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Abstract: This study examined HDPE (high-density polyethylene) plastic waste as an added material
for concrete mixtures. The selection of HDPE was based on its increased strength, hardness, and
resistance to high temperatures compared with other plastics. It focused on how HDPE plastic
can be used as an additive in concrete to increase its tensile strength and compressive strength.
156 specimens were used to identify the effect of adding different percentages and sizes of HDPE
lamellar particles to lower, medium, and higher strength concrete for non-structural applications.
HDPE 0.5 mm thick lamellar particles with sizes 0of 10 x 10 mm, 5 x 20 mm, and 2.5 x 40 mm were
added at 2.5%, 5%, 10%, and 20% by weight of cement. The results showed that the medium concrete
class (with compressive strength equal to 10 MPa) had the best response to the addition of HDPE.
The 5% HDPE addition represented the optimal mix for all concrete types, while the 5 x 20 mm size
was best.

Keywords: concrete additive; concrete mixture; plastic waste; HDPE; plastic lamellar particles

1. Introduction

Plastic has long been considered a manmade material with many benefits. It has
lightweight properties and is easily shaped to the designer’s desires. Its versatile properties
have led to its widespread use. Since 2016-2017, pl4flic consumption has increased from
335 million tons to 348 million tons. This demand is expected to reach 485 million tons
by 2030 [1]. The downside of plastic use is the waste generated and the environmental
pollution caused because many plastics are not biodegradable and can take between 500
and 1000 years to decompose [2]. The pollution risks from the toxins released can impact
groundwater quality, animal/human health, food-chain poisoning, and reduction in soil
fertility [3]. Furthermore, if burnt in an open space, plastics produce carbon monoxide (a
greenhouse gas). If disposed of in waterways, plastics can cause siltation and impede water
flows, thereby creating a flood risk [4,5]. Research on beaches has shown that coastline
plastic waste in 192 countries in 2010 amounted to between 4.8 and 12.7 million metric
tons [6]. This waste threatens marine organisms [7] and has led to many demands to restrict
plastic use and reshape behavior at the consumer level [8]. Recycling has increased in
developed countries since 2006 [1] and offers a partial solution. The regular process of
plastic recycling starts with sorting it into several polymer types, followed by cleaning,
scraping, smelting, and converting it into pellets to be repurposed into plastic bags, plastic
containers, carpets, jacket insulation, and other materials. However, traditional recycling
suffers from cross-contamination and requires high energy consumption [9]. In 2018,
processing plastic waste for energy used 43% of all of the collected post-consumer waste
stream [1]. Furthermore, the insufficient processing and management of plastic waste
worldwide face the challenge of insufficient plastic waste treatment facilities at all stages of
collection, separation, and disposal. By 2050, it is projected that about 12 billion metric tons
of plastic litter will end up in landfills and the natural environment [10]. Many countries,
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including Indonesia, experience problems with plastic waste. Indonesia generates some
67.8 million tons of waste, with plastic waste being the second-largest waste stream after
organic waste, reaching 17% in 2018 [11]. To solve the problems of plastic waste and divert
this away from landfill, requires any opportunities to be identified within the value chains.

Investing in a circular system to manage plastic pollution offers potential solutions
with social and environmental benefits. Circularity will retain the value of plastic materials
if they are returned back into the supply chain, thus reducing the volume of discarded
plastics ending up in nature. Therefore, the identification of a relevant local strategy for
waste (including plastics) and the tailoring of partnerships to suit various stakeholders (i.e.,
businesses, industries, and civil society) are necessary [12,13]. Here, building a nexus be-
tween the waste and construction sectors emerges as a possible option for increasing plastic
circularity, especially macro-plastics, which are in widespread use [14]. The additional
value to be obtained from their use as an additive in concrete mixtures could also create
new business opportunities [15]. The final application from plastic additions to concrete,
as examined in this study is expected to be for non-structural projects, such as wall panels,
parking lots, or paths [16-18]. Even plastic fibers can be used below the concrete layer in
constructing rigid pavements.

Concrete has properties that are sensitive to the type of added materials that are be-
yond those specified in the traditional job mix design. The strength of concrete depends on
the type and size of the aggregates used [19-21], and different additive materials produce
variations in tensile strength and compressive strength [22-25]. Single-use plastics are con-
sidered suitable for disposal as admixtures in concrete, as low-carbon reusable materials,
e.g., PET (polyethylene terephthalate) [26] and HDPE (high-density polyethylene) [27].
The advantages of using plastic additions in concrete are that they are lightweight, bet-
ter resistant to weather, waterproof [28], and confer thermal insulation properties [9,29].
However, compared to PET, HDPE has higher temperature resistance than PET (melting at
130-135 “C). Further, as Merli et al. [30] identified, HDPE is less discussed in the literature
compared to PET. This motivated our interest and focus on HDPE.

A few researchers have discussed the use of HDPE in concrete in different contexts.
For instance, Pesic et al. [31] investigated the effect recycled HDPE fibers had for reinforced
concrete for structural uses using two different fiber diameters (0.25 mm and 0.4 mm) with
0.40%, 0.75%, and 1.25% fiber volume fraction. The study showed that the HDPE fiber
reinforced concrete of 0.75-1.25% could maintain a constant post-cracking tensile of 30—40%
of the flexural peak capacity. The use of HDPE for non-structural uses was discussed by
Lopez et al. [32], who considered using recycled HDPE as a partial replacement of coarse
aggregate in mixes of Acrylic Polymer Pervious Concrete (AcPPC) at ratios of 10%, 20%,
and 30% at sizes of ” and 7”. The study showed that the optimum strength was reached
by a 10% addition at sizes of %”. Further, by using a different type of plastic, Jain et al. [16]
investigated the effect of plastic bag additions to concrete at 0.5, 1, 2, 3, and 5% of the
weight of concrete. They found that a higher percentage of plastic reduced concrete’s
workability. The addition also affected the bonding between plastic aggregate and cement
paste, as it created voids, thus reducing the concrete strength. The above-mentioned studies
clearly emphasized that plastic addition could benefit concrete properties at certain levels,
and contribute to sustainable construction. However, how different types of plastics may
affect the behavior of concrete is an interesting issue, which offers scope for discussion
and development.

Unlike these previous studies, we have investigated different aspects. Our study
examines the potential use of HDPE addition on different concrete classes. We assess the
effect of various HDPE lamellar particle sizes and percentages as lightweight admixtures
into different concrete mixes used for non-structural works, butnot as a replacement to
cement or other materials. This paper is structured as follows: Section 1 is an introduction
providing the background and aim of this study. It is followed by a description of materials
and methods in Section 2. The results of the tests are provided in Section 3 and discussed in
Section 4. Conclusions and recommendations for future research are presented in Section 5.
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2. Materials and Methods

This study used concrete mixes formed from cement and aggregate (fine and coarse
aggregate). These are designed to fall into three concrete classes: lower, medium, and
higher concrete strength. Lower concrete strength is in the following named as B0 and it
represents concrete with cylindrical strength of f'c =7 MPa. Medium and high concrete
strength here refers to cylindrical strength f'c equal to 10 MPa and 25 MPa respectively.
Three different sizes of HDPE lamellar (10 x 10 mm, 5 x 20 mm, and 2.5 x 40 mm) with the
same thickness of 0.5 mm were added to the mixtures to examine their effect on concrete
properties. The ACI (American Concrete Institute) and ASTM (American Society for Testing
and Materials) testing standards were used to calculate specific gravity, slump value, unit
weight, tensile and compressive strength. Table 1 provides a summary of the standard
testing used in this research.

Table 1. The standards used for concrete testing.

Standard Targeted Testing
ASTM C-127 Specific gravity of coarse aggregate
ASTM C33-99a Adequate grading requirement and aggregate

quality; sieve analysis

ASTM C29/C29M-07 Unit weight for fine and coarse aggregate

Resistance to degradation by abrasion on

ASTM C131/CI31M-20 small-size coarse aggregate

scizio Siandaed Facte o St Poportion o
ASTM C143 Slump test

ASTM C39 Compressive strength

ASTM C496 Tensile strength

2.1. Materials
2.1.1. Cement

As this study’s scope involved non-structural applications, the examination used
cement type 1, which is intended for walls, pavement, sidewalks, and other precast prod-
ucts. Using the ASTM C-127 standard, this cement material was found to have a specific
gravity of 3.18 g/cm3, which falls in the acceptable range of 3.1-3.3 g/cm3. This cement
composition comprises four main chemical compounds, i.e., tricalcium silicate (3CaO-5i03),
shortened to C35 (55 wt.%), dicalcium silicate (2Ca(Q-5i0;), abbreviated to C25 (17 wt.%),
tricalcium aluminate (3Ca0-Al,O3), shortened to C3A (10 wt.%), tetracalcium aluminofer-
rite (4Ca0-Al;05:-Fe;03), shortened to C4AF (7 wt.%), carbon disulphide (CS3) (6 wt.%).
In addition, there are small amounts of minor compounds, e.g., alkali (Na»>O), free calcium
oxide (free CaQ), ignition loss, and magnesium oxide (MgO) of which, according to In-
donesian national standard (SNI No 15-2049/2015), the maximal amount should be less
than 5 and 6 wt.% respectively.

2.1.2. The Aggregates

The aggregates refer to any particulates used as an inert filler in concrete. These
vary from sand, gravel, crushed stone to blast-furace slag. Following ASTM C33, the
aggregates are categorized into fine and coarse aggregate. This study used sand as a fine
aggregate within a range of 0.1-10 mm (Figure 1a), and crushed stone as a coarse aggregate
meeting the range of 2-30 mm (Figure 1b). These aggregates were collected from Palu,
Central Sulawesi, Indonesia. Palu’s aggregates are considered basalt and are widely used
for lightweight building walls and concrete in Indonesia. Its physical characteristics and
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quality provided adequate consolidation in concrete mixes, and offers higher resistance to
alkali-silica reaction, compared to other aggregates obtained from areas in East Kalimantan.
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Figure 1. Aggregate size: (a) fine aggregate; (b) coarse aggregate.

These aggregates were tested at the Faculty of Engineering Laboratory, Mulawarman
University, Samarinda, following the ASTM C33-99a standard [33] for sieve analysis, which
defines the adequate grading requirement and aggregate quality in concrete. The results of
this test for fine and coarse aggregate are shown in Figure 1.

The unit weight testing of fine and coarse aggregates was conducted using the ASTM
C29/C29M-07 standard [34]. 2.55 g/cm? for the coarse aggregate and 2.54 g/cm? for the fine
aggregate was obtained, meeting the standard requirement of 2.5-2.7 g/cma. The test for
coarse aggregate abrasion was conducted using the ASTM C131/C131M-20 standard [35]
and a result of 23% was obtained. This value was lower than the 27% ASTM limit. Table 2
provides the detailed physical properties of the materials used for mixing concrete.
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Table 2. Physical properties of cement and aggregates.
Materials Properties Value Allowable Range
Cement type 1 Specific gravity 3.18 g/cm? 3.1-33g/cm?
: : - ’ y Following ASTM
Fine Aggregate Sieve size Figure la C33-99a
Unit weight 254g/cm? 25-2.7 g/em?
; ] ) ; Following ASTM
Coarse Aggregate Sieve size Figure 1b 33992
Unit weight 2.55g/cm® 25-27 g/em®
Resistance to abrasion 23% Maximum of 27%

2.1.3. Specimen Preparation of HDPE Lamellar Particles

The HDPE plastic materials were collected from wastes disposed of in Samarinda
landfills to reflect potential future plans to reduce non-sustainable waste that contaminate
waterways and aquifers. They were rinsed in preparation for the cutting process. Figure 2a
shows the production of lamellar particles and how we ensured a similar thickness for all
the sheets. We implemented a cutting procedure using markings determined as a function
of the pattern and size. First, a selection of HDPE plastic samples 0.5 mm thick was cut
into lamellar particles before adding to the concrete mixture, excluding any thicker or less
than 0.5 mm. This process produced three sizes, namely, 10 x 10 mm, 5 x 20 mm, and
2.5 x 40 mm; each with an identical surface area of 1 cm? This ensures commonality
of interaction between the plastic addition and cement in any change in propertie00s of
concrete mixture and the bonding effect. Figure 2b shows an example of HDPE lamellar
particles with asize of 10 x 10 mm at a similar thickness of 0.5 mm after the cutting process.

(a) (b)

Figure 2. The preparation of high-density polyethylene (HDPE) addition: (a) marking procedure for the cutting process;
(b) examples of HDPE lamellar particles with a size of 10 x 10 mm.

2.2. Concrete Preparation and Testing
2.2.1. Job Mix Design

The concrete mix design and the material composition of the three concrete types
are shown in Table 3. The process of identifying the right proportion of concrete mixture
complied with the standard practice for selecting proportions for normal, heavyweight,
and mass concrete (ACI 211.1-91) [36]. Therefore, concrete strength tests were performed
28 days after casting to ensure that the resultant properties satisfied quality control designs.
The concrete specimens were demolded after 24 h and kept in a water curing tank until
the age of testing at a room temperature of 27 °C. We defined the slump value of the
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mixture for the three different concrete classes at the same range so it met cost efficiency
and workability in the field. To meet this value, we set the w/c ratio at different levels,
according to the water to cement ratio used.

Table 3. Concrete job mix design.

Description BO fc10 f'e25

Targcted average compressive

strength of the concrete 7MPa 10MPa 2> MPa
Water to cement ratio 0.95 0.63 0.52
Slump value 120 + 5 mm 120 + 5 mm 120 & 5 mm
Amount of water 180 kg/m3 190 kg / m? 215 kg/m3
Amount of cement 190 kg/m3 295 kg/ m3 413 kg/m3
Fine aggregate content 969 kg / m? 828 kg/ m? 687 kg/ m?
Coarse aggregate content 1010 kg/m? 1014 kg/m? 1220 kg/m?

2.2.2. Mixing Process

Table 4 shows the design experiments for the three concrete types, four different
percentages of HDPE additions, lamellar particle sizes, and various aggregate particles used
for the mixtures as described in Figure 1. The process started by mixing the different cement
types and aggregates under dry conditions for a few minutes before adding water. The
lamellar particles were then added to each concrete type according to their size categories
(10 x 10 mm; 5 x 20 mm; 2.5 x 40 mm) until the concrete mixture became homogeneous.

Table 4. Design experiment of specimens used.

Volume of Fine Coarse HDPE Number of Specimens
HDPE Water
Addition Concrete Cement (kg) Aggregate  Aggregate (ke) Lamellar Compressive Tensile
(m?) (kg) (kg) & (kg) Strength Strength
B0 0.021 4.03 20.54 21.41 3.82 0 2 2
B0-HDPE 2.5%
10 > 10 mm 0.021 4.03 20.54 2141 3.82 0.10 2 2
5 x 20 mm 0.021 4.03 20.54 2141 3.82 0.10 2 2
2.5 x 40 mm 0.021 4.03 20.54 2141 3.82 0.10 2 2
B0-HDPE 5%
10 x 10 mm 0.021 4.03 20.54 2141 3.82 0.20 2 2
5 x 20 mm 0.021 4.03 20.54 2141 3.82 0.20 2 2
2.5 x 40 mm 0.021 4.03 20.54 2141 3.82 0.20 2 2
B0-HDPE 10%
10 % 10 mm 0.021 4.03 20.54 21.41 3.82 0.40 2 2
5 x 20 mm 0.021 4.03 20.54 2141 3.82 0.40 2 2
2.5 x 40 mm 0.021 4.03 20.54 2141 3.82 0.40 2 2
B0-HDPE 20%
10 x 10 mm 0.021 4.03 20.54 2141 3.82 0.81 2 2
5 x 20 mm 0.021 4.03 20.54 2141 3.82 0.81 2 2
2.5 x 40 mm 0.021 4.03 20.54 21.41 3.82 0.81 2 2
f'c10 0.021 6.25 17.55 21.49 4.03 0 2 2
f'c10-HDPE
2.5%
10 x 10 mm 0.021 6.25 17.55 21.49 4.03 0.16 2 2
5 x 20 mm 0.021 6.25 17.55 2149 4.03 0.16 2 2
2.5 x 40 mm 0.021 6.25 17.55 21.49 4.03 0.16 2 2
f'c10-HDPE
5%
10 < 10 mm 0.021 6.25 17.55 21.49 4.03 0.31 2 2
5 x 20 mm 0.021 6.25 17.55 2149 4.03 0.31 2 2
25 % 40 mm 0.021 6.25 17.55 21.49 4.03 0.31 2 2
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Table 4. Cont.
HDPE Volume of Fine Coarse Water HDPE Number of Specimens
Addition Concrete Cement (kg) Aggregate  Aggregate (ke) Lamellar  Compressive Tensile
(m?) (kg) (kg) & (kg) Strength Strength
{'c10-HDPE
10%
10 x 10 mm 0.021 6.25 17.55 21.49 4.03 0.63 2 2
5 % 20 mm 0.021 6.25 17.55 21.49 4.03 0.63 2 2
25 x 40 mm 0.021 6.25 17.55 2149 4.03 0.63 2 2
f'c10-HDPE
20%
10 x 10 mm 0.021 6.25 17.55 21.49 4.03 125 2 2
5 % 20 mm 0.021 6.25 17.55 21.49 4.03 1.25 2 2
25 x 40 mm 0.021 6.25 17.55 21.49 4.03 1.25 2 2
f'c25 0.021 8.75 14.56 25.09 4.56 0.00 2 2
f'c25-HDPE
2.5%
10 x 10 mm 0.021 8.75 14.56 25.09 4.56 022 2 2
5 % 20 mm 0.021 8.75 14.56 25.09 4.56 022 2 2
25 x 40 mm 0.021 8.75 14.56 25.09 4.56 022 2 2
f'c25-HDPE
5%
10 > 10 mm 0.021 8.75 14.56 25.09 4.56 0.44 2 2
5 x 20 mm 0.021 8.75 14.56 25.09 4.56 044 2 2
25 x 40 mm 0.021 8.75 14.56 25.09 4.56 0.44 2 2
f'c25-HDPE
10%
10 = 10 mm 0.021 8.75 14.56 25.09 4.56 0.88 2 2
5 x 20 mm 0.021 8.75 14.56 25.09 4.56 0.88 2 2
25 x 40 mm 0.021 8.75 14.56 25.09 4.56 0.88 2 2
f'c25-HDPE
20%
10 = 10 mm 0.021 8.75 14.56 25.09 4.56 1.75 2 2
5 % 20 mm 0.021 8.75 14.56 25.09 4.56 1.75 2 2
25 x40 mm 0.021 8.75 14.56 25.09 4.56 1.75 2 2

The terms used are as follows: B0 refers to normal concrete meeting the standard
job mix design without the addition of HDPE lamellar, while BO-HDPE 2.5% refers to B0
concrete with the addition of 2.5% HDPE. The amount of HDPE lamellar particles for the
experimental investigation is calculated on the basis of the weight of the cement used.

This study used cylindrical specimens with a diameter of 150 mm and a height of
300 mm (Figure 3). The cylinder molds were made of steel to avoid leakage and hold
their integrity under severe use. The mold nonabsorbent material avoids a reaction with
Portland or other hydraulic cement. For each test, two samples were used for each size of
HDPE lamellar particles. Accordingly, the number of samples used for the splitting tensile
and cylindrical compressive strength tests was six. The total number of samples used was
156, including those for normal concrete testing. Since only two specimens were used for
each design, the data were processed as average.

We set a higher water/cement ratio to produce a workable concrete (minimum 0.52).
Typically, the minimum water/cement ratio is 0.35-0.4, as a lower ratio may result in
the concrete becoming too dry and unworkable [37]. Furthermore, the use of a higher
water/cement ratio results in a high slump value. However, the addition of HDPE plastic
sheets compensated for this change. To evaluate the effect of adding HDPE lamellar
particles, several tests were conducted, including slump testing using the ASTM C143
standard [38], compressive strength testing using the ASTM C39 standard [39], and tensile
strength testing using the ASTM C496 standard [40].
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Figure 3. Preparation of concrete cylinder specimen.

3. The Results

This study conducted tests to examine the appropriate concrete mixtures incorporating
HDPE lamellar particles for non-structural applications to determine the effect of HDPE
size and additions on low-quality concrete, medium-quality concrete, and high-quality
concrete can be explained as follows.

3.1. Concrete Slump Test

Concrete workability is quantified by the concrete slump, which depends on many
factors, e.g., mixing methods, concrete materials and admixtures, and the workability
changes with time due to those factors. In this slump test, the preparation of specimens
using the mold (slump cone) is shown in Figure 4, and the varying HDPE lamellar particles
were added to the fresh concrete before testing.

Figure 4. Preparation of B0 concrete for the slump test.

We set the slump value for normal concrete (baseline) to 115-125 mm. As shown in
Figure 5, a greater amount of HDPE to the concrete mix led to a smaller slump value. The
slump value of BO concrete (Figure 5a) with HDPE size at 10 x 10 mm declined by 10%
for 20% HDPE lamellar addition (accounted from 120 mm of normal concrete to 110 mm).
The lowest percentage reduction at slump value showed up in f'c10 with HDPE size 10 x
10 mm (Figure 5b), and the maximum value given by f'c25 with HDPE size 2.5 x 40 mm, at
16.7% (Figure 5¢). We found, from all the samples used, the maximum value of reduction
ranged from 5 to 20 mm compared to the standard value.
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Figure 5. Slump value as a function of HDPE content (%) and sizes: (a) BO; (b) f'¢c10; (c) f'c25.
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3.2. Unit Weight of Concrete

ASTM C29 [34] uses the term unit weight to refer to the concrete property in mass
per unit volume. This gives a good indication of sample concrete density. The unit weight
for all samples was determined by comparing the specimen’s weight with the specimen’s
substantial volume. The relationship between the unit weight of the concrete, HDPE
lamellar content, and its sizes are given in Figure 6. The graphs show that a greater
addition of HDPE lamellar particles led to lighter concrete due to the low density of
HDPE plastic, which was applied to B0, f'c10, and f'c25. However, the size of the HDPE
sheets did not affect the concrete unit weight, as they all showed a similar value for
certain percentages. For example, in Figure 6b, the unit weight of 20% additions was
2011 kg/m?, 2013 kg/m> and 2012 kg/m? for HDPE sizes of “10 x 10 mm”, “5 x 20 mm”,
and “2.5 x 40 mm" respectively.

2300
~ 20 |
g 2100
e "
£ 2m N
:C:D 1900
g 1so0
‘-—: 1700
'5‘: 1600
1500
0 5 10 15 20 25
HDPE %
S0« 1Wmm &5<20mm 25 =40 mm B0
(a) -
2500
2500 _Hm
Fa §:$ E 2w
B o el
2200
F 2w . =
= 2 2m
2 210 o
] o 200
] 2000 =
= 1900 = 1900
‘£ 1800 £ 18m0
= 17w e
o 5 10 15 20 25 [} 5 1o 15 20 25
HDPE % HDPE %
@10% 10mm ®5 =20 mm @25 = 4 mm © el 2 10=10mm ®5=20 mm ® 25« 40mm » f'c25
(b) (c)

Figure 6. The relationship between concrete unit weight and HDPE content and sizes: (a) BO; (b) f'c10;
(c) £'c25.

3.3. Tensile and Compressive Strength

Tensile and compressive strengths are the important mechanical properties that iden-
tify concrete performance. Figures 7 and 8 display the results of splitting tensile and
cylindrical compressive strength tests for the concrete mixtures containing HDPE addition
(the testing results are shown in Appendix A). Our experiments indicated that the strength
varied depending on the HDPE content and sizes.
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Figure 7. Tensile strength of concrete mixtures as a function of HDPE content and lamellar shape:
(a) BO; (b) {'c10 MPa; (c) ['¢25 MPa.
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Figure 8. Compressive strength of concrete mixtures as a function of HDPE content and lamellar
shape: (a) BO; (b) f'c10 MPa; (c) f'c25 MPa.

In line with the job mix design shown in Table 3, the concrete aggregate content and
w/c ratio had an effect on tensile and compressive strength. Figure 7 shows that the B0
concrete had a lower tensile strength, compared to f'c10 and f'c25. We observed also
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that the percentage and HDPE sizes behaved differently on concrete strength. Although
all sizes of HDPE lamellar had an equal surface area (1 cm?), they produced a different
response. In this case, we found that for all concrete classes, the addition of HDPE up to 5%
showed higher tensile strength compared to other percentages (above the baseline), and the
“5 x 20 mm” was the best shape compared to the size of “10 x 10 mm” and “2.5 x 40 mm".
This finding aligned with the compressive strength results shown in Figure 8a—c, where the
5% addition and “5 x 20 mm" strength value was above the normal concrete quality. This
graph also indicates that f'c10 concrete gave a better response to the increase in concrete
quality compared to BO and f'c25, where in all percentage additions and different lamellar
shapes, the value was above the normal concrete.

In addition, for the compaction, Figure 9a,b shows a two-dimensional (2D) image of
HDPE positions in the concrete mixture. The lamellar particles with sizes of “10 x 10 mm”
and “5 x 20 mm” remained unaffected by coarse aggregate pressure during casting. When
tested for compressive strength, the broken piece of concrete was then observed visually.
The size of 10 x 10 mm and 5 x 20 mm seemed to pack and bond together with the concrete
mixture in a straight position. However, we found that the “2.5 x 40 mm” sheet became
curved during casting (Figure 9c). Though this condition depends on the different angles
of lamellar particles and the level of coarse aggregate pressure received during casting, the
results showed that the 5 x 20 mm specimens performed better compared to 2.5 x 40 mm.

Straight HDPE position

<

_'.:P /“ _

Figure 9. 2D images of HDPE in concrete: (a) 10 x 10 mm; (b) 5 x 20 mm; (¢) 2.5 x 40 mm.

4. Discussion and Analysis
4.1. Relationship between HDPE Additions and Slump Value

The concrete workability indicates the consistency of the concrete mix during the work.
It relates to the degree of its compaction provided by the external (contact with the surface)
and internal friction (given by the aggregate size, shape, grading). The use of admixtures,
e.g., plastics could also affect the compaction. The fact that plastic materials are generally
lightweight and resistant to weather, means that they can be considered as suitable additive
materials for concrete [19]. Previous studies indicated that added materials, including
plastics, can improve the properties of concrete given appropriate percentage mixes [9,28].
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In this case, the addition of plastic can improve toughness and energy absorption at post-
cracking [41,42]. Further, given the very poor biodegradability of plastic, i.e., HDPE, can
not only improve the long-term performance of concrete structures butit can also contribute
to environmental sustainability and performance of the construction industry [43,44].

However, the addition of HDPE to the concrete mixture affected the slump value,
which is essential for concrete workability. Good workability is associated with the finishing
stages, homogeneity, and resistance to segregation. In regard to segregation, this must
be avoided during casting, due to fresh concrete’s low workability [45]. Increasing the
amount of water used in the job mix and adding materials at proportioning mix to maintain
concrete density [46] could be useful. For instance, recently, two types of added plastic have
been used in concrete mixes and have shown satisfactory results when using 30% plastic
waste in the total aggregate [47]. Therefore, to prevent less fluidity in the first place, we
managed the w/c ratio and admixture additions that function to alter concrete properties
when making the job mixes. Table 3 shows we set a higher w/c ratio than the typical w/c
ratio, and we used a lamellar shape (bigger size than fiber).

Even so, our findings, shown in Figure 5, identified that a small amount of added
plastic does not affect the mixture’s workability, but a higher percentage of added plastic
was found to influence the cementitious materials’ content and sharply decrease the
concrete’s workability. The possible reason is plastic hydrophobicity, which causes an
insufficiency of plastics to mix with other materials. It may limit the hydration of cement as
a result of the lesser bonding between plastic surfaces and cement paste. Additionally, due
to the angular and nonuniform nature of plastic aggregate particles [28,48], the increase
of HDPE lamellar particles in the concrete mixture results in lower fluidity compared
to normal concrete. This applies to different sizes of plastic lamellar particles, as seen
in Figure 5, which clearly indicates that, for all additions of HDPE at different sizes, the
addition of HDPE lamellar particles thickened the concrete mixture, thereby lowering the
slump value. To sum up, when considering the range of slump reduction, the added HDPE
lamellar particles fit well for low-degree workability applications. We consider that the
findings of this study may be useful for non-structural works, where higher strength is not
the main aspect [49,50].

4.2. Relationship between HDPE Additions and Unit Weight

When the HDPE lamellar particles were added into the concrete mixture, due to the
nature of plastic (e.g., immiscibility), the addition of plastic in the mixture may increase the
air content in concrete, thus affecting its density [19]. Additionally, during the hydration
and curing process, some amount of moisture is removed from the concrete mixture. The
immiscibility of plastics could affect compactness when a certain level of admixture is
replaced by HDPE. However, here, the volume of concrete remains the same, as indicated
by the amount pushed out of the sample mold. Further, as the unit weight of normal
concrete is about 2400 kg / m; higher than HDPE, which is about 930-970 kg/ m3, it is
justifiable that concrete containing HDPE additions would have lower unit weight. Figure 6
shows that for all concrete classes, compared to normal concrete, the unit weight of the
concrete mixture dropped linearly with the increased number of lamellar particles in the
mixture. Thus, an increase in HDPE content enables a reduction in concrete weight; an
important target in construction. In particular, for the same percentage of HDPE lamellar
additions, the different size of plastic lamellar particles does not affect the unit weight.
This finding is indicated by an almost similar value of unit weight for “5 x 20 mm”,
“2.5 x 40 mm”, and “10 »x 10 mm” lamellar particles.

Further, this study identified that the addition of HDPE, in lamellar shape, provided
the best response to concrete quality up to 5 % for medium concrete strength of f'c10. This
type of concrete could add benefit to non-structural walls, base concrete in the rigid pave-
ment on highways, paving blocks for parking lots with low loads, wall panels, shotcrete
(or Gunite), and concrete footpaths. For the use of precast concrete walls especially, con-
crete mixtures containing HDPE could reduce the building’s structural load and energy
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consumption within the building by lowering the inside temperature. Together with fillers
(e.g., sand, quarry fine), this type of concrete mix could help prevent heat transfer within
a structure, which is relevant to Indonesia’s moderate to high temperatures. In particu-
lar, there is a strong connection between thermal conductivity and concrete’s substantial
weight whereby the use of plastics to replace aggregates can reduce concrete’s thermal
conductivity compared to bare concrete [9,51].

Although the previous study has discussed the development of lightweight con-
crete using HDPE additions (25%), opening up new development opportunities for non-
structural and structural applications [52], our findings show that the concrete with added
plastics should be directed to medium concrete strength. Therefore, mean concrete contain-
ing plastics cannot be used as a primary construction material, ie,, for column, beam, and
plate constructions, mainly due to safety factors and its poor fire-resistant behavior [50].
These findings have an impact and add to the development of lightweight concrete for the
green construction sector. Thus, the addition of HDPE could also lead to a more sustainable
approach to reducing plastic waste.

4.3. The Effect of HDPE Additions to Tensile and Compressive Strength

As stated earlier, previous studies have found a relationship between plastics addition
influencing concrete’s tensile strength and compressive strength [19,21,53] matching those
of steel fibers that affected the value of splitting tensile and compressive strength [54], as
well as plastic fibers, carbon fibers, and fibers from natural materials, such as flax or other
plants. According to Hasan et al. [41], inserting fibers into a concrete mixture can increase
the concrete composite’s tensile strength by about 10-15%, compared to standard concrete.
Other research found similar results that fibers can prevent brittle failure and enhance the
ductility of the concrete [48,52,54].

The tensile strength is an essential determinant of how concrete performs under
induced stress. Figures 7 and 8 show the connection between tensile and compressive
strength; although their relationship is not directly proportional. The higher the com-
pressive strength, the higher the tensile strength, but at a decreasing rate [55]. This study
indicates that the addition of 5% HDPE increases the tensile and compressive strength
of concrete, better than 2.5%, 10%, and 20%. Furthermore, the addition of 10% and 20%
HDPE content to BO and f'¢25 concrete reduced the tensile and compressive strength. This
finding in line with other studies showing that increasing the volume fraction can affect
fiber bonding and decrease the strength of concrete composites [15,25,51]. However, this
study identified that this did not apply to {'c10 MPa concrete, where an increase in quality
occurred, even with a content of 20% for sheets with a size of 5 x 20 mm (13% increase in
splitting tensile strength; 35% increase in compressive strength). Therefore, the amount of
added HDPE should be chosen on the basis of the weight of the cement used, as outlined
in Table 2.

Further, since all HDPE samples added had the same cross-sectional area, the size
largely determines the results, whereby the position of plastic lamellar particles in the
concrete can reduce the optimality of the aggregate bond, as seen in Figure 9. The findings
emphasized that even though the plastic lamellar particles have the same cross-sectional
area, different results came because their position depends on the pressure received. This
explains why some lamellar particles are curved and some are straight. Figures 7 and &
show that in particular for lamellar particles at a size of “10 »x 10 mm”, the plastic lamellar
particles are packed together in a straight position, but in terms of its capacity to withstand
loads, the size of “5 x 20 mm” produced a better response compared to “10 x 10 mm”. It
shows that the length of the lamellar particles is important, up to a certain size. In summary,
the performance of the additions with respect to strength testing was in the order of
5 x 20mm > 2.5 x 40 mm > 10 x 10 mm. Thus, the use of HDPE with a size of 5 x 20 mm
as an additive in the concrete mixture was acceptable.
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5. Conclusions and Recommendations for Future Research

Few studies have assessed the effect of added particles’ length on concrete properties.
This study has contributed to the understanding of the optimal percentages and sizes of
HDPE in the shape of lamellar particles in concrete. Our study contributes to showing
the effect that HDPE additions have in terms of size and percentage on concrete qualities
to improve its use and exploitation and to design the concrete mix design process. Some
important findings are:

(1). This study evaluated the use of 2.5%, 5%, 10%, and 20% HDPE lamellar particle
additions at sizes of 10 x 10 mm, 0.5 x 20 mm, and 2.5 x 40 mm incorporated into
three concrete types (BO, f'c10, and £'c25). The f'c10 MPa concrete performed best in
response to the addition of lamellar particles, whereas 5% was the optimal HDPE
content, and 5 x 20 mm was the optimal size.

(2). All variants of HDPE lamellar particles described can be used with f'c10 MPa con-
crete. However, only 5 x 20 mm HDPE sheets should be used with B0 and f'c25
MPa concrete.

(3). Future research should investigate f'c10 MPa to determine the effects of different
percentage additions and material composition into concrete mixes. Additionally,
further work is needed to identify whether similar effects apply to different plastic
shapes. More testing could explore the valuation of physical concrete properties, e.g.,
water porosity.

Author Contributions: T.; conceptualization, design and analysis, investigation, initial draft, visual-
ization; J.N.; draft preparation, administration process, and the editing process. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: All data is contained aﬂ'ﬂn the article.

Acknowledgments: We thank our colleagues in the Department of Civil Engineering, Mulaflarman
University, who help and provide us their insight and suggestions that greatly assisted our research.

Conflicts of Interest: The authors declare no conflict of interest associated with this publication.
There has been no significant financial support for this work that could have influenced its outcome.

Appendix A

Table Al. Compressive and Tensile Test Results of 156 Specimens Used.

Compressive Test (MPa) Tensile Test (MPa)
HDPE Addition Number of Specimens Number of Specimens
1 2 Average 1 2 Average
BO 6.40 6.30 6.35 0.60 0.68 0.64
B0O-HDPE 2.5%
10 x 10 mm 6.30 6.70 6.50 0.70 0.70 0.70
5 x 20 mm 6.80 7.00 6.90 0.80 0.70 0.75
2.5 x 40 mm 6.80 6.60 6.70 0.70 0.65 0.68
B0-HDPE 5%
10 = 10 mm 6.40 6.60 6.50 0.70 0.80 0.75
5% 20 mm 740 7.40 7.40 0.80 0.80 0.80
2.5 x 40 mm 7.15 7.25 7.20 0.70 0.74 0.72
B0-HDPE 10%
10 x 10 mm 5.90 6.00 5.95 0.70 0.65 0.68
5 x 20 mm 6.90 6.90 6.90 0.70 0.70 0.70
2.5 x 40 mm 6.40 6.42 6.41 0.64 0.60 0.62
B0-HDPE 20%
10 = 10 mm 5.20 5.20 5.20 0.69 0.69 0.69
5 x 20 mm 6.20 6.20 6.20 0.65 0.66 0.66

25 x 40 mm 5.50 545 548 0.60 0.60 0.60
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Table A1. Cont.

Compressive Test (MPa) Tensile Test (MPa)
HDPE Addition Number of Specimens Number of Specimens
1 2 Average 1 2 Average
fcl10 10.05 10.00 10.03 3.00 3.00 3.00
f'¢10-HDPE 2.5%
10 x 10 mm 10.70 10.70 10.70 2.80 3.20 3.00
5 x 20 mm 12.00 12.00 12.00 2.90 3.30 3.10
2.5 x 40 mm 11.30 11.70 11.50 2.70 2.90 2.80
f'¢10-HDPE 5%
10 x 10 mm 11.50 11.50 11.50 3.20 3.15 3.18
5 x 20 mm 13.50 13.50 13.50 3.30 3.45 3.38
2.5 x 40 mm 12.20 12.17 12.19 3.10 3.15 3.13
£ ¢10-HDPE 10%
10 x 10 mm 10.80 10.80 10.80 2.80 3.00 2.90
5 x 20 mm 11.71 11.68 11.70 3.20 3.00 3.10
2.5 x 40 mm 11.20 11.20 11.20 2.65 2.90 2.78
f'¢10-HDPE 20%
10 x 10 mm 10.20 10.20 10.20 2.60 2.80 270
5 x 20 mm 10.68 10.72 10.70 2.80 2.85 2.83
2.5 x 40 mm 10.40 10.40 10.40 2.60 2.70 2.65
fc25 25.00 2510 25.05 4.00 4.10 4.05
f'¢25-HDPE 2.5%
10 x 10 mm 25.40 25.00 25.20 410 4.00 4.05
5 x 20 mm 25.50 26.30 25.90 415 410 413
2.5 x 40 mm 25.30 25.70 25.50 3.80 3.98 3.89
f'¢25-HDPE 5%
10 x 10 mm 25.00 25.20 25.10 420 415 418
5 x 20mm 26.60 27.00 26.80 4.30 4.35 433
2.5 x 40 mm 26.10 25.50 25.80 4.20 4.10 415
£ ¢25-HDPE 10%
10 x 10 mm 24.40 24.00 24.20 3.80 3.90 3.85
5 x 20 mm 25.60 2540 25.50 4.00 3.90 3.95
2.5 x 40 mm 24.40 25.00 2470 3.90 3.70 3.80
f'¢25-HDPE 20%
10 x 10 mm 22.60 22.00 22.30 3.70 3.60 3.65
5 x 20mm 24.50 23.60 24.05 3.90 3.72 3.51
2.5 x 40 mm 22.90 23.10 23.00 3.50 3.52 3.51
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