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Abstract:

This experiment examined the properties of concrete
with relatively high proportions of polyethylene
terephthalate (PET) plastic waste used as a substitute
for sand. In addition to the reference mixture, two
percentages of PET shredded-plastic waste from
discarded PET bottles were used as sand replacements:
30 and 50 %. To improve the performance of concrete
mixtures with a high PET percentage, the concrete was
also reinforced by adding polypropylene fibers at a rate
of 1,5 % of the concrete-mix volume. Several concrete-
mix characteristics were studied, such as workability, dry
density, compressive strength, flexural strength,
modulus of elasticity, absorption, and ultrasonic pulse
velocity test. The use of plastic waste as a half
replacement of fine aggregate in concrete has several
benefits. One of which is the ability to produce
lightweight concrete, where the dry density of concrete
with a higher percentage of PET plastic waste of 50 %
was 1912,30 kg/m3, and it had an acceptable
compressive strength of approximately 25,3 MPa. The
current study vyielded important findings because
recycling a high percentage of PET waste of half sand
weight represents a structural advantage in reducing the
weight of concrete. The proposed method also produces
eco-friendly concrete due to the positive impact on the
environment owing to the consumption of PET wastes
within concrete mixtures.
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1 Introduction

Modern society is confronted with the critical problem of reducing the amount of waste
produced on a global scale. Reduced-waste development and recycling of items that must be
generated are the two most commonly used conventional methods to achieve this. In 1950,
1,7 million tons of plastic was produced worldwide. This has increased by almost 170 times,
reaching 288 MT by 2012 [1]. Polyethylene products account for approximately 29 % of the
total plastic waste [2; 3]. These materials consist of high-density polyethylene, linear low-
density polyethylene, and low-density polyethylene. Twenty percent of the world's plastic waste
comprises polyethylene terephthalate (PET) and 18 % comprises polypropylene [2; 3], with the
other 33% sourced from various polymer types. A considerable amount of plastic can be
recycled into many different products [4; 5]; however, a substantial amount still goes to waste
and must be disposed of. The construction industry is one possible application of this waste
material; plastic waste has already been used in concrete, either as a shredded material or as
part of a synthetic aggregate mix. Recycled waste in concrete mixtures has been the focus of
many researchers [6-8].

Naturally occurring aggregates can be substituted by plastic-based lightweight aggregate
because plastics have a lower density than most natural materials. Lightweight concrete
aggregate made from recycled plastic bottles was the subject of an experimental study by Choi
et al. [9]. The compressive strength, modulus of elasticity, slump, density, and splitting tensile
strength of lightweight aggregate concrete made from recycled PET bottles were evaluated.
Compared with regular concrete, the workability of this type of concrete was significantly
enhanced [9]. Akcadzoglu et al. [10] studied the incorporation of shredded waste into
lightweight concrete by testing concrete cubes and cylinders. The effects of plastics in the
aggregate and mortar on concrete shrinkage were explored [10]. According to Casanova-del-
Angel et al. [11], PET aggregates may be used to produce high-quality mixes that have less
weight, but have mechanical properties comparable to those of natural concrete. Because of
their reduced weight and the minimal difference between the heat levels in concrete and PET,
light concrete may be utilised as Class Il concrete, making it suitable for diverse applications,
such as light slabs for houses in hot climates.

Liguori and lucolano [12] used synthetic aggregates manufactured from recycled plastics,
namely, polyolefins and polyethylene terephthalate garbage. They used these materials as
partial substitutes for natural aggregates used to fabricate hydraulic mortars. Water-vapour
permeability was increased and open porosity was improved by using recycled plastic.
However, plastic aggregates significantly reduced thermal conductivity, which increased the
thermal-insulation properties of the mortar. Gurmel et al. [13] aimed to recycle plastic and red
sand to create recycled plastic aggregate (RPA). A decrease in chloride penetration of
approximately 13 % was observed when RPA was used as an alternative to conventional
lightweight aggregate at a 100 % volume ratio. Although the compressive strength was lower,
it was still within the practical range of 12-15 MPa, making RPA suitable for use in nonstructural
components, including low-side buildings, cementitious backfills, and pavements.

Attanasio et al. [14] used three distinct types of plastic materials: polyurethane foam, tire
rubber, and particles from recycled plastic separated from solid urban waste. These wastes
were processed to make aggregates for nonstructural concrete. Using recycled plastic as an
ingredient led to the creation of concrete with a lower density ranging from 1050 to 1300 kg/m?.
Optimal concrete mechanical qualities ranged from 2,6-9,3 MPa, but the addition of plastic
significantly reduced their thermal conductivity, which was the most noticeable decrease (0,20-
0-33 W/mK). In addition, the concretes showed a lower propensity to transmit ultrasonic
pulses. In a study conducted by Jassim [15], a short reinforcement structure was created using
waste polyethylene packaging, which included food crates and bottles, accounting for 10-80
% by volume. The results indicated that plastic cement can be made using 60% recycled
polyethylene and 40 % Portland cement. This approach has led to the fabrication of lightweight
materials with enhanced density, increased ductility, and improved workability. Similarly,
Aslam et al. [16] investigated the effect of PET bottle fibres on the mechanical properties of

ACAE | 2025, Vol. 16, Issue No. 30 Page | 166



Production of eco-friendly lightweight fibrous concrete by replacing
Dawood, A. O.; Sabar, Z. A. half of the sand with PET waste

concrete. PET fibres added at varying concentrations (0,25 %, 0,50 %, and 1,00 %) were
shown to improve the workability of concrete when no recycled aggregates were used.
However, their addition led to a reduction in the compressive and split tensile strengths. The
study concluded that factors such as plastic fibres, curing time, and recycled aggregates
interact synergistically to influence concrete strength, and proposed equations to predict these
effects. In addition to what has been mentioned, many previous studies have addressed the
topic of lightweight concrete and the use of alternative materials to improve its properties.
These studies highlighted the role of these materials in enhancing mechanical performance
and promoting environmental sustainability [17-23].

The overarching goal of the present study is to reduce the environmental impact of PET waste
by recycling large percentages of PET as sand and using it in concrete with improved
specifications and a lower density. To improve the performance of concrete mixtures with high
percentages of PET, polypropylene fibers were added to the mixture at a rate of 1,5 % of the
concrete-mix volume, which was considered a fibre-reinforced concrete mixture containing
PET waste as a partial replacement for sand at percentages of 30 and 50 %.

2 Experimental work
2.1 Materials properties

The materials used in this study met all the requirements set forth by Iraqi standards. Ordinary
Portland cement manufactured in Iraq was used. The physical parameters of the cement are
summarised in Table 1 based on Iraqi Specification 1QS 5/1984 [24]. The materials were
selected based on compliance with Iragi requirements, including 1QS 5/1984 for cement and
IQS 45/1984 for aggregates; their suitability for obtaining desired concrete qualities such as
workability, strength, and durability; their availability in the local market, which ensures simple
access to materials such as cement, sand, and PET; and environmental impact, as recycled
PET bottles are used to encourage sustainability.

Table 1. Physical characteristics of cement

Physical properties Tests Iraqi specification limits
results NO.5/1984 [34]
Fineness using Blain Air Permeability 382,00 = 230,00
Soundness using the autoclave method 0,25 <0,80
Initial and final setting time using the Vicat method
Initial h:min 2,08 > 45 min
Final h:min 4,27 <10h
Compressive strength of cement mortar
3 days MPa 19,90 215
7 days MPa 30,40 223

The use of Iragi natural sand as a fine aggregate is limited to particles not larger than 4.75
mm, and the sand utilised in this study lies in Zone No. 2. The gravel was composed of coarse
aggregates that were not larger than 20 mm. Details of the fine aggregate and PET-particle
grading are summarised in Tables 2 and 3, respectively, based on the limitations of the Iraqi
standard specification 1QS 45/1984 [25].

The superplasticiser employed was of varieties A and G, compliant with ASTMC494-99 [26].
The PET-crushing process involves collecting both large and small PET bottles and thoroughly
washing them to remove contaminants. The bottles were then fed into a crushing machine,
where they were mechanically ground into smaller particles. This process typically produces
irregularly shaped particles resulting in a mixture of fine particles and large fragments. The
particles were then passed through a sieve (such as sieve number 4) to refine their size
distribution.
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Table 2. Gradation of the fine aggregate

Standar[dm ii]]eve size Cumulati[:)//e Passing Irg;irggfé:;/iiari?oss;nl? rr:/|0t .
0] N0.45/1984 [25]
10,00 100,00 100
4,75 96,60 90-100
2,36 88,05 75-100
1,18 65,20 55-90
0,60 40,75 35-59
0,30 15,02 8-30
0,15 4,50 0-10

Table 3. Gradation of the PET waste

Sieve size PET percent passing
[mm] [%]
10,00 100,00
4,75 95,60
2,36 97,64
1,18 18,72
0,60 2,55
0,30 0,50
0,15 0,19

The resulting particles generally had sharp edges and angular shapes, with some exhibiting
flat surfaces due to the nature of the material and the crushing process, as shown in Figure 1,
which illustrates the PET material used in the study. According to Iragi Specification 1QS
45/1984 [25], the PET patrticle-sieve analysis demonstrated an acceptable grade compared to
sand-sieve analysis. The added polypropylene fibres had a length of 12 mm and a diameter of
0.018 mm, as shown in Figure 2. These fibres enhanced concrete properties by improving the
compressive and tensile strengths, reducing cracks, and increasing durability and flexibility.
They also helped to improve the ability of the concrete to withstand harsh environmental
conditions and heavy loads.

Figure 1. PET waste-fibre shape
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Figure 2. PP-fibre shape

A water-to-cement ratio of 0,4 and 0,5 % superplasticiser were used as the weight mixing ratio
(1:1.5:3). Two different amounts of recycled PET bottles were used as partial sand
replacements in addition to the reference mixture. The weight percentages of PET waste
utilised for the sand were 30 and 50 % with the addition of polypropylene fibres at a ratio of 1,5
% of the concrete-mixture volume. The proportions of the concrete mixtures are listed in Table
4.

Table 4. Component ratios for concrete with varying amounts of PET replaced

PET/Sand | Cement Sand Gravel Water PET SP WIC PP Fiber
[%] [kg/m3] | [kg/m3] | [kg/m® | [kg/m® | [kg/m?] [%] [kg/m3]
0 (Ref) 450 675,0 1350 180 0,0 0,5 0,4 0,00
30 450 472,5 1350 180 202,5 0,5 0,4 13,65
50 450 337,5 1350 180 337,5 0,5 0,4 13,65

2.2 Specimen preparation for testing

Before mixing, the fine and coarse aggregates were washed and cleaned. Additionally, all
moulds, whether cubes, cylinders, or prisms, were cleaned and oiled. Figure 3 shows the first
stage, which involved preparing the PET-waste particles and mixing them with sand according
to the quantities mentioned earlier. Gravel and other materials such as PET-waste alternatives
were blended using a mechanical mixer. Subsequently, cement was added to the concrete,
and while the mixture was still being mixed, water and a superplasticiser were added.
Subsequently, the polypropylene fibres were carefully added to the concrete mixture by placing
them in the mixing bowl while still rotating. The fibres were then mixed with the concrete
materials for 5 min to ensure that they were equally distributed and to prevent them from
clumping together. After mixing the materials, the concrete was poured into the prepared
moulds (cubes, cylinders, or prisms) in layers. The concrete was then compacted using a
tamping rod to remove air bubbles and ensure a uniform density distribution. After the concrete
was poured, the specimens were cured by placing them in water-filled tanks to ensure
adequate hydration and strength development. The proportions of the control mix (which did
not include PET or fibres) were used to achieve a target strength of 35 MPa.
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Figure 3. Process for pouring and curing concrete samples

2.3 Laboratory tests

In this study, specimens of different shapes were cast to evaluate the mechanical and physical
properties of the hardened concrete. These properties include static and dynamic moduli of
elasticity, compressive strength, split tensile strength, flexural strength, absorption and
ultrasonic pulse speeds, dry density, and fracture energy. The samples used in this evaluation
were cubes, cylinders (two sizes), and prisms. Moreover, the fresh operability of the concrete
was evaluated using a slump test. The reference mixture was compared with the results of all
the tests. conducted on replacement percentages. One side had six concrete cubes measuring
150 x 150 x 150 mm. Each replacement ratio was used to check the compressive strength at
7 and 28 days of age (three cubes were prepared for every age). Six additional cylinders
measuring 100 x 200 mm were used to measure the tensile strength after 7 and 28 days. Two
cylinders (150 x 300 mm) were used for elasticity testing at the age of 28 days. Flexural-
strength testing was performed using six prisms (100 x 100 x 500 mm) (three prisms prepared
for each age). After 28 days, one concrete cube measuring 150 x 150 x 150 mm was poured
for each replacement ratio. It was used to evaluate the conductivity using the ultrasonic pulse
velocity (UPV) and measure the absorbance. A total of 60 samples were cast for the various
tests.

3 Results and discussion
3.1 Workability of fresh concrete (Slump test)

Slump testing was conducted in compliance with ASTM C143 [27]. As shown in Figure 4 and
Table 5, the results demonstrate that the workability of the concrete decreases as the amount
of PET waste in the mixture increases. The reference specimen (0 % PET+0 % PP) exhibited
a slump of 162 mm. The specimens reinforced with polypropylene fibres and using (30 and 50
%) PET waste as sand had slumps of 68 and 40 mm, which produced reductions of 58,0 and
75,3 % relative to the reference ratio, respectively. Because the surface area of PET waste
particles was higher than that of the sand particles, the workability of concrete was reduced.
The elevated surface area enabled the accumulation of a substantial amount of water on its
surface, which reduced the workability of the concrete. Furthermore, the incorporation of
polypropylene fibres decreased the workability of the concrete by increasing the internal friction
and reducing the fluidity. When combined with PET waste, the slump was significantly reduced
owing to the high surface area of both materials, which trapped water and restricted movement
within the mix.

Table 5. Result of slump for concrete specimens containing PET waste

PET/SAND Slump (mm) Variation in slump
0% (R) 162 -
30,0 % PET + 1,5 % PP 68 58,0 %
50,0 % PET+ 1,5 % PP 40 75,3 %
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200
160 +
120 +
80 T
40 +

0

Slump (mm)

0%(R) 30%PET+1.5%PP 50%PET+1.5%PP

PET/SAND (%)

Figure 4. Slump curve for mixes of fibre and PET waste
3.2 Mechanical properties of lightweight mixture
3.2.1 Compression-strength results

Compressive-strength tests were conducted on concrete specimens reinforced with
polypropylene fibre and containing PET waste to replace sand. The tests were conducted at 7
and 28 days of age in compliance with British Standard BS1881 part 116-89 [28]. The results
are presented in Figure 5 and Table 6. After 7 days, the compressive strength of the reference
specimens was 35,7 MPa. Then, the other concrete specimens with fibres and different ratios
of PET waste (30 and 50 %) had compressive strengths of 33,1 and 22,9 MPa, which were
lower than those of the reference mixture by -7,28 and -35,85 %, respectively. A noticeable
change was observed in the compression-strength curve at 28 days of age, although it was
not as notable as the change at 7 days when compared to the reference cube. The
compressive strength of the reference specimens was 40,6 MPa after 28 days. Then, the other
concrete specimens with fibres and different ratios of PET waste (30 and 50%) had
compressive strengths of 36,3 and 25,3 MPa, which were lower than the reference mixture by
-10,6 and -37,7 %, respectively. Thus, the lightweight fibrous concrete mixture with 50 % PET
yielded an acceptable compressive strength of 25 MPa, which satisfied the main objective of
the present study, which is to produce an eco-friendly lightweight fibrous concrete with a
compressive strength suitable for structural applications.

Table 6. Result of compressive strength for concrete specimens containing PET waste

Average compressive Variation in compressive 7/28
PET/SAND strength fcu [MPa] strength (28 days) ratio
7 days 28 days [%6]
0% (R) 35,7 40,6 ~ 87,93
30 % PET + 1,5 % PP 33,1 36,3 -10,6 91,18
50 % PET + 1,5 % PP 22,9 25,3 -37,7 90,51
T 45
o
= ~—
£ 307 ‘\\\‘
o
o
B 154
[1}]
2
w
o 0 ' )
- 0%(R) 30%PET+1.5%PP 50%PET+1.5%PP
o
o

PET/SAND (%)
—8—7 days —e—28days

Figure 5. Compression-strength curve for mixes of fibre and PET waste
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3.2.2 Splitting tensile results

Figure 6 and Table 7 show the results of the 7- and 28-day splitting tensile-strength tests
performed on the reference specimen and concrete specimens reinforced with polypropylene
fibre and containing PET waste as a substitute for sand. The test was performed in accordance
with American Standard ASTM-C496 [29]. After 7 days, a split tensile strength of 2,1 MPa was
attained for the reference specimen. However, when compared to the reference specimen, the
other specimens that included PET waste in various ratios, 30 and 50 %, with polypropylene
fibres had splitting tensile strengths of 2,20 and 1,52 MPa and showed a decrease of -4.76%
and -27,62 %, respectively. At 28 days of age, a similar pattern of decreased tensile strength
was observed. The reference specimen exhibited a tensile strength of 2,4 MPa. Then, the
other concrete specimens with fibres and different ratios of PET waste, 30 and 50%, had
tensile strengths of 2,3 and 1,9 MPa, which were lower than the reference mixture by -4,17 %
and -20,83 %, respectively. Thus, the lightweight fibrous concrete mixture with 50 % PET
yielded an acceptable splitting tensile strength compared with the other mixtures.

Table 7. Results of splitting tensile strength for concrete specimens containing PET

waste
Average splitting tensile Variation in tensile 2128
PET/SAND strength ft [MPa] strength (28 days) ratio
7 days 28 days [%]
0% (R) 2,10 2,40 87,50
30 % PET +1,5% PP 2,20 2,30 -4,17 95,65
50 % PET + 1,5 % PP 1,52 1,90 -20,83 80,00
3
£ 254 .
g 51 o— N:
£ 154
£ 1
SS 051
s 0 | }
£ 0%(R) 30%PET+1.5%PP 50%PET+1.5%PP
& PET/SAND (%)

—8—7 days —e—28 days

Figure 6. Tensile-strength curve for mixed fibre and PET waste
3.2.3 Flexural-strength results

Figure 7 and Table 8 show the results of the 7- and 28-day flexural-strength tests performed
on the reference specimen and concrete specimens reinforced with polypropylene fibre
containing PET waste as a substitute for sand. The test was performed in accordance with
ASTM-C78 [30]. Prism samples with dimensions of 500 x 100 x 100 mm were subjected to
flexural-strength tests. After 7 days, a flexural strength of 3,7 MPa was attained using the
reference specimen. However, when compared to the reference specimen, the other
specimens that included PET waste in various ratios, 30 and 50 %, with polypropylene fibres
had flexural strengths of 3,6 and 3,1 MPa and showed a decrease of -2,70 % and -16.22%,
respectively. At 28 days of age, a similar pattern of decreased flexural strength was observed.
The reference specimens exhibited a flexural strength 4 MPa. Then, the other concrete
specimens with fibres and different ratios of PET waste, 30 and 50%, had flexural strengths of
3,8 and 3,3 MPa, which were lower than those of the reference mixture by -5,0 and -17,5 %,
respectively. The addition of polypropylene fibres helped improve the stress distribution within
the concrete and reduced cracking, but its effect was limited in compensating for the decrease
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caused by PET waste. Despite improving the overall performance, its impact on flexural
strength was less than that of PET.

Table 8. Flexural strengths for concrete specimens containing PET waste

Average flexural | variation in tensile 18 | fo | £,=0,62
PET/SAND strength ft [MPa] strength (28 days) | (MPa) ' m
7 days 28 days [%0]
0% (R) 3,7 4,0 -- 92,50 | 34,51 3,64
30 % PET + 1,5 % PP 3,6 3,8 -5,0 94,74 | 30,86 3,44
50 % PET + 1,5 % PP 3,1 3,3 -17,5 93,94 | 21,51 2,88

(4]

:\ﬂ\:

0%(R) 30%PET+1.5%PP 50%PET+1.5%PP

PET/SAND (%)
—8—7 days —8—28 days

Flexural strength (MPa)
I~

(]
t

Figure 7. Flexural-strength curve for mixed fibre and PET waste
3.2.4 Static modulus of elasticity

According to ASTM-C 469-02, a stress—strain curve can be used to determine the modulus of
elasticity [31]. Figure 8 shows the elastic-modulus data. The results and relationships
demonstrate that the modulus of elasticity decreased significantly as the percentage of
recycled PET plastic particles increased. First, the cylinder that did not include any PET waste
(reference ratio) or fibre achieved the highest recorded modulus of elasticity of 30,51 GPa.
Furthermore, as the strain values increased, the elastic-modulus values of concrete containing
an increasing fraction of PET particles decreased. The specific strengths of the concrete
specimens reinforced with polypropylene fibre and containing varying amounts of PET waste,
30 and 50 %, were 17,03 and 14,34 GPa, representing changes of -44,18 and -52,99 %,
respectively. The lightweight fibrous concrete mixture with 50% PET yielded a closed modulus
of elasticity of 30 % PET percentage, which is indicative of an eco-friendly lightweight mixture
for structural applications.

35

30 T

25 +

20 +

(GPa)

15 + ®

10

Static modulus of elasticity

0%(R) 30%PET+1.5%PP 50%PET+1.5%PP
PET/SAND (%)

Figure 8. Static modulus of elasticity curve for mixed fibre and PET waste
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3.2.5 Dynamic modulus of elasticity

To determine the dynamic modulus of elasticity, the ultrasonic pulse velocities of specimens
(cubes) that were 28 days old were measured, and the results mainly depended on the density
of the concrete. The dynamic modulus of elasticity was determined using the following
equation:

_ Pat 28UPV? (14 p)(1 — 2p)
1-w

where UPV is the pulse velocity in Km/s, p is the concrete unit weight in kg/m?®, and p denotes
Poisson's ratio. Figure 9 shows the results of the dynamic modulus of the specimens. The
dynamic modulus of elasticity of the reference specimen was 46,37 GPa. When PET waste
was used as a sand replacement, the ratios, 30 and 50 %, had a dynamic modulus of elasticity
of 27,67 and 19,56 GPa, which decreased by approximately -40,33 and -57,82 % compared
to the reference specimen, respectively. A comparison between Figures 8 and 9 shows that
both the dynamic and static moduli of elasticity for mixtures containing PET vyielded relatively
similar behaviours.

Ed (1)

a
o

B
[=]

Dynamic modulus of
elasticity (GPa)
w
(=]

8]
o
t

—
o

0%(R) 30%PET+1.5%PP 50%PET+1.5%PP
PET/SAND (%)

Figure 9. Dynamic modulus of elasticity for mixed fibre and PET waste
3.3 Physical properties of lightweight mixture
3.3.1 Dry density

The first step in the present experiment is to reduce the density of concrete by substituting as
much sand as possible with PET waste so that the concrete mixture is homogenous and has
acceptable strength for structural applications in which polypropylene fibres are added. The
same cube specimens used for the compression-strength testing of concrete mixtures
reinforced with polypropylene fibres and containing PET waste were used to measure the dry
density in accordance with ASTM C642 [32]. At 7 and 28 days of age, compression tests and
dry-density measurements were performed simultaneously. As shown in Figure 10, the density
decreased with an increasing PET particle-to-concrete ratio. The density of the reference
specimens was 2372,81 kg/m?® at 28 days of age. In contrast, the sample with the PET
replacement ratio of 50 % and containing polypropylene fibres had a density of 1912,30 kg/m?,
which was lower than 419,41 %.

The main factor contributing to the decrease in concrete density was the relatively low density
of PET particles, which was 1380 kg/m?3. Thus, a fibrous concrete mixture containing 50 % PET
as a replacement for fine aggregates yielded eco- friendly lightweight concrete.
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2550

2400 T

2250 A

2100 A

Density (kg/m?3)

1950 -

1800 :
0%(R) 50%PET+1.5%PP

PET/SAND (%)

—8— Density-7days —@— Density-28days

Figure 10. Dry-density curve for mixed fibre and PET waste
3.3.2 Absorption test

Three concrete cubes were used for the absorption test, and one cube was allotted for each
percentage of PET particles. To determine the wet weight of the cubes, they were immersed
in water for 24 h after being oven-dried for 72 h, based on ASTM C642 [32]. The results are
presented in Figure 11. The absorption ratio increased in direct proportion to the PET
waste/sand ratio. The reference cube had an absorption ratio of 1,55 %. The absorption ratios
of the concrete specimens reinforced with polypropylene fibres and containing varying
amounts of PET waste, 30 and 50 %, had absorptions of 2,79 and 3,41 %, which were higher
than those of the reference mixture by 80 and 120 %, respectively. The absorption-test results
showed that increasing the amount of PET waste in the mixture increased the water-absorption
rate. This is attributed to the open pores left by the PET particles, which enabled greater water
absorption than traditional sand. Additionally, the addition of polypropylene fibres may also
affect the absorption properties owing to their interaction with other components in the
concrete, resulting in an increased absorption capacity compared to that of the reference
sample.

Absorption (%)

0%(R) 30%PET+1.5%PP 50%PET+1.5%PP
PET/SAND (%)

Figure 11. Absorption curve for mixed fibre and PET waste
3.3.3 Ultrasonic pulse-velocity tests

Figure 12 shows the results of ultrasonic pulse-velocity tests conducted on concrete
specimens (cubes) reinforced with polypropylene fibre and with varying ratios of PET waste
relative to the reference specimen. A cube was tested for each proportion of PET waste. A
linear procedure was employed for each test. The results of this test match the requirements
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of BS 1881 Part 116 [33]. The results showed that the pulse velocity decreased gradually as
the proportion of PET particles increased, which was a result of the very low-velocity
characteristics of PET. The reference specimens had a pulse velocity of 4,660 km/s, whereas
the concrete specimens with fibres and different ratios of PET waste, 30 and 50%, had pulse
velocities of 3,692 and 3,371 km/s, which were 20,77 and 27,66 % lower than those of the
reference mixture, respectively. The addition of polypropylene fibres to the concrete improved
the stress distribution within the mix, but its effect on ultrasonic pulse velocity was limited.
Although the fibres may improve the overall durability of the concrete, their impact on the pulse
velocity was not sufficient to offset the negative effects of PET waste. Thus, the pulse velocity
remained low because of the properties of PET, whereas the fibres played a greater role in
improving the mechanical performance of the concrete, rather than affecting the acoustic
properties.

0%(R) 30%PET+1.5%PP 50%PET+1.5%PP
PET/SAND (%)

Figure 12. Pulse-velocity curve for mixed fibre and PET waste
3.4 Compressive fracture energy

A fundamental property of concrete required for a logical forecast of brittle failure in concrete
structures is its fracture energy. The most crucial mechanical properties of concrete structures
for assessing and forecasting changes in structural performance are the compressive strength
and compressive-fracture energy. Two methods were used in the present study to determine
the compressive-fracture energy and evaluate the performance of a lightweight concrete
mixture with a relatively high percentage of PET waste as a sand replacement: the Bazant and
CEB-FIP methods.

3.4.1 Bazant model

Bazant presented an empirical formula in his model that included factors such as compressive
strength, aggregate size, and the water-to-cement ratio. To study the fracture energy, all
known data were entered into the equation. This experiment employed angular aggregates
with respect to the aggregate-factor form. The formula for Bazant's model is as follows:

fc 0.4 Dmax 0,43 W -0,18
6 =250 (5555) (1+1s5) (c) 2
F %1\0,058 HERY) C @

with ao = 1,00 for spherical aggregates and ap = 1,12 for angular aggregates, where ao is the
aggregate form factor. Dmax is the maximum aggregate size, w/c is the water-to-cement ratio,
and fc is the compressive strength of the concrete. The fracture energy of the reference
specimen was 126,21 N/mm. Then, the concrete specimens with fibres and different ratios of
PET waste, 30 and 50 %, had fracture energies of 120,68 and 104,46 N/mm, which were lower
than those of the reference mixture by -4,38 and -17,23 %, respectively.
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3.4.2 Construction of references

CEB-FIP offered a formulation that accounted for the mixture design in the same manner as
the Bazant equation. Equation (3) can be used to obtain the fracture energy:

0,7

Gr = 0,0143 ay(Dygy)®? — (0,5D,0x + 26) - (f—%) 3)
with ao = 1,00 for spherical aggregates and ap = 1,12 for angular aggregates, where ao is the
aggregate form factor. Dmax is the maximum aggregate size, w/c is the water-to-cement ratio,
and fc is the compressive strength of the concrete. The fracture energy of the reference
specimen using this method was -94,63 N/mm. Then, the concrete specimens with fibres and
different ratios of PET waste, 30 and 50 %, had fracture energies of -87.50 and -67.96 N/mm,
which were lower than those of the reference mixture by -7,53 and -28,18 %, respectively.
Thus, both mixtures with 30 and 50 % PET waste as a sand replacement yielded acceptable
compressive-fracture energies from a structural-application point of view using both the Bazant
and CEB-FIP methods.

3.5 Estimation the elastic modulus of polypropylene fibrous concrete with PET
wastes

The equation of Aslani and Smalley [34] provides the best prediction of the modulus of elasticity
when the experimental modulus of elasticity for plain concrete is given. The equation of Aslani
and Samali [44] was used to determine the modulus of elasticity of concrete with discrete
fibres, as follows:

E.=E —31177V; (4)

where E. is the elastic modulus of the fibre-reinforced concrete (MPa), E¢, is the elastic
modulus for plain concrete (MPa), and Vf is the volume fraction of the fibre (%). Based on the
experimental results for the static modulus of elasticity in Section 3.3.4, the elastic moduli of
the reference, 30 % PET, and 50 % PET mixtures were 30509, 17030, and 14340 MPa,
respectively. Thus, based on the results of the present study, the following equation is
proposed to estimate the elastic modulus of polypropylene fibrous concrete containing
relatively high percentages of PET waste as a sand replacement, as a modification of the
Aslani and Smalley [34] equation:

Ec = 0,8 (1 — PET)E., — 31,177 V; (5)

where PET is the ratio of PET to sand (for example, for a 30 % PET replacement, PET in
Equation 5 is 0,3). Equation 5 yields the elastic moduli for 30 and 50 % PET-to-sand
replacement ratios of 17038 MPa and 12157 MPa, respectively. Thus, for 30 % PET as a sand
replacement, the elastic moduli obtained by both experimental findings and Equation 5 are
close, whereas for 50 % PET, Equation 5 yields an elastic modulus of approximately 84,8 %
of the experimental findings, which may be considered acceptable for structural applications.

4  Sustainable development goals

The results of this study contribute to several sustainable development goals (SDGs) through
the use of PET waste as a partial sand replacement in concrete. First, it promotes innovation
in the concrete industry by utilising recycled materials, which supports Goal 9 (industry,
innovation, and infrastructure) and enhances the development of sustainable and resilient
infrastructure. Additionally, the lightweight concrete produced in this study helps to reduce the
weight of buildings, contributing to the creation of more sustainable urban communities with
lower resource consumption, thereby supporting Goal 11 (sustainable cities and communities).
The use of PET waste also reduces plastic waste and promotes sustainable production
practices, contributing to Goal 12 (responsible consumption and production) by reducing waste
and fostering a circular economy. Finally, the use of recycled materials helps reduce the
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emissions associated with the extraction of conventional sand, thereby mitigating the impacts
of climate change and supporting Goal 13 (climate action).

5 Environmental and economic impacts

The extensive use of sand in concrete production has significant environmental and economic
consequences. The extraction of sand from rivers and beaches causes habitat destruction,
biodiversity loss, soil erosion, and ecosystem disruption. In addition, transporting sand over
long distances increases carbon emissions and contributes to climate change. Economically,
the rising demand for sand has led to shortages and price increases that affect construction
costs and availability. The illegal extraction of sand harms the environment and reduces the
economic benefits of sustainable sand production. Therefore, sustainable practices are
required in the construction industry to address these issues. The use of alternative materials,
such as recycled PET plastic-waste aggregates, offers an opportunity to reduce the reliance
on natural sand while addressing waste management and environmental preservation.
Sustainable practices, including material recycling and the adoption of eco-friendly
construction methods, can help mitigate the negative impacts of sand usage, conserve
resources, and promote a more sustainable future for the industry. Thus, the results of this
study, which produced lightweight structural concrete by replacing a relatively large percentage
of sand, reaching 50 %, with PET waste, show that the present study satisfied the SDGs.

6 Mode of failure

Increasing the PET-replacement percentage in concrete led to a reduction in fracture size and
crack length, thereby enhancing the ductility of the material. The specimens containing PET
were less brittle and had fewer cracks than the reference specimen. Moreover, the addition of
polypropylene fibres further improved the ductility and toughness of the concrete. The fibres
helped distribute stresses more evenly across the material, reducing crack propagation, and
improving the ability of concrete to absorb energy before failure. The combination of PET and
fibres resulted in a more resilient concrete with better crack control and overall durability.

AP

0 % (R) 30 % PET+1,5% PP 50 % PET + 1,5 % PP

Figure 13. Mode failure of compressive specimens

0% (R) 30 % PET +1,5% PP 50 % PET + 1,5 % PP

Figure 14. Mode failure of splitting tensile specimens
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0% (R) 30 % PET + 1,5 % PP 50 % PET + 1,5 % PP

Figure 15. Mode failure of flexural specimens

7 Conclusions

O

This study highlights the importance of using recycled PET and polypropylene fibres in
lightweight concrete, contributing to improving sustainability and reducing the
environmental impact of the construction industry. Notably, increasing the PET ratio
reduced the weight of the concrete but negatively affected some properties of the
concrete, such as workability and mechanical strength.

The results of the present study open the door for future research to improve the
bonding between recycled materials and fibres to enhance the mechanical and physical
properties of concrete, leading to more efficient and lighter concrete while maintaining
its strength.

Because the particles in recycled plastic are not homogeneous in shape, the workability
of the concrete is reduced. Therefore, the workability of the blends was significantly
affected. The specimens with 50 % PET + 1,5 % PP had a workability of 40 mm, which
was 75,3 % less than that of the reference specimens.

Increasing the ratio of replacement PET caused a decrease in dry density. Accordingly,
specimens with 50 % PET + 1,5 % PP had their unit weights reduced by 19,41 %
compared with the reference concrete mixture, that is, the fibrous concrete mixture
containing 50 % PET as a replacement for the fine aggregate yielded eco-friendly
lightweight concrete.

As the percentage of PET waste reinforced with polypropylene fibres increased up to
50 %, the compressive strength, splitting tensile strength, and flexural strength all
noticeably decreased. Therefore, the specimen with 50 % PET + 1,5 % PP exhibited a
decrease of 37,7 % in compressive strength, 20,83 % in tensile strength, and 17,5 %
in flexural strength compared with the reference specimens.

The UPV test and static and dynamic moduli of elasticity decreased as the proportion
of recycled PET increased. The UPV test and static and dynamic Young's moduli for
the specimen with 50 % PET + 1,5 % PP were 27,66, 52,99, and 57,82 % lower than
those of the reference specimen, respectively.

The absorption ratio increased as the proportion of recycled PET increased. The
specimen with 50 % PET + 1,5 % PP exhibited an absorption rate of 3,41 %, which
was 120 % higher than that of the reference specimens.

The specimen with 50 % PET + 1,5 % PP can be categorised as lightweight concrete
based on its density and compressive strength.
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