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Abstract

The construction industry plays a significant role in the depletion of natural resources and the emission of
atmospheric pollutants. As a sustainable alternative, this study investigates the reuse of polypropylene plastic
waste as a partial replacement for natural coarse aggregate in lightweight concrete. The main objective was to
evaluate the effects of replacing 30% of conventional crushed aggregate (coarse aggregate) with plastic waste
under four pre-treatment conditions: Dry, saturated with water, saturated with cement and saturated with silica
fume. Experimental tests assessed both fresh (workability and specific weight) and hardened (compressive
strength, porosity, water absorption, and voidratio) propertiesof concrete. Theresults indicated that the lamellar
shape and smooth surface of the plastic waste hindered its interaction with the hardened cement paste matrix,
resulting in increased porosity, higher water absorption, andreduced compressive strength acrossall treatments.
Contrary to the initial hypothesis, pre-saturation of the plastic waste did not improve the interfacial transition
zone; instead, it further compromised bonding and mechanical performance. Nevertheless, the dry plastic waste
mixture presented satisfactory compressive strength for lightweight concrete applications, i.e. compressive
strength > 10 MPa. Overall, the use of polypropylene plastic waste contributes to reducing environmental
impacts and promotes the production of low-density concrete for non-structural applications.

Keywords: Recycled Aggregate - Polypropylene Plastic Waste Aggregates - Lightweight Concrete -
Compressive Strength - Water Absorption

1. INTRODUCTION

The constructionindustry plays an essential role in a country's economic development. It stimulates an extensive
production chain, rapidly drives economic growth, and is responsible for a significant portion of GDP (Gross
Domestic Product)(Chianget al., 2015; Qabaja and Tenekeci, 2024). However, the unbridled growth of this
industry generates major environmental impacts, requiring urgent attention and measures to ensure
sustainability (Chen etal., 2023). In terms of construction materials, concrete is widely used throughout the
world. Considering all consumable materials, it is ranked second after water. Therefore, it is essential that
concrete production activity should be reconciled with sustainable growth, adopting practices that are less
harmful to the environment (Santhosh et al., 2021; Shen et al., 2022).

To meet society's demands and comply with legal requirements, the construction industry has intensified its
efforts to reduce waste and adopt more sustainable practices. Increasingly strict environmental legislation
encourages companies to carry out material disposal studies and implement measures to minimise the
environmental impactsoftheiractivities. This context promotes the use of different types of waste as aggregates
for concrete. Examples include the use of glass aggregates, sawdust aggregates, PVC (Polyvinyl chloride)
aggregates, and waste tile aggregates in concrete and mortar, seeking sustainability in the production of
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cementitious materials (Ehsan Farahinia et al., 2024; Mahdi Amirnia et al., 2024; Pournoori et al., 2024).
Another waste that appears prominently in research on sustainability in construction materials is plastic waste.

According to dedicated research (Tudu et al., 2024), population growth and the urbanisation process have
contributed significantly to the increase in the consumption of plastic products and, consequently, to the
exacerbated generation of this waste. However, only a small part ofthis material is recycled properly, resulting
in significant adverse impacts on ecology and the environment due to the accumulation of non-recycled plastic
waste. Among the various types of plastics, polypropylene stands out, which, according to (Rosato, 2020), is
the second most produced plastic in volume, after polyethylene. Global polypropylene productionwas 56 MMT
(million metric tons)in 2018 and is estimated to reach 83 MMT by 2025, at an annual growth rate of 5.85%.

Research states that virgin polypropylene is one of the most widely used plastics globally, due to its
versatility, low cost and high mechanical strength (Nguyen and Edalati, 2024; Yan et al., 2023). The versatility
of polypropylene is due to its unique molecular arrangement, composed of propylene monomers connected in
a linear chain. This configuration provides several benefits, such as high crystallinity, improved chemical
resistance, reduced density, and adequate mechanical strength. Due to these properties, polypropylene is widely
used in several areas, such as the automotive, textile, packaging, and construction industries (Guezzout et al.,
2023). However, the increase of oil prices and the excessive generation of plastic waste drive the search for
more sustainable alternatives. Polypropylene recycling emerges as a promising solution, offering several
environmental, economic, and social benefits.

Some authors (Bahij et al., 2020) suggest that plastic waste, such as polypropylene, can be added to concrete
to replace part of the aggregates, both coarse and fine fractions. This technique is known as direct volume
replacement, where traditional aggregates are directly replaced by alternative materials, such as polymers.
Hence, the use of plastic waste for cementitious material brings substantial environmental advantages in
addition to improving the characteristics of concrete, such as reducing density, making it possible in some cases
to obtain lightweight concrete (Frahat et al., 2024).

Other authors analysed the application of plastic waste, such as PET (Polyethylene terephthalate), in asphalt
mixtures, evaluating and proving the viability of applying this material in limited amounts (Baradaran et al.,
2024a, 2024b). However, some authors highlight the impossibility of a complete replacement of aggregate with
plastic waste in concrete, due to the weak transition zone and the loss of strength of the material. Some authors
suggest that the use of plastic waste as a substitute for aggregates should be limited to 25 to 40% (Marvila et
al., 2022; Saikia and de Brito, 2012; Sharma and Bansal, 2016). Based on these studies, in this research, the
use of 30% of plastic waste as a substitute for conventional coarse aggregate was standardised. Another
importantpointis the need for new methodologies thatallow for the improvement of the transition zonebetween
hardened cement paste and aggregate, in the case of plastic waste (Panda et al., 2024).

The experimental hypothesis tested in this study is that the pre-saturation of recycled polypropylene plastic
waste aggregates can improve the interfacial transition zone with the cement paste, enhancing the overall
performance of the concrete. Three saturation conditions were evaluated: distilled water, cement-saturated
water, and silica fume-saturated water. The new approach of this research lies in proposing an alternative
methodology for incorporating plastic waste into concrete through saturation techniques, aiming to improve
bond characteristics and mechanical behaviour. In line with efforts to promote sustainability in the construction
industry, this study investigates the use of recycled plastic waste as a partial aggregate replacement in
lightweight concrete. To assess its effectiveness, tests on freshand hardened concrete were carried out, including
workability, density and compressive strength of concrete.

2. MATERIALS AND METHODS

2.1 Materials
The materials used in the research were: Portland cement CP-11-E-32 (NBR 16697, 2018) like CEM-III (BS EN
197-1, 2011); washed river sand with maximum characteristic dimension =2.4 mm as fine aggregate; gneiss
crushed stone with maximum characteristic dimension = 19.00 mm as coarse aggregate; and polypropylene
plastic waste obtained from a recycling centre in Belo Horizonte, Brazil (Figure 1). Although other types of
cement are available, the choice for CP-1I-E-32 is due to its availability and lower associated cost for the
production of conventional concrete.

Portland cement from Tupi Cements and silica fume from Tecnosil were used to saturate the aggregate. The
chemical compositionofthe binders used to saturateplastic waste is shownin Table 1. The results were obtained
through energy-dispersive X-ray fluorescence (XRF) analysis, conducted using a Shimadzu EDX-700
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spectrometer. It is observed that the materials used are similar to other research with cementitious materials
(Arash Rajaee et al., 2025; Hadi Miri et al., 2024).

Table 1. Chemical Composition of the Binders Used in the Saturation of Plastic Waste
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Figure 1. Polypropylene Plastic Waste Used in Research

2.2 Characterisation of Coarse Aggregates

The plastic waste aggregate and crushed stones (coarse aggregate) were characterised using the following
parameters: specificmass (NBR 16972,2021),Los Angeles abrasion (DNITME 035, 1998) fromthe company
ABM Equipment, granulometry (NBR 17054 ,2022) and shape index (NBR 7809, 2014). The characterisation
was performed to compare the recycled aggregate and the conventional aggregate.

2.3 Concrete Preparation and Compositions Evaluated

Preparation and Compositions Evaluated The percentage of polypropylene plastic waste used was based on
previous studies that resulted in satisfactory compressive strength. According to research (Marvila et al., 2022;
Saikia and de Brito, 2012; Sharma and Bansal, 2016) with 30% plastic waste, the compressive strength of the
concrete reached its maximum value, since above 30% plastic, there is low adhesion between the hardened
cement paste and the plastic waste, impairing its mechanical properties. In this work, it was decided to replace
30% of the mass of natural coarse aggregate with plastic waste and use the composition, by mass, of
1:1.45:2.35:0.55 (Portland cement: fine aggregate: coarse aggregate: water).

To evaluate the influence of polypropylene plastic waste on concrete, five different types of composition
were prepared: a reference composition, composed only of conventional aggregates, and four compositions with
the addition of plastic waste: dry, saturated with water, saturated with cement, and saturated with silica fume.
This diversification of compositions allowed a more comprehensive analysis of the impact of plastic waste on
concrete properties, verifying the effect of material saturation. Figure 2 presents a summary ofthe compositions
used in this research.

The proceduresusedto prepare the concrete were carried outin accordance with NBR 5738 (2015) and NBR
5739 (1994). The concrete was mixed following the procedure: first, the coarse aggregate was added together
with half the water (0.275); in cases where plastic waste was used, the aggregate was added at this stage ; then
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the cement and sand (fine aggregate) were added; followed by the remaining mixing water. The concrete was
mixed for 3 minutes. The moulds used had dimensions of 10 ¢m in diameter and 20 c¢cm in height, using 3
samples for each concrete parameter evaluated. Thetestspecimens weremouldedin 2 layers, applying 25 blows
with a standard rod. After 24 h, the samples were unmoulded and cured in a 5% Ca(OH), aqueous solution. The
test evaluations were performed after 28 days of curing.
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Figure 2. Flowchart of the Compositions Evaluated in the Research
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2.4 Properties Evaluated in Concrete

After preparing the concrete, to verify the workability of the newly manufactured material, the slump test was
performedin accordance with NBR 16889 (2020). After the 28 day curingperiod, the specimens were subjected
to capillary water absorption and water absorption by immersion test, following the recommendations of NBR
9778 (2011); density in the fresh and hardened state, using the specifications of NBR 9833 (2009); and
compressive strength using a universal testing machine INSTRON Series 23.

The capillary water absorption test is performed as follows: the test specimens are dried in an oven at 105°C
for 24 h (my,y) and then subjected to a water layer of approximately 1 cm for 24 h; after this time, the saturated
mass (mg,) of the sample is obtained. The immersion water absorption test follows a similar principle, but the
samples are completely immersed in water and are fully saturated for 24 h. Water absorption (WA) is then
calculated using equation (1). Other studies have performed similar procedures (Hadi Miri et al., 2024).

Mgge —M

WA = 1Y 100 (1)

mdry

3. RESULTS AND DISCUSSION

Table 2 presents the characterisation parameters of plastic waste aggregate and coarse aggregate used in this
study. The shape index is the parameter that presents the largest differencein the results between the aggregates.
This is because the gravel hasa larger thickness, and the plastic waste has a lamellar shape. The specific mass
also presented a large difference in the results between the aggregates; this occurs because the plastic waste is
a light aggregate with a specific mass <2.00 g/cm’®. The specific mass of 1.01 g/cm?® of the plastic waste used
in the study is close to the value 0f0.946 g/cm?® obtained by (Correa et al., 2014). The abrasion of the plastic
waste is lower than that of the natural aggregate; therefore, it resists wear better. This occurs due to the lamellar
shape, increase in ductility and the properties of the polymer that characterises the plastic waste aggregate (Lim
et al., 2024; Uche et al., 2024).

Table 2. Aggregate Parameters

MCD Specific mass Aggregate
Aggregate Shape Index FM
(mm) (g/cm?) abrasion (%)
Crushed stone
2.04 19.00 6.12 2.65 3.60
(coarse aggregate)
Plastic Waste 8.17 19.00 6.47 1.01 21.00

MCD = Maximum characteristic dimension
FM = Fineness modulus

Figure 3 shows the patticle size distribution of the raw materials used in this research. The coarse aggregate
(in red) and the plastic waste (in grey) have similar granulometries. Furthermore, it is worth noting that both
conventional coarse aggregate and plastic waste are within the regulatory limits for this type of material, as
highlighted in Figure 3 (Upper and Lower limit). This occurs because the MCD is the same for both materials,
being 19.00 mm, and the FM has similar values. The materials were chosen by this standard so that there would
be no interference in the packaging of the concrete.
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Figure 3. Particle Size Distribution of Materials Used in the Research

Figure 4 shows the results ofthe slumptestofthe concrete produced in the research. The concrete containing
plastic waste saturated with silica fume showed the best workability, obtaining a slump of 190 mm. This occurs
becausethe silica fume and other pozzolanic materialshavea high fineness, reducingthe friction of the concrete
(Bani Ardalanetal., 2017). In the concrete with the addition of dry plastic waste, saturated with cement and
saturated with water, the concrete showed lower workability. It could be observed that saturation with cement
increased the adhesion of the aggregate with the concrete, providing an increase in plasticity in relation to the
other compositions. The slump of 30 mm with dry plastic waste increased to 35 mm with plastic waste saturated
with cement. Saturation with water showed a decrease in the workability of the concrete, showing a slump of
25 mm. This occurs because the smooth surface of the plastic, in contact with water, facilitates the adhesion
process between the waste. As highlighted in some studies (Tudu etal., 2024), the reduction in the slump of
concrete made with plastic waste is attributed to its shape, which in this study was lamellar, which led to an
increase in the porosity of the concrete, resulting in a reduction in its workability. The results obtained are
compatible with other research with plastic waste, in which the authors observed a reduction in the slump test
from 98 mm (reference) to 56 mm (25%), 43 mm (50%), 20 mm (75%) and 11 mm (100%) in compositions
containing coarse aggregates of plastic waste (Mo et al., 2025).
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Figure 4. Slump Test Results for the Compositions Evaluated in This Research

Figure 5 shows the water absorption of the test specimens by immersion and capillarity. The addition of dry
plastic waste reduces water absorption, where water absorption by capillarity reduces from 2.55% in the
reference composition to 1.70% in the composition with dry plastic waste. This occurs because the volume of
plastic waste was greater than that of the natural aggregate, reducing the porosity of the concrete and,
consequently, its capacity to absorb water. In contrast, the composition with silica fume presents greater water
absorptionby both testmethods, indicating an increase in the porosity of the concrete. Thepermeability or water
transport of concrete is a property that depends on porosity, that is, it indicates the capacity for penetration and
absorption of liquids and gases in the concrete (Mendes et al., 2012; Revilla-Cuesta et al., 2024).

Plastic waste saturated with water, cement and silica fume gradually increases water absorption. For
example, water absorption results by immersion increase from 2.95% (reference) to 3.47% (saturated with
water), 3.93% (saturated with cement) and 4.44% (saturated with silica fume). This characteristic is the result
of a decrease in the physical-chemical interaction between the polymer and the cementitious matrix, making the
material more susceptible to water penetration due to increased porosity and loss of components through
leaching compared to concretes made with natural aggregates (Mendes etal.,2012; Revilla-Cuestaetal., 2024).
Although they present greater water absorption, the concrete in this study is classified as durable, since their
absorption rates, except for concretes saturated with silica, are below the limit of 4.2%. Concrete saturated with
silica, in turn, is classified as normal, with water absorption between 4.2% and 6.2% (Helene, 1983). The water
absorption results obtained by immersion are compatible with other research, where the authors obtained an
increase in absorption from 2.00% (reference) to 4.1%, 4.6%, 4.8% and 5.10% for compositions containing 10,
15, 20 and 25% of plastic waste, respectively (Lakshmi et al., 2024).

The results of water absorption by capillarity are related to interconnected pores, which maintain a
connection between themselves (Marvila et al., 2022b; Yedra et al., 2022) . The fact that the composition with
dry plastic waste reduces this property indicates that the pores of this concrete are not connected, which can be
attributed to the lamellar shape of the plastic waste. Therefore, this is an important result for lightwe ight
concretes, since, due to their lower compressive strength, they are generally less durable. Since the use of dry
plastic waste reduces the porosity of the concrete, although there is a drop in strength, this result is viable for
application in lightweight concrete.
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Figure 5. Water Absorption Results for the Compositions Evaluated in This Research

Figure 6 shows the density of the concrete in its fresh and hardened states. The addition of plastic waste
decreased the density of the concrete. The density results in the hardened state reduce from 2.30 g/cm®
(reference) to 1.92 g/cm? (dry waste), 1.83 g/cm? (saturated with water and cement), and 1.82 g/cm? (saturated
with silica fume). This occurs becausethe specific mass of the coarse aggregate is greater thanthat ofthe plastic
waste (Table 2). In the fresh state, the concrete with plastic waste saturated with water had a lower density when
compared to the reference composition. This occurs because, when the plastic waste is saturated with water, it
can retain this water internally, reducing the amount of free water available in the concrete mix. In the hardened
state, the lower density is due to saturation with silica fume, when compared to the reference composition. This
occurs because this composition has greater water absorption (Figure 5) and probably greater porosity and voids.
In its hardened state, concrete with the addition of plastic waste has a density of less than 2000 kg/m?* (Ahmadi
et al., 2023; Pongsopha et al., 2022), being classified as lightweight concrete according to another research
(ASTM C567/C567M-19, 2019). In other studies, with concrete containing plastic waste (Correaetal., 2014;
Frahat et al., 2024), lightweight concrete was also obtained with the addition of polypropylene.
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Figure 6. Density Results for the Compositions Evaluated in This Research

Figure 7 shows the axial compressive strength. The addition of plastic waste saturated with silica presented
lower strength (6.24 MPa). Compared to the reference value, whose compressive strength is 22.60 MPa, this
represents a reduction of 72.4%. This is due to the increase in the porosity ofthe concrete, causing greater water
absorption (Figure 5). In contrast, the composition with dry plastic waste presented greater compressive
strength, since this composition has less porosity and, consequently, less water absorption (Figure 5). The
decrease in compressive strength was also observed in other studies (Tapkire et al., 2014), which replaced part
of the coarse aggregate with waste from plastic bags (polypropylene) and soda bottles (PET).

Water absorption is directly related to the compressive strength obtained in the compositions with the
addition of plastic waste in this study. This occurs because the porosity of a material exerts a significant
influence on its strength and durability, as evidenced by the relationship between compressive strength and
water/cement ratio (Marvila et al., 2020). In the case of concrete, especially those with the addition of recycled
materials, the presence of interconnected pores creates preferential pathways for the penetration of water and
otheraggressiveagents that can cause deterioration. Concrete with a lower porosity index, in turn, offers greater
resistance to the penetration of these agents, contributing to a longer useful life of the structure.

The decrease in concrete strength is due to the lower chemical interaction between the polymer and the
cementitious matrix and the residual porosity generated in the production of the sample (Correaetal., 2014).
As highlighted by some authors (Neville, 2015), as the strength and specific mass of the aggregates used in the
production of conventional concrete increases, the influence of these aggregates on the compressive strength of
the concrete decreases, since the strength of the aggregates becomes greater than that of the matrix. Therefore,
when adding polypropylene waste to concrete, a decrease in compressive strength is observed. Furthermore, the
lower strength of concrete with recycled aggregate can be explained by the reduced adhesion between the
cement paste and the aggregate, caused by the lamellar shape and smooth appearance of the aggregate.
Furthermore, the lower modulus of elasticity ofrecycled aggregate compared to conventional aggregatereduces
its ability to resist compressive strength (Haigh, 2024; Mouzoun et al., 2023). Other authors obtained similar
results: (Khan et al., 2025) obtained a reduction in compressive strength from 22 MPa (reference) to 10.5 MPa
(composition with 100% plastic waste); (Edike et al., 2024) obtained a reduction in compressive strength from
22.78 MPa (reference) to 10.36 MPa (composition with 25% plastic waste).

Based on previous research (Bideci et al., 2023; Ghoneetal., 2024; Pongsophaetal., 2022), a minimum
compressive strength value of 10 MPa was defined for lightweight concrete. This type of concrete is used in
sealing and for thermal and acoustic insulation. Therefore, it is observed that the composition that best meets
the defined parameters is the one that contains dry plastic waste, with a compressive strength of 12.23 MPa.

On the other hand, the concrete compositions produced with plastic waste saturated with cement and silica
fume, although presenting low compressive strength, demonstrate low density (Figure 6), good workability
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parameters (Figure 4), especially the composition saturated with silica fume, and high water absorption (Figure
5). This indicates thatthese concrete compositionsare permeableand porous,being viable in applications where
it is necessary to allow the passage of water through their structure, such as urban drainage and/or draining
pavements.

In practical terms, the results of this research highlight that the composition produced with dry plastic waste
has important applications as concrete for insulation, while the compositions saturated with cement and silica
fume represent a viable alternative for concrete used in drainage systems.
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Figure 7. Compressive Strength Results for the Compositions Evaluated in This Research

Figure 8 shows the crack pattern of reference compositions and those with dry plastic waste. The reference
composition presents a crack pattern similar to cementitious materials, with inclined cracks, suggesting shear
fracture. In the case of the dry plastic waste composition, fracture with outcropping of plastic waste is observed,
which is an indication of the deficiency of the transition zone between aggregate and hardened cement paste.
Thus, the methodology proposed in this research was not sufficient to promote greater adhesion between the
plastic waste and the cement paste, although the objective of obtaining lightweight concrete was achieved.

10
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Figure 8. Fracture/Crack Pattern: (a) reference composition, (b) composition with dry plastic waste

4. CONCLUSIONS

Polypropylene plastic waste was tested as recycled aggregate in this research to reduce the consumption of
coarse aggregate used in concrete. The recycled aggregate was evaluated with different preparations (dry,
saturated with water, cement and silica fume). The slump test, density, water absorption and compressive
strength parameters were evaluated. Given the results presented, it is possible to conclude:

e The use of plastic waste as aggregate in concrete, in addition to helping preserve limited natural
resources, favours the production of lightweight concrete with lower specific masses. However, the
lamellar shape and smoothness ofthe aggregate cause less chemical interaction between the polymer
and the cement matrix, resulting in increased porosity, higher water absorption rates, higher void
indices and, consequently, lower compressive strength.

e The compressive strength of the concrete containing plastic waste showed lower values than those
obtained for the reference concrete; on the other hand, the composition containing dry plastic waste
showed satisfactory mechanical strength results for lightweight concrete, with results of 12.23 MPa,
higher than the value of 10 MPa indicated for insulation concrete.

e The initial hypothesis defined in this research, that the use of saturation in plastic aggregates would
improve the transition zone, was not verified in this research. On the contrary, the presence of water
at the interface of the recycled aggregate from plastic waste reduced adhesion, impairing
compressive strength and increasing water absorption. This occurs because plastic waste has low
water absorption; therefore, there is no water impregnation in the residue that improves adhesion
with the cement paste.

As a suggestion for future work, it is recommended: (i) to evaluate other concrete parameters, such as
electrical resistivity, thermal and acoustic insulation, to prove the viability of applying concrete as insulation;
(ii) to perform non-destructive tests on the concrete, such as ultrasound and rebound hammer; (iii) to evaluate
other mechanical properties, such as flexural strength and modulus of elasticity; (iv) to evaluate other
percentages of incorporation of plastic waste, such as 20% or 50%; (v) to evaluate other forms of saturation of
the plastic aggregate, using other pozzolanic materials, such as metakaolin and fly ash, or other binders, such
as hydrated lime; (vi) evaluation of the microstructure to characterise the interface between hardened cement
paste and aggregate, using scanning electron microscopy (SEM), microtomography and mercury intrusion
porosimetry (MIP) analysis.

11
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