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Abstract

Plastic is a versatile and cheap material, but extremely durable and nearly impossible to
decompose in nature. Plastic waste is not only a visual pollution issue but also a global health
problem, as microplastics enter the food chain, affecting both marine life and humans.
Moreover, the mass production of plastic is closely linked to greenhouse gas emissions and the
depletion of natural resources. Pollution caused by PET (polyethylene terephthalate) is one of
the most severe forms of environmental pollution due to excessive use and inadequate recycling
of these materials. PETs are mainly used in the form of containers (bottles), and because of
their durability and slow degradation in nature, these objects become a major source of
pollution, affecting both terrestrial and aquatic ecosystems.

Thus, the present article discusses the recycling and use of PET in the form of fibers for
reinforcing asphalt pavements, similar to cement concrete applications. These fibers were added
as a percentage of the optimal binder content, and Marshall specimens were fabricated to
determine apparent density, water absorption, Marshall stability and flow. The results obtained
are favorable.
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1. INTRODUCTION

The issue of plastic waste has become a major global concern in recent
decades, with a significant impact on the environment, ecosystems, and human
health. Plastic, a versatile and cheap material used in an immense variety of
products, has proven to be extremely durable but also nearly impossible to break
down in nature. The introduction of plastic addressed many immediate needs of
human society, and over time it has contributed to the formation of culture in
which the idea of removing it from the market becomes increasingly difficult to
envision.[1] Every year, approximately 350 milion metric tons of plastic waste
are generated worldwide. Most of this plastic waste is either incinerated or sent to
landfills, ultimately leading to the pollution of our air, land, and oceans. [2].
Furthermore, the massive production of plastic is closely linked to greenhouse gas
emissions and the depletion of natural resources.

Among the most discussed and dangerous types of plastic waste are PET
bottles (polyethylene terephthalate), which are commonly used in the manufacture
of beverage bottles and other packaging. PET is a lightweight, durable, and
recyclable plastic, but unfortunately, it is one of the most common causes of
plastic pollution. Although recyclable, the recycling rate of PET bottles is still
insufficient, and the majority of them end up being discarded irresponsibly,
contributing to environmental pollution. This problem of PET accumulation raises
critical questions about the efficiency of existing recycling systems and the ways
in which we can reduce our dependence on plastic packaging in a sustainable
manner. To contribute to CO2 reduction, it is essential to shift away from the
current practice of preferentially using virgin PET and promote the production of
recycled PET. [3] Therefore, it is crucial to develop sustainable, efficient, cost-
effective, and environmentally friendly methods for recycling waste PET plastics
and converting them into high-value-added product.[4]

Plastic waste recycling is an essential process for reducing pollution and
conserving natural resources. Plastic is a synthetic material, and recycling it
involves processing used plastic materials, transforming them into new products,
thus reducing the need to produce new plastic. There are several types of plastic
that can be recycled, but the process is not always efficient due to contamination,
the diversity of plastic materials, and the costs associated with recycling.

An emerging field for the use of plastic waste is asphalt mixtures. The
technique of incorporating other materials into bitumen or asphalt mixtures is not
a recent one. The first experimental projects in Europe using asphalt modified
with virgin polymers took place around 1930, and the first asphalt-modified road
was constructed in 1970.[5] In recent decades, research and innovations have
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demonstrated that recyclable plastic can be integrated into the asphalt used for
road construction. This not only helps reduce the amount of plastic that ends up
in landfills or the environment but also improves the durability of roads. Mixing
plastic waste into asphalt can contribute to increased wear resistance, reduced
cracking, and better road performance under extreme temperature conditions.
Additionally, this technology reduces the amount of bitumen required in asphalt
production, another ecological advantage.

2. MATERIALS AND METHODS

In this chapter, laboratory results are presented, specifically the physical-
mechanical characteristics of asphalt mixtures made with PET. To assess the
mechanical performance of asphalt mixtures, cylinder specimens (100.6 mm in
diameter and 63.5 mm in height) were compacted with 50 blows of compaction
energy per side using a Marshall Compactor, while the slabs were prepared using
a wheel-roller machine. The dimensions of the slab specimens were 300 mm in
length, 300 mm in width, and 50 mm in thickness.[6] Polyethylene terephthalate
fibers are used in asphalt mixtures for reinforcement purposes, with the
percentage determined based on the establishment of the optimal binder dosage.
The percentage of fibers is 2%, 4%, 6%, 8%, and 10% of the optimal binder
content. We encounter two types of processes for inserting PET fibers into asphalt
mixtures: wet and dry. These techniques are commonly used, providing flexibility
based on the melting points of the plastics used.[7]

2.1. Preparatory Operations.
2.1.1. Bringing the materials needed for the preparation of asphalt mixtures:
-Filler — Hoghiz, Brasov County, Bitumen — Almatar, Buzau County,

Natural Sand — Tupilati, Neamt County, Crushed stone — Suseni, Harghita County
according figure 1.
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Figure 1. Crushed stone — Suseni, Harghita County

2.2.2. Drying the aggregates

Figure 2. Drying the aggregates

In the second stage (figure 2), the aggregates were dried in the laboratory.

In order to determine the physical and mechanical characteristics of the
asphalt mixtures, two asphalt recipes were prepared, namely BAD 22,4 — control
specimens and BAD 22,4 — specimens made with PET fibers. In order to create
these asphalt mixture recipes, the following aggregate grades were required:
crushed stone 16 - 22,4 mm, crushed stone 8 - 16 mm, crushed stone 4 - 8 mm,
crushed sand 0 - 4 mm, natural sand 0-4 mm and filler. In Table 1, the results are

presented.
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Table 1. The passage through the set of sieves of the aggregates used

Crushed Sand 0-4 mm
D, Retained Retained Retained Passed
mm | 1 i Tg % %
8 - - - - - 100
4 15,4 11,9 8,1 35,4 2,36 97,64
2 185,4 219,4 169,9 574,7 38,31 59,33
0,125 239,9 221,8 257,7 719,4 47,96 11,37
0,063 25,1 23,00 30,8 78,9 5,26 6,11
<0.063 | 32,3 | 342 | 223 [ 239 | 319 | 335 91,6 6,11 -
Total 500,00 500,00 500,00 1500,00 100,00 -
Crushed stone 4 - 8 mm
D, Retained Retained Retained Passed
mm | 1 i g % %
16 - - - - - 100
11,2 - 4,0 - 4,0 0,133 99,87
8 134,3 123,2 134,9 392,4 13,08 86,79
4 849,2 858,2 854,2 2561,6 85,38 1,40
<4 | 156 ] 165 | 137 [ 146 | 102 | 110 42,10 1,40 -
Total 1000,00 1000,00 1000,10 3000,10 100,00 -
Crushed stone 8 - 16 mm
D, Retained Retained Retained Passed
mm | I I g % %
22,4 - - - - - 100
16 19,8 17,6 23,5 60,9 1,015 98,99
11,2 496,6 617,0 743,1 1856,7 30,938 68,05
8 1319,7 1247,4 1134,3 3,701,4 61,67 6,37
<8 |1615] 1646|1158 | 1182 | 97,8 [ 99,5 382,3 6,37 -
Total 2000,7 2000,2 2000,4 6001,30 100,00 -
Crushed stone 16 - 22,4 mm
D, Retained Retained Retained Passed
mm I I I Xg % %
31,5 - - - - - 100
22,4 423,9 343,5 272,2 1039,6 6,930 93,07
16 3409,5 3614,4 3580,8 10604,7 70,694 22,38
11,2 1150,7 1021,4 1129,2 3301,3 22,007 0,37
<112 | 156 | 17,7 | 188 | 206 | 147 | 17,0 55,3 0,37 -
Total 5001,8 4999,9 4999,2 15000,9 100,00 -
Natural Sand 0 - 4 mm
D, Retained Retained Retained Passed
mm I I I Yg % %
11,2 - - - - - 100
8 0,9 - - 0,9 0,06 99,94
4 6,5 7,1 10,8 24,4 1,627 98,31
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2 66,5 64,7 81,5 212,7 14,18 84,13
0,125 381,1 384,1 371,0 1136,2 75,747 8,39
0,063 31,9 30,1 24,8 86,8 5,786 2,60
<0.063 | 131 ] 119[134 [ 140 | 108 [ 119 39,0 2,60 -
Total 500,00 500,00 500,00 1500,00 100,00 -

Filler

D, Retained Retained Retained Passed
mm [ I 1l rg % %

2 - - - - - 100,00
0,125 12,9 9,7 16,13 38,73 12,91 87,09
0,063 11,8 13,5 10,73 36,03 12,01 75,08
<0.063 | 735 | 7530 | 76,10 | 76,80 | 7182 [7314 | 22524 75,08 -
Total 100,00 100,00 100,00 300,00 100,00 -

According to the AND 605/2016 standard, the limits of aggregate and filler
percentages from the total quantity of aggregates, as well as the gradation range
of the aggregate mix for each type of asphalt mixture, are specified in Table 2,3.

Table 2. The limits of the percentages of fillers and natural aggregates

Natural Wear layer Bonding Base layer
aggregates — layer
fractions BAS BA112 BA16 BAD22.4 AB22.4 AB31.5
fromthe 0 pcs | BAPC11.2 | BAPCI6 | BADPC224 | \ppo) 4 | ABPC3LS
total mixture ' BADPS22.4 " | ABPS31.5
'f:r",;'cﬂoannsisa”d 90... | 80... 8.0... 5.0... 3.0... 3.0...
0.125 mm, % 18.0 16.0 15.0 10.0 8.0 12.0
Filler and
fraction . )
(0.125-4 mm), The difference until 100
%
N 4] 220.. | 340.. | 360.. | 550.. 57.0... | 400...
99189 44.0 48.0 61.0 72.0 73.0 63.0
mm,%
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Table 3. The granulometric area of bituminous concretes and bituminous

coating
The mesh size
of the sieve BA 8 BA 112 BA 16 BAD 22,4 AB 22.4 AB 31,5
conforming to BAPC 16 | BAPC 12 | BAPC 16 BAPC22,4 ABP 22 4 ABPC31,5
SR EN 933-2, BAP 22,4 " | ABP315
[mm]
45 - - - 100
31,5 - - - 100 100 90....100
22,4 - - 100 90....100 | 90....100 82....94
16 - 100 90....100 | 73.....90 70.....86 72.....88
11,2 100 90.....100 - - - -
8 90....100 | 75.....85 61....82 42...61 38.....58 54...74
4 56.....78 | 52.....66 39....84 28....45 27....43 37.....60
2 38......55 35....50 27.....48 20....35 19....34 22....47
0,125 9....18 8....16 8.....15 5....10 3...8 3....12
0,063 7...11 5...10 7...11 3.7 2...5 2.7

Thus, taking into account the granularity of each aggregate, resulting from
the laboratory sieving, the following percentages of aggregates were established
for the realization of asphalt recipes, according to the table 4 and figure 3,4:

Table 4. Aggregate dosages for asphalt mixture - BAD 22,4

Aggrega-tes | % | 0,063 0,125 2 4 8 11,2 16 22,4
Filler 5 3,73 4,31 5,00 5,00 5,00 5,00 5,00 5,00
Natural sand | 16 | 0,42 1,34 13,47 | 15,74 | 16,00 | 16,00 | 16,00 | 16,00
0-4 mm
Crushedsand | 16 | 0,98 1,82 9,49 | 1562 | 16,00 | 16,00 | 16,00 | 16,00
0-4 mm
Crushed stone | 15 - - - 0,21 13,02 | 14,98 | 15,00 | 15,00
4-8 mm
Crushed stone | 28 - - - - 1,78 19,05 | 27,72 | 28,00
8-16 mm
Crushed stone | 20 - - - - - 0,07 4,48 18,61
16-22,4 mm
Average curve | 100 3. 5. 20.... | 28... 42.... 73..... 90...
BAD22,4 7 10 35 45 61 | ... 90 100
AND 605-
2016
Average curve | 100 | 513 7,49 27,96 | 36,57 | 51,80 71,10 | 84,20 | 98,61
laboratory
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Figure 3. Sieving and determination of the gradation of natural aggregates

Granulometric curve BAD 22,4
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Figure 4. Granulometric curve BAD 22,4
In table 5, the dosage of the asphalt mixture recipe, prepared in the
Laboratory of Roads of the Faculty of Civil Engineering and Installations Iasi, is
presented.

Table 5. Percentage values for preparing asphalt mixture recipes

Aggregate / Recipe BAD 22,4
Filler (%) 5,00
Natural Sand 0-4 mm (%) 16,00
Crushed sand 0 - 4 mm (%) 16,00
Crushed stone 4 - 8 mm (%) 15,00
Crushed stone 8 - 16 mm (%) 28,00
Crushed stonel6 - 22,4 mm (%) 20,00
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2.2. Determination of bitumen characteristics

The following presents the results for bitumen obtained in the laboratory.
These results refer to: penetration at 25°C, softening point (figure 5), and
penetration index according to table 6.

Table 6. Bitumen characteristics

Values obtained in SR EN 12591-2009
Characteristics of the laboratory: (STAS 754-99)
D50/70 Bitumen
Penetration at +25°C, 67 50...70
1/10 mm
Softening point (1.B.), °C 51,9 46...54
Penetration Index I.P. -0,012 -1,5...+0,7

Figure 5. Determination of the softening point in the laboratory

Similar to the process of adding PET fibers to asphalt mixtures, an
experiment was carried out with the modification of bitumens with coffee grounds
waste (SCG) by replacing them with coffee grounds powder and ash in
percentages of 0,1,3,5 and 8%. Incorporating SCG powder up to —12 °C and SCG
ash up to —6 °C enhanced the resistance to low temperatures. While both SCG
powder and ash showed strong performance across high, moderate, and low
temperatures, SCG powder performed better in colder regions, while SCG ash
was more effective in temperate and tropical climates. [8]
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2.3. Determination of bitumen dosages and preparation of Marshall
specimens

The optimal bitumen dosage for the asphalt mixture recipe was determined
through laboratory tests, taking into account the recommendations of AND 605-
2016, as presented in the table 7.

Table 7. Minimum binder content

Binder content
Layer type Asphalt mixture (type) in the mixture
(minimum) %

BAD 22 .4
Binder BADPC 22,4 420
BADPS 22 4

To determine the optimal binder dosage, Marshall specimens were
prepared, including control specimens and specimens with PET fibers, using
different bitumen dosages. For the SMA (Stone Mastic Asphalt) mixture, bitumen
with a penetration grade of 80/100 was used in different percentages, ranging from
5% to 7% of the weight of the aggregates. Different amounts of PET were used,
from 0% to 1% by weight of the aggregates. Marshall stability and Marshall flow
showed optimal values for 5.88% bitumen and 0.18% PET. [9]

The following characteristics were determined:
« Determination of the asphalt mixture density;
« Determination of water absorption;
« Determination of Marshall stability

2.3.1. Determination of the asphalt mixture density

The density of the asphalt mixture was determined according to SR EN
12697-8:2019. Below are the results (figure 11 and 16). The determination
involved the following steps:

a. Keeping the specimens in a water bath at a temperature of 20°C for 60
minutes, after which they are removed and wiped with a damp cloth to
remove the surface water.
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b. Determining the mass of the specimen in its dry state by weighing it in
air (ml) figure 6, and then submerging the specimen in water to
determine its mass (m2) figure 7.

c. The apparent dry bulk density of the specimen (pdry) is calculated,
rounded to the nearest 1 kg/mé, as follows:

pbdry = X pW 1)

\

2.3.2. Determination of water absorption;

This determination was carried out according to the AND 605-2016
standard. Water absorption represents the amount of water absorbed by the
available voids on the outer surface of a specimen from an asphalt mixture when
kept in water under vacuum, and is measured as a percentage of the initial mass
or volume of the specimen (figure 12 and 17). Working steps:

a. The specimens are placed in the absorption equipment (vacuum chamber)
figure 8,9, which is kept at a temperature of 20 + 1°C. The vessel is then sealed
and activated for three hours to achieve a pressure of 15-20 mm Hg after
approximately 30 minutes.
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Figure 8, 9. Absorption equipment - Faculty of Constructions and Installations -
Department of Roads

b. After three hours, the vacuum chamber is turned off, and the specimens
are kept in water for an additional two hours at atmospheric pressure.

c. After the 2 hours, the specimens are removed from the water and wiped
with a damp cloth. They are then weighed in air (m3) and in water (my).

d. The initial volume (V) and final volume (V1) of the specimen are
calculated using the following formulas:

V=(my-mg)-— [em’] )

Vi=(ms-ma)— [om?] 3)

e. Water absorption is calculated as follows

Water absorption can be reported either to the volume of the specimen (A,)
or to its mass (Am). The formulas differ depending on whether V>V; or V<V1.
The formulas are as follows:

e.. When V>V,
An="2"4100 (4)
_ (mg—my)—pw
Av= (my1—mz)=pw 100 (5)
e.» When V<V
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A= my—my—[(My—my)—(m,—m;)] 100 (6)
my
AV= mZ_mu_[(mZ _m4)_(m1_m2)]100 (7)

(m1—myz)—pw

2.3.3. Determination Marshall stability

This test measures the resistance of the asphalt specimen to plastic
deformation when subjected to a load, providing an indication of the durability
and stability of the mixture under traffic conditions, according to SR EN 12697-
34:2020(figure 10). Also, the limits are mentioned in the AND 605 standard
according table 9. The results from these tests allow us to determine the optimal
binder content, and subsequently, PET fibers will be added as a percentage of the
bitumen dosage (figure 13, 14, 15, 18, 19, 20).

The objective of the test is to determine the breaking strength of a
cylindrical specimen, with the force being applied to a generator.
Working steps:

a. The unused specimens for the absorption test are placed in water at a
temperature of 60°C and maintained for 30 minutes.

b. After 30 minutes, the specimen is removed from the water bath and
placed in the Marshall test apparatus.

c. The test is started — the specimen is loaded at a rate of 50 mm/min. When
it is observed that the test does not continue to increase, but instead starts to
decrease, the test is stopped.

d. The Marshall stability represents the load, expressed in kN, that was
reached when the specimen broke. The Marshall flow (creep) is the deformation
reached by the vertical diameter of the specimen at the moment of rupture and is
expressed in mm.
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Figure 10. Determination of Marshall stability and Marshall flow
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Figure 11. Density values for BAD 22,4 - control specimen
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Water absorption[%o]
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Bitumen dosage [%6]

Figure 12. Water absorption values for BAD 22,4 - control specimen
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Figure 13. Marshall stability values for BAD 22,4 - control specimen
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Marshall Flow, I [mm]

540 I 305
520 I 301
500 I 28

4.80 . 283

460 N 271
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Marshall Flow(mm)

Bitumen dosage[%6]

Figure 14. Marshall Flow values for BAD 22,4 - control specimen

Marshall Index[KN/mm]

540 M 2.26

520 —— 259

500 T 2.95
480 | 254

4.60 NN 2.44

2.20 2.40 2.60 2.80 3.00
Stability/Flow [KN/mm]

Bitumen dosage[%0]

Figure 15. Marshall Index values for BAD 22,4 - control specimen

Table 8. Bitumen - optimum dosage

Optimum dosage of Minimum bitumen
Mixture bitumen, content in the mix, %
% AND 605-2016
BAD 22,4 5,00 4,20

The optimum bitumen content is 5,00% as shown in Figure 16 and table 8.
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As can be observed, for a bitumen content greater than 5.00%, the stability,
and the Marshall Index, decreases. Thus, for bitumen contents greater than 5.40%,
it was no longer justified to produce specimens and laboratory tests. Additionally,
the minimum bitumen content of 4.20% was taken into account. For this content,
asphalt mix specimens of the BAD 22,4 asphalt mix type with PET fibers are
made with dosages starting from 2% to 10% following the same work steps as for
the asphalt mix as a control. For example, recycled plastics can replace either a
percentage of aggregates or serve as a bitumen modifier. Studies in the United
Kingdom on asphalt mixtures containing recycled plastics, mainly Low Density
Polyethylene (LDPE), which replace about 30% of the 2.36-5 mm aggregates,
show a number of advantages such as increasing Marshall's stability and increased
tensile strength. [10]

The PET fibers were made with a diameter/width of max. 2 - 2.5 mm, and
their length was a maximum of 400 - 500 mm (max. 200d). Thus, the resulting
lengths of the PET fibers were a maximum of 500 mm. This solution was adopted
similarly to special concretes [11]. The fibers have a width of about 5 mm and are
added in higher quantity (1% by weight of concrete) respect to previous tests.
Another series of tests has been performed on little concrete beams reinforced
with long PET strips positioned similarly to reinforcement bars in concrete beams.
Results show a high adherence level between PET fibers and concrete with the
further aim to utilize round or flat PET bars (or networks in case of plates and
slabs) in substitution of steel reinforcement with the important result to avoid
corrosion problems and reduce the deterioration of concrete structures. [12] The
fibers were added to the asphalt mixture along with the aggregates, without being
preheated or melted. The mixture was homogeneous, and the temperature at which
the aggregates were heated and mixed with the PET fibers was 200°C, below the
melting point of 260°C for polyethylene terephthalate. The melting temperature
of plastic is a crucial factor in asphalt modification, as it influences the correct
mixing temperature to ensure effective integration with asphalt binders. [13]
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Figure 16. Density values for BAD 22,4 — specimen with PET fibres
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Figure 17. Water absorption values for BAD 22,4 — specimen with PET fibres
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Figure 18. Marshall stability values for BAD 22,4 — specimen with PET fibres
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Figure 19. Marshall Flow values for BAD 22,4 — specimen with PET fibres
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Figure 20. Marshall Index values for BAD 22,4 — specimen with PET fibres

Table 9. Physical and mechanical characteristics determined through testing on
Marshall cylinders — according to AND 605/2016

Type of asphalt | Stability at 66C | Marshall Flow Marshall Index
mixture (kN) (mm) (KN/mm)
Open
bituminous concrete 50.....15 1,5....4,00 1,2

4. CONCLUSIONS

Below are the conclusions for this study:

eRecycling PET bottles and incorporating them into asphalt mixtures
represents an innovative and sustainable solution to combat plastic pollution.

e In the laboratory were made recipes for asphalt mixture BAD 22,4 control
specimens and specimens made with PET fibers with quarry aggregates brought
in: Filler - Hoghiz, Brasov County, Bitumen 50/70 - Almatar, Buzau County,
Natural Sand - Tupilati, Neamt County, Crushed stone - Suseni, Harghita County.

e After sieving, the granulometric curve for BAD 22.4 falls within the limits
imposed by AND 605.

e The mixture BAD 22.4 designed in the road laboratory of the Faculty of
Civil Engineering and Installations, Iasi, are composed of filler (5,00%), natural
sand 0-4 mm(16,00%), crushed sand 0 - 4 mm (16,00%), crushed stone 4 - 8 mm
(15,00%), crushed stone 8 - 16 mm (28,00%), crushed stone 16 — 22,4 mm
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(20,00%). Thus, specimens were taken from the control asphalt mixture and the
asphalt mixture made with PET fibers

eAs a result of determination of the asphalt mixture density, of water
absorption and Marshall stability the optimal bitumen percentage, for which the
Marshal Index had the highest value, was 5%. Asphalt mixtures with 2%, 4%,
6%, 8%, and 10% PET fibers were prepared for this bitumen percentage.

e The optimal fiber percentage for reinforcing the asphalt mixture, which
resulted in the best Marshall Flow [kKN/mm] ratio, was 2.00% PET fibers.
Additionally, favorable results were also obtained for other percentages of PET
fibers. Due to the positive outcomes achieved so far, further static and dynamic
tests will be conducted.

e For example, the stiffness and fatigue behavior of PET-modified asphalt
mixtures were assessed at two test temperatures, 5°C and 20°C. Various amounts
of PET (ranging from 2% to 10% by mass of bitumen) were incorporated into the
asphalt mixture using a dry mixing method. The primary objective of this study
was to develop models for the fatigue and resilient modulus of the examined
mixtures. Laboratory results indicated that the fatigue life of the asphalt mixes is
influenced by the initial strain. Additionally, the slope of the fatigue curves
decreased as the temperature was reduced. [14] Adding 2.0% glass and steel fibre
to the asphalt mixture results in lower fatigue life. [15]
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