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Abstract: The last decade was dominated by a serious problem that now affects all the planet’s
natural ecosystems: the increasing growth of plastics and microplastics that are difficult to dispose
of. One strategy to mitigate this problem is to close the life cycle of one of them—polyethylene
terephthalate (PET)—by reusing it within the most common building materials, such as mortars and
concretes. The reuse of PET waste as aggregates also allows us to limit the CO, emissions released
during the production of natural aggregates. This paper analyzes the outcomes of many studies
carried out on the characteristics of cementitious mixtures reinforced with waste PET material. Many
researchers have demonstrated how PET used as reinforcement of mortars and concretes can produce
an increase in the mechanical strengths of the corresponding cementitious mixtures without PET.
The tensile strength of this resin is higher than that of concrete; so, by combining the two materials it
is possible to obtain a mixture with an overall higher tensile strength, resulting in increased flexural
strength and reduced cracking. Using an effective size of PET fibers, it is possible to achieve an
increase in the ductility and toughness of the cementitious mixture. Several studies reveal that PET
reinforcement reduces the density with a consequent decrease in weight and structural loads, while
the workability increases using spherical and smoother PET aggregates.

Keywords: recycling; PET-reinforced cementitious mixtures; PET fibers and aggregates; strengthened
mechanical properties; mortar; concrete

1. Introduction

About 13 million tons of plastic enter our oceans each year, causing damage to bio-
diversity, economies, and, potentially, to our own health [1]. It is known that 70% of total
plastic bottle consumption is discarded as waste without becoming a potential reused
resource [2]. This is a problem since PET waste is not biodegradable and is destined to
remain in nature for hundreds of years [3,4]. Over the years, civil engineering has also
wondered about searching for a useful strategy to mitigate this problem by recovering
some of the PET plastic waste put into landfills. With this aim, the idea of using PET as
a reinforcement material for common cementitious mixtures developed. Such a solution
has proven to be sustainable and in the direction of the circular economy [5]. The hydroly-
sis of PET is a well-known and applicable phenomenon to break down the resin into its
molecular components. However, such processes are difficult to apply on a large scale
and on large quantities of material. Reusing PET would be a sustainable and cost-effective
solution [6]. In fact, using recycled PET aggregate in concrete mixtures instead of the
natural virgin aggregate would reduce the CO, emissions associated with the production
of new material [7].

Although cementitious compounds are the most widely used materials in the con-
struction industry [8], they are also the most polluting to the environment. In fact, these
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materials require the use of non-renewable resources (such as fine and coarse natural
aggregates or fossil fuels for energy production), which will risk being depleted for future
generations if continued to be extracted [9]. Added to this factor is the deterioration of
the natural environment (flora and fauna) caused by the extraction phases of raw materi-
als [10]. In addition, the subsequent processing phases of virgin raw materials produce the
release of dust and toxic substances such as greenhouse gases that pollute the environment,
exacerbating the problem of climate change [11,12]. Nowadays, the substitution of fine
and coarse natural aggregate with recycled PET inside concrete and mortar mixtures is
considered a viable solution.

Typically, PET is easy to find in a mass-consumption item such as plastic bottles of any
kind. From them, minor elements can be shredded in the form of fibers or aggregates to be
later introduced within cement mixtures [13,14]. To prevent other materials from interfering
in the interaction between PET and the cement matrix, firstly it is necessary to clean the
surfaces of the plastic elements by removing any non-polymeric material [15,16]. After
that, through specific proportions by weight or volume, PET reinforcing elements can be
introduced in the cement matrix in various shapes. In this way, several researchers [17-19]
proved that coupling a material with a higher tensile strength and a lower weight, compared
with those typical of concrete [20] and construction mortars [21], can result in a mixture
with higher flexural strength [22,23] and lower structural weight [24], respectively.

In Table 1, a comparison of the mechanical properties of virgin and recycled PET fibers
is shown. The process of converting PET fibers from virgin to recycled was performed
by an extruder, in which in the spinning stage, the fibers are stretched through three sets
of five rollers. This operation enhances molecular orientation and crystallinity, so tensile
strength also tends to improve [25].

Table 1. Mechanical properties of virgin and recycled PET fibers [25].

Property Virgin PET Fiber Recycled PET Fiber
Density ! (kg/m?) 1390 1356
Elastic modulus (MPa) 5690 10,500
Tensile strength (MPa) 140.5 220.0
Breaking stress (kg/cm?) 82.2 422
Break elongation (%) 6.96 5.00

! Density values of virgin and recycled PET obtained from [26] and [25,27-29], respectively.

The introduction of PET waste material also produces a great advantage in reducing
chloride permeability [30]. This is extremely beneficial for reinforced concrete structures
where it is necessary to protect steel bars from chloride entrance.

Rahimi [31] discovered that by increasing the percentage of PET within the concrete,
an increasing reduction in sulfuric acid erosion over time could be achieved, improving its
durability [32]. All these aspects are just a part of many other improvements that the use of
PET plastics can generate in cementitious mixtures.

In this review, the reuse of PET in the form of resin, aggregate or fiber (FRC) [33,34], is
presented. Also, the criteria for adding these reinforcing elements are explained. It will be fo-
cused on the geometric and shape characteristics of PET fibers and aggregates, demonstrat-
ing the importance of these dimensional aspects. Finally, the contributions that researchers
over the past 15-20 years have given to the topic at hand are presented. In particular,
emphasis will be placed on the correspondence between the PET reinforcement element
and the improvement of properties in the fresh and hardened state of mortars and concretes
reinforced with increasing percentages of PET. Figure 1 shows the methodological process
followed for the right design of the PET reinforcement of cementitious mixtures.
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Figure 1. Overview flow-chart.

2. Research Justification

The emergence of the research discussed in this paper is directly related to the most
urgent problem of the 20th century: CO, emissions. Cement production on average
produces between 5% and 8% of global CO, emissions [35,36]. Generally, it can be assumed
that every kilogram of Portland cement produced generates 0.81 kg of CO,, and as a
result, approximately 2.1 billion tons of CO, are produced each year [37]. In cement
production, the steps to be considered for the correct evaluation of CO; consumption are the
following: emissions from the combustion of fossil fuels in the clicker production process
to heat the limestone raw materials (CaCQOj3) [38] at a temperature of 1450 °C; emissions
from the calcination process in which the raw material is converted into cement; indirect
emissions from the transport and delivery of raw materials and finished products; emissions
from fossil fuels that provide electricity generation for the efficient use of machines and
equipment [39,40].

About the production of natural aggregates of concrete, In Energy reports that the CO,
emissions for the extraction and processing phases of 1 ton of fine and coarse aggregates
is on average 8.1 kg [41]. This value takes into account the different stages involved in
transforming a raw material into a finished product that can be used in the construction
industry, quarrying, onsite transportation, crushing, sieving and sorting, and at the end,
transportation to the construction site (50 km).

In the concrete industry, 90% of CO, is emitted from the production of cement
alone [42]; replacing natural aggregates with recycled PET ones would significantly reduce
the environmental impact. A recycled aggregate, in contrast to a virgin one, would certainly
allow an initial reduction of CO, associated with the production of the material ex novo.
The use of recycled PET can lead to lower costs compared to natural aggregates in certain
circumstances, helping to reduce production costs and improving the profitability of the
activities that employ it. Furthermore, the adoption of recycled materials can help to raise
consumer and business awareness of the importance of recycling and waste reduction,
promoting greater environmental responsibility. In this chapter, a simplified evaluation
of the CO, reduction that would be achieved by using recycled PET aggregates instead
of natural ones was carried out. As in recent years, construction companies are focusing
heavily on CO, savings; it is useful to provide a practical and numerical approach to the
concrete benefits of this research.

A justification on real cases is considered a guide for construction companies that are
looking for a sustainable and less polluting solution.

To perform a correct estimation of the energy and environmental emission savings, it
would be necessary to evaluate the entire life cycle of the aggregate itself. In particular, the
factors that should be considered should be as follows:

- The production consumption of natural and recycled PET plastic aggregates;
- The consumption associated with the transport of the aggregates to the site of use;
- The durability of the natural and plastic aggregates.
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In the overall calculation for estimating the global CO, consumption produced by a
reinforced concrete building, it is important to also consider the CO, emissions associated
with processes concerning water. In fact, during the cement production process, water is
used for the hydration of clinker Portland which releases CO; as a by-product. To ensure
proper workability during casting, concrete requires water, which is an expense in terms of
CO; due to transportation from the company to the construction site by vehicles burning
fossil fuels. Water extraction and treatment can cause environmental impacts such as
lowered groundwater levels or water contamination, which in turn may require the use of
additional resources and cause CO, emissions during mitigation activities. Considering
these factors, the CO, consumption that occurs in the water usage phases is 0.000249 kg
per ton of water [43].

The extremely energy-intensive and polluting steps associated with cement production
in concrete could be partially replaced by the hydrolysis processes of PET used as a resin to
replace common cements.

In addition, the high light weight of PET would allow an important reduction in CO,
emissions due to a reduction in the load traveling through the transport means from the
production plant to the construction site. Less weight corresponds to a reduction in fuel
and thus, a reduction in CO, emitted in the combustion phase. From a thermal point
of view, PET is an excellent thermal insulator; therefore, the application of cementitious
mixtures would promote better thermal insulation of a building’s structure by reducing the
need to adopt very energy-intensive external heating systems. In addition, PET is an easily
recyclable material; reusing it in new cementitious mixtures would reduce CO, emissions
associated with landfill incineration steps. Based on these considerations, it is possible to
state that PET saves a great amount of energy and fossil fuels in favor of less CO; released
into the environment.

According to the studies [43], the use of waste PET in concrete reduces energy by
60 MJ/kg, which corresponds to a CO; reduction of about 3.38 kg per kg of recycled PET.

Therefore, the example of a reinforced concrete building first made with traditional
conglomerate and then with PET-reinforced conglomerate in the form of resin or aggregate
has been considered below. Table 2 presents the CO, values that were considered in the
calculation of the overall computation for the total volume of the considered building,
while Figure 2 shows the reinforced concrete building that was computed. The reinforced
concrete structure has five floors. The columns have uniform sections of 30 cm x 50 cm, the
beams have sections 30 cm x 50 cm, and the bearing walls are 30 cm thick. The total volume
of concrete used in the construction is 179.55 m3. Considering the different application
types that PET can assume in concrete mixtures, the four scenarios described in Table 3
were contemplated. After calculating the total CO, consumption in the four scenarios, the
values were compared to numerically show the CO, savings that would be achieved by
using PET in concrete.

Table 2. Proportions of concrete mix design and CO, emissions [44].

. Weight per m> of Concrete CO; Emissions
Raw Materials (kg/m3) (kgCO,/kg concrete)
Portland cement type 1L 495 0.885
Coarse aggregates 899.3 0.0075
Fine aggregates 819.8 0.0026
Water 165 0.000196

Depends on the replacement

PET .
ratio

—3.38
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Figure 2. Example of a reinforced concrete structure with 10 columns, 26 beams, and 11 load-bearing
walls of 5 floors.

Table 3. Total CO, consumption for each mixture.

CO; Emissions Global CO, Emissions Concrete CO, Emissions

(kgCO,/m?) (tCO,) (tCO,)
Portland cement type II 438.08 80.459
Coarse aggregates 6.74 1.239
Scenario 0 Fine aggregates 213 0.391 82.095
Water 0.03 0.006
0% PET 0.00 0.000
Portland cement type II 416.17 76.436
Coarse aggregates 6.74 1.239
Scenario 1 Fine aggregates 213 0.391 62.708
Water 0.03 0.006
5% PET of cement —83.66 —15.364
Portland cement type II 438.08 80.459
Coarse aggregates 6.74 1.239
Scenario 2 Fine aggregates 2.02 0.372 56.629
Water 0.03 0.006
5% PET of aggregates —138.55 —25.446
Portland cement type II 427.12 78.447
Coarse aggregates 6.74 1.239
Scenario 3 Fine aggregates 2.08 0.382 59.669
Water 0.03 0.006
5% PET of cement + 2.5% PET of aggregates —111.10 —20.405

The value of the replacement ratio of 5% by weight was chosen because in Rahmani
and Asadi [45,46], they showed that using this percentage, the compressive strength of
concrete increased between 5% and 11%. As can be seen from Table 3, the highest CO,
emissions in tons occur for scenario 0, in which PET is not included. In contrast, in scenarios
1,2, and 3, the 5% substitution by weight of PET produces a significant decrease in CO,
emissions. Specifically, in scenario 1, PET is used as a partial replacement of traditional
Portland cement, while in scenario 2, it is used as a replacement for fine natural aggregates.
In scenario 3, the assumptions of the previous two scenarios are combined by considering
2.5% by weight of PET as a substitute for cement and natural aggregates, respectively.

The results show that scenario 2 is the most cost-effective in terms of CO, emission
reduction for a reinforced concrete structure. In fact, in this case, the overall CO, reduction
result was 31.02%, while for scenario 1 and 3, the results were 23.62% and 27.32%, respec-
tively. Therefore, although concrete is the component that emits the largest amount of CO,
in 1 m® of concrete, the most cost-effective solution to reduce pollutant emissions is to
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replace natural fine aggregates with PET reinforcement. This depends on the fact that fine
aggregates have a much higher mass in the unit volume of the mix than Portland cement.
This occurs because fine aggregates have a mass in the unit volume of the mix that is about
two times higher than that of Portland cement.

Through the comparison of these three scenarios, it was possible to analytically demon-
strate how the use of PET in concrete can become a resource for solving the problem of the
environmental impact.

In view of the advantages associated with the use of PET in cement mixes, it felt
appropriate to construct a roadmap that illustrates how this material can be applied
integrally within a construction company. The steps for using PET must be planned
according to the type of physical or mechanical properties of the mix that should be
improved. Based on the end goal of the company, it is necessary to specifically plan the
steps that precede the manufacture of the mixture. Operationally, in the first instance, a
company should ensure the recovery of the waste material by extracting it from a specific
site [47]. After recovery, an initial selection of the type of PET to be used should be made,
i.e., the cap, the label, and the stiffest part of the bottom of the bottle could be removed.
The selected parts must be cleaned and treated to remove materials different from PET and
to wash the plastic surfaces that will be used in the next phases [48]. Depending on the
property to be improved, the treated PET must be cut according to specific geometries. Fiber
may have an improving impact on flexural strength at the cost of compressive strength and
workability of the cement mix. A regular fine aggregate may improve compressive strength
at the cost of flexural strength. Cutting must be carried out according to fixed geometries
that depend on the size of the larger aggregate that will be introduced into the cement
mix. For better adhesion between the plastic and matrix, it is recommended to use a fiber
with a length greater than twice the diameter of the larger aggregate. To ensure that the
mechanical properties of the PET are maintained even after the treatments, periodic tests
must be carried out to assess the tensile strength, the Young’s modulus, and the breaking
strain of the material. The concrete or the mortar mixture to be reinforced is then designed.
In it, a specific quantity by volume or weight of fibers or plastic aggregates to be used will
be defined. The mixture then needs to be poured into cylindrical (150 mm long and 300
mm in diameter) and prismatic (600 x 150 x 150 mm or 500 x 100 x 100 mm) molds [49].
After hardening, the compressive and flexural strength values must be measured at 28
days. The purpose of this first measurement is to assess the benefit of the introduction of
the PET reinforcement. In addition to the strength properties, the properties in the fresh
state, as workability and air content, must also be evaluated. Only once a sufficient number
of specimens have been tested, the mix design can be considered reliable and can be used
within the production of the company.

3. Potential Applications of PET for Reinforcing Cementitious Mixtures
3.1. PET Aggregates

The first type of PET reinforcement is in its aggregate form, where this material as-
sumes the same role as that of the natural aggregate in concrete or in the mortar mixture.
The dimensions of the particles used in mortar mixtures are in the range of 0.25 mm and
4 mm [33]. Ferreira et al. [50] compared the behavior of two different lamellar and irregu-
larly shaped PET aggregates with other regular and cylindrical granulated PET aggregates.
The same cylindrical shape was studied by Abed et al. [51] where PET aggregates, with
dimensions smaller than 4.75 mm, were used as reinforcement in mortars. Saikia [52]
compared the mechanical behavior of three different PET aggregates (angular and irreg-
ular particles, both fine and coarse, and spherical/cylindrical heat-treated pellet-shaped
products) in nine concrete mixtures. Similarly, other researchers have studied the behavior
of PET aggregates with different geometry, size, and percentage replacement by weight or
volume in mortars or concretes (Table 4).

All the shapes of PET aggregates that have been used in previous research are pre-
sented in the Figure 3.
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Figure 3. Types of PET aggregates used in some research: (a) lamellar and irregular larger than (b);
(c) regular and cylindrical [50]; (d) shredded irregular shape [53]; (e) 300-150 um flaky shape [54];
(f) angular shape [55]; (g) smooth sphere shape [56]; and (h) 2.36-1.18 mm flaky shape [54].

In several studies, to be able to identify the sizes of the PET particles introduced into
the mixture, a grading test of the replaced aggregates [53] is performed and the particle
size curve is drawn [57]. The sieve analysis is even more truthful if the plastic particles are
similar in shape to the replaced natural aggregate [58]. In fact, similar shapes between PET
and natural aggregates will ensure more similar behavior.

Table 4. Some of the most common PET aggregates used in the literature.

Years Researchers Matrix Geometry Size (mm) Replacement (%)
2009 Albano et al. [59] Concrete Lamellar and irregular Small: 2.6; big: 11.4 10; 20 in volume
2010 Hannawi et al. [60] Mortar Flaky and irregular 1.6-10 3; 10; 20; 50 in volume
2013 Rahmani et al. [45] Concrete Lamellar and irregular 0.15-7 5;10; 15

2014 da Silva et al. [61] Mortar Pellets and flakes 14 5;10; 15 in volume
2015 Araghi et al. [62] Concrete Lamellar and irregular 0.15-4.75 5; 10; 15 in volume
2016 Islam et al. [63] Concrete Flaky and round shape 2.5-40 20; 30; 40; 50 in volume
2019 Perera et al. [64-66] Concrete Flaky 0.075-26 3;5

2019 Lee et al. [67] Concrete Flaky 1-13 10; 20; 30 in volume
2020 Sposito et al. [68] Mortar Granular 0.1-4.5 2.5;5; 10; 15; 20 in volume
2021 Foti and Lerna [69] Mortar Granular 2 0; 25; 50; 75 in volume
2022 Khan et al. [70] Mortar Powder 0.075-0.6 2.5;5;7.5; 10 in volume
2023 Coviello et al. [5] Screed Flaky and irregular 0.5-5 1; 2; 3 in weight

3.2. PET Resin

Another successful application of PET reinforcement is as a resin [71]. In this case it is
necessary to perform a preliminary depolymerization by glycolysis that splits the plastic
material into its monomers and/or oligomers suitable for possible repolymerization [72,73].
In this procedure, the mixture is added into a three-necked glass flask and placed on a
heating seal [74]. The set-up of the glycolysis process consists of a three-necked glass flask,
a middle-motorized shaker, a thermometer, and a condenser [73]. In [75], the PET resin
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added in 5%, 10%, and 15% by mass of cement spread the values of the consistency and
workability compared with the reference mortar.

The maximum temperature reached by the heater is 210220 °C and that value is kept
until the PET particles in the mixture dissolve [74]. After this process, the waste plastic
can have the same role as the binder in the cementitious mix. The main advantages of this
second type of reuse of PET in mortars is that the abrasion resistance increases from 10% to
33.50% and the tensile strength reaches a significant enhancement from 8% to 41% because
the number of polymer chains is increased. The polymer chains act as the connection that
is able to hold the components together and reduce the propagation of cracks [76].

The use of PET in resin form provides excellent advantages within mortars since it can
achieve the following: (I) increases the tensile strength; (II) increases the abrasion resistance;
(III) increases the compressive strength; and (IV) increases the slump flow. However, these
benefits occur only when curing of the cementitious mixtures takes place in air and not
in water [76]. In [71], it has been found that for the specimens cured for 420 days, upon
increasing PET resin content from 25% to 35%, the compressive strength, flexural strength,
and indirect tensile strength increased by 10.2%, 11.8%, and 9.9%, respectively. Moreover,
waste materials have collectively reduced the water absorption.

3.3. PET Fibers

The most common use of PET reinforcement within cementitious composites is in
the form of fibers in which the aspect ratio (AR) of one dimension to the other exceeds at
least an order of magnitude [77]. Generally, the methods of PET fiber production are hand-
cutting plastic bottles or using shredding machines; the first method can be used for small
amounts of material, while the second for more industrial and mass use. The affordability
of the use of recycled PET fibers in an industrial process depends on the amount of recycled
PET fiber as a function of time and energy consumption [78]. The relationship with all
evaluation parameters and the operating speed of the machine is linear [79]. Therefore, a
machine that can shred PET fiber should be designed considering the specific needs of a
company [80]. In [81], the final production cost of a PET shredding machine is $191, which
is relatively affordable for local recyclers.

The scientific literature, over the years, has presented several experimental case studies
in which PET reinforcement material has been applied using elements with different sizes
and geometries. R.P. Borg et al. [82], for example, examined the behavior of mortars
reinforced with two different PET fibers that were 50 mm and 30 mm long.

Table 5 collects the landmark research on the use of PET fibers in concrete mixes
in chronological order. In Figure 4, an example is presented of PET fiber reinforcement,
where the dimensions and the geometry of the elements are always the same in (a) and (b),
respectively. The surface of the illustrated fibers is not linear but has asperities to improve
the grip between the fiber and matrix.

Figure 5 shows a schematic flow chart in which the potential applications of PET
reinforcement of cementitious mixtures are summarized.

Table 5. Some of the most common PET fibers used in the literature.

Years Researchers Matrix Thickness (mm) Width Length Replacement (%)
(mm) (mm)
2010 Kim et al. [83] Concrete 0.2 1.3 50 10; 20 in volume
Lamellar: 32; 35.
2011 Foti [84] Mortar - 5 Circular: 30; 50; 3; 10; 20; 50 in volume
60
Oliveira and Can.
2011 Castro-Gomes [34] Concrete 0.5 2 35 5;10; 15
. (a) 1.10; . . (a) 40; A AE s

2014 Fraternali et al. [85] Mortar )07 Circular fibers (b) 52 5;10; 15 in volume

2016 Corinaldesi et al. [86] Concrete 0.2 1.2 40 5;10; 15 in volume
1

2017 Fernandez et al. [87] Concrete 0.23; (())i% 0.4L 1_; 6 20; 30; 40; 50 in volume
1
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Table 5. Cont.

Years Researchers Matrix Thickness (mm) Width Length Replacement (%)
(mm) (mm)
2018 Poonyakan et al. [88] Concrete <0.3 E;Lmvalent 12-65 3;5
iameter
2018 Shahidan et al. [89] Concrete - 5 50 10; 20; 30 in volume
2019 Alani et al. [90] Mortar 0.3 3.5 40 2.5;5; 10; 15; 20 in volume
2020 Mohammed et al. [91,92] Mortar 04 1.2 20; 40 25;50; 75 in volume
2023 Sabireen et al. [93] Mortar - 1.5-3 75-100 2.5;5;7.5; 10 in volume
2024 Parhi and Patro [94] Concrete 0.105 5 35 0.3; 0.4; 0.5 in volume
LIt Ol Sl t\l ’r:ll 2l l|l 01 l(i lﬁ IL 19 IS It P: el R " = ;
) | I | | fupaabiianl wntiaboagabssinl S indogaeaa 578 : e n>
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[ === e

(b)
Figure 4. PET fiber examples of width 20 mm, thickness 0.5 mm, length 50 mm (a), and length 50 mm (b) [95].

‘Typology of PET application in the cementitious matrix‘

| l

Resin Fiber Aggregate

Depolymerization w
geometry

In alkaline
environment

& S

[ Glycolysis}

Fine Coarse pherical an Angular and
smoother rougher

Hydolysis

Figure 5. Screening of the different types of PET reinforcement in the cementitious matrix.

4. PET-Reinforced Mixture Design
4.1. Substitution Criteria

In the design and study of new reinforcement materials for cementitious mixes, the
replacement of organic aggregates can be partial or total depending on the intended use of
the plastic materials. In fact, the function could be as reinforcement or as a total replacement
of the pre-existing matrix aggregates. Coviello et al. [5] prepared screeds by mixing white
sand with Portland cement and flaky and irregular PET aggregates. Ak¢adzoglu et al. [33]
compared the behavior of the mortar mixtures M1 and M2, that contain 25.64% in weight
of PET without organic sand aggregate, with that of the mortar mixtures M3 and M4, that
contain both PET and sand at 16.95% and 33.90% in weight, respectively.
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Different to other research, in which a certain percentage by weight or by volume of
PET is added, in [33], the partial or total replacement of natural aggregates with polyethy-
lene terephthalate results in a more sustainable solution. In fact, the reduction in the use of
natural aggregates decreases the demand for a non-renewable resource, and consequently,
the costs relating to extraction and producing, without considering the advantages in terms
of environmental sustainability.

The criterion of substitution according to a volume-equivalent quantity requires that
the particle size of the natural aggregates to be substituted be determined preliminarily.
Saikia [52], for each class of concrete mix containing PET aggregate, prepared three sub-
classes by replacing 5%, 10%, and 15% in volume of natural aggregates by an equal volume
of each type of PET aggregate. Hannawi et al. [60] analyzed the physical and mechanical
properties of mortars containing 3%, 10%, 20%, and 50% addition of PET plastic as sand
replacement in volume, as shown in Table 4. In [96], the slump and the mechanical strengths
of nine groups of steel-waste PET fiber reinforced mixtures were measured. In this case,
the geometry of the steel and PET fibers were of 28 mm and 30 mm, respectively, while the
substitution percentages were 0.5, 0.75, and 1 for the PET fiber.

To achieve the required volume replacement ratio, it is advisable to compare the
particle size curve obtained from sieving the PET particles with that obtained from sieving
the natural aggregate that has to be replaced [4,55,57]. In this way, each natural aggregate
can be substituted by the corresponding PET aggregate having the same size.

The less common criterion for replacing natural aggregates or supplementing them
with PET aggregates is usually by weight proportion [77]. Abed et al. [51] has used five
different waste PET weight fractions of 0%, 5%, 15%, 25%, and 50% to study the behavior
of cement-based reinforced mortar. Sadrmomtazi et al. [57] studied concretes with PET fine
particle replacement ratios of 5%, 10%, and 15% by weight of the corresponding substituted
natural aggregate.

4.2. Aspect Ratio and Geometries of PET Fibers

The effectiveness of the use of the plastic material depends on different factors, e.g.,
the bond between PET and the matrix made of cement, water, and aggregates. This relates
to two aspects: the geometry [97] and the amount of the PET reinforcement used in the
mix [98]. Regarding the geometry, the reinforcement can be added using different shapes:
particles, square-shaped flakes or strips [99]. For each shape type of PET, partly because
of the difficulty in controlling the exact position of these fibers within the cementitious
material, the random distribution results in the most effective reinforcement, in which the
fibers overlap and intersect themselves without remaining isolated [100].

Marthong and Sarma, in [101], compared the influence of different PET fiber geome-
tries on the behavior of concrete. Their research affirms that the mechanical properties of
concrete mixtures progressively increase with the use of straight slit sheet PET fiber, flat-
tened end slit sheet fiber, deformed slit sheet fiber, and crimped end sheet fiber in a volume
percentage of 0.5%. Figure 6 shows the differences in geometry and in the dimensions
(expressed in cm) of the fibers introduced in the reinforced concrete mixtures.
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Figure 6. Fiber dimensions of different geometries: (a) straight slit sheet, (b) flattened end slit,
(c) deformed slit sheet, and (d) crimped end sheet [101].
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To improve the performance of cementitious mixtures, the dimensions (length, width,
and thickness) of the PET reinforcements taken individually are not as important as the
ratio between them. In other words, the factor that most influences the effectiveness of PET
reinforcement is the difference between its three dimensions. For this reason, the parameter
most commonly used to evaluate an effective interaction between the PET fiber and cement
mixture is the aspect ratio (AR). In [102], test results showed that the higher development
in strength occurs for AR equal to 33. Similarly, Oliveira and Castro-Gomes [34] found
that the use of PET fibers with an AR value of 31 leads to the increase in mechanical
performances. Exceeding this average AR value results in an increasing reduction in the
mechanical properties of reinforced composites [103,104]. According to [105], AR must be
greater than 40 to achieve better mechanical performance.

Different formulations can be used to calculate the AR of fibers with quadrangular
cross-sections, generally starting from an equivalent fiber with a circular cross-section and
its estimated equivalent diameter (d,). So, the AR has been calculated as the ratio of the
fiber length on the d, [106].

Oliveira and Castro-Gomes have used Equation (1) in [34]:

A=t

l l
de oy \/g 2x4/ b—;;c
where [ is the fiber length in mm, d, is the equivalent diameter, A is the fiber cross-section

area in mm?, b is the fiber width, and c is the fiber thickness.
In [104], Meza calculated the fiber d. using Equation (2):

)

4bh
de = 7 (2)

where d, is the equivalent diameter, b is the fiber width, and # is the fiber thickness.

5. Impact of PET on the Physical/Chemical and Mechanical Properties of the
Cementitious Mixtures

5.1. PET in Alkaline Environment

Generally, cementitious mixtures such as those containing Portland cement possess
large amounts of calcium silicates and aluminates. These, in the presence of water, produce
a strongly alkaline solution of calcium hydroxide (Ca(OH);) in which the pH can reach
values of 10-13 [107]. The exposure of PET in an alkaline environment could produce
the hydrolysis of PET by breaking down its chemical bonds. As a result, PET would no
longer be stable but would suffer a reduction in its mechanical properties. The hydrolysis
reaction of PET is described in Figure 7, where PET reacts with two molecules of sodium
hydroxide (NaOH) to form disodium terephthalate (Na2TA) and ethylene glycol (EG).
Afterwards, disodium terephthalate is neutralized with concentrated sulfuric acid (HpSO4)
and precipitates as terephthalic acid (TA) [108].

o)
[
%CHZ*CHZ*O*COC*Oh +  2NaOH ——> NaOOCOCOONa +  HO—CH,—CH,— OH
I
o)

Polyethylene Terephthalate Sodium Hydroxide Disodium Terephthalate Ethylene Glycol
(Stage 1)
NaOOC O COONa +  HyS0, —> HOOC O COOH + Na,SO,
Disodium Terephthalate Solfuric acid Terephthalic acid Sodium Sulfate
(Stage 2)

Figure 7. Hydrolysis of PET.
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Several studies [109-111] have stated how, after hydrolysis of PET, its mechanical
properties are detrimentally affected. Even so, it has not always been proven that the
performance of cementitious mixtures reduces when PET is exposed to an alkaline environ-
ment [112]. Negative effects occur when PET possesses geometries that are not appropriate
for the conglomerate to be reinforced. Therefore, it is true that PET undergoes a slight
reduction in strength after hydrolysis, but within the cementitious mixture, the mechanical
parameters measured in the short and long term do not significantly decrease [113].

5.2. Influence on the Fresh Properties

The workability of cement mixtures is closely correlated to the shape and quantity
of PET reinforcement adopted in the mixture. Regarding the amount and the geometry,
the workability is inversely proportional to the ratio of waste addition and the AR [91].
Regarding the shape, angular and rougher aggregates contain the cement mixture’s worka-
bility [114], while spherical and smoother aggregates tend to enhance it [50,56]. In [115],
for a percentage of substitution in volume of 0.5%, 1%, 1.5%, 2% 2.5%, and 3% of PET fibers
of 10 mm length and a 10, 20 aspect ratio, the slump decreased to 7%, 10%, 13%, 16%, 31%,
and 40% of the original slump value with 0% plastic fiber content, respectively. One of
the causes of reduced workability of PET particles with irregular and sharp shapes is the
hydrophobicity of the material [116]. A decrease in workability can also occur because PET
particles have a larger specific surface area than sand, causing greater friction between the
materials [117]. In [118], melded and shredded fine PET aggregates produced an increase in
the workability of concrete mixes until the percentage of waste plastic substitution of 40%,
beyond which workability declined. Saikia et al. [52] found that the replacement of 5%,
10%, and 15% in volume of the natural aggregate produced a reduction in the workability
of 6% when the plastic aggregates have an angular shape and an increase of 4% for the
replacement of 15%. In [119], the workability of concrete increased by about 40% with
plastic powder and it decreased by about 60% with plastic fibers.

Kassa et al. [120] evaluated the workability of concretes reinforced with PET fibers
100 mm long and 2 mm width with AR equal to a value of 50 and discovered that PET
fibers affect the workability negatively because the latter drastically decreased when the
PET fibers have been added in a percentage of 0.5%, 1.0%, and 1.5%. The value of the
workability of concrete also decreased [121] when using PET reinforcement as aggregate
due to the lack of hydration as well as segregation (caused by poor adhesion between the
binder and the agglomerate [52]).

The hydrophobicity of PET reduces bonding with the cement slurry, generating voids
and reducing workability [122]. As the PET content increased, the fresh concrete plastic-
ity and consistency decreased. The decreasing fall is also attributed to PET aggregates
with sharper edges than natural aggregates [123] because angular PET shapes increase
the friction between particles leading to less workability in the mixtures [124]. On the
contrary, according to [56], the smooth surface and hydrophobic nature (almost zero water
absorption capacity) of plastics led to an increased slump value due to the reduced internal
friction between the plastic particles and the cement matrix. Regarding the shape of PET
reinforcement, fibers are usually more detrimental to workability than particles [125,126].

Air content is an important parameter since the high porosity causes an increase in
water absorption which has a detrimental effect on concrete and mortar [127]. Generally,
the implementation of plastic aggregates such as PET within cement mixtures produces a
slight increase in air content as the replacement ratio increases [128]. The higher air content
is attributed to the tendency of plastic particles to entrap more air in the microcracks and
between the folds of the pieces [129]. In addition, plastic has a lower density and flat
surfaces with sharp edges which allowed more air to be entrapped [130].

5.3. Influence on the Hardened Properties

The use of PET material in concrete and mortar produces a reduction in weight and,
as a result, in density [131], because plastic materials typically weigh less than organic
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aggregates (e.g., sand) [132]. Hence, the relationship between the unit weight of plastic-
modified mixtures and plastic aggregate content is linear with a decreasing trend [5,133].

The replacement of a certain volume of aggregates with an equivalent volume of PET,
as fibers or aggregates, helps to reduce the overall density of the mix [134]. In [135], the
addition of PET fibers led to a slight decrease in density; this reduction remains below 2.0%,
even with a fiber content of 3.0%.

Moreover, the temperature can affect the density; in fact, as shown in the litera-
ture [50,100,136], the increase in temperature significantly decreases this property. The main
advantage of the density reduction is that lightweight concrete in a structure contributes to
a decrease its inertial force and, as a result, the earthquake risk of a building [33].

PET is a waterproof material, for this reason it has a low water absorption capac-
ity [59,107]. Moreover, PET is also a material that neither mixes with the aggregates nor
binds with the water in the cement mixtures, so it remains segregated and reduces the
workability of the final conglomerate. The weak bonding between PET and cement [59],
due to the hydrophobicity of the plastic, is also the cause of an uneven and inconsistent
mixture [137]. For this reason, the workability, compactness, and sorptivity of the cement
mixes with PET decrease [100]. The reduction in sorptivity is an advantageous aspect for
the durability of reinforced concrete structures [138]. Molten PET can form an imperme-
able layer around natural aggregates ensuring less water absorption. In this way, even
though the natural aggregates produce greater porosity, the degree of water absorption
of the PET-reinforced mix is much less than that without PET [139]. On the contrary,
other researchers [33,55,140] have stated that when using waste PET aggregates with a
flaky shape or fine-grain form, along with the air content, water absorption also increases.
The high-water absorption, a consequence of the gain in the porosity of the mortar, enables
water to infiltrate into the cementitious mixture more easily.

Drying shrinkage of concretes and mortars is caused by the evaporation of the water
from the mixtures. This mechanism is one of the main causes of cracking and the increase
in the permeability of cement-based materials [141]. For this reason, it is important to
understand whether the addition of PET reinforcement can reduce this criticality. Several
studies [142-144] show that waste PET reinforcement can reduce drying shrinkage, increas-
ing the compactness of the cementitious conglomerate. In fact, polyethylene terephthalate
recycled fibers from PET waste bottles can be used to control shrinkage cracks in concrete
and mortar [145-147]. Fibers with a higher aspect ratio are generally more effective at
controlling cracking [148].

A significant improvement in minimizing the plastic shrinkage cracking of mortar was
observed in [95] by increasing the fiber volume fraction over a range from 1.0% to 1.50%
for a PET fiber length of 50 mm. The plastic shrinkage cracks disappeared completely at a
fiber volume fraction equal to 1.5% and fiber length of 50 mm.

The advantage of reducing conglomerate shrinkage is the significant increase in the
durability of the material [144,146].

A lower cracking allows a higher concrete part to be considered in the absorption of
loads. The effective reagent part of the concrete increases. Within a reinforced concrete
section, it is possible to consider non-cracked stiffness, which improves the tensile response
of the loaded section. Finally, the smaller opening of the concrete cover cracks produces a
better protection of the reinforcing steel against the ingress of harmful substances such as
chlorides or CO5.

The compressive strength values of these new reinforced materials with PET can be
considered the main critical aspect because the organic aggregate generally has a higher
compressive strength of waste plastic. Thus, partially, or totally replacing a stronger
aggregate (sand) with a less strong aggregate (PET) results in an overall less compressive
strength for the cement mixture [5,149-151]. However, using PET particles with small
dimensions [152-154] and fairly regular shapes, or longer, deformed PET fibers [82], a better
compressive strength comparable to that of concrete without PET can be reached [50,99].
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Figure 8 shows an image of a cubic sample of concrete reinforced with deformable PET
fibers broken by compression. In Figure 9, meanwhile, it is possible to see the reduction
in the 28-day compressive strength of concrete when the amount of PET increases as its
geometry changes.

Figure 8. Deformed fiber-reinforced cube after failure [82].
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Figure 9. Compressive strength of concrete versus incorporation of PET aggregate to replace natural
aggregate [52].

In relation to the curing environment, Ferreira [50] showed how the laboratory condi-
tions or the wet chamber curing guarantee higher compressive strength values compared
to outdoor environment curing. Anyway, as plastic waste aggregates are incorporated into
the concrete, its compressive strength, splitting tensile strength, and modulus of elasticity
decrease, regardless of the type and curing time, or the plastic type.

The weight substitution limit of PET fibers for which there can be a slight increase in
the compressive strength of the material corresponds to 5%; after this threshold, there is
only a gradual reduction in strength [51]. In [115], for 1% of 10 mm PET fibers, the cubic
compressive strength shows a little increase up to 4%vol. of the original strength, while up
to 3%vol., the cubic compressive strength shows a 20% reduction.

In summary, compressive strength slightly decreases with the increase in the waste
material and in the AR. This reduction depends on the weakness of the internal structure
of the concrete, which causes large voids around the fibers [91].
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Some studies state that the use of fine and coarse PET aggregates in a cementitious
mixture produces an increasing reduction in flexural strength as the percentage of plastic
replacement increases [154]. The reduction in flexural strength is attributed to a decrease in
adhesive strength between the surface of waste plastic and the cement matrix [155].

Moreover, Dawood’s studies [156] show that increasing the weight in percentage of
fine and coarse PET particles from 5% to 10% increases the flexural strength to 27.15%
and 30.24%, respectively. Similar results were also confirmed in [45,46,127]. The flexural
strength decreases when the replacement ratio exceeds 10%. This reduction is caused by the
fact that PET particles, being less weighty than natural aggregates, become concentrated
in certain regions of the specimen by accumulating in specific groups. These groups
represent weak points for the conglomerate and, therefore, the areas where specimen
failure begins [156,157].

Moreover, the use of PET fibers, that have a higher tensile strength than natural
aggregates, can increase the tensile strength (and thus the flexural strength) of cementitious
mixtures. This increase can be explained by the fact that plastic fibers work to increase the
bonding of concrete components and operate with a principle similar to the reinforcing
process acting as a conveyor medium for stresses in the cracking area [91]. In [158],
the fibers (30 mm long and 3 mm wide), produced from recycled PET materials and
introduced into concrete at a volume percentage of 1%, increased flexural strength by 9.50%.
As demonstrated by [159], flexural strength is proportional to the increase in the PET fiber
content of the concrete mix. These fibers produce a behavior similar to that produced by
steel fibers in the mix; in fact, they delay the drying shrinkage and improve the connection
of the cementitious paste [160].

The temperature can positively affect the flexural strength of PET fiber-reinforced
mortars because heating them to a temperature close to the melting temperature of PET
(260 °C) results in much higher flexural strengths. However, at 400°, these strengths drop
sharply because of the voids that are generated after the PET has melted, which limit
the adhesion between the fiber and matrix, causing poor tensile stress transfer [100,161].
The use of fine PET as aggregates (max size of 4 mm) combined with the increase in the
temperature from 100 °C to 400 °C leads to a reduction in the flexural and compressive
strength ranging from 30% to 40% [161].

The high value of the tensile strength of PET contributes to increase the ultimate strain
at break of the cementitious mixture [162] and reduce the cracking phenomena [163].

The first effect of the increase in ultimate strain at failure is the rise in ductility of the
cement mixture. As shown in Figure 10, Foti [164] demonstrated that the ductility value
changes significantly as the percentage in weight of fiber varies. In particular, using circular
PET fibers with 0.75% in weight, the ductility of concrete reached the value of 37.88, while
with 1%, it reached the value of 11.73.

> 0 [[TTITIT] specimen 1
g [ZE77] specimen 2
Q2. I mean value
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=N

PET 0.50%
PET 0.75%

Figure 10. Values of pig (=ductility) for the three different fiber contents. Laminated fibrous reinforcement [164].
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The ductility equation is:
Au

Hg = A7y 3)

where Au is the maximum deformation at the centerline and Ay is the deflection at the peak
load.

The second effect of the increase in ultimate strain at failure, so, in ductility, is the
gain of the toughness [165]. In [95], due to the fibers bridging cracks in the matrix, the
toughness of fiber-reinforced mortar was significantly higher than that of plain mortar.
The fiber volume fraction positively affects toughness [166,167]. In [95], increasing the fiber
volume fraction up to 1.5% resulted in a substantial increase in toughness. In Figure 11, it is
shown that fibers 20 mm long at 0.5%, 1.0%, and 1.5% volume fractions produce increases
in toughness of 3.570%, 4.056%, and 4.492%, respectively, compared to fiber-free mortar,
where the increases in toughness, for fibers 50 mm long, were 2.685%, 5.192%, and 6.107%,
respectively [95].
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Figure 11. Comparison of toughness for mortar mixtures with increasing percentage of volume
fraction of PET fibers [95].

Asdollah-Tabar et al. [168] calculated the fracture toughness (K}.) using the following relationship:

B
RB\/7

where P is the maximum failure load, R is the disk radius, a is the half crack length, B is
the sample thickness, and Y is the geometry factor that is a function of crack length to
radius ratio (a/R).

In [168], the fracture toughness increased up to 8.5% and 16.3% when a percentage
of 4% in weight of fine and coarse aggregates were added, respectively. The impact of the
addition of coarse aggregates was more significant than the fine one due to the resistance
produced by the coarse PET aggregate. In general, PET aggregates produce resistance in
front of crack propagation and do not allow the crack to grow readily, and this consequently
causes an increase in the fracture toughness. In general, it can be stated that the increased
plastic energy of PET plastic aggregates leads to enhanced energy absorption properties in
the concrete [169].

The process that leads to an increase in overall ductility (and slight increase in tensile
strength) of the PET fiber-reinforced cementitious mixture is described in Figure 12. When
the cement matrix is stressed by tensile stresses, it cracks. This crack does not continue to
open but sews its fracture as all the tensile stress 0y is absorbed by the bonding fiber.

Ensuring that there is a perfect adhesion between the fiber and matrix, oy, the tensile
stress, must be balanced and transferred to the matrix itself through the 1y contact forces
generated along the outer surface of the fiber. Thus, for the balance of the internal forces
in the material, the 1) shear stress developed in the fiber surroundings will have to be

K[C Y[ (ﬂ R) (4)
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Fiber bridging stress

() relation without fiber rupture:

—— () relationwith fiber rupture

balanced by other stresses. These stresses are those that arise in the cement matrix and
produce other cracks in the mixture. Progressive cracks will be generated (Figure 12b) [170]
and their opening will be contained by other fibers, ensuring an overall greater ultimate
strain (Figure 12c). To ensure the transfer of the tensile stress within multiple sections of
the cement matrix, two requirements must be satisfied [171]:

(I) The strength criterion, which is expressed by the relationship oy > ¢, according to
which the contact surface between fiber and matrix must be strong enough to ensure the
transfer of stresses from one material to the other. In (5), 0y is the tensile strength of the
fiber and o, is the tensile cracking strength of the cement matrix.

(II) The energy criterion, which is expressed by the relationship:

80
J7y = 00do —/0 o(8)ds > Jiip ®)

according to which the crack tip toughness J;;, must be less than the energy J/,, which
corresponds to the development of more cracks.
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Figure 12. Schematic diagram of the bridging stress for multiple cracking and the resulting high
ductility behavior. (a) Bridging stress—single crack opening; (b) fiber bridging stress transfer; and
(c) composite tensile stress—strain [172].

6. Discussion and Conclusions
6.1. Remarks

Although scientific research has explored various aspects concerning the recycling of
plastic materials like PET as reinforcement of cementitious mixtures, there are still several
unexplored areas of this topic.

e  The study of the interaction between PET and cement in order to compact the reinforce-
ment with the matrix, minimizing the number of internal voids. No researcher has yet
found an additive that chemically bonds cement with plastic. Moreover, the hydrophobic
nature of PET makes it not so compatible with mixtures that harden in the presence of
water. Therefore, an additive should be found that reduces the hydrophobicity of PET,
enhancing the chemical interaction between it and the cement matrix.

e  Experimentally, there are several scientific studies performed on PET-reinforced speci-
mens where their performances were compared with equivalent specimens without
PET. However, there is a lack of real examples of existing constructions made with
these cementitious mixtures reinforced with recycled PET. By building simple concrete
structures reinforced with PET, it would be possible to appreciate its effectiveness in
the real operating conditions of a building.

e  The industrialization of the cutting of PET into aggregates or fibers with a precise,
constant geometry is a goal that construction companies have not yet achieved. The ca-
pability of designing the aspect ratio of a fiber or the equivalent diameter of a plastic
aggregate would allow the serial production of the reinforcement material. Machines
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would cut a product that would always be the same. Therefore, the geometric proper-
ties of the reinforcement would remain constant and known to the engineer. With this
background, it would be possible to avoid all mistakes related to the imperfections
resulting from the manual cutting of the recycled product.

e Research in this area investigates the reuse of PET as a reinforcing material applied
in the cement mixture only during the mixing phase but never in the production
phase of the individual components. Plastic waste could be introduced in the cement
production phase to build a sustainable binder. In the same way, natural aggregate
could be processed through a thin layer of liquefied PET. By bringing the plastic to
melting temperature, it would be easy to cast on common concrete aggregates. These
new binders or aggregates would then be mixed with plastic during the earliest stages
of production of the individual material that makes up the cement mix. Cementi-
tious specimens made from these new mix designs could be tested to evaluate their
properties in the fresh and hardened states.

e The latest scientific findings reveal that plastic has gradually contaminated every
ecosystem. Microplastics are everywhere. Over time, the cyclic loads that PET plastic
waste underwent in marine environments caused the rocks of the seabed to bind to the
waste. The formation of these new materials known as plastiglomerates, pyroplastics,
and plasticrusts may become a useful resource for the creation of new sustainable
building materials. Climatic chambers could be used to reproduce the thermal and
pressure stresses that PET underwent as it sedimented on the seabed. Within a short
time, it would be possible to create these new materials that blend waste plastic with
natural rocks or recycled aggregates from construction waste.

Several studies have shown how PET in an alkaline environment can deteriorate by
losing part of its original characteristics. Chemical investigations of molecular structures
can predict the long-term behavior of PET in an alkaline environment. However, only
experimental investigations carried out on cement-reinforced PET specimens can confirm
whether this material undergoes a decay in mechanical performance in the long-term. For
future studies, it is recommended to use accelerated ageing systems that simulate the ageing
process of the specimens by subjecting them to high temperatures, freeze/thaw cycles, and
chemical exposure. Comparing the performance of aged specimens with virgin ones will
make it possible to evaluate the performance of PET reinforcement within cementitious
mixtures over time.

6.2. Conclusions

The use of PET offers several changes in the physical and mechanical properties of
cementitious mixtures. Depending on the specific use of mortars or concretes reinforced
with waste plastic, different dimensional geometries and amounts of PET reinforcement
may be adopted to improve certain properties rather than others.

This article discusses the most recent studies on the reinforcement of cementitious
mixtures with PET introduced in different forms, with aggregate or fiber function. It was
seen how each property in the fresh state or in the hardened state changes in relation to the
size and specific function that PET takes on in the mixture.

This review focused on the most important fresh-state physical properties of a mortar
or concrete mix reinforced with waste PET materials, i.e., workability and air content. Then,
the properties in the hardened state (density, water absorption, and shrinkage) that affect the
mechanical performance (compressive strength, flexural strength, ductility, and toughness)
of the materials were analyzed. In addition, other equally significant characteristics of
cementitious mixtures could be investigated, such as carbonatation, abrasion resistance,
and hardness.

For the same PET waste plastic material, under the same temperature and pressure
conditions, it was observed that conglomerate characteristics changed with respect to the
following geometric quantities of a single PET element: (I) length L; (II) width w; (III)
thickness t; (IV) equivalent diameter d,; and (V) quantity 1%°0.
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The interaction existing between the PET plastic aggregate and the cement matrix also
depends on the shape of the aggregate and the existing relationship between its dimensions.
This happens both when PET is an aggregate and when it is a fiber. However, when PET is
an aggregate, the two shapes most used in studies are rougher and angular and spherical
and smoother. When PET is a fiber, on the other hand, the parameter that influences the
interaction between the materials is the aspect ratio (AR).

It is possible to compare the reinforcing function of PET to the reinforcing function
of steel in concrete [173], although the two materials do not have the same ability to
interact together. In fact, while steel has a good chemical affinity with concrete, PET has
dissimilarities. It can be stated that the reduction in mechanical properties of PET fiber-
reinforced cement composites depends on the poor bonding between the cement and waste
plastic [59,122,174] and on the weak affinity between plastic and water, which is repelled
from the cementitious matrix [51]. However, although most experimental evidence does not
demonstrate chemical affinities between PET and the cementitious matrix, the effectiveness
of plastic reinforcement results from the shape-mechanical interaction it exhibits with
cementitious mixtures. For this reason, it is possible to summarize the benefits of PET
reinforcement in mortars and concretes as follows:

o  Workability increases with smooth, circular PET aggregates because of the reduction
in friction existing between the plastic and cementitious matrix.

e  Asthe percentage of PET increases, the air content tends to increase since plastic has a
hydrophobic nature, so it does not bind with water, leaving porosity in the mix.

e  Density tends to decrease as the percentage of PET increases since it is a lighter material
than natural aggregate. Weight reduction is a great advantage for the structural
material as it saves costs and provides structural lightness. The latter aspect underlies
the reduction in inertial force and is therefore critical in seismic zones, where seismic
action is directly proportional to the increase in structural mass.

e  Water absorption is generally reduced due to the hydrophobic nature of PET. However,
by using flaky particles, it is possible to have an increase in water absorption due to
the increase in porosity, which produces an increase in the volume of voids within
which water can easily infiltrate.

e  The contribution of PET in the form of fibers produces a reduction in material shrinkage
because the interaction between the plastic and cement matrix can hold back the
opening of any cracks produced by shrinkage. In fact, a PET fiber acts as a seam
when two edges of the mix move apart. This is a big advantage in that it produces an
increase in the durability of mortars and concretes.

e By using PET in the form of particles with small sizes and a regular shapes, a slight
increase in compressive strength can be achieved. Generally, the threshold limit value for
obtaining benefits in terms of mechanical strength is a percentage equal to 5% by weight.

e  While the introduction in the form of PET aggregate does not always produce an
increase in flexural strength, the use of fibers always succeeds in increasing this
parameter. The behavior that these fibers produce is like that produced by steel rods
within reinforced concrete. In addition, the increase in temperature below the melting
temperature of PET has a beneficial effect in increasing the flexural strength.

e  The stitching effect of PET fibers is able to restrain the opening of cracks when the
concrete mix goes into tension, delaying failure. This property increases both ductility
and toughness.

e  Comparing the CO, emissions associated with the production and transport of natural
aggregates used to manufacture concrete mixes with those of PET plastic aggregates,
it can be stated that this solution is more environmentally sustainable. It was found
that the CO, consumption of a conventional concrete building is higher than that of
the corresponding concrete building with PET.

Finally, the reinforcement by PET, produced from plastic waste materials (such as plas-
tic bottles), is a useful strategy for improving the characteristics of mortars and concretes.
The rational introduction of PET elements in the form of fibers or aggregates designed with
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a specific geometry could be a sustainable solution to reduce the ever-increasing amount
of plastic in landfills. Furthermore, its employment is an interesting alternative to using a
material with reduced durability and high specific weight such as steel.
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