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This study investigates the effects of incorporating recycled polyethylene terephthalate (PET) plastic aggregate into self-
compacting concrete (SCC) as a partial replacement for natural aggregate. Six SCC mixtures were prepared with plastic
aggregate replacements of 0 %, 10 %, 20 %, 30 %, 40 %, and 50 % by volume. The research examines both fresh and
hardened properties of the concrete. Fresh properties were evaluated using slump flow (D, Tsoo), J-ring (D, DH), V-funnel
(Tv), L-box tests (L=H2/H1), and sieve stability (IT). Hardened properties, including density (pscc), water absorption (Avsi),
ultrasonic pulse velocity (Vur), compressive strength (Cs), tensile strength (Ts), and dynamic modulus of elasticity (Ed),
were measured at various curing ages up to 84 days. Results indicate that plastic aggregate inclusion generally improved
flowability and passing ability but slightly decreased segregation resistance in the fresh state. In the hardened state,
increasing plastic content led to decreased density, increased water absorption, and reduced mechanical strengths.
However, mixes with up to 10 % plastic aggregate (SCCio) maintained comparable performance to the control mix (SCCo).
The study also establishes a correlation between compressive strength and ultrasonic pulse velocity, providing a non-
destructive method for strength estimation. It also establishes a correlation between tensile strength and ultrasonic pulse
velocity. This research contributes to the development of sustainable concrete mixtures that effectively utilize plastic waste
while maintaining desirable characteristics for construction applications, balancing environmental benefits with
performance considerations.
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1. INTRODUCTION

Since its development in Japan during the 1980s, self-
compacting concrete (SCC) has brought about a significant
transformation in the construction industry [1]. This
innovative concrete has streamlined construction processes
and improved the quality of concrete structures, marking a
pivotal advancement in concrete technology. Its ability to
flow under its own weight, fill formwork, and achieve full
compaction without external vibration has led to numerous
advantages, including reduced labor costs, improved
durability, reduced noise, and enhanced construction speed
[2]. Concurrently, there is a challenge and an opportunity to
solve environmental issues posed by the building sector,
which contributes nearly 40 % of global carbon emissions
[3]. Concrete, the most popular building material in the
world, uses a tremendous amount of natural resources, with
the manufacturing of cement alone accounting for almost
8 % of global CO; emissions [4]. Given this, managing
plastic waste and reducing the high carbon footprint of
building materials are two major environmental challenges
that might be addressed concurrently by using plastic waste
as aggregates in concrete. The circular economy and waste
valuation concepts are in line with the idea of employing
plastic aggregates in concrete [5]. By reusing plastic
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garbage that might otherwise wind up in landfills or the
ocean, this method not only lessens pollution in the
environment but also preserves natural resources that are
often utilized as aggregates for concrete. Research on the
performance and viability of concrete using plastic
aggregates has exploded in the past several years [6].

The remarkable acceleration in the pace of construction,
in response to population growth and the accompanying
growing demand for facilities and infrastructure, imposes
significant challenges on the construction sector. This
reality calls for the development of innovative strategies to
diversify the sources of building materials, with the aim of
preserving natural resources and improving the properties of
concrete [7, 8]. Hence the use of various types of waste,
such as construction debris, rubber, and plastic waste, has
emerged as an ideal dual solution that contributes to
reducing the environmental impact of the construction
industry while addressing the problem of waste disposal.
Concurrently, the global plastic waste crisis has reached
alarming proportions, with an estimated 380 million tonnes
of plastic waste generated annually as of 2023. The
construction industry, being one of the largest consumers of
raw materials, presents a unique opportunity to address both
technological advancement and environmental
sustainability through the innovative use of recycled



materials [9, 10]. This startling statistic highlights the
critical need for creative approaches to waste management
and recycling of plastic materials. As early as the 1970s and
1980s, researchers explored the idea of incorporating plastic
waste into concrete [11-13]. Initial studies focused on
using plastic waste as a partial replacement for fine or coarse
aggregates in concrete mixtures [14—17].

During the last years of the last century and up to the
present time, researchers have intensified their efforts in
studying types of concrete containing various types of
plastic waste, including polyvinyl chloride (PVC),
polypropylene (PP), and polyethylene terephthalate (PET).
Concrete mixtures have used these plastic materials in
varying proportions as alternatives to traditional aggregates,
whether fine or coarse. These studies investigated the
properties and usage of these mixtures [7,15]. The
incorporation of plastic waste as a partial replacement for
fine or coarse natural aggregates in SCC represents a
confluence of these two significant trends in civil
engineering: the pursuit of high-performance, efficient
construction materials and the urgent need for sustainable
waste management solutions. Polyethylene terephthalate
(PET), primarily sourced from discarded plastic bottles,
stands out as a particularly promising candidate for this
application due to its widespread availability and relatively
consistent properties [18]. The use of plastic aggregates in
SCC is motivated by several factors, including
environmental impact. Utilizing plastic waste in self-
compacting concrete can significantly reduce the volume of
plastic ending up in landfills or oceans, contributing to
circular economy principles and reducing the concrete
industry's environmental footprint. Resource conservation
where partial replacement of natural aggregates with plastic
can help conserve natural resources, addressing concerns
about the depletion of sand and gravel reserves [19].
Additionally, the lower density of plastic compared to
natural aggregates offers the potential for producing
lightweight concrete, which can be advantageous in certain
structural applications. Also, some studies have suggested
that the inclusion of plastic aggregates can improve certain
concrete properties, such as thermal insulation and impact
resistance [20]. However, the incorporation of plastic
aggregates in SCC also presents several challenges that need
to be carefully addressed, where plastic aggregates typically
have lower strength and stiffness compared to natural
aggregates, which can lead to reduced mechanical
properties in the resulting concrete. Houcine et al. [21]
found that by replacing natural gravel with plastic gravel by
15 %, the compressive strength of ordinary concrete
remained acceptable and appropriate. After adding an extra
15 %, the compressive strength of ordinary concrete was
reduced by half compared to the reference concrete.

The hydrophobic nature of most plastics can result in
poor bonding between the plastic particles and the cement
paste, potentially affecting the concrete's structural integrity
[11, 22]. While plastic aggregates may enhance flowability
due to their smooth surface, they can also affect the stability
and segregation resistance of the SCC mix. The long-term
behavior of concrete containing plastic aggregates,
including potential chemical interactions and aging effects,
remains a subject of ongoing research. Additionally,
ensuring consistent properties of recycled plastic aggregates

can be challenging due to variations in the source material.
Given these potential benefits and challenges, there is a
critical need for comprehensive research to quantify the
effects of plastic aggregate incorporation on the fresh and
hardened properties of SCC. While previous studies have
explored the use of plastic waste in conventional concrete
[23, 24], the unique rheological requirements of SCC
necessitate a focused investigation in this context.

The current research aims to conduct a comprehensive
investigation into the effects of incorporating PET plastic
aggregate on SCC. To achieve this objective, natural
aggregate will be partially replaced with PET plastic
aggregate at increasing levels from 0 % to 50 % with a step
of 10 % by volume. The study will examine both fresh and
hardened properties. Fresh properties will be assessed
through slump flow (D, T500), J-ring (D, DH), V-funnel
(Tv), L-box tests (L =Hy/H,), and sieve stability (IT) to
evaluate flowability, passing ability, and segregation
resistance. Hardened properties will be determined by
measuring density (pscc), ultrasonic pulse velocity (Vur),
water absorption by capillary action (Awsi), compressive
strength (Cs), tensile strength (Ts), and dynamic modulus of
elasticity (Eq). Additionally, this research will explore
potential correlations between laboratory compressive
strength results and non-destructive ultrasonic pulse
velocity measurements, aiming to develop more efficient
testing methods. Ultimately, this study seeks to contribute
to the development of sustainable concrete mixtures that
effectively utilize plastic waste while maintaining or
enhancing SCC's desirable characteristics, thus improving
both environmental sustainability and concrete performance
in construction applications.

2. MATERIALS AND METHODS

2.1. Materials

To meet the research objectives, we utilized materials
that were locally sourced. Consistent material sources were
maintained across all SCC mixes throughout the
experimental study.

2.1.1. Cement

In this study, Portland Cement CEM | 52.5R was the
primary binder used. This high-strength cement had a
specific gravity of 3.16, and its Blaine fineness was
3952cm?/g. Tablel provides a comprehensive
characterization of the cement used in our experiments,
including its physical properties and chemical and
mineralogical composition.

2.1.2. Fine aggregates

In this study, we used natural Oued sand in all self-
compacting concrete mixes. This sand has a specific gravity
of 2.64 g/cm® and a fineness modulus of 2.28. Table 2
details the comprehensive properties of the sand, and Fig. 1
depicts its grain size distribution curve, offering a
comprehensive characterization of the fine aggregate we
used in our experiments.

2.1.3. Coarse aggregates

In our study, crushed limestone served as the coarse
aggregate component.



Table 1. Physical properties, chemical and mineralogical composition of cement used

Physical properties
Fineness, cm?g | 3952
Apparent density, kg/m? | 1028
Specific density, kg/m® | 3161
Chemical composition, %

Ca0 SiO2 Al203 Fe203 SO3 MgO Na.O K20 LOI
62.39 21.23 5.11 3.41 2.93 1.89 0.10 0.67 1.79
Mineralogical composition, %

CsS C2S C4AF CsA
62.38 14.87 12.17 7.08

| |—=— Sand (3/8)

7 |—®— Gravel (3/8)

—<— Gravel (8/16)

J |—A— Plastic aggregate (PET)
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Fig. 1. Grading curves of the coarse and fine aggregates used
(natural and plastic)

This material was characterized by a maximum particle
size of 16 mm, a specific gravity of 2.69, and a water
absorption rate of 0.52 %. To provide a comprehensive
understanding of the aggregate's characteristics, we have
compiled its physical and mechanical properties in Table 2.
Fig. 1 displays the particle size curves of the two gravel
fractions used.

2.1.4. Plastic aggregates

In this study, recycled polyethylene terephthalate is
obtained from post-consumer plastic bottles. The plastic
waste was cleaned, shredded, and processed to achieve
particle sizes similar to the natural aggregates. The coarse
plastic aggregates were graded following ASTM
C330/C330M [25] and ACI E1-07 [26] using a MATEST
A060-01 autosieve shaker. Fig.2 shows the plastic
materials used. The aggregate characteristics and physical
properties of plastic aggregates used are presented in
Table 3.

Fig. 2. Plastic aggregates used
Table 3. Physical properties of plastic aggregate (PET)

. Plastic aggregate
Physical property (05) (3/8) (3/16)
Specific gravity, g/lcm?® 1.15 1.29 1.37
Bulk density, kg/m? 164 539 547
Degree of absorption, % 1.35 0.38 0.41
Fineness modulus 2.40 — —

2.1.5. Water

For mixing and curing, potable, clean water was used.
As a reactant and a medium for the hydration process, water
is essential to the mixing and curing of concrete. Use potable
water that is devoid of dangerous contaminants, such as oils,
acids, alkalies, salts, organic compounds, or other chemicals
that might affect reinforcement or concrete, for the best
possible quality of concrete. A key component in
determining the ultimate product's strength and longevity is
the water-to-cement ratio; concrete with lower ratios is often
stronger. A sequence of chemical processes that bind the
aggregate components together are started when water is
added to the cement during mixing.

Table 2. Physical-mechanical properties of the fine and coarse aggregates used

Property of SCC
Components Apparent density mass Absolute density mass Degree of absorption Los Angeles coefficient
g/cm?® g/lcm?® % %
Sand (0/5) 1.546 2.637 1.34 —
Gravel (8/16) 1.367 2.687 2.10 24.30
Gravel (3/8) 1.347 2.691 2.20 22.90




2.2. Preparation of plastic aggregates

— Sorting and cleaning: plastic waste was manually sorted
to remove contaminants and washed with water.

—  Shredding: a mechanical shredder was used to reduce
the plastic to sizes ranging from 0.1 to 16 mm.

— Grading: shredded plastic was sieved to match the
gradation of the natural aggregates being replaced.
The plastic blocks after crushing the PET bottles were

in the form of flat, irregular flakes, characterized by their
irreqular geometric patterns, flat structure, sharp and
angular edges, and ranging from approximately rectangular
to completely asymmetrical shapes, with varying length-to-
width ratios.

2.3. Formulation of self-compacting concrete

The creation of SCC demands a departure from
traditional methods such as Dreux-Gorisse, which are
suitable only for regular concrete [27, 28]. In the realm of
SCC, formulation is predominantly guided by empirical
approaches, drawing upon the wealth of knowledge
accumulated in recent years.

The process of developing SCC mixtures is a delicate
balancing act. It begins with carefully crafted initial
compositions, often inspired by specialized literature. These
serve as a foundation, which is then refined through a series
of precise adjustments. Particular attention is paid to critical
ratios such as water-to-cement (W/C) and superplasticizer-
to-cement (Sp/C). These ratios are fine-tuned based on the
performance of mortar tests, with the goal of achieving
optimal spread without compromising the mixture's
integrity through segregation or bleeding.

In our pursuit of excellence, we formulated a reference
SCCo using 100 % crushed limestone gravel, eschewing
plastic aggregates entirely. This composition was
meticulously engineered to meet the exacting standards of
self-placing concrete, embodying the perfect fusion of
flowability and stability that defines superior SCC.

The selection of component ratios in 1 m® of concrete
must be based on the characteristics provided [29]. In
concrete mix design, the total volume of components equals
1000 liters, comprising cement (C), sand (S), natural gravel
(NG), plastic aggregates (PA), water (W), and air (A). The
ratio of gravel to sand is approximately 1:1, ensuring a
balanced aggregate distribution. The mix includes 1.3 % of
a specific admixture (Sp), enhance properties of the concrete
in fresh state. The W/C is 0.40. The cement content is
specified at 450 kg per cubic meter, which is relatively high
and suggests a high-strength concrete mix. This
composition aims to achieve a specific set of properties in
the fresh and hardened states of the concrete.

Table 5. Composition of all SCC in kg/1m?3

Six SCC mixtures were prepared with plastic aggregate
replacements of 0 %, 10 %, 20 %, 30 %, 40 %, and 50 % by
volume of plastic aggregates. Table 4 lists the abbreviations
used in our research for the various SCCs tested.

The compositions of these various concrete mixtures
are summarized in Table 5, providing a comprehensive
overview of the formulations used. These SCC mixtures
were formulated in accordance with the latest EFNARC
guidelines [30].

Table 4. The abbreviations for all SCCs

Notations Designations

SCCo SCC with 0 % (PA) and 100 % (NA)
SCCio SCC with 10 % (PA) and 90 % (NA)
SCC2o SCC with 20 % (PA) and 80 % (NA)
SCCso SCC with 30 % (PA) and 70 % (NA)
SCCuo SCC with 40 % (PA) and 60 % (NA)
SCCso SCC with 50 % (PA) and 50 % (NA)
NA — natural aggregates

2.4. Mixing procedure and curing

The concrete mixing process begins with dry mixing of
coarse aggregates and half of the fine aggregates for
30 seconds. Next, cement and supplementary cementitious
materials are added and mixed for another 30 seconds. Then,
70 % of the total water is introduced and mixed for 1 minute.
Pre-weighed plastic aggregates are added and mixed for
30 seconds. The superplasticizer, combined with the
remaining 30 % of water, is slowly added while mixing
continues. This is followed by a main mixing period of
3 minutes. The mixture is then allowed to rest for 2 minutes
before a final mixing phase of 2 minutes completes the
process.

After mixing, the formulations for the studied concretes
were created using cube-shaped molds measuring
15 x 15 x 15cm3. The following procedures were then
carried out: The concrete specimens were subjected to open-
air curing by being left exposed to laboratory conditions
(relative humidity of 45+2% and temperature of
21+2°C) for periods of 7, 28, 56, and 84 days.
Additionally, a separate set of samples underwent water
curing for a period of 28 days. These diverse curing methods
were employed to comprehensively assess the concrete's
properties under different environmental conditions and
time frames, allowing for a thorough evaluation of the
material's performance and characteristics.

Mix Compositions of SCC

Cement Water Sand Gravel Plastic SP W/C
SCCo 450 180 890.30 880.60 0 1.3 0.40
SCCio 450 180 845.79 836.57 32 1.3 0.40
SCCa0 450 180 801.28 792.54 64 1.3 0.40
SCCao 450 180 756.76 748.51 96 1.3 0.40
SCCao 450 180 712.25 704.48 128 1.3 0.40
SCCso 450 180 667.73 660.45 160 1.3 0.40




2.5. Testing methods
2.5.1. Fresh properties

The fresh properties of the SCC mixtures were
evaluated using a comprehensive suite of tests in accordance
with EFNARC guidelines [28]. The slump flow test was
conducted to assess the flowability and filling ability of the
SCC, measuring both the final spread diameter (D) and the
time taken to reach a 500 mm spread (Tso0). The J-ring test
was performed to evaluate the passing ability of the SCC
through reinforcement, while the V-funnel test provided
insights into the viscosity and filling ability of the mixtures.
The L-box test was utilized to assess the passing ability and
flowability of SCC in confined spaces, with the ratio of
heights at both ends of the box (Hz/Hi) being recorded.
Finally, the sieve segregation resistance test was carried out
to determine the resistance of the SCC mixtures to
segregation. Fig. 3 shows all tests performed in a fresh state.

Test program in Fresh state

Sieve

E=hox stability

Slump V-funnel J-Ring

Fig. 3. Tests performed in a fresh state
2.5.2. Hardened properties

A series of standardized tests, conducted at various
ages, thoroughly evaluated the hardened properties of the
concrete specimens. The density of concrete containing
different proportions of plastic aggregate was measured
after 28 days. Compressive strength tests were conducted at
7, 28, 56, and 84 days to evaluate the strength development
over time and the long-term strength characteristics of the
mixtures. The mechanical and durability properties were
also evaluated at 28, 56, and 84 days. Tensile strength was
assessed using three-point bending tests, providing insights
into the material's resistance to tensile forces. Water
absorption tests were performed to evaluate the porosity and
durability aspects of the hardened concrete, offering
valuable information about its resistance to water
penetration.  Furthermore, ultrasonic pulse velocity
measurements were taken on the same samples before
conducting compressive resistance experiments, serving as
a non-destructive method to assess the concrete’s internal
structure and homogeneity. Also, the dynamic modulus of
elasticity was measured. This extensive battery of tests
yielded a holistic understanding of the mechanical
properties, durability characteristics, and internal quality of
the hardened concrete specimens. The results provide a
comprehensive overview of the behavior of (SCC)
incorporating different percentages of plastic aggregate,
allowing for a thorough evaluation of how this inclusion
affects the concrete's performance over time. Fig. 4 shows
all tests performed in a hardened state.

2.5.3. Test of density

Density testing of hardened self-compacting concrete is
an essential procedure for evaluating the physical properties
of concrete after it has been set.

\ Test program in Hardened state

Water
absorption

Modules of
elasticity

Ultrasonic |
pulse velocity

Compressive
strength

Flexural
strength

’ Density

Fig. 4. Tests performed in a hardened state

This test makes it possible to determine the density of
hardened concrete, a crucial parameter that directly
influences its mechanical performance and durability. We
conduct the measurement on cubic samples
(10 x 10 x 10 cm) that have aged for at least 28 days. We
weigh the sample (Msampie) and determine its precise volume
(Vsample), either by geometric calculation or by water
displacement. Then, using Eq. 1, we calculate density by
dividing mass by volume.

_ M(sample)

P(sco) (sample) V(sample) ()

2.5.4. Absorption of water testing

The water absorption test, specifically focusing on
initial absorption by capillarity, evaluates the movement of
liquid through concrete's porous structure due to capillary
forces. This test is crucial for assessing the open porosity
and porous networks within the no-slump concrete, which
directly influences its water absorption characteristics.

When exposed to water without pressure, the procedure
aims to measure the rate at which concrete test specimens
absorb water through capillary suction. We take
measurements at 28, 56, and 84 days. We dry the samples in
an oven at approximately 105+ 2 °C until they reach a
constant mass before testing.

On the testing day, weigh the specimens before and
after a one-hour water exposure. Next, we calculate the
absorption coefficient (Assi) using the following equation:

Mp;—Mp,
Absi - SurNE (2)

where Mp; and Mp; are the test piece's mass after and before
water absorption, respectively; Sy is the surface area of the
specimen's base 225 cm?; t is the time duration is one hour.

This test provides valuable insights into the concrete's
capillary absorption properties, which are indicative of its
durability and potential resistance to water ingress.

The quantity of water absorbed per unit area within one
hour of exposure can be used to deduce the size of the largest
pores in the SCC sample [31, 32]. These larger capillaries
are the most efficient in terms of water absorption.

To ensure accurate measurements, the side faces of the
test specimens are sealed with an adhesive ribbon plastic, or
any other insulating material to prevent water absorption
and evaporation from the sides. This waterproofing measure
prevents water evaporation from the sides and forces water
movement in a uniaxial direction through the sample. The
absorbed water mass is determined through successive
weighings of the test tubes throughout the experiment, as
illustrated in Fig. 5.

Open porosity, marked with the symbol €, measures the
relationship between unfilled spaces (void volume Vyig) and
the complete volume of material (Viotar). This property helps
determine the link between the quantity of absorbed water



per surface unit (4m/A) and the upward distance covered by

Concrete specimen

‘ Epoxy yesin

i Water I
A

).100%, 3)

Fig. 5. Capillary water absorption test
Where it is calculated by Eq. 3:

()

PwHfrontal

_ (Yvoia —
(%) = (m) .100% = (
where ¢ is the open porosity, expressed as a percentage;
AmlA is the water absorption rate per surface area, measured
in kilograms per square meter per square root hour; pwa is
the density of water, equivalent to 1 gram per cubic
centimeter or 1000 kilograms per cubic meter; Hronta 1S the
height reached by water through capillary action, set at
4 centimeters.

2.5.5. Uniaxial compression testing

The compression test is performed following the
NF P 18-406 standard requirements. This process involves
applying an axial compressive force to crush the SCC test
cube. The load is applied continuously until the cube fails
(see Fig. 6).

Fig. 6. Test specimens prior to compression testing
2.5.6. Tensile strength (three-point bending) testing

The tensile strength assessment involves rectangular
prism specimens measuring 7 cm by 7 cm by 28 cm. These
samples are placed on two supports and subjected to
gradually increasing force until fracture occurs. The load is
applied using a computerized press with a digital readout,
which is programmed to increase the force at a rate of
50 N/s.

This integrated system not only controls the loading
process but also records the ultimate breaking force of each
specimen. The tensile strength is then determined by
performing a straightforward calculation using the

measured breaking force and the specimen dimensions (see
Fig. 7).

Fig. 7. Schematic and apparatus for tensile by three-point bending
test

2.5.7. Effect of plastic aggregate on ultrasonic pulse
velocity

Fig. 8 illustrates the apparatus used for conducting
ultrasonic pulse velocity (UPV) measurements, a non-
destructive  evaluation  technique  outlined in
ASTM C597-02 [33]. This test was performed on the
concrete specimens immediately prior to water absorption
and compressive strength assessments. To optimize signal
transmission, a thin layer of coupling agent was applied to
two opposite faces of the cubic samples, effectively
eliminating air pockets between the concrete surface and the
transducers. The transducers were then positioned on these
prepared surfaces to obtain UPV readings. The ultrasonic
wave propagation speed through a solid medium is a
function of its density and elastic modulus, as established in
acoustic theory [34]. By measuring the time taken for the
ultrasonic pulse to traverse the concrete, can gain valuable
insights into the concrete's internal structure and properties
without causing damage to the specimen.

Fig. 8. Apparatus used for ultrasonic pulse velocity
2.5.8. Modulus of elasticity

The modulus of elasticity (Eq) test is a crucial
assessment for characterizing the mechanical properties of
concrete. This test measures the concrete's ability to deform
elastically under applied stress, providing valuable insights
into its structural performance. For self-compacting
concrete, the modulus of elasticity is particularly important
due to the material's unique flow characteristics and mix
design. Accurate determination of E4 for SCC is essential
for predicting structural behavior, assessing long-term
performance, and optimizing mix designs for specific
applications. The modulus of elasticity of concrete mixes
was calculated using Eq. 4 [35].



_ (e (km/s)?x pscc(kg/m3))
Ey(sccy(GPa) = £ 2+1072(m/s?) , 4)

with Egsce) IS the modulus of elasticity; Vue is the
propagation velocity of ultrasonic waves; g is the equal to
9.81 m/s?, where g stands for gravitational acceleration; pscc
is the SCC's real density.

3. RESULTS AND DISCUSSION
3.1. Fresh state properties

The properties obtained for the several self-compacting
concretes tested in their fresh condition are reported in
Table 6. Fig. 9, Fig. 10, and Fig. 11 also display the results.
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Fig. 9. Slump flow diameter, T500, and Tv of SCC mixes
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All fresh-state features of the SCC are satisfactory and
within the acceptable range, except for SCC40 and SCC50,
which exhibited non-compliant slump flow test results
according to SCC standards. These two mixes demonstrated

flow values exceeding 750 mm, falling outside the suitable
range for SCC as defined by [30], which specifies an
average diameter between 660 and 750 mm.

100t = = = = = = — — — — — —
[L= Hy/H, / Maximum limit : 100 (%)]

05 [L= H,/H, / Minimum Limit : 80 (%)| 27
S 7
E 90
X
T
1l
- 85
@
8
E 80 {=—— ———/-———/———
a2
-
75 4
70 ,/

T T
sCC, sCC, SCC,,

Self-compacting concrete mixes
Fig. 11. L-box and segregation of SCC mixes

This indicates that the SCCy and SCCsy mixes have
excessive  flowability, potentially impacting their
performance and classification as self-compacting concrete.
The incorporation of plastic aggregates generally improved
the flowability and passing ability of SCC, as evidenced by
increased slump flow and J-ring flow values, and decreased
Tso0 and V-funnel times (Ty).

This result is in agreement with earlier research
[36—38]. This can be attributed to the lower specific gravity
and smoother surface texture of plastic particles compared
to natural gravel. However, the segregation resistance
slightly decreased with increasing plastic content,
necessitating careful mix design.

A visual evaluation of all self-compacting concrete
samples revealed positive results, with the exception of
SCCs, Which showed a weakly developing milt around the
edges of the concrete.

These tests collectively provided a comprehensive
assessment of the key rheological properties of SCC,
including flowability, filling ability, passing ability, and
segregation resistance, crucial for ensuring proper
performance in various applications.

3.2. Hardened state properties
3.2.1. Test of Density

Fig. 12 presents the results of our density measurements
for each SCC mixture with a standard deviation. These
values represent the average density calculated from three
individual test pieces for each SCC formulation, ensuring a
more reliable and representative result.

Table 6. Test results summary for all solid catalyst carriers in fresh state

Mix Slump flow J-Ring flow L-box V-funnel Segregation
D, mm Ts00, S D, mm DH, mm L, % Tv, S I, %

SCCo 700 2.5 680 8.25 92.2 8.0 6.5
SCCio 715 2.3 695 8.15 94.1 7.5 7.2
SCCao 732 2.1 710 7.95 96.3 7.0 8.1
SCCso 745 1.9 725 7.85 97.4 6.6 9.1
SCCuao 758 1.5 - - - -

SCCso 768 1.2 - - - -




This approach of using multiple samples helps to
minimize the impact of potential variations or anomalies in
individual specimens, providing a more accurate overall
assessment of each concrete mixture's density
characteristics.
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Fig. 12. Effect of plastic aggregate on apparent density

According to the results shown in Fig. 12, the density of
SCC Control without plastic aggregate SCCo (0 % plastic
aggregate) is 2290.85 kg/m3. With 10 % plastic aggregate
replacement SCCi, we observe a decrease in density to
approximately 2210.40 kg/m3. At 20 % replacement SCCy,
the density further decreases to about 2130.30 kg/m?3, and
with 30 % plastic aggregate SCCaso, the density is around
2050.60 kg/m3. These results demonstrate a clear inverse
relationship between the percentage of plastic aggregate and
the density of the SCC mixture. These results are logical and
consistent with previous research [37, 38].

The density decreases with increasing plastic aggregate
content, attributed to factors such as plastic aggregates have
a lower density than natural aggregates, void content, water
absorption, and bonding characteristics. Plastic has a lower
density compared to traditional natural aggregates, which
reduces the mixture's density. The different shape and
surface texture of plastic aggregate may affect packing
density and increase void content in the concrete matrix
[39].

3.2.2. Absorption of water testing

The initial water absorption coefficients (Aupsi),
measured in kg-m™2-h™'/? after one hour of exposure, are
presented for all tested self-compacting concrete (SCC)
mixtures in Table 7 and Fig. 13. These coefficients quantify
the capillary absorption rate, expressing the data as a rate of
gain across various SCC formulations.

Then, using Eq. 5, calculate the rate of gain:

bsi ; Apsi

A R —_
— j (without cure)
Apsi =

j (cure) ) ( 5)

AbSij (without cure)

Fig. 13 a illustrates that for all SCC mixes, the
absorption decreases with age (28, 56, and 84 days). This
trend is attributed to the long-term hydration of cement,
which reduces the number and size of pores in the concrete,
thereby lowering water absorption over time. The results
show that plastic aggregate content impacts water
absorption. The absorption values stabilize when 10 % of
plastic gravel partially replaces natural gravel.

Table 7. Initial water absorption coefficients and relative gain
rates for all SCC

Age in SCC mixtures, MPa
days Curing |SCCo | SCCuo SCC2o SCCso
in water 1.52 1.51 1.59 1.72
28 in air 2.21 2.2 2.33 2.53
Rabsi 31.22 31.36 31.76 32.02
in water 1.47 1.37 1.53 1.69
56 in air 2.17 2.15 2.29 251
Rabsi 32.26 36.28 33.19 32.67
in water 14 1.34 151 1.66
84 in air 2.15 2.12 2.28 2.48
Rabsi 34.88 36.79 33.77 33.06
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Fig. 13. Results for self-compacting concrete mixtures a—initial
water absorption rate; b—open porosity

However, as the percentage of plastic aggregate
increases beyond this point, the absorption values
significantly rise compared to the reference mixture
containing only natural aggregates.

The significant increase in water absorption values as
the percentage of plastic aggregate exceeds 10% can be
attributed to several factors. Primarily, the addition of
plastic aggregate increases the concrete's overall porosity,
leading to higher sorptivity. The hydrophobic nature of



plastic creates localized areas of excess water that, upon
evaporation, leave behind additional pores. Poor adhesion
between plastic and cement paste forms a weak interfacial
transition zone, creating microcracks and pathways for
water ingress. Furthermore, the irregular shape and size of
plastic aggregates disrupt the concrete's homogeneity and
impede proper compaction, further increasing porosity.
Lastly, replacing natural aggregates with plastic reduces the
overall volume of cement paste in the mixture, potentially
leading to increased porosity. These combined factors
explain the significant rise in water absorption values in
plastic aggregate-enhanced concrete compared to the
reference mixture with only natural aggregates.

At 84 days, the absorption rate of SCC with 20 % plastic
(SCCy) during water curing matches that of the control
concrete (SCCo) at 28 days. However, when the plastic
aggregate replacement rises to 20 % and 30 %, adverse
effects emerge, leading to increased porosity and
compromised transport characteristics. Incorporating plastic
aggregate elevates concrete porosity, resulting in higher
sorptivity measurements compared to the control. The
hydrophobic nature of plastic fosters localized water
accumulation, which, upon evaporation, generates
additional voids. Insufficient adhesion between plastic and
cement paste produces a weak interfacial transition zone,
causing microcracks and creating pathways for water
infiltration. Furthermore, the irregular shape and varying
sizes of plastic aggregates disrupt the material's uniformity
and hinder effective compaction, exacerbating porosity.

The observed increase in porosity and decline in
transport properties at elevated plastic aggregate levels
(20 % and 30 %) stems from multiple factors. Primarily, the
hydrophobic nature of plastic leads to localized water
accumulation, which results in additional voids upon
evaporation, thus elevating overall porosity [40-43].
Additionally, poor adhesion between the plastic and cement
paste generates a weak interfacial transition zone,
facilitating microcracks and water ingress pathways
[41, 44]. This weak bond promotes water penetration into
the concrete matrix. Finally, the irregular shapes and sizes
of plastic aggregates disturb the material's homogeneity and
hinder adequate compaction, further elevating porosity
[42, 44]. These interconnected issues underscore the critical
need to judiciously assess the ratio of plastic aggregates in
self-compacting concrete formulations to preserve desirable
performance attributes.

The Fig. 13 b demonstrates the relationship between
age and open porosity percentage across different concrete
mixtures over time. The results reveal that concrete
specimens containing plastic aggregates consistently show
higher open porosity values compared to those without
plastic aggregates throughout the testing period. The data
points follow a pattern where porosity generally decreases
with age, but maintains clear separation between different
mixture types. The lower open porosity values in specimens
without plastic aggregates indicate better pore structure
development. When examining the effect of water curing
versus air curing, the specimens cured in water exhibited
reduced open porosity levels, which can be attributed to
more complete hydration reactions forming denser concrete
microstructure.

3.2.3. Uniaxial compression testing

Table 8 and Fig. 14 present the average results and
standard deviations from the direct compressive strength
(Csj) tests conducted at 7, 28, 56, and 84 days of curing. The
data in Fig. 14 clearly shows an increasing trend in
compressive strength with age for the various SCC mixes. It
can be observed that SCCy and SCCyo exhibited higher
compressive strengths compared to SCCy and SCCso. These
differences in strength can be attributed to the type and
proportion of aggregates used in each mix, which influenced
the compressive strength development through decreased or
increased rates of strength gain.

Table 8. Compressive strength of all self-consolidating concrete

Age in SCC Mixtures, MPa
days ] Curing SCCo | SCCip0 | SCC2 | SCCao
in water 42.90 43.50 36.90 32.04
28 in air 41.50 41.45 34.70 30.50
Rabsi 3.26 4.71 5.96 4.81
in water 46.40 | 48.95 37.65 32.35
56 in air 43.05 43.65 35.10 32.10
Rabsi 7.22 10.83 6.77 0.77
in water 49.80 51.75 42.10 35.35
84 in air 45.50 47.85 39.20 33.70
RAbsi 8.63 7.54 6.89 4.67
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Fig. 14. Compressive strength evolution of concretes at different
ages

Based on the results presented, we can observe clear
trends in the properties of self-compacting concrete (SCC)
with increasing plastic aggregate content. When cured in air,
the compressive strength results from Fig. 15 a show a slight
decrease when replacing 10 % of natural aggregate with
plastic aggregate, but they decrease more significantly with
higher plastic aggregate content. The results show decreases
of 0.1 %, 14.3 %, and 23.7 % at 28 days for 10 %, 20 %, and
30 % replacements, respectively. The overall reduction in
compressive strengths with plastic aggregate incorporation
can be attributed to the lower stiffness and poorer bonding
characteristics of plastic compared to natural aggregates.
This explanation is supported by microscopic analyses
conducted by Sharma and Bansal [45], who observed
weaker interfacial transition zones between plastic
aggregates and cement paste.



Other researchers Saikia et De Brito [46] also attributed
the decrease in strength to softer PET particles acting as
voids in the cement matrix. Additionally, the PET particles
have increased porosity and wider interfacial transition
zones. Also, there is poor bonding between cement paste
and PET compared to natural aggregates.

In the case of curing in water (Fig. 15 b), the results
were consistent with the results of curing in air, with
decreases in the values being 11 % and 20 % at 28 days for
20 % and 30 % replacements, respectively. There was a
slight difference when adding 10 %, where there was a
slight increase in compressive strength values by 1 %,
demonstrating the benefit of curing in water.
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Fig. 15. Effects of plastic aggregates on the compressive strength
of all SCC: a—under air; b—under water curing conditions

3.2.4. Tensile strength (three-point bending) testing

Fig. 16 summarizes the tensile strength values derived
from three-point bending tests at 28, 56, and 84 days.

The results shown in Fig. 16 demonstrate the effects of
plastic aggregate content and curing conditions on the
tensile strength of SCC over time. The tensile strength
development for different SCC mixtures under air curing
and water curing conditions is shown for days 28, 56, and
84.

The tensile strength remains relatively stable when
replacing 10 % of natural gravel with plastic aggregate. This
is evident in Fig. 17, where the tensile strength for the SCC
with 0% and 10 % plastic aggregate is similar in value
across all curing durations. However, there is a noticeable
decline in tensile strength as the plastic content increases to
20 % and 30 %. The reduction in tensile strength for the
30 % replacement mix (SCCsp) compared to the control
(SCCy) is significant. This decrease in strength is likely due
to the weaker bond between plastic particles and the cement
matrix [47].
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Fig. 16. Tensile strength results
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Fig. 17. Effects of plastic aggregates on the tensile strength of all
SCcC

3.2.5. Effect of plastic aggregate on ultrasonic pulse
velocity

Fig. 18 displays experimental results showing the
relationship between plastic aggregate content and UPV in
SCC tested at 28, 56, and 84 days of curing. The UPV,
measured in m/s, exhibits a non-linear response to
increasing plastic aggregate percentages (0 %, 10 %, 20 %,
and 30 %). There is a clear inverse relationship between
plastic aggregate content and UPV in SCC, with UPV
decreasing proportionally as plastic aggregate replacement
increases, similar to the trend observed in compressive
strength tests.



Initially, all three age groups show a slight increase in
UPV from 0 % to 10 % plastic aggregate content, with the
84-day samples demonstrating the highest overall
velocities. This initial rise suggests a potential beneficial
effect of low plastic aggregate incorporation.

After the percentage of natural aggregate replaced by
plastic aggregate exceeds 10 %, a significant and continuous
decrease in UPV is observed across all ages with each
increase in the percentage of plastic aggregate. The most
severe decrease occurs when 30 % of natural aggregate is
replaced by plastic aggregate (SCC30). The 84-day samples
consistently maintain higher UPV values throughout the
range, followed by the 56-day and 28-day samples,
indicating ongoing material property development with age.
Additionally, the results show an increase in pulse speed in
samples treated in water compared to those treated in air.

Despite the UPV reduction, all SCC mixtures
maintained good quality standards according to 1S 13311-1
guidelines. These results indicate that improving curing
conditions and duration can partially compensate for the
lower UPV resulting from the inclusion of plastic aggregate.
This enhancement may increase the feasibility of using
plastic aggregate in SCC, opening new possibilities for
sustainable concrete production without compromising
basic physical properties. For instance, SCC with 20 %
plastic aggregate (SCCyo) achieved a UPV of 4790.98 m/s
after 84-days of water curing, outperforming the 28-day
UPV for both regular SCC (SCCO0) and SCC with 10 %
plastic aggregate (SCCio) cured in the air at speeds of
4721.04 m/s and 4728.47 m/s, respectively.
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Fig. 18. Effects of plastic aggregate content on ultrasonic pulse
velocity (UPV) for air-cured and water-cured SCC at 28,
56, and 84 days

3.2.6. Modulus of elasticity

The dynamic modulus of elasticity for various self-
compacting concrete mixtures with varying percentages of
plastic aggregates is illustrated in Fig. 19 a and b. These
graphs present Eq values across different curing durations,
comparing specimens subjected to air curing versus water
curing conditions.

The E4 generally decreases as the percentage of plastic
aggregates increases, for both air and water curing
conditions. This trend is consistent across all ages (28, 56,
and 84-days). For example, in air-cured samples at 84-days,
Eq decreases from about 62.37 GPa at 0% plastic

aggregates (SCCo) to approximately 35.40 GPa at 30 %
plastic aggregates (SCCsp). Similarly, for water-cured
samples at 84-days, Eq decreases from about 68.19 GPa at
0 % (SCCy) to roughly 37.57 GPa at 30 % plastic aggregates
(SCCay).

The observed decrease in Eq with increasing plastic
aggregate content aligns with findings from other
researchers. For instance, Saikia and de Brito [46] reported
a similar trend in their study on concrete with PET plastic
waste aggregates. They found that the Eq decreased by up to
50 % when 30 % of natural aggregates were replaced with
plastic [46].
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Fig. 19. Effects of plastic aggregate on the dynamic elasticity
module: a—air curing; b—water curing

In self-compacting concrete, Jaskowska-Lemanska
et al. [48] found that the addition of PET plastic aggregates
resulted in a decrease in the elastic modulus ranging from
5.0 % to 32.7 %, depending on the replacement ratio, which
was between 5 % and 20 %.

The dynamic modulus of elasticity increases with age
for all mixtures, regardless of curing condition. This
indicates continued strength development over time. For
instance, in air-cured samples with 0 % plastic aggregates
(SCCy), Eq increases from about 52 GPa at 28-days to
62.37 GPa at 84-days. Water-cured samples show a similar



trend, with E4 increasing from approximately 55.86 GPa at
28-days to 68.20 GPa at 84-days for 0 % plastic aggregates.

Water curing consistently results in higher Eq4 values
compared to air curing across all percentages of plastic
aggregates and ages. This suggests that water curing is more
effective in promoting strength development.

The difference is particularly noticeable at earlier ages
and for mixtures with higher percentages of plastic
aggregates. For example, at 28-days with 30 % plastic
aggregates, water-cured samples have an Eq of about
33 GPa, while air-cured samples have an Eg of
approximately 31 GPa. This is consistent with what Gu and
Ozbakkaloglu [49] observed in their review of concrete with
plastic materials.

The rate of increase in Eq with age is more pronounced
in mixtures with lower percentages of plastic aggregates.
This is evident from the steeper slopes between the age
points for 0 % and 10 % plastic aggregates compared to
20 % and 30 % plastic aggregates. The positive effect of
water curing on Eq compared to air curing is consistent with
the general principles of concrete curing. This has been
demonstrated in many previous studies [50].

The relative difference in Eq between different
percentages of plastic aggregates becomes more
pronounced with age, particularly for water-cured samples.
This suggests that the negative impact of plastic aggregates
on strength development becomes more significant over
time. The incorporation of plastic masses reduces the
dynamic modulus of elasticity of self-compacting concrete
according to the obtained results, while water curing
conditions with extended curing times help to improve and
mitigate some of these negative effects. However, higher
percentages of plastic masses (20 % and 30 %) still lead to
significant reductions in Eq values.

3.3. Correlations

3.3.1. Correlation between the compressive strength and
the ultrasonic pulse velocity and the water-to-
cement ratio

The experimental results demonstrate a relationship
between plastic aggregate content, compressive strength,
ultrasonic pulse velocity, and water-to-cement ratio in the
tested SCC. Fig. 20 illustrates these relationships for SCC
without plastic aggregate (SCCo) and with varying plastic
aggregate content (SCCig, SCCy, and SCCs) at 7, 28, 56,
and 84-days. As the percentage of plastic aggregate
increases from 0 % to 30 %, both Cs and UPV exhibit a non-
linear, decreasing response across all sample ages. The
parallel behavior of Cs and UPV curves implies a strong
positive correlation between these properties, validating the
efficacy of UPV as non-destructive testing method for
strength assessment in this SCC. An attempt to model Cs as
a function of UPV, and WI/C ratio yielded an exponential
relationship [50]:

Cs (MPa) = a; x EXP (B1); (6)
a; =17.132 x (W/C) and B; = 37.6x Vui (m/s) x 10,  (7)

where a; and p; are regression coefficients of the
exponential equation for each type of self-compacting
concrete.

Cs(MPa) = 17.132x(W/C)XEXP (37.6x Vur(m/s)x10%); (8)
Cs(MPa) = 6.8528XEXP( 37.6 Vur(m/s)x10°). 9)

This model demonstrates a high correlation with
experimental data (Rz = 0.9781), providing a valuable tool
for predicting compressive strength based on easily
measurable parameters in SCC with varying plastic
aggregate content.
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Fig. 20. Relationship between compressive strength and ultrasonic
pulse velocity in self-compacting concrete with varying
plastic aggregate content

Table 9 presents a comparative analysis between the
experimentally measured compressive strength values
(Cs measured) and those estimated (Cs estimated) using the
Eqg. 9. This comparison is made for SCC samples at various
curing ages, considering both the ultrasonic pulse velocity
and the water-to-cement ratio as key parameters. The
relative error (%) calculated using Eq. 10, which compares
the measured and estimated compressive strength values for
the various experimental points of SCC, is generally less
than 5 %.

acg

_ Csi (Estimated) Csi (Measured) (10)

Csi (Estimated) Csi (Estimated)

This low error rate leads us to conclude that an accurate
estimation of the compressive strength at different ages can
be obtained by determining two key parameters: the
ultrasonic pulse velocity Vy; and the W/C. This method
provides a reliable non-destructive approach for assessing
concrete strength development over time.

3.3.1. Correlation between the tensile strength and the
ultrasonic pulse velocity

The experimental results demonstrate a relationship
between plastic aggregate content, Ts, and UPV in the tested
SCC. Fig. 21 illustrates these relationships for SCC without
plastic aggregate (SCCo) and with varying plastic aggregate
content (SCCyo, SCCy, and SCCy) at 7, 28, 56, and 84-
days. As the percentage of plastic aggregate increases from
0 % to 30 %, both Ts (MPa) and UPV (m/s) exhibit a non-
linear decrease across all sample ages. The similar trends
observed in Ts and UPV curves suggest a strong correlation
between these properties, validating the efficacy of UPV as
a non-destructive testing method for strength assessment in
SCC.



Table 9. Experimental and estimated compressive strength values based on ultrasonic pulse velocity and water/cement ratio

9_3) O The curing in air | The curing in water
= S The calculations Age, days
= 7 28 56 84 7 28 56 84
Vi, m/s 3794.92 | 4721.04 | 4898.66 | 5167.95 | 3834.42 | 4891.03 | 5222.24 | 5403.67
S | @ | Csestimated, MPa 28.55 40.44 43.23 47.84 28.97 43.11 48.82 52.27
3 | o | Csmeasured, MPa 29.93 41.50 43.05 45.50 30.19 42.90 46.40 49.80
Relative error, % 4.83 2.62 0.42 4.89 4.21 0.49 4.96 4.73
Vi, m/s 3757.08 | 4728.47 | 4967.54 | 5300.65 | 3829.87 | 4963.35 | 5340.09 | 5512.44
5 Q | Cs estimated, MPa 28.14 40.55 44.37 50.28 28.92 44.30 51.04 54.45
9 | o | Csmeasured, MPa 29.33 41.45 43.65 47.85 30.15 43.50 48.95 51.75
Relative error, % 4.23 2.22 1.62 4.83 4.25 1.81 4.09 4.96
Vi, m/s 3223.11 | 4188.45 | 4223.96 | 4510.44 | 3246.41 | 4355.53 | 4412.69 | 4790.98
§ 2 | Cs estimated, MPa 23.02 33.10 33.54 37.36 23.23 35.25 36.01 41.52
g | o | Csmeasured, MPa 24.11 34.70 35.10 39.20 24.23 36.90 37.65 42.10
Relative error, % 4.74 4.83 4.65 4.93 4.30 4.68 4.55 1.40
Vi, m/s 2883.33 | 3850.16 | 3982.44 | 4115.18 | 3101.47 | 3972.74 | 4005.93 | 4239.30
Qg 2Q | Csestimated, MPa 20.26 29.15 30.63 32.20 21.99 30.52 30.90 33.74
g | o | Csmeasured, MPa 20.95 30.50 32.10 33.70 21.11 32.04 32.35 35.35
Relative error, % 3.41 4.63 4.80 4.66 4.00 4.98 4.69 4.77

Modeling Ts as a function of UPV yielded an
exponential relationship:

Ts (MPa) = az x (Vure (M/s))®2); (11)
az =12.725 x 10° and 3, = 2.3186, (12)

where a, and p, are regression coefficients of the
exponential equation for each type of self-compacting
concrete.

Ts (MPa) = 12.725 x 10 x (Vuy (m/s))231%, (13)

This model demonstrates a high correlation with
experimental data (R2 = 0.9737), providing a valuable tool
for predicting tensile strength based on easily measurable
parameters in SCC with varying plastic aggregate content.

Table 10 presents a comparative analysis between the
experimentally measured tensile strength values (Ts
measured) and those estimated (Ts estimated) using Eq. 13.
This comparison is made for SCC samples at various curing
ages, considering Vi as key parameters.
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Fig. 21. Relationship between tensile strength and ultrasonic pulse

velocity in self-compacting concrete with varying plastic
aggregate content

Table 10. Experimental and estimated tensile strength values based on ultrasonic pulse velocity

% The curing in air | The curing in water

% | The calculations Age, days

= 28 56 84 28 56 84
Vi, m/s 4721.04 4898.66 5167.95 4891.03 5222.24 5403.67

S | Tsestimated, MPa 4.20 4.58 5.18 43.11 48.82 52.27

3 | Ts measured, MPa 4.18 4.52 5.31 42.90 46.40 49.8
Relative error, % 0.47 1.31 2.51 4.82 6.91 2.79
Vi, m/s 4728.47 4967.54 5300.65 4963.35 5340.09 5512.44

S | Tsestimated, MPa 4.22 4.73 5.49 4.72 5.59 6.02

& | Ts measured, MPa 4.12 4.57 5.35 4.44 4.97 5.69
Relative error, % 2.37 3.38 2.55 5.93 6.09 5.48
Vui, m/s 4188.45 4223.96 4510.44 4355.53 4412.69 4790.98

& | Tsestimated, MPa 3.8 3.25 3.78 3.48 3.59 4.35

Q| Ts measured, MPa 3.25 341 3.85 3.33 3.68 4.15
Relative error, % 2.20 4.92 1.85 431 251 4.60
Vi, m/s 3850.16 3982.44 4115.18 3972.74 4005.93 4239.30

5” Ts estimated, MPa 2.62 2.83 3.05 2.82 2.87 3.27

@ | Ts measured, MPa 2.77 2.99 3.21 2.95 3.04 342
Relative error, % 5.73 5.65 5.25 4.61 5.92 4.59




The relative error (%) calculated using Eg. 14, which
compares the measured and estimated tensile strength
values for the various experimental points of SCC, is
generally less than 7 %. This low error rate leads us to
conclude that an accurate estimation of the tensile strength
at different ages can be obtained by determining the
ultrasonic pulse velocity Vyr This method provides a
reliable non-destructive approach for assessing concrete
strength development over time.

ATy

_ Tsi (Estimated) Tsi (Measured) (14)

Tsi (Estimated) Tsi (Estimated)

4. CONCLUSIONS

In this experimental investigation, we examined the
physical-mechanical and rheological characteristics of self-
compacting concrete mixes with varying percentages of
plastic aggregate in both their fresh and hardened phases.
The results of this experimental work demonstrate the
benefits of using plastic aggregate instead of natural
aggregate to create SCC that is both environmentally
friendly. Based on the experimental program and modeling
results, we can draw the following key conclusions:

1. The use of plastic aggregate instead of natural
aggregate generally improved the flowability and
passing ability of SCC, as evidenced by increased
slump flow and J-ring flow values, as well as decreased
Tse0 and V-funnel times (Tv), and in addition, the height
of the L-box. When substitution levels greater than
30 % are used, the separation resistance decreases.

2. As the percentage of plastic aggregates increases
relative to natural aggregates, the density of SCC
decreases, which can be beneficial for lightweight
applications. At the same time, it results in higher water
absorption and increased porosity.

3. There is a noticeable decline in both compressive and
tensile strengths with higher plastic content,
particularly beyond a 10 % replacement level. While
SCC with up to 10 % plastic aggregate (SCCig)
maintains comparable performance to control SCC
(SCCy).

4. Replacing natural aggregate with higher levels of
plastic aggregate results in significant reductions in
ultrasonic pulse velocity and dynamic modulus of
elasticity.

5. A 10% replacement level is the optimum level to
maintain a balance between acceptable performance
and the benefits of using recycled plastic. Adding 20 %
plastic aggregate to SCC cured with water for 84-days
improves its compressive strength and UPV compared
to the reference SCC (SCCo) cured with air for 28-days.

6. Tests on self-compacting concrete without and with
plastic aggregates showed a strong correlation between
destructive (compressive strength, Cs) and non-
destructive (ultrasonic pulse velocity, V). Compared
to measured values, the estimated compressive strength
based on this correlation had a relative error of less than
5%. This result provides practical tools for quality
control and performance prediction in SCC with
alternative aggregates, such as plastic.

7. The curing in water has a beneficial effect on reducing
the porosity of all self-compacting concrete, as well as
increasing the tensile strength, compressive strength,
and ultrasonic pulse velocity.

8. A critical contribution of this research is the
identification of optimization thresholds for different
applications. For structural applications, plastic
aggregate content should not exceed 10 % to maintain
optimal mechanical properties. However, non-
structural applications can accommodate up to 20 %
plastic aggregate content, while architectural
applications may utilize up to 30% replacement levels
when appropriate curing conditions are maintained.

9. Looking forward, this research opens several promising
avenues for future investigation. Priority areas include
long-term durability assessment beyond 84-days,
compatibility studies with different types of plastic
waste, and development of surface treatment methods
for plastic aggregates. Additionally, research into
chemical interactions between plastic and cement
hydration products could lead to improved mix designs
and performance enhancement strategies.

Finally, the incorporation of plastic aggregates in elf-
compacting concrete represents a viable strategy for
recycling plastic waste and reducing the environmental
impact of concrete production. This study provides valuable
insights into the material properties over time, with
significant implications for sustainable construction
practices and the utilization of waste plastic in building
materials.
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