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Abstract: The use of recycled aggregate to reduce the over-exploitation of raw aggregates is necessary.
This study analysed and categorised the properties of water-washed, fine and coarse, recycled aggre-
gates following European Normalization (EN) specification. Because of their adequate properties,
zero impurities and chemical soluble salts, plain recycled concrete was produced using 100% recycled
concrete aggregates. Two experimental phases were conducted. Firstly, a laboratory phase, and
secondly, an on-site work consisting of a real-scale pavement-base layer. The workability of the
produced concretes was validated using two types of admixtures. In addition, the compressive and
flexural strength, physical properties, drying shrinkage and depth of penetration of water under
pressure validated the concrete design. The authors concluded that the worksite-produced concrete
properties were similar to those obtained in the laboratory. Consequently, the laboratory results could
be validated for large-scale production. An extended slump value was achieved using 2.5–3% of a
multifunctional admixture plus 1–1.2% of superplasticiser in concrete production. In addition, all the
produced concretes obtained the required a strength of 20 MPa. Although the pavement-base was
produced using 300 kg of cement, the concrete made with 270 kg of cement per m3 and water/cement
ratio of 0.53 achieved the best properties with the lowest environmental impact.

Keywords: recycled concrete aggregate; recycled aggregate concrete; workability; compressive
strength; pavement

1. Introduction

In 2018, construction and demolition waste was 35.4% of the total waste (2277 mil-
lion tonnes) generated in the European Union (EU) by all economic activities including
households, of which only 54.2% was recovered [1,2]. Consequently, the demolition of
concrete structures causes a considerable volume of waste that terminates in landfills. The
guidelines of the European Commission [3] are designed to encourage a change in produc-
tion procedures to embrace a circular, more sustainable and eco-respectful model in which
waste is re-introduced into production processes, reducing raw material over-exploitation
and maximising material life cycles. Plaza et al. [4] concluded that the benefits of using
recycled coarse and fine aggregates to replace natural aggregate partially lie not only in
CO2 emissions reduction in concrete manufacture but also in the significant mitigation of
the environmental impacts induced by stockpiling the respective waste. Moreover, about
75–80% of the total concrete components materials are aggregates [5]. Today, the production
and use of natural resources such as natural aggregates in concrete production reduce natu-
ral resources and increase the volume of atmospheric pollutants [6]. Therefore, recycling
waste concrete and concretes from damaged or demolished structures are essential for
producing recycled concrete aggregates (RCA), thus mitigating the environmental impacts.

The demand for non-renewable natural resources and industrial products, especially
mineral aggregates from quarry extraction, is high for highway construction and main-
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tenance [7]. Therefore, the most widespread practice to achieve pavement sustainability
is to lower the quantity of virgin aggregates by partially or fully replacing them with
alternative aggregates. In addition, the available literature shows that alternative aggregate,
as recycled concrete aggregate, could be effectively used for concrete pavements [8–11].
The mentioned field investigation results indicate that it is possible to produce pavements
from recycled aggregates that are equivalent in all aspects to pavements made with con-
ventional aggregates when up to 40% of coarse RCA are used to replace natural aggregates.
Gress et al. [12] described that the pavement produced with up to 25% of fine recycled
concrete aggregates also achieved adequate properties although with a slight increase of
shrinkage value with respect to that in concrete produced only employing coarse RCA.
Moreover, recycled concrete made with coarse RCA aggregates have been employed in
certain, although few, real structural concrete projects [13]. In Hong Kong [14], from 2022
to 2005, the acceptable behaviour of structural concretes grades C20 and C25 were verified,
producing concretes with recycled coarse aggregate replacement levels of 100 and 20%,
respectively. Zhang and Zhao [15] also proved 50% coarse RCA in structural concrete
production. However, for the structural elements studied by Xiao et al. [16], up to 30% of
coarse RCA were used in concrete production. The use of RCA is still limited. However, as
mentioned previously, coarse recycled aggregates (C-RCA) have been proven to be suitable
for concrete production [17]. Moreover, their use in concrete production as a structural
material has been widely analysed and validated in many applications [13,18,19]. However,
the use of fine recycled concrete aggregates (F-RCA) is less widespread due to their more
negative effect on concrete properties [20].

RCA aggregates have a lower quality than the natural aggregate (NA) because of
attached mortar to the stone particles in RCA. In contrast to NA, RCA has the following
properties: more water absorption, less bulk density, more abrasion loss and more crusha-
bility [21,22]. In particular, fine RCA could also have more dust particles, more organic
impurities and also harmful chemicals because of earth mixing with concrete after building
demolition [23]. Despite these weaknesses, the un-hydrated cement of the original concrete
available in the RCA may play a positive role in its use in structural concrete. In addition, in
the case of the use RCA, the specific surface of the aggregates improves the binder/recycled
aggregate interface [24].

Coarse and fine RCA in concrete production affects workability and hardened-state
(mechanical, physical and durability) properties. Recycled aggregate concrete (RAC) is
typically associated with lower workability than natural aggregate concrete (NAC) of the
same composition [25]. This is attributed to the poor shaping properties of crushed RCA
when compared to NA. If there is proper compensation for water absorption, workability
is essentially affected by the shape of the aggregates [26,27]. The reduction of workability
is confirmed with the increased replacement of NA with RCA, especially in the finer
fraction [28]. Partial absorption of the superplasticiser by the aggregates also occurs, and
increased fines in the content are due to a partial loss of the aggregates’ mortar during
the mixing process [26]. Tobori et al. [29] found that when superplasticiser is added to
RAC mix, instead of acting on the cement grains, the absorption of its liquid phase occurs
through F-RCA. Evangelista and de Brito [30] found that polymer chains have a larger
contact area with fine recycled aggregates than natural ones. Nedeljkovi’c et al. [27], after
an exhausted review analysis, concluded that researchers had offered many reasonable
explanations on complex flow behaviour of recycled concretes through a combination of
experiments and theories. They described that there is no universal approach to obtain and
maintain satisfactory workability of mortars/concretes with F-RCA.

It is generally believed that concrete compressive strength decreases as the amount of
recycled concrete replacement increases [31], which may be due to the old mortar in fine
RCA that makes concrete more porous and less dense [32]. As a result, the concrete pro-
duced with 100% RCA (coarse plus fine recycled aggregated) obtained a lower compressive
strength [4,27]. However, the tensile strength can improve due to the improvement of the
interface transition zone in concretes containing RCA [4,10].
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According to Zhang et al. [33], both F-RCA and C-RCA significantly influence the
drying shrinkage behaviour of concrete. Total (100%) replacement of natural aggregates
with RCA (including both F-RCA and C-RCA) increased the drying shrinkage by more than
100% (102.0–116.9%). In addition, a higher water absorption ratio and a lower density RCA
resulted in higher shrinkage strains. However, compared with the influence of C-RCA, the
effect of F-RCA is relatively lower. In particular, C-RCA with a 100% replacement ratio
increased the drying shrinkage. Sadati and Khayat [9] also determined that the increasing
the fine RCA content from 0 to 15% had no significant effects on drying shrinkage of
pavement concrete.

Although recycled concrete produced with 100% of recycled aggregate achieves a
lower strength and a higher shrinkage than those of conventional concretes, the washing
of recycled aggregates could guarantee the quality and consequently the durability of
the concrete produced. In order to assure RCA aggregate quality, it is imperative to use
innovative recovery plants to manage construction and demolition waste efficiently [34].

The recycled aggregates used in this study were obtained from an innovative recycling
plant (see Figure 1) located in Barcelona, Spain. Two types of demolition material are
treated separately at the plant: concrete waste (more than 95% is concrete) and mixed waste
(with approximately 30% ceramic material). After crushing these to the desired aggregate
size (usually 0/20 mm), the cleaning and sieving processes of the mixed recycled aggregates
(RMA) and RCA are carried out. Fine (F-) and course (C-) fractions are produced separately,
making them suitable for concrete production. In this study, the F-RCA and C-RCA were
analysed for use in concrete production.
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The production of high-quality plain concrete using 100% water-washed fine and
coarse RCA aggregates without employing natural aggregates can be possible if the recycled
aggregates fulfil the requirements to be used in concrete production. The objective of this
study was to analyse the quality of water-washed C-RCA and F-RCA aggregates produced
in the innovative plant and validate them to be used in plain concrete production by
building a real pavement-base layer. The production of plain concrete was analysed in two
phases: (1) laboratory experiments and (2) on-site pavement-base layer construction. In the
first phase, the suitable concrete mix proportions were tested to see if they accomplish the
minimum required properties of having an adequate workability (6–8 cm of slump test)
30 min after RAC concrete production and a minimum compressive strength of 20 MPa
at 28 days of curing. Moreover, other properties such as the flexural strength, physical
properties, drying shrinkage and depth of penetration of water under pressure were also
validated in the concrete design. The second phase would verify if the worksite-produced
concrete achieved adequate properties similar to those obtained in the laboratory.
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2. Materials and Methods
2.1. Materials
2.1.1. Cement and Chemical Admixtures

The cement CEM II A-L 42.5 R (88% clinker, 12% limestone, excluding the set regulator,
added in 5%) was used. The composition of the cement is shown in Table 1.

Table 1. Composition of cement as the percentage of total weight.

Cement SiO2 CaO Fe2O3 Al2O3 MgO SO3 Na2O K2O LOI

CEM II A-L 42.5 R 19.33 62.71 2.65 3.43 1.36 3.52 0.06 0.8 5.28

Two chemical admixtures were employed for concrete production: a multifunctional
admixture (P) and a superplasticiser (S). The mix recommended by the manufacturer for
the S was 0.3–2.0% and 0.5–1.5% for the P admixtures based on the weight of the cement.

2.1.2. Recycled Concrete Aggregate Production and Its Properties

The production of C-RCA and F-RCA aggregates was conducted in an innovative
washing recycling plant. Once all the polluted components, big pieces of steel, wood or
plastic, are removed from the demolition waste, the clean concrete waste is crushed to
0/20 mm recycled aggregate fractions. At this point, the water-washed treatment process
and different aggregate fraction production starts: (1) the 0/20 mm fractions are transported
to the recovery plant by conveyor belt for the next steps in the process. The recycled
material is passed through a magnetic separator, and under the water spraying process,
the 0/20 mm fractions pass through a 4 mm sieve where the fine and coarse fractions are
separated. (2) The recycled aggregate fractions finer than 4 mm go to the hydro-cyclone
separators. At this point, the material is divided into three recycled fraction sizes: 0/4 mm,
0/2 mm and a fraction finer than 63 µm (filler and clay). (3) After the cleaning process
(with water and brushing), the coarse recycled aggregate fractions (>4 mm) are sieved in
three different fractions, 14/20 mm, 8/14 mm and 4/10 mm.

Although the cleaning procedure is conducted via a water system, the entire volume
of water employed in the treatment process is reused satisfactorily. In addition, rainwater
is also harvested through storage tanks.

Four fractions (0/2 mm, 0/4 mm, 4/10 and 8/20) of RCA, designated FR1, FR2, CR1
and CR2, respectively, were used for concrete production (see Figure 2). The 8/20 mm
fraction was produced mixing the fractions 8/14 mm 50% and 14/20 mm 50%. The recycled
aggregates were characterised following EN 12620 “Aggregates for concrete” specifications.
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Figure 2. The four recycled aggregates (each line in the ruler are 10 mm).

The constituents of C-RCA aggregates (CR1 and CR2) were: Rc (Concrete and mortar)
+ Ru (unbound aggregate) of 96.27%, Rb (Ceramic) 1.94%, Ra (Asphalt) 1.40% and X (other
impurities) 0.4%, determined following the EN 933-11:2009 specifications. According to
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the EN 12,620 specifications, the RCA aggregates composed of more than 95% concrete are
categorised as Type A (Rc90, Rcu95, Rb10, Ra1, FL2 and XRg1).

The grading distribution of the four fractions of recycled aggregates 0/2 (FR1), 0/4 (FR2),
4/10 (CR1) and 8/20 (CR2) are shown in Figure 3. They were determined following EN
933-1 specification. According to the grading distribution, the fine fractions (FR1 and
FR2) were categorised as Gf85. The 4/10 gravel fraction was classified as Gc90/15 and
the 8/20 fraction as Gc85/20, the categories being highlighted by the Spanish concrete
Structural Code [36].
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Figure 3. The grading distribution of all the recycled concrete aggregate fractions (FR1, FR2, CR1
and CR2).

The coarse recycled aggregates (CR1 and CR2) contained less than 1.5% of particles
under 63 µm classified in the maximum category of f1.5. In addition, the FR1 and FR2 had
a filler quantity of less than 3%. Therefore, they were assigned the top category f3.

The density and absorption capacity of all the aggregates fractions, described in Table 2,
were determined following UNE-EN 1097-6 specification. All recycled aggregates met
the requirements of the Structural Code [36] at 7% (established by the concrete Structural
Code). It should be clarified that FR1 0/2 sand was always mixed with FR2 0/4 sand
(using 20% 0/2 and 80% 0/4). Therefore, the mixture fraction met the limit set by the
structural code of 7% absorption capacity. Furthermore, as mentioned above, all the used
recycled aggregates were found to be well within the absorption limitation established
by international regulations for recycled aggregates to be used in non-structural concrete.
For example, 10% in Hong Kong and 20% in The International Union of Laboratories and
Experts in Construction Materials, Systems and Structures (RILEM, Paris, France) German
and Norwegian specifications [37].

Table 2. Dry density and absorption capacity of RCA.

FR1-0/2 Desv FR2-0/4 Desv CR1-4/10 Desv CR2-8/20 Desv

Dry Density (kg/dm3) 2.12 0.06 2.29 0.05 2.24 0.03 2.30 0.01

Absorption (%) 7.8 0.04 5.6 0.46 6.1 0.05 5.6 0.25

The per cent of acid-soluble sulphate and water-soluble chlorides salts were deter-
mined according to the EN 1744-1 specification. The limit established by the Structural
Code for aggregates used in the manufacture of concrete is 0.8% and 0.05% of acid-soluble
sulphates and soluble chlorides, respectively. Table 3 summarises the obtained values. All
recycled aggregates met the standard requirement.
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Table 3. Chemical analysis of recycled aggregates.

FR1-0/2 FR2-0/4 CR1-4/10 CR2-8/20

Acid soluble Sulphate (%) 0.13 0.11 0.23 0.16

Water-Soluble Chloride salts (%) 0.005 0.0014 0.007 0

The shape factor and Los Angeles abrasion coefficient of coarse recycled aggregate
fractions were determined following UNE-EN 933-3 and UNE-EN 1097-2 specifications,
respectively. The shape factor of the recycled concrete aggregate fraction was 6%, below
35% (maximum value allowed by the Structural Code). According to the Los Angeles
coefficient, RCA obtained a maximum of 36%, less than 40%, a limiting value for structural
concrete aggregates. Following the EN 12,620 specification, the shape factor and Los
Angeles abrasion coefficient are classified as Fl15 and LA40, respectively.

As mentioned above, the recycled aggregates were water cleansed. Consequently,
after the washing process, all RCA aggregate fractions had a high moisture content in over-
saturated conditions. Therefore, in order to control de water amount in concrete mixture,
the moisture of aggregates was determined before their use in concrete production. Many
researchers recommend the employment of recycled aggregates in highly humid conditions
to produce concrete. However, it should not be saturated, as this could negatively affect
the interface transition zone [38,39]. Nevertheless, in this case, due to the water wash-
ing process, the recycled aggregates were employed in wet conditions, sometimes even
oversaturated. According to the obtained properties of RCA, the water-washed industrial
treatment process guaranteed high quality RCA, adequate to be used in concrete. Other
recycled aggregates treatments [40], only applied in laboratory scale, achieved also im-
provements in their physical properties. However, recycled aggregates which are required
to be in a dry state or with medium humidity grade have been found up to be difficult to
combine with the industrial water-washed treatment.

2.2. Methods

Two phases of concrete production were conducted. Phase 1 included experimental
laboratory work. For pavement-based layer construction, adequate mix proportions of
concrete with 100% fine and coarse recycled aggregates (RAC concrete) were designed. The
concrete was required to have acceptable workability (6–8 cm of slump test) 30 min after
casting for adequate concrete placement. In addition, the produced concrete should have
a minimum of 20 MPa compressive strength (strength in cylindrical specimens defined
by Structural Code) after 28 days of curing. In phase 2, a RAC concrete pavement-base
layer with a minimum of 20 MPa compressive strength (in cylindrical specimens) was
built in Barcelona’s city centre using an adequate mix proportion; the fresh and hardened
properties were determined.

2.2.1. Laboratory Work, Phase 1: Mix Proportions and Test Procedure

All the concretes were produced employing 100% of fine and coarse RCA. 300 kg,
280 kg and 270 kg of cement were used in different mix proportions (see Table 4) to deter-
mine the minimum amount of cement needed to achieve adequate properties. In addition,
the effective water/cement ratio was defined to establish the concretes’ mix proportions.
While the effective water/cement ratio 0.55 was defined for the concretes produced with
300 kg and 285 kg of cement per m3 of concrete, the value of 0.52–0.53 was defined for
concrete produced with 270 kg of cement. The day before producing each concrete, all
fraction of recycled aggregates were introduced into the oven at 100 ◦C, and the aggregates’
humidity was determined to calculate the water amount to be added for concrete produc-
tion and control its effective water/cement ratio. The average humidity values (and its
standard deviation) of the FR1, FR2, CR1 and CR2 recycled aggregates were 12.2% (0.7%),
6.7% (0.4%), 6.1% (1%) and 4.6% (0.8%), respectively. The fine fractions (FR1 and FR2)
were oversaturated when concretes were produced. Consequently, the water present on
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the surface was considered part of effective water for concrete production. However, the
coarse recycled aggregates (CR1 and CR2) had a high humidity but were not saturated. In
this case, their effective absorption capacity was calculated (determined by submerging
them in water for 20 min), and the determined water amount was added to the concrete to
be absorbed by the CR1 and CR2 in order to maintain a constant effective water/cement
ratio [5]. The multifunctional (P) and superplasticiser (S) chemical admixtures were used
in different percentages to achieve the desired workability of 6–8 cm slump value at 30 min
or later after casting.

Table 4. Mix proportions of concrete mixtures. The values are given as weight (in dry condition) over
the volume of concrete production (kg/m3).

RAC-300 RAC-285-1 RAC-285-2 RAC-270-1 RAC-270-2 RCA-270-3

CEM II A-L 42.5 R 300 285 285 270 270 270

Efective w/c ratio 0.55 0.55 0.55 0.52 0.52 0.53

Total w/c ratio 0.91 0.91 0.90 0.90 0.89 0.94

Water 165 156.75 156.75 140.4 140.4 143.1

CR2 8/20 mm 682.6 694.3 694.3 713.2 713.2 710.8

CR1 4/10 mm 273.6 278.3 278.3 285.9 285.9 284.9

FR2 0/4 mm 589.9 600 600 616.4 616.4 614.3

FR1 0/2 mm 188.9 192.1 192.1 197.4 197.4 196.7

S * (%) 1 1 1 1.2 1 1.3

P * (%) 1.5 2 2.5 2.5 2.7 3

WORKABILITY (slump test in cm)

t = 0 min 21.5 17 20 20 11 22

t = 30 min 7 - 3.5 - 6 18

t = 60 min - - - - - 6.5

* The amount of S and P used in concrete production is defined as per cent of the cement weight.

All the produced concretes’ workability and slump value were determined following
the UNE-EN 123350-2:2020 specifications. The slump values were determined immediately
after concrete casting (t = 0 min) and 30 min or 60 min after concrete casting (t = 30 min
or t = 60 min). Between 0 min (immediately after concrete casting) and 30 min or 60 min,
the concrete mixture was kept in the mixer, which was stopped and covered with a plastic
sheet until the test time elapsed. The concrete was then mixed for one minute before the
slump was again measured.

The concrete specimens were produced and cured following UNE-EN 12,390-2:2001
regulations and manually compacted using a steel rod. The concrete specimens were then
covered with a plastic sheet and air-cured for the first 24 h.

After 24 h of casting, the concrete specimens were demoulded and stored in the
humidity room at 22 ◦C and 95% humidity until tested. In the concretes’ hardened state,
the compressive strength at 7, 28 and 56 days were determined following UNE-EN 12390-
3:2020 specifications using cylindrical specimens of diameter Ø100 × 200 mm in length. In
addition, the physical properties at 28 days were determined following UNE-EN 12390-
7:2020 specifications using cubic specimens of 100 × 100 × 100 mm. Drying shrinkage was
measured using concrete prismatic specimens of 70 × 70 × 285 mm, exposed to 20 ± 2 ◦C
and relative humidity 55 ± 5% for 56 days following UNE-EN 12390-16:2020 specifications.
Each result represented the average of three measurements.
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2.2.2. Pavement-Base Construction

In May 2021, a 500 m long pavement-base layer with a 30-cm thickness (highlighted
in green in Figure 4) in Passeig de Colom (PC) in Barcelona, Spain was constructed. Plain
concrete with a minimum of 20 MPa compressive strength was manufactured using FR1,
FR2, CR1 and CR2 fractions. In addition, more than 815 m3 of washed recycled aggregates
were employed in pavement-base layer construction.
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Table 5 describes the three-mix proportions employed for pavement-base layer con-
struction. The humidity of the aggregates was determined before producing the concretes,
except for the first day RAC-300-PC1 concrete. The humidity was determined after concrete
production and was higher than initially estimated. The average humidity values (and its
standard deviation) of the FR1, FR2, CR1 and CR2 recycled aggregates were 21.5% (1.2%),
9.9% (0.4%), 6.4% (0.2%) and 4.9% (0.5%), respectively. The fine recycled aggregates (FR1
and FR2) had higher-humidity concretes produced in the laboratory. The concrete mixture
used for pavement-base layer construction was designed with 300 kg of cement and an
effective water/cement ratio of 0.52–0.53 to assure the minimum strength of 20 MPa. How-
ever, because the humidity of the aggregates used in RCA-300-PC1 concrete production was
higher than the estimated values, the RAC-300-PC1 concrete was produced with an effective
water/cement ratio of 0.59. The rest of the pavement-base layer production was constructed
using the RCA-300-PC2 and RCA-300-PC3 concretes, with effective water/cement ratios of
0.52 and 0.53, respectively.

Table 5. Mix proportions of the concrete produced. The values are given as weight (in humid
conditions) over the volume of concrete production (kg/m3).

RAC-300-PC1 RAC-300-PC2 RAC-300-PC3

CEM II A-L 42.5 300 300 300

TOTAL water 101.5 88.0 97.4

Efective w/c ratio 0.59 0.52 0.53

FR1 0/2 mm 246.4 253.3 244.8

FR2 0/4 mm 688.8 708.1 702.3

CR1 4/10 mm 274.1 281.8 280.5

CR2 8/20 mm 665.3 683.9 691.5

S ** (%) 1.05 + 0.2 1.05 + 0.2 1.05 + 0.2

P (%) 1 1 1
** S and P: % of admixture for the cement weight. The second quantity of superplasticizer (+0.2) was added
directly to the truck on-site to increase the workability of the concrete for placement in suitable conditions since
the concrete arrived at the site one hour after its manufacture.
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All the concretes’ workability and slump values were determined on-site (see Figure 5a–c).
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The concrete mixtures were placed on-site directly from the truck (see Figure 6a). After
compaction using a needle vibrator (see Figure 6b), the admixture of acrylic resin-based
evaporation reducer, curing improvement admixture, was added to the concrete surface
(see Figure 6c) to guarantee an adequate curing process. Figure 6 summarises the concrete
laying process.
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Concrete specimens were fabricated to characterise the produced concretes. The
concrete samples were manually compacted using a steel rod. The specimens were then
covered with a plastic sheet and air-cured for the first 24 h at the worksite. After 24 h
of casting, the concretes specimens were moved to the university laboratory, demoulded
and stored in the humidity room until the required testing. The mechanical properties of
compressive and flexural strength were determined. The compressive strength at 7, 14, 28
and 56 days was determined for cylindrical specimens of Ø100 mm × 200 mm and cubic
specimens of 150 × 150 × 150 mm for 28 days. In addition, the flexural strength was deter-
mined using prismatic samples of 100 × 100 × 400 mm at 28 days of curing. The physical
properties at 28 days were determined using cubic specimens of 100 × 100 × 100 mm. Fi-
nally, the durability properties of drying shrinkage and depth of penetration of water under
pressure were determined. The drying shrinkage was determined using 70 × 70 × 285 mm
specimens. Cylindrical specimens of Ø100 × 200 mm were used to calculate the penetration
depth, following UNE-EN 12,390−8:2020 specification. Each result was recorded as the
average of three measurements.
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3. Results
3.1. Laboratory Work: Phase 1
3.1.1. Workability of Produced Concrete

Table 4 shows the workability achieved of all the concretes produced. The RCA-300
concrete achieved an initial slump value of 21.5 cm and adequate laying properties with
7 cm of slump value after 30 min of production. It was produced with an effective and total
water/cement ratios of 0.55 and 0.91, respectively. In addition, 1% and 1.5% of admixtures
S and P, respectively, were used for concrete production.

The concrete produced with 285 kg of cement (RCA-285) with S 1% and P 2.5%
achieved an initial slump value of 20 cm. However, after 30 min of casting, the slump
value dropped to 3.5 cm, too dry to lay it on-site under normal conditions. The RCA-285
concrete was also produced with an effective water/cement ratio of 0.55, but with a little
less cement. Consequently, the water amount employed was also lower than that used for
RCA-300 production. Thus, the RCA-285 concrete would initially require a slightly higher
S admixture and a somewhat higher slump value.

The concretes produced with a lower cement amount (RAC-270) were produced with
a lower effective w/c ratio (0.52–0.53). Consequently, they needed more admixtures to
achieve a good slump value. The RCA-270-1 concrete using S 1% and P 2.7% achieved a
slump value of 6 cm at 30 min. The RCA-270-3 concrete with S 1.3% and P 3% achieved a
slump test of 6.5 cm at 60 min. Therefore, an amount slightly higher than 1% S admixture
(reached 1.3%) together with up to 3% P was necessary for an adequate slump value at
30 or 60 min after casting.

3.1.2. Hardened Properties of Concrete

The hardened properties were determined only in concretes with an initial slump
value ≥20 cm. Table 6 shows the mechanical and physical properties obtained by the
produced concretes. All the produced concretes achieved the required compressive strength
of 20 MPa at 28 days, reaching similar values to those obtained by other researchers [41].
While the RCA-300 concrete achieved a strength of 29.7 MPa at 28 days, the RCA-285-
2 concrete achieved a strength value of 30.4 MPa. However, as shown in Table 4, the
RCA-285-2 concrete failed to reach an adequate slump value.

Table 6. The mechanical and physical properties of concretes produced in the laboratory.

Compressive Strength (MPa) Flexural Strength
(MPa)

Dry Density
(kg/dm3)

Absorption
(%)

Accesible
Porosity (%)

Concrete Type 7 Days 28 Days 56 Days 28 Days 28 Days 28 Days 28 Days

RCA-300 25.5 (0.8) 29.7 (0.6) 30.7 (0.5) 3.86 (0.02) 2.10 6.06 12.74

RCA-285-2 25.9 (0.2) 30.4 (1.0) 32.3 (1.0) - 2.11 5.65 11.90

RCA-270-1 22.4 (0.4) 26.0 (0.8) 26.9 (0.9) - 2.06 5.97 12.30

RCA-270-3 19.9 (1.8) 26.4 (0.6) 27.2 (0.6) - 2.09 6.83 14.29

In addition, the RAC-270 concrete, produced with 270 kg of cement, achieved a
compressive strength of 26 MPa at 28 days, with an acceptable slump value (see Table 4),
thus being adequate for the defined application. However, it should be noted that the RCA-
270-3 concrete achieved the lowest strength value at seven days and the highest standard
deviation, probably due to the use of P 3% admixture. Nevertheless, the compressive
strength increase from 7 days to 28 days was 34% (due to effective of 3% P [5]) compared to
the other concrete, which rose to 16.5% during the same period. All the produced concretes
achieved a similar compressive strength increase of 3–6% from 28 to 56 days of curing. In
addition, the standard deviation of compressive strength values was low in all the concretes.
The flexural strength was only determined in RCA-300, guaranteeing that this concrete
would be adequate for a pavement-base application [42].
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A study of the physical properties achieved, showed that all the produced concretes
had a lower dry density and higher absorption capacity than conventional concrete and
concrete using only coarse RCA [43,44]. It was also determined that they achieved similar
densities to those concretes produced with 100% coarse recycled mixed aggregates [45].
In addition, the RCA-270-3 achieved the highest porosity, as it combined the lowest ce-
ment amount of 270 kg, a higher water/cement ratio than RCA-270-1 and the highest P
admixture. However, the obtained values were shown to be similar to values achieved
by various researchers’ concretes, which were produced with 100% coarse and fine aggre-
gates [41]. Consequently, they are acceptable for non-structural plain concrete pavement-
base applications [42].

Figure 7 shows the obtained drying shrinkage values (Figure 7a) and the mass loss
(Figure 7b) of the produced four concretes. The obtained values in the four concretes
were alike as they employed similar amounts of recycled aggregates and total water in
all the produced concretes. The value of all the concretes reached −1000 µε in 56 days.
In addition, according to ACI [46], the typical drying shrinkage values were −200 to
−800 in conventional concrete when a high water/cement ratio was used. The drying
shrinkage of concrete with recycled aggregates is always higher than that produced with
natural aggregates due to the reduced restraint of recycled aggregate and the high water
content [33], reaching to high shrinkage values when 100% of fine and coarse aggregates
are employed [47]. However, most of the research works carried out up to date have only
analysed concretes using recycled coarse aggregates [48]. In addition, Figure 7b shows
that all the concrete mixtures achieved a mass loss % of 4.25% after 56 days of drying
test exposure.

Sustainability 2022, 14, x FOR PEER REVIEW 13 of 22 
 

Table 6. The mechanical and physical properties of concretes produced in the laboratory. 

 Compressive Strength (MPa) 
Flexural Strength 

(MPa) 
Dry Density 

(kg/dm3) 
Absorption (%) 

Accesible 
Porosity (%) 

Concrete Type 7 Days 28 Days 56 Days 28 Days 28 Days 28 Days 28 Days 
RCA-300 25.5 (0.8) 29.7 (0.6) 30.7 (0.5) 3.86 (0.02) 2.10 6.06 12.74 

RCA-285-2 25.9 (0.2) 30.4 (1.0) 32.3 (1.0) - 2.11 5.65 11.90 
RCA-270-1 22.4 (0.4) 26.0 (0.8) 26.9 (0.9) - 2.06 5.97 12.30 
RCA-270-3 19.9 (1.8) 26.4 (0.6) 27.2 (0.6) - 2.09 6.83 14.29 

Figure 7 shows the obtained drying shrinkage values (Figure 7a) and the mass loss 
(Figure 7b) of the produced four concretes. The obtained values in the four concretes were 
alike as they employed similar amounts of recycled aggregates and total water in all the 
produced concretes. The value of all the concretes reached −1000 µƐ in 56 days. In addi-
tion, according to ACI [46], the typical drying shrinkage values were −200 to −800 in con-
ventional concrete when a high water/cement ratio was used. The drying shrinkage of 
concrete with recycled aggregates is always higher than that produced with natural ag-
gregates due to the reduced restraint of recycled aggregate and the high water content 
[33], reaching to high shrinkage values when 100% of fine and coarse aggregates are em-
ployed [47]. However, most of the research works carried out up to date have only ana-
lysed concretes using recycled coarse aggregates [48]. In addition, Figure 7b shows that 
all the concrete mixtures achieved a mass loss % of 4.25% after 56 days of drying test ex-
posure. 

  
(a) (b) 

Figure 7. (a) drying shrinkage (×10−6) and (b) mass loss (%) of the concrete samples. 

 

Figure 8 shows the relationship between weight loss % and shrinkage value of the 
four concretes. The concrete RCA-270-1 and RCA-270-3 produced with the highest vol-
ume of recycled aggregates suffered a higher mass loss with very low shrinkage value. In 
addition the RCA-270-3, produced with the highest total w/c ratio, suffered more than 3% 
mass loss with a shrinkage value of −120 µƐ. However, all the concretes achieved similar 
last shrinkage and total mass loss (%) values. 

  

-1100

-1000

-900

-800

-700

-600

-500

-400

-300

-200

-100

0
0 10 20 30 40 50

D
ry

in
g 

Sh
ri

nk
ag

e 
(

10
6

)

Time (days)

RCA-300

RCA-285-2

RCA-270-1

RCA-270-3

-5.00

-4.50

-4.00

-3.50

-3.00

-2.50

-2.00

-1.50

-1.00

-0.50

0.00
0 10 20 30 40 50

M
as

s 
L

os
s 

(%
)

Time (days)

RCA-300

RCA-285-2

RCA-270-1

RCA-270-3

Figure 7. (a) drying shrinkage (×10−6) and (b) mass loss (%) of the concrete samples.

Figure 8 shows the relationship between weight loss % and shrinkage value of the four
concretes. The concrete RCA-270-1 and RCA-270-3 produced with the highest volume of
recycled aggregates suffered a higher mass loss with very low shrinkage value. In addition
the RCA-270-3, produced with the highest total w/c ratio, suffered more than 3% mass
loss with a shrinkage value of −120 µε. However, all the concretes achieved similar last
shrinkage and total mass loss (%) values.
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3.2. Pavement-Base Construction
3.2.1. Workability of Concrete Produced

Figure 5 shows the slump values for the three concrete mixtures produced. All
concrete included 1% S and 1% P in the production process. The recycling plant and
concrete producer were located 25 km from Barcelona. However, heavy morning traffic at
the entrance to Barcelona caused huge delays. Under those conditions, the trip could take
up to 50 min. When the truck arrived, all the concrete mixtures had a slump lower than
5 cm. Consequently, to increase the concrete workability, it was necessary to add 0.20% S to
the concrete mixture. After mixing the concrete for 10 min, slump values of 15 cm, 8 cm and
10 cm were determined for the RCA-300-PC1, PCA-300-PC2, and RCA-300-PC3 concretes,
respectively (Figure 5). The RCA-300-PC1 was produced with the highest water/cement
ratio, achieving the highest slump. The PCA-300-PC2 and RCA-300-PC3 concretes were
made with a similar effective w/c ratio and reached a similar adequate slump value.

3.2.2. Hardened Properties of Concrete

Table 7 shows the results obtained for the pavement concrete. The RCA-300-PC1
concrete achieved a lower strength due to a higher effective water/cement ratio (see
Table 5) in its production than the RCA-300-PC2 and RCA-300-PC3 concrete. However, all
concretes achieved the minimum required 20 MPa and a low standard deviation value. The
water-washed recycled aggregates had a positive effect, reaching a low standard deviation
for the mechanical results.

Table 7. The mechanical properties of produced pavement-base concrete. The standard deviation of
the obtained results is described between the brackets.

Compressive Strength (MPa) Flexural
Strength (MPa)

7 Days 28 Days * 56 Days 28 Days

RCA-300-PC1 19.0 (0.2) 21.8 (0.2) 23.9 (0.6) 3.6 (0.3)

RCA-300-PC2 21.2 (0.1) 25.7 (0.7) 27.9 (0.7) 3.6 (0.5)

RCA-300-PC3 23.6 (0.4) 30.1 (0.6) 31.5 (1.4) 3.5 (0.2)
* Specimens of different shapes were tested. However, all the results were evaluated as cylindrical specimens.

The flexural strength of the concretes was similar in all concretes produced, with a
value of 3.6 MPa. Other researchers [41] obtained a similar value, which could also be valid
for higher pavement requirements limited to 3.5 MPa [42]. The flexural strength not only
depends on the effective w/c ratio used but also on the effectiveness of the bonding zone
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between the cement paste and the aggregate, on the quality of the aggregate to adhere to
the cement paste [31,32]. In this case, all the concretes were manufactured with the same
quantity and quality of aggregates.

Table 8 describes the physical properties of concrete and the depth of water penetration
under the pressure of the produced concretes. The concretes reached low densities, caused
by the density of the recycled aggregates used in 100% of the aggregate volume in the
mixture [27]. In addition, the water absorption capacity was also high and higher in concrete
produced with a higher water/cement ratio (RCA-300-PC1) [27,41]. It must be noted that
since there was no presence of contaminants in the aggregates, and the aggregates and the
cement used had good compatibility, these properties did not present any disadvantage for
the durability of this plain concrete.

Table 8. The physical properties and depth of water penetration under pressure in produced concrete.

Dry Desity (kg/dm3) Absorption (%)
Depth of Penertation (cm)

Average Max

RCA-300-PC1 2.02 8.37 5.9 6.3

RCA-300-PC2 2.04 7.72 1.6 2.1

RCA-300-PC3 2.07 7.15 1.6 2.1

Structural Code requirement - - 3 5

According to the Structural Code, the maximum and average water penetration
depth under pressure should be 5 cm and 3 cm, respectively. However, the RCA-300-PC1
reached a higher penetration depth than the code required (see Table 8 and Figure 9a–c)
caused by a concrete mixture with a water/cement ratio that was too high. The other two
concretes, RCA-300-PC2 and RCA-300-PC3, employed in all the pavements volume except
the first casting, achieved adequate properties in concretes for structural code requirements.
However, this concrete was designed as a pavement-base layer (non-structural element).
Consequently, it did not need to achieve the requirements of structural concrete.
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Figure 10 shows the obtained drying shrinkage values (Figure 10a) and the mass loss
(Figure 10b) of the specimens produced in three different mixtures. As described above,
the drying shrinkage was high due to the high water content in the 100% of coarse and fine
recycled aggregate employed, concrete production [33]. In addition, the mass loss was 4%
in concretes. The obtained values were very similar to those of the laboratory.
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Figure 10. (a) drying shrinkage (×10−6) and (b) mass loss (%) of the concrete samples.

The relationship between the mass loss % and shrinkage value of concrete mixtures of
the three concrete mixtures was similar. The three concretes achieved similar total shrinkage
and total mass loss (%) values (see Figure 11).
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Figure 11. Relationship between mass loss (%) and drying shrinkage value of concrete mixtures
of pavement.

4. Discussion
4.1. Workability

The obtained results determined that the workability was difficult to maintain over
a sustained period of time when the concrete was produced using C-RCA and F-RCA
aggregates. Several researchers [49] reached a similar conclusion regarding the packing
effect of recycled sand, surface roughness of the particles and loss of chemical admixtures
efficiency due to mortar adherence.

Laboratory analysis determined that an initial slump >20 cm was needed to achieve a
good (6–8 cm) slump value of 30 or more minutes after concrete production. In addition,
the combination of both admixtures, the high water-reducing superplasticiser (S) and
multifunctional admixture (P), were necessary to achieve adequate workability. The RCA-
300 concrete achieved sufficient but limited workability using 1% S and 1.5% P within the
admixtures producer’s recommendations. However, reducing the amount of cement and
the effective water/cement ratio employed in RCA-285 and RCA270 concretes resulted
in the need for a higher admixture to achieve adequate workability. RCA-270-3 concrete
with S 1.3% and P 3% achieved acceptable slump values of 6.5 cm at 60 min after casting.
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The multifunctional admixture (P) was required for use in a higher volume than that
defined by its manufacturers to achieve adequate workability after 30 min of production.
Tahar et al. [49] found that bad retention rheology was observed when the concrete was
made with 100% F-RCA. In addition, they also used double the volume of admixtures in
recycled concrete than conventional concrete to achieve workability similar to conventional
concrete. However, a high amount of P admixture could retard the setting time in the
winter season and should be validated.

In the pavement-based layer construction (industrial-scale), the concrete producers
used a limited 1% S and 1% P for concrete production. The concrete mixtures had a dry
consistency when the trucks arrived at the worksite. Consequently, a 0.2% S admixture was
added into the ready-mix truck before concrete laying, achieving adequate workability in all
the concretes. However, a higher S plus P was required to offset the concrete mixer driver’s
likelihood of adding water to the concrete to achieve a workable mixture. Gress et al. [12]
also described that the recycled pavement concrete mixtures (using 100% C-RCA and up
to 25% F-RCA) generally exhibited reduced workability due to the inherent angularity,
rough surface texture, and high absorption characteristics of the RCA, being necessary to
use water reducers, or fly ash to improve workability. Sadati and Khayat [9] described that
did not have problem with placement, finishing and tinning at the job site, which included
casting 450 m3 of concrete in a length of 300 mm when the concrete produced with 40% of
C-RCA had a slump value of 35 mm.

4.2. Hardened State Properties

All the concretes produced in the laboratory achieved the required 20 MPa for the
application. Initially, 300 kg of cement/m3 of concrete was used, which reached adequate
compressive and flexural strength with a low standard deviation. Moreover, the concrete
produced with 270 kg of cement per m3 also achieved a higher compressive strength than
the minimum required for the application (20 MP). This concrete is the most acceptable
from an environmental point of view. RCA-270 concrete employed 100% of recycled
aggregates (fine and coarse), achieving circularity by re-introducing the construction and
demolition waste as recycled aggregates into the production process. In addition, the
over-exploitation of raw materials is reduced, maximising material life cycles [3]. Moreover,
the RCA-270 concrete used the lowest amount of cement. Consequently, it also has the
lowest contribution to global warming potential (GWP) by employing a lower amount of
cement than any other concrete [50].

For industrial use, the pavement-base layer was produced using 300 kg of cement
per m3 of concrete. Although the concrete mix proportion was validated in the laboratory
before being used in pavement construction, the first mixture (RCA-300-PC1) was produced
using an effective water/cement ratio of 0.59, which proved to be too high in order to
achieve the minimum strength required. When the recycled aggregates were used under
high humidity, an effective water/cement ratio of 0.53–0.52 was required.

The density and absorption values obtained in laboratory and pavement construction
concretes were comparable. They achieved lower and higher values, respectively, than
those usually achieved by conventional concrete [27] and concrete produced using only
C-RCA or F-RCA [27,33]. However, the depth of water penetration under pressure was
below the maximum limit (except RCA-300-PC1 concrete made with a water/cement
ratio of 0.59). Thomas et al. [51] concluded that permeability depended on the effective
water/cement ratio.

In addition, the drying shrinkage values were high due to the low stiffness of RCA
and high water accumulation by the RCA aggregates due to their high water absorption
capacity [5,33]. The concretes produced in the laboratory and pavement construction
achieved values similar to 950 microstrains drying shrinkage and 4.25% mass loss. As
a consequence of the high strain value obtained, an admixture of acrylic resin-based
evaporation reducer for concrete surfaces was applied (see Figure 6c) to reduce cracking
risk. Sadati and Khayat [9] also described that increasing the w/c ratio increased the
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shrinkage value of pavement concretes. They too sprayed a liquid curing compound on
the finished surfaces after finishing.

The high drying shrinkage limited the use of RAC in structural applications due to
two effects: (1) excessive shrinkage deformation could endanger the safety of the structure
because shrinkage of concrete plays a significant role in the design of the service limit state
of structural members [33,48,52]; and (2) higher shrinkage may cause cracks. This could
affect the overall performance of concrete and enable the ingress of harmful substances,
resulting in the corrosion of structural concrete reinforcement [5]. However, the plain
concrete pavement-base this risk does not occur as it is not reinforced.

5. Conclusions

The following conclusions are based on the results of our study of concrete made with
100% coarse and fine RCA for a pavement-base layer:

• The water-washed RCA achieved type A category, aggregates for concrete, adequate
for pavement-base layer construction. In addition, the coarse and fine RCA frac-
tions achieved an absorption capacity lower than 7%, and their physical and me-
chanical properties and chemical components fulfilled the requirements for use in
structural concrete.

• The properties of the pavement-base layer concrete produced on the worksite were
similar to those obtained in the laboratory. Consequently, the laboratory results were
validated for high-scale production.

• All recycled concrete achieved adequate initial workability. However, to achieve an
extended slump value (minimum for 30 min), a value of 3% multifunctional admixture
plus 1–1.2% superplasticiser must be used in concrete production.

• On the worksite, a lower chemical admixture was employed, causing a dry consistency,
and requiring 0.20% superplasticiser.

• All concretes achieved the required strength of 20 MPa. The concrete produced with
270 kg of cement per m3 and a water/cement ratio of 0.53 resulted in the best properties
with the lowest environmental impact.

• The concretes presented a high absorption capacity. However, the water penetration
depth under pressure value was below the maximum limit established by the struc-
tural code when the recycled concretes were produced with a water/cement ratio of
0.53 independent of the amount of cement used.

• The drying shrinkage was high due to the employment of 100% of recycled aggregate
concrete. Although there was no cracking in the concrete measured in the laboratory
specimens, it is possible that the concrete could suffer high strain in low humidity days.
However, pavement-base case is a non-structural plain concrete and consequently,
problems with deformation and cracking to ingress harmful substances, resulting in
corrosion cannot happen.

The water-washed recycled aggregates do not include filler or any chemical compo-
nents. In addition, they have good physical and mechanical properties for use in structural
concrete production. The employment of 100% coarse and fine RCA in concrete production
causes a considerable increase in drying shrinkage. This could increase deformation, signif-
icantly reducing the service life of structural members and the risk of cracking, enabling
the ingress of harmful substances. However, non-structural elements do not have those
limitations, and they allow the massive volume of recycled aggregates validated in this
case study to be employed. The authors believe it is a straightforward, simple way to
re-circulate construction and demolition waste.
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