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Abstract: Industrial wastes are often used as aggregate in concrete production to promote a more
sustainable construction and to reduce production costs. This article presents the results of an
experimental campaign on the influence of replacing natural aggregate with several construction
and demolition wastes (C&DW) as recycled aggregate, as well as the use of fly ash and slag, wastes
produced in Gas Incinerator Combined Cycle (GICC) thermal power plants, in the mix design of
non-structural concrete. Different percentages of natural aggregates were substituted with recycled
aggregates either coming from construction and demolition wastes, or from the coarse fraction of
the slags from thermic plants in the manufacture of concrete. The mechanical properties, capillary
water absorption, density, carbonation, chloride ingress and sulphate resistance have been tested.
The results show a decrease in properties when C&DW are used. Fine fraction of slag and fly ash has
an important advantage, and can even improve the long term properties of concrete prepared with
natural aggregates. Coarse fraction of slag as a recycled aggregate generally improves most of the
properties of manufactured concretes.

Keywords: compressive strength; durability; recycled aggregates; construction and demolition
wastes; wastes from combined cycle thermal plant

1. Introduction

The construction industry is one of the most polluting nowadays, not only because of the gases
produce during the manufacture of cement, but also because of the high amount of natural stone
that is necessary for the manufacture of concrete. Recycling and reusing seem to be more and more
essential in our society. In recent years, the Spanish construction industry has generated huge amounts
of Construction and Demolition Waste (C&DW) that is mainly stored up in dumps. The directive
2008/98/CE of the European Parliament [1] states the necessity of reducing the consumption of natural
resources and the need for recycling. The aim of reusing/recycling at least a 70% of the C&DW
generated by 2020 has been established, according to the report of the European Commission [2].
In Spain, only about 7.5% of the C&DW generated is used [3]. There is a clear requirement to improve
the recycling percentage to reach rates similar to those of other European countries, such as Holland,
Belgium, or Denmark, where about 80% of waste is reused [3].
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Recycled aggregates are mainly obtained after C&DW processing. Depending on their origin,
recycled aggregates can be classified as Asphalt, Ceramic, Concrete, or Recycled Mixed Aggregate
(RMA). The RMA is about 80% of the C&DW [4], and includes a great variety of materials, such as
those just mentioned, as well as minor proportions of plaster, glass, plastic, etc. With the objective
of promoting recycling and reusing, the Spanish Standard for concrete [4] allows to use recycled
aggregates for the preparation of concrete, both for structural and non-structural purposes. In the
case of structural concrete, the Spanish standard only allows to use recycled aggregate originating
from concrete. This limit does not permit the massive use of C&DW. However, the use of any type of
recycled aggregates is permitted for non-structural concrete

The aggregate that facilitates most the recycling of construction wastes is RMA, because it does
not need classification prior to use. The bibliography shows that this aggregate is mainly used in
non-structural elements [5-7]. Some attempts have been made to use recycled mixed aggregates in
structural concrete, and the conclusion has been that they do not fulfill the requirements of Spanish
standards [8]. As a general fact, it can be said that the use of a certain percentage of recycled mixed
aggregate causes a decrease of the compressive and flexural strengths of concrete samples, and increases
their porosity and water absorption [6,7,9,10].

The deficiency of properties, both from the point of view of the resistance, or from the point
of view of the durability, could be improved by using active additions in the cement used in the
concrete. Active additions are very commonly mixed with cement, and improve the service properties
of cement-based materials (concretes and mortars) in many ways. Some of the additions are included
in commercial cements, such as fly ash, or steel slag cements, and these cements have better mechanical
strength and durability than ordinary Portland cement, in spite of the environment where they are
used [11-14]. In recent years, some new additions to cement have been tested, and good results have
been observed [15,16]. Among these new additions, the slag or bottom ash produced in the Gas
Incinerator Combined Cycle (GICC) thermal power plants can be included. GICC thermal power
plants are increasing their importance in Spain, because they produce less CO,, as is reflected in the
report published by the Spanish government [17]. These plants use both gas and municipal solid waste
to produce energy. The increase of production in 2017 can be estimated to be around a 28%, according
to the same report. However, even if it is true that the emissions of CO, are lower, this type of plants
produce wastes, and in a circular economy, waste production should tend to 0 [18]. The slag produced
has been proven to be efficient in terms of mechanical strength in the long term (90 days), and it is
very sensitive to the fineness of the powder [19]; the reactivity of this material has been shown when it
has been mixed with cement [19]. However, most of the literature refers to bottom ash produced in
incinerators of municipal solid wastes (MSW), where most authors report the presence of metals, and
state that this is a problem when this ash is mixed with cement [20-22]. There is also work where this
type of waste has been used as fine recycled aggregate in mortars [23]. This study showed that the
slag coming from thermal power plants, when it is used as partial replacement of the fine fraction of
the aggregates (up to 40%), exhibits reactivity with cement, increasing the compressive strength of
mortars. The authors have not found any paper where this type of waste is used as recycled coarse
aggregate in concrete, but the results of the fine fraction are promising. In addition, efforts should be
made to try to establish limits on the use of the coarse fraction, because it will make the production of
concrete much more sustainable, as the biggest volume in concrete is occupied by coarse aggregates.

Several additions have been used together with C&DW as recycled aggregates, mainly with
concrete recycled aggregates. Most of the results conclude that the combination of recycled concrete
aggregate and fly ash [24,25] is not very beneficial for the mechanical resistance of concrete. A previous
work limits the percentage of fly ash to 10% [25]. Other authors justify the use up to 30% of fly ash
with recycled aggregate because the materials do not show a loss of flexural strength [26]. Some
other works show a gain in the mechanical strength of concrete in the very long term (400 days) [27].
Commercial cements with blast furnace slag have also been used. The slag cement helps to minimize
the loss of resistance due to use of recycled aggregates [28]. In a previous work, some authors also



Sustainability 2019, 11, 633 30f 19

tried to use silica-fume as an addition to cement, but the result was not satisfactory [10]. Bottom and
fly ash from GICC thermal power plants, due to their reactivity, could be used as active additions
to improve the behavior of concrete when construction and demolition wastes are included as the
recycled aggregate. No reference has been found regarding this possible use of such additions. To that
purpose, several C&DW materials were used in this work, and the additions were included only for
the worst possible scenario.

One aim of this work is related with the possibility of using wastes from GICC thermal power
plants. Both fly ash and slag generated in GICC thermal power plants will be used as additions
to cement to improve the properties of concrete prepared using C&DW. Several types of recycled
aggregate will be used. On the other hand, the fine and coarse fractions of the slag can be used as
another possible recycled aggregate. Both objectives share the promotion of sustainability in the
construction industry by the reduction of raw materials and the reuse of waste that would otherwise
be treated and landfilled, in a situation where there is a tendency to increase the production of this type
of waste. This will help our society to fulfill the objective of zero waste and achieve more sustainable
production of construction materials.

2. Materials and Methods

2.1. Sample Preparation and Curing

The concretes were prepared to study the effect of the substitution of natural aggregates by
different types of recycled aggregates. They were produced based on a medium strength (around
20 MPa) and a soft consistence (around 8-9 cm in the slump cone test, according to the standard
UNE-EN 12350-2 [29]).

The cement used in different concretes was a CEM II A-L 42.5R, which fulfilled the requirements
of the Spanish standard [30]. The major properties of the cement are given in Table 1.

Table 1. Physical and chemical properties of cement used.

Parameter Result
Composition
Clinker 84%
addition 15%
Physical prescriptions
Initial set 160 min
Final set 200 min

Mechanical prescriptions

2 days 24 MPa
28 days 49 MPa
Chemical Prescriptions
Sulphur trioxide 3.20%
Chlorides 0.06%

A concrete with 100% natural aggregates was prepared as a reference to study the influence of the
recycled aggregates and the slag coming from GICC thermal power plant on the materials properties
of non-structural concrete elements.

Recycled aggregates from different sources have been used. They were incorporated into concrete
in different percentages, between 15% and 30%. Concretes were prepared under laboratory conditions.

Two different additions from GICC thermal power plant were used. One of them was fly ash,
with an 84.6% of amorphous phase, and the other was slag, with an 83.4% of amorphous phase.
The chemical composition of each addition is summarized in Table 2. The main components of slag
are silica and alumina, i.e., very similar to other slags from GICC plants analyzed earlier [31-33].
Both additions were sieved to ensure a maximum particle size of 0.063 mm, like cement particles.
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Table 2. Chemical composition of GICC fly ash and slag.

Composition Fly Ash Slag
Na,O 0.40 0.87
MgO 0.96 1.97
Al,O3 29.00 19.23
Si0, 55.94 60.23

SO3 0.35 0.08
K,O 3.21 1.99
CaO 2.18 5.20
Fe; O3 6.39 8.76
Others 1.53 1.63

To obtain the desired slump of the concretes, a modified lignosulphonate based plasticiser additive
(Sikament 175) was used. The total water was adjusted, taking into account the water absorption of
the different aggregates for ensuring the same effective water for cement hydration.

The different types of aggregate have been described in the following subsection, for the sake of
simplicity. The mix proportions used, in kg/m3 of concrete, are shown on Table 3.

The nomenclature that will be used from now on is as follows: “Control” means 100% natural
aggregates. The concretes prepared with different recycled used aggregates: “C” is for the concrete,
“M” for the ceramic recycled aggregate, “R” for the recycled mixed aggregate (abbreviated as RMA),
followed by “A” or “B”, depending on the type of RMA used, and “G” for the case that slag coming
from GICC has been used as the recycled aggregate. The number following the acronym stands for the
percentage (in volume) of total recycled aggregate used. In the case of using RB, the two additions
coming from the GICC thermal power plant, i.e., the fly ash and the fine fraction of the slag, were
used,. It is very well known that this type of addition helps to improve the properties of concrete [3,4].
It is also well known that the recycled aggregates, especially the recycled mixed aggregates, worsen
the properties of concrete [7], so the use of active additions can be useful to promote the use of both
types of wastes without causing any quality problems.
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Table 3. Mix proportions of different prepared concretes.

Cement Effective Plasticiser GICC Fly GICC Slag Natural Natural Natural Recycled Recycled
Mixture Water Additive Ash Aggregates 0/4  Aggregates 5/12  Aggregates 12/25  Aggregate 5/25 GICC
(kg/m?) (kg/m?3) (kg/m?3) (kg/m®) (kg/m?3) (kg/m?3) (kg/m?3) (kg/m3) (kg/m?3) (kg/m?3)
Control 200 146 4.16 1254.0 286.0 660.0 0.0
C-15 200 146 4.16 1254.0 243.1 561.0 141.9
C-30 200 146 4.16 1254.0 200.2 462.0 283.8
M-15 200 146 4.16 1254.0 243.1 561.0 1419
M-30 200 146 4.16 1254.0 200.2 462.0 283.8
RA-15 200 146 4.16 1254.0 243.1 561.0 1419
RA-30 200 146 4.16 1254.0 200.2 462.0 283.8
RB-15 200 146 4.16 1254.0 243.1 561.0 1419
RB-30 200 146 4.16 1254.0 200.2 462.0 283.8
R B-30- FA 200 146 4.16 27.7 1254.0 200.2 462.0 283.8
R B-30-S 200 146 4.16 27.7 1254.0 200.2 462.0 283.8
Control GICC 220 152 3.52 1234.1 931.0
GA-10 220 152 3.52 1110.6 931.0 1234
GA-20 220 152 3.52 987.2 931.0 246.8
GA-30 220 152 3.52 863.8 931.0 370.2
G B-10 220 152 3.52 1234.1 837.9 93.1

GB-30 220 152 3.52 1234.1 651.7 279.3
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2.2. Aggregates

Both natural and recycled aggregates have been used in this study. Natural aggregates were
crushed limestone; their properties are shown in Table 4, and the grading curves are presented in

Figure 1.

Table 4. Properties of natural aggregate.

Properties Aggregate 0/4 mm Aggregate 5/12 mm
Water absorption (%) 0.8 0.9
Dry surface density (g/cm®) 2.69 2.71
Resistance to fragmentation - 29
Fines value (<0.063 mm) 14 0
100 4 0//0- u-n _ g —a
[/ ’ '

®— Fine natural agg.
% / —m—Coarse natural agg. 5/12
—m— Coarse natural agg. 12/25
—O0— Recycled concrete agg. 5/25
/\ — Recycled ceramic agg. 5/25
A —+—RMAA5/25
u -—RMA B 5/25
—&— Fine recycled slag GICC A
<&— Coarse recycled slag GICC B

T g T y T g T v T v T
0 7 14 21 28 35

50 4 g <>/
| /
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Grain size, mm

Figure 1. Grading curves of recycled and natural aggregates.

To promote a more sustainable construction, several recycled aggregates have been used. Some
of those are C&DW, while others are the coarse fraction of the slag generated in the same GICC
thermal power plant considered under this study. The physical properties of the recycled aggregates
used are shown in Table 5. The C&DW materials used were composed of concrete aggregate (CA),
a second one totally formed by ceramic pieces, or from masonry (MA), and two RMAs that include
different types of C&DW. The first two have been studied in greater depth, but to obtain those recycled
aggregates, a huge effort of classification and selection must be made on the C&DW. The composition
of C&DW was 99% of concrete for concrete aggregate, and 100% of masonry wastes for the ceramic
aggregate. The composition of RMA is shown in Table 6, determined according to the standard UNE
EN 933-11 [34]. The chemical composition of the slag is given on Table 2; the changes only apply to the
grain size of the particles. An image of the coarse fraction of the slag is shown in Figure 2, where the
porous structure presented by the slag can be seen.

Table 5. Physical properties of the recycled aggregates.

Concrete Masonry Recycled Recycled . GICC
R . GICC Fine

Properties Aggregate Aggregate Mixed agg. Mixed agg. Coarse

(CA) (MA) (RA) (RB) (GA) (GB)

5/25 mm 5/25 mm 5/25 mm 5/25 mm 0/4 mm 4/12 mm

Water absorption 5.80% 12.90% 2.90% 4.70% 6.40% 9.00%

Dry surface density (g/cm?) 2.52 2.22 2.65 2.54 2.03 1.56
Soluble sulfates 0.60% 0.00% 1.00% 1.20% 0.00% 0.00%

Fines value (<0.063 mm) 0% 1% 0% 0% 50% 2%




Sustainability 2019, 11, 633 7 of 19

Table 6. Composition of recycled aggregates as per UNE EN 933-11.

Concrete Agg. Masonry Agg. Recycled Mixed Agg.  Recycled Mixed Agg.
(CA) (MA) (RMA A) (RMA B)

Floating particles - - 0.10% 3.40%
Other 1% - 5.80% 2.40%
Concrete 99% - 4.20% 43.7%
Unbound aggregate - - 86.40% 41.40%
Masonry - 100% 3.50% 6.30%
Asphalt - - 0.00% 6.10%

Figure 2. Coarse fraction of the slag produced in the GICC thermal plant and used as recycled aggregate.
2.3. Methods

The effect of replacing a percentage of natural aggregate by different types of recycled aggregate
was studied. In addition to the slump cone test (UNE-EN 12350-2 [29]) that guaranteed a similar
consistency (7-9 cm) for all the samples, the mechanical properties and durability of the concretes
prepared in laboratory have been tested. For each test and age, triplicate samples were used. The results
presented are the average value of the obtained results.

The compressive strength of concrete was tested according to the standard UNE-EN 12390-3 [35]
at 28, 90, and 180 days. For the samples that included GICC slag as aggregate, the mechanical strength
was also tested after 360 days. Concrete density was determined according to the standard UNE-EN
12390-7 [36].

The durability of the concretes was tested by different methods. The capillary water absorption
of the concretes at 90 days was determined following the recommendations of the standard UNE
83982 [37]. The carbonation resistance of concrete after 56 and 90 days (accelerated method) was
determined according to the standard UNE 83993-2. At a given age, the samples for this test, which
were prismatic with the dimensions 100 mm x 100 mm x 400 mm, were prepared by homogenizing
the moisture content. They were stored in a climate chamber under the following conditions: 3% CO,,
21 £2°C, and 60 % 10% moisture content. With a 3% CO, air concentration, the obtained hydrated
cement reaction products are the same as in a regular atmosphere with a 0.03% CO, content. At each
age, a test piece portion of approximately 50 mm was broken to determine carbonation depth using
the phenolphthalein method. The resistance to chloride ingress in concrete was determined using
the standard AASHTO T259 [38]. According to this standard, the samples with dimensions 100 mm
x 100 mm x 400 mm are placed inside a curing chamber for 76 days, and in a drying chamber for
90 days. Side faces are protected with an impermeable material to create a watertight area where
a dissolution with 3% sodium chloride is introduced. The amount of dissolution was controlled to
ensure a minimum thickness of the dissolution layer of 15 mm. At the testing age, a slice was cut off
the sample and sprayed with silver nitrate to determine the penetration depth of the chlorides. Even
though this method does not allow the calculation of any diffusion coefficient, it is very useful for
the direct comparison of different types of concrete with respect to their resistance to chloride ingress.
Finally, the resistance to sulphate attack was determined at 90 days according to the method proposed
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by Pico Cortés [39]. The samples were oven dried at 90 °C until reaching a constant mass. After that,
they were submitted to 7 cycles of sulphate attack, 48 h each. In each cycle, the samples were kept
immersed in a Nap;SOy solution with a concentration 80 g/L for 24 h. After that, the samples were
oven dried for 8 h at 105 °C and then cooled to 20 °C over 16 h. The residual compressive strength was
measured for the samples tested. For each concrete, triplicate samples were tested.

3. Results and Discussion

3.1. Compressive Strength

The compressive strength of the concretes was measured following the standard UNE-EN 12390-3,
at 28, 90, and 180 days. Since there are two different control concretes (see Table 3), the results are
presented in two sets: The results of the concretes including recycled aggregate coming from C&DW
are shown in Figure 3, while the results for the concretes that include GICC slag as recycled aggregate
are shown in Figure 4.

35 I 23 days
I 90 days
I 180 days

204

Compressive strength, MPa

-304

Variation in resistance, %, compared to control

I 28 days
404 I 90 days
_ I 180 days
T 2 38 2 8 e 8 v g4 o
5 3 8% £3 2 8 2 3sag
(a) (b)

Figure 3. (a) Compressive strength of the concretes with C&DW as recycled aggregates, as compared
to control; (b) variation in resistance respect to the average value of the control concrete.
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Figure 4. (a) Compressive strength of the concretes with GICC slag as recycled aggregates, as compared
to control. (b) Variation in compressive strength with respect to the reference concrete (average value).

The compression test results of the concretes including C&DW reveal that there is a decrease
in the compressive strength with the increased percentage of recycled aggregate. It was noticed
that the composition of the recycled aggregates influence the compressive strength of concrete; this
is in agreement with previous papers [7,40-42]. For example, in [11] the recycled aggregate was
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composed of 74.3% unbound aggregate, 11.8% coming from concrete, and 5.6% of ceramic origin,
and it produced a loss of more than 30% of compressive strength for 100% recycled coarse aggregate.
In [41], the researchers used an aggregate from recycled concrete; they stated that it could be used
replacing up to a 50% of natural aggregate to ensure the properties of low-resistance concrete. In [43],
the composition of the aggregate mainly consists of recycled concrete (45.6%), unbound aggregates
(28.1%), and asphalt (19.3%). The researchers established that a 50% of the natural coarse aggregate
could be replaced by the recycled mixed aggregate in housing construction. However, it should be
noted that the behavior of the concrete produced would depend on the type of aggregate used [10].
In the case of using recycled mixed aggregate, the behavior of the concrete, as has already been
described in the literature, strongly depends on the type and amount of the aggregate [7,43—-45]. RMA-A
with an 86.4% of unbound aggregates shows a behavior very similar to the control. This recycled
aggregate is very similar to that used in [11], and the results here obtained confirm that the presence
of unbound aggregates in the recycled mixed aggregates produced give results very similar to the
control concrete when the replacement amount is around 25-30%. On the other hand, the concretes
containing a significant percentage of recycled concrete, ceramics, and other types of aggregates
(CA, MA, and RMA-B) show a loss of compressive strength between 6 and 40%. The biggest loss of
strength is shown by RMA-B at 180 days, when a 30% of the natural aggregates are replaced by RMA-B.
The inferior behavior of this RMA could be due to the presence of floating particles and asphalt
(sourced from recycled or reclaimed asphalt pavement). It has been proved that the paste-aggregate
ITZ (interfacial transition zone) has a bigger porosity, and if the recycled aggregate contains floating
particles and asphalt particles, the ITZ is wider; these could be the main factors that cause the decrease
the resistance of concrete [46]. In [43] the authors obtained slightly better results, possibly due to the
lower presence of floating particles, or to the coarser dimension of asphalt particles.

Some aggregate types show an improvement between 90 and 180 days. This happens for concrete,
ceramic (masonry), and recycled mixed aggregates Type B. This aggregate (RMA-B) showed the
highest water absorption (see Table 6) and there could be a self-curing effect, due to the release of water
absorbed initially by the aggregates, helping the hydration of unreacted cement [47,48]. This fact had
already been observed in [7] and attributed to the self-curing effect. In the cases where the substitution
of natural aggregate by recycled was of 15%, this effect could partially compensate for the negative
effect that the use of recycled aggregates produces. When the substitution is of a 30%, this self-curing
is not able to compensate for the loss of mechanical strength. Also, recycled mixed aggregate Type A,
which only showed a water absorption of 2.9% (the lowest value), does not show this effect.

The use of fly ash and the fines (diameter <0.063 mm) of the GICC thermal power plant slag
shows a delayed beneficial effect on the compressive strength of the concretes prepared with mixed
recycled aggregate B. The concretes prepared with this aggregate type showed the worst behaviour
among all the C&DW materials. The loss of compressive strength was about 40% at 180 days; however,
the use of the additions makes them gain more than 10%. This beneficial effect had already been
reported [19], but in this case, it is important to highlight that these wastes can make recycled mixed
aggregate suitable for use in concrete. Without these additions, recycled mixed aggregate would
seriously affect the quality of concrete prepared using 30% of this aggregate. The combined use makes
concrete have the same behaviour or better than a recycled aggregate whose main component is the
unbound aggregate. It has to be remembered here that the authors had already tried to improve the
resistance of concrete with silica fume and the results were not as promising as the results presented
here [10]. The results of this study are in agreement with the ones shown in [19], even though here,
the behaviour of the slag is better, and in that case the researchers were just testing the way to improve
the resistance of standard concretes, while here the additions counteract the negative effect of using a
bad quality recycled aggregate in concrete. In that case, the researchers determined that the optimum
amount of addition is between 9% and 23% of the mass of the total binder.

The compressive strength results of the concretes with both the coarse (GB) and fine (GA) fractions
of the slag as recycled aggregates are shown in Figure 4a. The concretes with the fine fraction of slag
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show higher resistance than the control concrete. The fine fraction of the recycled aggregate usually
gives divergent results and the presence of fine particles is generally pernicious for the resistance of
concrete. In this study, the results are very positive for the compressive strength, and the effect of a
high percentage of fines present in the recycled sand is very positive. The findings are in agreement
with the effect produced by the slag as an addition in the case of using recycled mixed aggregate
Type B and already reported in literature [28]. It is also in agreement with the results that said that the
fineness of the aggregate was crucial for the obtained results [23]. The presence of the coarse fraction
(GB) causes a slight decrease in the compressive strength when it is used to replace natural aggregate,
especially for the substitution percentage of 30% at initial ages. Possibly due to the reactivity shown by
the material, especially when particles are very fine, the resistance of the concrete increases, and after
180 days, and it becomes higher than the resistance of the reference concrete. This finding indicates
that the slag obtained from the GICC thermal plants could be used as coarse aggregates in concrete
elements. However, the fact that the resistance does not increase significantly for the case of using 10%
recycled slag as coarse aggregate might mean that this beneficial effect is limited. More research is
required to determine the optimum amount of slag, as well as the effects in the longer term. Based on
the level where this research has reached, it is possible to say that this waste in the coarse fraction can
also be used for replacing aggregates in concrete. It is true that, to the authors’ knowledge, there are no
references regarding the use of GICC slag as aggregate; however, some efforts have been made on the
use of the wastes generated in the incineration plant of MSW. The case of using MSW usually presents
problems concerning metals, and when they are used as aggregates they can produce lixiviation of
toxic substances, as is explained in a recent paper [49]. Most efforts are focused on the environmental
safety of the possible use of the wastes. The case of the GICC slag used in this study does not present
this issue, because no metal is included in the composition, and it would be possible to use them as
aggregates with no problem. This finding has important implications from the point of view of the
sustainability, because it allows the use of a waste, and shows that the waste can be used without
wasting energy for grinding it. It facilitates the possibilities of using the waste, and makes the concrete
production much more sustainable, without being forced to consume energy for the activation of
the waste.

3.2. Density

The results obtained for the density of concretes at 90 days are shown on Table 7, divided into the
two series of concrete prepared. The value of the density and the variation with respect to the control
concrete are shown.

Table 7. Density of the two series of concrete prepared and variations with respect to the
control concrete.

Type Density, g/cm? % Variation
Control 2.35+0.20 0
CA15 2.15£0.05 —8.5
CA30 2.16 +£0.13 —8.1
MA15 2.26 £0.10 —-3.8
MA30 2.21+0.19 —6.0
RA15 226 +0.16 —3.8
RA30 2.30 £0.09 —-21
RB15 215+ 0.19 —8.5
RB30 2.10 £0.20 —10.6
RB30-FA 227 £0.17 —3.4
RB30-SG 228 +0.12 -3.0
Control 2324+ 0.13 0
GA 10 232 £0.16 0.0
GA20 2.33 +0.04 0.4
GA30 23+£0.15 —-0.9
GB10 222 £0.09 —4.3

GB30 2.02+0.13 -129
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As it was understood from the literature already published on this field [7,50], the density of
concrete decreases with the higher percentage of natural aggregate substitution with recycled aggregate,
M, C, RA, RB, and G due to the higher porosity of the recycled aggregates compared to the natural ones.

The maximum decrease in density is 10.6% for the RB-30 concrete and 12.9% for the GB30 concrete;
these findings are in agreement with the compressive strength results presented in previous section.
Regarding the use of C&DW, the highest capillary water absorption was shown by ceramic recycled
aggregates (M); however, the highest decrease in the porosity was for the case of recycled mixed
aggregate Type B, possibly due to the presence of asphalt particles, that will cause a decrease of the
density of the samples. As it was said the presence of these particles creates a wider ITZ [46], that is the
less dense part of concrete. The result of the high porosity of this concrete seems to support the idea
proposed by Brand et al. [46] that suggested the presence of an ITZ with higher porosity. This result
is in agreement with previous results [7,42] where it was shown an almost linear decrease of density
with the increased percentage of recycled aggregates.

The behaviour of the ceramic aggregates (M) is quite surprising. They exhibited the highest value
of water absorption among the aggregates coming from C&DW, more than double water absorption
of the rest of the aggregates, but they did not show a large density decrease in concrete compared to
the control concrete. This result agrees with the compressive strength of the concrete samples, where
the ceramic (M) recycled aggregate did not show a large decrease as compared with other aggregate
types. This finding suggests the possibility that cement hydration products penetrate the pores of the
recycled ceramic aggregate, making the concrete more resistant with higher density.

The positive effects of recycled mixed aggregate Type B on the mechanical properties of concrete,
together with the addition of fly ash and slag coming from GICC plant, are also shown here.
The concretes containing addition exhibited an increase in resistance as compared to the control
concrete at 180 days. This result is in agreement with previous results, where even though the porosity
of concrete was higher, the samples acquired the same resistance due to the products of the reaction of
the active additions present in cement [14]. No reference has been found regarding the effect of GICC
slag on the density of concrete.

The water absorption for GB recycled aggregate (the coarse fraction of the GICC slag) was higher
than for GA (fine fraction), and this result agrees with the density results of the corresponding concretes.
However, both concrete types Ga and GB exhibited a increase in the value of compressive resistance
compared to control, at least at 90 days. This result confirms the reactivity of slag, both in the fine
or coarse fraction, with the cement hydration products. Both aggregates and the concrete samples
prepared with them have lower density, but they show compressive strength values higher than the
reference sample. This apparent discrepancy in the results can be justified if the aggregates react with
cement hydration products, and as a consequence the ITZ is no longer as weak as it usually is due to
the chemical bonds produced during reaction. Another paper showed a loss of density using a slag
obtained from a standard thermal power plant as fine recycled aggregate [23]. The different nature
shown by the aggregates justifies the results here obtained.

3.3. Capillary Water Absorption

One of the main parameters related to the durability of concrete is capillary water absorption
due to its relationship with the porosity and tortuosity in concrete as well as the velocity of ingress
of aggressive substances into concrete [51,52]. The capillary suction coefficient, K, is linked with the
velocity of water penetration into concrete. The results for the capillary suction coefficient measured at
90 days are presented in Table 8.
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Table 8. Capillary suction coefficient (K) for the two series of concrete prepared and variations with
respect to the control concrete.

Type K, x1072 kg/(m?-5%%) % Variation
Control 2.64 + 041 0.0
C15 499 + 0.30 88.8
C30 5.55 4+ 0.36 110.1
Mi5 419 +0.24 58.8
M30 492 +0.31 86.2
RA15 474 +0.16 79.5
RA30 5.10 £+ 0.41 93.0
RB15 4.83 +£0.34 83.0
RB30 5.08 + 0.37 92.2
RB30-FA 2.73 + 0.37 3.5
RB30-SG 2.04 +0.45 —22.6
Control 2.60 £ 0.15 0.0
GA 10 1.70 +0.17 —34.6
GA20 0.80 £ 0.11 —69.2
GA30 0.70 £ 0.11 -73.1
GB10 1.70 4+ 0.09 —34.6
GB30 3.20 + 0.15 23.1

As can be seen for the concretes prepared with C&DW, there is an important increase in the
velocity of ingress of water in concrete samples. The value obtained for concrete recycled aggregate is
quite surprising; it shows the highest increase in this parameter. This result was not expected because
many works claim that there is no important change in the properties of concrete when the percentage
of aggregate is lower than 20% [6], and this is the reason why this percentage is allowed by Spanish
standards even in the case of structural elements [4]. This could be due to the presence of pores from
previous concrete that will absorb water as well. The water absorption data for the recycled aggregates
of this study could confirm this fact. It could also be due to the low resistance of the concretes prepared
for this study. However, a more in-depth study would be required. The aggregates coming from
ceramics show smaller increases in the capillary suction coefficient, which reaffirms the previously
established hypothesis. If, as it was hypothesised, the paste closes the pores of the ceramic recycled
aggregate, the aggregate would not absorb water, and consequently, the velocity of ingress would
decrease. The efficiency of the GICC wastes as additions is again confirmed by these results, and in
agreement with the behaviour of active additions regarding the capillary suction of mortars [53].
The slag even makes the value of K decrease, and the use of fly ash almost keeps the value of the
capillary coefficient constant. The better behaviour of slag had already been observed in commercial
cements [14,53].

Regarding the results about the use of slag as recycled aggregate in concrete, as it can be seen in
Table 7, this waste makes the value of the capillary suction coefficient decrease in a very significant
way. This result is also in agreement with the theory of the reaction of aggregates inside concrete
that increases resistance with decreased porosity and capillary water absorption. The decrease in the
capillary suction coefficient could also justify an increase in the tortuosity of pore structure due to
the reactivity of the aggregate [52]. Only using 30% coarse slag increased the coefficient, which is
in agreement with the results observed for the rest of the parameters studied; the concrete with 30%
coarse slag showed a decrease of resistance with a lower porosity at 90 days, as compared to the control
concrete. The use of slag as recycled fine aggregate also makes capillary suction coefficient decrease
substantially. It also increases the sustainability of the materials that include this waste, due to an
increased service life with less maintenance.
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3.4. Resistance to Carbonation

The results for the carbonation depth at 56 and 90 days, as well as its variation with respect the
control samples, are shown in Figures 5 and 6.
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Figure 5. (a) Carbonation depth of the concretes with C&DW as recycled aggregates, as compared to
the control concrete; (b) variation in resistance with respect to the control concrete (mean value).
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Figure 6. (a) Carbonation depth of the concretes with GICC slag as recycled aggregates, as compared to
the control concrete; (b) variation in resistance with respect to the average value of the control concrete.

The results for the concretes with C&DW show an increase in the carbonation depth in comparison
to the control concrete. The best behaviour is exhibited by the recycled mixed aggregates Type A (with
a large amount of unbound aggregates). These aggregates also were the ones that produced a minor
decrease in compressive strength. It means that there is a good bond among cement mortar and coarse
aggregate, like the control concrete. That could be the reason of this similar behaviour in terms of
carbonation. The highest increase in terms of carbonation depth occurred for the ceramic aggregates.
The ceramic pieces have no portlandite, so the carbonation depth can progress faster, since there is no
reaction between this type of aggregates and carbon dioxide [54,55]. This is a general result in the short
term [54,55], even though in the long term the carbonation depth values of some concretes are similar
to those of the reference concrete [55]. The presence of additions coming from the fine fraction of the
wastes of the GICC thermal plant does not improve the resistance to carbonation. This result confirms
the reaction of the active additions, that consume portlandite and make the carbonation progress
faster [56]. This a general result for cements with addition. The case of the use of slag from GICC
thermal plant is more representative of this pozzolanic reaction, because it gives a very good result at
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56 days, but the carbonation depth increases at 90 days, possibly due to the reaction of the addition
with portlandite. In this case, the possible refinement of the pore network due to the reactions with
the addition does not compensate the lack of porltlandite, and the carbonation front advances faster.
The result is in agreement with the activity shown by the addition that improved substantially the
compressive strength of the concrete. Most commonly used additions usually show a better behaviour
as compared to Portland cement [57], but some other additions show the same behaviour, as found in
this work [58].

In the case of using GICC slag as coarse recycled aggregate, the results are similar to those
obtained for the rest of recycled aggregates and are in agreement with the results presented previously.
The increase in the compressive strength together with the evolution of the density and the decrease of
the water suction coefficient suggests that the aggregates and the cement hydration products react,
and consequently a decrease of the portlandite occurs. The obtained results are in agreement with the
results regarding the use of slag as active addition, better results for 56 days than for 90 days, except in
the case of using a 10% slag as fine recycled aggregate, where the large amount of fines combined with
the small amount of recycled aggregates could improve the porosity and compensate the decrease
of portlandite.

3.5. Resistance to Chloride Ingress
The results obtained from the chloride ingress test (AASHTO T-259) for different concretes have

been presented in Table 9.

Table 9. Chloride penetration depth of the two series of concretes prepared and variations with respect
to the control concrete.

Type Penetration Depth, mm % Variation
Control 36.4 £ 2.52 0.0
CA15 52.6 + 3.84 445
CA30 61.0 +1.83 67.5
MAI15 459 £ 3.18 26.0
MA30 69.0 = 4.00 89.6
RA15 40.2 £0.35 10.3
RA30 42.8 £4.70 17.6
RB15 445 +3.73 223
RB30 47.0 £4.25 29.1
RB30-FA 26.7 £3.18 —26.6
RB30-SG 27.3 £2.78 —249
Control 47.32 +1.14 0.0
GA 10 30.46 + 1.57 —35.6
GA20 26.34 +2.01 —44.3
GA30 27.12 £2.88 —42.7
GB10 4552 +£1.22 —3.8
GB30 36.34 £1.77 —23.2

There is a noticeable difference in chloride penetration depth between the two series of concrete
prepared. On the one hand, the concretes with C&DW exhibit an increase in the value of the penetration
depth of chlorides into the prepared samples. This increase is proportional to the density and capillary
suction coefficient. The best behaviour is shown by the recycled mixed aggregate Type A with a
large amount of unbound aggregates. The worst result is presented by the ceramic aggregates. These
aggregates did not show the lowest density, neither had the highest capillary suction coefficient.
This difference to the general rule may come from the composition of the ceramic aggregate. It has no
phase that could chemically bind chlorides forming Friedel’s salt or a similar compound. The rest of
the aggregates have mortar remnants that can contribute to the binding of chlorides, reducing their
ingress. In the literature, some researchers reported that the use of recycled aggregates do not have
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any influence on the chloride ingress in concrete [59] while others reported a decrease of around 40%
in the resistance to chloride ions, due to the presence of recycled aggregates (both fine and coarse
fraction) [60]. The use of additions, as it has already been shown, increases the resistance to chloride
ingress, not only because of the decrease of the porosity and pore dimensions, but also because of the
chemical binding ability provided by the additions [13,52,61].

The beneficial effect of the use of active additions is what presented by the slag used as recycled
aggregate. In every case, the penetration of chlorides decreases, and the effect is higher when the
percentage of recycled aggregate increases. The concrete samples have a higher porosity, and if there
was no effect of retention of chlorides due to the use of the slag waste as recycled aggregate, the chloride
ion would penetrate deeper and faster. This effect is very common when cements with slag [53] are
used. Here it is proved that the use of slag from the bottom of the GICC thermal power plant as
recycled aggregate, under the studied conditions, provides excellent behaviour with respect to the
durability of concrete regarding the chloride ingress.

3.6. Resistance to Shulphate Attack

The results of the residual compressive strength after sulphate attack, simulated according to the
standard ASTM C1012 [62], are shown in Figure 7.
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Figure 7. (a) Residual compressive strength of samples after exposure to sulphates, as compared to
samples with no exposure for samples prepared with C&DW. (b) Residual compressive strength of
samples after exposure to sulphates, as compared to samples with no exposure for samples prepared
with slag from the GICC thermal power plant.

As can be seen, the general behaviour is a loss of compressive strength due to the sulphate attack
for the samples prepared with C&DW; there is a decrease in the mechanical strength. The use of
the additions helps to keep the strength values very similar to those of the control material. As was
shown in [63], the samples subject to frezze-thaw cycles and sulphate attack are more influenced by the
presence of active additions than the recycled aggregates, fact which is in agreement with the results
presented in this paper.

In the case of using slag as recycled aggregates, the reactivity of the slag improves the results of
the residual compressive strength, improving always the value of the control concrete. This result
confirms the viability of using slag from GICC thermal power plant as aggregates in concrete subject
to the main attacks commonly suffered by concrete.

4. Conclusions

According to the results presented and the discussion made in this study, the following conclusions
can be drawn:



Sustainability 2019, 11, 633 16 of 19

The use of C&DW as recycled aggregate in concrete implies a loss of compressive strength.
This loss is mainly due to the nature and composition of C&DW. The worst results were shown
by mixed recycled aggregate Type B (RB) that contained floating particles and asphalt particles.
However, the use of the fly ash and the fine fraction (J < 0.063 mm) of the slag, which were
obtained from the GICC thermal power plant, improved substantially the mechanical properties
of the concretes prepared with this recycled aggregate, providing better long-term properties than
the concrete with 100% natural aggregates.

The results of using both the fine and coarse fractions of the slag generated in the GICC thermal
power plant as recycled aggregate exhibit excellent behaviour, especially the fine fraction, possibly
due to the high percentage of fines (& < 0.063 mm). This finding indicates that the slag seems to
react with either water or cement hydration products.

The density of concrete decreases with the use of C&DW as recycled aggregates but it does not
change much when slag is used as recycled aggregate, except for the case of 30% replacement
of coarse aggregates by slag. The use of the wastes generated in the GICC thermal power plant
together with C&DW gives very good density results, which are in agreement with the results of
mechanical strength.

The capillary water absorption of concrete decreases when slag from GICC thermal power plant
is used, either as an addition to the cement or as recycled aggregate, probably due to the reactivity
of this substance and the refinement of the pore network.

The resistance to carbonation does not improve when using C&DW as recycled aggregates,
not even with additions. In the case of using slag as the coarse fraction of the aggregates,
the carbonation depth could be slightly reduced, possibly due to the more refined pore network.
The resistance to chloride ingress improves substantially when using the wastes from GICC
thermal power plant, either as an addition or as recycled aggregates. The resistance to sulphates is
not clearly influenced by the use of any type of recycled aggregate. The influence of the additions
to cement is more than that of the type of aggregate.

It can be stated that under the studied conditions it is possible to use both types of recycled
aggregate in a safe way from the mechanical behaviour and durability points of view. It is possible
to combine C&DW (even in the worst-case) with the wastes from GICC thermal power plant
obtaining materials that can be used without any problem, thus contributing to the sustainability
of the construction industry.
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