycled aggregates

Two categories of marketable aggregates are clyrmoiduced: non-certified and certified aggregates
(Trevorrow and Lyne, 1998). Non-certified aggregaterrently comprise the majority of the output of
recycling plants. However, due to stricter demaindsr consumers who are searching for RA of a

guaranteed and specifiable quality, certificatofithe utmost importance.

Certification guarantees the quality of the aggtegmeets recognized standards and is within au-
dited quality assurance schemes. Certified RA aomfim the same specifications as those of tradi-
tional NA and may be sourced from dedicated aggeegaoducers and mobile waste transfor-

mation producers. Factors affecting the productind use of certified RA are describedamor!

Not a valid bookmark self-reference. The factors are interrelated and form a develayirogcle,

which must be refined by each of the RA producgribusing on different areas of the cycle.

Ideally, dedicated RA producers/suppliers shoulodpce materials of the highest specification.
This means they can also make room for retailingvi@#h a wider range of specified quality for
several designated applications. However, in reatiany recycling plants tend to produce material
of lower specification, in spite of the potentialligh quality input, because of inadequate quality
control. In many of these situations, premium dats are also paid upon acceptance of highly
mixed CDW and the extra processing costs involvegroducing certified high quality RA are
deemed unjustified due to the small increase iemae. Furthermore, the mixed source of the waste

also means that the end product is not uniform,imgait harder to guarantee consistent specifica-

tion.
Table 13 - Description of factors affecting thedaration and use of certified RA (Trevorrow and Lyh@98)
Price « Certified RA are cheaper than identically certifléd
« Price differential set to widen with increasingdtan - greater incentive for maximization of wastiity
Ledislation « Increasingly green business conscience created\srigment legislation
g « Increasing landfill tax and possible natural aggtedax
« Greater acceptance, due to less perception o Wality, encouraged by certification and staddar
Perception P P P lagiality 9 y

 Increasing market need, due to dwindling natussdueces’ reserves, combined with evolving succkashge record
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« Recycling facilities need to respond to greaterkeademand by improving quality of processing, @asing product

;?ﬁﬁ;img ranges and specifications
9y « Higher RA market selling price increases confidefocesupplier's capital expenditure
Gfo%%?g: 1c « Developing markets utilize geographically availatgeycled waste products.
Utilization « Greater emphasis on maximizing waste utilization
« Increasing importance of selective demolition tégphes to facilitate future waste utilization
Information « Increasing coordinated access to market information

« “Fit for purpose” criteria to avoid over-specifigat of materials
Quality « Increasing market acceptance through extendedicatitin
« Quality production within audited quality systems

Assuming that proper beneficiation procedures wdnddised, yet with low quality control during
construction or demolition operations, it is likellyat these initially poorly screened materials
would exhibit relatively low quality at the end thie recycling procedure. Still, despite the potdnti
inconsistency of the final product, this should histder the certification of RA, since the most in-

trinsic physical properties will remain therebyoaling proper categorization.

Indeed, in a previous study (Silva et al., 2014e) duthors observed that the basic physical proper-
ties of RA followed a predictable relationship, aedjess of their size and composition, which al-
lowed the development of a performance-based @lzason system that is easily understandable
by all professionals in the industry. Thereon, gdimis classification on the mechanical, durability
and structural behaviour of RAC (Silva et al., 2812016a; 2016b; 2015a; 2015b), high correla-
tions have been systematically observed thereloyalh accurate prediction of the materials’ per-
formance. Therefore, in view of these resultseitdme clear that, not only can this classificatien
easily implemented, but it can also show high beliig and reproducibility of results and thus fa-

cilitate certification of the final product.

6 Recommendations for industry-guiding research

Despite the vast research on the subject and ofettteical feasibility of construction materials
containing RA, these should be restricted to apfibcis where successful research has already been
carried out. Several gaps have been identifietieniterature (de Brito and Silva, 2016), whichl sti
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need to be addressed before using RA in more dangagplications, with special emphasis to-

wards structural RAC, namely:

Quiality control increase throughout the material’slife cycle - It is possible to predict how
the RA’s quality will affect the performance of v#teng recycled materials, as demonstrated
in recent developments (Silva et al., 2014b). Haveit is crucial that the RA’s contamina-
tion level is minimized throughout the recyclingppess (including construction and demoli-
tion activities), in order to produce a certifigbfé-for-purpose high-quality material. Fur-
thermore, a new treatment approach (storing RCA@Q-enriched environment) capable of
improving the physical properties of RCA has beammigg attention, which also enhances the
performance of the resulting RAC (Tam et al., 20I8)is treatment, which occurs after the
processing techniques in section 4.2, is capabkegfiestrating CQOcaptured from other in-
dustrial operations. Still, since G@reated RCA may compromise the steel reinforcerment
passive layer (Zhan et al., 2014), more researglegsaired to ascertain both technical and
economic viability of using such approach;

Deformation over time of structural RAC - Despite the amount of studies concerning the
rheological behaviour of RAC, the few existing sasdon creep suggest considerable defor-
mation increase. Even though creep deformatiorbeareadily calculated using recent predic-
tion models (Silva et al., 2015c), research thatm@duce more accurate correction factors is
further needed thereby ensuring their integratiostiuctural codes;

Performance-based structural design In view of the viability of producing construeti
materials containing RA, some authors assessedéterial’'s macrostructural performance
and ways of optimizing its incorporation (Senarathal., 2016; Tam et al., 2016). In compar-
ison to conventional reinforced concrete, strudtB&C generally exhibits equivalent rupture
mechanisms and any decrease in structural perfaen@specially deflection) correlates to

the material’s mechanical performance decline.rilepnto increase the wider use of RA in
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structural applications, the following subjectdl steed to be further explored to bring about
essential amendments to structural codes: pressttesoncrete, shear strength, load redistri-
bution, fatigue, long-term deflection and punchahgar;

“Cradle-to-cradle” life cycle assessments (LCA) anatosts (LCC)- Calculation of the global
cost of producing a recycled material of equivafgrformance to that of a conventional one is
complex and depends on several factors, which tabe constantly updated with new find-
ings. It is known that the advantages/disadvantafesing RA-containing materials, from en-
vironment and economic viewpoints, heavily dependaad haulage distances (Coelho and de
Brito, 2013a, b). However, in view of the recent@umraging results of applying a selective
demolition approach (Coelho and de Brito, 2011y fhctor must be considered in future as-
sessments, as well as NA and landfill taxation, @thér currently practiced fees, in order to al-
low more comprehensive LCA (Estanqueiro et al.,62Gihd LCC from a complete life cycle

perspective.

7 Conclusions

From the study of the various aspects related tstieg barriers to RA reuse and recycling, eco-

nomic benefits, environmental impacts, and the @rogemolition approach and equipment to

achieve certification of RA, the following concloss were drawn from the results obtained in the

literature:

Even though several obstacles to the use of RA baea identified, most of them can be
overcome hy: proactive engagement of constructrmhdemolition industries, presenting RA
as a technically feasible and economically vialileraative to their natural counterparts, ris-
ing of landfill taxation, NA levies, and gate fefes improperly sorted CDW, enforcing great-
er control over illegal dumping operations;

Since most construction and demolition activities performed by small and medium enter-
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prises, it is vital that they are controlled byexternal entity when engaged in these activities.
Apart from encouraging contractors to use a seleactemolition approach, which adds value
to CDW, that entity would also assess its bestiplesase or destination;

Even though the results of economic viability assents of implementing a recycling sys-

tem showed considerable revenues, these dependcomizer of factors inherent to each re-
gion and thus cannot be extrapolated. Howeverkéydesson acquired from them is that the
recycling approach is significantly more benefi¢tzdn conventional demolition and disposal

methods, both from an environmental and economispeetive;

Of two distinct methodologies for the demolitionkafilding structures, the selective demoli-

tion approach is by far the most effective methmddhieve sustainability in construction and

demolition-related activities and must be enforadnever possible;

Recycling is most effective when it is driven b ttlient and is considered from the start of the
project. Early involvement of all key players ireteupply chain will yield the most economic

and environmental benefits. Also, early-appliedligga@ontrol, by means of a more suitable

separation and subsequent storage of CDW, istaitachieve the highest possible quality in

RA thereby increasing potential for reuse in newstauction;

Given the varying composition of CDW, it must besed during construction and demoli-

tion activities in order to minimize contaminatiand thus increase the value of the final ma-
terial. Assessment of the contents of CDW must bésperformed upon delivery to the recy-

cling facility so as to determine the most effeetprocedure to maximize the output’s quality.

Furthermore, this will reduce processing time, piad higher quality RA, increase the work

rate and help avoid excessive costs incurred bgcessary recycling stages;

Further crushing stages will decrease roughnasgjularity, and the amount of adhered mor-
tar and thus increase the quality of the resultiogrse RA. However, given the minimal im-

provements prompted by the use of a tertiary cngsbiage, its implementation must be pon-
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dered on a case-by-case basis, as it will onihdligmprove the quality of RA, decrease the
coarse to fine RA ratio, and increase costs anthgrspent;

. Effective quality control and certification of RAylsuppliers are essential to instigate and
sustain high stakeholder confidence in the materidbwever, this must backed by greater
governmental intervention in the form of robustiséagion and standardization;

. Classifying RA based on their performance, aparnfpresenting itself as a more practical ap-
proach, owing to its easy adaptability and similizi a way that can be applied by all individu-
als in the construction industry, has demonstrateshg correlations to the concrete’s perfor-
mance. Furthermore, this categorization into diferclasses, with ensuing certification, allows
producing a wide range of materials of recognizaaglity that can then be applied in a broadened
scope of construction applications and thus belded responding to the demand of individuals

with specific requirements.
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Table captions

Table 1 - Size of the reclamation industry (CRWE)2)

Table 2 - Positive environmental impacts of usig(Bond, 2005)

Table 3 - Summary of methods used to reduce, r@udeecycle CDW (Guthrie, 1997)
Table 4 - Component elements of selective demalif&ymondsGroup, 1999)

Table 5 - Factors influencing the choice of the dition method (Kasai, 1998)

Table 6 - Hand-operated demolition tools (Lamondlt2002)

Table 7 - Heavy demolition equipment (Hendriks &netersen, 2000; Lamond et al., 2002)
Table 8 - Thermal cutting equipment (Hendriks aretd?sen, 2000)

Table 9 - Mechanical cutting and grinding equipm@&aimond et al., 2002)

Table 10 - Expansion-based methods (Hendriks agtei3en, 2000)

Table 11 - Advantages and disadvantages of usirmlenor stationary recycling plants
Table 12 - Alternative contamination removal methéat old adhered mortar

Table 13 - Description of factors affecting the guotion and use of certified RA (Trevorrow and

Lyne, 1998)
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Figure captions

Figure 1 - Main barriers that prevent a wider useeoycled aggregates in construction

Figure 2 - Current and appropriate uses of aggesdatapted from Dhir et al. (2004))

Figure 3 - Composition of CDW (adapted from Schiauahd Brickner (1993))

Figure 4 - Product performance based on the qualliaggregate used

Figure 5 - Example of a mobile crusher (1 - feednupper; 2 - oscillating conveyor; 3 - jaw
crusher; 4 - discharging transport belt; 5 - diesafjine as power unit; 6 - mobile by wheels,
crawlers or skids) (adapted from Kumbhar et al1@D

Figure 6 - Proper procedure for acceptance anagpsoty of CDW at recycling plants (Hendriks, 1998)
Figure 7 - Recycling procedure of CDW (adapted ftdamsen (1992))

Figure 8 - Examples of (a) a jaw crusher (b) anaotgrusher and (c) a cone crusher (Crushersale,
2013; Penncrusher, 2013)

Figure 9 - Fixed electromagnets (a) and rotatingma#c belts (b) (adapted from Nordberg (1994))
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Figure 1 - Main barriers that prevent a wider Useoycled aggregates in construction
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Figure 2 - Current and appropriate uses of aggregatiapted from Dhir et al. (2004))
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Figure 3 - Composition of CDW (adapted from Schéawahd Brickner (1993))
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Figure 4 - Product performance based on the quiliggregate used
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Figure 5 - Example of a mobile crusher (1 - feedliagper; 2 - oscillating conveyor; 3 - jaw crusher;discharging transport

belt; 5 - diesel engine as power unit; 6 - mobjlevbeels, crawlers or skids) (adapted from Kumighat. (2013))
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Figure 6 - Proper procedure for acceptance anegpsoy of CDW at recycling plants (adapted fromdiés, 1998)
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Figure 8 - Examples of (a) a jaw crusher (b) areichgrusher and (c) a cone crusher (Crushersdl8; P@nncrusher, 2013)
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@) (b)
Figure 9 - Fixed electromagnets (a) and rotatingmatic belts (b) (adapted from Nordberg (1994))
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