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Abstract: The inadequate disposal of household appliances by consumers and industries have
annually been generating enormous amounts of polymeric waste (PW). So, the interest in reuse of PW
in civil construction has increased. The production of new cementitious materials, such as concrete
with PW, proves to be a promising solution to inappropriate disposal of this waste. In this study,
self-compacting concrete (SCC) was developed with partial replacement of the coarse aggregates
by polymeric waste (PW) from the recycling of refrigerators. In the SCC reference mixture, Portland
cement, silica fume, sand, gravel and superplasticizer were used. The study also grouped the gravel
as replaced by 5%, 10%, 15% and 20% of PW. In order to analyze the samples, the following tests were
used: spreading, viscosity, passing ability, compressive strength, tensile strength, microstructure,
modulus of elasticity, specific gravity, absorption, voids index and electrical resistivity. The SCC
found showed adequate homogeneity and viscosity, staying within the normative parameters.
The mechanical resistance was above 20 MPa; specific mass between 1870 to 2260 kg/m3; modulus of
elasticity ranged from 34 to 14 GPa; and electrical resistivity between 319 to 420 ohm.m. Due to the
mechanical resistance, the SCC with PW can be used for structural purposes and densely reinforced
structures such as pillars, beams and foundation elements.

Keywords: concrete; mechanical properties; polymeric waste; recycled aggregates; recycled concrete
aggregate; self-compacting concrete

1. Introduction

Nowadays, concrete is the most widely used construction material worldwide. Technological
advances have enabled several advances in the sustainable construction market that has become an
indispensable part of civilization [1]. The rapid growth of the world population and the spread of
urbanization drove the development of the civil construction industry. As such, there exists a great
demand for natural aggregates, such as sand and gravel. The rate of extraction of natural raw materials
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is greater than the resources’ natural recovery, and this became an environmental problem. For that
reason, it is essential that alternative sources of recycled materials be used in concrete [1].

Electronic products are an integral part of people’s daily lives and promote more comfort, safety
and ease of obtaining information. The waste generated by electronic products can cause damage
to human health and require care during disposal to avoid adverse impact. The treatment of these
residues is complex because they often contain toxic chemical elements such as lead, cadmium, mercury,
belirium and phosphorus compounds. However, waste of this nature can be incorporated into concrete
to aid environmental sustainability [2].

The category of electrical and electronic equipment waste is one of the fastest growing around the
world [2]. The annual consumption of plastic material in the world grew rapidly from 1.5 million tons
in 1950 to approximately 322 million tons in 2015 [3]. This challenging reality demands a sustainable
approach to preserve the environment by infrastructure projects, conservation of natural resources and
reduction of waste disposed of in inappropriate landfills [4].

Plastic or material composed of polymers is the artificial material most commonly used in the
world after steel and cement [5]. According to the nature of polymeric waste, plastic materials can be
treated in three ways: landfill, incineration and recycling. Besides, the use of plastic products can only
be reduced to a certain extent. So, it is necessary for recycled plastic materials to help decrease the
demand for raw materials [6].

In particular, plastic materials disposal into landfills produce greenhouse gases; however, using
different solid waste polymeric recycling methods can be applied to convert them into sustainable
applications. In addition, the large-scale disposal of plastic material in these places represents a great
waste of strong energy and raw materials [7].

The waste used in this research comes from the recycling of crushed refrigerators, which is an
abundant and low-cost resource. The use of self-compacting concrete (SCC) with polymer waste in
the fresh state causes loss of workability, passing ability and ability to fill in the form of work [8].
In the hardened state, the polymer waste tends to decrease the mechanical strength, stiffness and
specific gravity of the concrete, but tends to increase the porosity and/or void index [9]. Plastic fibers
in percentage values close to 3% by volume can increase the mechanical strength. The use of plastic
waste in particle format tends to worsen the workability of the concrete in the fresh state [10]. The use
of particulate plastic waste in certain substitution ranges as an aggregate in the concrete can promote
better values of workability and spreading [11]. However, the mechanical resistance is compromised by
the incorporation of plastic waste [12]. The use of electronic waste can promote mechanical resistance
in certain replacement ranges when using aggregates in concrete and is an appropriate disposal method
for this waste [13].

SCC with polymeric residues in certain substitution ranges presents characteristics in the fresh
state like loss of workability and segregation of the aggregates. SCC with polymeric residues presents
characteristics in the fresh state, such as loss of workability and segregation of the aggregates in certain
substitution ranges. In the hardened state, when increasing the rate of substitution of the natural
aggregate, for the polymeric aggregate there occurs a loss in mechanical resistance and alteration of its
physical properties [14]. It happens when replacing the fine aggregate with plastic waste.

In short, self-compacting concrete (SCC) with polymeric residues is a composite that integrates
the workability qualities of SCC with the reuse of polymeric residues that would be discarded and
rendered useless in the environment [12]. Studies also have been showing that an SCC with polymeric
residues is feasible to be produced and used on a large scale in the composition of structural and
non-structural elements.

There are several situations in civil construction where structural elements, such as beams, pillars
and slabs, need to be rehabilitated or recovered. Old structures or structures that have received some
types of damage or structures that must handle new loads often must be reinforced to extend their
useful life. Fortunately, there are different techniques that have been developed to strengthen structural
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members [15]. It is precisely in this context that SCC is frequently used; its unique characteristics are
explored in order to supply the needs that this unconventional application can offer.

SCC is a special type of concrete that can be applied in various situations in civil construction.
The repair and rehabilitation of structures is a field of application of the SCC due to its characteristics
of good workability, remarkable filling and passage capacity that make SCC an ideal material for
the rehabilitation of damaged concrete parts, restoring the continuity and homogeneity of structural
elements [16]. In addition, the SCC flows through the reinforcements without causing a vacuum in the
element or any discontinuity in the interface between the existing and the new concrete. Therefore,
the use of SCC in most situations of reinforcement and repair or rehabilitation is desirable. In a
study developed by [17], they used SCC in the reinforcement of damaged, reinforced concrete beams
undergoing a bending test. The study considered damaged beams in which a U-shaped reinforced
concrete SCC liner or liner was made. It can be seen that the use of SCC for this type of application is a
promising rehabilitation technique. In a study developed by [18], they investigated the reinforcement
of reinforced concrete beams that were damaged and later reinforced and by coatings composed of
SCC under different support loads. In this scenario, the author can conclude that the use of such a
technique generates substantial benefits to the strength of the restored beam.

This study investigates an alternative to producing SCC with polymeric waste, by partial
replacement of the coarse aggregate while the substitution of the fine aggregate is usually used.
In addition, waste recycling of refrigerators can be obtained from a large amount of waste worldwide.
So, the effect of partial substitution of the coarse aggregate (CA) with polymeric waste (PW) in SCC is
explored and its characteristics in the fresh and hardened state are evaluated to verify its behavior and
possible trends. Besides, the experimental results of the mixtures are compared with each other in order
to evaluate the achievement of the SCC with PW partially replacing the CA, and then characterizing
the main properties in the fresh and hardened states. No other studies were found that use exactly the
residue used in this study, which is a hodgepodge of polymers from the recycling of refrigerators.

2. Materials and Experimental Program

The materials used in this study were selected and characterized before the concrete mixtures
were made. After the production of the concretes, they were subjected to tests in the fresh state and
shortly after curing the concretes were subjected to tests in the hardened state. These procedures were
carried out following normative recommendations and were carried out at the Construction Materials
Laboratory of the Federal University of Itajuba, UNIFEL

2.1. Materials

The Portland cement used was of the high initial strength type supplied by the company Votorantim
Cimentos Brazil ltda. It has a specific mass of 3.09 g/cm3; unit mass of 1.04 g/cm3; specific area of
350 m?/kg; compressive strength at 7 days of 47.5 MPa and at 28 days of 56 MPa; as well as starting
time of 140 min and final of 205 min—this information was provided by the supplier.

Silica fume is a fine powder that was used in SCC mixtures to react with calcium hydroxide and
produce concrete with greater mechanical resistance, and to increase cohesion and reduce the sensitivity
of the change to the addition of water. The silica used has a specific mass of 2.20 g/cm?, a silica oxide
content greater than 90% by mass and a specific surface area of approximately 19,000 m?/kg; the
spherical particle shapes and the silica fume used in this study were supplied by Tecnosil Ltda and all
characterization information was provided by the company.

The superplasticizer (SPA) was the only chemical additive used in the SCC mixtures, provided by
the company Silicon ltda. The SPA reduces the demand for water to achieve adequate workability [19].
It has a pH of 3.5 to 5.5, has a brown and honey color, a specific mass from 1.06 to 1.10 g/cm? and is
soluble in water; this information was provided by the supplier.

Local sand and gravel were used as aggregates. Most of the sand in the southern region of Minas
Gerais, Brazil, comes from river sources and has a major composition of sedimentary rocks, such as
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sandstone and quartzite. The gravel comes from quarries and has mostly a limestone and quartzite
composition [20]. The water (potable) used came from the public supply network in the southern
region of Minas Gerais, Brazil, supplied by the company COPASA.

2.2. Polymeric Waste

The polymeric residues used in the research come from the recycling of unused and discarded
refrigerators. The Company Fox Ltda collects several appliances and electronics for each equipment,
proceeds with a type of recycling of the constituent materials. The use of refrigerator residues was
chosen to partially replace the coarse aggregate, because these residues are difficult to recycle by other
conventional methods, as it consists of several types of polymers. Table 1 shows a summary of the
sequence of steps for recycling refrigerators adopted by Fox Ltda.

Table 1. Tests for the characterization of the aggregates.

Aggregate Characterization Test Standard
Granulometry ABNT NBR NM 248:2003
Fine aggregate Specific mass, unit mass ~ ABNT NBR NM 52:2009
Physical Absorption ABNT NBR NM 30:2001
characterization Granulometry ABNT NBR NM 248:2003
Coarse aggregate Specific mass, unit mass
Polymeric waste P » ” ABNT NBR NM 53:2009
absorption
Chem.lcal. Polymeric waste Infrared spectroscopy ASTM D2702-05: 2016
characterization
Classification as ABNT NBR 10004:2004
Classification Polymeric waste . and CONAMA n°
solid waste 313:2002

In Step A, the removal and separation of parts in good condition occurs; in Step B, the refrigerators
are prepared and positioned for recycling; in Step C, removing greenhouse gases from the refrigerator;
in Step D, the refrigerator is sent for crushing; in step E, the refrigerator is crushed; in Step F, the materials
are separated; in step G, the material is stored; and in step H, tubes and tanks for the treatment of
greenhouse gases are shown. The PW used in this study is only plastic parts of the refrigerators and
does not contain metallic or ceramic materials common in refrigerators. All waste sorting is carried out
in stages organized by the company Fox Itda.

It is worth highlighting the separation method used in the production of PW. Before Step G,
the ferromagnetic metals are separated by a magnetizing effect, and then the material is sent to a
centrifugation tank with water. As a result, all metals are separated from the PW. Still in this stage,
the most dense polymers (used in this work) from the lightest are separated by decantation.

The PW used in this study as an aggregate of concrete was collected in the form shown in Step
G of Figure 1. It is possible to verify that the PW is formed by several polymers, a fact that makes it
difficult to recycle by conventional methods, because the cost of separation in each singular polymer
would be impracticable.

The tests described in Table 1 characterize the aggregate materials used in this study. It allows to
dose the concrete mixtures by following the procedures of the adopted mixing method.
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Figure 1. Refrigerator recycling steps by Fox Ltda industries:
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(a) initial refrigerator cleaning;

(b) positioning the refrigerator for recycling; (c) removal of greenhouse gases; (d) refrigerator is

sent for crushing; (e) refrigerator crunch; (f) separation of crushed materials; (g) storage of materials;

(h) tanks for the treatment of the gases.
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In the granulometry tests, approximately 500 g of the sample were separated and kept in an oven
for 24 h at a temperature of 105 + 5 °C. After this period, the dry sample was sieved using sieves of the
normal series. Through the weight of the material retained and accumulated in the sieves, the graphs
were drawn and the indexes of fineness modulus and maximum diameter of the aggregate were
calculated. In the specific mass, unit mass and absorption tests, 3 samples were separated by batches
of concrete, in which the saturated mass was measured at room temperature of 24 + 2 °C, the dry mass
after 24 h in the oven at 105 + 5 °C, and the mass submerged in drinking water at a room temperature
of 24 +2°C.

For the infrared spectroscopy tests, fragments of the lamellar-shaped sample of dimensions
1 cm X 1 cm and thickness of 3 mm were separated. A Trasffinity-1S spectrometer with coupled total
reflectance attenuation was used by means of which it was possible to assign the absorption bands
characteristic of the spectrum for each tested residue.

The classification as a solid waste by ABNT NBR 10004: 2004 was carried out by means of visual
inspection and through which the waste can be classified as Class II or III and Code A007 or A00S;
the wastes from the polymerized process were plastics and rubber wastes.

2.3. Mixing Method

The mixtures of the concrete were based on guidelines from [21] and studies carried out by [22].
Thus, the ideal mixture mix for the concrete was achieved after several experimental tests that included
a water/cement ratio of 0.42, cement consumption close 450 kg/m? and partial replacement of gravel by
PW up to 20%. The chemical additive SPA was introduced in the mixture in an amount of 1.5% with
respect to the cement mass to ensure the ability to flow, resist and segregate the SCC. Silica fume was
also used as a fine material to ensure better mechanical strength and workability. As can be seen in
Table 2, the control mix without PW (M0) was developed for comparison between the mixtures with
PW that were dosed in mass and with respect to gravel. There were four mixes with PW: 5% PW (M5),
10% PW (M10), 15% PW (M15) and 20% PW (M20). Figure 2 also shows the separated materials for the
concrete mixes.

ica fume

Polymeric Waste
(a) (b)

Figure 2. Agglomerate materials: cement and silica; natural aggregates: sand and gravel; artificial

aggregates: polymeric waste and water. (a) All materials used in the mixtures and (b) weighing of the
polymeric waste for concrete mixing.
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Table 2. Mixture proportions of the self-compacting concrete.

Mixtures % PW C SPA FA CA PW SPA Water

MO 0% 1 01 16 14 0 0.015 042
M5 5% 1 01 16 133 0.07 0015 042
M10 10% 1 01 16 126 014 0015 042
M15 15% 1 01 16 119 021 0015 042
M20 20% 1 01 16 112 028 0015 042

2.4. Preparation of the Recycled Aggregates and Concrete Specimens

For use in concrete mixtures, the PWs were separated and cleaned with water in order to remove
any unwanted impurities or reactive materials. After the granulometry test, the PWs were also sieved
in the granulometry between 4.8 to 9.5 mm to correspond to the granulometry of the gravel used and
the removal of the powdery material. Therefore, no special treatment was performed for its use in the
SCC. Each concrete mix was molded in cylinders 100 mm x 200 mm and then unmolded after 24 h and
placed in a room with a controlled humidifier for curing at room a temperature of 24 + 2 °C until the
mechanical tests of 7 and 28 days according to [23]. The materials for making the SCC were mixed in a
concrete mixing machine model CSM 145/CS 145 with rotation on an inclined axis. First, fine-grained
aggregates such as cement, silica fume and sand plus half of the mixing water and the SPA were added.
Soon afterwards, the coarse-grained materials, such as the crushed limestone, PW and the rest of the
water, were added. Each stage lasted approximately 10 min.

2.5. Testing Procedures

Fresh state test: The tests in the fresh state of the SCC were carried out in accordance with [24-26].
The tests carried out were as follows: determination of spreading, the flow time (T500) that measures
satisfactory flow capacity, fluidity, resistance to segregation and exudation of the SCC. A viscosity
determination test (V-funnel) was also carried out, which measures the viscosity and fluidity of the
SCC. A test of determination of the passing ability (L-box) that measures the fluidity, cohesion and
passing ability of the SCC was also carried out.

Hardened state test: Compression strength tests were performed at 7 and 28 days of cure and
tensile strength at 28 days of cure. A hydraulic loading machine from the brand Time testing machines
(universal electric and hydraulic testing machine, and a computer-controlled servo), model WAW-1000C,
with a load capacity 1000 ton were used for the tests. The tests were performed according to the
respective standards [23,27].

Dynamic elastic modulus (Ed) tests were carried out with the impulse excitation technique (TEI)
at 28 days of cure, based on a previous study [28]. Using the method proposed by [29], the respective
static elastic modulus (Ec) was also calculated. The model proposed by [29] makes use of Equation (1),
in which the static elastic modulus is calculated by the dynamic elastic modulus.

Ec = k+Ed"xp? D

where k is a constant that depends on the units used (k is equal to 0.107 when the module is given in Pa
and the density in kg/m?) and p is the density of the concrete.

The electrical resistance test of the concrete was also performed at 28 days of curing, in which the
test piece (100 mm X 200 mm) is positioned between two resistors and is then subjected to the passage
of electrical current. The potential difference and the current are recorded and used to calculate the
electrical resistivity, according to the procedure of [30].

Specific mass, absorption and voids index tests were performed according to [31] for the specimens
(100 mm x 200 mm) of 28 days of age. In this test, the specimens were immersed in water at a
temperature of 20 + 2 °C for 24 h and the immersed mass of the samples were measured with a
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hydrostatic balance. Then, the saturated mass of the samples in a saturated surface situation was
measured. Finally, the samples went to an oven at 100 + 5 °C for 24 h and the dry mass of the sample was
measured. Microstructure analyses were performed using fragments selected from the SCC samples.
The equipment used for the analysis of the microstructure was a scanning electronic microstructure
(SEM) type, using model equipment (Zeiss, model EVO MA15).

3. Results and Discussions

3.1. Characterization of the Materials

The polymeric residue (PW) was used as a partial substitute for the coarse aggregate (CA).
Figure 3a shows six main types of waste particles that appear in the samples and that are irregular
and lamellar in shape. These six particles were chemically characterized, and the result is shown
in Table 3 and Figure 3b; it is together with the granulometry of the fine aggregate (FA) and coarse
aggregate (CA). The chemical composition and visual aspects of the PW are shown in Table 3, where it
is possible to observe that the PW is formed by a set of particles of polyurethane (PU) and polyester
(PES) in varying percentages. To carry out this characterization, 5 kg of the sample were separated.
Table 4 shows the result of the granulometry test, Fineness module, Specific gravity, Absorption and
Classification for PW, FA and CA.

==¢==Polymeric waste (PW)
== Fine aggregate
coarse aggregate

100 @
80 iw\l

60

40
20 |
0 \ils-r = Ny
0 2 4 6 8 10

Sieve opening (mm)

% Accumulated quantity

(a) (b)

Figure 3. (a) Polymeric waste (PW) samples classified by visual characteristics; and (b) the granulometry
distribution of the aggregates.

Table 3. Characterization of the polymeric residue contained in a 5 kg sample.

Samples Chemical Analysis Composition Physical and Visual Appearance

1 Polyurethane (PU) 31% Opaque; White; smooth surface; ductile; hard
o Opaque; strong gray; rough surface;

2 Polyurethane (PU) 13% ductile; hard

3 Polyurethane (PU) 24% Opaque; black; rough surface; ductile; soft
o Translucent; strong gray; smooth surface;

4 Polyester (PES) 21% ductile; hard
o Translucent; light gray; smooth surface;

5 Polyester (PES) 6% ductile; hard

6 Polyester (PES) 4% Transparent; smooth surface; fragile; hard
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Table 4. Properties of the polymeric waste (PW), fine aggregate and coarse aggregate.

Sieve Opening (mm) Polymeric Waste Fine Aggregate Coarse Aggregate
% Accumulated % Accumulated % Accumulated
9.5 0.00 0.00 4.0
4.8 56.00 0.00 71.00
24 88.00 1.00 83.00
1.2 95.00 7.00 91.00
0.6 98.00 14.00 95.00
0.3 99.00 58.00 97.00
0.15 100.00 96.00 98.00
<0.15 100.00 100.00 100.00
Dmax (mm) 9.50 24 9.50
Fineness module 5.37 2.6 6.39
Specific gravity (g/cm?) 1.33 2.67 2.88
Absorption 1.50 2.50 2.00
Classification ! CONAMA: Class II Lower usable zone Zone 4.75/12.50

or II—A007 E A008
T CONAMA: National Environment Council (Brazil).

3.2. SCC in Fresh Condition

Figure 4 shows a summary of the results in the fresh state for the SCC. In general, it is possible
to observe a decrease in fall time or plastic viscosity and an improvement in passing ability. By the
slump flow test, Figure 4a, the SCC is classified as SF3, being indicated for structures with a high
reinforcement density and/or in a complex architectural form; for example, pillar walls and diaphragm
walls [32]. In this test, an increase in the spreading diameter of 1% for M5, 2% for M10 and M15 and 6%
for M20 was observed in relation to the reference sample. In the Flow time (T500) test, Figure 4b, the
SCC with residue is classified as VS1, being suitable for applications such as beams and columns [32].
The spreading time decrease by 11% for M5, M10 and M15 and 22% for M20. In the plastic viscosity
test, Funnel V (Figure 4c), the SCC is classified as VF1 [26]. Furthermore, there was a loss in viscosity
represented by the variation in the fall time; the decreases were 6% for M5, M10 and M15 and 25%
for M20. In the passage skill test, box L (Figure 4d), the SCC is classified as PL2, with an H1/H2 ratio
greater than 0.80 [25]. It is recommended for structural elements with a high reinforcement density and
inlays; for example, diaphragm walls, pillar walls and the precast and exposed concrete industries [25].
In this test, there was an increase in the passing ability represented by the increase in the ratio between
H1 and H2, with an increase of 6% for M5, 12% for M10 and 15% for M15 and M20.
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Figure 4. Behavior of the self-compacting concrete (SCC) by incorporation of PW: (a) slump flow test;
(b) flow time (T500) test; (c) flow time (funnel V) test; and (d) passing skill (L-box) test.

Studies carried out by other authors [33-36] obtained results that, in general, have the same
tendency to improve the workability of the SCC with waste of polymeric origin, in certain incorporation
ranges. The SCC workability gain due to the increase in the incorporation of PW can be attributed to
the replacement of the natural aggregate by PW. The PW has less surface roughness and less weight per
unit area, and as a result there is less internal friction on the fresh concrete [33]. For [35], the different
properties of polymeric residues, such as surface texture, shape and size, can influence the divergence
of results found in the literature. For [34], the shape of the particles that replace the natural aggregates
is the main variable that influences the behavior in the fresh state of the SCC.

The most relevant characteristics that certainly must be taken into account to explain the behavior
of SCC with PW is the surface roughness of the residue and its low specific gravity when compared to
natural gravel, as well as its use in the form of particles to replace the natural coarse aggregate [37].
The PW has a smooth and polished surface compared to the natural gravel surface, which is rough and
irregular. Thus, the surface of the PW does not adhere properly with the mixing water and impairs the
formation of the transition zone on the interface. The PW has a hydrophobic behavior, as rubber, and
acts to reduce the concrete flow stress [37]. Images of the moment of execution of the tests in the fresh
state are shown in Figure 5.



Sustainability 2020, 12, 8731 11 of 19

(c) (d)

Figure 5. Fresh tests for the SCC with PW: (a) slump flow test for M5; (b) slump flow test for M10;
(c) flow time (funnel V) test; and (d) passing skill (L-box) test.

3.3. SCC in Hardened Condition

3.3.1. Mechanical Resistance and Microstructure

Based on the results of the compressive strength shown in Figure 6a, the replacement of crushed
stone by PW causes a decrease in the axial compression strength in concrete with 7 days of curing,
as the PW content is increased. This represents a decrease in relation to the reference mixture of
approximately 28% for M5, 43% for M10, 56% for M15 and 63% for M20 (Figure 6a). Meanwhile,
the compressive strength at 28 days of curing decreased from 28% for M5, 33% for M10, 50% for M15
and 57% for M20. Despite the drop in mechanical strength presented, all SCC can be classified as
concrete for structural purposes, according to ABNT NBR 8953: 2015 [38].

Figure 6b shows the tensile strength result of the SCC with PW. There is a decrease in tensile
strength as the substitution of PW increases, representing a decrease with respect to the reference
mixture at the age of 7 days equal to 43% (M5), 51% (M10), 53% (M15) and 65% (M20); and at the age
of 28 days, a decrease equal to 36% (M5), 37% (M10), 50% (M15) and 61% (M20), respectively.
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Figure 6. Mechanical resistance of the SCC by incorporation of PW: (a) compressive strength and
(b) tensile strength.

The results show that the replacement of natural gravel by PW significantly reduces the compressive
strength and tensile strength of the concrete. This is in accordance with several studies in the same
line of research and which showed a tendency to decrease resistance to axial compression with the
incorporation of polymeric residues [11,37,39-45].

Certainly, the decrease in compressive strength is linked to the physical nature and chemical
composition of the PW, which does not adhere properly to the cement mortar, as can be seen in
Figure 7a,b, which shows the microstructural analysis for all SCC mixtures. It is possible to observe
that, as the PW content increases, there is a deterioration in the microstructure with the appearance
of voids, cracks and lack of adhesion between the PW and mortar, especially for M20. The chemical
composition of the PW is basically formed by the polymers, as can be seen in Table 3, in the infrared
spectroscopy test, in which compounds such as particles of polyurethane and polyester have less
mechanical strength than natural gravel. Thus, the presence of an aggregate with less mechanical
resistance and which does not present surface adhesion compromises the mechanical resistance of
the SCC. In Figure 7, the scanning electron microscopy analysis of the transition zone at the interface

between the aggregate and cement paste is shown. It is possible to observe that there is a lack of
adherence between the two phases.

200 pm* IIT - 15,00 KV Sigsal A = ST1
WD - &5 un Mig= X
ECL . URIKEL

Figure 7. Scanning electronic microstructure (SEM) of the SCC with PW: (a) sample with 15% PW and
(b) sample with 20% PW.
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In short, the significant loss of mechanical strength can be related to the gradual replacement of
a coarse aggregate (crushed stone) of a relatively high strength and specific gravity by PW of a low
resistance and low specific gravity that have different behaviors and different chemical compositions [44].
The fact that the polymeric waste has a low adhesion surface with concrete makes the material as
a whole less resistant [40]. Figure 8 shows broken specimens; it is possible to observe the PW in
its composition.

I A At

(@) (b) (©)

Figure 8. SCC samples after destructive testing. Axial compression test (a); diametrical tensile test (b);
and broken sample section (c).

3.3.2. Modulus of Elasticity.

As shown in Figure 9, the dynamic elastic modulus (Ed) and static elastic modulus (Ec) of the
SCC with PW tends to decrease as the content of the replacing gravel with PW increases. There was a
decrease in the dynamic elasticity module by 1% for M5, 12% for M10, 5% for M15 and 58% for M20
and for the static module by 1% for M5, 13% for M10, 1% for M15 and 63% for M20; that is, the concrete
becomes less rigid and these results are proportional to those found in the studies of [10,12,37,45].
This behavior can be explained by the incorporation of PW in concrete, which is a less rigid aggregate
than natural gravel [46]. It is clear that the dynamic elastic modulus is greater than the static elastic
modulus in all situations tested. These results are in accordance with the viscoelastic behavior of the
concrete; that is, its reaction varies according to the deformation rate during a test. In the Ed tests the
strain rates are higher than in the Ec test, so in the Ed test there is less time for stress accommodation
and the greater the slope of the stress—strain curve [47].

A study by [45] makes a comparison between conventional concrete, conventional SCC and
polymer SCC. In this study, the author was able to verify that the SCC with polymer obtained results
of a lower dynamic elasticity module when compared to other concretes. The reduction in the elastic
modulus of the SCC certainly occurs due to the low modulus of elasticity of the polymer added to
the concrete.

The modulus of elasticity is the measure of the stress—strain curve of a material subjected to stress.
The greater the stiffness of a material, the greater its modulus and the more inclined the stress versus
strain curve. Fragile materials with a large modulus allow fewer deformations when compared to
ductile materials that are less rigid [48]. When the less rigid (ductile) material is added to concrete,
such as plastics and rubber, the stress—strain curve is modified in the elastic region, becoming less
inclined in this stretch and thus decreasing the concrete module [46].
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Figure 9. Dynamic and static elasticity modules for the SCC with PW.
3.3.3. Specific Mass, Absorption and Voids Index

As shown in Figure 10a, the specific gravity (p) of the SCC with PW decreases with the increase in
the replacement of crushed stone by PW. Similar results for the specific gravity, absorption and void
index were found in studies of [35,37]. The specific gravity tends to decrease because, according to [49],
the density of the plastic aggregate in general is 70% lighter than the natural aggregate if you compare
the specific gravity of the plastic aggregate used with the sand, 1.34 g/cm3 to 2.61 g/cm?, respectively.
The decrease in specific gravity of the mixtures with PW in relation to the reference mixture is 1.6% to
M5, 3.1% to M10, 5.6% to M15 and 18.6% to M20.

2600 7.0 - m Absorption ™ Voids index 3
_ 2500 - 61 .o °
£ 2400 - 60 | 56 57
E: 2973 0o .
= 2300 - © 22252 5 50 -
= 2200 2167.9 &5
% 2100 - g
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2 1900 | 1870.1 30 4
wn
2.0 -
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(a) (b)

Figure 10. Physical characterization tests of the SCC with PW: (a) specific gravity for the SCC with PW
and (b) water absorption and void index for SCC with PW.
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Figure 10b shows that the values obtained for the absorption and voids index increase with
the addition of PW. Regarding the reference mixture, the following rate of increase occurs for the
absorption test: 2.6% to M5 and M15, and 18.4% to M20. For the void index tests: 1.8% to M5, 8.9% to
M10, 5.2% to M15 and 12% to M20. According to the criteria for assessing the quality of the concretes
presented in Table 5, the SCC can be classified as durable, and only the M20 mixture as the water
absorption that exceeds the value of 4.2% being classified as normal.

Table 5. Criteria for assessing the quality of concrete [49].

Classification Porosity I %  Water Absorption A %

Deficient >15 >6.3
Normal 10to 15 4.2106.3
Durable <10 <4.2

3.3.4. Electrical Resistivity

As shown in Figure 11, the electrical resistance of the SCC with residue tends to decrease as the
content of replacing gravel with PW increases. With respect to the reference mixture, the results show
an increase of 109% to M5, 173% to M10, 145% to M15 and 176% to M20.

_500.0 -
g 417.2 422.0
£ 4000 - 3749
° 319.1
>
i 300.0 -
ko
§ 200.0 4 153.0
E
‘£ 100.0 -
g
=00 -
M15  M20

Figure 11. Electrical resistivity of the SCC by incorporating PW.

In general, the increase in the electrical resistivity of a material represents the increase in the
resistance of this material in relation to the passage of electrical current. Thus, the more insulating the
material in the concrete composition, the greater its electrical resistivity [12].

Concrete is a composite material and its characteristics are the result of the interaction of its
constituents. Thus, when a quantity of non-conductive material, such as PW, is incorporated, it is
natural to have a material with less electrical conductivity as a product. In other words, concrete
becomes a more electrical insulator, more resistant to the passage of electrical currents. These results
are proportional to those found in the studies of [20,21].

The electrical resistance of the concrete is linked to its durability. Through Table 6, we observe
that the corrosion probability of the concrete with PW is negligible since all mixtures with PW obtained
a resistivity greater than 200 ().m.
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Table 6. Corrosion probability as a function of concrete resistivity.

Concrete Resistivity Indications of Corrosion Probability

>200 ohm.m Negligible
100 a 200 ohm.m Low
50 a 100 ohm.m High
<50 ohm.m Very high

4. Conclusions

This study sought to characterize the SCC with PW from the recycling of refrigerators. Since this
polymeric waste is shown to be an environmental liability, we tried to use it as a coarse aggregate in
the SCC. Throughout this study the various properties in the fresh and hardened state of the SCC with
partial replacement of CA by PW were evaluated with five different mixtures. Thus, the following
conclusions can be considered for the study: In the fresh state and compared to the reference mix,
the SCC with PW resulted in a gradual decrease in viscosity with increased fluidity of 1% to 6%;
decreased cohesion of 11% to 22%; and decreased in flow time of 6% to 25%. There is also an
improvement in the passing ability of the SCC with increased PW incorporation of 6% to 15%. In the
mixtures M5 to M20, the concrete remained stable and homogeneous. Therefore, PW as a CA can be
used in SCC to improve the workability in the fresh state in densely reinforced structures, within the
percentages used.

In the hardened state and compared to the reference mix, the SCC with PW showed a decrease in
compressive strength in the order of 28% to 57%. However, it was possible to obtain strengths above
20 MPa after 28 days of curing, and a decrease in tensile strength by 36% to 61% with tensile strength
values of 5 to 2 MPa at 28 days of curing.

There was a decrease in the dynamic elastic modulus from 34 GPa to 14 GPa with an increase in
the incorporation of PW, which varied from 1% to M5 to 58% to M20 at 28 days of curing. Samples with
5% and 15% PW showed better results of the dynamic elastic modulus. The static elasticity module
varies from 25.9 GPa to M5 9.5 GPa, which represents a percentage 1% to 63% decrease.

The specific mass decreased with the increase in the incorporation of PW, varying from 1870 to
2260 kg/m?, which represents a decrease of 1.6% to 18.9%. The concrete showed an increase in water
absorption from 5.7% to 6.3% and an increase in the volume of voids from 3.9% to 4.5% after 28 days
of curing. The sample with 20% PW showed better results in specific mass. The best results for the
volume of several and incorporation of air were from samples M5. The electrical resistivity of the
concrete increased from 109% to 176% with an increase in the incorporation of PW; the best results are
from the M10 and M20 samples.

As for the objectives initially proposed, it can be said that it was possible to produce an SCC with
this kind of polymeric waste. The main characteristics of the SCC were also characterized in the fresh
and hardened state. It was possible to verify that the SCC produced shows itself in adequate contours
of fluidity and cohesion to be applied in densely reinforced and prefabricated structures.

The mixtures developed as well as the characterizations performed were able to contribute to
obtain a final product that met the normative expectations for an SCC with PW. This can be used in
applications of non-structural and structural elements, namely, densely reinforced and prefabricated
concrete structures. In addition, the final product resulted in a concrete with better electrical insulation,
less rigidity and reduced weight per unit area.

We suggest future studies on concrete with polymeric residues of electronics that characterize
durability use different types of particle sizes; in addition to varying the composition of the fine and
coarse aggregates and the water—cement ratio. The application of this concrete in structural elements
can be performed as a case study, as well as the simulation of complete structures using concrete with
polymeric residues.
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