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Abstract: The global environmental impact of plastic waste is significant, with only 9% being recycled, causing
pollution and harming the environment and humans. Due to increased traffic, limited funding, and dwindling
natural resources, Jordan's road network is deteriorating rapidly. Pavement performance can be improved
through high-quality materials and sustainable construction practices. The research investigates using
Polyethylene Terephthalate as a polymer additive in asphalt mixtures to enhance their properties. Basalt and
limestone mixtures were applied to asphalt mixtures. The optimal binder content for the control mixture was
4.8% for basalt and 4.93% for limestone. When modified with 10% PET, the basalt mixture showed slightly
better stability than the control mix, while higher PET proportions led to reduced strength. PET-modified
mixtures consistently displayed higher flows and bulk densities, with a more pronounced impact on the basalt
mixture. PET increased the air-void ratio in basalt but had minimal effect on VMA. PET offers economic and
environmental advantages, saving 8.4% of the original bitumen cost. As a result, limestone mixture properties,
which are inferior to basalt mixture properties, improved significantly compared to basalt mixture properties.
PET has the potential to create sustainable and high-performing asphalt mixtures, providing valuable insights

for road construction and environmental management.

Keywords: green pavement; polyethylene terephthalate; limestone and basalt aggregates; modified
asphalt mixtures; mixture properties

1. Introduction

Sustainable transportation is essential. Sustainable and eco-friendly road construction is gaining
worldwide recognition. Factors such as high demand, scarce raw materials, and high energy costs
led to the rise of eco-friendly construction [1,2], which triggered a global search for eco-friendly
construction methods. Innovative infrastructure development practices, environmental impact
reduction, and budget constraints drive the focus. Global waste is projected to reach 3.40 billion
tons by 2050, exceeding the population growth rate for the same period. High-income countries are
expected to see a 19% rise in daily waste generation per capita compared to 40% or more in low- and
middle-income countries. The waste generation in the low-income countries will be doubled by 2050;
at present, the East Asia and Pacific region accounts for 23% of global waste generation. The Middle
East and North Africa region produces only 6%. Waste generation is increasing rapidly in Sub-
Saharan Africa, South Asia, and the Middle East and North Africa. Currently, over half of the waste
in these regions is openly dumped[3]. According to the same source, only 19% is recovered through
recycling (3.5%), and composting (5.5%), and 11% is incinerated for final disposal. The plastic material
is non-biodegradable, and it has been analyzed that it remains unchanged for a very long time. Plastic
use has significantly increased in the world, with production doubling from 2000 to 2019, reaching
460 million tons. Nearly two-thirds of all plastic waste produced is composed of products with a life
span of less than five years. Globally, plastics account for 3.4% of greenhouse gas emissions. Only 9%
of plastic waste is recycled, while 22% is mishandled. There has been an increase in the generation of
plastic waste worldwide by more than 353 million tons between 2000 and 2019 [4].
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1.1. Green Infrastructure

The European report suggested a green infrastructure strategy to conserve resources and lower
emissions. Implementing recycling and reuse methods saves natural resources [5]. Recycling reduces
costs, conserves resource, saves energy, protects the environment, and increases infrastructure
durability [6,7]. Essawy et al. [8] make the point that recycling can lead to the development of
secondary industries that use recycled materials. Among the materials recycled in road construction
are and plastic wastes such as polyethylene terephthalate (PET), polystyrene, polyvinyl chloride,
foamed polystyrene, low and high-density polyethylene [9], fly ash, silica fume, ground-granulated
blast furnace slag, reclaimed asphalt pavement (RAP), and reclaimed concrete [10]. An array of
industrial materials can be utilized in granular base and sub-base layers, such as bottom ash, foundry
sand, reclaimed concrete and asphalt, glass, blast furnace slag, steel slag, and scrap tires. Fly ash can
also be used as a mineral filler in asphalt base, granular base, and sub-base applications [6].

A review of 200+ articles was conducted to evaluate warm mix asphalt technology and waste
materials such as crumb rubber (CR) modifier, recycled plastic (RP), vacuum tower bottoms (VIB),
RAP, reclaimed asphalt shingles (RAs), construction and demolition (C and D) wastes, steel and
copper slags, and bio-binders evaluated environmental and economic benefits, and engineering
performance concerns. Combinations of technologies and waste materials were found to be beneficial
in the study. However, a thorough economic analysis is absent, indicating the requirement for
additional studies to fully appraise their sustainability [11]. Asphalt base layers can be constructed
from fly ash, bottom ash, foundry sand, reclaimed concrete, and RAP. Adding ground rubber tires to
asphalt mix lowers costs while increasing pavement durability. Souliman and Kaloush [12] assessed
the extended fatigue life of rubber and polymer modified asphalt mixtures. They conducted tests
using the flexural bending beam fatigue test to evaluate the performance of these modified asphalt
mixes. The research showed that incorporating rubber and polymer modifiers could enhance the
durability of asphalt mixes. An investigation looked at using RAP and plastic for roads in
economically constrained countries like Pakistan. Chomicz-Kowalska & Maciejewski [13] used
innovative technologies to assess sixteen mixtures with standard aggregate composition using
recycled mineral-bitumen road base mixture pavement layers and virgin materials with foamed
bitumen and Portland cement contents. Statistical models estimated the mixture properties; using the
desirability functions and desirability index, the study concluded that mixtures with higher amounts
of foamed bitumen and less Portland cement performed best.

Researchers evaluated the effects of rejuvenated RAP (30%, 40%, and 50% of the total mixture)
modified with nano clay (0%, 1%, 3%, and 5% of the neat binder). RAP was rejuvenated with asphalt
cement Asphalt cement grade 85-100, and the Marshall test was conducted to assess stability, flow,
and air voids. Indirect-strength-tensile tests (ITS) were conducted on rejuvenated RAP mixtures.
Compared to mixes without nano clay, rejuvenated RAP mixtures with nano clay performed better.
Added 5% nano clay to 50 percent RAP mixtures improved stability (15%), reduced flow (14.3%), and
reduced moisture damage [14].

The addition of Olive Husk Ash (OHA), a Middle Eastern waste, to asphalt concrete mixtures
has been investigated. The Marshall Test was done using OHA concentrations from 0% to 20% to
examine how it affects the asphalt binder's properties. Different mixtures of asphalt and limestone
were tested in multiple trials to determine the ideal asphalt content. The adding of OHA was found
to increase Marshall stability and void in mineral aggregate but decreases flow, retained stability,
stiffness, and retained stiffness in asphalt binder. Positive results observed as OHA replaces 10% to
15% of asphalt binder [15].

1.2. Plastic Waste in Asphalt Mixtures

Different polymers and additives can enhance asphalt properties. For many years, virgin
polymers have been used to enhance the properties of asphalt pavements [16]. The use of plastic
waste in road construction in India was examined, highlighting the utilization process and
demonstrating the potential for utilizing a significant amount of plastic waste (8% of waste plastic to
the weight of bitumen is added) for improving road performance (stability, tensile strength, and
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durability) and increasing their lifespan, making them more environmentally friendly [17]. Pavement
construction can benefit from polyethylene, polystyrene, and polypropylene waste. Plastic waste is
shredded, coated with aggregate, mixed with hot bitumen, and used to strengthen and enhance
pavement durability. This approach reduces air voids, increases stability, improves pavement
construction cost-effectiveness, and reduces environmental impact [18]. Polyethylene,
polypropylene, and polystyrene can be incorporated into modified asphalt mixes; when heated, these
materials soften between 110°C and 140°C and do not produce toxic gases. Plastic Coated Aggregates
(PCA) are formed when hot aggregates are sprayed with plastics at 160°C to create a film-like
structure. Hot bitumen mixed with PCA results in improved binding and wetting characteristics. The
road's load-bearing capacity increases by 100% with the PCA-Bitumen mix and has higher Marshall
stability values (18-20KN). Roads constructed with PCA-Bitumen mixes have shown positive
performance and are eco-friendly and cost-effective in road construction [19].

Recycled wastes have been increasingly used in place of virgin materials, such as PET wastes,
the most used thermoplastic polyester [20]. PET is an acronym for polyethylene terephthalate, a long-
chain polymer belonging to the generic group of PET is a semi-crystalline, thermoplastic polyester
[21]. PET is a polyester produced by reacting an acid with alcohol [22]. PET is a polymer that is easy
to handle and also durable and robust, has low gas permeability, and is thermally stable and chemical
[23]. PET has diverse applications in automotive, lighting, food packaging, electronics, sports, x-rays,
houseware, textiles, power tools, and photos. PET can be used as an additive to asphalt mixture for
economic and environmental reasons [24]. According to a literature review, PET improves
pavement's mechanical properties, durability, and long-term sustainability. By blending PET waste
into asphalt mixtures, PET waste can be disposed of environmentally friendly and produce high-
quality paving [25]. The PET waste can be recycled by adding PET to the bituminous mixture in
road construction, which serves as a modifier for asphalt [20,26,27].The virgin binder is modified
with different percentages of PET (2%, 4%, and 6%) and RAP (20%, 30%, and 40%). Evaluating the
modified binder includes examining its conventional properties, thermal stability, and rutting
resistance. According to the findings, the modified binder remains stable at temperatures as high as
470°C and exhibits superior resistance against rutting [27].

Recycled PET is evaluated by replacing part of the fine aggregate in modified asphalt mixtures.
Asphalt mixtures are modified with recycled PET pellets containing 5% to 25% of their weight, sized
between 2.36mm and 1.18mm. A repeat load axial test and a direct tensile stiffness modulus test are
used to test asphalt mixtures. PET can enhance asphalt mixture permanent deformation
characteristics, albeit at the expense of decreased stiffness in modified asphalt mixtures. The use of
modified asphalt mixtures for road pavements could be beneficial to the environment and economy
[26]. The mechanical behavior of a hot asphalt mixture containing recycled PET particles from bottles
was evaluated in Chile through tests on the Marshall stability, flow, and resilience module at various
temperatures. The amount of PET in the mixture was increased from 6% to 14% by incorporating PET
fibers of significant size. PET fibers enhanced stability and resistance to deformation and fatigue
compared to conventional materials [28].

A fiber-reinforced asphalt mix using irradiated waste PET was analyzed using analysis of
variance and response surface methods to determine volumetric and Marshall stability. Gamma
radiation enhances the mechanical and thermal properties of the polymer, resulting in increased
strength. Based on the study, 0.53% irradiated fiber and 5.25% binder are optimal [29].

This study investigated using crumb rubber (CR) and PET as replacements for semi-dense
asphalt sand in asphalt mixtures. The mixtures were evaluated based on various properties:
compactibility, indirect tensile strength (ITS), fracture energy (FE), water sensitivity, surface texture,
and acoustic absorption. The results showed that both CR and PET samples had higher air voids than
expected after compaction, with PET requiring more compaction energy. The ITS, FE, and water
sensitivity were significantly reduced with CR replacement. The PET mixture performed similarly to
the control regarding FE. Sound absorption was influenced more by air voids than by material type.
According to the study, replacing sand in large quantities with CR and PET is not recommended.
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They can be used as asphalt mixture modifiers with lower addition contents, around 1%, to perform
better [30].

Environmentally friendly road construction was examined from design to demolition, as well as
its challenges and benefits. Further, it evaluated the effects of recycling PET plastic bottle wastes in
bituminous asphaltic concrete (BAC) for flexible pavements in North Central Nigeria. Mix design
includes 60/70 penetration-grade asphaltic concrete, coarse aggregate, fine aggregate, and filler.
According to the results, polymer-coated aggregate (PCA)-modified BAC allows for more plastic
waste utilization than polymer-modified BAC. Both modified BAC types showed increased air void,
mineral aggregate void, and Marshall stability [31]. PET waste proportions of 8%, 10%, and 12% by
weight of bitumen content were compared to conventional bituminous concrete types. According to
the results, the PET-modified mixture shows higher resistance to deformation and a slower rate of
deformation than the conventional mix. This study highlights the potential of PET waste to improve
bituminous mix designs in road construction [32].

There are concerns about the chemical, physical, and mechanical properties of waste materials
integrated into asphalt pavement to address permanent deformation. A study investigated the
physical improvements of ACW-14 bitumen by incorporating PET waste as a partial replacement for
bitumen content. Different percentages of PET were added to the bitumen, and the study evaluated
the modified bitumen's density, viscosity, flow, stability, and stiffness. The findings indicate that the
best performance was achieved with 5.8% PET content, meeting the requirements outlined by
Malaysian Standards [33].

Fundamental bitumen tests assessed the impact of recycled polymer and optimized mixing. It
was found that adding 4% recycled HDPE to a pen-grade binder yielded promising results. A
developmental recycled binder was compared with the traditional binders in this study. However, it
outperformed a proprietary polymer-modified binder despite not matching its performance [34]. The
study found that incorporating 10% PET by weight of the binder had no adverse effect on mix
performance. These mixtures exhibited satisfactory resistance to moisture damage and a long fatigue
life. However, they showed subpar performance in terms of rutting at high temperatures and low
loading frequency [35].

1.3. Asphalt Mixture Modification in Jordan

High-density polyethylene (HDPE) and low-density polyethylene (LDPE) were used to coat
aggregates in modified asphalt cement mixtures by [36]. The recommended modifier proportion is
12% by weight of bitumen content. Mixed HDPE-modified materials were more stable than LDPE or
non-modified, with higher bulk densities than LDPE but less than non-modified. HDPE-modified
mixtures have slightly higher air voids than non-modified mixtures but lower air voids than LDPE
mixtures.

Roads in Jordan using low-quality limestone aggregate have poor skid resistance showing early
damage. Researchers explored using basalt to replace limestone aggregate to enhance local asphalt
concrete mixes. They explored total replacement of limestone with basalt, as well as replacement of
coarse and fine aggregates. The study determined that the optimal mix involved basalt as the coarse
aggregate and limestone as the fine aggregate. To prevent potential stripping issues, 20% of the filler
portion (material smaller than 0.075 mm) was replaced with lime. Marshall Stability, indirect tensile
strength, stripping resistance, resilient modulus, dynamic creep, fatigue, and rutting all showed that
this optimal mix was superior. Basalt as coarse aggregate, limestone as fine aggregate, and lime as
filler can enhance the overall quality of asphalt concrete mixes in Jordan [37].

Fly ash, a product of oil shale burning, was tested chemically and physically. Asphalt concrete
mixes were made and tested using fly ash instead of mineral filler. Marshall Stability, tensile strength,
stripping resistance, modulus, creep, fatigue, and rutting tests were conducted. The results showed
fly ash improved the strength and water sensitivity of the asphalt concrete mixes. 10% replacement
was optimal for enhanced mechanical properties [38]. Steel slag obtained from a steel factory in
Jordan was used in asphalt mixtures and compared to control specimens with 100% limestone-dense
graded aggregates. Marshall specimens were prepared using different combinations of steel slag,
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limestone aggregates, and varying bitumen contents. The results showed that samples with 100%
steel slag aggregates reduced the optimal binder content. In addition, they had increased density and
stability values compared to control specimens. The flow, percentage of air voids, and mineral voids
decreased, still meeting the Asphalt Institute recommended values [39].

A variety of percentages of polystyrene were added to bitumen in order to assess the properties
thereof, including penetration degree, softening point, ductility, and flash point. Increasing
polystyrene content affects bitumen properties. It increases softening, flash, and fire points while
reducing penetration and ductility. Research suggests that reusing polystyrene waste in asphalt
mixes is a sustainable solution for reusing unwanted materials [40. As the polyethylene content of
the asphalt binder increases, the binder's complex shear modulus and rotational viscosity are also
enhanced. The rutting parameter also improves, but the phase angle remains unaffected [41]. Data
from Jordan's central and southern regions were analyzed to study asphalt mixture performance and
environmental impact by varying RAP content in the mix (0%, 5%, 10%, and 15%). The study found
that the dynamic creep strain decreased as the percentage of RAP in the mix increased; however, for
a specific RAP, the optimal replacement percentage was 10% because of marginal properties. Cost
analysis determined that 20% RAP in asphalt mixes could save $7.85 per ton [42].

Substituting natural bentonite clay (NBC) in asphalt concrete mixtures, freeze-thaw cycles were
studied. A variety of percentages of NBC (5%, 10%, 15%, and 20% by weight of filler portion) were
substituted for mineral filler. The study evaluated Marshall stability, flow, FT cycles, and interior
damage using ultrasonic pulse velocity. The results showed that incorporating NBC into asphalt
mixtures was effective and replacing 5% of the filler with NBC reduced damage caused by continuous
rapid cycles over eight weeks by 13%. This could result in reduced maintenance expenses and longer-
lasting pavement [43].

The possibility of using white cement dust and iron filings as fillers to modify asphalt mix
properties was investigated. The aggregate and bitumen tests were done, and Marshall tests were
used to measure the mixture's performance. White cement dust and limestone powder are
recommended over iron filings as a filler for consistently better results; a 5% content was observed to
be the best white cement dust content [44]. An experimental study evaluated the performance of
recycled asphalt mixtures prepared with reclaimed asphalt pavement aggregate and two filler
additives (steel slag and silica fume) at four different aggregate percentages. The additives proved
effective in the lab, increasing Marshall stability from 11.73 to 32.73 kn; the highest stability load was
observed for mixes containing 75% RAP and 50% steel slag. Despite the strength variability, the
combination of 75% RAP and 100% silica fume produced the highest load value of 31.02 kn.
Introducing steel slag in water decreased stability while still satisfying ASTM standards [45].

1.4. Municipal Solid Waste in Jordan

Global waste is expected to grow to 3.40 billion tons by 2050, more than double population
growth over the same period. The Middle East and North Africa region produce the least in absolute
terms, at 6 percent, and Jordan's share is 0.2% (Figure 1). However, the fastest-growing areas are Sub-
Saharan Africa, South Asia, the Middle East, and North Africa (MENA). By 2050, total waste
generation is expected to double in MENA, with more than half of the waste openly dumped, which
will have vast implications for the environment, health, and prosperity, requiring urgent action [3].
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Figure 1. Projected waste generation, by region (millions of tons/year).

The municipal waste growth in Jordan will be more than double the population growth for the
same period. "Your environment, your home" Solid Waste Learning Hub in Jordan expects waste
generation to reach 6.4 million tons by 2050 (a 3.4% growth compared with 2030), a level that exceeds
the MENA (2.2%) and global (1.6%) averages.

According to the Environment Ministry, Jordan produces 1kg of waste per capita daily, higher
than the worldwide average of 0.74 kg, and uses 1.5 plastic bags per day - 500 plastic bags per person
per year. In Jordan, 2.2 - 3.3 million tons of solid waste are generated annually, of which 300,000 tons
are recycled, or 8-10 percent. Approximately 1,662,939 tons of waste were received at Jordan's 19
landfills scattered throughout the Kingdom in 2019 (the figure does not include solid waste arriving
at all landfills). Approximately 51 percent of the total volume of waste is organic, plastic recyclables
comprise 15 percent, paper 14 percent, and metal 4 percent (Figure 2). The plastic waste compose in
Jordan is outsize the global percentage (12%).
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A total of 8,719 km of roads are supervised by the Ministry of Public Works and Housing,
including those outside municipal boundaries and those passing through them. A limited budget of
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$1,154 per km is allocated for road maintenance, which amounts to $7.13 million JD ($US 10 million).
With Jordan's population expected to grow at a rate of 2.2%, waste generation will surpass twice that
rate. Jordan's primary roads are mostly asphalt, and rising fuel costs and a lack of energy resources
require sustainable construction. To serve growing towns, new roads must be built and existing roads
must be maintained to handle high traffic levels. In 2022, the limited budget ($117 million for new
construction and $US 10 million for maintenance) calls for innovative solutions to reduce
transportation costs. Using waste produced by the population for highway construction and
maintenance could conserve resources, minimize landfill waste, and reduce transportation, energy,
and disposal costs. In addition to reducing costs, this approach can protect the environment.

This study aims to investigate the use of PET plastic waste as a modifier in asphalt cement
mixtures to enhance their properties. The research seeks to find the optimal PET plastic waste content
to improve the mixture's properties, increase pavement durability, and extend its lifespan. The study
will explore alternative aggregate types in experiments, such as limestone and basalt.

This research is significant because PET use in asphalt mixtures has not been previously studied
in Jordan. The study intends to shed light on this topic, considering physical properties,
environmental and economic perspectives. The research can contribute to more sustainable and cost-
effective road construction practices in Jordan by understanding the potential benefits of PET plastic
waste in asphalt mixtures.

2. Research Methodology

Asphalt concrete mixture (ACM) was prepared according to standard procedures, mainly by the
American Society for Testing and Materials (ASTM). The physical properties of ACM constituent
materials were measured and compared with recognized standards. Additionally, plastic waste-
modified ACM properties were evaluated and compared with ordinary, unmodified ACM using
conventional aggregates. ACMs modified and unmodified were assessed against recommended
standards. PET applies to varying proportions of bitumen content (5 to 15% in 5% increments) in the
modified ACM, while the unmodified ACM is considered a control group. In the ACM design, two
types of aggregates were utilized, limestone, which is the most widely used aggregate in Jordan, and
basalt, which has become a popular option for asphalt construction in Jordan in recent years because
of its abundance in the region and its properties that improve the performance of the mixture. The
ACM was designed to for the desert road that carry high traffic volumes in hot weather. This
economic analysis was used to check the viability of using recycled material for the construction of
the desert road connecting the southern and northern borders of the country, which is in the southern
part of the country. Figure 3 presents and summarizes the methods employed in this research.

Asphalt Cement

Mixture
PET Collection
and Processing
Aggregate Testing ) )
Developing Job Bitumen Testing —I I

gy S

Limestone Basalt Un-Modified Modified
' i No Additive Adding PET
| H | 1 gy I—
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Figure 3. Research Methodology.


https://doi.org/10.20944/preprints202308.0251.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0251.v1

2.1. Material

2.1.1. Bitumen Materials

The ACM was designed using asphalt cement binder 60/70, which withstands heat. The
specifications for this asphalt grade are shown in Table 1. Three characteristics were evaluated, and
the samples met specifications. ASTM D36 [45] was used to determine the bituminous binder
softening point. The test determines how sensitive asphalt (binder) is to temperature changes. A
penetration index test measures the distance, in tenths of a millimeter, that a standard needle
penetrates vertically into a sample/binder at standard temperature, load, and time. The test was
conducted according to ASTM D5 [48]. Three penetration readings were considered representative.
The ductility of bituminous binder is assessed by measuring how long a standard briquette specimen
will elongate before breaking at a specified speed and temperature (ASTM D113) when it is pulled
apart at a specified speed and temperature [49].

Table 1. Technical Standards and Testing Results of Asphalt Cement Binder (60/70).

Characteristics Test Results Test Method Control Limits
Penetration 2225()(: 100g , 65.0 60 - 70 ASTM DOS5 [48]
Softening point (& 51.5 Min. 46 ASTM D36 [47]
Ductilcirtr}: /:;iiSOC’ > cm 108 Min. 100 ASTM D113 [49]

2.1.2. Plastic Material

There are seven general types of plastic, as illustrated in Figure 4, that vary by use, ability to
recycle, and time to decompose. According to an Australian survey, PET, HDPE, and LDPE are more
likely to be recycled [50]. PET is an incredibly versatile plastic material that is widely used across a
variety of industries daily. Due to its molecular and chemical composition, it can take on various
forms. PET is used in packaging, containers, non-food bottles, and engineering projects. Due to its
mechanical and thermal properties, electrical insulation and various industrial components can be
made from this material. One of the most important aspects of PET is its high recyclability. This makes
it ideal for making reusable bottles, textiles, and other eco-friendly items.

PLASTIC A A A A A
IDENTIFICATION
v PR AN 2 PR ) N 0
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WHERE TO CURBSIDE RECYCLER | o RETLER &mmjcfnm S c"‘yj&wm ol Ll
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Figure 4. Plastic Type by Use, Recyclability. Developed by HeapsGood (2022) Based on 2018-19
Australian Plastics Recycling Survey- Department of Water, Agriculture and the Environment [50].
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Plastic, PET in this case, may be added to the ACM by dry or wet processes. During the dry
process, plastic waste is shredded into small pieces (2.36mm - 4.75mm); the aggregate mix is heated
to 170°C and transferred to the mixer chamber; the shredded plastic waste is applied to the hot
aggregate, and the bitumen is brought to 160°C. Plastic-coated aggregate is mixed with hot bitumen
to obtain a homogenous mix. Alternatively, the wet process involves grinding plastic waste into
powder and mixing it with bitumen. This process increases bitumen's melting point and improves its
flexibility. Shredded plastic waste increases the durability of asphalt mixes. However, the dry process
was chosen over the wet process due to its ease of construction and lower investment requirements.
It offers a practical and effective method of improving pavement properties. The plastic contents
added to the heated aggregates were 5, 10, and 15% by weight binder, and the binder weight was
reduced proportionally. Coding the aggregate with plastic reduces voids and absorbs moisture.

2.1.3. Aggregate

This study considered crushed limestone and basalt aggregate materials with maximum
granular sizes of 19 mm. Limestone is a sedimentary rock composed of calcite and aragonite. Jordan
typically uses limestone aggregates for hot-mix asphalt pavements. As a result of its durability,
stability, drainage, low thermal expansion, high bonding, low stripping potential, resistance to
adverse weather conditions, and ability to facilitate water flow, limestone is commonly used in
asphalt mixtures. Basalt is an igneous rock with refined grains due to rapid lava cooling. Asphalt
mixtures with crushed basalt stones are more stable, thermally resistant, and skid resistant. Basalt-
based asphalt concrete mixes are resistant to ruts and extreme temperatures and perform well under
heavy traffic.

Crushed rock, sand, and filler are the aggregates used in bituminous paving mixtures. Fine
aggregate passes through a No. 8 sieve, coarse aggregate retains sieve No. 8, and filler passes through
a No. 200 sieve. Based on ASTM Designation 3515 [51], Table 2 provides suggested grading
requirements for combined aggregates and individual fractions with grading requirements according
to Jordanian specifications, which are almost identical to ASTM requirements with a slight deviation.
Combining aggregates to achieve the desired gradation is a crucial step in mix design. Material
passing through the No. 8 sieve affects the texture of the pavement surface. The texture becomes finer
when more gradings pass the No. 8 sieve while coarser when fewer do. Fine aggregates and mineral
fillers may pass the No. 200 sieve, but organic matter and clay must not be present. Figure 5 shows
the proposed gradation and specification borders for each aggregate type. Jordanian specifications
apply to wearing courses with high traffic volumes. The blending ratios used in developing the
gradation are shown in Table 3.

Table 2. Particle Size Gradation of The Coarse and Fine Aggregates and Boarder Limits.

Heavy Traffic =~ Light Traffic Design Gradation
Specificati Limeston
on Limits Binder Wearing Binder Wearing e

Aggregat Sieve
etype Designation

Basalt

A
[61]  Course Course Course Course Aggregat giega

e

11/2” - - - - - - -
1”7 (25.0 mm) 100 100 100 100 100 100 100.0
3/4” (19.0 mm) 70-100 70-100 90-100 70-100 90-100 97 98.9
1/2” (125mm) 5390 53-90 71-90 53-90 71-90 78 80.8
3/8” (9.5mm) 40-80 40-80 56-80 40-80 56-80 65 64.4
No.4 (4.75

mm)
No.8 (2.36

mm)

Coarse
Aggregat

30-56  30-56 35-56 30-56  35-65 47 44.2

23-38  23-38  23-38 23-49 2349 34 33.7
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Figure 5. Gradation of limestone and Basalt Aggregate.
ASTM standards were followed in calculating the specific gravity of each aggregate. According
to Table 3, basalt stone has superior properties to limestone aggregates when tested using the Los

Angles abrasion and absorption tests.

Table 3. Aggregate Properties Tested for Asphalt Mixes.

Limestone Basalt
Test Type Standards ., 1. B Nod Filler Conébme 1" 3/4 1/2" No4 Filler Conébme
% of Blending 12 4 4 3 0 20 32 43 5
) B?lk(sopecfgr ) ASTMCID7[52] 238 242 263 269 250 283 285 284 274 275 271
g a}‘; tlyks ver - Y) ASTM C128 [53]
LT opedie 246 249 266 - 256 286 288 287 280 275
gravity (SSD)
Absorption %  ASTM-C127[52] 352 273 11 000 210 106 105 130 190 02 107
Abrasion ASTM C131 {54] 25.0 17.7

2.2. Asphalt Cement Mixture Design

2.2.1. Asphalt Mixture Design Types

The Superpave and Marshall methods are commonly used to design asphalt pavement mixes.
In the 1940s, Bruce Marshall developed the Marshall method. Despite its widespread use, the
Marshall method has limitations when simulating real pavement conditions and estimating shear
strength. In contrast, Superpave addresses all mix-design elements to ensure asphalt mixtures resist
cracking and deformation. Despite Superpave's advantages, the Marshall method is preferred in
Jordan due to contractor familiarity, cost-effectiveness, and lack of Ministry of Works approval. This
study will use the Marshall method, which involves selecting aggregates and asphalt materials based
on their asphalt binder content. Marshall's method involves heating, mixing, and compacting asphalt,
and aggregate, followed by stability and flow tests.
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Asphalt pavements are composed of aggregates, asphalt cement, and air voids. For flexible
pavements, the design mix should achieve stability, durability, slip resistance, and cost-effectiveness.
Asphalt cement plays a crucial role in forming a bond in asphalt concrete. Asphalt content
significantly impacts pavement properties, and various mix design procedures aim to select the
optimal bitumen content. Test specimens are prepared and subjected to stability flow tests, density,
and air void (AV) and voids filled with mineral aggregate (VMA) analysis to evaluate the mix's
performance under specific conditions.

2.2.2. Asphalt Mixture Preparation: Marshall Method

Control Mixture Preparation

The coarse aggregate, fine aggregate, and filler material must be proportioned appropriately to
comply with relevant standards. The required amount of mix is taken to produce specimens
approximately 63.5 mm thick per ASTM D6926 [55]. About 1200 gm of aggregates and filler are
heated to 175° - 190°C, while the rammer and compaction mold assembly are preheated to 100°C -
145{55}. The bitumen is heated to 121°C to 138°C, then added to the heated aggregate and thoroughly
mixed during the first trial. The mix is then placed in a mold and compacted with a specified number
of blows. The Marshall Compactor hits each side 75 times to compact the asphalt mixture, which is
then cooled to room temperature. Using a sample extractor, the sample is extracted from the mold.
After 24 hours, the compacted mixtures are immersed in a water bath at a temperature of (60+1°C)
for 30 to 40 minutes, following ASTM D6927 [56]. After removing the specimen from the tub, the test
must be completed within 30 seconds. The samples are then loaded into the Marshall stability testing
machine at a rate of 5 millimeters per minute until they break. Marshall Stability indicates the
maximum load in kn that causes specimen failure. After obtaining the stability value, it is corrected
for volume. In units of 0.25 mm, Flow Value measures how much deformation occurs at maximum
load.

Control mixes, with two types of aggregate (limestone and basalt), were tested to determine the
optimal bitumen content (OBC) using mix performance indicators (Marshall stability, flow, density,
AV, and VMA). Three samples were prepared for each proposed cement ratio (ranging from 3.5% to
6%, in 0.5% increments).

The limestone-based ACM control mix has a gradation with 56% coarse aggregate, 41% fine
aggregate, and 3% filler. In comparison, the basalt mix has 52% coarse aggregate, 43% fine aggregate,
and 5% filler. The OBC was calculated by averaging asphalt contents with three asphalt properties.
The average bitumen amount for maximum stability, maximum density, and closest to 4% air. VMA
at the average asphalt was checked to see if it met the minim of 13% and if the flow was within the
specific limit (2-4%). The results for the control mixes with limestone basalt aggregate were 4.93%,
and 4.8%.

Modified Mixture Preparation

The study's second part concerns the modified asphalt mix design incorporating PET as a
recycled material. This replaces a portion of the optimum asphalt cement content determined for the
control mix. In the basalt aggregate mix, PET proportions of 5, 10, and 15% were part of OBC weight.
Three samples of limestone mix were prepared and tested based on an optimal ratio of recycled
material (10%). The plastic waste was shredded and heated to 170°C for 60 minutes. Likewise, the
aggregates were heated to 170°C in the oven. They were coated and mixed with molten plastic waste
in a temperature range of 160-180°C to form plastic-coated aggregates (Figure 6). After thoroughly
coating the aggregate, hot asphalt cement was mixed after reducing the content proportionately to
the added PET. Three samples for each proportion were prepared using the Marshall apparatus
according to ASTM D6926-20 standards [55]. The mixes were tested for stability, flow, and density,
and the AV and VMA were calculated for each PET proportion. As traffic loads increase, asphalt
mixtures are more likely to develop fatigue cracks and ruts. ITS tests, defined by ASTM D6931-12
[57], are commonly used to evaluate this damage. Asphalt mixtures are measured for their tensile
properties, which is crucial for assessing their performance and durability.

doi:10.20944/preprints202308.0251.v1
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Figure 6. Modified ACM-PET Preparation.

An ITS test involves placing a cylindrical specimen between loading strips. At a constant
displacement speed, the sample is loaded along the cylinder's axis until it breaks. A specimen's
indirect tensile strength is defined as its maximum tensile stress, expressed in gigapascals (GPa),
based on its peak load at the break. ITS values are determined before and after immersion in a 40°C
water bath for 72 hours for asphalt mixture samples. The Indirect Tensile Strength Ratio (ITSR)
describes the relationship between strength values before (unconditioned/control) and after water
storage (conditioned). The ITS values help determine potential moisture damage to asphalt mixtures
in the field and evaluate their relative quality. A minimum ITSR of 0.70 to 0.80 is often used to gauge
the mixture's resistance to water-induced damage and overall performance under traffic loads. The
PET-basalt-modified asphalt mixture of the three tested proportions was evaluated for ITS
properties.

3. Results

3.1. Control Mix Design Properties

The OBC for control ACM for the control was determined using the Marshall design method.
The engineering properties tested were Marshall stability, density, % air void, flow, and VMA. For
each ACM mixture, three samples each were used to obtain the average for each % addition of
bitumen. The OBC for the control ACM was obtained using five parameters as follows. Figure 7
shows an analysis of limestone and basalt control mixes. The results showed that the basalt aggregate
needed higher asphalt content to attain its highest load capacity stability load of 2,3180 kg at 5%
asphalt cement content Figure 7-a). This is 15.3% superior to the limestone mix maximum stability
(1,811 kg) reported but at lower asphalt content (4.5%). Both results far exceed the specification
minimum (750 kg).

In limestone mixtures, flow values consistently increased as asphalt content increased. On the
other hand, for basalt mixes, the flow initially increased with the rise in asphalt content until it peaked
at 5% asphalt content, after which it started to decline (as depicted in Figure 7-b). However, it is
noteworthy that the flow values of both mixes at various binder contents remained within 2-4%
standard limits.

The bulk density of the limestone mixture exhibits a wide range, spanning from 2.05 to 2.38
g/cm?®, while the basalt mixture demonstrates a narrower range, ranging from 2.2 to 2.33 g/cm? A
significant increase in bulk density was observed when the binder content of the limestone mixture
was raised from 3.5% to 4%. However, as the binder content increased, the bulk density rate
incremented. In contrast, with increasing binder content, the bulk density of the basalt mixture
increased. The basalt mixtures' bulk density values were lower at higher binder content levels (above
5%), while at lower binder content levels (less than 4.5%), they were higher. Interestingly, at a binder
content of 4.5%, the bulk density of both mixtures was the same (Figure 7-c).
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Figure 7. Marshal Mix Results of the Two Aggregate Types in Properties (a) Marshall Stability; (b)

Flow; (c) Bulk Density; (d) Air Voids; (e) VMA.

The reduction in air voids was more pronounced in the basalt mix, and though significant in the
limestone mix, it became less prominent when the binder content reached 5% (as shown in Figure 7-
d). The air voids decreased from 10.4% to 3.2% for basalt mixes when the binder content increased
from 3.5% to 5.5%. Similarly, the air voids decreased from 9.8% to 3.8% for limestone mixes within
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the same binder content range. Once the bitumen content exceeded 4%, the air voids in both mixtures
fell within the standard limits set for the binder course (4-7%) and wear course (3-6%). Figure 7-e
depicts the correlation between voids in mineral aggregate (VMA) and binder content in various
mixtures. As the binder content increases, the VMA decreases, particularly in the basalt mixture. It
declines sharply, dropping from 15.4% at 3.5% bitumen content to 13% with just a 0.5% asphalt
content increase. Subsequently, as the binder content is further increased by 1.5% to reach 5.5%, the
rate of VMA decrease slows down to 12.2%. In contrast, limestone mixtures decrease VMA as the
bitumen content increases. All samples in the study met the minimum VMA requirement, starting at
13.8% with 3.5% asphalt content and gradually decreasing to 13.2% with 5.5% binder content. In
conclusion, while the trend in basalt mixture properties reveals significant changes in VMA with
varying binder content, the VMA properties in limestone mixtures do not vary considerably with
changing binder content.

The ASTM code provisions calculate the optimum asphalt content (OBC) for all tested mixes in
two steps. Firstly, the asphalt content value that yielded the maximum Marshall stability and unit
weight results for each blend was determined. Secondly, an interpolation was performed between
3% and 5% internal air void ratios for each mix. As a result, the OBC for the control ACM was 4.8%
for the basalt mixture compared to 4.93% for the limestone mixture. This indicates that the asphalt
content required for the limestone mixture is higher than for the basalt mixture, confirming Naser et
al. (2022) findings. The flow and VMA values corresponding to the OBC were checked against the
standards and found to comply.

3.2. PET Modified Mixtures Properties

Once the Optimum Asphalt Content (OBC) was established, the properties of the control asphalt
mixture corresponding to the OBC (without any additives) were determined. These properties were
considered the baseline for comparison with the modified mixtures that utilized shredded PET,
replacing 5%, 10%, and 15% of the bitumen for the basalt mixture and 10% for the limestone mixture.
The following analysis compares the properties of the control mixture and basalt and limestone PET-
modified mixtures. The basalt asphalt mixture modified with shredded PET at 10% of the bitumen
content showed maximum stability of 2,235 kg (Figure 8). Mixtures with PET modifications exhibited
slightly higher stability than the control mix (2,220 kg), indicating a marginal improvement of less
than 1%. However, other PET proportions resulted in lower strength than the control mix.

M Basalt Mix: Stability (kg) M Deviation from Control Mix: Limestone ( Stability-Kg)
M Limestone Mix: Satability (kg) M Deviation from Control Mix: Basalt ( Stability-Kg)

L L L = B - I~ .
— l_l

CONTROL MIXTURE: NO PET MODIFIED MIXTURE: PET MODIFIED MIXTURE: PET MODIFIED MIXTURE:
ADDITIVE 5% 10% 15%

Figure 8. Maximum Asphalt Mixture Stability by PET Modifier Proportion Compared to Control
Mixture.
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The minimum stability for the PET-modified mixture was observed at a 15% modifier proportion
measured by the weight of bitumen. This resulted in a reduction in stability of up to 10% and a
reduction of 5% for the mix incorporating 5% PET. On the other hand, the limestone-modified
mixture showed an improvement of 12% compared to the control mixture when 10% of the bitumen
was replaced with PET. However, when used as a 10% replacement, the basalt PET-modified
mixtures exhibit stability that surpasses that of the limestone mixture by an additional 12%. The
comparison strongly favors the basalt mixture over the control mixture, surpassing the limestone
mixture's stability by an impressive 21%.

The minimum flow of the asphalt mixture control with basalt aggregate (Figure 9) was reported
to be 2.90 mm, slightly lower than the limestone mixture (3.0 mm) by 7%. PET-modified mixtures
exhibited higher flows than control mixtures of limestone and basalt. The deviation from the basalt
control mixture ranged from 0.55 mm to 0.2 mm for the 15% and 5% PET replacement ratios,
respectively. The increase is 19% and 7%, respectively. It should be noted that the mixture modified
with 15% PET, with a maximum bulk density, also met MPWH guidelines (2-4 mm) regarding flow.
The flow in the 10% PET-modified basalt mixture was 16% higher than in the control mixture, while
in the limestone PET mixture, it was only 10% higher.

M Basalt Mix: Flow (mm) M Diveration from Control Mix: Basalt (Flow-mm)
M Limestone Mix: Flow (mm) M Diveration from Control Mix: Limestone (Flow-mm)

L L = D _U_u_u

CONTROL MIXTURE: NO PET MODIFIED MIXTURE: 5% PET MODIFIED MIXTURE: PET MODIFIED MIXTURE:
ADDITIVE 10% 15%

Figure 9. Asphalt Mixture Flow by PET Modifier Proportion Compared to Control Mixture.

The basalt PET-modified mixture achieved its highest bulk density at PET 15% proportion,
surpassing the control mixture by 8% (Figure 10). PET-modified mixtures consistently exhibited
higher bulk densities than control ones, with basalt mixtures showing an average increase of 7% over
the control mixture. In comparison, the PET limestone mixture only showed a 1% increase. On the
contrary, it resulted in a 6% increase in the density of the basalt mixture, exceeding that of the
limestone mixture by 2% at the same proportion. Interestingly, the limestone control mixture initially
had a higher density than the basalt control mixture. This indicates that the impact of adding PET to
basalt is more pronounced than on the limestone mixture, as adding 10% PET by bitumen weight had
minimal effect on the limestone mixture density.
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Figure 10. Asphalt Mixture Bulk Density by PET Modifier Proportion Compared to Control
Mixture.

The basalt control mixture contains 4.45% air voids, 3% more than the limestone mixture (4.3%).
As PET modifier content increases to 10%, the basalt mixture has a higher air void ratio than the
limestone mixture by 15%. The air void ratio of the basalt mixture with 10% modifier content is 6.05%,
resulting in a 36% increase over the control mixture. A limestone-modified mixture, however,
produced 5.12% air voids at 10% content, compared to 4.3% for the control. A comparison of the air
void ratios in the basalt mixture at three different PET ratios revealed only marginal differences,
ranging from 5.9% at a 5% PET ratio to 6.1% at a 10% PET ratio (Figure 11). Adding PET recycling
material to the binder significantly impacts the air-void ratio in basalt asphalt mixtures. Less increase
has also been observed in limestone mixtures.

M Basalt Mix: Air Voids (%) M Diveration from Control Mix: Basalt (Air Voids -%)
M Limestone Mix: Air Voids (%) M Diveration from Control Mix: Limestone (Air Voids - %)
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Figure 11. Air Voids Proportion by PET Modifier Proportion Compared to Control Mixture.


https://doi.org/10.20944/preprints202308.0251.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0251.v1

17

National standards require that the air voids in the wearing surface course not exceed 6%. Upon
incorporating PET beyond 5%, the asphalt mixture may exceed the permissible national air void limit
(6%) for the wearing course layer. However, the upper limit can reach up to 7% for the binder course
layer. This allows the modified basalt mixture to meet the binder course requirement. On the other
hand, the limestone mixture provides performance indicators related to air voids that meet the
wearing course layer standards.

After 10% of the bitumen content of the limestone mixture was replaced with PET, the modified
mixture showed the highest percentage of VMA in the modified asphalt mixture, measuring 13.6%,
corresponding to a 3% change over the control mixture. The limestone mixture consistently exhibited
a higher VMA than the basalt mixture. This was due to a 6% higher VMA for the limestone control
mixture and an 8% increase for the modified mixture with 10% PET. (Figure 12). However, PET added
to the basalt mixture had minimal impact on its properties. A PET proportion of 5% and 10% resulted
in a 1% change in VMA content, whereas a PET proportion of 15% resulted in a 2% increase. As a
result, the VMA content is consistent regardless of PET content, at 12%. The VMA content of basalt
mixtures modified with PET was slightly lower than that of limestone-modified mixtures. The
national standard requires a minimum VMA of 12% for the binder course layer and 13% for the
wearing course layer. According to the results, the basalt-modified mixture meets the requirements
for the binder course layer, while the limestone mixture meets the requirements for the wearing
course layer.

M Basalt Mix: VMA (%) M Diveration from Control Mix: Basalt (VMA - %)
M Limestone Mix: VMA (%) M Diveration from Control Mix: Limestone (VMA - %)
p— — — . —_— . . —1 =] —_— —
CONTROL MIXTURE: NO PET MODIFIED MIXTURE: PET MODIFIED MIXTURE: PET MODIFIED MIXTURE:
ADDITIVE 5% 10% 15%

Figure 12. VMA by PET Modifier Proportions Compared to Control Mixture.

3.3. Modified Asphalt Mixture Tensile Strength

The indirect tensile strength test results reveal that the strength of the asphalt mixture varies
with the proportion of the PET modifier. Figure 13 indicates that the mixture's tensile strength
decreases as the PET proportion increases. For instance, when the PET content increases from 5% to
10%, the unconditioned and conditioned sample strength decreases by 10.6%. Further increasing the
PET content by an additional 5% led to even more significant reductions in the unconditioned and
conditioned strength, with decreases of 26% and 37%, respectively. This suggests that the impact on
the conditioned sample was more pronounced at 15% PET content than at 5% or 10%. If the ratio of
conditioned to unconditioned strengths is less than 0.70, the mixture is considered as moisture
susceptible.
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Figure 13. Modified Asphalt Mixture ITSR and ITSR by Percent of PET Modifier.

Similarly, the indirect tensile strength ratio (ITSR), which represents the indirect tensile strength
of the conditioned mixture compared to the unconditioned mixture, decreases with increasing PET
content. The ITSR drops sharply as PET content reaches 15%, reaching 73%, which is close to the
acceptable ITSR limit (70%). However, the ratio difference between 5% and 10% PET content is
minimal. This indicates that adding 10% PET did not significantly impact the tensile strength.

3.4. Economic and Environmental Implications

Figure 14 presents data on municipal waste generation and population growth from 2013 to
2050. Between 2013 and 2016, waste and population increased, with waste growing by 3.5% and
population by 4.1%. The ratio of waste growth to population growth during this period was 0.84,
indicating waste generation lagged population growth. In 2030, waste generation increased by 2.6%,
while population growth slowed to 1.3%. The ratio of waste growth to population growth rose to
2.10, signifying a significant increase in waste generation compared to population growth. Likewise,
in 2050, waste generation increased by 3.3%, and population growth was 1.4%. The ratio of waste
growth to population growth increased to 2.40, highlighting the continued disparity between waste
generation and population growth. Over the entire period, waste growth was 3.1%, while population
growth averaged 2.3%. The ratio of waste growth to population growth was 1.39, indicating that
waste generation increased slightly faster than population growth on average. There is concern that
waste generation is outpacing population growth, posing challenges in waste management and
environmental impact. Waste reduction, recycling, and sustainable practices are essential to
addressing these issues and promoting an environmentally responsible future. Using recycled
materials for construction, a sector that often consumes large quantities of natural resources
contributes to sustainability and positively to the environment [3].
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Figure 14. Relationship between Waste Generation and Population Growth.

Incorporating PET into asphalt mixtures as a recycling material yields numerous advantages. It
reduces pavement deformation, boosts fatigue resistance, and improves adhesion between asphalt
and aggregates. Moreover, PET reduces plastic waste and disposal and transportation expenses
through recycling. This contributes to waste reduction and enhances the pavement's overall
characteristics. Using modified asphalt decreases costs by reducing bitumen consumption and
proves cost-effective in building sidewalks and managing plastic waste disposal.

Considering desert roads, studying the amount of bitumen used and the potential reduction
when utilizing PET, along with the cost savings in paving construction and waste disposal, further
supports this approach's environmental and economic advantages. The cost-effectiveness and
benefits of incorporating PET into the asphalt mixture for the desert road project, which spans 165
km. Two cross-sections were considered in the construction design; two and three lanes in each
direction were examined as a case. This analysis aimed to evaluate the economic impact of using a
PET-modified mixture in constructing the road, which currently features 12-13 cm thick asphalt
layers (7 cm as a binder course and 5 cm as a wearing course for the two-lane roadway segment and
6 cm for the three-lane roadway segment).

The study determined that for every kilometer of the road, approximately 83.04 and 112.8
tons/km of asphalt are needed for the two and three-lane cross-sections to construct the binder course.
Additionally, 61.92 and 100 tons/km of bitumen are required to build the wearing course layer for the
two and three-lane cross-sections, respectively. Integrating PET into the construction process would
save 8.3 tons/km and 6.19 tons/km for the binder and wearing course layers, respectively. This is for
the two-lane road segment. Likewise, the bitumen reserved for the three-lane segment would be 11.28
and 10 tons/km for the binder and wearing course layers.

PET, priced at 80 JD/ton, replaced bitumen at significant cost savings. In two-lane and three-lane
cross-sections, bitumen costs were reduced by 7,248 JD/km and 10,639.2 JD/km ($10,237 to $15,027
US). For the same cross-sections, recycled PET material was estimated to cost 1,159.7 JD/km ($1,638
and 2,404.3 US), respectively. Net savings equal 8,599 JD and 12,623 JD ($8,599 and 12,623 US),
equivalent to 8.4% of the original bitumen cost.

4. Discussion

The study delved into the properties and performance of control and PET-modified asphalt
mixtures for road construction, uncovering key parameters influencing their suitability for pavement
projects. Here's a comprehensive summary of the findings.

4.1. Control Mix Design Properties
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Marshall Stability: The asphalt content needed for maximum load capacity stability was higher
for basalt aggregate than limestone mix. Both exceeded the minimum 750 kg requirement, aiding
pavement material selection. Basalt mix achieved 2,318 kg stability at 5% asphalt content, surpassing
limestone mix (1,811 kg at 4.5%). These findings disagree with Naser et al. [45], which showed high
limestone mixture stability. On the other hand, Asi et al. [37] showed that incorporating basalt in the
mixture enhanced its properties. Limestone mixtures exhibited consistent flow increases with asphalt
content, providing enhanced workability conforming to earlier findings of Naser et al., 2022. Basalt
mixes peaked at 5% asphalt content before declining, which optimizes construction workability. The
limestone mixture's bulk density range was wider than the basalt mixtures. Understanding these
trends helps select appropriate binder content for desired density and pavement integrity. Naser et
al. [45] found that the basalt mixture bulk density is higher than the limestone mixture. This research
shows that limestone mixture density is higher at high binder content, and the opposite is true for
lower content. Basalt mixes showed a more significant reduction in air voids with increasing binder
content. Both mixtures met standard limits for binder and wearing courses' air voids. This finding
confirms Naser et al. [45]. Further, the VMA decreased with increasing binder content, especially in
the basalt mix. Both mixtures met minimum VMA requirements for binder and wearing course
layers, vital for durable asphalt mix design. This also contradicts what Naser et al. [45] reported in
their study. Several studies have shown that basalt mixture enhances mixture performance over
limestone mixture [58-60].

The OBC was higher for basalt mix (4.8%) than limestone mix (4.9%), an essential parameter in
optimizing mixture design and performance. The findings of Essawy et al. [8], Rahlman and Wahab
[26,], Asi et al. [37], and Naser et al. on the optimal content corresponds to the results of this study.

4.2. PET Modified Mixtures Properties

A negative correlation exists between the amount of air voids and the amount of mineral
aggregate voids in asphalt mixtures. Increasing air voids in an asphalt mix decreases its density.
Compaction and design must be combined to optimize pavement performance. It is found that low-
density and high-air voids are more susceptible to rutting and fatigue failure. In contrast, higher-
density and lower-air voids increase stability, deformation resistance, and load-bearing capacity.
Pavement durability and performance depend on maintaining the proper air void content (Zaltuom,
2018). Air voids should be around 3% to 4% for rut resistance and about 4% to 5% for fatigue
resistance. A pavement with more than 8% to 10% air voids is more likely to rut. Asphalt pavements
can withstand heavy traffic loads and environmental challenges by adhering to the appropriate air
void limits and achieving the desired density.

Flow rates and bulk densities were consistently higher in PET-modified mixtures, particularly
in basalt mixes, confirming earlier findings [33]. Understanding PET's impact on density and
workability is valuable. By incorporating PET into basalt mixes, the air-void ratio significantly rose,
exceeding the permissible national limit (6%) for wearing courses but meeting the requirements for
binder courses (up to 7%). In terms of wearing course layers, the limestone mix meets the standards.
It was reported earlier that AV increased with an increase in PET content [30,31]. As compared to the
control at the optimum PET binder, adding PET increased the air voids in the basalt mixture (36%)
more than the limestone mixture (19%). Despite the increased air voids, the basalt mixture's density
improved. Density also increased in the limestone mixture, although to a lesser extent than in the
basalt mixture. As compared to the control, limestone showed a significant improvement in stability,
but basalt did not. Some of the properties of the limestone mixture were significantly enhanced when
PET was incorporated better than the basalt mixture. The basalt mixes modified with 10% PET
exhibited slightly higher stability than the control mix (less than 1% improvement), but more
significant PET proportions (15%) reduced their stability. Limestone-modified mixes showed a 12%
improvement with 10% PET replacement, demonstrating PET's potential and limitations as a
modifier. Mixture stability improvement due to PET incorporation was confirmed in the literature
[28,31]. Further, PET had minimal impact on VMA in basalt mixtures but improved it by 12% in
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limestone-modified mixtures. Both mixtures met VMA requirements for binder and wearer layers,
which are critical for aggregate-binder adhesion.

The relationship between indirect tensile strength, stability, and density in asphalt mixtures is
crucial for assessing pavement performance. Indirect tensile strength measures resistance to cracking
and failure under tensile stresses. Stability indicates the mixture's ability to withstand deformation
under traffic loads and environmental conditions. Higher density, achieved through proper
compaction, enhances indirect tensile strength and stability. Achieving the optimal balance of these
factors is vital to designing high-quality and durable asphalt mixtures. Proper mix design,
compaction techniques, and quality control during construction are essential for pavement longevity
and reliability.

Tensile strength decreased with increasing PET content, with 15% PET most affected. The
indirect tensile strength ratio (ITSR) dropped sharply to 15%, providing insight into PET's influence
on asphalt mixture tensile properties. PET-modified asphalt proved cost-effective for pavement
construction and managing plastic waste, with significant cost savings (8.4% of the original bitumen
cost) observed in the desert road project. Incorporating recycled materials enhances sustainability,
reduces waste, and minimizes disposal and transportation expenses.

5. Conclusion:

This study provides valuable insights into the design of control and PET-modified asphalt
mixtures for road construction. Engineers and decision-makers can use these results to select
appropriate materials and improve mixture designs. Incorporating PET into road construction is a
sustainable approach that offers economic and environmental benefits. It is crucial, however, to
consider specific project requirements to achieve the best results. This will lead to a more sustainable
and economically viable construction industry. The optimal PET content was 10%. Incorporating PET
increases density and air voids in mixture construction, reducing the VMA. The stability of limestone
improved significantly and marginally in the basalt mixture. It ensures an optimal design with
enough air voids to prevent rutting and low enough air voids to prevent air and water permeability.
As a result, the three ratios for the three PET contents exceeded the permissible percentage of 0.7
required for indirect tensile strength. Thus, the modified asphalt mixture can withstand various
weather conditions, provide stability, and increase durability. Using recycled materials like PET, the
construction sector can contribute to sustainability and reduce environmental impact while saving
costs by approximately 8.4%. The main conclusion showed that limestone mixture properties, which
have inferior characteristics to the basalt mixture, improved significantly compared to basalt. It is
recommended to investigate further the use of basalt PET-modified mixtures in roads not susceptible
to rutting and study different proportions of the modifier in limestone mixtures.
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