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� The use of clean RCA and RFA in new
concrete is a viable solution to assure
circularity in the built environment.

� RCA and RFA can totally replace
natural aggregates and sand, despite
high water absorption.

� Recycled ultrafines are recommended
as additives instead of cement
replacement.

� Addition of RMF improves the tensile
strength and modulus of elasticity of
recycled concrete.

� RMF affect the workability of a
concrete and are recommended at
lower doses.
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This study focuses on formulating the most sustainable concrete by incorporating recycled concrete
aggregates and other products retrieved from construction and demolition (C&D) activities. Both recycled
coarse aggregates (RCA) and recycled fine aggregates (RFA) are firstly used to fully replace the natural
coarse and fine aggregates in the concrete mix design. Later, the cement rich ultrafine particles, recycled
glass powder and mineral fibres recovered from construction and demolition wastes (CDW) are further
incorporated at a smaller rate either as cement substituent or as supplementary additives. Remarkable
properties are noticed when the RCA (4–12 mm) and RFA (0.25–4 mm) are fully used to replace the nat-
ural aggregates in a new concrete mix. The addition of recycled cement rich ultrafines (RCU), Recycled
glass ultrafines (RGU) and recycled mineral fibres (RMF) into recycled concrete improves the modulus
of elasticity. The final concrete, which comprises more than 75% (wt.) of recycled components/materials,
is believed to be the most sustainable and green concrete mix. Mechanical properties and durability of
this concrete have been studied and found to be within acceptable limits, indicating the potential of recy-
cled aggregates and other CDW components in shaping sustainable and circular construction practices.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The constant craving for natural resources in the construction
sector has posed a significant threat to the natural ecosystem.
The construction sector is known for its increased demand for
resources and energy. As such, it is one of the most

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2020.121697&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.conbuildmat.2020.121697
http://creativecommons.org/licenses/by/4.0/
mailto:a.t.gebremariam@tudelft.nl
https://doi.org/10.1016/j.conbuildmat.2020.121697
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


A.T. Gebremariam, A. Vahidi, F. Di Maio et al. Construction and Building Materials 273 (2021) 121697
resource-consuming sectors in Europe. It accounts for approxi-
mately half of all extracted materials, half of the total energy con-
sumption, and one-third of water consumption [1]. The sector has
been under pressure for its little effort in sustainable construction
practices [2]. Concrete being an excellent construction material, it
has to shoulder most of the blame. The major issues with concrete
are its high embedded carbon footprint (e.g., CO2), the need for
large amount of natural resources, and the generation of large
amount of waste after demolition. Thus, the increasing global con-
struction activities urge to find sustainable resources that can
replace natural resources in the production of concrete. Recycled
aggregates and other mineral components retrieved from con-
struction and demolition (C&D) activities are potential candidates
in this regard. Consequently, there has been substantial effort in
recycling concrete aggregates and other components that originate
from construction and demolition activities.

The EU alone generated 374 million tons of construction and
demolition waste (CDW) in 2016, and this accounts for approxi-
mately 25–30% of all wastes [3]. Although the EU has to some
degree succeeded to achieve 70% of the recovery target set for
2020, the level of recovery is limited to low-grade applications
such as backfilling and use as sub-base materials in road construc-
tion. Such applications are never circular because the functionality
of the recycled materials differs from the original one. The rate of
recovery must consider the intrinsic value of recycled materials
and must aim for similar or higher value applications, for instance,
in the manufacture of concrete. For this reason, there has been
extensive research and effort on the recyclability of EoL concrete
wastes back to construction purposes. Concrete made of recycled
aggregates was often considered to display inferior properties than
conventional concrete until several reports emerge on the advan-
tages of using recycled aggregates [4]. Since then, much has been
changed in favour of recycled aggregates. Now, we are in an era
where structures and utilities are designed to meet not only ser-
viceability requirements but also sustainability and circularity
requirements. This makes recycling an interesting subject not only
in terms of adopting sustainable construction practices but also in
generating employment opportunities.

Over the last half-century, several methods have been devel-
oped to recycle EoL concrete waste, which is the major component
of CDW. Most of these technologies are aimed to prove the possi-
bility of recycling EoL concrete waste into a product that resembles
the original components of concrete [5–10]. In most cases, the
attempt is to classify recycled aggregates into three major grades:
recycled coarse aggregates (RCA), recycled fine aggregates (RFA)
and cement rich fine fraction. Selective fragmentation [11] and
microwave-assisted beneficiation methods [10] are one of the
technologies recently developed to recycle EoL concrete. It takes
advantage of the difference in energy absorption capacity between
mortar and aggregates, causing higher differential thermal stress at
the interface between mortar and aggregate surface, leading to fas-
ter delamination of the adhering mortar. Although the method
claims to improve the property of recycled aggregates and produce
relatively clean coarse aggregates with minimum deterioration of
the intrinsic qualities of the source material, the fact that the pro-
cess uses high intensity electrical pulses to a material immersed in
water leaves most of the cement into a sludge that needs to be
landfilled or further treated. Similarly, the heating-rubbing method
proposed by Shima et al. [8] claims to produce clean coarse aggre-
gates and cement rich powder that can be either used as soil stabi-
lizer or as an additive together with blast furnace slag cement. The
strength and durability of concrete made of aggregates produced
by this method were similar to the reference concrete. This method
also claims satisfactory pumpability and castability of the recycled
concrete. A waste free technology [7] that combines high-
temperature furnace and grinding process claims to yield clean
2

recycled aggregates and cement powder. This technology, how-
ever, exposes the concrete rubble at temperature 650 �C for about
1 h. Such longer residence time may render the method expensive
and questions its feasibility. Nevertheless, the method produces
high-quality recycled aggregate that could improve the strength
of concrete by 10% without causing any significant deterioration
of other parameters, such as water absorption, water permeability,
and frost resistance. The smart crusher [9] is also one of the exist-
ing technologies that aim to liberate the hydrated cement powder
through gentle crushing techniques. This method claims the prop-
erty of recycled gravel and recycled sand produced by this method
is as good as the natural ones. However, due to the continuous
milling operation, it ends up with silica-rich powder instead of
calcium-rich powder. Nevertheless, most of these technologies
are challenging to be applied at the industrial level, mainly due
to the high processing costs which make the recycled materials
not competitive with inexpensive and abundant natural materials.
Besides, C2CA technologies are among the suitable technologies
that hold a quality-cost balance in recycling EoL concrete [12].
These technologies are composed of two innovative methods,
namely ADR (Advanced Dry Recovery) and HAS (Heating Air classi-
fication System). ADR is used to sort and classify wet crushed con-
crete wastes into coarse (4–12 mm) and fine (0–4 mm) recycled
aggregates [13,14]. The coarse fraction is composed of clean recy-
cled aggregates with less amount of fines attached to it, hence
can be directly used in the concrete mix. The fine fraction (0–
4 mm) is thermally treated in the HAS and further classified into
recycled sand and hydrated cement rich ultrafines/recycled con-
crete ultrafines (RCU).

The suitability of coarse recycled aggregates and their perfor-
mance in recycled concrete has been well studied. While most
researchers believe the presence of attached mortar on the surface
of aggregates is the major bottleneck of RCA for structural applica-
tions [15,16], others believe RCA can be equally used for structural
applications [17–19]. Recycled fine aggregates (RFA), however, are
least favoured for concrete applications. The detrimental factors
that influence the use of recycled fine aggregates are the amount
of adhered cement paste, their angular shape, and its high water
absorption. These properties affect the strength and durability of
recycled concrete adversely. To offset such weaknesses, different
methods have been used to enhance the performance of recycled
aggregates. Xuan et al. [20] has examined the durability of recycled
aggregates by treating with CO2 during curing and found a greater
beneficial impact on the durability of recycled aggregates. This
method is valuable to offset the inherent properties of recycled
aggregates, such as high water absorption and high permeability.
Cartuxo et al. [21] also suggested the use of superplasticizers to
improve the workability, porosity, and also found an increase in
compressive strength of concrete made of recycled fine aggregates.
It was also indicated that the use of mineral admixtures such as fly
ash along with recycled fine aggregates would improve the work-
ability and strength of recycled concrete [22]. The use of sodium
silicate and silica fume has also been suggested as a method of
enhancing the mechanical properties of recycled aggregates [23].
Nevertheless, most of the property or strength enhancing methods
may not be welcomed by the concrete industries, as it merely
increases the time needed to cast the concrete which is directly
related to the cost of production.

To maximize the utilization of resources from C&DW and
reduce the carbon footprint of a product, research has been con-
ducted to incorporate cement-based products manufactured with
recycled ultrafine resources from CDW. Recycled concrete ultrafine
particles are mainly composed of hydrated cement products and
silica particles generated while crushing the EoL concrete wastes.
Due to their small particle size and suitable composition, their
potential use as partial replacement of cement or as an additive
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has been recently studied. According to some studies, the existence
of self-cementing properties of recycled fine aggregates
(<0.15 mm) is related to the amount of unhydrated cement and
C2S adhered to the product, which varies depending on the age,
grade, and amount of cementitious materials in the original con-
crete [19]. Nevertheless, the presence of about 24% unhydrated
cement in the recycled ultrafine product was found to be responsi-
ble for its hydraulic reactivity when reused again [24]. On the other
hand, less than 4% unhydrated cement was reported along with
recycled concrete ultrafine products [25], which suggests little
hydraulic property of the product. The same study recommends
that 25% of cement can be replaced with recycled concrete ultra-
fine product without affecting the strength of mortar. Besides,
the use of recycled concrete ultrafine products as a substitute for
limestone filler may also be a practical solution [25]. Recycled con-
crete ultrafine particles have demonstrated their suitability in new
eco-products, providing a technical and environmentally viable
solution to the ecosystem [26]. Thus, incorporating ultrafines
retrieved from CDW as supplementary cementitious materials
(SCM) in new cement or as an addition to the material are observed
to display pozzolanic properties. Moreno-Juez et al. [26] have
demonstrated the feasibility of using ultrafine recycled concrete
particles processed by HAS technology by replacing directly up to
5% of the cement during the manufacturing of concrete. In doing
so, it reduces the curing and setting times, improves mechanical
properties at early age, and reduces the clinker content of cement
by 5–7%. Apart from this, some researchers have studied the possi-
ble use of recycled concrete ultrafine products as raw meal in the
production of cement by replacing 30% of the raw meal [27], to
produce a clinker with a mineralogical composition very close to
the commercial clinker.

The objective of this study is, therefore, to examine the influ-
ence of clean recycled aggregates, ultrafine particles (cement rich
powder and glass powder), and mineral fibers recovered from
CDW on the performance of concrete. Furthermore, assess how
much EoL material can be incorporated into a new type of concrete
product that holds a balance between strength, durability, and sus-
tainability. In this study, a concrete made by adding several recy-
cled components from CDW activities is presented. With the
intention of using most of the construction and demolition wastes
(CDW) back to the construction sector, recycled products such as
recycled aggregates (both coarse and fine), recycled cement paste,
recycled glass powder, and recycled mineral fibres are used in a
new concrete mix. Recycled products (RCA, RFA and RCU) pro-
cessed by C2CA technologies are the primary components used
to replace natural aggregates. This study also encompasses new
perspectives of using glass powder and mineral wool due to their
potential pozzolanic activity and the possibility of improving prop-
erties such as cracking and mechanical resistance of concrete, a
subject only a few studies have addressed [28,29]. To this end, as
much reclaimed materials from C&D activities are utilized to come
up with the most green and sustainable concrete design. Such pro-
duct not only does save the use of natural resources but also the
CO2 emissions associated with concrete production.
2. Materials

In this study, different products from C&D activities are used to
formulate green and sustainable concrete. Recycled concrete
aggregates are produced by using ADR and HAS technologies
[12]. Thus, clean and high quality recycled coarse aggregates (4–
12 mm), recycled fine aggregates (0.25–4 mm) and recycled
ultrafines (<0.125 mm) are produced by a combination of ADR
and HAS technologies (called C2CA technology). While both the
coarse and fine aggregates are used to replace natural coarse and
3

fine aggregates completely, the amount of ultrafines used to
replace cement is limited at 5% (by wt.) based on a previous study
conducted on mortars [26]. Recycled aggregates are sourced from a
demolished bridge in the Netherlands; on the other hand, river
gravel and sand are used as natural aggregates. Other CDW compo-
nents such as recycled glass ultrafines (RGU) and recycled mineral
fibres (RMF) are obtained from construction and demolition activ-
ities in Finland and are incorporated into the mix design at 3% and
0.5%, respectively, either as cement substitution or as an additive.
Recycled glass samples are prepared by grinding flat glass into
powdered form and collecting the ultrafine fraction (RGU) in the
cyclone, whereas RMF are prepared by grinding insulation material
collected from C&D activities into short fibres of length <2 mm.
CEM III/A 42.5R type cement has been used in this study, as it is
widely used type in precast industries in the Netherlands. Isoflow
755 (Cemex) superplasticizer is used to adjust the consistency of
concrete.
3. Experimental methodology

3.1. Property of materials

The properties of recycled aggregates produced by C2CA tech-
nology were evaluated to assess their conformity for concrete pro-
duction. The particle size distribution of both RCA and RFA are
examined based on the standard method EN 933-1. The water
absorption and the specific gravity of aggregates were determined
based on standard EN 1097-6, where the saturated and surface
dried particle density of coarse and fine recycled aggregates were
measured by using a Pycnometer method. The Los Angeles abra-
sion loss was determined using the standard EN 1097-2. The parti-
cle size of RCU and RGU has been analysed by Mastersizer 3000
laser diffraction particle size analyser, and their chemical composi-
tion has been analysed by using x-ray fluorescence (XRF)
spectroscopy.

3.2. Concrete mix design

The experimental approach for the mix design is categorized
into three steps. In the first step, the impact of recycled coarse
and fine aggregates is studied by completely replacing all natural
aggregates with recycled aggregates. At the second step, the
impact of recycled ultrafines is studied at a small percentage of
use, either by replacing either cement or limestone (as a replace-
ment or as an additive, respectively); lastly, the influence of min-
eral fibres is studied by incorporating a small fraction of mineral
fibres that are obtained from C&D activities. In all cases, a strength
class of C30/37 and exposition class XC4 (corrosion induced by car-
bonation) are assumed in the mix design. Details are described
below:

3.2.1. Influence of recycled coarse and fine aggregates
At this level, the performance of ADR coarse and HAS fine prod-

ucts has been investigated by totally replacing natural coarse
aggregates (NCA) and natural fine aggregates (NFA) with recycled
coarse aggregates (RCA) and recycled fine aggregates (RFA). Three
samples are designed. The first one is a reference recipe (C-Ref),
which is composed of natural coarse and natural fine aggregates.
In the second sample (C-100-0), the coarse natural aggregates are
completely substituted with recycled coarse aggregates. In the
third recipe (C-100-100), both natural coarse and fine aggregates
are entirely replaced with RCA and RFA. Table 1 indicates the
mix composition concrete samples. As far as the quantity of aggre-
gates is concerned in Table 1, the lower volumetric density of recy-
cled aggregates is reflected by a difference in the amount of natural



Table 1
Mix composition of both reference and recycled concrete for 1 m3.

Components C-Ref C-100-0 C-100-100

Cement (kg) CEM III/A 42.5R 335 335 335
Filler (kg) Limestone 145 145 145
Fine aggregates (kg) NFA (0–4 mm) 750 682 0.0

RFA (0–4 mm) 0.0 0.0 567
Coarse aggregates (kg) NCA (4–12 mm) 907 0.0 0.0

RCA (4–12 mm) 0.0 882 881
Water (kg) 161 161 161
Superplasticizer (% cement) 0.65 0.75 1.3

Table 3
The final composition of concrete made by incorporating most components from C&D
activities (RCA, RFA, RCU, RGU and RMF).

Components C-100-100-5/
3-0.5RMF-A

C-100-100-5/
3S-0.5RMF-S

Cement (kg) CEM III/A 42.5R 335 307
Ultrafine (kg) RCU 16.75 16.75

RGU 10.05 10.05
Microfibres (kg) RMF 1.675 1.675
Filler (kg) Limestone 117 145
Fine aggregates (kg) NFA (0–4 mm) 0.0 0.0

RFA (0–4 mm) 566 566
Coarse aggregates(kg) NCA (4–12 mm) 0.0 0.0

RCA (4–12 mm) 881 881
Water (kg) 161 161
Superplasticizer (% cement) 1.15 1.25

A.T. Gebremariam, A. Vahidi, F. Di Maio et al. Construction and Building Materials 273 (2021) 121697
and recycled aggregates used in the mix design. Based on the
strength and substitution rate, the sample containing higher
amount of secondary materials is further investigated in the next
step to accommodate more recycled products that are generated
from C&D activities.

3.2.2. Influence of recycled ultrafine powders
Based on the above recipe, sample C-100–100 is chosen, and

further modification of the recipe was made to include recycled
concrete ultrafines (RCU) processed by HAS and recycled glass
ultrafine (RGU) powder processed by grinding the flat glass col-
lected from C&D activities. The particle size of RCU is <125 mm
and RGU is <200 mm and both are expected to have some cementi-
tious property. Consequently, they are incorporated in the concrete
recipe at low percentages. Based on the preliminary study on the
RGU, its usage has been limited to only 3%. Whereas RCU is used
at 5% and 10%, either as an additive (A) or as cement substitution
(S). Thus, C-100-100-5/3A contains 100% RCA, 100% RFA, and ultra-
fines (5% RCU + 3% RGU, as additives). The same is true for C-100-
100-5/3S, except that the ultrafines (5% RCU + 3% RGU) are consid-
ered as cement substitution. Table 2 summarizes the composition
of the mix along with substitution rates.

3.2.3. Influence of recycled mineral fibres from insulating mineral wool
waste

Based on the second stage, the impact of recycled mineral fibres
(RMF) is studied by incorporating a limited amount of RMF into
sample C-100–100-5/3A and C-100–100-5/3S. Table 3 shows the
mix design for the most sustainable concrete composed of recycled
products from C&D activities. The main objective at this stage is to
assess the reinforcing potential of mineral fibres on the final prop-
erty of the concrete. As the presence of these fibres strongly influ-
ences the workability of concrete, their dosage is limited to only
0.5% by weight, which is still significant by volume due to its lower
bulk density. Thus, C-100–100-5/3–0.5RMF-A denotes a sample
made by fully substituting NCA and NFA with RCA and RFA, respec-
tively. Besides, it consists of 5% RCU and 3% of RGU and 0.5% RMF,
added as an additive (Limestone replacement). On the other hand,
Table 2
The mix composition of concrete samples that incorporate RCU and RGU at the second st

Components C-100-100 C-100-100-

Cement (kg) CEM III/A 42.5R 335 335
Ultrafine (kg) RCU – 16.75

RGU – 10.05
Filler (kg) Limestone 145 118
Fine aggregates (kg) NFA (0–4 mm) 0.0 0.0

RFA (0–4 mm) 567 566
Coarse aggregates(kg) NCA (4–12 mm) 0.0 0.0

RCA (4–12 mm) 881 881
Water (kg) 161 161
Superplasticizer (% cement) 1.3 1.15

4

C-100-100-5/3-0.5RMF-S stands for similar composition as C-100-
100-5/3-0.5RMF-A except that RCU, RGU and RMF are added as
cement replacement (S).
3.3. Specimen preparation and test methods

Concrete specimens were prepared according to the mix design
given in Tables 1–3. Two stage mixing method was adopted for
casting the concrete specimen [30]. To accommodate the differ-
ence in water absorption of recycled aggregates, an appropriate
moisture adjustments are made. Concrete cubes, cylinders and
prisms are prepared according to EN 12390-1&2. Fresh and hard-
ened concrete properties are analysed based on standard test
methods. In the fresh state, the workability is examined (using
the Abram’s cone) according to EN 12350-2 and the specific den-
sity is examined according to EN 12350-6. After proper curing of
the specimen, the mechanical properties and durability of the
hardened concrete have been examined based on standard test
methods. The compressive strengths of the hardened concrete
cubes were tested at the ages of 2, 4, 7, 28 and 90 days, according
to EN 12390-3. The modulus of elasticity (EN 12390-13), the ten-
age.

5/3A C-100-100-10/3A C-100-100-5/3S C-100-100-10/3S

335 308 291
33.50 16.75 33.50
10.05 10.05 10.05
101 145 145
0.0 0.0 0.0
566 566 566
0.0 0.0 0.0
881 881 881
161 161 161
1.32 1.25 1.5
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sile strength (EN 12390-6), the flexural strength (EN 12390-5),
Abrasion resistance (EN 1338 - Annex G), water absorption (PN
B-06250), water permeability/depth of water penetration (EN
12390-8), accelerated carbonation (EN 12390-12) and shrinkage
(ASTM C 157) of the hardened concrete are examined. For each
test, an average of three specimen are used at each curing age.
Lastly, the porosity of hardened concrete was examined with mer-
cury porosimeter PoreMaster 60 in the range of pore diameters
from 3.3 nm to 250 mm. Due to the size of the measuring cell (di-
ameter 10 mm, length 20 mm), smaller fragments were extracted
from the concrete for the best possible measurement and accuracy.
At the initial stage of measurement, the apparatus was degassed at
ambient temperature until a vacuum of 10 mmHg is reached. The
detailed results of measurement are presented in graphical dia-
grams of cumulative (summation) curves of pore size distributions
and differential curves of pore size distributions, as shown in Fig. 4.
The microstructure of fibre reinforced concrete is examined by
scanning electron microscopy (SEM), where the concrete micro
sections are prepared from the internal part of the concrete speci-
men after being dried at laboratory conditions for three days. A FEI
Nova NanoSEM 200 ultra-high resolution scanning electron micro-
scope with a Schottky type field emission gun equipped with an
EDAX/EDS analyser is used for our purpose.
4. Results and discussion

4.1. Properties of recycled aggregates and other C&D components

The physical properties of recycled and natural aggregates are
examined based on standard methods (EN 933-1 for particle size
distribution (PSD) and EN 1097-6 for water absorption and the
specific density of aggregates). As shown in Fig. 1, some adjust-
ment has been made on the particle size of the NCA to assume sim-
ilar particle size distribution as that of RCA. As the objective of this
study is also to examine the influence of the fine products (RFA)
processed by HAS, it was not necessary to make particle size
adjustments for the fine fraction. Thus, neither finer fractions are
removed from RFA nor NFA are compensated with finer fractions.
Recycled fine products are applied to the mix as they are produced
from HAS.

Table 4 displays some physical properties of natural and recy-
cled aggregates. As shown in the table, recycled aggregates show
higher water absorption and lower particle density compared to
the natural aggregates. This is attributed to the mariginal amount
of mortar present on the aggregates surface which increases the
porosity.

The particle size distribution of RCU and RGU has been analyzed
along with commercial cement that is used in this study. As shown
Fig. 1. Particle size distribution of recycled coarse and natural coarse aggregates.

5

in Fig. 2, RCU product contains smaller particles compared to RGU,
yet both ultrafines are coarser compared to the PSD of cement.

The chemical and mineralogical composition of RCU, RGU and
RMF are shown in Table 5, as well as the main physical properties
are given in Table 6.

As shown in the Table 5 and Table 6, the ultrafine recycled
materials employed in this study are silica-based materials with
different particle sizes and densities. The RCU product comprises
rounded particles of low to medium sphericity with similar chem-
ical and physical properties to the commercial cement. Indeed,
RCU has high silica content, lower calcium content, and are coarser
compared to the commercial cement. The glass powder RGU is
composed of sharp-edge particles of low to medium sphericity
with coarser particle size distribution than RCU. Lastly, the recy-
cled mineral fibres are composed of vitreous glass fibres with
thickness ranges from 2 to 15 mm and a length of 2 mm.
4.2. Fresh concrete properties

As the mix design shows in Tables 1–3, the slump is designed to
comply with S4 according to EN 206. To keep the designed slump
(S4), the consistency loss due to the addition of recycled aggregates
is monitored by the use of superplasticizers. Superplasticizer addi-
tions are based on the weight percentage of cement and limestone
powder. The workability and fresh concrete density are shown in
Table 7. As more cement or limestone is substituted, the decrease
in workability is compensated by the addition of plasticizers. There
is no clear correlation between the amount of plasticizers used and
the degree of substitution. It is barely based on a preliminary test
performed on the consistency prior to casting samples. The average
bulk density of fresh concrete for each mix design is also shown in
Table 7. The fresh density shows a decreasing trend while increas-
ing the amount of recycled components, which could be justified
by the lower density of recycled aggregates due to its higher poros-
ity, which is in line with previous studies [31]. The water absorp-
tion after 24 h (WA24) reveals that, as the amount of recycled
components in the mix design increased, either more water is
needed or more plasticizers are used to compensate the
consistency.
4.3. Hardened concrete properties

4.3.1. The influence of recycled coarse and fine aggregates
The average compressive strength for both recycled concrete

and reference concrete obtained at different curing days is dis-
played in Fig. 3. The compressive strengths of all mixtures
increases with age. As shown in the figure, all concrete mixtures
developed a consistent rate of strength gain up to 90 days. The con-
crete mix made of 100% coarse recycled aggregates (C-100-0) dis-
plays similar compressive strength until 28 curing days as the
reference concrete (C-Ref), with little increase at 28 days and a
small decrease in value at 90 days of curing. At 28 days of curing
the compressive strength of C-100-0 slightly surpasses the refer-
ence concrete (C-Ref) by 3% before dropping to 6% at 90 days.

For the concrete mixture that is entirely made of recycled fine
and coarse aggregates (C-100-100), the rate of increase in com-
pressive strength is faster at later ages than earlier ages. It can be
clearly seen that after two days of hardening, upto 12% difference
in compressive strength was noticed between C-Ref and C-100–
100. This difference, however, decreases with curing time. After
28 days of hardening, the difference in compressive strength drops
to approximately 1.8%. After 90 days, C-100-100 has shown only
5% decrease in compressive strength compared to the reference
concrete (C-Ref). This difference can be considered as insignificant,
as the sustainability benefit offsets it. All in all, the obtained results



Table 4
Physical properties of recycled aggregates (processed by C2CA technology) and
natural aggregates.

Aggregate property RCA RFA NCA NFA

Particle density (g/cm3) 2.26 2.18 2.49 2.62
Water absorption (%) 6.2 7.6 2.3 0.3
L.A. Abrasion loss (%) 26 — 21 —

Fig. 2. Particle size distribution of recycled concrete ultrafines (RCU) and recycled
glass ultrafines along with cement.

Table 5
Chemical and mineralogical composition of the ultrafine particles used in this study.

Chemical composition
% CEM III RCU RGU RMF

SiO2 30.52 55.91 70.30 59.68
Al2O3 8.84 6.04 1.07 1.59
CaO 47.80 20.5 9.64 7.07
Fe2O3 1.14 2.3 0.92 0.44
MgO 5.42 2.1 3.64 0.15
SO3 2.19 1.61 0.24 0.52
Na2O 0.28 2.14 13.26 14.27
K2O 0.71 1.06 0.26 0.9
TiO2 0.78 0.41 0.07 0.06
P2O5 0.07 0.09 – 0.01
LOI 1.55 7.42 0.43 5,42

Mineralogical composition
% RCU RGU RMF

Amorphous content 36.68 100 100
Calcite (CaCO3) 8.25 – –
Quartz SiO2 48.66 – –
Others 4.4 – –

Table 6
Physical properties of the ultrafine particles used in this study.

Physical properties CEM III RCU RGU RMF

Particle density (g/cm3) 2.95 2.54 2.5 2.46
Specific surface area (cm2/g) 4234 2649 674 5976
D10 (mm) 1.55 10.3 33.0 Microfibers
D50 (mm) 21.5 57.9 111.7 Length < 2 mm
D90 (mm) 45.7 117.8 277.8 Ø = 2 to 20 mm

Table 7
Fresh concrete properties.

Sample type Superplasticizers
(% wt)

Consistency
(mm)

WA24
(kg)

Fresh
density
(kg/
m3)

C-Ref 0.65 180 23 2295
C-100-0 0.75 195 57 2254
C-100-100 1.3 190 95 2194
C-100-100-5/3A 1.15 190 95 2184
C-100-100-10/3A 1.32 185 95 2175
C-100-100-5/3S 1.25 170 95 2156
C-100-100-10/3S 1.5 190 95 2185
C-100-100-5/3A-

0.5RMF-A
1.15 170 95 2169

C-100-100-5/3S-
0.5RMF-S

1.25 190 95 2160

Fig. 3. Compressive strength of recycled concrete and reference concrete.
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have fulfilled the criteria for the strength class (C30/37) for the
established exposure class (XC4).

The concrete mix, C-100-100 is entirely made of recycled fine
and coarse aggregates. Considering all components of the concrete
mix, C-100-100 has got an overall substitution rate of 75% by
weight or 79.7% by volume. This means 75% (by wt.) of the con-
crete (C-100-100) is composed of recycled aggregates compared
to C-100-0, which is only 43% (by wt.). This concrete is, therefore,
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the most sustainable and green, among other concrete mixes in
this group.

According to literature, there is no complete consensus in
research results on the amount of RCA that can be used in concrete
mixtures. Hence, the performance of concrete made with recycled
coarse aggregate varies depending on the extent of substitution. It
has been reported that replacing natural coarse aggregates with
recycled coarse aggregates displayed better compressive strength
[32]. On the other hand, it is not recommended to use beyond
30% replacement of coarse aggregates [30,33,31]. Nevertheless,
this study revealed the positive effect of using recycled coarse
and fine aggregates produced by ADR and HAS technology.

Once the strength of the most sustainable concrete (C-100-100)
is understood and found to be within the design limits for struc-
tural applications, further tests were performed on this concrete
and compared with the reference concrete. Table 8 summarizes
some of the measurements done on the hardened concrete. Based
on the measurements, recycled aggregates (C-100-100) display
inferior properties compared to the reference concrete (C-Ref).
Such reduction in property (depth of water penetration, abrasion
resistance and modulus of elasticity) simply means concrete made
of recycled aggregate performs less than the reference conven-
tional concrete but within limits for structural applications.

The presence of adhered mortar on the surface of recycled
aggregates influences the pore system making it more liable to
the ingression of foreign substances into the internal structures
of concrete. Mercury intrusion porosimeter (MIP) has been used
to evaluate pore size distributions in concrete. Although the
method seems to be controversial for measuring pore size distribu-
tion in hydrated cement systems [34], it provides a reasonable
threshold diameter of the intrudable pore volume that may



Table 8
Comparison of measurements among the reference concrete and recycled concrete at 28 days.

Type of test Standard C-Ref C-100-100

Water penetration (mm) EN 12390-8 10.5 13.8
Density of hardened concrete (kg/m3) EN 12390-7 2197 1990
Abrasion resistance (mm) EN 1338-Annex G 17.2 19.1
Modulus of elasticity (GPa) EN 12390-13 31.1 27.1
Porosity % 11.21 13.03

Modal pore diameter (mm) 0.07 0.01
Total volume, open (cm3/g) 0.04 0.09
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constitute useful comparative indexes of the concrete pore. As
shown in Table 8, concrete made of recycled coarse and fine aggre-
gates (C-100–100) tend to have smaller pore diameter but higher
percentage of pore volume compared to reference aggregates. This
contributes to a decrease in the mechanical properties of the recy-
cled concrete. Fig. 4 displays the pore volume and pore size distri-
bution of recycled concrete and reference concrete at 28 days,
showing recycled concrete (C-100-100) is composed of smaller
pores but large in volume compared to the reference concrete (C-
Ref). In fact, porosity has a direct relationship with the amount
of recycled aggregates [35,36]. Depth of water penetration test
revealed that concrete made of recycled aggregate displays a
higher depth of water penetration. This may result from the poor
combination of new cement matrix with the secondary aggregate
grains that contain porous old cement paste matrix on their sur-
face. In this research, the high porosity observed for recycled
aggregates is reflected in the water permeability results. Thus,
the water permeability of C-100-100 concrete is 31% higher than
the reference (C-Ref).

The presence of an old mortar with a comparatively lower mod-
ulus of elasticity attached to recycled aggregate surface may influ-
ence the modulus of elasticity of the recycled concrete. According
to literature, the decrease in elastic modules for recycled concrete
may reach as high as 80% [37,38]. In this study, the reduction of
elastic modulus is only 12.86% compared to the reference concrete,
as it is shown in Table 8. Compared with literature values, the
reduction observed here can be considered small. This may partly
result from the high quality of recycled aggregates processed by
C2CA technologies.

Generally, concrete made of recycled aggregates tends to show
higher carbonation depth compared to the reference concrete
made of natural aggregates. High water absorption and increased
porosity of recycled concrete are the major factors that contribute
to their low carbonation resistance. Nevertheless, carbonation
depth can be improved with the use of superplasticizers [21].
Fig. 5 shows the carbonation depth of the reference (C-Ref) and
recycled concrete (C-100–100) at 7, 28 and 70 days of exposure.
Fig. 4. Comparison of pore volume and pore size distribution of r
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It is evident from the figure that the carbonation depth increases
with the time of curing and the amount of recycled materials.

According to Silva et al. [39], the use of 100% RCA alone may
increase carbonation depths as much twice in depth as that of con-
crete made from natural aggregates. The depth increases further
when RFA are incorporated. In this study, recycled concrete made
of 100% RCA and 100% RFA exhibit carbonation depths only 1.36
times higher than the reference concrete at 70 days of exposure.
4.3.2. The influence of recycled ultrafine particles
In this study, concrete made of recycled coarse and fine aggre-

gates (C-100-100) has already displayed a promising property,
yet, it is further optimized by incorporating recycled concrete
ultrafine products and glass powder. RCU product has been added
at 5% and 10%, whereas RGU has been added at 3% (by wt.). The
addition of these ultrafine products is either as cement replace-
ment or limestone replacement (as an additive). Fig. 6 shows the
development of compressive strength for concrete samples made
of recycled coarse, fine and ultrafine products. As shown in the fig-
ure, all samples show a gradual increase in compressive strength. It
is clear that substituting cement with RCU or RGU displayed 12.8%
decrease in compressive strength compared to the parent concrete
(C-100-100). This phenomenon could be due to the presence of
glass powder in the system. As Jawed and Skalny [40] reported,
the presence of alkaline ions in cement decreases the solubility
of Ca2+ ions to form hydrated phases, inhibiting or delaying the
pozzolanic reaction at older ages (90 days and more). Furthermore,
Moreno-Juez et al. [26] have observed a decrease in mechanical
properties when more than 5% of RCU are used, and recommends
not to exceed 5% replacement. Nevertheless, substituting the lime-
stone with RCU and RGU at 5% and 3%, respectively, show almost
similar compressive strength as the parent concrete (C-100-100).
This suggests the use of both ultrafine products as an additive is
a feasible recommendation according to this particular study.
Although it is difficult to examine which ultrafine causes most of
the weakness, the aforementioned effect of the RGU is most likely
for the negative influence on the hydration progress.
ecycled concrete (C-100-100) and reference concrete (C-Ref).



Fig. 5. Carbonation depth for recycled concrete (C-100-100) and reference concrete
(C-Ref).

Fig. 6. Compressive strength of recycled concrete made of coarse, fine and ultrafine
particles retrieved from CDW.

Fig. 7. Shrinkage of recycled concrete made of coarse, fine and ultrafine particles
retrieved from CDW (negative values imply shrinkage and positive values for
expansion).
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Shrinkage of concrete is often a reason for cracking, providing
easy access for oxygen, moisture, chlorides and other aggressive
chemicals into the matrix, and can therefore impact the long-
term durability of concrete. Drying shrinkage occurs by several fac-
tors, among which the ingredients of the mix and their proportion,
design, and construction practices and environmental influences
are the foremost. However, the effect of water and coarse aggre-
gate content is profound. As the amount of coarse aggregate con-
tent increases, the total water and paste contents of the concrete
mixture reduces, causing lower drying shrinkage. Drying shrinkage
occurs when the adsorbed water is lost from the hydrated cement
paste. Thus, it can be minimized by keeping the total water content
as low as is practically possible. When admixtures are used, the
volume of fine pores in the hydration product increases, resulting
an increase in the drying shrinkage.

Shrinkage may induce cracking that can severely decrease the
life of the concrete. According to the literature, concrete made of
recycled aggregates exhibits higher drying shrinkage than the ref-
erence concrete [41,42]. It is mainly associated with volume
changes attributed to the drying of concrete over a period of cur-
ing. Drying shrinkage is due to the stress developed owing to the
loss of water as the concrete matures. The stress developed pulls
the cement paste closer and cause a reduction in volume. Accord-
ing to the Laplace equation, the stress (capillary pressure) is inver-
sely related to the diameter of the pore (s ¼ 2d=r). Fig. 7 displays
the shrinkage of recycled concrete at different curing ages, where
the negative values indicate shrinkage. The fact that recycled
concretes show smaller pore diameters relative to the reference
aggregates is manifested by the higher shrinkage noticed for
recycled concrete (C-100-100). When both coarse and fine natural
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aggregates are fully replaced, drying shrinkage of the recycled con-
crete becomes 56% higher than the corresponding control concrete
made of natural aggregates (C-Ref). The presence of an old cement
paste matrix on the aggregate surface may cause higher shrinkage
due to reducing the restraining effect of aggregates on shrinkage.
When recycled ultrafines are used as an additive in the mix design,
the drying shrinkage becomes a lot higher (77% higher than C-Ref).
When RMF are used along with RCU, drying shrinkage decreases
compared to C-100-100-5/3A but still higher than the reference
concrete.
4.3.3. The influence of recycled mineral fibres
The high aspect ratio and the composition of mineral fibres

make them a potential candidate to reinforce concrete structures.
The incorporation of mineral fibres into concrete is intended to
improve the characteristic weakness of concrete to tensile or flex-
ural loads. According to Ramirez et al. [28,43], the addition of 50%
mineral fibres into a mortar has resulted in 12% increase in flexural
and tensile strength compared to unreinforced mortar reference
samples, but the compressive strength suffers 3–10% decrease.
Piñeiro et al. [44] also applied recycled mineral wool in gypsum
composites and found difficulties in the workability aspects. Other-
wise, its distribution within the matrix was noticed uniform and an
increase in flexural strength was observed. In this study, the objec-
tive of using mineral fibres is intended to improve the resistance to
tensile loads while saving mineral resources at the same time. The
fact that the addition of such fibres greatly influences the workabil-
ity of the concrete mix, its amount has been limited to 0.5% of
cement (by wt.). In this particular study, RMF has been used in
the concrete either as cement replacement (S) or as an additive
replacing limestone (A). Fig. 8 shows the trend in compressive
strength of concrete samples made of RCA, RFA, RCU, RGU and
RMF. When recycled RMFs are used in concrete (as cement replace-
ment or as an additive), the compressive strength of the concrete
decreases. The sample made by addition of 0.5% RMF as an additive
(C-100-100-5/3A-0.5RMF-A) displays 5.8% decrease in compressive
strength compared to the sample made of recycled aggregates and
ultrafines without RMF (C-100-100-5/3A). Such observation is not
different from literature where the use of such fibers in cement
mortar was found to cause a minor increase in porosity, and slight
decreases in density, which could result in a slight decrease in
compressive strength [43,44].

On the other hand, the tensile strength and the flexural strength
of the sample made of RMF has increased compared to the concrete
sample made without mineral fibres (C-100-100-5/3A). As shown
in Fig. 9, the flexural strength of the sample made with RMF



Fig. 8. Compressive strength of recycled concrete made of coarse, fine, and ultrafine
particles with minor inclusion of mineral fibres retrieved from CDW.

Fig. 9. Impact of mineral fibres on the tensile strength and flexural strength of
recycled concrete at 28 days.
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(100-100-5/3A-0.5RMF-A) increases by 16.7% compared to C-100-
100-5/3A, yet the tensile strength remains similar at the 28th day
of curing. The increase in tensile strength is rather visible at
90 days. This may mean that recycled mineral fibres effectively
strengthen the cement matrix by increasing its resistance to crack-
ing caused by tensile stress before they are broken or pulled out of
the cement matrix. As shown in Fig. 10, the concrete sample (100-
100-5/3A-0.5RMF-A) displays 6.2% increase in tensile strength at
90 days compared to 100-100-5/3A. The amount of increase at
such small dosing (0.5% of cement + SCM) suggests their potential
as additives in a concrete mix.
Fig. 10. The impact of mineral fibres on the tensile strength recycled concrete with
time.
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The microstructure of the concrete made with RMF (100-100-
5/3A-0.5RMF-A) has been observed with scanning electron micro-
scopy (SEM). As shown in Fig. 11, fibres are observed in clusters
sporadically, which may suggest homogenizing fibres within the
concrete matrix may not be an issue. In fact, fibres seem to be bro-
ken at the interface suggesting effective reinforcement. The surface
of mineral fibres seems to be clean, which indicates no bonding
was observed between the cement hydration products and the
mineral fibre; thus, fibre pull-out may be experienced at a higher
dosage.

The elastic modulus (Ec) of a concrete quantifies the material’s
ability to deform elastically and is an essential mechanical param-
eter used in design. The modulus of elasticity has been examined
for four selected concrete samples. Fig. 12 shows a decrease in
modulus of elasticity as the amount of recycled material in the
mix increases. This behaviour is directly related to the concrete’s
compressive strength, except that the large decrease in modulus
of elasticity is due to the addition of coarse and fine aggregates,
whereas the large reduction in compressive strength is due to
the addition of recycled ultrafines.

Several empirical relationships have been suggested by various
investigators to relate the modulus of elasticity of concrete to its
compressive strength (fcu) [23,45–47]. In this study, two models
have been used to correlate the modulus of elasticity of recycled
aggregates with the compressive strength. According to Xiao
et al. [45], a statistical regression analysis of the collected experi-
mental results is used to estimate the elastic modulus (Ec) of recy-
cled concrete. The correlation between elastic modulus (Ec) and the
compressive strength (fcu) of recycled concrete is given as:

Ec ¼ 105

2:8þ 40:1
f cu

Kakizaki et al. [46] also correlated the mass density of the recy-
cled aggregate concrete with its compressive strength (fcu) to come
to an empirical relationship to calculate the elastic modulus (Ec) as;

Ec ¼ 1:9� 105 � q
2300

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffi
f cu

2000

r

The above two empirical formulas are used to evaluate the
experimentally measured elastic modulus (Ec) of recycled aggre-
gates and further estimate the elastic modulus of samples whose
(Ec) has not been experimentally measured in this study. Fig. 13
shows the relationship between Ec and fcu of recycled concrete pre-
dicted by models. Based on such model, the Ec of recycled concrete
is estimated. Accordingly, the experimentally measured Ec values
lie in between the trend lines given by the two models, suggesting
the relevance of these models in predicting the Ec. These types of
empirical relationships are diverse in the literature and may not
be reliable. Nonetheless, based on these two models, it can be
deduced the Ec values for recycled concrete in this study varies
24 – 28 GPa, the highest being for C-100-0 and the lowest for C-
100-100-5/3S.

Generally, this study has revealed the feasibility of using recy-
cled aggregate resources and other products recovered from
CDW. The use of properly sorted, processed and recycled materials
are vital resources that need to be seriously considered. Although
the quality of recycled aggregate depends on the quality of the
original concrete [48] and the method of crushing [49], the amount
of adhered mortar on the aggregate surface has a significant effect
on the performance of recycled aggregates. It has been demon-
strated in this study that the most sustainable concrete (C-100-
100-5/3A-0.5RMF) comprising 100% RCA, 100% RFA, 5% RCU, 3%
RGU and 0.5% RMF, has displayed compressive strength of
63.7 MPa, which is 11.7% lower than the reference concrete (C-Re
f = 72.2 MPa), yet within the limit for structural applications. From



Fig. 11. SEM micrograph of 100-100-5/3A-0.5RMF-A at fibre locations

Fig. 12. The trend in modulus of elasticity for different representative recycled concrete samples.
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the perspective of material usage, the most sustainable concrete
recipe saves 75% of natural aggregates that would have been used
in normal concrete design. We believe, it is time for recycled aggre-
gated to get the attention they deserve in the near future. The
added value of using most of recycled concrete products as a
replacement of natural components in a concrete mix could be
seen from different perspectives: firstly, it does not adversely affect
the behaviour of recycled concrete, in fact some mechanical prop-
erties are improved; secondly, it has got environmental benefits
(saves emission of CO2), and thirdly, resources are efficiently
utilized in a more circular manner bringing about a reduction in
quarrying for natural resources and limiting landfilling.
Fig. 13. Relationship between the elastic modulus, Ec, the compressive strength, fcu
of RAC and experimental values.
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5. Conclusion

This study presents the feasibility of using coarse and fine recy-
cled aggregates in a concrete mix for structural purposes and
examines the possibility of using other recycled products retrieved
from C&D activities such as cement-rich hydrated powder, recy-
cled glass powder, and recycled mineral fibres. The study revealed
the possibility of designing the most green and sustainable con-
crete that contains more than 75% (by weight) recycled compo-
nents retrieved from C&D activities. Furthermore, it demonstrates
the viability of the full use of recycled concrete aggregates valued
through the novel technology ADR + HAS in new eco-designed con-
cretes that strongly improve consumer confidence and raise
awareness to promote the use of recycled aggregates in high
value-added applications. This study allows a breakthrough in
the reduction of natural resources extraction, the elimination of
potentially valuable CDW and is in line with the objectives of sus-
tainability and climate change established by the European Com-
mission in ‘‘The European Green Deal [50]” and the ‘‘Circular
Economy Action Plan [51]”. Based on the results achieved in this
study, the following major conclusions are drawn:

� It is possible to fully replace natural coarse and fine aggregates
with recycled coarse and fine aggregates without compromising
the mechanical properties of the concrete. The use of the novel
technology (ADR + HAS) allows to improve the performance of
recycled aggregates and, therefore, the behaviour of recycled
concrete with a total substitution of both coarse and fine aggre-
gates. This gives the opportunity of shifting the construction
sector into completely circular practice.
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� The addition of cement paste rich recycled powder is limited to
only 5%. Further addition of glass powder from CDW somewhat
deteriorates the mechanical strength of recycled concrete. This
may be due to the solubility of Ca2+ ions that inhibit the poz-
zolanic reaction at early ages. Further studies should be per-
formed to understand the behaviour of the glass powder at
advanced ages.

� Incorporation of mineral fibres may have some benefits on the
tensile strength and modulus of elasticity of recycled concrete,
however, their amount at lower percentages of addition affects
the workability of recycled concrete. The use of such fibres at
higher ratios may complicate the workability and durability of
recycled concrete.

� As the amount of recycled aggregates and products used in the
concrete mix increases, the density decreases. This can be taken
as an advantage in designing lightweight buildings and thermal
insulation cement-based products while maintaining mechani-
cal performance.
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