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Abstract: This study aims to determine the durability of concrete, in which plastic chips originating from the casing
and enclosures of small electronic items are used as a part of coarse natural aggregate. The following three
amounts were used: 50%, 70%, and 90% of the aggregate by volume. The concretes were tested after 28 days of
standard curing as well as after exposure to physical (25 freeze-thaw cycles and 25 wet-dry cycles) and chemical
(HCI, MgS0s, and NaOH) aggressive influences. Durability was evaluated based on changes in both flexural and
compressive strength after exposure. The results of the corrosion resistance tests confirm the different types of
behavior of the samples, depending on the relative proportion of the plastic aggregate. In terms of a comprehensive
evaluation of the experiment, the greatest potential was found in concrete with 50% plastic chips, which can be
defined as lightweight-low strength concrete. However, the specific compressive strength (strength to density ratio)
increased with increasing amounts of plastic aggregate, which is a good standpoint for recycling this waste if
specific applications are identified that can accept the technical limits of this material while using the positive
parameters that could be useful for the application.

Keywords: Electronic waste plastic aggregate (EWPA); durability; freeze-thaw resistance; wet-dry resistance;
chemical resistance.
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1 INTRODUCTION

In the past few decades, there has been significant consumption of plastic products worldwide, which has
contributed to the high production of plastic waste [1]. Many plastic products, such as PET bottles, are only used
for a short period. Many experimental studies have focused on the use of plastic waste as an alternative raw
material in mortar or concrete mixtures. In their study, the authors used plastic waste in two forms: fibers [2-4] and
aggregates (granules, chips, etc.) [5-10]. The types of plastics are polyethylene terephthalate (PET),
polyvinylchloride (PVC), low-density polyethylene (LDPE), and high-density polyethylene (HDPE) [1].

The application of plastic waste in the form of fibers was addressed by Bui et al. [2]. Fibers prepared from
PET bottles (RPET) and woven plastic sacks (RWS) were used for reinforcing recycled aggregate concrete (RAC).
They found that RPET fibers performed better than RWS fibers. Both RWS and RPET fibers improved the post-
cracking behavior and ductility capacity of RAC, as well as the splitting tensile strength and shear strength. The
fibers resulting from cutting PET bottles were also studied by Al-Hadithi et al. [3]. They attempted to detect the
properties of self-compacting concrete (SCC) by adding these fibers. The results of the test showed that the plastic
fibers have an adverse effect on the fresh properties of the SCC, but an improvement in the hardened properties
was observed. PeSi¢ et al. [4] studied the application of high-density polyethylene (HDPE) fibers; their source was
amixed stock, including various post-consumer wastes (mainly home appliances). They found that the compressive
strength and modulus of elasticity of concrete did not improve with the addition of HDPE fibers, while flexural
toughness, water permeability, and early plastic shrinkage significantly improved.

The application of plastic waste as a plastic aggregate (PA) was studied by Safi et al. [5]. They focused on
recycled PET coming from bags, manufactured as fine aggregate, in the production of self-compacting mortars
instead of sand. The sand was replaced with recycled PET at weight amounts of 0%, 10%, 20%, 30%, and 50%.
The results of the mechanical tests showed that the compressive strength at 28 days of self-compacting mortar
containing up to 50% of plastic waste was acceptable for lightweight mortars with a bulk density of 1 500 kg.m-.
The reduction in the compressive strength was between 15% and 33% for mortars containing 20%-50% plastic
waste. PET granules were also used by Albano et al. [6]. They studied the mechanical behavior of concrete and
found that concrete mixtures containing PET granules showed a reduction in compressive strength, splitting tensile
strength, and modulus of elasticity.

Kou et al. [7] investigated the properties of fresh and hardened concrete, which were prepared using recycled
plastic waste sourced from scrapped PVC pipes to replace river sand as fine aggregates. River sand was partially
replaced by PVC granules in percentages of 0%, 5%, 15%, 30%, and 45% by volume. They found that the
workability, density, compressive strength, and splitting tensile strength of lightweight aggregate concrete were
reduced, while the ductility, drying shrinkage, and resistance to chloride ion penetration were improved. The authors
stated that the optimal replacement percentage should be within 15% by volume.

Gregorova et al. [8] presented the properties of lightweight concrete containing expanded polystyrene (EPS),
PVC cables and ethylene vinyl acetate granules. These aggregates were applied in different percentages, having
a positive effect on the thermal properties of the concrete. The highest strength values were achieved by samples
using EPS and EVA as well as EVA and PVC cables in a ratio of 1:1. Yang et al. [9] focused on the study of self-
compacting lightweight concrete (SCLC), which contained recycled modified polypropylene plastic particles (PP).
The following four replacement levels of sand by volume were introduced: 0%, 15%, 20%, and 30%. The slump
flow value improved with an increase in the plastic content, whereas the slump loss was reduced; however, the
tendency of bleeding was detected when the replacement level reached 30%. The viscosity of SCLC was reduced
when the sand replacement level was increased by up to 15%. The compressive strength, splitting tensile strength,
and flexural tensile strength were improved by increasing the plastic content up to 15%.

Kan and Demirboga [10] investigated the effects of using recycled, thermally modified, waste expanded
polystyrene foam (MEPS) as a potential aggregate in lightweight concrete. MEPS aggregate was used as a
replacement for natural aggregate at levels of 0%, 25%, 50%, 75%, and 100% by volume. While using MEPS in
concrete as an aggregate, the properties of concrete improved, but others were also negatively affected. A high
amount of MEPS reduces the density of the concrete and, accordingly, the compressive strength. However, a 28-
day compressive strength in the range of 12.58 MPa to 23.34 MPa was considered to meet the strength
requirements of semi-structural lightweight concrete.

Wu et al. [11] studied the effect of recycled polytetrafluoroethylene (PTFE) on the physical and mechanical
properties of concrete. For this purpose, recycled plastic concrete with 0%, 3%, 5%, and 7% of the mass proportion
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of cement were designed. The addition of PTFE to concrete increased its strength [11]. The compressive strength
and splitting tensile strength reached their best values when the PTFE content was 5% in the 7-day-and 28-day
curing ages of concrete.

The chips from the casing and enclosures of small electronic items, such as keyboards, TVs, monitors,
refrigerators, and microwave ovens, constitute another group of plastic waste. Authorized entities operate
equipment that disassembles electrical and electronic appliances into individual components. Metals, printed circuit
boards, plastics, glass, and other materials are separated and handled individually. The separated plastics were
further processed and crushed into various fractions in plastic waste shredders. Because the casing parts of these
electrical appliances are made of different plastics, the waste shred is specific, in that it is a mixture of different
types of plastics with different properties. The following kinds have the largest share in mixtures: polyethylene (PE),
polystyrene (PS), polypropylene (PP), polyvinyl chloride (PVC), and acrylonitrile-butadiene-styrene (ABS). These
plastics are nonbiodegradable and represent a significant environmental burden. However, they have the potential
to be used as aggregates in building mixtures in the form of particles (grains, chips, flakes, etc.).

It is relatively difficult to trace research into this type of plastic waste because, in the study of the sources, we
found that the authors of the works are not very consistent in their characterization of waste from electronics in
general. Many authors use the term e-waste, but on closer inspection, we can see that this term is also used for
waste containing other parts of electronics, such as glass or metal elements. Whether in the introduction to the
article, or in the description of their own experiment, the authors often do not specify exactly the composition or
type of e-waste it is. We attribute this shortcoming and lack of clarity in the current articles to the fact that this is a
relatively young area of research, and the nomenclature and characteristics of this type of waste are not firmly
entrenched. At best, waste is referred to as e-waste plastic (EWP). Here, a large part of the publications deals with
separated electronic printed circuit boards (PCBs), free of metal strips, and crushed. Therefore, it is a crumb that
is not a mixture of several types of plastics. In this category, it is possible to observe a significant research activity
for use in concrete and other building mixtures as a substitute for aggregates [12—15]. The authors state that in the
past decade, the production of e-waste has increased because of the increase in the use of electronic components
to a greater extent. A large quantity of damaged PCBs is discarded in the environment without proper recycling
treatment in many places.

Only a few studies have identified plastics from the casing and enclosures of small electronic items in their
research. Ashwini [16] identified e-waste components as follows: cathode ray tubes, PCBs, chips, and other gold-
plated components, plastics, and computer wires. This means that the author separated the PCBs from other
plastics that were under investigation. EWP as fine and coarse aggregates in concrete with percentage
replacements of 0%, 10%, 20%, and 30% was studied [16]. Based on the results, plastics can be used to replace
some aggregates in a concrete mixture. This would contribute to the reductions in the unit weight of the concrete
as well as the strength, which would allow it to be used in applications requiring non-bearing lightweight concrete.
An experimental study on the utilization of EWP particles as coarse aggregates in concrete with a percentage
replacement ranging from 0% to 25% of the weight of coarse aggregate was conducted by Lakshmi and Nagan
[17]. They found that with waste plastic content up to 12%, the addition of e-plastic aggregate did not significantly
reduce the compressive strength and split tensile strength. The reduction was more significant with higher amounts
of plastic. The application of fly ash has been found to be useful in improving strength properties.

The advantages of using EWP in concrete are as follows [16]: extreme versatility and ability to be tailored to
meet specific technical needs; lighter weight than competing materials, which reduces fuel consumption during
transportation; durability and longevity; resistance to chemicals, water, and impact; excellent thermal and electrical
insulation properties; comparatively lower production cost; and increase in the bonding capacity with an increase
in temperature at the melting point. The main disadvantages are as follows: low bonding properties, which influence
the quality of the interfacial transition zone, which affects the strength parameters of concrete and a low melting
point, so that it cannot be used in furnaces. According to Awoyera and Adesina [18], there are some limitations to
the application of plastic waste, including a lack of understanding and a lack of standards.

Looking at the overview of the presented works focused on testing PA into concrete or mortar, in addition to
the properties of fresh mixtures, they focus on testing the mechanical properties, while the impacts are not
unambiguous, as the authors [15-18] report both improvement and deterioration. Research on resistance to direct
aggressive action is presented to a lesser extent. Saikia and de Brito summarized studies on testing for shrinkage,
water absorption, gas permeability, and microstructure in their review article [19]. This study presents the results of
the application of EWP in concrete in amounts of 50%, 70%, and 90% of natural aggregate by volume. The testing
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of samples focused on durability parameters, in terms of physical and chemical effects. Based on the experimental
results, the relationships for predicting the durability of concrete were defined in terms of the dependence between
strength before and after aggressive exposure. Therefore, this article presents a comprehensive study devoted to
durability-related properties.

2 MATERIALS AND METHODS

2.1 Materials

The following materials were used for the experiment:

Binder:  Portland cement CEM II/A-S 42.5

Additive:  fly ash from electric plant

Admixure: polycarboxylate-type water reducer (WR)

Aggregates: - natural aggregate 0/4 (NA), with 70% of the 0/2 fraction
- E-waste plastic aggregate (EWPA)—plastic scrap from the casing and enclosures of small
electronic items in the form of chips (Fig. 1). The grain size is shown in Fig. 2, and it is compared
with the limit values recommended by STN EN 206 (national annex) [20] for mixtures with Drax =
8 mm. In total, the waste grains are in the range of 1-8 mm, with a substantial part of the grains
being the 4/8 fraction (84%). The remainder was represented by fractions 1/2 (5%) and 2/4 (11%).
For use in concrete, this grain size distribution would be unsuitable because of the lack of fines.
The physical parameters of the aggregates are listed in Tab. 1.

Table 1 Physical parameters of aggregates

Density Bulk density Void content
(kgm™] (kgm™] [%]
Natural aggregate 2590 1860 28.0
E-waste plastic aggregate 960 610 36.5

Figure 1 E-waste plastic aggregate
2.2 Methods

The principle of the experiment lies in the replacement of natural aggregates with EWPA in different volume ratios,
as well as durability testing under various physical and chemical aggressive conditions. The specifics of EWPA
were considered by optimizing the grain size by adding NA fraction 0/4, which contained 70% fraction 0/2.
Calculating the grain sizes revealed that EWPA/NA ratio of 50/50 resulted in an acceptable grain size, as shown in
Fig. 2. However, to study the possibilities of EWPA, mixtures with a higher proportion of EWPA (70/30 and 90/10)
were also included in the experimental program, while the total volume of the binder remained the same. These
mixtures are close in structure to the so-called monofractive concrete, with a significantly low proportion of fine
aggregates. Basha et al. [21] and Choi et al. [22] also investigated a similar high content of PA (up to 75%). The
volume ratio of aggregate to binder a/b = 0.6:0.4 m3, as well as the water-to-binder ratio w/b = 0.35, remained the
same in all mixtures. With an increase in NA, the consistency was controlled by increasing the dose of the water
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reducer. The recipes are listed in Tab. 2. Subsequently, the test specimens were produced with a beam shape of
40 x 40 x 160 mm. Samples were taken from the molds after 24 h of curing under standard water storage in
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accordance with STN EN 12390-2 [23]. Samples with different proportions of EWPA are shown in Fig. 3.
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Figure 2 Grain-size distribution of aggregates compared with standard curves recommended by [20]

Table 2 Concrete mixtures according to EWPA/NA ratio

EWPA/NA EWPA NA Cement Fly ash Water WR
[vol.%] [ka] [md] lkg] [m3] [kg] [kg] [ (%]
01100 i 00 1555 06 07
50/50 290 03 780 03 05
70130 400 0.42 465 0.18 400 160 1% 05
90/10 520 0.54 155 0.06 0

Figure 3 Samples with EWPA after 28 days of curing

After 28 days of curing, one series of samples was subjected to the measurement of the physico-mechanical
properties, including:
- density according to STN EN 12390-7 [24]
- flexural strength, and
- compressive strength, both according to STN EN 196-1 [25]
Other series (each containing three specimens) were subsequently exposed to aggressive environments in
accordance with the following methodologies:
. Freeze-thaw cycles.
A modified method was used to evaluate the resistance to freezing and thawing with respect to the
specification of the cycle. It was based on the ‘slab test' method (24 h cycle duration while the temperature shall
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exceed 0 °C for at least 7 h but no more than 9 h during each cycle) [26], as well as ASTM C666, Procedure B
(Freezing in air and thawing in water), which requires the thawing time to be at least 20% of the cycle duration [27].
In our experiment, one cycle consisted of freezing at — 20 + 2 °C for 16 h and thawing at + 20 + 2 °C for 8 h. The
freezing and thawing regimens were then performed in accordance with a national standard based on testing of
water-saturated samples, with freezing taking place in air and thawing in water. Sample testing was terminated
after 25 cycles.
. Wet-dry cycles

This is a less commonly used methodology, but it is extremely informative in terms of reflecting the most
common destructive effects to which the structure may be subjected. When the material is soaked, it swells
(increases in volume); when the material dries, it shrinks (decreases in volume). These volume changes can cause
a gradual disruption in the structure and a decrease in the mechanical properties. The exact methodology of
individual wetting and drying cycles is not uniform. The dry and wet circulation methods adopted by various
researchers are different without a uniform theoretical basis, and there is no standard to follow, as also presented
by Guo et al. [28]. This method is more commonly used to accelerate the rate of chemical attacks, such as sulfate
attacks, on the erosion performance of concrete [28-31]. However, the process itself, which involves immersing
only the samples in water, has a significant aging effect. The cycle may be modified depending on the specific
purpose of the test; one cycle represents the drying-cooling-soaking of the sample. For example, one cycle
according to He et al. [29] consists of drying at + 60 + 2 °C for 21 h, air cooling at + 20+ 2 °C for 3 h, and soaking
in water at 20 £ 2 °C for 24 h. Our procedure was specified to run one cycle in 24 h, that is,
- dryingat+60°Cx2°Cfor15h
- aircoolingat+20°C£2°Cfor1hand
- soakinginwaterat20 °C+2°Cfor8h

The samples were tested after 25 cycles because of their conditions. After the 25th cycle of alternating
freezing and thawing, as well as wetting and drying, both the flexural and compressive strengths were determined,
and the percentage changes compared to the control samples were recorded.
. Aggressive chemical exposure.

The resistance of the mixtures with EWPA to three types of chemically aggressive environments was tested.
- acidic environment: 0.5% HCI solution (pH = 2.0)
- alkaline environment: 1% NaOH solution (pH = 11.5)
- sulfate-magnesium environment: 5% MgSOs solution (pH = 7.1)
The samples were stored for 60 days at complete immersion under static conditions. Subsequently, the flexural
and compressive strengths were determined, and the percentage changes relative to the control samples were
determined.

3 RESULTS AND DISCUSSION

3.1. Results of 28-day properties

The resultant values of the control samples, that is, after 28 days of curing and before being exposed to aggressive
environments, are shown in Fig. 4 for mutual comparison.

Based on the resultant bulk densities (pv = 1350-1720 kg.m-3), the samples with EWPA belong to lightweight
concrete in accordance with STN EN 206-classification (py < 2000 kg.m-3) [20]. As expected, as the share of EWPA
increases, the above parameters decrease; however, the decrease in strength despite the extremely high
replacement of aggregate is not dramatic. The decreases in the bulk density, compressive strength, and flexural
strength of the individual samples are as follows:

- sample 50/50: 19.3%, 0% and 20.4% respectively
- sample 70/30: 26.8%, 0.5% and 27.8% respectively
- sample 90/10: 36.6%, 7.4% and 33.3% respectively

In this context, the specific strength is an intriguing parameter, which increases with increasing proportion of
EWPA under compressive stress while remaining in principle the same under flexural stress as the specific strength
of the sample without EWPA. The specific compressive and flexural strengths, expressed as a ratio of strength and
density, are as follows:

- sample 0/100: 10.18 MPa/g/cm®and 2.54 MPa/g/cm? respectively
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- sample 50/50: 12.62 MPa/g/cm? and 2.50 MPa/g/cm? respectively
- sample 70/30: 13.85 MPa/g/cm3®and 2.50 MPa/g/cm? respectively
- sample 90/10: 14.87 MPa/g/cm? and 2.67 MPa/g/cm? respectively.
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& 2500 25 =
= 21.7 21.7 21.6 =
= 2130 20.1 =3
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s 1720 %
- 1500 1960 l 15 g
1350 2
<
1000 10 &
5.4 S
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0 0
0/100 50/50 70/30 90/10
mmmm compressive strength = flexural strength density

Figure 4 Results of compressive strength, flexural strength and density of samples after 28 days of
curing

3.2. Results of resistance to aggressive actions

The results of the resistance to physical effects are presented in Tab. 3, and the resistance to chemical effects are
presented in Tab. 4, together with the strengths of the control samples (before exposure) for comparison.

Table 3 Compressive and flexural strength of control samples and samples subjected to 25 cycles of
physical influences

Sample Flexural strength Compressive strength
(EWPA/NA fr [MPa] fc [MPa]

ratio) Control Freeze-thaw Wet-dry Control Freeze-thaw Wet-dry
exposure exposure exposure exposure

0/100 5.4 6.2 6.5 21.7 30.7 32.9

50/50 4.3 5.2 3.3 21.7 29.5 21.1

70/30 3.9 45 2.6 21.6 29.0 17.3

90/10 3.6 41 1.9 20.1 27.2 12.0

Table 4 Compressive and flexural strength of control samples and samples subjected to 60 days to
chemical influences

Flexural strength Compressive strength
f[MPa] fe [MPa]
Sample | |
(EWPAINA
ratio) Control HCl MgsO:  NaoH  °oml g MgSO:  NaOH
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0/100 54 6.5 6.9 6.7 217 34.0 36.9 34.8
50/50 43 3.4 3.5 3.5 21.7 234 17.9 20.5
70/30 3.9 25 2.3 21 216 10.6 16.1 12.8
90/10 3.6 1.4 1.8 1.5 20.1 4.8 94 6.5

e Change in strength - comparison with the results of samples without EWP (0/100):

In Figs. 5 and 6, the percentage change in the strength of samples with EWP after exposure to aggressive
environments against samples without EWP (0/100) is shown. Samples with EWP also had lower flexural strength
and compressive strength, while the loss increased with increasing amounts of EWP in all cases of action.

Alternating freezing-thawing reduced both the flexural and compressive strengths of samples with EWP by
16%-34% and by 4%-11%, respectively, compared to the sample without EWP (0/100).

Wet-dry cycles reduced both the flexural and compressive strengths of samples with EWP by 49%-71% and
36%—-64%, respectively, compared to the sample without EWP (0/100). The rate of decrease in strength after wet-
dry cycles is more pronounced than that after freeze-thaw cycles.

Chemical exposure caused decreases in both the flexural and compressive strengths of samples with EWP
by 48%—78% and 31%-86%, respectively, compared to the sample without EWP (0/100), with the differences
between media being essentially minimal. From the viewpoint of increasing the share of EWP, the action of MgSO4
has a milder impact than the other two environments.

Hence, the addition of EWP reduced the durability of the mixtures compared to concrete with only natural
aggregates.

Freezing-thawing cyclus Wet-dry cyclus
ff (MPa) | fc (MPa) | ff (MPa) fc (MPa)
0 T T
'10 T '39 _55 .50/50
20 1467 =t14
30 +—— 274 m 70/30
-40 el 339 X 90/10
o0 49.2 -474
-60 .. .
-60.0 63.5
10 70.8
-80 -

Figure 5 Decrease in flexural (f) and compressive (f;) strength of control samples and samples after
alternating freezing-thawing and alternating wetting-drying, against the sample 0/100 (without EWP) [%)]

HCl MgS0O4 | NaOH
ff (MPa) | fc (MPa) | ff (MPa) | fc (MPa) | ff (MPa) | fc (MPa)

0 T T T T T T 1 .50/50
20 ! T w7013
40 - : -
60 AT, 515 ; ~ m90M10

80 |-615 68.8 66.7 -56?1 5 8.7 632 |

Figure 6 Decrease in flexural (f) and compressive (fc) strength of control samples and samples after
chemical exposure, against sample 0/100 (without EWP) [%]
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e Change in strength — comparison with the results of control samples

Figs. 7 and 8 show the percentage change in the strength of samples exposed to aggressive influence,
compared to the values of the control samples (before exposure).

We can see that the freezing and thawing processes increased the strengths of all samples, including those
containing EWP. However, note that these were tested for a relatively small number of cycles (the intention was to
keep the same number of cycles as wet-dry to maintain the compatibility of the results). The increase in strength
after a few freezing cycles is attributed to the mechanism of continued hydration of the binder, in which the internal
hydraulic pressRWSure of ice does not exceed the actual tensile strength of concrete, preventing damage from
occurring. Manifestations of frost, depending on the time and number of cycles, were formulated by Wawrencyk
and Molendowska [32]. Reliability is defined as the probability of damage to the concrete as a function of time
(number of freeze-thaw cycles). This is described for standard mixtures with natural aggregates, and this also
seems to be the case for mixtures with EWP. Another aspect may be associated with the development of favorable
porosity, which may be helpful. Concrete, for example, does not deteriorate under cyclic freezing if its matrix
contains uniformly distributed bubbles with a distance factor of less than 0.02 cm to keep the concrete intact during
frost aggression under severe service conditions, as replicated by Trofimov et al. [33]. It is probable that the
destructive effect would manifest itself only after a larger number of cycles, as presented by Kan and Demirbogga
[10]. In their research on mixtures with different proportions of MEPS, all mixtures failed before 300 freeze-thaw
cycles; the authors stated that none of them fulfilled the basic requirements of durability. This explains why
lightweight concrete is also subject to deterioration due to freeze-thaw cycling.

On the other hand, for samples containing EWP, alternating wetting-drying caused a decrease in strength,
the decrease being proportional to the proportion of EWP. The sample without EWP (0/100) showed an increase
in both strengths, even with this action. Thus, as can be seen, mixtures with EWP are no longer very resistant to
the stresses arising from alternating soaking-drying.

Chemical exposure also caused a decrease in the strength of the samples with EWP, while the samples
without EWP showed an increase in strength at this stage of the evaluation. As in the case of frost resistance, short-
term chemical deposition does not cause destructive changes to ordinary concrete with natural aggregates (0/100).
The resistance of the samples deteriorated with an increasing proportion of EWP.

Freezing-thawing cyclus Wet-dry cyclus
. ff (MPa) fc (MPa) | ff (MPa) fc (MPa) |
51.6
415 359
= 0/100
= 50/50
70/30
m90/10

-47.2

-60

Figure 7 Increase/decrease in flexural (ff) and compressive (fc) strength of samples after alternating
freezing-thawing and alternating wetting-drying, against the control samples (before cycling) [%]
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HCl MgS04 NaOH
ff (MPa) | fc (MPa) |ff(MPa) | fc (MPa) |ff(MPa) | fc (MPa) |

70.0
56.7 60.4

m 0/100
m 50/50

70/30
m 90/10

-76.1

-100

Figure 8 Increase/decrease in flexural (f) and compressive (f;) strength of samples after chemical
exposure, against the control samples (before exposure) [%)]

The decrease in strength with increasing amounts of EWP, either after 28 days of standard curing (before exposure)
or after exposure to aggressive influences, can, in this case, be related to aspects resulting from the high content
and specific nature of EWP grains (as the binder is constant), and subsequently the quality of the interfacial
transition zone (ITZ) in the layer around the EWP.

Even in ordinary concrete, ITZ is considered a critical area; for example, Wu et al. and Scrivener et al. [34,
35] describe ITZ as having higher porosity, oriented deposition, and fewer cement particles (compared to bulk
cement matrix) because of the wall effect of aggregates, which plays a critical role in the damage process caused
by sulfate attack. Hence, the ITZ microstructure allows the transport of aggressive media more easily. Liu et al. [36]
showed that the damage of concrete under sulfate erosion starts to propagate in the ITZ because of the formation
of ettringite and gypsum. The concrete ITZ was the first to crack with the corrosion conditions, which was detected
at the early stage of corrosion owing to the sparse structure of the ITZ.

As for the PA concretes, Ashwini observed that the failure of concrete occurs owing to the failure of the bond
between the cement paste and plastic aggregates [16]. Many authors [15-18] state that as the amount of PA added
to the concrete increases, the strength decreases because full adherence between the PA and cement paste cannot
be achieved [10]. To confirm this, some authors have presented scanning electron microscopy (SEM) or other
micro-analysis of ITZ [21, 37]. Basha et al. identified a de-bonding between the PA and mortar matrix in the SEM
images of the PA concrete, which might have contributed to a reduction in the mechanical properties of PA concrete
[21]. The smooth surface of the PA and minimal sorptivity of particles affects the ITZ quality, resulting in free water
accumulating at the surface of the granules, which may cause a weaker bonding between the PA particles and
cement paste [7]. The results of our experiment may reflect this mechanism because, although very low, the same
w/b was used in all mixtures, which implies that as the proportion of EWP increases, so does the amount of free
water. In other words, the effective w/b increased.

Belmokaddem et al. observed large air bubbles in cement pastes prepared with plastic aggregates [37].
According to Hannawi et al. [38], the apparent porosity and water absorption increased with increasing PA content.
Albano et al. reported higher water absorption for concrete containing PET aggregates than for concrete containing
only natural aggregate [6]. Water absorption further increased with increasing PA content in the concrete. Choi et
al. and Akgadzoglu et al. [22, 39] reported similar results. This fact can be responsible for low chemical resistance,
considering a well-known opinion also presented by [19], which tests such as water absorption, gas permeability,
and chloride permeability measurement can provide information on the vulnerability of concrete to the ingress of
deleterious chemical species.
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From a practical viewpoint, it may be useful to predict the durability of mixtures with high EWP content. For this
purpose, the relationships between the strength of samples before and after aggressive exposure were sought to
obtain relevant functions; these are presented in Fig. 9. The relationships had an R? = 0.6141 and 0.9909 for
compressive and flexural strength, respectively. Coefficients of determination above 0.5, are generally considered
highly reliable in predicting the dependent variables, while values above 0.8, representing very high reliability. All
the results presented in this article, except for the freeze-thaw resistance results (considered to be of low informative
value owing to the low number of cycles) were included in the dependency evaluation. The following relationships
were found to predict durability in accordance with the 28-day strength values:

- Function for prediction of compressive strength: exponential: f, = 9.107¢ ¢0-6768/c2s

- Function for prediction of flexural strength: linear fr = 2.8011 fr,g — 8.5196
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Figure 9 Function for prediction of durability in accordance with 28-day values of strength: a) Function
for prediction of compressive strength; b) Function for prediction of flexural strength

4 CONCLUSION

Concrete mixtures with EWP, which were applied as 50%, 70%, and 90% replacement for natural aggregates,
were tested. The same volume ratio of aggregate and binder was maintained (a:b = 0.6:0.4 m3), as well as the
same water-to-binder ratio w/b = 0.35. In relation to the compressive and flexural strength after 28 days of
hardening, the durability against physical (freeze-thaw resistance and wet-dry resistance; 25 cycles) and chemical
(HCI, MgSO., NaOH; 60 days of exposure) aggressive influences were determined. The results obtained for the
samples with EWP are summarized as follows:

o With increasing amounts of EWPA, the 28-day compressive and flexural strengths decreased, but the
differences were not significant. Even with the highest amount of EWPA (90/10) and the least suitable
grain size distribution of the aggregate (20.1 MPa—compressive strength and 3.6 MPa—flexural strength),
the achieved strengths reach usable levels for construction.

e Asthe amount of EWPA increases, the specific compressive strength increases (strength-to-density ratio).

o Although the strength values after 28 days of curing are of good performance, satisfactory durability results
have not been obtained.

o With an increasing share of EWP, the durability of mixtures against physical influences
deteriorates, while the rate of decrease in strength after wet-dry cycles is more pronounced
compared to the effect of freezing cycles.

o With an increasing share of EWP, the durability of mixtures against chemical influences
deteriorates, while the differences between the individual acting media (HCI, MgSQO., NaOH) are
minimal.
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o Interms of a comprehensive evaluation of the experiment, concrete with the ratio EWP/NA = 50/50 has

the greatest potential, while it can be specified according to [21] as lightweight-low strength concrete (with
a density of 1720 kgm3, 21.7 MPa of 28-day compressive strength, and 4.3 MPa of 28-day flexural
strength).

Although our results, as well as those of many authors, appear less positive measures must be taken, if possible,
in view of the need to increase the recycling of plastic waste. For use in concrete, which can then be used on
lightweight non-load-bearing elements, such as a floor insulation layer, should cover two directions:

Consider the technical limits of this material and in relation to them:
o Appropriately specify the achievable functional properties of concrete and find application
possibilities for which PA can be beneficial. Perspective parameters include density, the modulus
of elasticity, thermal insulation properties, or specific strength. As presented by Albano et al. [6],
the inclusion of plastic (PET) implies defects in the internal structure of the concrete, resulting in
strength and a decrease in stiffness; however, this behavior can be profitable when some ductility
of the material is required. Maher Al-Tayeb et al. [40] found concrete with plastic waste to be
stronger and more energy-absorbing under impact loading than under static loading.
o Defined an acceptable level of PA content in cement mixtures to achieve the required values of
these parameters.
Improves the quality of PA by appropriate modification of the surface or optimization of the composition of
the mixture; with increasing proportion of PA in the mixture, there is an increase in problematic ITZ
because of its smooth surface, low adhesion to the binder, and virtually zero absorbency with consequent
increase in free water content. This must be considered when optimizing the composition of the mixture
and strictly applying the expression of the ‘effective’ w/b, that is, the amount of water available for the
binder. Additionally, plastic is a hydrophobic material that can limit the hydration of cement. Some
treatment processes would be useful in helping PA increase its performance. Chemical treatment of the
surface of plastic particles with Ca(ClO), was reported by Lee et al. [41] to improve the strength owing to
improvements in the bond between the cement paste and plastic aggregates. The targeted use of powdery
mineral admixtures could also be useful, as presented by Lakshmi and Nagan [17] for fly ash.
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