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Abstract

Concrete is one of the most widely used construction and building materials. When a concrete structure
reaches the end of its life, the demolition waste may be used to produce recycled concrete aggregates
(RCA). RCA mainly differ from natural aggregates in the attached mortar that remains onto RCA surface.
The differences between the properties of RCA and those of natural aggregates will condition the
performance of the construction materials that contain RCA. Specifically, asphalt concrete (AC) that
contains RCA has many technical disadvantages due to the porous nature of the attached mortar and thus,
the high water and bitumen absorption and the low resistance to fragmentation of the RCA. However,
some authors have experimented with the application of treatments to the RCA that allow its successful
use in the manufacture of AC, which contributes to sustainable development. This paper reviews the main
properties of the RCA, particularly when used to produce AC.
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1. Introduction

The efforts to recycle and reuse materials contained in construction and demolition waste (CDW) are
mainly driven by a need for sustainable development. Thus, the use of recycled concrete aggregates
(RCA) from CDW has been growing in recent years, particularly as aggregates for concrete (Butler et al.,
2011; Evangelista and de Brito, 2014; Koenders et al., 2014; Shi-Cong et al., 2014), unbound pavement
layers (Chi Sun and Dixon, 2006; NCHRP, 2008; Robinson Jr. et al., 2004) and asphalt concrete (AC)
(Cupo-Pagano et al., 1994; Shen and Du, 2004 and 2005; Paranavithana and Mohajerani, 2006; Pérez et
al., 2007; Tam et al., 2007; Wong et al., 2007; Gul et al., 2008; Mukhopadhyay et al., 2010; Pérez et al.,
2010; Mills-Beale and You, 2010; Rafi et al., 2011; Bushal et al., 2011; Lee et al., 2012; Pérez et al.,
2012a and 2012b; Zhu et al., 2012; Arabani and Azarhoosh, 2012; Muniz de Farias et al., 2012; Pasandin
and Pérez, 2013 and 2014).

Many researchers have stated that the poor quality (i.e., low density and porosity) of RCA is primarily
due to the porous nature of the mortar cement attached onto the RCA surface (figure 1) (Cupo-Pagano et
al., 1994; Paranavithana and Mohajerani, 2006; Pérez et al., 2007; Tam et al., 2007; Gul, 2008; Lee et al.,
2012, Pérez et al., 2012b, Sanchez de Juan and Alaejos Gutiérrez, 2009). However, removing impurities,
such as wood, glass, metal or gypsum, is also advisable in order to improve the final quality of RCA
(Cupo-Pagano et al., 1994; Paranavithana and Mohajerani, 2006; Pérez et al., 2007; Pérez et al., 2012a
and 2012b). Moreover, the small cracks produced by the crushing process (Tam et al., 2007) and the weak
bond between the attached mortar and the original aggregate (Lee et al., 2012) are other factors to take
into account.

Moreover, the quality of the RCA is highly variable, much like its composition, because it depends on the
structure that was demolished to produce RCA as well as the manufacturing process. Therefore, the
quality of RCA is heterogeneous (Paranavithana and Mohajerani, 2006; Gul, 2008).

Thus, RCA from CDW is a poorer-quality aggregate than natural aggregate (Lee et al., 2012; Sanchez de
Juan and Alaejos Gutiérrez, 2009). Differences between the characteristics of natural aggregates and
those of RCA will influence the performance of construction materials that contain RCA. The RCA
content (between 0% and 100%) is also expected to affect the material performance. However, RCA from
CDW share a number of common features that coincide with most research. This paper presents an
overview of the main properties of RCA for their use in construction and building materials, particularly

AC. To compare the results obtained in the technical literature review, a typical Spanish RCA was used as



a control RCA aggregate. The control RCA (figure 1) was obtained from demolition waste from
residential buildings of different origins and qualities in Madrid (Spain) and was supplied by a CDW
recycling plant.

2. Particle size distribution. Changes in particle size distribution.

The particle size distribution of RCA depends on the crushing process (Rueda Paramo, 2011). Fine and
coarse fractions can be obtained (figure 2). The particle size distribution of the coarse fraction (>4 mm) is
suitable for almost all RCA applications in the construction sector that require a granular material
(CEDEX). The coarse fraction content ranges between 70% and 90% of the total weight of the original
concrete (CEDEX) depending on the maximum size of the RCA and the composition of the original
CDW (Rueda Paramo, 2011).

Notably, the particle size distribution of RCA was adequate for wet mix macadam in a study conducted in
74 recycling plants in Spain between 2009 and 2010 (GERD), although the percentage of filler generally
was excessive and required correction at the plant.

Some studies (Paranavithana and Mohajerani, 2006; Gul, 2008) have determined the change in the
particle size distribution of the AC due to mixing and compacting it with RCA. Furthermore, Arabani and
Azarhoosh (2012) stated that the use of coarse fraction of RCA affects the mechanical properties of the
AC because the mixing and compaction operations alter the size of the aggregate and separate the
attached mortar cement. In addition, other relevant factors could affect the particle size distribution.
Muniz Farias et al. (2012) highlighted the initial particle size of the AC, the compaction energy and the
water content. Figure 3 shows the changes in the particle size distribution of an AC after the mixing and
compacting operations. An AC 22 base B50/70 G was chosen according to the upper and lower limits
given by the Spanish General Technical Specifications for Roads and Bridges, also known as PG-3
(Ministerio de Fomento, 2008). As shown in figure 3, the AC was manufactured using 30% of the control
RCA. To compare the results, the AC was also manufactured using 0% of the control RCA. As expected,
the particle size distribution changes of the AC that contains 30% of RCA are greater than those of the
mixture that contains 0% of RCA (figure 3). In fact, the particle size distribution of the AC that contains
30% of RCA after the mixing and compacting operation is almost outside the zone specified by the PG-3
for an AC 22 base B50/70 G. The mixing and compaction operations lead to changes in the particle size
distribution, but these changes are particularly noticeable when AC contains RCA mainly due to the

weakness of the attached mortar.



3. Mechanical and physical properties

3.1. Resistance to the fragmentation

An aggregate must be highly resistant to fragmentation in order to withstand traffic loads without
cracking. The Los Angeles (LA) abrasion coefficient is a measure of the resistance to fragmentation of
the aggregates: the smaller the LA of an aggregate, the greater its resistance to fragmentation. The LA of
the RCA (table 1) varies over a wide range; it ranges between 25 % and 45 % depending on various
parameters, such as the particle size, the quality of the original concrete and the LA of the original natural
aggregate (Rueda Paramo, 2011). As shown in table 1, the LA of RCA is high (Shen and Du, 2004 and
2005; Pérez et al., 2007; Pérez et al., 2012a and 2012b). Thus, RCA is less resistant to fragmentation than
natural aggregates, mainly because the attached mortar is easily fragmented during the LA test. The
porous nature of the attached mortar, its lower resistance and the presence of cracks primarily result in the
mortar being sprayed during the LA test (Rueda Paramo, 2011; Jiménez et al., 2011). Therefore,
increasing mortar content also increases the LA (Sanchez de Juan and Alaejos Gutiérrez, 2009) because
the loss of the self- weight of the original natural aggregate in this test should result in weight loss due to
the disintegration of the attached mortar. Thus, the RCA fine fraction, whose mortar content is high
(Sanchez de Juan and Alaejos Gutiérrez, 2009), is less resistant to fragmentation than the coarse fraction.
3.2. Density and water absorption

Table 1 also shows the bulk specific density (p,) and the water absorption (WA,,) of the RCA and the
natural aggregates. This table indicates that the RCA are less dense than the natural aggregates (Cupo-
Pagano et al., 1994; Shen and Du, 2004 and 2005; Paranavithana and Mohajerani, 2006; Pérez et al.,
2007; Wong et al., 2007; Pérez et al., 2010; Rafi et al., 2011; Pérez et al., 2012a and 2012b). In general,
the density values of RCA are between 5% and 10% lower than those of natural aggregates (CEDEX).
Therefore, AC that contains RCA is also less dense than conventional mixtures.

The content of attached mortar has been shown to negatively correlate with the density (Sanchez de Juan
and Alaejos Gutiérrez, 2009). Therefore, the differences between the densities of RCA and natural
aggregates are more pronounced in the fine fraction because its mortar content is higher (CEDEX).

As illustrated in table 1, one of the most important differences between the RCA and the natural
aggregates is the water absorption (CEDEX). This property is also directly related to the mortar content;

the mortar content positively correlates with water absorption (Sanchez de Juan and Alaejos Gutiérrez,



2009). Because the mortar content of the fine fraction is higher than that of the coarse fraction (Sanchez
de Juan and Alaejos Gutiérrez, 2009), it also absorbs more water than the coarse fraction.

Therefore, RCA absorbs more water than natural aggregates (Shen and Du, 2004 and 2005; Paranavithana
and Mohajerani, 2006; Pérez et al., 2007; Gul, 2008; Pérez et al., 2010; Rafi et al., 2011; Pérez et al.,
2012a and 2012b). The water absorption values range between 4 % and 9% or even higher values, i.e.,
between 5% and 15% for recycled sand (CEDEX).

Attached mortar is a porous material (Paranavithana and Mohajerani, 2006; Pérez et al., 2007; Pérez et
al., 2010; Pérez et al., 2012a and 2012b; Sanchez de Juan and Alaejos Gutiérrez, 2009). Thus, RCA is not
only less dense and absorbs more water, but it is also more porous (Paranavithana and Mohajerani, 2006)
and permeable (Gul, 2008).

4. Geometrical properties

4.1. Shape

Flat particles are more likely to break when subjected to the stresses caused by traffic loads; thus, their
content should be limited. The equipment used to crush both RCA and natural aggregates influences the
shape of the aggregates. Impact crushers tend to form cubic-angular shaped particles (GERD, 2010).
Furthermore, concrete tends to break into small blocks, which generates small amounts of flat particles
(GERD, 2010). RCA generally contains a lower proportion of flat particle than natural aggregates
(CEDEX), ranging between 5% and 9% (GERD, 2010). In addition to the reasons stated above, the lower
flat particle content could also be due to the attached mortar, which increases the thickness of the flat
particles (Rueda Paramo, 2011). This hypothesis is consistent with the limited research conducted to date,
which concluded that RCA meets the specifications for the flakiness index for manufacturing AC (Pérez
et al., 2007, Pérez et al., 2010; Mills-Beale and You, 2010; Pérez et al., 2012a and 2012b). The flakiness
index (IL) of the control RCA is 8%, which complies with PG-3 (Ministerio de Fomento, 2008) in the
highest heavy traffic category, TOO (Traffic category TOO refers to Annual Average Daily Heavy Traffic
>4,000).

4.2. Per cent fractured face of coarse aggregate

A high percentage of fractured faces is desirable for the aggregates because fractured faces improve the
strength of the pavement layers due to the internal friction and the strong interlock between aggregates.
Previous studies have indicated that RCA are generally angular due to the crushing process to which they

are subjected during their manufacturing process (Adams, 2012); thus, they also contain a high



percentage of fracture faces. The limited research conducted to date on this property concluded that RCA
meets the specifications on fracture faces to manufacture AC (Pérez et al., 2007; Pérez et al., 2010; Mills-
Beale and You, 2010; Bushal et al., 2011; Pérez et al., 2012a and 2012b). The control RCA contains
85.48% fractured faces, which complies with the Spanish specification PG-3 (Ministerio de Fomento,
2008) for the heavy traffic category T3 (Traffic category TOO refers to Annual Average Daily Heavy
Traffic ranging 50 to 200). The state of the art results imply a higher percentage of crushed particles.
However, such high percentages were not observed. This result highlights the weakness of the mortar
attached on the RCA surface, which does not lead to sharp edges, but rounded ones, after the crushing
process. Furthermore, RCA could present contain rounded natural aggregates because their inclusion is
advisable for the workability of concrete, which could also partly explain these results.

4.3. Surface texture

The roughness and irregularities of the surface aggregates are included under the term texture (NCHRP,
2008). The RCA are rougher than the natural aggregates (Shen and Du, 2004 and 2005) due to the
presence of attached mortar. As a result, the internal friction of RCA is greater than that of natural
aggregates, but coating RCA with binder during the AC manufacturing process is also more difficult.
4.4. Clay or plastic fines and dust

A very low sand equivalent (SE) value is well known to indicate that the aggregate contains an excess of
dust or plastic fine particles. These aggregates should not be used for pavement layers because they could
affect their strength and durability. The fine clay can compromise the adhesion of the aggregate with the
binder and even expand. Furthermore, the presence of water can lead to internal friction losses.

During the RCA manufacturing process, the fine fraction consists exclusively of concrete in order to
ensure high values of the sand equivalent (GERD, 2010). Limited investigations of this property indicate
that RCA meet the specifications for the sand equivalent for manufacturing AC (Pérez et al., 2007; Pérez
et al., 2010; Pérez et al., 2012a and 2012b). The sand equivalent value of the control RCA was 67%,
which complies with the Spanish specifications (Ministerio de Fomento, 2008) for the manufacture of
AC.

4.5. RCA composition

Jiménez et al. (2011) studied three types of RCA. They concluded that these RCA were very pure because
over 96 % of the particles were concrete (between 71% and 76% were aggregates with attached mortar

and between 20 % and 25 % were aggregates without attached mortar). The remaining components are



considered to be impurities. Thus, this material contained between 1.6% and 3.5% ceramics, between 0%
and 0.3 % asphalt, between 0% and 0.1 % gypsum and no significant amounts of wood, glass, plastic,
metal, natural soil and light particles. All of these values are represented in figure 4. The control RCA
contained 89.3% petrous materials, i.e., its impurity content was higher.

Conversely, the content of attached mortar, which as discussed above primarily results the lower quality
of RCA compared to natural aggregates, is highly variable, ranging between 25% and 70 % by mass
based on the fraction of aggregate considered (Sanchez de Juan and Alaejos Gutiérrez, 2009). In this
sense, the attached mortar contents of the finer fractions are higher than those of the coarser fractions
(Sénchez de Juan and Alaejos Gutiérrez, 2009). The mortar content also depends on the type of original
natural aggregate, the dosage of the original concrete and the crushing process (MDOT, 2011).

5. Other properties

5.1. Self-cementing properties

The resistance has been shown to increase over time when using RCA as a granular material due to the
RCA self-cementing properties (Chi Sun and Dixon, 2006; Arm, 2001). The presence of non-hydrated
cement in the attached mortar is largely responsible for this phenomenon (Chi Sun and Dixon, 2006;
FHWA, 2004). This property has not been studied for the use of RCA in manufacturing AC due to the
nature of this type of material.

5.2. RCA affected by alkali-silica reactions

The alkali-silica reaction (ASR) is a deleterious chemical reaction (Xiao Gao et al., 2013): in the presence
of water, the alkaline solution of the pores of the concrete reacts with silicate minerals that are part of the
composition of some aggregates. The resulting products are expansive and may lead to crack formation
(Saccani and Bignozzi, 2010).

A consensus on the use of RCA affected by ASR in AC is lacking. Thus, some studies indicate that this
type of reaction is not deleterious if the RCA is to be used for manufacturing AC (MDOT, 2011). In
contrast, other studies (Mills-Beale and You, 2010) have questioned its viability. Studies have indicated
that RCA affected by ARS can be used in AC, but with certain precautions. For example, the use of the
fine fraction or mineral powder and activating agents of the adhesiveness (anti- stripping) should be
avoided because the latter can enhance the adverse effects of this type of aggregate (Mukhopadhyay,
2010). Furthermore, the locations where AC that contains RCA affected by ASR will be used should be

carefully selected. In particular, these aggregates are not suitable for airport runways, which experience



severe shocks as a result of landing aircraft, because RCA affected by ASR reactions often experience
microcracks and thus are more likely to mechanically degrade (Mukhopadhyay, 2010).

5.3. Bitumen content and bitumen absorption

As shown in table 2, the AC that involves RCA contains more optimum binder (Bo) than conventional
mixtures (Shen and Du, 2004 and 2005; Pérez et al., 2007; Wong et al., 2007; Pérez et al., 2010; Rafi et
al., 2011; Bushal et al., 2011; Muniz de Farias et al., 2012) due to the high porosity of the attached mortar
(Wong et al., 2007; Muniz de Farias et al., 2012). This difference is more apparent when RCA
substitution is performed in the fine fraction (Rafi et al., 2011), which, as stated above, contains more
mortar (Sanchez de Juan and Alaejos Gutiérrez, 2009) and a higher specific surface area (Rafi et al.,
2011). Furthermore, Bushal et al. (2011) indicated that the optimum binder content increases linearly with
the percentage of substitution of RCA in the mixture.

Table 2 shows the strong differences between the optimum binder content obtained for the same RCA
percentage by different authors. These differences between researchers might be due to several reasons:
the impurity content of the RCA used to make the AC because some impurities, such as gypsum, may
increase the demand for binder; the fractions used in the RCA because the fine fraction demands more
binder (as mentioned above); and the rules and specifications of the different countries. This latter
consideration may be decisive in determining the optimum binder content. For example, the Florida
Department of Transportation (FDOT) requires a minimum of 5% effective binder content (Pbe)
(Jajliardo, 2003), i.e., a minimum of 5% of binder that has not been absorbed by the aggregate. In
contrast, this minimum is not enforced in Spain. Instead, the minimum binder content in the mixture is
3.5% (Ministerio de Fomento, 2008). Therefore, the required bitumen will be higher in this example if the
mixture is dosed following FDOT specifications rather than Spanish specifications.

The voids filled with asphalt (VFA) content is related to the durability of the mixture. A lower VFA can
lead to a lower durability of AC materials (Murphy and Bentsen, 2001), especially if this lower VFA is
due to a low effective binder content. Some studies (Paranavithana and Mohajerani, 2006; Mills-Beale
and You, 2010) have indicated that the effective binder content of AC that contains RCA is lower than
that of conventional mixtures because the high bitumen absorption (Pba) of the RCA causes less binder to
coat the aggregate (Paranavithana and Mohajerani, 2006). Again, the primary responsibility of this feature
is the absorbent nature of the mortar attached on the RCA surface. Moreover, bitumen absorption is a

function of the binder content. Therefore, as shown in figure 5, the RCA content positively correlates with



the bitumen absorption (Bushal et al., 2011). When the fine fraction is replaced with RCA, the bitumen
absorption increases. For economic reasons, Bushal et al. (2011) propose that this substitution be made in
the coarse fraction to prevent greater optimum binder contents.

6. Treatments applied to the RCA in order to improve their properties

Only few studies have examined treatments that help to improve the properties of RCA. Wong et al.
(2007) subjected the RCA to a calcination process. In this process, lime was obtained from the calcite
present in the RCA. Therefore, the mineral powder obtained from the RCA contained a certain amount of
lime, which is commonly used to improve the properties of the AC. Furthermore, Wong et al. (2007)
found that the calcination process reduced the grain size of the RCA. The results of this treatment were
satisfactory.

Other researchers (Mills-Beale and You, 2010) highlighted the absorbent behaviour of RCA under
dynamic loads, which indicated that the use of sealants minimise binder absorption by the porous RCA.
Lee et al. (2012) coated RCA with a cement paste to reinforce RCA weakened by small cracks that appear
during the crushing process. At an optimum cement thickness, Los Angeles coefficient of the coated RCA
was lower and its resistance was higher than that of the uncoated material.

Zhu et al. (2012) used RCA from the demolition of buildings affected by the earthquake in Wenchuan
(China) to produce AC. Because the RCA contained 28.46% ceramics and bricks, a highly absorptive and
poorly resistant RCA was expected. Therefore, they coated the RCA with a patented liquid silicone resin.
The analysis of the physical properties of aggregates by Zhu et al. (2012) indicated that this treatment
improves both the absorption of RCA as its resistance to fragmentation. Thus, the treatment improved the
adhesiveness of the brick and the ceramic present in the RCA.

Pasandin and Perez (2013 and 2014) tested two treatments: coating the RCA with a bituminous emulsion
prior to the manufacture of AC or curing loose mixture in the oven for 4 hours at the mixing temperature
prior to compaction. Both treatments significantly improved the water resistance of the AC.

7. Conclusions

RCA differs from natural aggregates primarily because it contains attached mortar (Sanchez de Juan and
Alaejos Gutiérrez, 2009). Researchers have primarily attributed the reduced quality of RCA compared to
natural aggregates to the presence of mortar and various impurities, as well as to the weak contact
between the natural aggregate and cement mortar and the appearance of small cracks as a result of the

crushing process (Cupo-Pagano et al., 1994; Paranavithana and Mohajerani, 2006; Pérez et al., 2007; Tam



et al., 2007; Gul, 2008, Pérez et al., 2010; Lee et al., 2012; Pérez et al., 2012a and 2012b; Sanchez de
Juan and Alaejos Gutiérrez, 2009). Thus, RCA will absorb more water and be less dense than natural
aggregates (Cupo-Pagano et al., 1994; Shen and Du, 2004 and 2005; Paranavithana and Mohajerani,
2006; Pérez et al., 2007; Wong et al., 2007; Pérez et al., 2010; Rafi et al., 2011; Pérez et al., 2012a and
2012b; CEDEX). RCA also differs from natural aggregates in other properties; it is less resistant to
fragmentation (Shen and Du, 2004 and 2005; Pérez et al., 2007; Pérez et al., 2010; Rafi et al., 2011; Pérez
et al., 2012a and 2012b), and its particle size distribution changes somewhat after the mixing and
compaction processes (Paranavithana and Mohajerani, 2006; Gul, 2008; Arabani and Azarhoosh, 2012;
Muniz de Farias et al., 2012). The difference between the properties of RCA and natural aggregates
conditions the behaviour of AC that contains partial replacements of RCA. However, the use of
treatments (Lee et al., 2012; Zhu et al., 2012; Pasandin and Pérez, 2013 and 2014), such as coating the
RCA with various products, letting the mixture cure in an oven or the calcination of RCA, have been
proven to be highly effective in solving all of these problems.
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Figure 1
Detail of the attached mortar on the RCA surface
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Figure 2
Particle size distribution of control RCA
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Figure 3
Changes in particles size distribution of an AC 22 base B50/70 G made with 0% and 30% of the control
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Figure 4
RCA composition according to Jiménez et al. [34].
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Figure 5

Bitumen absorption (Pba) versus RCA percentage according to Bushal et al. [20]
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