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Abstract: Recycling is among the best management strategies to avoid dispersion of several types
of wastes in the environment. Research in recycling strategies is gaining increased importance
in view of Circular Economy principles. The exploitation of waste, or byproducts, as alternative
aggregate in concrete, results in a reduction in the exploitation of scarce natural resources. On the
other hand, a productive use of waste leads to a reduction in the landfilling of waste material through
the transformation of waste into a resource. In this frame of reference, the paper discusses how to use
concrete as a container of waste focusing on the waste produced in limestone quarries and taking
the challenge of introducing plastic waste into ordinary concrete mixes. To prove the possibility of
reaching this objective with acceptable loss of performance, the mechanical characteristics of concrete
mixed with additional alternative aggregates classified as waste are investigated and discussed in this
paper through the presentation of two experimental campaigns. The first experimental investigation
refers to concrete made with fine limestone waste used as a replacement for fine aggregate (sand),
while the second experimental program refers to the inclusion of three types of plastic wastes in the
concrete. Different mixes with different percentages of wastes are investigated to identify possible
fields of application. The experimental results indicate that use of limestone quarry waste and use of
plastic waste are possible within significant percentage ranges, having recognized a limited reduction
of concrete strength that makes concrete itself appropriate for different practical applications.

Keywords: concrete; waste recycling; plastic; limestone; sustainability; mechanical performance

1. Introduction

Over the years the accumulation of waste has become a serious problem due to
challenges in its disposal, and population growth, urbanization, industries, and trade in
the world have significantly increased the production of waste. Global waste generation is
increasing; recent studies report that the global production of resins and fibers increased
from 2 million tons in 1950 to 380 million tons in 2015, and, if current production and
waste management trends continue, around 12,000 million tons of plastic waste will end
up in landfills or in the natural environment by 2050 [1]. Other studies estimate a current
production rate of about 2 billion tons per year, and this number is projected to increase
to 3.4 billion tons by 2050 [2]. This is obviously considered a topic of significance at the
global scale because of the severe environmental consequences as well as the threat to
human health.

Over the past few decades, different strategies for disposal and recycling of the wastes
have been investigated. In most cases the focus is, first, how to reduce the volume of waste
generated, and then, how to transform the waste into a resource [3–8].

Recycling is of the utmost importance in order to avoid the dispersion of waste into the
environment, oceans, or its accumulation in landfills. However, nowadays, there is the need
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to identify innovative strategies, standardized methodologies, and funding mechanisms
to recycle wastes. Recent studies suggest that, currently, about 19% of the total waste
produced undergoes materials recovery through recycling and composting, and 11% is
treated through modern incineration. It is recognized that 33% of waste is openly dumped,
and governments, whilst increasingly recognizing the risks and costs of dumpsites, are
pursuing sustainable waste disposal methods [2].

Obviously, recycling strategies must be carefully planned according to the type of
material to be recycled, considering all aspects related to environmental impacts, gas
emissions, air pollution, etc.

The possibility of the wide exploitation of concrete as an effective instrument for waste
disposal is discussed in this study. It is estimated that about 4–4.5 billion tons of cement
are produced annually, while the production of concrete is about 30 billion tons, which
corresponds to an annual worldwide demand of about 8–10 million tons of sand [9].

It is noted, however, that the production of concrete also presents negative impacts,
particularly due to the use of cement which contributes to significant CO2 emissions and
environmental pollution, the exploitation of non-renewable resources including aggregate,
and its embodied energy.

The strategy for waste recycling as proposed in this research presents opportunities
for lower exploitation of natural aggregate resources and recycling of waste materials.

The investigation refers to options for the recycling of different types of plastic waste,
which would otherwise be destined for accumulation in landfills and contributing to
environmental degradation. The investigation refers to the production of concrete intended
to meet structural performance requirements [1–8].

Furthermore, a strategy to transform quarry waste into a resource is presented. In
quarrying activities, rock is extracted and transformed into aggregates of various sizes
for civil engineering applications. In this process, waste fine aggregate (dust waste) is
generated. The disposal of this type of waste is expensive and is also a cause of environ-
mental pollution (e.g., leaching into water reserves, atmospheric pollution because of small
particles causing respiratory diseases or deposited on plants disrupting photosynthesis,
affecting aquatic habitats, etc.). Several studies dealt with the use of quarry dust as fine
aggregate for concrete as a strategy of recycling [10–19]. There is a growing interest in
the waste generated and how the large volumes of waste can be transformed into an
opportunity through recycling, because, as stated in several studies, [10–19], such a huge
quantity of quarry waste may be considered as a resource of good quality. As reported
in different published studies, the quarried limestone and marble waste can be used in
engineering applications, such as road and railway construction as well as in the production
of concrete. The waste sand, with the right characteristics, can also be exploited as a filler
in self-compacting concrete applications [20].

In the case of limestone dust and plastic waste, a number of studies reported a re-
duction in mechanical concrete properties [10,13,17,21–23]. In the case of plastic waste
recycling, a reduction of the bulk density can be obtained [21–23], proving advantageous in
certain applications. The exploitation of PET fibers in concrete has also been assessed with
respect to early age performance and crack behavior and also mechanical properties includ-
ing compressive strength and flexural performance [24]. Another aspect that is focused on
in the literature is the evaluation of durability, finding satisfactory results in the case of
mixes with limestone dust [20–26], and a certain reduction in the overall performances in
the case of mixes with plastics [27–29].

The objective is to explore recycling options and define the maximum quantities
of these wastes that can be used in concrete mixes, retaining acceptable physical and
mechanical characteristics and with the goal of reducing the accumulation of these waste
streams. The shape and size of the aggregates, their physical characteristics, as well as
their treatment prior to their addition to the concrete mix all play a fundamental role in the
performance of the final product according to the objective investigations of other recent
studies [30–34].
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The paper discusses the role of waste, i.e., limestone waste sand and plastic, in concrete
starting from the production process, the quantities involved and their exploitation as
concrete mix constituents. In doing so, the major concerns are related to the mechanical
performances and the durability of the concrete based on these types of wastes. These
considerations are of the utmost importance in order to define the most suitable field of
application of such waste-based concrete. On the basis of the investigation reported in
this paper, fields of application are proposed with the ultimate objective of reducing the
landfilling of large quantities of waste and transforming the latter into a resource.

The results of two experimental investigations are presented: the first one is carried
out on concrete produced with fine limestone waste generated in the area of Trapani in
Sicily as a by-product of quarrying activities. The limestone waste sand is exploited as
a partial substitute of fine aggregate (sand). The second experimental investigation was
carried out on concrete produced with plastic waste. For the latter, three different types of
plastics were used separately, (i.e., each type of mix was produced with a different plastic),
as follows: (i) plastic flakes, (ii) granulated plastic, and (iii) plastic sand.

The compressive strength results of the concrete produced with different percentages
of waste aggregate were compared with the compressive strength of the control ordinary
concrete in order to investigate variations in mechanical performance, depending on the
percentage of recycled aggregate in the mix. Remarks on the potential applications of the
concrete based on waste materials are presented at the end of the paper.

2. Quarry Limestone Sand as Fine Aggregate for Concrete
2.1. Overview

Several researchers investigated the advantages and disadvantages in using quarry
waste sand as a partial or full substitute of the fine aggregate for concrete. The majority of
studies were carried out through experimental investigations, observing the behavior of
the concrete by varying the percentage of the quarry waste sand in the mix, from a low-to-
high percentage (up to 100%) substitution of fine aggregate. The performance of concrete
depends on the actual characteristics of the quarry waste. Most authors declare that the
mechanical properties are affected by an increase in compressive strength of concrete mixed
with low percentage substitution of quarry fine waste. For high percentage substitutions,
i.e., from 30% to 60% replacement, the compressive strength of concrete is more or less
comparable to that of concrete without quarry dust. For higher percentages (from 60%
to full replacement) there is a reduction in the mechanical properties. This indicates that
this material can be considered useful in structural applications and that the mechanical
performance meets structural requirements as those for conventional concrete [10–19].

Some other studies refer to the use of quarry dust for the production of coarse aggre-
gate through a cold bonding procedure [18].

In the present paper, attention is dedicated to the limestone of Custonaci, Sicily (locally
the limestone is improperly referred to as a marble because it is worked as a marble). From
available sources, it is known that it is a sedimentary rock constituted mainly by calcite
(98%) and (2%) dolomite, apatite, illite, goethite, and quartz. It originated in a marine
environment, after different processes of alteration, erosion, transport, and deposition of
debris of pre-existing rocks and/or animal or plant remains. The physical-mechanical char-
acteristics are as follows: unit volume weight 23–26 kN/m3, thermal expansion coefficient
0.0047–0.0043 mm/m ◦C, compressive strength 160–200 MPa, compressive strength after
freeze/thaw 155–195 MPa, and tensile strength 13–17 MPa.

The experimental research and results from previous studies conducted by the authors
are briefly described with the aim of providing an overview on the mechanical performance
of concrete based on the replacement of fine aggregate (sand) with limestone waste sand.

2.2. Experimental Investigation

According to Cavaleri et al. [10], the experimental investigation was designed to
have the fine aggregate of a reference control mix of ordinary concrete, progressively
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replaced with a single type of quarry waste sand, sourced from Custonaci (Sicily), with two
percentages by weight referred to the amount of sand in the modified mix, 13% and 26%,
corresponding to 11% and 23% of the amount of sand in the reference mix. The reference
concrete was produced using Portland limestone cement Type 32.5 as the hydraulic binding
agent, together with quarried crushed fine aggregate with 2 mm nominal maximum size
used as fine aggregate, and 20 mm crushed rock coarse aggregate. The target characteristic
strength for the concrete without limestone waste sand (control mix) was 30 MPa. Each
mix volume was set approximately at 1/21 of a m3 in agreement to the characteristics of
the mixer. Therefore, the reference mix was composed of 15 kg of cement, 38 kg of coarse
aggregate, 35 kg of fine aggregate (sand) and a water/cement ratio of 0.5. While, for the
two modified mixes, the fine aggregate portion was composed of 31 kg of fine aggregate
(sand) and 4 kg of quarry waste sand, and 27 kg of fine aggregate (sand) and 8 kg of quarry
waste sand (Table 1).

Table 1. Mix design of the control concrete and the modified concretes.

1/21 of a Cubic M

Control Mix
Components

[kg]

Mix with 13% (of Ordinary
Sand) of Fine Quarry Waste

[kg]

Mix with 26% (of Ordinary Sand)
of Fine Quarry Waste [kg]

Cement 15 15 15

Water 7.5 7.5 7.5

Fine Aggregate 35 31 27

Quarried Waste Sand 0 4 8

Coarse Aggregate 38 38 38

waste by weight percentage
introduction * (%) 11 23

1 Cubic M

Cement 315 315 315

Water 157 157 157

Fine Aggregate 735 651 567

Quarried Waste Sand 0 84 168

Coarse Aggregate 798 798 798

* Percentage calculated with respect to the amount of sand in the control mix.

The aggregate and cement were first mixed in a mixer and then the water was added
to complete the mix. 150 × 150 × 150 mm specimens were cast in molds and compacted
with a concrete vibrator. The specimens were demolded after 24 h and cured by immersion
in water at 21 ◦C. Four specimens were prepared for testing at each testing age, and for each
respective concrete mix: (i) control mix without quarry waste sand substitution; (ii) with
13% and (iii) 26% of quarry waste limestone sand (percentages calculated with respect
to the fine aggregate in the modified mix). The compressive strength was determined at
3, 7, 14, 28, and 60 days respectively, with a total of 60 samples tested. Details about the
concrete mixes are reported in Table 1. Figure 1 shows the variation of the strength at
different ageing times of concrete and for different percentages of quarry waste limestone
sand calculated, as mentioned before with respect to the fine aggregate in the modified
mix (Table 1). Standard deviation is reported for each typology of tested specimens and is
reported in Figure 1.

The cube concrete strength of the control mix (with no quarry waste limestone sand) at
28 days resulted in 38.3 MPa, while for the case of 13% and 26% of waste sand (percentages
calculated with respect to the ordinary sand in the modified mix) the concrete strength
was 41.74 MPa and 36.57 MPa, respectively. The results indicated that the introduction of
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13% waste sand and the reduction of the ordinary sand led to an increase in compressive
strength, while the introduction of 23% waste sand and the reduction of the ordinary sand
led to a decrease in strength, depending on the age of concrete. This performance was also
confirmed in different literature sources [10–18]. The strength of the mix characterized by a
of 23% waste sand at 60 days, however, is comparable to that of the control mix. Despite
that the introduction of 23% of waste sand resulted in a decrease in the strength when
compared to the control mix, the reduction in strength is less at 14 days than at 7 days and
negligible at 60 days. Therefore, it can be noted that the material can be effectively used for
the production of concrete, with improvements in mechanical characteristics if used in low
substitution levels. Lower mechanical properties were reported when the waste is used in
larger quantities. In the latter case, the loss in performance (with respect to strength only
and without taking into account other performance criteria) is, however, such that it can be
compensated for, with an increase in the cement content of the mix.
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3. Plastics Waste as Additional Aggregate for Concrete

The potential for concrete produced with the addition or the substitution of part of the
natural aggregate, with aggregate derived from plastic waste, has attracted the interest of
the research community with the objective of reducing waste disposal and environmental
pollution. Plastic wastes, mainly consisting of PE (polyethylene), PP (polypropylene),
and PET (polyethylene terephthalate), are treated through a process of fusion, extrusion,
and cutting of the molten paste, obtaining grains with different dimensions. Usually,
these aggregates, included in the concrete mix design, result in a decrease in strength
and lower density of concrete. Therefore, possible applications could be, in general, for
non-structural use [1–8,21–23]. The use of the recycled plastics in concrete reduces the
concrete bulk density by 2.5–13% for concrete containing plastic aggregates ranging from
10% to 50% of the volume of coarse aggregate. Although there are still gaps in research, the
analysis of available research sources indicates that for Normal Strength Concrete (NSC),
the compressive strength of concrete containing 10–50% recycled plastic aggregate drops
to a percentage of around 40% with respect to that obtained with concrete without plastic.
Consequently, the tensile strength is also affected by a significant reduction even in the
case of a low percentage inclusion of plastics. At the same time, concrete containing plastic
aggregates may exhibit more ductile behavior, when compared to concrete produced with
conventional aggregates, even resulting in improved behavior in terms of reduction in
crack formation and propagation.

It is reported that recycled plastic can be used in the repair and overlay of damaged,
cement-based concrete surfaces in pavements, bridges, floors, and dams [22].
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3.1. Plastic Waste Typologies used as Additional Aggregate for Concrete

The first type of plastic considered in the experimental program, discussed in the next
paragraph, is in the form of plastic flakes, which are obtained by crushing and cutting
different types of plastics (PET, PP, PVC) in order to have a material of irregular and variable
shape and size, from medium to large dimensions (Figure 2a). This type of plastic was
considered of interest because its preparation for mixing in concrete does not require any
particular treatment, with respect to other types of plastics that require specific treatment,
i.e., process of fusion, extrusion, and cutting or shredding. The bulk density of this type of
plastic is 0.4 kg/lt.

The second type of plastic, that is, the granulated plastic, is obtained through a process
of fusion, extrusion, and cutting of the molten paste, with the quasi-cylindrical grains
obtained having a maximum size of around ten millimeters (Figure 2b). These types of
plastics are PET, PE, and PP. The bulk density of this type of plastic is 0.58 kg/lt.

The third type of plastic, that is, the plastic sand, is obtained from the shredding
of recycled plastics consisting mainly of PET, PP, and PVC (Figure 2c). It can contain
impurities that derive from accidental intrusion during separate collections of particles,
such as metals, wood, polyolefins, and residual contamination. However, these impurities
consist of a very small portion. The bulk density of this type of plastic is 0.61 kg/lt.

These plastics were thoroughly cleaned and washed before they were fed into the
machine which operates at a constant temperature and pressure. The palletized materials
were collected from the output of the machine and allowed to cool. At the laboratory, the
plastic samples were sieved to ensure that they fit the limiting particle size distribu-
tion requirements.
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3.2. Experimental Investigation

The experimental investigation included an ordinary concrete mix (control mix) where
an additional volume percentage of plastic was added. The reference concrete was produced
using Portland limestone cement Type 32.5 with quarry sand of 2 mm nominal maximum
size used as fine aggregate, and 20 mm of crushed rock coarse aggregate.

As for the previous experimental program, the aggregate and cement were first mixed
and then the water was added to complete the mix. 150 × 150 × 150 mm molds were used
to cast the concrete that was compacted with a vibrator.

In the case of concrete mixed with plastic flakes, two different percentages of plastic
were added to the control mix, that is 10% and 20% by volume. The control mix had a
compressive strength of 18.45 MPa at 28 days. For each mix, five tests were carried out at 7,
14, and 28 days, for a total of 45 specimens tested. Each mix volume was approximately
1/21 of an m3. The reference mix was composed of 15.75 kg of cement, 36.75 kg of
coarse aggregate, and 39.9 kg of sand. The water/cement ratio was 0.6. The additional
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plastic flakes were 2 kg and 4 kg for the case of 10%, and 20% of plastic addition by
volume respectively.

For the case of granulated plastics, two mixes were prepared with the same target
compressive strength. The two control mixes (with no additional plastics) provided around
39.5 MPa at 28 days. Regarding the specimens mixed with plastics, two different percentage
of the volume of the control mix were used for the first mix, that were 12.5% and 25%, and
3 different percentage were used for the second mix, which were 10%, 20% and 30%. For
each mix, three samples were cast for each ageing time and tests were carried out at 7, 14,
and 28 days, for a total of 63 specimen tested. The two reference mixes were composed of
2.45 kg of cement, 3.34 kg of sand, 6.45 kg of coarse aggregate, and a water/cement ratio
of 0.5. The additional granulated plastic consisted in 0.375 kg and 0.75 kg for the case of
12.5% and 25% respectively, and 0.3 kg, 0.64 kg and 0.96 kg for the case of 10%, 20% and
30% respectively.

For the case of plastic sand, two control mixes were prepared with a compressive
strength at 28 days of 22.6 MPa and 39.5 MPa, respectively. Regarding the specimens mixed
with plastics, 3 different percentage of the volume of the control mix were used for the first
mix, which were 10%, 20%, and 30%, and 4 different percentages were used for the second
mix, which were 2%, 4%, 6%, and 30%. For each mix, 3 samples were cast for each ageing
time and tests were carried out at 7, 14, and 28 days, for a total of 81 specimens tested. The
first reference mix was composed of 1.75 kg of cement, 3.71 kg of sand, 6.45 kg of coarse
aggregate, and a water/cement ratio of 0.5, while the second reference mix was composed
of 2.45 kg of cement, 3.71 kg of sand, 6.45 kg of coarse aggregate and a water/cement ratio
of 0.5. The additional powder plastics were 0.371 kg, 0.742 kg, and 1.113 kg for the case of
10%, 20%, and 30%, respectively, for the first mix, while 0.075 kg, 0.150 kg, 0.222 kg, and
1.113 kg for the case of 2%, 4%, 6%, and 30%, respectively, for the second mix.

Details about the concrete mixes are reported in Tables 2–5 including the amounts in
1 cube m of concrete.

Figures 3 and 4 show pictures of the concrete casting and the specimen at failure for
the different mixes.

Table 2. Flake plastic—Mix design of the control concrete and the modified concretes.

1/21 of a Cubic M + Waste

Control Mix
Comp. [kg]

Mix with 10% Waste by
Volume [kg]

Mix with 20% Waste by
Volume [kg]

Cement 15.75 15.75 15.75

Water 9.45 9.45 9.45

Fine Aggregate 39.9 39.9 39.9

Flake plastic 0 2 4

Coarse Aggregate 36.75 36.75 36.75

By volume Percentage of flake
plastic (%) 10 20

1 Cubic M + Waste

Cement 330.7 330.7 330.7

Water 198.5 198.5 198.5

Fine Aggregate 837.9 837.9 837.9

Flake plastic 0 42 84

Coarse Aggregate 771.7 771.7 771.7
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Table 3. Granulated plastic—Mix design of the control concrete and the modified concretes.

5.67/1000 of a Cubic M + Waste

Control
Mix

Comp. [kg]

Mix with 10%
by Volume

[kg]

Mix with 20%
by Volume

[kg]

Mix with 30%
by Volume

[kg]

Mix with 12.5%
by Volume

[kg]

Mix with 25%
by Volume

[kg]

Cement 2.45 2.45 2.45 2.45 2.45 2.45

Water 1.22 1.22 1.22 1.22 1.22 1.22

Fine Aggregate 3.34 3.34 3.34 3.34 3.34 3.34

Granulated plastic 0 0.3 0.64 0.96 0.375 0.75

Coarse Aggregate 6.45 6.45 6.45 6.45 6.45 6.45

By volume Percentage of
granulated plastic (%) 10 20 30 12.5 25

1 Cubic M + Waste

Cement 430 430 430 430 430 430

Water 215 215 215 215 215 215

Fine Aggregate 589 589 589 589 589 589

Granulated plastic 0 52.9 112.9 169 66.1 132.3

Coarse Aggregate 1137 1137 1137 1137 1137 1137

Table 4. Sand plastic—Mix design of the control concrete and the modified concretes (mix 1).

5.67/1000 of a Cubic M

Control Mix
Comp.

[kg]

Mix with 10%
by Volume

[kg]

Mix with 20%
by Volume

[kg]

Mix with 30%
by Volume

[kg]

Cement 1.75 1.75 1.75 1.75

Water 0.87 0.87 0.87 0.87

Fine Aggregate 3.71 3.71 3.71 3.71

Sand plastic 0 0.371 0.742 1.113

Coarse Aggregate 6.45 6.45 6.45 6.45

By volume Percentage of sand
plastic (%) 10 20 30

1 Cubic M

Cement 308 308 308 308

Water 153 153 153 153

Fine Aggregate 654 654 654 654

Sand plastic 0 65 130 195

Coarse Aggregate 1137 1137 1137 1137
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Table 5. Sand plastic—Mix design of the control concrete and the modified concretes (mix 2).

5.67/1000 of a Cubic M

Control Mix
Comp.

[kg]

Mix with 2%
by Volume

[kg]

Mix with 4%
by Volume

[kg]

Mix with 6%
by Volume

[kg]

Mix with 30%
by Volume

[kg]

Cement 2.45 2.45 2.45 2.45 2.45

Water 1.22 1.22 1.22 1.22 1.22

Fine Aggregate 3.71 3.71 3.71 3.71 3.71

Sand plastic 0 0.075 0.150 0.222 1.113

Coarse Aggregate 6.45 6.45 6.45 6.45 6.45

By volume Percentage of
sand plastic (%) 2 4 6 30

1 Cubic M

Cement 308 308 308 308 308

Water 153 153 153 153 153

Fine Aggregate 654 654 654 654 654

Sand plastic 0 13.22 26.40 39.7 195

Coarse Aggregate 1137 1137 1137 1137 1137
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Figure 4. Specimen at failure: concrete with plastic flakes (a); concrete with granulated plastics (b);
concrete with plastic sand (c).

Figures 5–7 show the variation of the strength at different ageing times of concrete and
for different percentages of plastics. In the legend, “PET-R” indicates plastic flakes, “PET-G”
indicates granulated plastics, and “PET-P” indicates plastic sand. Standard deviation is
reported for each typology of tested specimens.
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The results indicated that for all the specimens, the relative strength improved, with a
strength gain from the tests carried out at 7 days to those carried out at 28 days. Further,
the ratio between the increment of strength achieved and increment of curing days was, in
general, similar for all the tested specimens (both for the control mixes and for the mixes
produced with plastics). It is also confirmed that the compressive strength decreases with
the increase in the content of plastic in concrete. In detail, in the case of plastic flakes, the
ratio of the strengths between the concrete with 10% and 20% of plastics and the ordinary
concrete was 0.79 and 0.5 at 7 days, 0.72 and 0.49 at 14 days, and 0.7 and 0.46 at 28 days,
indicating that the concrete underwent a strength reduction of 30% and 54% for the cases
of 10% and 20% of plastics, respectively.

Similar considerations can be made for the specimen with the other types of plastics.
In the case of granulated plastics, the ratio of the strength between the concrete with 10%,
12.5%, 20%, 25%, and 30% of plastics and the ordinary concrete was 0.72, 0.75, 0.61, 0.53, and
0.36 at 7 days, 0.78, 0.77, 0.65, 0.53, and 0.38 at 14 days, and 0.8, 0.79, 0.66, 0.54, and 0.38 at
28 days, indicating that the concrete underwent a strength reduction of 20%, 21%, 44%, 56%,
and 72% for the cases of 10%, 12.5%, 20%, 25%, and 30% of additional plastics, respectively.

Finally, in the case of powder plastics, the ratio of the strengths between the concrete
with 2%, 4%, 6%, 10%, 20%, and 30% of plastic and the ordinary concrete, was 0.88, 0.86,
0.79, 0.83, 0.65, and 0.5 at 7 days, 0.91, 0.84, 0.79, 0.82, 0.65, and 0.52 at 14 days, and 0.91,
0.84, 0.79, 0.82, 0.65, and 0.0.51 at 28 days. In this case, some difference is observed for the
two mixes (PET-P1 and PET-P2) because the strength reduction in the case of 6% plastic
resulted as higher than that of 10% plastic. On the other hand, it must be stated that these
two mixes had two different strengths, that is, 22.6 MPa for the first mix and 39.7 MPa
for the second mix. This result gives some information about the role of the compressive
strength of the concrete; it seems that the higher the compressive strength, the higher the
strength reduction when the plastics are added to the mix. Verification can be obtained
through additional investigation.
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4. Performance Comparisons and Discussion

The overall performance of the tested specimen for all the mixes with different aggre-
gates, that is, quarry limestone waste sand, plastic flakes, granulated plastics, and plastic
sand, is analyzed. The analysis is based on normalized strength with respect to the strength
obtained for the control mix of ordinary concrete (with no waste as aggregates). Percentages
of each material used in the mix are shown in Table 6. After a comparison of the cement
normalized mixes, and of the 28 days strength, in Figure 8, the normalized concrete strength
is shown, with reference to the percentage replacement of waste aggregate (in the case of
quarry waste limestone sand) or addition of waste aggregate (as in the case of waste plastic)
indicating the percentage strength reduction at 28 days. It is possible to note that, in the
case of quarry waste limestone, as stated in the previous section, there is no significant
reduction in strength for the maximum percentage of sand waste introduction considered
in this study (26% of the ordinary sand in the modified mix). At the same time, in the
case of concrete with plastics, the reduction in strength is evident for a high percentage of
additional plastics. This reduction is critical for percentages of plastics from 20% of the
original mix volume upwards. The strong reduction of strength, obtained in the case of
plastic waste high percentage, agrees with the results obtained by Visweswara et al. [28]
and Hameed and Ahmed [20]. However, in the first case the reduction is very much higher,
while in the second case the strength reduction is lower than that obtained during the
experimental campaign here described. Further, in the first case of the strength of the
control mix is around 50 MPa, therefore much higher than the control mix strength in the
present experimental campaign. While, in the second case, even though the strength of
the control mix is similar, the mix with plastic waste does not contain coarse aggregate
different from the case here studied.

Table 6. Comparative mixes and strengths.

Cement
(Weight)

Water
(Weight)

Sand
(Weight)

Aggregate
(Weight)

Waste
Aggregate
(Weight)

Type of
Waste

Aggregate

By Volume
Percentage of

Additional
Waste

Strength at
28 Days
(MPa)

1.00 0.5
2.33 2.53 0.00

Limestone
sand

* 38.3
2.07 2.53 0.26 * 41.74
1.80 2.53 0.5 * 36.57

1.00 0.5
1.363 2.622 0.00

Granulated
(PET-G1)

0 39.73
1.363 2.622 0.153 12.5 31.6
1.363 2.622 0.306 25 21.5

1.00 0.5

1.514 2.622 0.00
Granulated

(PET-G2)

0 39.42
1.514 2.622 0.163 10 31.72
1.514 2.622 0.327 20 26.28
1.514 2.622 0.490 30 15.23

1.00 0.5

2.120 3.671 0.000
Powder
(PET-P1)

0 22.6
2.120 3.671 0.212 10 18.6
2.120 3.671 0.424 20 14.8
2.120 3.671 0.636 30 11.8

1.00 0.5

1.51 2.62 0.00

Powder
(PET-P2)

0 39.5
1.51 2.62 0.05 2 36.3
1.51 2.62 0.10 4 33.4
1.51 2.62 0.15 6 31.6
1.51 2.62 0.64 30 19.6

1.00 0.5
2.53 2.33 0.00

Flake
(PET-R)

0 18.452
2.53 2.33 0.13 10 12.924
2.53 2.33 0.25 20 8.572

* datum not included.
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No other experimental campaigns in the literature are so similar to allow a reason-
able comparison.

While in the case of quarry waste limestone sand it can be said that the concrete can
be still considered adequate for use in structural application for load-bearing elements, in
the case of concrete with plastics, it is important to define suitable fields of application, de-
pending on the actual mechanical characteristics, as affected by a reduction in performance.
Possible fields of application of the waste plastic-based concrete, according also to various
studies [21–23], include:

• Road pavements vibrated by power-operated machines.
• Road pavements vibrated by hand-operated machines.
• Mass foundations or lightly reinforced sections with vibrations.
• Repair and overlay of damaged, cement-based concrete surfaces in pavements, bridges,

floors, and dams.

Other aspects, as for the durability of these types of concrete mixes, are of importance
in view of the design of adequate use in practice and will be the next step of the research.

5. Conclusions

The paper presented the results of an experimental campaign carried out on concrete
mixed with waste materials as replacement and additional aggregate. Quarry limestone
dust was used as a partial replacement of sand in the concrete mix, while plastics (flakes,
granulated and in the form of sand) were used as additional aggregate, as a percentage of
the original mix volume. Based on the results, it was found that:

• In the case of quarry waste limestone sand used as partial replacement of the sand, and
having the characteristic of a filler, if used in low quantities can lead to improvements
in the mechanical characteristics of concrete. On the other hand, lower mechanical
properties were reported when the quarry waste limestone sand is used in larger
quantities. In the latter case, the loss in performance is such that it can be compensated
for, with an increase in the cement content in the mix.

• In the case of concrete with plastic, for all the types of plastics analyzed, a reduction
of the strength of concrete was reported, with higher reduction in strength with
increasing percentage plastic content in the mix. This reduction is significant for low
percentages of plastics and can halve the strength of the concrete for high amounts of
plastics (around 30% of the original mixed volume of ordinary concrete). However,
important information is obtained regarding the performance of plastic-based concrete;
this information enables the exploitation of this waste in specific fields of application,
satisfying particular performance requirements.

The results can be considered of interest and provide a base study for further research
on the mechanical performances and durability of concrete based on quarry limestone
waste sand and different types of plastics, as applied in specific fields. For example,
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given an optimal mix in the case of quarry waste limestone sand, the concrete can still be
used for load-bearing elements in structures, while in the case of concrete with plastics,
applications can include concrete screeds, lean foundations, or massive concrete casts,
where the strength of the concrete plays a secondary role (however with the possibility
to limit, by a preliminary assessment, to one third the amount of plastics in the sea only
by treating 5% of the concrete production in the world). However, the investigation
confirmed the potential of different waste streams as a source of aggregate for concrete
and the effectiveness of recycling of waste and industrial byproducts, as an alternative to
waste disposal.
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