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Arising from a systematic, as opposed to narrative, literature review of 236 publications published over a
period of 38 years from 1977 to 2014, the paper examines the factors affecting the physical, chemical,
mechanical, permeation and compositional properties of recycled aggregates sourced from construction
and demolition waste, intended for concrete production. Classifications based on their composition and
contaminants have been studied. The data were collectively subjected to statistical analysis and a perfor-
mance-based classification, mainly for use in concrete construction, is proposed. The results allowed pro-
ducing a practical means of measuring the quality of recycled aggregates, which can be used to produce
concrete with predictable performance.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Development has inflicted severe damage on the environment
and may endanger its sustainability. The exploitation of natural
resources, in particular non-renewable resources, for construction
purposes leads to millions of tonnes of construction and demoli-
tion waste (CDW) every year. Since most countries have no specific
processing plan for these materials, they are sent to landfill instead
of being reused and recycled in new construction.
1.1. Background

The global market for construction aggregates is expected to
increase 5.2% this year, and again next year, up to 48.3 billion ton-
nes [1]. In the United States, the Environmental Protection Agency
[2] estimated that the generation of debris, from the construction,
demolition, and renovation of residential and non-residential
buildings in 2003, was close to 170 million tonnes. According to
Eurostat [3], the total amount of waste generated in the European
Union in 2010 was over 2.5 billion tonnes, of which almost 35%
(860 million tonnes) derived from construction and demolition
activities and 27% (672 million tonnes) belonged to mining and
quarrying operations. In 2010, these two economic sectors
generated more waste than any other (Fig. 1a). Of the total waste
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(a) (b)
Fig. 1. Total waste generated in European Union according to: (a) economic activity; (b) waste category [3].
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generated by the construction and demolition activities, and min-
ing and quarrying operations, 97% was mineral waste or soils
(excavated earth, road construction waste, demolition waste,
dredging spoil, waste rocks, tailings, and others). The share of min-
eral and solidified wastes in relation to the total amount of waste
produced was 76% (Fig. 1b).

Whilst recycling is often cited as the best way to manage CDW,
there are still several obstacles to using recycled aggregates (RA) in
construction:

� Lack of confidence of clients and contractors.
� Uncertainty as to its environmental benefits.
� Lack of standards and specifications that concrete producers can

take into account.
� Low quality of the final product, owing to lack of knowledge

and/or interest of CDW recycling plant owners.
� Distance between construction and demolition sites and recy-

cling plants.
� Lack of a consistent supply of good quality RA that can satisfy

existing demand.

Hoping to encourage and promote the use of RA, government
agencies the world over have often introduced levies and legisla-
tion in an attempt to overcome barriers, with varying degrees of
success. The European Union Directive No. 2008/98/CE [4] encour-
ages the reuse and recycling of waste materials. It is expected that
by 2020 new building structures will include at least 5% of recycled
materials. These include paper, metal, plastic and glass, from
households or other origins whose waste stream is similar to that
of households, and also non-hazardous CDW. The variability of
building construction methods naturally means that RA sourced
from construction and demolition activities will vary in quality
and composition, which will indubitably produce new construction
materials of varying quality.
1.2. Importance of selective demolition

The approach to demolishing a building structure may be either
conventional or selective. The construction and demolition indus-
tries still see the concept of selective demolition as being of
debateable economic benefit and little practical value. A detailed
economic analysis of conventional versus selective demolition [5]
found that although the economic viability of selective demolition
(with less material sent to landfill) depends largely on local
conditions (i.e. labour costs, tipping fees, and market prices for
recovered materials), it may ultimately be more profitable than
the conventional demolition approach.

From an environmental point of view, too, there are clear ben-
efits from using selective demolition [6,7], mainly arising from a
direct reduction in the material sent to landfill. In another study
[8], a life cycle assessment was performed on the environmental
impacts of several conventional and selective demolition method
scenarios. The results were very clear in that the selective demoli-
tion approach ensured a significant reduction of the environmental
impacts specifically caused by climatic change, acidification, sum-
mer smog, nitrification and amount of heavy metals. These result
from the emission of a wide array of substances, all of which are
known to be important pollutants.

It was also found [8] that partial selective demolition (i.e.
removal of non-structural elements for recycling, followed by tra-
ditional demolition of all other materials and their disposal in land-
fill) does not imply a significant environmental impact reduction.
The use of this incomplete approach may even slightly aggravate
the impact on the environment by increasing transportation dis-
tances and other impacts. This is largely because the means of
transportation mostly used in the construction and demolition
industries is road, with diesel trucks. From a complete life cycle
perspective and to gain an obvious environmental impact reduc-
tion, it was estimated that the recycling rate must rise to above
90% and efforts must be made to incorporate the resulting materi-
als into new construction.

Apart from the aforementioned advantages of the selective
demolition approach, it is also the most effective way of minimiz-
ing the amount of contaminants in CDW materials. The recycling
industry is well aware of this fact and realizes that if this is not
done the final product is worth a great deal less, which would be
very harmful to further development of the sector. Therefore, recy-
cling plants try to promote selective demolition by imposing strict
control procedures and different gate fees depending on the origin,
composition and amount of contaminants present in these materi-
als [9].
1.3. Recycled aggregate use in construction

There is a high potential for reuse and recycling of CDW since
most of its components have a high resource value. There is a reuse
market for RA derived from CDW in landscaping, road construction
(unbound sub-base and base layers, hydraulically bound layers,
bituminous surface pavements), cementitious mortars and con-
crete [10]. Even though the properties and types of RA studied in
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this paper are predominantly of interest for mortar and concrete
production, several studies have obtained positive outcomes after
using them in various applications for road construction [11–27].
Generally, when incorporating RA from masonry rubble or
asphalt-based materials, the mechanical performance declines
[17,21,23]; however, these materials showed enhanced
performance with the use of RA from crushed concrete
[11,16,18–20,22,24–26]. This improvement can be explained by
the self-cementing properties of the unhydrated cement of the
crushed concrete particles and rougher surface, which increases
inter-particle friction, causing even load redistributions.

A serious concern about using recycled materials in road con-
struction is their leachability. Uncontrolled processed CDW may
contain leachable hazardous materials to human health and the
environment (e.g., lead-based paint, mercury-contained in fluores-
cent lamps, treated wood, and asbestos) that in turn can contami-
nate groundwater [28,29]. These factors need to be taken into
account when using RA in applications susceptible to leaching.

1.4. Industrial waste materials used in concrete production

The generation of industrial by-products has been increasing at
an alarming rate. Depending on the type of industry, there is a wide
range of industrial by-products. One such type of material is
ground granulated blast furnace slag (GGBS), which is typically
obtained from blast-furnaces of steel industries. GGBS, which is
mostly comprised of silicates and alumina, may have binding prop-
erties and thus can be used as partial cement replacement. There
have been some studies on the use of this material as aggregate
and part of the binder in the production of concrete [30–33]. It is
clear that GGBS is most beneficial if it is used as cement replace-
ment, since increasing its incorporation may enhance workability.
Consequently, a smaller amount of water is required in order to
maintain the same workability as that of a corresponding ordinary
Portland cement concrete mix, leading to enhanced mechanical
performance. The use of this material has also led to superior resis-
tance to sulphate attack and to chloride ion penetration, in com-
parison to ordinary Portland cement.

Fly ash or pulverised fuel ash is a by-product obtained from coal
burning industries. Similarly to GGBS, it is comprised of silicates
and alumina, and, when used as partial cement replacement,
may cause pozzolanic reactions. The effects of using fly ash in con-
crete are well-known [34–39]. A judicious use of this material may
lead to improvements in concrete workability, pumpability, cohe-
siveness, finishing, mechanical and durability performance.

The abundant production and consumption of glass (especially
in bottle manufacturing) calls for the need of additional recycling
methods for this product. Besides the typical recycling process into
new bottles, there are several studies that have assessed its appli-
cation in the production of concrete [40–50]. Generally, the incor-
poration of glass waste aggregates causes a decrease in the
mechanical performance of concrete. This decrease is mainly
attributed to the fragile behaviour of glass waste aggregates and
to the difficulty in obtaining proper bond strength between them
and the cement paste. However, the use of very fine glass waste
aggregates, up to given replacement levels, may lead to a filler
effect, improving some mechanical properties and also the durabil-
ity-related performance (reduced permeability and chloride ion
penetration).

The use of plastic waste as a natural aggregate substitute in
concrete is a relatively recent concept. One of the first significant
reviews on the use of waste plastic in concrete [51] focused on
the advantages and financial benefits of such use, besides its effects
on the physical and mechanical properties. There have been many
studies on the use of plastic waste aggregates in the production of
concrete [52–60]. There is a common ground in that the use of
plastic waste aggregate in the production of non-structural con-
crete is viable, even though the performance of most properties
strongly declines.

At the end of its life cycle, the final destination of a tyre may
vary greatly: from illegal disposal; landfill disposal; energy recov-
ery as fuel; and introduction of ground tyre waste aggregate in hot
mix asphalt production. The rising production of rubber-based
products has led to a growing interest by several authors
[61–66], in alternative recycling methods, specifically in their use
as aggregates, fillers and partial cement replacement, in the pro-
duction of concrete. The use of increasing contents of these mate-
rials causes significant losses in mechanical performance. Rubber
waste aggregates, which have very low moduli of elasticity, act
as voids in concrete when subjected to loading. There is, however,
some improvement in resistance to chloride ion penetration and to
abrasion.

A number of experimental research campaigns were performed
on the use of other unconventional aggregates from industrial by-
products, such as stone slurry [67], leather [68], ethylene–vinyl
acetate (EVA) [69,70], oyster shells [71], palm tree shell [72] and
even sewer sludge [73–75], for the production of concrete. Gener-
ally, the use of these materials as NA replacement causes a signif-
icant decline in the mechanical and durability-related performance
of concrete, unless when added in small percentages and as ultra-
fine material.

The approach adopted generally tends to assess the effect of RA
directly by evaluating the performance of the resulting concrete
without considering the nature and characteristics of the aggregate
used. This makes the meaningful assessment of the role of the
aggregate(s) extremely difficult, if not impossible. Thus, the main
purpose of this study was to carry out a systematic review of the
literature on the physical and chemical characteristics of RA and
see how these can affect the concrete produced. Physical properties
such as size and shape, density, water absorption, mechanical
properties, mineralogical composition and contaminants, were
examined. The data collected from this review enabled a statistical
analysis to be performed on the main influencing physical proper-
ties of aggregates, and this led to the creation of the performance-
based classification system of RA that is proposed in this paper.
2. Recycled aggregates sourced from construction and
demolition wastes

2.1. Classification

The three main types of material derived from most CDW are
crushed concrete, crushed masonry, and mixed demolition debris.
After crushing and undergoing beneficiation in certified recycling
plants, the resulting aggregates may be assigned to one of the four
following categories.
2.1.1. Recycled Concrete Aggregates (RCA)
Concrete is found in most RA because it is the most used con-

struction material in structural applications. Organizations in var-
ious countries have developed specifications [76–90] which
include a definition for RCA. Many of them [80,84,85,87] seem to
agree that to be considered RCA they must comprise a minimum
of 90%, by mass, of Portland cement-based fragments and NA. In
the proposed amendment to EN 12620 [78], crushed concrete is
classified by the designation Rc. This category also includes mortar
and concrete masonry units. It is intended that this will lead to
grades of RA in which: (i) Rc P 90%, (ii) Rc P 70%, and (iii)
Rc < 70%, where the quality of the RA is determined by the recycled
brick (Rb) content.
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2.1.2. Recycled Masonry Aggregate (RMA)
Masonry rubble is a collective designation for various mineral

building materials resulting from the construction and demolition
of buildings and civil engineering structures. This family of materi-
als may include aerated and lightweight concrete blocks, ceramic
bricks, blast-furnace slag bricks and blocks, and sand-lime bricks.
Masonry rubble often contains mortar rendering and burnt clay
materials such as roofing tiles and shingles [10]. It is composed
of a minimum of 90%, by mass, of all the materials mentioned
above. RA with high recycled brick content are commonly pro-
duced by best-practice recycling centres in which a concerted
effort has been made to separate concrete and asphalt to other
stockpiles.

2.1.3. Mixed Recycled Aggregates (MRA)
This material is composed of crushed and graded concrete and

masonry rubble. The resulting aggregate is a mixture of two main
components obtained from the beneficiation of CDW. Some speci-
fications [77,85] establish its composition as less than 90%, by
mass, of Portland cement-based fragments and NA. In other words,
it may contain several other common CDW materials such as
masonry-based materials (ceramic, light-weight concrete).

2.1.4. Construction and Demolition Recycled Aggregates (CDRA)
Throughout this investigation, it was found that, on the whole,

the literature contains limited information on the origin and com-
position of aggregates and so, where it was not possible to fully
categorize the RA they were deemed CDRA. In other cases, RA con-
tained high levels of contamination (e.g. asphalt, glass, plastics,
wood) and were also classified into this category since they did
not belong to any of the others (RCA, RMA, MRA). These materials
may be the result of waste coming from construction and demoli-
tion sites that have not been through any type of sorting and there-
fore may contain valuable materials as well as contaminants.

2.2. Contaminants

The variety of contaminants that can be found in RA from the
demolition of existing structures can severely degrade the strength
of concrete made with them. Such materials include asphalt, gyp-
sum, metals, plastic, rubber, soil or wood [91].

2.2.1. Asphalt
Bituminous materials have a general effect of reducing strength,

depending on their construction application. Hansen [10] reported
that the addition of 30% by volume of asphalt reduced the com-
pressive strength by about 30%. Other authors [92] noticed a 75%
compressive strength loss with a replacement level of 64%, by
weight of total aggregate content. The proposed amendment to
EN 12620 [78] will allow the use of RA with a maximum bitumi-
nous materials content of 10%. However, in all likelihood many
producers will aim to produce RA meeting strict limits of 5% [77]
or even 1% by mass [90].

2.2.2. Glass
This material is usually removed from buildings prior to demo-

lition and, given the recycling efforts in most of the UK and Europe,
it tends not to be present in CDW and RA. This pre-sorting is vital
because of its similar density to stone’s and brick’s, which makes it
difficult to separate glass from the rest of the heavyweight materi-
als through wet separation or air sifting procedures. Also, because
glass is brittle it usually ends up in the fines content following the
crushing procedures in recycling plants, which makes recycled
sands more liable to having high percentages of this contaminant
than the coarser fractions. In the proposed amendment to EN
12620 [78], as well as in many other specifications for RA
[77,79,80,86,87], glass content is specified not to exceed 1% by
mass.

2.2.3. Other constituents
Organic materials, for example wood and plastic, are often dif-

ficult to separate from CDW prior to crushing. Good practice is to
separate these materials using air blowers, water processing (they
tend to float to the surface) or sometimes by hand from a conveyor
belt moving between the primary and secondary crushing proce-
dures. Any non-floating wood, paper and plastic remaining within
RA are classified as ‘‘other constituents’’. Wood and plastic, which
float in water, are classified separately as floating non-stone mate-
rial and content may be limited to a maximum of 0.1% by mass.

Although smaller than 4 mm, soil and clay particles frequently
stick to stone and brick. If not removed, their presence may
adversely affect the properties of concrete. However, washing RA
prior to use should remove most soil and clay. Like non-floating
wood and plastic, clay and soil are classified as ‘‘other
constituents’’.

After jaw crushing, ferrous metals are usually removed from
CDW by means of magnetic belts, whilst eddy currents may be
used to remove non-ferrous metals. In addition, hand picking
may be used at recycling plants to remove metals from a moving
conveyor belt prior to the use of a secondary crusher. Both ferrous
and non-ferrous metals are also classified as ‘‘other constituents’’.

It has been suggested [10] that strict limits should be placed on
the gypsum content to prevent sulphate expansion. In the Nether-
lands, CDW containing gypsum are regarded as contaminated.
These contaminated CDW, along with sewer sand and contami-
nated soil, must be extensively washed before they can be used
to produce RA. In the proposed amendment to EN 12620 [78],
gypsum is classified in the family of ‘‘other constituents’’.

2.3. Chemical composition

Ascertaining the chemical composition of RA is important
because the history and properties of the original materials of
CDW are not likely to be known. Considering the vast range of
environments and conditions that these materials have been
exposed to, their chemical composition (e.g. sulphate, chloride
and alkali content) could compromise the performance of concrete.
Therefore, the chemical composition of the RA must be known for
limitations to be imposed that will result in good quality aggre-
gates, thus preventing complications arising from their use.

2.3.1. Sulphate content
Water-soluble sulphates in RA (sourced from gypsum plaster)

are potentially reactive and may give rise to expansive reactions
[78]. Gypsum occurs in finely dispersed form and originates mainly
from plasterwork. Gypsum has a negative effect on the material’s
quality for reasons of solubility, low hardness and low density.

By performing a statistical analysis on RA derived from different
sources, researchers [93] found that that the soluble sulphate con-
tent in both water and acid tests is strongly influenced by the per-
centage of gypsum and crushed clay brick in the RA. It was also
found that materials from which large contaminants were not
selectively removed had the highest values of sulphate content.

It has been suggested that RCA may have higher sulphate con-
tent than NA because of sulphates from cement of the adhered
mortar [94]. A high correlation was found between the adhered
mortar content and sulphate content (i.e. samples with higher
mortar content had higher sulphate content), though the sulphate
content limit of 1.0% was met by every sample, as per EN 12620
[78].

Another investigation [95] showed that there were no concerns
about expansion resulting from the use of gypsum-contaminated
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RCA, provided the gypsum content was sufficiently low (i.e. the
total sulphate content of the aggregate was less than 1% by mass).

According to BS 8500-2 [77], the maximum acid-soluble sul-
phate content of RA must be determined on a case-by-case basis.
However, setting a very narrow limit for the acid-soluble sulphate
content may unnecessarily exclude the use of RA. Most specifica-
tions concerning the use of RA in concrete have established a max-
imum sulphate content, by mass, of 0.8% [79,80,84,87] or 1.0%
[85,86,88–90]. The proposed amendment to EN 12620 [78] would
include two categories for RA based on water-soluble sulphate
content: (i) with a limit on water-soluble sulphate content of
0.2%, by mass, and (ii) with no limit.

2.3.2. Chloride content
Structural concrete containing RA with high chloride content

may deteriorate more rapidly due to the corrosion of reinforce-
ment bars. For this reason, it is important to establish strict limits
for the chloride content in RA.

Researchers [96] found that RA, sourced from concrete sub-
jected to marine/estuarine environments, may have a high soluble
chloride content. This would clearly restrict the use of such RA in
steel reinforced concrete. The use of contaminated aggregates con-
sequently needs a specific approach to guarantee a sufficiently low
concentration of chloride or sulphate ions. Chlorides contaminat-
ing the RA may leach if they are soaked in water. Washing with
water is one way of reducing the concentration of these constitu-
ents because they are not linked to the cementitious microstruc-
ture and are thus easy to remove from RCA. After a thorough
washing or total immersion in water for at least 2 weeks, the
amount of chlorides decreases to a point where these RA can be
used in concrete and even in reinforced or pre-stressed concrete
without any risk of corrosion [97].

In specifications for the use of RA, particularly those containing
concrete or mortar, where chlorides may be combined in the cal-
cium aluminate and other phases, limits between 0.01% and 1.0%,
by mass of cement, were placed on the chloride content, based
on the sum of the contributions from all constituents. The total
content of chlorides is unlikely to be extracted using water in the
procedures described in EN 1744-1 [98], even if the sample is
ground to a fine powder before extraction [78]. Chloride contribu-
tions from RCA for use in this calculation are measured by an acid-
soluble test [99] that provides a worst-case value [95] and proba-
bly overestimates the availability of chlorides, thus providing a
margin of safety [78].

2.3.3. Alkali content
The presence of alkalis, usually from cement, and reactive silica

in aggregates may lead to expansive alkali-silica-reaction. Care
should therefore be taken to limit the alkali content of the constit-
uents of concrete. Concerns are often raised over the use of RA
because they can contain fractions of alkali-rich hydrated cement
in the crushed concrete fractions, as well as alkalis from the prod-
uct. In one specific experimental research [100], it was shown that
in most cases the total equivalent sodium oxide values for Portland
cement concrete containing RCA are below the recommended limit
of 3.5 kg/m3. As a result, these RCA could be regarded as a normal
reactivity aggregate, as was also observed in other studies
[96,101,102]. In general, it is appropriate to regard RA as a poten-
tially reactive aggregate unless it has been specifically established
as non-reactive. In both cases, the possibility of unpredictable
composition variability should be considered [78].

2.4. Size and shape

The type of crushing devices used to break down larger pieces
and the number of processing stages influence the size and shape
of the resulting aggregates. The recycling process normally uses
primary and secondary crushing stages. Jaw crushers, which are
typically used in the primary crushing stage, provide the best
grain-size distribution of RA for concrete production. A second
crushing usually leads to rounder and less sharp particles. There-
fore, if RA only undergo a primary crushing process they will tend
to be somewhat flat and sharp, as observed by some researchers
[103,104]. Cone crushers are suitable as secondary crushers as they
normally have a 200 mm maximum feed size and give a more
spherical shape to RA. Impact crushers, also used for secondary
crushing stages, produce aggregates with a good grain-size distri-
bution and lower flakiness index.

It has been concluded that coarse aggregates meet the size
specification range by simply adjusting the setting of the crusher
aperture, and that it is reasonably easy to produce good quality
coarse aggregates [10]. However, it was found that during the pro-
duction of fine RA, these tend to become coarser and more angular
than any of the standard sands used in the production of concrete
[91]. Also, this coarseness and increased angularity are the reasons
why the workability of concrete made with these materials may
sometimes be a problem.

2.5. Density

The simplest and commonest method for characterizing aggre-
gates is in terms of their specific gravity, i.e. (i) normal weight, (ii)
lightweight and (iii) heavyweight. Normal weight aggregates are
the largest group of aggregates for concrete and include natural
sands, gravels and crushed rocks (e.g. granite, dolerite, basalt, lime-
stone and sandstone). RA also usually belong to this group, along
with manufactured aggregates such as air-cooled blast furnace slag
and recycled glass aggregates.

Several parameters were identified that may affect the density
of RA, as discussed below.

2.5.1. Recycling procedure
Since mortar is less dense than NA, the more adhered cement

paste in RCA the lower the density of the aggregates [10,105].
The number of processing stages will determine the amount of
mortar adhered to the surface of the aggregates. Researchers
[106] who assessed the effects of the number of crushing stages
on the properties of RCA found that the more stages there are,
the higher the density of the resulting RA due to the cumulative
breaking up of adhered cement paste on the surface of the coarse
RCA. An outcome of this is the increasing density of the coarse
fraction, while the fine fraction density decreases with increasing
processing levels. Therefore, for high quality RA the processing
stages should not be too few, or too many, otherwise the produced
aggregates are too fine to be used in some applications [107].

Another aspect of the recycling procedure is the existence and
quality of sorting techniques. Recycling plants separate the major
part of light contaminants, such as paper, plastic and wood, using
water-based or air-sifting methods.

2.5.2. Quality of the original material
Naturally, the type of the original material also has an influence

on the density of the resulting aggregate. The density values of
RMA are normally lower than that of RCA because of their higher
porosity levels [108]. The particle density values for MRA can be
estimated through their composition ratios, since the RMA and
RCA contents affect this property. MRA exhibit a decrease in
density as the RMA content increases [109].

Concrete mixes with enhanced strength usually require a
greater cement content, which, besides increasing packing and
yielding a more resistant cement paste, results in a less porous
mixture, and so it could be expected that this would increase the
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density of the resulting aggregates. However, some studies
[110–113] have established that RCA from concrete materials of
varying compressive strength and subjected to similar recycling
procedures had essentially similar density values. However, in
another experimental study [114], RCA from three concrete mixes
with strength of 60.7, 49.0 and 28.3 MPa had saturated surface-dry
particle densities of 2420, 2410 and 2370 kg/m3, respectively. This
downward trend was also observed in other studies [106,115]. It
would be reasonable to assume that the strength of the original
concrete has some effect on the density of the resulting aggregate.

For RMA, a correlation was found [20] between the density and
compressive strength of the original bricks, and the density of the
resulting aggregates. The results clearly showed that materials
with higher mechanical characteristics resulted in aggregates with
higher density values. Similar results were obtained in another
research [116], which studied the use of crushed clay bricks as
coarse aggregate in concrete. Several aggregates from bricks with
various compressive strengths were compared and, despite the
low correlation between the two properties, a definite trend was
observed, showing that clay bricks with higher compressive
strength resulted in aggregates with higher density values. Based
on this information, when mixing RCA and RMA (resulting in
MRA), the density of the resulting aggregates is expected to
increase with the RCA content, regardless of the strength of the
source material, and decreases with the RMA content, more so if
the strength of the source material is relatively poor.

2.5.3. Size
Several studies [14,94,114,117–121] have shown that there is a

clear relationship between the size of RA and their density. In one
of these studies [94], which looked at the influence of the attached
mortar content on the properties of RCA, it was found that the
attached mortar content increases as the fraction size decreases.
This can be explained by the recycling processes used. The use of
several mechanical processing stages of RA decreases the amount
of cement paste adhered to coarse aggregates, and as it is progres-
sively broken up the cement paste accumulates in the fine fraction
of the RA [114]. Considering this, it is expected that the density of
fine RA is lower than that of the coarse RA, from the same origin
[117].

2.6. Water absorption

Generally, NA have water absorption (WA) values between 0.5%
and 1.5%, which is normally omitted for most concrete applica-
tions. However, more precautions must be taken when using RA
because of their greater porosity. RA will almost always exhibit
higher WA values than NA, the extent of which vary according to
the same factors as those described in Section 2.5 for density.

2.6.1. Recycling procedure
Depending on the processing method, the contents of materials

such as unbound aggregates, concrete, brick, asphalt and other
contaminants in RA may change. It is known that these materials
have varying physical properties, one of which is WA. The WA of
an aggregate is directly related to its porosity [122]. Therefore,
the WA of RA that have not been subjected to effective sorting or
contamination removal techniques will naturally increase due to
the presence of highly porous materials (e.g. brick, tiles, wood
and soil) [123].

Concrete subjected to a secondary crushing procedure in an
impact crusher will normally result in RCA with less adhered mor-
tar than when only a primary crushing procedure is used. There-
fore, and since hardened cement paste exhibits higher porosity
than that of unbound NA, as the adhered mortar content increases
so does the RA’s WA [10,94,124].
The process of washing crushed CDW may also have a great
effect on the WA of RA. The results of a study [125] showed that,
after RA were washed WA values fell by between 35% and 55%. This
was because very fine particles were removed, which conferred
quite high WA values on the RA.

2.6.2. Quality of the original material
In a study [106] on whether the recycling process harmed the

properties of RCA, it was found that the strength of the original
material had a slight influence on the WA of the resulting aggre-
gate. In other words, the RA’s WA decreased as the strength of
the original material increased. This was also observed in other
research [115,126]. However, other studies [112,127] showed that
the WA remained pretty well unaffected as the strength of the ori-
ginal material increased. Therefore, it can be concluded that the
increasing strength of the original material may cause a reduction
on the WA of the resulting aggregate.

The porous nature of clay bricks means that aggregates derived
from them have higher WA values than NA and RCA do [120]. The
degree of porosity of crushed brick aggregates depends on the type
of clay used to manufacture the original brick and the duration and
temperature of firing. If RMA are to be used as an aggregate in con-
crete, a more consistent and lower value for the porosity is desir-
able since it can influence how water is transported within
concrete [116]. It was also found that the strength of the original
brick has a strong influence on the WA of the resulting RMA
[128]. Stronger bricks may result in less porous aggregates and
thus lower WA values. Therefore, when comparing two MRA with
the same content of RCA and RMA, WA is expected to increase
when the strength of the source materials decreases for either type,
but more so for the RMA.

As far as MRA are concerned, the use of both RCA and RMA leads
to WA values between those obtained for each aggregate type. It is
true that for MRA this property is mainly affected by the porous
nature of RMA; however, the adhered mortar content also helps
to increase the values. The porosity of MRA depends on the RCA
and RMA content; however, as RMA are more porous than RCA,
higher content of the first material will most definitely increase
the WA of the resulting aggregates [93,109,129].

De Brito et al. [130], who studied the effect of multiple recycling
on the properties of concrete, found that the WA of RCA progres-
sively increased after each cycle because the adhered mortar con-
tent increased. However, considering the small number of cycles
performed, it was not possible to conclude with certainty whether
this rising trend would go on indefinitely or whether absorption
would tend asymptotically to a fixed value.

2.6.3. Size
After various processing stages, coarse RCA have lower WA than

the corresponding fine fraction. This can be explained by the
increasing amount of crushed cement paste accumulating in the
fine aggregate fraction, which increases the resulting WA
[113,131].

Poon and Chan [14] studied the properties of coarse and fine
RCA and RMA and also found that fine RMA may have higher WA
values than the coarser fraction. When RCA and RMA were
blended, the resulting aggregate (i.e. MRA) exhibited WA values
in between those obtained for each individual aggregate type and
they increased as the size of the aggregates decreased.

2.7. Mechanical properties

For a given water to cement ratio, increasing the cement con-
tent in a concrete’s mix design will eventually lead to constant
compressive strength, known as the ceiling strength [132]. For
low to medium strength concrete mixes, the compressive strength
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intrinsically depends on the cement paste strength. However, if the
aggregate’s compressive strength is around half that of the cement
paste, the concrete’s compressive strength becomes dependent on
the strength of its aggregates, as in the case of lightweight aggre-
gates and RMA, but generally not with RCA [132]. Therefore, it is
important to assess the strength of RA to determine the quality
of their original materials and gain a better understanding of their
effect on the properties of concrete. The mechanical performance
of RA was found to be mainly influenced by the recycling proce-
dure used and the quality of the original materials.

2.7.1. Recycling procedure
For NAC, it is widely recognized that the controlling factor lim-

iting the strength of the cement-aggregate matrix is a porous nar-
row band which forms at the cement paste/aggregate interface
called the interfacial transition zone or ITZ. For RAC there are effec-
tively two transition zones, between the old adhered mortar and
the original aggregate, and between the old mortar and the new
cement paste. Generally, RA have a greater influence than NA on
the properties of concrete. One reason for this is that the several
processing methods of the RA can result in micro cracks at the ori-
ginal aggregate/adhered mortar ITZ, thus rendering them more
susceptible to fragmentation [133].

As mentioned, the number of crushing stages has a great influ-
ence on the amount of cement paste adhered to RCA, which is gen-
erally its weakest area. It is therefore expected that high amounts
of this material will affect the mechanical performance of RA. Some
studies have reported a high correlation between the amount of
adhered cement paste and the amount of RCA mass lost through
fragmentation; as the former increases so does the latter
[93,94,134].

Naturally, the recycling procedure also plays a defining role in
the content of the constituents of an RA, which will also affect its
mechanical properties; RCA are expected to show greater resis-
tance to fragmentation than RMA [14,119]. The results of a statis-
tical analysis [93] of RA derived from different sources showed that
the Los Angeles (LA) abrasion mass loss increased or decreased
with increasing RMA or RCA content, respectively. Therefore, a
measure of physical performance such as the LA abrasion coeffi-
cient may be a means of estimating the composition without the
need of a manual assessment technique [96].

2.7.2. Quality of the original materials
The mechanical performance of RCA is only as good as its weak-

est section and very often that is the cement paste, which is influ-
enced by the strength of the original concrete. Several studies
[106,110,135,136] have used different ways (aggregate crushing
value; aggregate impact value; 10% fine value; and LA abrasion)
to assess the mechanical performance of RCA sourced from con-
crete with different compressive strength values. The results have
shown that concrete specimens with increasing compressive
strength produced aggregates with progressively greater resistance
to fragmentation. This trend can also be applied to masonry-based
aggregates. In a study [128] on the production of concrete with
RMA, there was a good correlation between the aggregate impact
values and the uniaxial compressive strength of brick units. This
means that the aggregate impact value and similar tests can be
used to assess the quality of the original material, thus obtaining
a good estimation of how the RA is going to affect the performance
in future construction applications [116].

3. Statistical analysis

Throughout this investigation, the values of several physical
properties of RA were collected from the literature cited in this
paper, which were then compared and assessed for correlation
purposes. These properties are oven-dried density (ODD), satu-
rated and surface-dried density (SSDD), water absorption (WA),
and Los Angeles (LA) abrasion mass loss.

An example of the normal distribution curves of the ODD,
SSDD, WA and LA abrasion mass loss of coarse RCA is plotted in
Fig. 2. These results corroborate much of what was already estab-
lished in the literature review. Since there were not enough val-
ues (below 30), it was not possible to perform a normal
distribution of fine RMA, or of the LA abrasion of coarse RMA
and CDRA.

From a statistical point of view, it is possible to determine
whether the data is normally distributed by analyzing the standard
error of skewness and kurtosis [137–139] and the p-value given by
the Shapiro–Wilk [140,141] test (Tables 1–4). The ratio of kurtosis
to its standard error can be used as a test of normality, meaning
that one can reject normality if the ratio is less than �2 or greater
than +2. A large positive value for kurtosis indicates that the tails of
the distribution are longer than those of a normal distribution; a
negative value for kurtosis indicates shorter tails (becoming like
those of a box-shaped uniform distribution). The ratio of skewness
to its standard error can also be used as a test of normality, in the
same interval as that of the kurtosis. A large positive value of skew-
ness indicates a long right tail; an extreme negative value indicates
a long left tail. As for the p-value given by the Shapiro–Wilk test,
this must be above 0.05 in order to be considered as a normal
distribution.

The information given in Tables 1 and 2, suggests that the data
is normally distributed. Coarse RCA had higher average ODD
(2327 kg/m3) and SSDD (2442 kg/m3) values than any other aggre-
gate type, followed by CDRA (2280 kg/m3 and 2399 kg/m3), MRA
(2167 kg/m3 and 2332 kg/m3) and RMA (1885 kg/m3 and
2158 kg/m3). This trend, however, may not hold for the fine frac-
tion of RCA, since its average ODD (2065 kg/m3) is slightly lower
than that of MRA (2078 kg/m3) and CDRA (2207 kg/m3).

The statistical data of the normal distribution of the water
absorption results of RA also confirms what has been observed in
the literature review. Coarse RCA exhibited the lowest average
WA values (4.7%), while coarse RMA had the highest (13.4%). As
expected, MRA showed an average WA value (7.2%) in between
those two. Like the trend observed for ODD, the average WA values
of fine RCA (9.5%) were slightly higher than those of fine MRA
(9.3%) and CDRA (8.0%).

The data presented in Table 3 show that, except for fine CDRA,
all aggregate types had a normal distribution. As mentioned, the
category of CDRA was created for the sole purpose of identifying
RA whose composition was not stated in research articles or
whose contaminant content was high, and thus it did not fit in
any of the other RA categories. Most CDW recycling facilities do
not use enough sorting and contamination removal techniques
and do not determine the composition of the final aggregate. Nat-
urally, since the composition is unknown, CDRA can be composed
of a wide array of materials. This is more noticeable in the finer
fraction (recycled sands) which accumulates materials with
higher WA, such as shredded wood, soil, old cement paste parti-
cles, crushed tiles and brick powder; however, it may also contain
significant amounts of materials with low WA, such as crushed
glass and natural sand. For these reasons, CDW recycling plants
often produce batches with extremely variable physical
properties.

The information from Table 4 suggests that the data is normally
distributed. As mentioned, it was only possible to plot the normal
distribution of coarse RCA and MRA and, as expected, the average
LA abrasion mass loss of RCA (32.5%) is lower than that of MRA
(36.5%).
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Fig. 2. Normal distribution of the (a) ODD, (b) SSDD, (c) WA and (d) LA abrasion mass loss of coarse RCA.

Table 1
Statistical data of the normal distribution of RA’s ODD.

Aggregate type RCA RMA MRA CDRA

Aggregate size Fine Coarse Coarse Fine Coarse Fine Coarse
Sample size 46 292 32 37 61 68 38
Mean 2065 2327 1885 2078 2167 2207 2280

95% Confidence interval for mean
Lower bound 2018 2314 1810 2023 2130 2161 2241
Upper bound 2112 2341 1961 2133 2203 2253 2318

Standard deviation 158 117 210 164 143 191 118
Coefficient of variation (%) 7.7 5.0 11.1 7.9 6.6 8.6 5.2

Tests of normality
Skewness/standard error �1.314 �0.846 �0.908 1.189 1.132 0.352 0.302
Kurtosis/standard error 1.363 1.006 �0.460 1.446 �0.290 �0.725 0.304
Shapiro–Wilk p-value 0.213 0.465 0.737 0.129 0.294 0.593 0.638
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4. Proposal of a classification system for recycled aggregates

Fig. 3 presents the relationship between the ODD and the WA of
589 aggregates of different types, sizes and origins, sourced from
116 publications [14,25,26,29,93,97,102–106,108,109,111,113,
114,118,121,124,126–129,134,136,142–232]. These specific publi-
cations were selected from a larger sample for their content, for
being published over the span of 18 years (from 1996 and 2013)
and for representing over 20 countries from 4 continents. Fig. 3
shows that, regardless of the aggregate’s type, size and origin, there



Table 2
Statistical data of the normal distribution of RA’s SSDD.

Aggregate type RCA RMA MRA CDRA

Aggregate size Fine Coarse Coarse Fine Coarse Fine Coarse
Sample size 45 288 35 37 61 68 38
Mean 2300 2442 2152 2292 2332 2399 2399

95% Confidence interval for mean
Lower bound 2270 2432 2104 2248 2304 2364 2366
Upper bound 2331 2452 2199 2336 2360 2433 2431

Standard deviation 101 84 139 131 111 144 99
Coefficient of variation (%) 4.4 3.4 6.4 5.7 4.8 6.0 4.1

Tests of normality
Skewness/standard error 0.029 �1.507 �0.859 1.340 0.909 �0.060 0.030
Kurtosis/standard error 1.752 1.198 �1.121 1.304 �0.028 0.632 0.557
Shapiro–Wilk p-value 0.132 0.068 0.070 0.205 0.258 0.334 0.448

Table 3
Statistical data of the normal distribution of RA’s WA.

Aggregate type RCA RMA MRA CDRA

Aggregate size Fine Coarse Coarse Fine Coarse Fine Coarse
Sample size 43 298 32 36 61 72 41
Mean 9.5 4.9 13.4 9.3 7.2 8.0 5.0

95% Confidence interval for mean
Lower bound 8.7 4.7 11.5 8.4 6.6 7.1 4.5
Upper bound 10.3 5.1 15.3 10.2 7.8 8.9 5.5

Standard deviation 2.6 1.7 5.4 2.7 2.2 4.0 1.6
Coefficient of variation (%) 27.6 34.7 40.2 28.8 31.0 49.7 31.8

Tests of normality
Skewness/standard error �0.089 1.986 1.747 1.439 1.227 0.513 1.045
Kurtosis/standard error �1.395 �0.318 0.718 1.088 0.012 �2.469 �0.280
Shapiro–Wilk p-value 0.371 0.095 0.347 0.050 0.193 0.000 0.422

Table 4
Statistical data of the normal distribution of RA’s LA abrasion mass loss.

Aggregate type RCA MRA

Sample size 78 48
Mean 32.5 36.5

95% Confidence interval for mean
Lower bound 30.6 34.9
Upper bound 34.4 38.0
Standard deviation 8.5 5.4
Coefficient of variation (%) 26.1 14.9

Tests of normality
Skewness/standard error 0.810 0.866
Kurtosis/standard error �0.416 0.798
Shapiro–Wilk p-value 0.365 0.428
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is a relationship between the ODD and WA, which is mainly due to
the porosity of the material. As the porosity increases, its ability to
absorb water increases and density decreases. From a statistical
point of view, although the results show some scatter they have
relatively high coefficients of determination (R2 = 0.878) and of
correlation (R = 0.937), which, according to Piaw [233], means that
there is a very strong correlation between the two variables.

Fig. 4 presents the relationship between the WA and ODD of the
same aggregates plotted in Fig. 3, but organized by different aggre-
gate type. It shows that the manner in which different aggregate
types are spread along the curve corroborates the findings of the
literature review and of the statistical analysis, i.e. NA show the
highest ODD and lowest WA values (2580 kg/m3 and 1.6%, respec-
tively), followed by RCA (2288 kg/m3 and 5.7%, respectively), MRA
(2133 kg/m3 and 8.1%, respectively) and RMA (1909 kg/m3 and
14.0%, respectively).

The analysis for the 95% confidence interval, also shown in
Fig. 4, revealed that there is a 95% chance that, for a given ODD,
an aggregate will have a WA varying ±2.7% from that of the poly-
nomial curve in Fig. 3. By performing the same analysis for each
of the aggregate types, it was found that the 95% confidence inter-
val increased as the quality of RA declined. For a given ODD, NA
will have WA varying ±1.5% from that of the polynomial curve in
Fig. 3, while RCA, MRA, CDRA and RMA vary ±2.5%, ±3%, ±4.7%
and ± 5.2%, respectively. Considering these results, it can be said
that the polynomial curve’s variability is mostly due to the exis-
tence of lower quality materials (RMA), with production methods
that may vary greatly, and materials with high levels of contamina-
tion (CDRA), whose physical properties vary greatly in comparison
with other inert materials.

Fig. 5 gives the plots of the WA and ODD values of fine and
coarse aggregates of different types. The polynomial regression
curves suggest that for the same ODD, fine aggregates have higher
WA values than coarse aggregates. However, this difference is mar-
ginal and can be attributed to differences in the test methods, or
even to experimental errors experienced by different researchers
when determining the WA of fine aggregates. It is common knowl-
edge that the procedure proposed in the tests makes it is difficult
to achieve a saturated and surfaced-dried fine RA [196], and thus
it may have higher WA values than a coarse aggregate with a
corresponding ODD. Bearing these results in mind, it can be



Fig. 3. Relationship between WA and ODD.
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considered that fine and coarse aggregates have a similar behav-
iour in terms of their WA and ODD relationship. Therefore, in light
of these results, the polynomial curve presented in Fig. 3 can be
regarded as a general prediction model of the nature of an aggre-
gate’s WA/ODD relationship, regardless of its type, size and origin,
provided the ODD of the aggregate lies between 1500 kg/m3 and
2900 kg/m3.

De Brito and Robles [234] and de Brito and Alves [235] found
very good correlations between the combined density of RA and
NA, and several properties of concrete. Generally, the use of
lower-density aggregate blends resulted in concrete specimens
with poorer performance.

Kikuchi et al. [167] had previously made a similar comparison,
but using the weighed WA of RA and NA. As the weighed WA of the
combined aggregates increased, the performance of concrete
declined.

Dhir and Paine [102] investigated the possibility of using an
alternative method for classifying RA that would overcome current
barriers and concerns. They proposed different aggregate classes
based on the SSDD, WA, LA abrasion and drying shrinkage value.
Following this line of thought, a more comprehensive approach
for the classification of RA is proposed in Fig. 6 and Table 5.

Several specifications for the use of RA in concrete consider
some form of restriction on the ODD and WA of RA. However, some
of these limitations are very conservative and take their composi-
tion into too much account, thus leaving out types of RA of good
quality which could be used in the production of structural
concrete. As Fig. 4 shows, MRA may have similar or even better
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physical properties for use in concrete, relative to those of some
RCA. Therefore, if they are of high quality, these types of aggregate
should be used for reinforced concrete as well as for non-structural
applications. Since a good correlation has been shown between the
properties of an aggregate and those of the resulting concrete, it is
only natural that aggregates should be classified based partly on
their composition, but mostly on their physical properties.

By analyzing the normal distributions and taking into account
the performance-based aggregate classification system proposed
in Fig. 6 and Table 5, it was possible to estimate the probability
of obtaining an aggregate belonging to each class, based on their
ODD, WA and LA abrasion mass loss (Tables 6–8, respectively).
Of all the aggregate types, the probability of coarse RCA belonging
to the class A, in which NA reside, is the highest. For this reason,
coarse RCA are often considered to be the most suitable RA for
use in concrete production. Most RCA belong to the B class and it
is unlikely to obtain an aggregate belonging to class C. As expected,
the probability of obtaining a class A coarse MRA is much lower
than that of obtaining a coarse RCA. Coarse RMA are likely to be
included in classes C or D, and, therefore, this aggregate type
should only be considered for use in low grade applications (i.e.
non-structural concrete).

Analysis of Table 8 shows that, based on the LA abrasion mass
loss, there is a high probability of obtaining coarse RCA (81.3%)
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Table 5
Physical property requirements for the proposed classes.

Aggregate class A B C D

I II III I II III I II III

Minimum oven-dried density (kg/m3) 2600 2500 2400 2300 2200 2100 2000 1900 1800 No limit
Maximum water absorption (%) 1.5 2.5 3.5 5 6.5 8.5 10.5 13 15
Maximum LA abrasion mass loss (%) 40 45 50

Table 6
Probability of obtaining an RA of a given type and size in each aggregate class based
on its ODD.

Aggregate class RCA RMA MRA CDRA

Fine Coarse Coarse Fine Coarse Fine Coarse

A 1.7 26.8 0.7 2.5 5.2 15.6 15.4
B 40.2 70.6 14.7 42.3 62.6 55.6 78.2
C 53.3 2.6 50.5 50.6 31.8 27.2 6.4
D 4.7 0.0 34.1 4.6 0.5 1.6 0.0

Table 7
Probability of obtaining an RA of a given type and size in each aggregate class based
on its WA.

Aggregate class RCA RMA MRA CDRA

Fine Coarse Coarse Fine Coarse Fine Coarse

A 1.1 20.6 3.3 1.5 4.8 13.0 17.6
B 33.7 77.7 14.9 37.4 67.4 42.2 81.2
C 63.3 1.7 43.7 59.5 27.7 40.9 1.2
D 1.8 0.0 38.2 1.5 0.0 3.9 0.0

Table 8
Probability of obtaining an RA of a given type and size in each aggregate class based
on its LA abrasion mass loss.

Aggregate class RCA MRA

A 81.3 74.2
B 11.7 20.0
C 5.0 5.2
D 1.9 0.6
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or MRA (74.2%) belonging to class A. This suggests that this factor is
not as limiting as the ODD or WA, and could therefore be altered to
be comparable to those two. Specifications limit the abrasion of
coarse aggregate for use in concrete to a maximum ranging from
25% to 55%, depending on their future use. The EHE-08 – Code on
Structural Concrete [236] states that, to produce reinforced
concrete the maximum LA abrasion mass loss of RA may be the
same as for NA (no greater than 40%). Since specifications for the
use of NA already impose maximum LA abrasion mass losses
between 40% and 50%, the same range of values was used to limit
this property in the proposed performance-based classification
system. Naturally, when acquiring RA, concrete producers can
specify the maximum LA abrasion mass loss depending on the
intended application of the concrete.

Fig. 7 illustrates the use of this performance-based classification
system in the production of concrete. It shows that, for a given
replacement level, the compressive strength loss of concrete is
greater when using RA of lower quality. Whilst concrete specimens
made with 100% class A RCA had compressive strength losses
between 8% and 10%, specimens using class B RCA showed lost
between 31% and 34%. Although the example of the application
of this performance-based classification system was based on
two references, further research is being pursued on how RA of a
given quality degree and composition can change several other
properties of concrete.
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Fig. 7. Relative compressive strength between RAC and the control concrete with increasing RA content. Sourced from: (a) Akbarnezhad et al. [152]; and (b) Yang et al. [216].
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5. Conclusions

This investigation examined the main physical properties and
composition of recycled aggregates for use in concrete and under-
took a statistical analysis of data available in the literature. This led
the authors to propose a performance-based classification for the
use of RA in concrete construction, based on their physical proper-
ties. The main conclusions that can be drawn from this study are:

� Selective demolition should be promoted and enforced when-
ever possible. This is an absolute necessity if we want to obtain
material with minimum level of contamination, thereby adding
value to the RA produced for its use in construction.
� The composition and physical properties of an RA should be

determined prior to its acceptance for use in concrete produc-
tion. This, besides making its classification easier, will allow a
better understanding of the material and of its likely perfor-
mance, facilitate its certification and help boost stakeholder
confidence.
� When properly processed and categorized, RA may be consid-

ered as another type of normal aggregate, fit for use in construc-
tion as per national and international specifications.
� The use of term ‘‘contaminant’’ should depend on the intended

application of the RA containing it. For example, when mainly
composed of asphalt-based materials, it would be termed as
reclaimed asphalt pavement (RAP). The literature shows that
this material has been successfully used in the production of
bituminous mixtures, but it is highly detrimental to cement
bound materials. This further reinforces the notion of determin-
ing the composition and physical properties of processed CDW.
� Notwithstanding the variability of results, it was possible to

produce a generic prediction model using the WA/ODD rela-
tionship of aggregates, regardless of their size, type and origin.
This led to the proposal of a performance-based classification
of RA that can attest to its quality.
Acknowledgements

The authors are grateful for the support of the ICIST Research
Institute, IST, Technical University of Lisbon and the FCT (Founda-
tion for Science and Technology).
References

[1] Freedonia. World construction aggregates. Industry Study No. 2838: The
Freedonia Group; 2012. 334 p.

[2] EPA. Environmental Protection Agency. <http://www.epa.gov> [last accessed
December 2012].

[3] Eurostat. Waste statistics in Europe. <http://epp.eurostat.ec.europa.eu/> [last
accessed June 2013].

[4] EU. DIRECTIVE 2008/98/EC of the European Parliament and the Council of 19
November 2008 on waste and repealing certain Directives. European Union.
28 p.

[5] Coelho A, de Brito J. Economic analysis of conventional versus selective
demolition – a case study. Resour Conserv Recycl 2011;55(3):
382–92.

[6] ACWMA. Building 802 deconstruction project – deconstruction results report.
Oakland: Alameda County Waste Manage Authority. <http://
www.stopwaste.org/> [last accessed October 2013].

[7] Roussat N, Dujet C, Méhu J. Choosing a sustainable demolition waste
management strategy using multicriteria decision analysis. Waste Manage
2009;29(1):12–20.

[8] Coelho A, de Brito J. Influence of construction and demolition waste
management on the environmental impact of buildings. Waste Manage
2012;32(3):532–41.

[9] Vyncke J, Rousseau E. Recycling of construction and demolition waste in
Belgium: actual situation and future evolution. In: Lauritzen EK, editor.
Proceedings of the third international RILEM symposium on demolition and
reuse of concrete and masonry. Odense, Denmark: Taylor & Francis; 1993. p.
60–74.

[10] Hansen TC. Recycling of demolished concrete and masonry. London
(UK): E&FN Spon; 1992.

[11] Gabr AR, Cameron DA. Properties of recycled concrete aggregate for unbound
pavement construction. J Mater Civ Eng 2012;24(6):754–64.

[12] Jimenez JR, Agrela F, Ayuso J, Lopez M. A comparative study of recycled
aggregates from concrete and mixed debris as material for unbound road
sub-base. Mater Construcc 2011;61(302):289–302.

[13] Leite FC, Motta RS, Vasconcelos KL, Bernucci L. Laboratory evaluation of
recycled construction and demolition waste for pavements. Constr Build
Mater 2011;25(6):2972–9.

[14] Poon CS, Chan DX. Feasible use of recycled concrete aggregates and crushed
clay brick as unbound road sub-base. Constr Build Mater 2006;20(8):578–85.

[15] Vegas I, Ibañez JA, Lisbona A, Sáez de Cortazar A, Frías M. Pre-normative
research on the use of mixed recycled aggregates in unbound road sections.
Constr Build Mater 2011;25(5):2674–82.

[16] Papp WJ, Maher MH, Bennert TA, Gucunski N. Behavior of construction and
demolition debris in base and subbase applications. Recycl Mater Geotech
Appl 1998;79:122–36.

[17] Taha R, Al-Harthy A, Al-Shamsi K, Al-Zubeidi M. Cement stabilization of
reclaimed asphalt pavement aggregate for road bases and subbases. J Mater
Civ Eng 2002;14(3):239–45.

[18] Lim S, Zollinger DG. Estimation of the compressive strength and modulus of
elasticity of cement-treated aggregate base materials. J Transp Res Board
2003;1837:30–8.

[19] Guthrie WS, Sebesta S, Scullion T. Selecting optimum cement contents for
stabilizing aggregate base materials. Technical Report for the Texas
Department of Transportation; 2002. 53 p.

http://www.epa.gov
http://epp.eurostat.ec.europa.eu/
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0025
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0025
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0025
http://www.stopwaste.org/
http://www.stopwaste.org/
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0035
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0035
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0035
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0040
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0040
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0040
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0045
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0045
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0045
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0045
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0045
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0050
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0050
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0055
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0055
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0060
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0060
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0060
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0065
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0065
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0065
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0070
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0070
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0075
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0075
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0075
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0080
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0080
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0080
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0085
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0085
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0085
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0090
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0090
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0090


214 R.V. Silva et al. / Construction and Building Materials 65 (2014) 201–217
[20] Bazaz JB, Khayati M, Akrami N. Performance of concrete produced with
crushed bricks as the coarse and fine aggregate. The Geological Society of
London; 2006. p. 10.

[21] Hu L, Ma F, Ma W. Feasible use of cement treated crushed waste clay brick
aggregate as road subbase. In: Zhou X, editor. 2011 International conference
on energy and environmental science – ICEES 2011; 2011. p. 2442–8.

[22] Ainchil JP, Cadenas JM, Rios C, Cortés C, Sampedro Á, Vázquez E, et al. Design
and execution of soil cement layers with C&D materials. In: 2nd International
RILEM conference on progress of recycling in the built environment. São
Paulo (Brazil): RILEM Publications SARL; 2009. p. 165–73.

[23] Brown AV. Cement stabilization of aggregate base material blended with
reclaimed asphalt pavement. Dissertation for the degree in Masters in Civil
Engineering. Brigham Young University; 2006.

[24] Wong YD, Sun DD, Lai D. Value-added utilisation of recycled concrete in hot-
mix asphalt. Waste Manage 2007;27(2):294–301.

[25] Agrela F, Barbudo A, Ramírez A, Ayuso J, Carvajal MD, Jiménez JR.
Construction of road sections using mixed recycled aggregates treated with
cement in Malaga, Spain. Resour Conserv Recyl 2012;58:98–106.

[26] Ebrahim Abu El-Maaty Behiry A. Utilization of cement treated recycled
concrete aggregates as base or subbase layer in Egypt. Ain Shams Eng J
2013;4(4):661–73.

[27] Azam A, Cameron D. Geotechnical properties of blends of recycled clay
masonry and recycled concrete aggregates in unbound pavement
construction. J Mater Civ Eng 2012;25(6):788–98.

[28] Roussat N, Mehu J, Abdelghafour M, Brula P. Leaching behaviour of hazardous
demolition waste. Waste Manage 2008;28(11):2032–40.

[29] Jiménez JR, Ayuso J, Galvín AP, López M, Agrela F. Use of mixed recycled
aggregates with a low embodied energy from non-selected CDW in unpaved
rural roads. Constr Build Mater 2012;34:34–43.

[30] Al-Jabri KS, Hisada M, Al-Oraimi SK, Al-Saidy AH. Copper slag as sand
replacement for high performance concrete. Cem Concr Compos
2009;31(7):483–8.

[31] Dhir RK, ElMohr MK, Dyer TD. Chloride binding in GGBS concrete. Cem Concr
Res 1996;26(12):1767–73.

[32] Oner A, Akyuz S. An experimental study on optimum usage of GGBS for the
compressive strength of concrete. Cem Concr Compos 2007;29(6):505–14.

[33] Tasong WA, Wild S, Tilley RD. Mechanisms by which ground granulated
blastfurnace slag prevents sulphate attack of lime-stabilised kaolinite. Cem
Concr Res 1999;29(7):975–82.

[34] Oluokun FA. Fly-ash concrete mix design and the water–cement ratio law.
ACI Mater J 1994;91(4):362–71.

[35] Bilodeau A, Sivasundaram V, Painter K, Malhotra V. Durability of concrete
incorporating high volumes of fly ash from sources in the USA. ACI Mater J
1994;91(1):3–12.

[36] Langley WS, Carette GG, Malhotra VM. Strength development and
temperature rise in large concrete blocks containing high volumes of low-
calcium (ASTM Class-F) fly-ash. ACI Mater J 1992;89(4):362–8.

[37] Langan BW, Weng K, Ward MA. Effect of silica fume and fly ash on heat of
hydration of Portland cement. Cem Concr Res 2002;32(7):1045–51.

[38] Siddique R. Performance characteristics of high-volume Class F fly ash
concrete. Cem Concr Res 2004;34(3):487–93.

[39] Huang CH, Lin SK, Chang CS, Chen HJ. Mix proportions and mechanical
properties of concrete containing very high-volume of Class F fly ash. Constr
Build Mater 2013;46:71–8.

[40] Chen CH, Huang R, Wu JK, Yang CC. Waste E-glass particles used in
cementitious mixtures. Cem Concr Res 2006;36(3):449–56.

[41] Ismail ZZ, Al-Hashmi EA. Recycling of waste glass as a partial replacement for
fine aggregate in concrete. Waste Manage 2009;29(2):655–9.

[42] Kou SC, Poon CS. Properties of self-compacting concrete prepared with
recycled glass aggregate. Cem Concr Compos 2009;31(2):107–13.

[43] Metwally IM. Investigations on the performance of concrete made with
blended finely milled waste glass. Adv in Struct Eng 2007;10(1):47–53.

[44] Park SB, Lee BC, Kim JH. Studies on mechanical properties of concrete
containing waste glass aggregate. Cem Concr Res 2004;34(12):2181–9.

[45] Shao YX, Lefort T, Moras S, Rodriguez D. Studies on concrete containing
ground waste glass. Cem Concr Res 2000;30(1):91–100.

[46] Topcu IB, Canbaz M. Properties of concrete containing waste glass. Cem Concr
Res 2004;34(2):267–74.

[47] Castro S, de Brito J. Evaluation of the durability of concrete made with
crushed glass aggregates. J Cleaner Prod 2013;41:7–14.

[48] Serpa D, Santos Silva A, de Brito J, Pontes J, Soares D. ASR of mortars
containing glass. Constr Build Mater 2013;47:489–95.

[49] Serpa D, Silva AS, Soares D, Santos MB, de Brito JD. Behaviour of glass in
cement-based materials: its role on ASR. Mater Sci Forum 2012;730–
732:415–20.

[50] Serpa D, de Brito J, Pontes J. Concrete made with recycled glass aggregates:
mechanical performance. ACI Mater J., submitted for publication.

[51] Siddique R, Khatib J, Kaur I. Use of recycled plastic in concrete: a review.
Waste Manage 2008;28(10):1835–52.

[52] Akcaozoglu S, Atis CD, Akcaozoglu K. An investigation on the use of shredded
waste PET bottles as aggregate in lightweight concrete. Waste Manage
2010;30(2):285–90.

[53] Albano C, Camacho N, Hernandez M, Matheus A, Gutierrez A. Influence of
content and particle size of waste pet bottles on concrete behavior at
different w/c ratios. Waste Manage 2009;29(10):2707–16.
[54] Saikia N, de Brito J. Mechanical properties and abrasion behaviour of concrete
containing shredded PET bottle waste as a partial substitution of natural
aggregate. Constr Build Mater 2014;52:236–44.

[55] Silva RV, de Brito J, Saikia N. Influence of curing conditions on the durability-
related performance of concrete made with selected plastic waste aggregates.
Cem Concr Compos 2013;35(1):23–31.

[56] Choi YW, Moon DJ, Chung JS, Cho SK. Effects of waste PET bottles aggregate on
the properties of concrete. Cem Concr Res 2005;35(4):776–81.

[57] Saikia N, de Brito J. Use of plastic waste as aggregate in cement mortar and
concrete preparation: a review. Constr Build Mater 2012;34:385–401.

[58] Frigione M. Recycling of PET bottles as fine aggregate in concrete. Waste
Manage 2010;30(6):1101–6.

[59] Kou SC, Lee G, Poon CS, Lai WL. Properties of lightweight aggregate concrete
prepared with PVC granules derived from scraped PVC pipes. Waste Manage
2009;29(2):621–8.

[60] Ferreira L, De Brito J, Saikia N. Influence of curing conditions on the
mechanical performance of concrete containing recycled plastic aggregate.
Constr Build Mater 2012;36:196–204.

[61] Bravo M, de Brito J. Concrete made with used tyre aggregate: durability-
related performance. J Cleaner Prod 2012;25:42–50.

[62] Marques AM, Correia JR, De Brito J. Post-fire residual mechanical properties of
concrete made with recycled rubber aggregate. Fire Saf J 2013;58:49–57.

[63] Valadares F, Bravo M, De Brito J. Concrete with used tire rubber aggregates:
mechanical performance. ACI Mater J 2012;109(3):283–92.

[64] BekirTopcu I, Demir A. Durability of rubberized mortar and concrete. J Mater
Civ Eng 2007;19(2):173–8.

[65] Khatib ZK, Bayomy FM. Rubberized portland cement concrete. J Mater Civ Eng
1999;11(3):206–13.

[66] Segre N, Joekes I. Use of tire rubber particles as addition to cement paste. Cem
Concr Res 2000;30(9):1421–5.

[67] Almeida N, Branco F, de Brito J, Santos JR. High-performance concrete with
recycled stone slurry. Cem Concr Res 2007;37(2):210–20.

[68] Baffa I, Akasaki J. Light-concrete with leather: Durability aspects. In:
International conference for structures. Coimbra, Portugal; 2005. p. 69–77.

[69] Martins MLC, Santos JK, Azevedo AA. Production of lightweight concrete with
EVA residues as recycled aggregate. In: Vázquez E, Hendriks C, Janssen GMT,
editors. International RILEM conference on the use of recycled materials in
buildings and structures. Barcelona (Spain): RILEM Publications SARL; 2004.
p. 973–81.

[70] Santiago E, Lima P, Leite M, Filho R. Mechanical behaviour of recycled
lightweight concrete using EVA waste and CDW under moderate
temperature. IBRACON Struct Mater J 2009;2(3):211–21.

[71] Yang E-I, Yi S-T, Leem Y-M. Effect of oyster shell substituted for fine aggregate
on concrete characteristics: Part I. Fundamental properties. Cem Concr Res
2005;35(11):2175–82.

[72] Mannan MA, Ganapathy C. Long-term strengths of concrete with oil palm
shell as coarse aggregate. Cem Concr Res 2001;31(9):1319–21.

[73] Sales A, de Souza FR. Concretes and mortars recycled with water treatment
sludge and construction and demolition rubble. Constr Build Mater
2009;23(6):2362–70.

[74] Tay JH, Hong SY, Show KY. Reuse of industrial sludge as pelletized aggregate
for concrete. J Environ Eng – ASCE 2000;126(3):279–87.

[75] Mun KJ. Development and tests of lightweight aggregate using sewage sludge
for nonstructural concrete. Constr Build Mater 2007;21(7):1583–8.

[76] BCSJ. Proposed standard for the use of recycled aggregate and recycled
aggregate concrete. Japan: Committee on Disposal and Reuse of Construction
Waste, Building Contractors Society of Japan; 1977.

[77] BS-8500. Concrete – complementary British Standard to BS EN 206-1 – Part 2:
specification for constituent materials and concrete. UK: British Standards
Institution; 2006. 52 p.

[78] EN-12620. Aggregates for concrete. Brussels (Belgium): Comité Européen de
Normalisation (CEN); 2002. 56 p.

[79] DAfStb. DAfStb: Richtlinie – Beton mit rezykliertem zuschlag (in
German). Germany: Deutscher Ausschuss Für Stahlbeton (German
Committee for Reinforced Concrete); 1998.

[80] DIN-4226. Aggregates for mortar and concrete, Part 100: recycled
aggregates. Germany: Deutsches Institut für Normungswesen (DIN); 2002.
29 p.

[81] JIS-5021. Recycled aggregate for concrete-class H. Japan: Japan Standards
Association; 2011. 30 p.

[82] JIS-5022. Recycled aggregate for concrete-class M. Japan: Japan Standards
Association; 2012. 74 p.

[83] JIS-5023. Recycled aggregate for concrete-class L. Japan: Japan Standards
Association; 2012. 68 p.

[84] LNEC-E471. Guide for the use of coarse recycled aggregates in
concrete. Portugal: National Laboratory of Civil Engineering; 2006. 6 p.

[85] NBR-15.116. Recycled aggregate of solid residue of building constructions –
requirements and methodologies. Brazil: Brazilian norm; 2005. 18 p.

[86] OT-70085. Utilisation de matériaux de construction minéraux secondaires
dans la construction d’abris. Switzerland: Objectif Technique, Instruction
Technique, Schweizerische Eidgenossenschaft; 2006. 16 p.

[87] PTV-406. Granulats de débris de démolition et de construction
recyclés. Belgium: Prescriptions Techniques; 2003 (in French) 16 p.

[88] RILEM. Specifications for concrete with recycled aggregates. Mater Struct
1994;27(173):557–9.

http://refhub.elsevier.com/S0950-0618(14)00443-7/h0100
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0100
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0100
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0110
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0110
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0110
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0110
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0120
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0120
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0125
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0125
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0125
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0130
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0130
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0130
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0135
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0135
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0135
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0140
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0140
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0145
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0145
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0145
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0150
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0150
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0150
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0155
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0155
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0160
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0160
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0165
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0165
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0165
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0170
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0170
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0175
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0175
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0175
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0180
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0180
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0180
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0185
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0185
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0190
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0190
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0195
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0195
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0195
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0200
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0200
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0205
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0205
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0210
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0210
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0215
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0215
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0220
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0220
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0225
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0225
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0230
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0230
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0235
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0235
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0240
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0240
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0245
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0245
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0245
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0255
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0255
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0260
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0260
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0260
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0265
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0265
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0265
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0270
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0270
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0270
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0275
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0275
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0275
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0280
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0280
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0285
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0285
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0290
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0290
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0295
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0295
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0295
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0300
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0300
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0300
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0305
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0305
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0310
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0310
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0315
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0315
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0320
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0320
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0325
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0325
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0330
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0330
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0335
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0335
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0345
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0345
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0345
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0345
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0345
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0350
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0350
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0350
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0355
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0355
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0355
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0360
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0360
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0365
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0365
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0365
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0370
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0370
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0375
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0375
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0380
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0380
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0380
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0385
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0385
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0385
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0390
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0390
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0395
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0395
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0395
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0400
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0400
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0400
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0405
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0405
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0410
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0410
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0415
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0415
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0420
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0420
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0425
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0425
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0430
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0430
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0430
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0435
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0435
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0440
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0440


R.V. Silva et al. / Construction and Building Materials 65 (2014) 201–217 215
[89] TFSCCS. Draft of Spanish regulations for the use of recycled aggregate in the
production of structural concrete (Task Force of the Standing Committee of
Concrete of Spain). In: Vázquez E, Hendriks C, Janssen GMT, editors.
International RILEM conference on the use of recycled materials in building
and structures. Barcelona (Spain): RILEM Publications SARL; 2004. p. 511–25.

[90] WBTC-No.12. Specifications facilitating the use of recycled aggregates. Hong-
Kong: Works Bureau Technical Circular; 2002. 16 p.

[91] ACI. Removal and reuse of hardened concrete. American Concrete Institute,
Special Publication – ACI Committee 555; 2002. 26 p.

[92] Huang B, Shu X, Burdette EG. Mechanical properties of concrete containing
recycled asphalt pavements. Mag Concr Res 2006;58(5):313–20.

[93] Barbudo A, Agrela F, Ayuso J, Jiménez JR, Poon CS. Statistical analysis of
recycled aggregates derived from different sources for sub-base applications.
Constr Build Mater 2012;28(1):129–38.

[94] Juan MS, Gutiérrez PA. Study on the influence of attached mortar content on
the properties of recycled concrete aggregate. Constr Build Mater
2009;23(2):872–7.

[95] Dhir RK, Limbachiya MC, Beggs A. Resolving application issues with the use of
recycled concrete aggregate. University of Dundee Technical Report CTU/
1601. Department of Environment Transport and the Regions; 2001. 171 p.

[96] Dhir RK, Paine KA. Demonstration project utilising coarse recycled
aggregates. CTU/2403 Technical Report. Final Report to Department of
Trade and Industry, University of Dundee; 2003. 109 p.

[97] Debieb F, Courard L, Kenai S, Degeimbre R. Mechanical and durability
properties of concrete using contaminated recycled aggregates. Cem Concr
Compos 2010;32(6):421–6.

[98] EN-1744-1. Tests for chemical properties of aggregates – Part 1: Chemical
analysis. Brussels (Belgium): Comité Européen de Normalisation (CEN); 2002.
30 p.

[99] EN-1744-5. Tests for chemical properties of aggregates – Part 5:
Determination of acid soluble chloride salts. Brussels (Belgium): Comité
Européen de Normalisation (CEN); 2006. 12 p.

[100] Dhir RK, Paine KA. Suitability and practicality of using coarse RCA in normal
and high strength concrete. In: 1st International conference on sustainable
construction: waste management. Singapore; 2004. p. 108–23.

[101] Dhir RK, McCarthy MJ, Halliday JE, Tang MC. ASR testing on recycled
aggregates guidance on alkali limits and reactivity. DTI/WRAP Aggregates
Research Programme STBF 13/14C. ISBN: 1-84405-185-4; 2005. 31 p.

[102] Dhir RK, Paine KA. Performance related approach to the use of recycled
aggregates. Waste and Resources Action Programme (WRAP), Aggregates
Research Programme; 2007. 77 p.

[103] Ferreira L, de Brito J, Barra M. Influence of the pre-saturation of recycled
coarse concrete aggregates on concrete properties. Mag Concr Res
2011;63(8):617–27.

[104] Fonseca N, de Brito J, Evangelista L. The influence of curing conditions on the
mechanical performance of concrete made with recycled concrete waste.
Cem Concr Compos 2011;33(6):637–43.

[105] Barra M, Vázquez E. Properties of concretes with recycled aggregates:
influence of properties of the aggregates and their interpretation. In: Dhir RK,
Henderson NA, Limbachiya MC, editors. Proceedings of the international
symposium on sustainable construction: use of recycled concrete
aggregate. London (UK): Thomas Telford; 1998. p. 19–30.

[106] Nagataki S, Gokce A, Saeki T, Hisada M. Assessment of recycling process
induced damage sensitivity of recycled concrete aggregates. Cem Concr Res
2004;34(6):965–71.

[107] Kasai Y. Recent trends in recycling of concrete waste and use of recycled
aggregate concrete in Japan. In: Liu TC, Meyer C, editors. Recycling concrete
and other materials for sustainable development; 2004. p. 11–33.

[108] Debieb F, Kenai S. The use of coarse and fine crushed bricks as aggregate in
concrete. Constr Build Mater 2008;22(5):886–93.

[109] Dhir RK, Paine KA, Halliday JE. Facilitating the wider use of coarse and fine RA
from washing plants. WRAP Technical Report No. AGG 105-003. Waste and
Research Action Programme; 2008. 46 p.

[110] Hansen TC, Narud H. Strength of recycled concrete made from crushed
concrete coarse aggregate. Concr Int 1983;5(1):79–83.

[111] Dhir RK, Limbachiya MC, Leelawat T. Suitability of recycled concrete
aggregate for use in BS 5328 designated mixes. Proc Inst Civil Eng – Struct
Build 1999;134(3):257–74.

[112] Hasaba S, Kawamura M, Torli K, Takemoto K. Drying shrinkage and durability
of concrete made from recycled concrete aggregates. Jpn Concr Inst
1981;3:55–60.

[113] Chandra S. Implications of using recycled construction demolition waste as
aggregate in concrete. In: Limbachiya MC, Roberts JJ, editors. Proceedings of
the international conference on sustainable waste manage and recycling:
construction demolition waste. UK: Thomas Telford; 2004. p. 105–14.

[114] Gokce A, Nagataki S, Saeki B, Hisada M. Identification of frost-susceptible
recycled concrete aggregates for durability of concrete. Constr Build Mater
2011;25(5):2426–31.

[115] Andreu G, Miren E. Experimental analysis of properties of high performance
recycled aggregate concrete. Constr Build Mater 2014;52:227–35.

[116] Khalaf FM. Using crushed clay brick as coarse aggregate in concrete. J Mater
Civ Eng 2006;18(4):518–26.

[117] Evangelista L, de Brito J. Mechanical behaviour of concrete made with fine
recycled concrete aggregates. Cem Concr Compos 2007;29(5):397–401.

[118] González-Fonteboa B, Martínez-Abella F. Shear strength of concrete with
recycled aggregates. In: Vázquez E, Hendriks C, Janssen GMT, editors.
International RILEM conference on the use of recycled materials in
buildings and structures. Barcelona (Spain): RILEM Publications SARL;
2004. p. 619–28.

[119] Poon CS, Chan DX. Paving blocks made with recycled concrete aggregate and
crushed clay brick. Constr Build Mater 2006;20(8):569–77.

[120] Chidiroglou I, Goodwin AK, Laycock E, O’Flaherty F. Physical properties of
demolition material. Proc Inst Civ Eng – Constr Mater
2008;161(CM3):97–103.

[121] Tam VWY, Tam CM. Parameters for assessing recycled aggregate and their
correlation. Waste Manage Res 2009;27(1):52–8.

[122] Khalaf FM, DeVenny AS. Recycling of demolished masonry rubble as coarse
aggregate in concrete: review. J Mater Civ Eng 2004;16(4):331–40.

[123] Poon CS, Chan D. Effects of contaminants on the properties of concrete paving
blocks prepared with recycled concrete aggregates. Constr Build Mater
2007;21(1):164–75.

[124] Etxeberria M, Vázquez E, Marí A, Barra M. Influence of amount of recycled
coarse aggregates and production process on properties of recycled aggregate
concrete. Cem Concr Res 2007;37(5):735–42.

[125] Van Der Wegen G, Haverkort R. Recycled construction and demolition waste
as a fine aggregate for concrete. In: Dhir RK, Henderson NA, Limbachiya MC,
editors. Proceedings of the International Symposium on Sustainable
construction: use of recycled concrete aggregate. London (UK): Thomas
Telford; 1998. p. 333–46.

[126] Poon CS, Shui ZH, Lam L. Effect of microstructure of ITZ on compressive
strength of concrete prepared with recycled aggregates. Constr Build Mater
2004;18(6):461–8.

[127] Katz A. Treatments for the improvement of recycled aggregate. J Mater Civ
Eng 2004;16(6):597–603.

[128] Khalaf FM, DeVenny AS. Properties of new and recycled clay brick aggregates
for use in concrete. J Mater Civ Eng 2005;17(4):456–64.

[129] Gomes M, de Brito J. Structural concrete with incorporation of coarse
recycled concrete and ceramic aggregates: durability performance. Mater
Struct 2009;42(5):663–75.

[130] de Brito J, Gonçalves AP, Santos R. Recycled aggregates in concrete production
– multiple recycling of concrete coarse aggregates. Rev Ing Construcc
2006;21(1):33–40.

[131] Katz A. Properties of concrete made with recycled aggregate from partially
hydrated old concrete. Cem Concr Res 2003;33(5):703–11.

[132] Coutinho AS. Fabrico e propriedades do betão: Vols. I e II. Lisboa (Portugal):
LNEC; 2006 (in Portuguese).

[133] CCANZ. Best practice guide for the use of recycled aggregates in new
concrete. CCANZ Publications: Cement and Concrete Association of New
Zealand; 2011. 49 p.

[134] Butler L, West JS, Tighe SL. The effect of recycled concrete aggregate
properties on the bond strength between RCA concrete and steel
reinforcement. Cem Concr Res 2011;41(10):1037–49.

[135] Kikuchi M, Yasunaga A, Ehara E. The total evaluation of recycled aggregate
and recycled concrete. In: Lauritzen EK, editor. Proceedings of the third
international RILEM symposium on demolition and reuse of concrete and
masonry. Odense (Denmark): Taylor & Francis; 1993. p. 425–36.

[136] Padmini AK, Ramamurthy K, Mathews MS. Influence of parent concrete on
the properties of recycled aggregate concrete. Constr Build Mater
2009;23(2):829–36.

[137] Cramer D. Fundamental statistics for social research. London: Routledge;
1998.

[138] Cramer D, Howitt D. The SAGE dictionary of statistics. London: SAGE; 2004.
[139] Doane DP, Seward LE. Measuring skewness. J Stat Educ 2011;19(2):1–18.
[140] Razali NM, Wah YB. Power comparisons of Shapiro–Wilk, Kolmogorov–

Smirnov, Lilliefors and Anderson–Darling tests. J Stat Modell Anal
2011;2(1):21–33.

[141] Shapiro SS, Wilk MB. An analysis of variance test for normality (complete
samples). Biometrika 1965;52(3–4):591–611.

[142] Buyle-Bodin F, Hadjieva-Zaharieva R. Influence of industrially produced
recycled aggregates on flow properties of concrete. Mater Struct
2002;35(252):504–9.

[143] Chen HJ, Yen T, Chen KH. The use of building rubbles in concrete and mortar. J
Chin Inst Eng 2003;26(2):227–36.

[144] Corinaldesi V, Moriconi G. Concrete and mortar performance by using
recycled aggregates. In: Limbachiya MC, Roberts JJ, editors. Proceedings of the
international conference on sustainable waste management and recycling:
construction demolition waste. UK: Thomas Telford; 2004. p. 157–64.

[145] Corinaldesi V, Moriconi G. Influence of mineral additions on the performance
of 100% recycled aggregate concrete. Constr Build Mater
2009;23(8):2869–76.

[146] Corinaldesi V. Mechanical behavior of masonry assemblages manufactured
with recycled-aggregate mortars. Cem Concr Compos 2009;31(7):505–10.

[147] Corinaldesi V. Mechanical and elastic behaviour of concretes made of
recycled-concrete coarse aggregates. Constr Build Mater
2010;24(9):1616–20.

[148] Corinaldesi V, Moriconi G. Recycling of concrete in precast concrete
production. In: Chun YM, Clsisse P, Naik TR, Ganjian E, editors. Proceedings
of the international conference on sustainable construction materials and
technologies. Coventry (UK): Taylor & Francis; 2007. p. 69–75.

[149] Corinaldesi V, Moriconi G. Behaviour of cementitious mortars containing
different kinds of recycled aggregate. Constr Build Mater 2009;23(1):
289–94.

http://refhub.elsevier.com/S0950-0618(14)00443-7/h0445
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0445
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0445
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0445
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0445
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0450
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0450
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0455
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0455
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0460
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0460
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0465
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0465
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0465
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0470
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0470
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0470
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0485
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0485
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0485
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0490
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0490
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0490
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0495
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0495
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0495
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0515
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0515
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0515
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0520
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0520
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0520
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0525
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0525
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0525
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0525
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0525
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0530
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0530
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0530
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0540
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0540
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0550
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0550
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0555
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0555
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0555
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0560
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0560
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0560
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0565
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0565
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0565
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0565
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0570
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0570
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0570
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0575
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0575
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0580
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0580
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0585
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0585
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0590
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0590
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0590
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0590
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0590
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0595
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0595
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0600
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0600
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0600
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0605
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0605
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0610
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0610
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0615
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0615
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0615
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0620
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0620
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0620
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0625
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0625
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0625
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0625
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0625
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0630
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0630
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0630
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0635
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0635
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0640
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0640
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0645
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0645
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0645
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0650
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0650
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0650
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0655
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0655
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0670
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0670
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0670
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0675
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0675
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0675
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0675
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0680
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0680
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0680
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0685
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0685
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0690
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0695
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0700
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0700
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0700
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0705
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0705
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0710
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0710
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0710
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0715
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0715
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0720
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0720
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0720
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0720
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0725
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0725
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0725
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0730
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0730
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0735
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0735
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0735
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0740
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0740
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0740
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0740
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0745
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0745
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0745


216 R.V. Silva et al. / Construction and Building Materials 65 (2014) 201–217
[150] Corinaldesi V, Moriconi G. The role of industrial by-products in self-
compacting concrete. Constr Build Mater 2011;25(8):3181–6.

[151] Corinaldesi V, Orlandi G, Moriconi G. Self-compacting concrete incorporating
recycled aggregate. In: Dhir RK, Hewlett PC, Csetenyi LJ, editors. Proceedings
of the international conference on innovations and developments in concrete
materials and construction. Scotland (UK): University of Dundee, Thomas
Telford; 2002. p. 454–64.

[152] Akbarnezhad A, Ong KC, Zhang MH, Tam CT, Foo TW. Microwave-assisted
beneficiation of recycled concrete aggregates. Constr Build Mater
2011;25(8):3469–79.

[153] Amorim P, de Brito J, Evangelista L. Concrete made with coarse concrete
aggregate: influence of curing on durability. ACI Mater J
2012;109(2):195–204.

[154] Cachim PB. Mechanical properties of brick aggregate concrete. Constr Build
Mater 2009;23(3):1292–7.

[155] Corinaldesi V, Monosi S, Moriconi G. Effect of different recycled aggregates on
mortar performance. In: Chun YM, Clsisse P, Naik TR, Ganjian E, editors.
Sustainable construction materials and technologies; 2007. p. 59–62.

[156] Correia JR, de Brito J, Pereira AS. Effects on concrete durability of using
recycled ceramic aggregates. Mater Struct 2006;39(2):169–77.

[157] Dhir RK, Paine KA, O’Leary S. Use of recycled concrete aggregate in concrete
pavement construction: a case study. In: Dhir RK, Newland MD, Dyer TD,
editors. Proceedings of the international symposium on sustainable waste
management. Dundee (Scotland): UK; 2003. p. 373–82.

[158] Dillmann R. Concrete with recycled concrete aggregates. In: Dhir RK,
Henderson NA, Limbachiya MC, editors. Proceedings of the international
conference on the use of recycled concrete aggregates. UK: Thomas Telford;
1998. p. 239–54.

[159] Evangelista L, de Brito J. Durability performance of concrete made with fine
recycled concrete aggregates. Cem Concr Compos 2010;32(1):9–14.

[160] Gomez-Soberon JMV. Porosity of recycled concrete with substitution of
recycled concrete aggregate – an experimental study. Cem Concr Res
2002;32(8):1301–11.

[161] Gonçalves A, Esteves A, Vieira M. Influence of recycled concrete aggregates on
concrete durability. In: Vázquez E, Hendriks C, Janssen GMT, editors.
International RILEM conference on the use of recycled materials in
buildings and structures. Barcelona (Spain): RILEM Publications SARL;
2004. p. 554–62.

[162] González-Fonteboa B, Martínez-Abella F. Recycled aggregates concrete:
aggregate and mix properties. Mater Construcc 2005;55(279):53–66.

[163] Henry M, Pardo G, Nishimura T, Kato Y. Balancing durability and
environmental impact in concrete combining low-grade recycled
aggregates and mineral admixtures. Resour Conserv Recycl
2011;55(11):1060–9.

[164] Higashiyama H, Yagishita F, Sano M, Takahashi O. Compressive strength and
resistance to chloride penetration of mortars using ceramic waste as fine
aggregate. Constr Build Mater 2012;26(1):96–101.

[165] Khalaf FM, DeVenny AS. Performance of brick aggregate concrete at high
temperatures. J Mater Civ Eng 2004;16(6):556–65.

[166] Khatib JM. Properties of concrete incorporating fine recycled aggregate. Cem
Concr Res 2005;35(4):763–9.

[167] Kikuchi M, Dosho Y, Miura T, Narikawa M. Application of recycled aggregate
concrete for structural concrete: Part 1 – experimental study on the quality of
recycled aggregate and recycled aggregate concrete. In: Dhir RK, Henderson
NA, Limbachiya MC, editors. Proceedings of the International Symposium on
Sustainable construction: use of recycled concrete aggregate. London
(UK): Thomas Telford; 1998. p. 55–68.

[168] Knights J. Relative performance of high quality concretes containing recycled
aggregates and their use in construction. In: Dhir RK, Henderson NA,
Limbachiya MC, editors. Proceedings of the international symposium on
sustainable construction: use of recycled concrete aggregate. London
(UK): Thomas Telford; 1998. p. 275–86.

[169] Kou SC, Poon CS. Compressive strength, pore size distribution and chloride-
ion penetration of recycled aggregate concrete incorporating class-F fly ash. J
Wuhan Univ Technol – Mater Sci Ed 2006;21(4):130–6.

[170] Kou SC, Poon CS. Properties of self-compacting concrete prepared with coarse
and fine recycled concrete aggregates. Cem Concr Compos 2009;31(9):622–7.

[171] Kou SC, Poon CS. Properties of concrete prepared with crushed fine stone,
furnace bottom ash and fine recycled aggregate as fine aggregates. Constr
Build Mater 2009;23(8):2877–86.

[172] Kou SC, Poon CS, Etxeberria M. Influence of recycled aggregates on long term
mechanical properties and pore size distribution of concrete. Cem Concr
Compos 2011;33(2):286–91.

[173] Koulouris A, Limbachiya MC, Fried AN, Roberts JJ. Use of recycled aggregate in
concrete application: case studies. In: Limbachiya MC, Roberts JJ, editors.
Proceedings of the international conference on sustainable waste
management and recycling: challenges and opportunities. London
(UK): Thomas Telford; 2004. p. 245–57.

[174] Lee ST. Influence of recycled fine aggregates on the resistance of mortars to
magnesium sulfate attack. Waste Manage 2009;29(8):2385–91.

[175] Limbachiya M, Meddah MS, Ouchagour Y. Performance of Portland/silica
fume cement concrete produced with recycled concrete aggregate. ACI Mater
J 2012;109(1):91–100.

[176] Limbachiya MC, Koulouris A, Roberts JJ, Fried AN. Performance of recycled
aggregate concrete. In: Kashino N, Ohama Y, editors. Proceedings to the
RILEM international symposium on environment-conscious materials and
systems for sustainable development. Japan: RILEM Publications SARL; 2004.
p. 127–36.

[177] Limbachiya MC, Leelawat T, Dhir RK. Use of recycled concrete aggregate in
high-strength concrete. Mater Struct 2000;33(233):574–80.

[178] Lin YH, Tyan YY, Chang TP, Chang CY. An assessment of optimal mixture for
concrete made with recycled concrete aggregates. Cem Concr Res
2004;34(8):1373–80.

[179] Meddah MS, Sato R. Effect of curing methods on autogenous shrinkage and
self-induced stress of high-performance concrete. ACI Mater J
2010;107(1):65–74.

[180] Mills-Beale J, You Z. The mechanical properties of asphalt mixtures with
recycled concrete aggregates. Constr Build Mater 2010;24(3):230–5.

[181] Moon DJ, Moon HY, Nagataki S, Hisada M, Saeki T. Improvement on the
qualities of recycled aggregate concrete containing super fine mineral
admixtures. In: Kyokai PK, Kyokai NK, editors. Proceedings of the 1st FIB
congress. Osaka: Japan; 2002. p. 113–8.

[182] Nagataki S, Lida K. Recycling of demolished concrete. In: Malhotra VM, editor.
Fifth CANMET/ACI international conference on recent advances in concrete
technology. Singapore: Canada Centre for Mineral and Energy Technology
(CANMET) of Natural Resources Canada, American Concrete Institute; 2001.
p. 1–20.

[183] Otsuki N, Miyazato S, Yodsudjai W. Influence of recycled aggregate on
interfacial transition zone, strength, chloride penetration and carbonation of
concrete. J Mater Civ Eng 2003;15(5):443–51.

[184] Paine KA, Collery DJ, Dhir RK. Strength and deformation characteristics of
concrete containing coarse recycled and manufactured aggregates. In:
Walker P, Ghavami K, Paine K, Heath A, Lawrence M, Fodde E, editors.
Proceedings of the 11th international conference on non-conventional
materials and technologies (NOCMAT 2009). Bath, UK; 2009. 9 p.

[185] Park SG. Recycled concrete construction rubble as aggregate for new
concrete. Study Report No. 86. New Zealand: BRANZ; 1999. 20 p.

[186] Park T. Application of construction and building debris as base and
subbase materials in rigid pavement. J Transp Eng – ASCE 2003;129(5):
558–63.

[187] Pereira P, Evangelista L, de Brito J. The effect of superplasticisers on the
workability and compressive strength of concrete made with fine recycled
concrete aggregates. Constr Build Mater 2012;28(1):722–9.

[188] Poon CS, Kou SC. Properties of cementitious rendering mortar prepared with
recycled fine aggregates. J Wuhan Univ Technol – Mater Sci Ed
2010;25(6):1053–6.

[189] Poon CS, Kou SC, Lam L. Use of recycled aggregates in molded concrete bricks
and blocks. Constr Build Mater 2002;16(5):281–9.

[190] Poon CS, Kou SC, Wan HW, Etxeberria M. Properties of concrete blocks
prepared with low grade recycled aggregates. Waste Manage
2009;29(8):2369–77.

[191] Poon CS, Qiao XC, Chan D. The cause and influence of self-cementing
properties of fine recycled concrete aggregates on the properties of unbound
sub-base. Waste Manage 2006;26(10):1166–72.

[192] Rahal K. Mechanical properties of concrete with recycled coarse aggregate.
Build Environ 2007;42(1):407–15.

[193] Ravindrarajah SR, Tam CT. Recycled concrete as fine aggregate in concrete. Int
J Cem Compos Lightw Concr 1987;9(4):235–41.

[194] Razaqpur AG, Fathifazl G, Isgor B, Abbas A, Fournier B, Foo S. How to produce
high quality concrete mixes with recycled concrete aggregate. In: Xiao JZ,
Zhang Y, Cheung MS, Chu RPK, editors. 2nd International conference on waste
engineering management. ICWEM; 2010. p. 11–35.

[195] Ridzuan ARM, Ibrahim A, Ismail AMM, Diah ABM. Durability performance of
recycled aggregate concrete. In: Dhir RK, Dyer TD, Newlands MD, editors.
Proceedings of the international conference on global construction: ultimate
concrete opportunities: achieving sustainability in construction. London
(UK): Thomas Telford; 2005. p. 193–202.

[196] Rodrigues F, Carvalho M, Evangelista L, de Brito J. Physical–chemical and
mineralogical characterization of fine aggregates from construction and
demolition waste recycling plants. J Cleaner Prod 2013;52:438–45.

[197] Ryu JS. An experimental study on the effect of recycled aggregate on concrete
properties. Mag Concr Res 2002;54(1):7–12.

[198] Sadek DM, El Nouhy HA. Properties of paving units incorporating crushed
ceramic. HBRC J, in press [Corrected Proof].

[199] Sani D, Moriconi G, Fava G, Corinaldesi V. Leaching and mechanical behaviour
of concrete manufactured with recycled aggregates. Waste Manage
2005;25(2):177–82.

[200] Sarhat SR. An experimental investigation on the viability of using fine
concrete recycled aggregate in concrete production. In: Chun YM, Clsisse P,
Naik TR, Ganjian E, editors. Proceedings of the international conference on
sustainable construction materials and technologies. Coventry (UK): Taylor &
Francis; 2007. p. 53–7.

[201] Sato R, Maruyama I, Sogabe T, Sog M. Flexural behavior of reinforced recycled
concrete beams. J Adv Concr Technol 2007;5(1):43–61.

[202] Soutsos MN, Tang K, Millard SG. Use of recycled demolition aggregate in
precast products, phase II: concrete paving blocks. Constr Build Mater
2011;25(7):3131–43.

[203] Soutsos MN, Tang K, Millard SG. Concrete building blocks made with recycled
demolition aggregate. Constr Build Mater 2011;25(2):726–35.

[204] Tang K, Soutsos MN, Millard SG. Concrete paving products made with
recycled demolition aggregates. In: Chun YM, Clsisse P, Naik TR, Ganjian E,
editors. Proceedings of the international conference on sustainable

http://refhub.elsevier.com/S0950-0618(14)00443-7/h0750
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0750
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0755
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0755
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0755
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0755
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0755
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0760
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0760
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0760
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0765
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0765
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0765
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0770
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0770
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0780
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0780
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0785
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0785
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0785
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0785
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0790
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0790
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0790
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0790
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0795
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0795
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0800
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0800
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0800
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0805
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0805
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0805
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0805
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0805
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0810
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0810
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0815
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0815
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0815
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0815
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0820
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0820
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0820
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0825
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0825
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0830
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0830
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0835
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0835
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0835
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0835
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0835
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0835
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0840
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0840
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0840
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0840
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0840
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0845
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0845
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0845
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0850
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0850
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0855
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0855
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0855
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0860
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0860
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0860
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0865
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0865
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0865
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0865
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0865
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0870
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0870
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0875
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0875
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0875
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0880
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0880
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0880
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0880
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0880
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0885
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0885
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0890
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0890
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0890
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0895
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0895
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0895
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0900
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0900
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0905
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0905
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0905
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0905
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0915
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0915
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0915
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0930
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0930
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0930
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0935
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0935
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0935
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0940
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0940
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0940
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0945
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0945
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0950
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0950
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0950
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0955
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0955
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0955
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0960
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0960
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0965
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0965
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0975
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0975
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0975
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0975
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0975
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0980
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0980
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0980
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0985
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0985
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0995
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0995
http://refhub.elsevier.com/S0950-0618(14)00443-7/h0995
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1000
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1000
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1000
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1000
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1000
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1005
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1005
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1010
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1010
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1010
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1015
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1015
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1020
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1020
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1020


R.V. Silva et al. / Construction and Building Materials 65 (2014) 201–217 217
construction materials and technologies. Coventry (UK): Taylor & Francis. p.
77–84.

[205] Tavakoli M, Soroushian P. Strengths of recycled aggregate concrete made
using field-demolished concrete as aggregate. ACI Mater J 1996;93(2):
182–90.

[206] Teranishi K, Dosho Y, Narikawa M, Kikuchi M. Application of recycled
aggregate concrete for structural concrete: Part 3 – production of recycled
aggregate by real-scale plant and quality of recycled aggregate concrete. In:
Dhir RK, Henderson NA, Limbachiya MC, editors. Proceedings of the
international symposium on sustainable construction: use of recycled
concrete aggregate. London (UK): Thomas Telford; 1998. p. 143–56.

[207] Thanaya INA. Asphalt-bound masonry block incorporating construction
demolition waste. J Civ Eng 2009;29(1):20–7.

[208] Tsujino M, Noguchi T, Tamura M, Kanematsu M, Maruyama I. Application of
conventionally recycled coarse aggregate to concrete structure by surface
modification treatment. J Adv Concr Technol 2007;5(1):13–25.

[209] Tu TY, Chen YY, Hwang CL. Properties of HPC with recycled aggregates. Cem
Concr Res 2006;36(5):943–50.

[210] Vegas I, Azkarate I, Juarrero A, Frias M. Design and performance of masonry
mortars made with recycled concrete aggregates. Mater Construcc
2009;59(295):5–18.

[211] Vieira JPB, Correia JR, de Brito J. Post-fire residual mechanical properties of
concrete made with recycled concrete coarse aggregates. Cem Concr Res
2011;41(5):533–41.

[212] Waleed N, Canisius TD. Engineering properties of concrete containing
recycled aggregates. Banbury (Oxon, UK): Waste & Resources Action
Programme; 2007. 104 p.

[213] Wang Z, Wang L, Cui Z, Zhou M. Effect of recycled coarse aggregate on
concrete compressive strength. Trans Tianjin Univ 2011;17(3):229–34.

[214] Yanagibashi K, Yonezawa T, Arakawa K, Yamada M. A new concrete recycling
technique for coarse aggregate regeneration process. In: Dhir RK, Dyer TD,
Halliday JE, editors. Proceedings of the international conference on
sustainable concrete construction. Scotland (UK): Thomas Telford; 2002. p.
511–22.

[215] Yang J, Du Q, Bao Y. Concrete with recycled concrete aggregate and crushed
clay bricks. Constr Build Mater 2011;25(4):1935–45.

[216] Yang K, Chung H, Ashour A. Influence of type and replacement level of
recycled aggregates on concrete properties. ACI Mater J 2008;105(3):289–96.

[217] Zega CJ, Di Maio AA. Recycled concrete exposed to high temperatures. Mag
Concr Res 2006;58(10):675–82.

[218] Zega CJ, Villagran-Zaccardi YA, Di Maio AA. Effect of natural coarse aggregate
type on the physical and mechanical properties of recycled coarse aggregates.
Mater Struct 2010;43(1–2):195–202.

[219] Choi WC, Yun HD. Compressive behavior of reinforced concrete columns with
recycled aggregate under uniaxial loading. Eng Struct 2012;41:285–93.
[220] Dong JF, Wang QY, Guan ZW. Structural behaviour of recycled aggregate
concrete filled steel tube columns strengthened by CFRP. Eng Struct
2013;48:532–42.

[221] Higashiyama H, Yamauchi K, Sappakittipakorn M, Sano M, Takahashi O. A
visual investigation on chloride ingress into ceramic waste aggregate mortars
having different water to cement ratios. Constr Build Mater 2013;40:1021–8.

[222] Ismail S, Ramli M. Engineering properties of treated recycled concrete
aggregate (RCA) for structural applications. Constr Build Mater
2013;44:464–76.

[223] Jiménez JR, Ayuso J, Lopez M, Fernandez JM, de Brito J. Use of fine recycled
aggregates from ceramic waste in masonry mortar manufacturing. Constr
Build Mater 2013;40:679–90.

[224] Kim K, Shin M, Cha S. Combined effects of recycled aggregate and fly ash
towards concrete sustainability. Constr Build Mater 2013;48:499–507.

[225] Kim SW, Yun HD. Influence of recycled coarse aggregates on the bond
behavior of deformed bars in concrete. Eng Struct 2013;48:133–43.

[226] Manzi S, Mazzotti C, Bignozzi MC. Short and long-term behavior of structural
concrete with recycled concrete aggregate. Cem Concr Compos
2013;37:312–8.

[227] Matias D, de Brito J, Rosa A, Pedro D. Mechanical properties of concrete
produced with recycled coarse aggregates – influence of the use of
superplasticizers. Constr Build Mater 2013;44:101–9.

[228] Pérez P, Agrela F, Herrador R, Ordoñez J. Application of cement-treated
recycled materials in the construction of a section of road in Malaga, Spain.
Constr Build Mater 2013;44:593–9.

[229] Sata V, Wongsa A, Chindaprasirt P. Properties of pervious geopolymer
concrete using recycled aggregates. Constr Build Mater 2013;42:33–9.

[230] Sheen YN, Wang HY, Juang Y-P, Le DH. Assessment on the engineering
properties of ready-mixed concrete using recycled aggregates. Constr Build
Mater 2013;45:298–305.

[231] Silvestre R, Medel E, Garcia A, Navas J. Utilizing recycled ceramic aggregates
obtained from tile industry in the design of open graded wearing course on
both laboratory and in situ basis. Mater Des 2013;50:471–8.

[232] Thomas C, Setién J, Polanco JA, Alaejos P, Sánchez de Juan M. Durability of
recycled aggregate concrete. Constr Build Mater 2013;40:1054–65.

[233] Piaw CY. Basic research statistics (Book 2). Kuala Lumpur, Malaysia: McGraw-
Hill; 2006 (In Malay).

[234] De Brito J, Robles R. Methodology for the prediction of concrete with recycled
aggregates properties. In: Limbachiya MC, Kew HY, editors. Excellence in
concrete construction through innovation; 2009. p. 477–88.

[235] De Brito J, Alves F. Concrete with recycled aggregates: the Portuguese
experimental research. Mater Struct 2010;43:35–51.

[236] EHE-08. Code on Structural Concrete. Spain: Centro de Publicaciones,
Secretaría General Técnica, Ministerio de Fomento; 2010. 556 p.

http://refhub.elsevier.com/S0950-0618(14)00443-7/h1020
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1020
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1025
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1025
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1025
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1030
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1030
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1030
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1030
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1030
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1030
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1035
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1035
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1040
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1040
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1040
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1045
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1045
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1050
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1050
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1050
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1055
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1055
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1055
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1060
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1060
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1060
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1065
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1065
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1070
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1070
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1070
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1070
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1070
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1075
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1075
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1080
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1080
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1085
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1085
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1090
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1090
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1090
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1095
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1095
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1100
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1100
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1100
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1105
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1105
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1105
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1110
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1110
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1110
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1115
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1115
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1115
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1120
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1120
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1125
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1125
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1130
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1130
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1130
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1135
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1135
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1135
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1140
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1140
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1140
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1145
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1145
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1150
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1150
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1150
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1155
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1155
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1155
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1160
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1160
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1165
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1165
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1175
http://refhub.elsevier.com/S0950-0618(14)00443-7/h1175

	Properties and composition of recycled aggregates from construction and demolition waste suitable for concrete production
	1 Introduction
	1.1 Background
	1.2 Importance of selective demolition
	1.3 Recycled aggregate use in construction
	1.4 Industrial waste materials used in concrete production

	2 Recycled aggregates sourced from construction and demolition wastes
	2.1 Classification
	2.1.1 Recycled Concrete Aggregates (RCA)
	2.1.2 Recycled Masonry Aggregate (RMA)
	2.1.3 Mixed Recycled Aggregates (MRA)
	2.1.4 Construction and Demolition Recycled Aggregates (CDRA)

	2.2 Contaminants
	2.2.1 Asphalt
	2.2.2 Glass
	2.2.3 Other constituents

	2.3 Chemical composition
	2.3.1 Sulphate content
	2.3.2 Chloride content
	2.3.3 Alkali content

	2.4 Size and shape
	2.5 Density
	2.5.1 Recycling procedure
	2.5.2 Quality of the original material
	2.5.3 Size

	2.6 Water absorption
	2.6.1 Recycling procedure
	2.6.2 Quality of the original material
	2.6.3 Size

	2.7 Mechanical properties
	2.7.1 Recycling procedure
	2.7.2 Quality of the original materials


	3 Statistical analysis
	4 Proposal of a classification system for recycled aggregates
	5 Conclusions
	Acknowledgements
	References


