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ABSTRACT

Plastic waste is a significant environmental and ecological problem that requires urgent action.
Indeed, plastic waste pollutes our oceans, rivers, and lakes, harming aquatic life and marine
ecosystems. Plastic debris also poses a threat to terrestrial wildlife, as animals can mistake plastic for
food or become entangled in it, leading to injury or death. In addition, plastic production requires
fossil fuels, leading to greenhouse gas emissions contributing to climate change. That is why recycling
plastic waste is an important step towards reducing the environmental impact of plastic and creating
a more sustainable future. The present work is part of this approach, and it aims to investigate the
effects of the size of the plastic fibers and their percentages on the performances of Hot Mix Asphalt
(HMA) in road pavement. Marshall Tests were carried out on the reference asphalt (without adding
plastic) and the asphalt containing plastic waste in order to highlight the effect of these additives on
the mechanical performance of asphalt mixtures. It has been found that the addition of PET plastic
waste considerably improves the mechanical properties of the HMA. The findings revealed that
additives composed of plastic fibres of size ranging between 0.125 and 1.25 mm give the best results
in terms of Marshall’s Stability and Flow, by acting as reinforcement to the bitumen-aggregate
mixtures. Furthermore, the optimum plastic content was found to be about 3.75% by weight of
bitumen. It can be noted that the proposed solution fits very well with sustainable development.

Keywords: hot mix asphalt, plastic waste, Marshall Test, performance, sustainable development


mailto:h_bekki@univ-tiaret.dz
mailto:mezioulatifa@gmail.com
mailto:belhadj.alotfi@gmail.com
https://orcid.org/0000-0002-0840-0477
https://orcid.org/0009-0003-2330-0700
https://orcid.org/0009-0002-2853-228X

H. Bekki, L. Meziou, L.A. Belhadj Improvement of Hot Mix Asphalt Using Waste Plastic

2. INTRODUCTION

Waste materials, particularly plastic waste, are finding their way into the world's oceans
and waterways. This pollution can harm marine life, as animals may ingest plastic or become
entangled in it. Additionally, plastic waste can take hundreds of years to break down,
meaning it accumulates in the environment over time. Many waste materials, such as
metals and plastics, are derived from finite resources. As we continue to produce and
discard these materials at a rapid pace, we risk depleting these resources and exacerbating
environmental problems. Waste materials can have a significant impact on the
environment, and it is important to properly manage and dispose of them to minimize their
environmental impact. According to a report by the World Economic Forum, the world
produces approximately 300 million tons of plastic waste every year; it actually represents
12% of global waste. Two strategies can be employed to address the issue of waste plastic.
One approach is to reduce the use of single-use plastics, such as plastic bags, straws, and
water bottles, by using alternatives like reusable bags, metal straws, and refillable water
bottles. Another strategy is to recycle plastic products, which involves breaking down the
plastic into new materials that can be used to make new products. The most promising way
to recycle plastic waste would be to use mechanical recycling to make new products.
Another promising way to recycle these materials is to use chemical recycling, which
involves breaking down the materials into their component molecules and then using those
molecules to make new materials [1]. On the other hand, the weight of vehicles, especially
heavy vehicles such as trucks and vans, can cause damage to road pavement over time. This
damage, known as pavement distress, can include cracks, potholes, and rutting. There are
two approaches for preventing the deterioration of pavements. The first one is increasing
pavement thickness, and the second one is improving the properties of materials used for
the construction of roadways [2]. Constructing a high-thickness pavement can significantly
increase construction costs, which can be a major obstacle for many infrastructure projects.
However, using additives can be a cost-effective solution to improve the performance and
durability of pavement without significantly increasing construction costs [3]. There are two
ways to use additives in asphalt mixtures: either by the wet process, in which the additives
are added to the asphalt or modified asphalt before it is mixed with the aggregate particles,
or by the dry process, which involves adding the additives to the aggregate particles before
they are mixed with the asphalt. In the first process, the additives are blended with the
asphalt using specialized equipment to ensure a uniform mixture. However, in the dry
process, the additives are directly added to the aggregate in the form of small pellets or
fibres using a spreader or other similar device [4], [5]. Polymer modification of asphalt
binders involves adding certain types of polymers to the asphalt binder, which can improve
its performance in several ways. These polymers can increase the binder's elasticity and
flexibility, making it more resistant to cracking and deformation under heavy traffic loads
[6], [7]. They can also improve the binder's durability and resistance to ageing and
weathering [8], leading to longer pavement lifetimes. In recent years, there has been
increasing interest in using plastic waste as a modifier for asphalt binders, and several
research works have been carried out to investigate this approach using a wet process. The
research works of Naskar et al. [9] showed that adding plastic waste films (2mm X 2mm) to
bitumen can improve its thermal stability, particularly when using them at 5 % weight of
bitumen. The results of the study of Kofteci et al. [10] showed that adding PVC waste to
bitumen can improve its rheological and mechanical properties at high temperatures. Khan
et al. [4] studied the use of LDPE (Low-density polyethylene), HDPE (High-density
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polyethylene) and Crumb Rubber (CR) as modifiers for asphalt binders. The findings showed
that these additives lead to significant improvements in the rheological properties of the
modified binder. Arabani and Pedram [11] investigated the rutting and fatigue in glassphalt
by adding waste plastic bottles to the binder. They found that studied behaviours were
improved by adding waste plastic. Tran et al. [12] studied the effect of using recycled
polyethylene to improve bitumen, and they concluded that the additives could create a new
Asphalt concrete with better quality. Nevertheless, the dry process for asphalt paving may
not have received as much attention as the wet process. It is an area of ongoing research
and development, and it is becoming increasingly important in certain regions and
applications. A few research studies have investigated the use of various additives and
binders in dry-process asphalt mixtures, aiming to improve their performance and reduce
their environmental impact. Moghaddam et al. [14] studied the use of plastic bottles in road
pavement as a sustainable alternative to traditional asphalt mixes. This involves shredding
plastic bottles into small pieces and incorporating them into the asphalt mix, which can
improve the mix's properties and reduce the amount of plastic waste that ends up in
landfills or the environment. The waste plastic particles used are smaller than 2.36 mm and
are added to the asphalt mixtures in percentages ranging from 0.2% to 1% by weight of
aggregate materials. Research has shown that the addition of plastic bottles can improve
the mechanical properties of asphalt mixes, such as their stability and flow values. This can
result in a longer-lasting and more durable road surface, reducing the need for frequent
repairs and maintenance. However, the size of plastic fibers can influence how they interact
with the asphalt mixture. It is important to notice that the dry process is still little studied
despite its simplicity, possibly because researchers are focused on the modification of
bitumen. The present work is aimed to study both the size effect and the percentages of
PET (polyethylene terephthalate) plastic fibers on the mechanical performances of asphalt
mixes using the Dry process.

3. MATERIALS AND METHODS

3.1. MATERIALS

Three types of materials were used in this study, namely Untreated Crushed Gravel (UCG),
bitumen and recycled Polyethylene terephthalate (PET).

3.1.1. Untreated Crushed Gravel (UCG)

The Untreated Crushed Gravel (UCG) is provided by GTF Company located in Tiaret
Department (Algeria). The UCG is a calcareous aggregate whose main characteristics are
summarized in Table 1. In Figure 1, we present the particle size distribution curve of the
UCG, which indicates that the curve is inserted in the reference granular zone and overlaps
the max curve at its upper part. The coefficient of uniformity (Cu) indicates that the material
is of spread grain size, while the curvature coefficient (Cc) denotes a poorly graded material.
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Table 1. Main characteristics of Crushed Gravel (0/20mm)

Sieve at Dmax | VB? SEb LA | mMDd CaCOs | Gs

80u (%) (mm) at 10% of (%) | (%) (%) (t/m3) Cu Cc
fines

8 20 0.68 | 71 18 20 90 2.81 189 | 3,5

aMethylene blue value; Sand Equivalent Test ;°Los Angeles abrasion value; “Micro Deval

Test
100
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Figure 1. Particle size distribution curve of crushed gravel
3.1.2. Bitumen (40/50)

The bitumen 40/50 penetration grade was obtained from GBS company, which specializes
in hydrocarbon materials and is located in the Tiaret Department (Algeria). The main
characteristics of the binder are summarized in Table 2.

Table 2. Physical properties of bitumen

Specific Gravity | Penetration Softening point Flash point Ductility
(25°C, 0.1 mm) (°C) (°C) (mm)
1.02 42 54 240 >60 mm

Passing Percentage (%)
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3.1.3. Waste plastic PET

The waste PET bottle (Figure 2) used in this study was provided by SARL DJAIB, specializing
in waste recycling, located in Tiaret Department (Algeria). It is important to note that
smaller fibres can be dispersed more uniformly throughout the mixture. It is for this reason
that small plastic fibres < 1.25 mm were chosen. The waste plastic fibres are separated by
size into five classes using the sieving method: (0.125/0.200 mm - 0.200/0.315 mm —
0.315/0.630 mm —0.630/1.25 mm — 0.125/1.25 mm).

Figure 2. PET Waste Fibers used in the study

3.2. METHODS

In order to highlight the benefit of adding plastic waste to the mechanical characteristics of
hot mix asphalt (HMA), the Marshall test was adopted, which is a common method used to
evaluate the mechanical properties of asphalt mixtures, including its stability, flow, and
deformation, in accordance with the European Standard EN 12697-34 [14].

The additive is dispersed at mixing time by varying both the size of the plastic waste and its
proportion (2.5%, 3.75%, 5%) by the weight of bitumen in order to determine the optimum
content and class of polymer, which contributes to a better improvement of the mechanical
characteristics of asphalt mixes. Initially, the aggregates are dried in an oven at a
temperature of 105°C and then preheated between 135°C and 160°C. At the same time, the
bitumen is heated to a specific temperature (160 °C+5 °C) and then mixed together using a



H. Bekki, L. Meziou, L.A. Belhadj Improvement of Hot Mix Asphalt Using Waste Plastic

mechanical mixer, while adding the dispersion of plastic particles until a uniform mixture is
achieved. The mixture is placed into a Marshall mold and then compacted with a Marshall
Compaction hammer to achieve a specified density. After demolding, sample dimensions
are taken: Determine the height and diameter of the compacted specimen to calculate its
physical characteristics. Finally, the compacted specimens are tested for stability, flow, and
deformation by subjecting them to a vertical load applied by a Marshall testing machine
until failure occurs. The maximum load and deformation at failure are recorded. The
optimum bitumen content was determined by preparing a series of specimens with varying
bitumen contents from 5.69 to 6.55 per cent by the weight of the total mixture. The
specimens are compacted and tested for stability and flow, and the results are plotted on a
graph known as the stability and flow curve. The optimum bitumen content was about
5.69%, corresponding to the Marshall Stability value of 10.15 kN and a flow of about 34.6/10
mm.

4. RESULTS AND DISCUSSION

The results of Marshal Tests carried out on the mixtures without PET (reference mixture)
and with PET fibres, at a percentage of 2.5% by the weight of bitumen, are presented in
Figure 3. As shown in Figure 3a, all the mixtures containing the plastic fibres gave much
higher stability compared to the reference mixture (10.15 kN). It can also be noticed that
by increasing the size of plastic fibres, the stability also increases. It should be pointed out,
in particular, that the mixture containing all the plastic fibres (0.125/1.25 mm) gave the
highest stability, i.e. 11.15 kN. It can also be observed that the mixtures containing the
intermediate classes of PET fibres have approximately the same values of Marshall Stability.
Regarding the Marshall Flow (Figure 3b), it can be noted that for all the mixtures, the flow
values are lower than 40/10 mm (the maximum threshold defined by the standard Marshall
Test). Furthermore, the mixtures containing PET fibres give better Flow values, particularly
the small PET fibres (0.125/0.2 mm and 0.2/0.315 mm).

In the Marshall method, the void percentage is used to determine the degree of asphalt
mixture compaction. For the same binder content and the same proportion of the PET
waste, the various mixtures have shown different values of Void percentage (Figure 4.), but
all of the results are within an acceptable range. However, the compaction energy may
differ from one mixture to another to have a more compact material.

It is important to evaluate the water resistance of different asphalt mixtures to test the
asphalt to withstand the most adverse conditions. Figure 5 shows the results of the water
resistance tests for the different mixtures. The water resistance represents the Marshall
Stability ratio for specimens kept in water and those in the open air. According to the
asphalt mix standards, this ratio must be greater than 0.70. As can be seen in Figure 5, all
mixtures exhibited an acceptable water resistance (> 0.70), and those containing PET
exhibited better values (> 0.90), which shows the benefit of adding PET fibres to Hot Mix
Asphalt.
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Figure 5. Water Resistance Vs. PET fibre size

Regarding the influence of the dosage of plastic fibres on Marshall Stability and Marshall
Flow, it can be observed in Figure 6 that the PET dosage acts in the same way for all classes
of plastic fibres. Indeed, the optimum PET content is found to be about 3.75% for all PET
fibre sizes. It can be noticed, particularly, that the class of 0.63/1.25 mm of PET gives the
best Marshall Stability at the optimum dosage. Concerning the Marshall Flow (Figure 7), it
can be observed that the flow values are lower than 40/10 mm for all the mixtures. It should
be pointed out that the optimum dosage of PET obtained for Marshall Stability does not
give the best values of Marshall Flow. However, the optimum dosage gives very acceptable
flow values for PET particles greater than 0.315 mm in size.

By adding the PET fibres, we can expect they will give an additional plasticity that can
generate low stability. Still, on the contrary, they have considerably improved the asphalt,
reaching a Marshall stability of about 12.5 kN. This is due to the fact that the plastic fibres
do not melt at the preparation temperature of the asphalt, which is around 160°C. By
exceeding the glass transition temperature estimated at 70°C, the polymer chains are able
to move more freely, and the material becomes more flexible and deformable. Indeed, the
glass transition temperature of a plastic is the temperature at which the plastic material
transitions from a hard and brittle state to a soft and rubbery state. Thus, the plastic fibres
acquire new mechanical properties that result in a solidification of the material with a high
deformation capacity (flexibility). The plastic fibres act as reinforcement to the bitumen-
aggregate mixtures. However, using the plastic fibre at its optimum percentage is better for
reaching the best asphalt performance.

091 | AGG+ 2023_11(1): 084-096



AGG+ 2023 _11(1): 084-096 ‘ 092 H. Bekki, L. Meziou, L.A. Belhadj Improvement of Hot Mix Asphalt Using Waste Plastic

—5—0,125/0,2 mm PET

T | —o—0,2/0,315 mm PET
1 -A—0315/0,63 mm PET |/
< 0,63/1,25 mm PET
| —>—0,125/1,25 mm PET, | %\\( ,,,,,,
/

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee I

-

N

(3]
1

-
g
o

-
-
(5}

Marshall Stability (kN)

11,0
10,5
10,0
0 1 2 3 4 5
PET (%)
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Regarding the size of plastic fibres, it has been found that additives composed of plastic
fibers between 0.125 and 1.25 mm in size give the best results in terms of Marshall Stability
and Marshall Flow. This is due to the fact that when they are mixed with asphalt mixtures,
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they act as reinforcement in which the different fibre sizes are present and contribute in an
effective way to improve the performance of HMA.

In order to make a comparison between the PET waste used and industrial additives, such
as PR-Plast, SBS and ZQ1, we present in Figure 8 the Marshall Stability and Marshall Flow
for the various additives by fixing the dosage at 3.75%. It can be noted that the different
additives give Marshall Stability values greater than that obtained for the reference mixture
(without additive). The maximum Marshall stability is obtained for the SBS additive, 14 kPa.
Nevertheless, PET waste gives a value superior to those of other additives (PR-Plast and
ZQ1), which shows the benefit of adding plastic fibres to HMA in terms of mechanical
performance and ecological and environmental issues. For the Marshall Flow, Figure 8b
shows that the mixture in which SBS is used gives the most effective result. The class of PET
(0.630/1.25 mm) gives an average result and remains below the threshold set by the
standard Marshall Test.
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Figure 8. Marshall Results for different additives : (a) Marshall Stability; (b) Marshall Flow

5. CONCLUSION

The paper aimed to study the influence of adding PET waste on the performance of Hot Mix

Asphalt used in road pavement, with the goal of enhancing its mechanical properties. Five

classes per size of PET waste ranging between 0.125 mm and 1.25 mm were investigated.

The Marshall method was applied in order to highlight the mechanical advantages of PET

additives. Based on the outcomes and the analyses of the result, the following conclusions

can be drawn:

= The size of the plastic fibres and their percentages are two key factors that can influence
the effectiveness of the improvement of Hot Mix asphalt.

= The mixtures containing the plastic fibres gave much higher stability compared to the
reference mixture (without plastic).

= The Marshall stability increases by increasing the size of plastic fibres up to the
maximum size, which is, in our case, 1.25 mm.

= Adding 3.75% of PET fibres to the Hot Mix Asphalt enhances Mechanical performance
in terms of Marshall’s Stability and Flow, particularly with large PET fibres.
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The HMA, containing PET fibres, has better water resistance compared to the reference
material, indicating that adding waste plastic improves the long-term performance and
durability of the asphalt mixtures.

Smaller fibres can be dispersed more uniformly throughout the mixture, leading to more
uniform reinforcement of the asphalt. However, larger fibres may provide more
structural support.

The Dry process represents an easy way to improve the mechanical properties of HMA
by just adding PET waste fibres when preparing the asphalt mixtures.

Finally, we can consider that the present results contribute to reducing plastic waste,
preserving natural resources and improving the performance of Hot Mix Asphalt.
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NOBOJ/bLUAKE ACHOANITHE MIELLABMHE MO BPYREM NOCTYMKY KOPULUTEHEM
MNACTUYHOT OTNAAA

CarkeTak: nacTMyHM OTNag je 3HayajaH EeKOJIOWKM NpobsieM Koju 3axTujeBa XMTHO Aje/loBame.
MnactnyHu otnag 3arahyje Halwe OKeaHe, pujeKe U jesepa, LWITETU BOAEHOM XMBOTY U MOPCKUM
ekocuctemuma. [MaacTMyHM  ocTauu Takohe nNpeacTaB/bajy MNpUjeTHy  KOMHEHUM  OUB/BUM
KMBOTUHAMA, jep KUBOTUHE MOTY 3aMWjEHUTU NAACTUKY 33 XPaHy WN Ce 3aNNECTU Y HbY, LITO MOXKe
[OBecTM Ao nospega uan cmptu. [opep Tora, Npou3BOAHa MJIACTUKE 3axTUjeBa KOpULUTEHE
docunHMX ropuea, WTO AOBOAM 4O E€MWCHje racoBa CTakneHe bawTe gonpuHocehn KAMMATCKUm
npomjeHama. 3aTo je peLMKaaKka NAacTUYHOT OTNaAa BaxKaH KOpakK Ka CMatberby YTULAja NIAcTUKe Ha
YKMBOTHY CPeAMHY M CTBapakby oapunenje byayhHocTu. OBaj pag, je Ao 0BOr NPUCTYNA U MMA 33 Ln/b
03 UCTPAXKM YyTULLAj BEANYMHE NAACTUYHUX BIaKaHA U bUXOBOT NPOLLEHTA Ha nepdopmaHce apiaTHUX
mjewasmHa no spyhem noctynky (HMA) y KONOBO3HMM KOHCTpYKLMjama. MapLuanoBu TECTOBU cy
cnpoBeaeHn Ha pedepeHTHOM achanTy (6e3 foaAaBarba NAACTUKE) U achanTy Koju cagpku NNacTMyYHU
oTnag Kako 6M ce MCTaKHYO YTMLAj OBMX aguTMBA Ha MEXaHUYKe KapaKTepucTUKe achanTHuUX
MjewwasumHa. YTepheHo je aa aoaasare MET nnacTMyHOr oTnaga 3HavyajHO NobosbllaBa MeXaHUYKa
cBOjcTBa achanTHe mjelaBmHe no Bpyhem nocTynKy. Pe3yntaTu cy nokasanu Aa aAuTUBK CacTaB/beHU
Of, NNIACTUYHUX BNAKaHa BennuuHe usmehy 0,125 n 1,25 mm aajy Hajbosbe pesyatate y norneay
MapLanoBor Tecta cTabunHOCTU U Teyera, ojayaBajyhu mjewaBmHe bUTymeHa 1 arperaTa. [asbe,
yTBpHEHO je Aa je onNTMMasIHM cagp:Kaj naacTuKe oko 3,75% mace butymeHa. Moxe ce npUMUjeTUTH
[a ce NpeANoXKeHo pjellere Beoma A06po yKnana y ogpK1UBU pasBoj.

KrbyyHe pujevu: acgpanmHa mjewasuHa o epyhem nocmynky, naacmu4Hu omnad, Mapwasnos
mecm, nepgopmarHce, 00pPHUBU PA380).
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