AST Advances in Science and Technology

\MRJ Research Journal

Advances in Science and Technology Research Journal, 2025, 19(1), 301-320

https://doi.org/10.12913/22998624/195657
ISSN 2299-8624, License CC-BY 4.0

Received: 2024.10.30
Accepted: 2024.11.15
Published: 2024.12.01

Utilizing waste polyethylene for improved properties of asphalt

binders and mixtures: A review

Amani Abdallah Assolie', Abeer Al-Migdady', Gabriel Borowski*®,
Sameh Alsaqoor®”®, Ahmed Suliman B. Ali**, Ali Alahmer® ®

' Department of Civil Engineering, Ajloun National University, P.O. Box 43, Ajloun, 26810, Jordan
2 Faculty of Environmental Engineering, Lublin University of Technology, ul. Nadbystrzycka 40B, 20-618 Lublin,

Poland

¥ o0 v &> w

ABSTRACT

Department of Mechanical Engineering, Faculty of Engineering, Tafila Technical University, Tafila, Jordan
School of Civil Engineering, College of Engineering, Universiti Teknologi MARA, Shah Alam, 40450, Malaysia
Authority of Natural Science Research and Technology, Tripoli, 00218, Libya

Department of Mechanical Engineering, Tuskegee University, Tuskegee, AL 36088, USA

Corresponding author’s e-mail: sameh@ttu.edu.jo, aalahmer@tuskegee.edu

This review highlighted the effects of adding to asphalt binder and asphalt mixtures, emphasizing its growing
adoption globally due to environmental and economic advantages. The analysis evaluated the performance of
asphalt binders and concrete mixtures modified with different forms of polyethylene (PE), including low-density
polyethylene (LDPE) and high-density polyethylene (HDPE). The review revealed that incorporating waste poly-
ethylene significantly enhanced key properties of asphalt mixtures. Specifically, PE addition increased the soften-
ing point, viscosity, and specific gravity while reducing penetration. Furthermore, it improved the complex shear
modulus, thermal stability, moisture resistance, and resistance to permanent deformation, although it might have
led to a decrease in bulk density and creep rate of modified mixtures. The optimal PE content was recommended to
be in the range of 4-12% by weight of binder, yielding substantial improvements in Marshall stability, flow, voids
in mineral aggregates (VMA), air voids, dynamic modulus, and overall strength.

Keywords: asphalt cement; asphalt concrete mixtures; polyethylene; rheological properties; waste polyethylene;

Marshall test; pavement performance.

INTRODUCTION

In large countries with substantial popula-
tions, challenges such as high fuel consump-
tion, traffic congestion, delays, and accidents
are significant. This creates a pressing need
to optimize resource use [1]. Since road net-
works often reflect a country’s economic
status, repurposing pre-produced waste ma-
terials can enhance road pavement character-
istics, boost economic efficiency, and con-
tribute to environmental preservation [2].
Resource utilization of waste materials varies
widely; some countries recycle up to 100% of
their waste, while others use far less. Effec-
tive recycling and the incorporation of waste

materials into new products are crucial for
optimizing resources.

Roads are a vital infrastructure component,
demanding considerable resources and costs.
Over the past decade, asphalt production has
reached 270 million tons, with 14 million tons
used specifically for asphalt binder and addi-
tives [3]. In developed countries, economic
productivity and competitiveness now empha-
size not only increasing production but also
improving efficiency and safety. With growing
populations and rising demand for goods and
transportation, there is an increased need to
accommodate higher axle loads and tire pres-
sures. This necessitates advancements in road
design to address these changes effectively.
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Hot mix asphalt (HMA) is primarily composed
of asphalt cement binder, a black to dark brown
material derived mainly from petroleum refining.
This binder is utilized in road construction due to
its waterproofing properties and exceptional bind-
ing capabilities. However, asphalt is a complex
material with some limitations, as it consists of
a mix of aromatic and aliphatic compounds with
high carbon numbers [4, 5]. It is predominantly
made up of carbon (approximately 80%) and hy-
drogen (about 10%), along with smaller amounts
of sulfur, asphaltenes, nitrogen, and oxygen [6].

Environmental and thermal conditions, cou-
pled with traffic loading, are primary causes of
pavement distress. Extreme temperatures can
lead to severe pavement cracks and rutting. Sig-
nificant efforts have been made to address these
issues, with the use of additives like polyethylene
(PE) showing promise in mitigating these prob-
lems [7]. Incorporating waste plastics, particular-
ly waste polyethylene (WPE), into asphalt mix-
tures can provide great benefits, both economic
and environmental, by extending the service life
of the pavement and improving its performance
[8]. Adding polymers to asphalt binders enhances
the bond between binder and aggregate, thereby
strengthening the pavement and improving its
properties [9]. These additives or modifiers not
only enhance performance, but also help reduce
cost [10]. This study aimed to provide a robust
foundation for advancing modern pavement con-
struction practices and making them more envi-
ronmentally friendly.

Accordingly, the utilization of WPE in as-
phalt mixtures has garnered increasing attention
as an innovative and eco-friendly approach to en-
hance the properties of asphalt binders and mix-
tures, while simultaneously addressing the grow-
ing issue of plastic waste. This method not only
improves the durability, flexibility, and resistance
of asphalt but also promotes environmental sus-
tainability by recycling non-biodegradable plas-
tic materials that would otherwise accumulate in
landfills or oceans. The practice of incorporating
waste plastic into asphalt dates back to the early
1990s [11], reflecting a growing interest in sus-
tainable construction methods. Plastics, such as
PE, are characterized by their non-biodegradable
nature and strong molecular bonds, making them
highly resistant to natural degradation processes.
This durability, while useful in product applica-
tions, poses a severe environmental challenge, as
plastic waste remains in ecosystems for centuries,
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contributing to pollution, greenhouse gas emis-
sions, and health risks, including cancer [12]. In
particular, the large-scale accumulation of plastic
waste in oceans and terrestrial environments has
led to widespread environmental damage. Bil-
lions of tons of discarded plastic have entered eco-
systems since the mid-20™ century, often mixing
with water bodies, where they cannot decompose
and thus endanger aquatic life. Marine animals
frequently ingest or become entangled in plastic
debris, leading to disruptions in food chains and
biodiversity loss. The persistence of microplastics
also presents a growing concern, as they infiltrate
water supplies and agricultural soils, further exac-
erbating ecological imbalances. One practical and
effective solution to mitigate these environmental
impacts is to repurpose waste plastic into useful
materials, for instance via incorporating it into
asphalt mixtures for road construction [2]. This
approach not only prevents plastic waste from be-
ing discarded in landfills and oceans but also im-
proves the mechanical properties of asphalt, such
as its resistance to deformation, cracking, and
moisture-related damage. Moreover, the addition
of plastic to asphalt can improve the material’s
temperature tolerance, leading to longer-lasting
roads that can withstand both high temperatures
and heavy traffic loads. This innovative practice
supports the circular economy by transforming
plastic waste into a valuable resource, reducing
reliance on raw materials, and promoting more
sustainable infrastructure development [13].
Plastic waste encompasses various shapes
originating from materials such as PE, polypro-
pylene (PP), polyurethane (PU), ethylene-vinyl
acetate (EVA), and other fibers that can be com-
bined with asphalt binder to enhance its proper-
ties. PE, as a polymer, has been widely tested for
its effectiveness in asphalt mixtures. Modified as-
phalt concrete containing WPE has been shown
to reduce thermal cracking and extend pavement
fatigue life. The impact of PE addition on asphalt
mixtures, including properties such as stability,
unit weight, flow, and air voids, has been exten-
sively studied to assess its effectiveness [14, 15].
Wang et al. (2022) identified PE as one of
the most significant sources of plastic waste. The
study demonstrated that incorporating PE into as-
phalt by replacing a portion of the conventional
binder not only reduces the cost of pavement
construction and repairs, but also addresses com-
mon pavement problems, such as rutting and pot-
holes, leading to more durable roads. Heydari et
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al. (2024) [16] demonstrated that WPE can serve
as a binder modifier, enhancing the stiffness and
deformation resistance of asphalt binders. The
dry process, in which plastics are mixed with hot
aggregates, has proven effective in improving
the dispersion and swelling of polymers within
the binder matrix, especially when amorphous
plastics are used. Li et al. (2024) [17] found that
adding recycled PE to asphalt increases binder
stiffness, thereby improving its resistance to de-
formation. However, there are still challenges in
enhancing low-temperature flexibility and fatigue
performance, both of which are essential for the
long-term durability of asphalt pavements. Ac-
cording to Mainieri et al. (2024) [18], incorporat-
ing high-density polyethylene (HDPE) as a bind-
er modifier in airfield pavements has shown en-
hanced stiffness and superior moisture resistance.
However, it exhibits lower ductility in comparison
to conventional polymer modifiers. While WPE
significantly contributes to environmental pollu-
tion, incorporating it into asphalt mixtures can
reduce the binder content, a major cost factor, and
enhance overall binder performance [19]. This
utilization of secondary materials is substantial,
offering a solution for environmental conserva-
tion and improved pavement characteristics [7].
When incorporating plastic waste material
into asphalt pavement, it can be utilized through
two distinct processes: wet and dry. In the wet
process, plastic waste is integrated into the as-
phalt mixture by melting the plastic to serve as
a binder polymer additive. The wet process in-
volves incorporating plastic waste into bitumen,
which acts as a binder polymer additive. This
method has been shown to improve the mechani-
cal properties of bituminous pavements. For in-
stance, plastic-modified bitumen exhibits higher
complex modulus and lower phase angle, indi-
cating enhanced load and temperature resistance
[20]. Fitri et al. [21] showed that incorporating
approximately 8% plastic by weight into bitumen
significantly enhances pavement strength and du-
rability, resulting in higher Marshall Stability and
improved flow values. On the other hand, the dry
process involves directly adding plastic waste to
the asphalt mixture either as aggregate or modi-
fier material, where the plastic waste functions
as a portion of the aggregate particles in the as-
phalt mix. It is essential to ensure that the plastic
particles are compatible with the aggregate par-
ticles when incorporating waste plastic as part of
the aggregate. During the mixing process, waste

plastic softens at elevated temperatures, as indi-
cated by Almeida et al. [22]. Bueno and Teixeira
[23] found that incorporating plastics such as low-
density polyethylene (LDPE) and HDPE using the
dry process enhances resistance to rutting, crack-
ing, and moisture damage. Lee et al. [24] noted
that the dry process is particularly effective with
smaller plastic particle sizes, which integrate more
seamlessly into the asphalt mixture. However, the
role of plastic in the dry process remains a topic
of debate, with some research suggesting that re-
placing both bitumen and filler with plastic could
improve cost efficiency and reduce the carbon
footprint [16].

Asphalt concrete, also known as bituminous
concrete, is commonly used in construction proj-
ects such as paving roads, parking lots, and air-
ports. It involves the mixing of asphalt binder
(bitumen) with aggregates, followed by layering
and compaction [25]. The escalating traffic vol-
ume and rapid environmental changes necessitate
exploring suitable alternatives to enhance pave-
ment characteristics and extend its service life by
implementing the modifications that ensure robust
pavement performance and improve cost-effec-
tiveness. Ramshankar et al. (2023) [26] investi-
gated the use of construction demolition waste ag-
gregates (CDWA) and plastic waste in bituminous
mixes to develop a more sustainable pavement so-
lution. The study found that incorporating an op-
timal mix of 10% plastic waste and 15% CDWA
significantly enhances pavement strength, as dem-
onstrated by improved Marshall Stability test re-
sults. This approach not only reduces the reliance
on new aggregate materials but also addresses the
challenges related to waste management.

Pavements are generally classified into two
categories: flexible and rigid. Flexible pavements,
which use bituminous concrete as the surface
layer, can deflect or bend under traffic loads [27].
Bituminous concrete is composed of aggregates
and bitumen, with the potential addition of vari-
ous modifiers or additives to enhance its proper-
ties [28]. Flexible pavements consist of a binder
material, typically bitumen or asphalt, mixed
with mineral aggregates. This mixture is layered
and compacted to form the pavement structure.
As traffic volumes, load intensities, and seasonal
temperature variations have increased, there has
been a growing need to improve the performance
of bituminous pavements to accommodate these
changes effectively. Many studies have been
focused on developing and applying different
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modifiers and additives to bituminous mixtures to
enhance their durability and performance under
varying conditions [29, 30]. However, integrat-
ing additives poses challenges, such as ensuring
compatibility with the base bitumen and achiev-
ing uniform dispersion. Identifying the optimal
concentration of additives is crucial for balancing
performance improvements with cost-effective-
ness. For example, Arif et al. [31] demonstrated
that a 4% concentration of certain polymers yields
optimal mechanical properties and durability. Ad-
ditionally, the properties of bitumen can vary sig-
nificantly based on its source, affecting the perfor-
mance of modified mixtures and complicating the
generalization of additive effects.

While the use of modifiers and additives in
bituminous mixtures has shown promise, further
research is needed. For instance, the long-term
resistance to aging and economic feasibility of
these modifications require comprehensive eval-
uation [32]. Additionally, developing new addi-
tives that enhance performance while being en-
vironmentally friendly remains a critical area for
future research [33].

This review aimed to consolidate and sum-
marize existing studies on the impact of incorpo-
rating PE into asphalt binder and mixtures. The
gap in the literature that this review bridges is the
need for a comprehensive analysis of the effects
of PE addition on asphalt properties, considering
its increasing popularity globally due to envi-
ronmental and economic benefits. While previ-
ous research has touched on this topic, there is a
lack of a consolidated review that systematically
evaluates the performance enhancements result-
ing from PE utilization in asphalt applications.
Accordingly, the main objectives for this review
article can be summarized as follows:

e To provide a comprehensive overview of cur-
rent studies on the use of WPE in asphalt bind-
ers and mixtures, summarizing findings on its
effects on asphalt properties and performance.

e To determine the most effective ratios of waste
PE for enhancing asphalt properties, based on a
review of existing research and testing outcomes.

e To assess the long-term durability and aging
resistance of asphalt mixtures modified with
waste PE, including any potential impacts on
performance over time.

e To conduct a detailed analysis of the perfor-
mance of asphalt binder and asphalt concrete
mixtures after the addition of PE. This in-
cludes assessing changes in properties such
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as softening point, viscosity, specific gravity,
penetration, complex shear modulus, phase
angle, thermal stability, deformation resis-
tance, moisture resistance, and creep modules.

The goal of this review was identifying im-
provements in asphalt binder properties such as
penetration values, ductility, rheological properties,
softening point temperatures, rutting resistance,
crack propagation control, safety levels, and blend-
ing criteria effects on asphalt binder properties.

WASTE POLYETHYLENE (WPE) MATERIAL
CHARACTERIZATION

PE is classified as an elastomer, which softens
and flows when exposed to high temperatures and
becomes rigid as the temperature decreases. The
melting point of PE ranges between 110°C and
120°C for LDPE [34], and between 130°C and
149°C for HDPE [35, 36]. These melting points
are below the typical temperature ranges used in
the production of hot asphalt mixtures, making
PE suitable for incorporation into asphalt con-
crete mixtures.

PE, represented as (CH,-CH,) , is a long-chain
polymer of ethylene produced in various forms,
including HDPE, LDPE, and linear LDPE (LL-
DPE). It is chemically synthesized through the po-
lymerization of ethane, with variations in its side
chains, which can be altered during manufactur-
ing. The backbone of PE consists of single (C-C)
bonds that are resistant to hydrolysis. PE exhibits
relatively weak mechanical properties, with poor
creep resistance and low tensile strength, though
it has good impact resistance. The impact resis-
tance increases in the following order: HDPE <
LLDPE < LDPE. As the molecular weight and
crystallinity increase, the mechanical properties
of PE improve [37].

Various methods can be used to incorporate
WPE into binders. The particle size added to the
binder typically ranges from 0.3 to 0.5 mm [38].
Generally, WPE is washed, dried, and then extrud-
ed if it is not clean [11, 39]. However, if the waste
is already clean, it is directly trimmed or ground.
According to the reviewed studies, the percentage
of PE added to the binder varies from 1% to 10%
by binder weight, with a common range between
3% and 5%. The method of incorporating the poly-
mer into the binder also varies, with mixing tem-
peratures ranging from 150°C to 180°C, digestion
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times from 3 minutes to 4 hours, and mixing speeds
between 120 rpm and 7200 rpm [40].

Brasileiro et al. [10] found that PE fibers or
particles act as a bridge that prevents the cracks
propagation. The low-temperature properties of
the asphalt with PE modified binder are depen-
dent mainly on the ordinary asphalt binder prop-
erties and PE properties in addition to the interac-
tion between the two material particles.

PE is primarily classified based on its density
and the degree of molecular branching. Several
types of PE polymers can be used as additives.
LDPE is a flexible and tough polymer charac-
terized by its long, branched chains, which do
not pack tightly into crystallites. As the polymer
chains become more linear, the material be-
comes denser, as seen in HDPE, where the mol-
ecules pack more closely, resulting in increased
strength. Ultra-high molecular weight poly-
ethylene (UHMWPE) consists of linear, long
chains that distribute the load along the polymer
backbone, enhancing its strength. Cross-linked
polyethylene (PEX) features cross-linked bonds
that improve chemical resistance and high-tem-
perature durability [41].

When ethylene is polymerized under varying
pressure and temperature conditions, it can pro-
duce a wide range of polymers, including greas-
es, oils, hard and soft waxes, as well as plastics.
This variability arises from changes in molecular
weight. Even at the same molecular weight, dif-
ferences in the polymer’s molecular structure can
lead to further variation. The properties of solid
polymers are influenced by their degree of crys-
tallinity, which is affected by both the average and

distribution of molecular weight, but is primarily
dependent on the degree of chain branching [42].

PE has long been one of the most widely used
plastics, recognized as a semi-crystalline polymer
with excellent fatigue resistance, wear resistance,
and chemical resistance, along with a wide range
of properties. It is available in various forms
[43,44]. Table 1 presents key properties of PE, as
outlined by Biron (2020) [45]. The brittle point of
-40°C indicates the temperature below which PE
becomes brittle and prone to cracking. The water
absorption rate ranges between 0.1% and 0.2%,
highlighting its minimal water uptake, which con-
tributes to its durability in various environments.
PE has a thermal conductivity of 0.29 W/m-K,
making it a moderately insulating material. The
chemical formula of PE is C, H,O,, and its specif-
ic gravity is 1.459, indicating it is relatively light-
weight compared to other materials. The melting
point of 255 °C reflects its high thermal stability.
Figure 1 presents a scanning electron microscope
(SEM) image of PE, illustrating the detailed sur-
face morphology of this commonly used plastic.
The image reveals its semi-crystalline structure,
highlighting the distribution of crystalline and

Table 1. Polyethylene properties [45]

Property Value
Brittle point -40 °C
Water absorption 0.1% - 0.2%
Thermal conductivity 0.29 W/mk
Chemical formula C,,H0,
Specific gravity 1.459
Melting point 255°C

10 PE 356

WD= 8mm EHT=500kV Signal A=SE2

Mag= 200KX

PhotoNo = 1948 Date :27 Apr 200

Figure 1. Scanning electron microscope image of polyethylene
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amorphous regions within the polymer. These
structural features play a significant role in de-
termining the mechanical properties of PE, such
as flexibility, toughness, and resistance to wear
and fatigue. The texture visible in the SEM im-
age reflects the arrangement of polymer chains,
which directly impacts the material’s strength and
durability. This micrograph provides key insights
into the characteristics that make PE versatile and
suitable for a wide range of applications.

UTILIZING WASTE POLYETHYLENE
IN ROAD CONSTRUCTION

The use of WPE has been increasing rapidly,
with the material becoming a common part of
daily life. In India alone, the demand for WPE
is predicted to rise by up to 129% by 2023 [46].
This increase in PE usage will inevitably result in
higher levels of pollution, affecting all environ-
ments, including aquatic and terrestrial ecosys-
tems. One of the most effective ways to reduce PE
waste is through biological degradation [47]. Mi-
croorganisms colonize the surface of the plastic,
forming biofilms, which contribute to the gradual
breakdown of the polymer structure. The effec-
tiveness of biological degradation depends on
environmental conditions and the types of micro-
organisms involved [54]. Combining both meth-
ods can accelerate the overall degradation process
and reduce the environmental impact of PE.

The degradation of environmentally degrad-
able commercial PE material was investigated on
two levels. First, abiotic oxidation was simulated
through exposure to air, simulating the effects of
compost-like environmental conditions. Second,
the presence of microorganisms was introduced
to observe biodegradation. Initial biofilm forma-
tion was monitored using fluorescence microsco-
py, followed by bacterial growth on the surface
of the plastic, which was observed through scan-
ning electron microscopy (SEM). Results indi-
cated that microbial growth generally occurred in
the presence of PE. Molecular magnification and
a broadening of the molecular weight distribu-
tion were observed after preheating the material
in air at 60 °C [55].

Accordingly, the utilization of WPE in road
construction presents a promising solution to
both environmental and economic challenges.
This innovative approach addresses the escalat-
ing issue of plastic waste while enhancing the
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quality and durability of road infrastructure. By
integrating WPE into road construction, signif-
icant environmental benefits can be achieved,
including a reduction in plastic waste that
would otherwise contribute to landfills or in-
cineration. This practice supports the principles
of a circular economy by repurposing waste as
a valuable resource, thereby minimizing envi-
ronmental impact. Incorporating PE waste into
bituminous mixes improves the engineering
properties of roads, leading to increased Mar-
shall stability, tensile strength, and resistance
to water and temperature variations [56]. As a
result, roads become more durable and require
less frequent maintenance, which in turn reduc-
es the environmental footprint associated with
road repairs [57].

Substituting traditional construction mate-
rials with recycled plastics not only conserves
natural resources but also lessens the environ-
mental degradation linked to their extraction.
Furthermore, the use of WPE in road construc-
tion can lead to substantial cost savings. By de-
creasing the reliance on conventional materials
like bitumen and aggregates, overall project
costs are lowered. The enhanced durability of
plastic-modified roads results in reduced main-
tenance expenses over time [58]. Additionally,
the demand for WPE in road construction cre-
ates economic incentives for waste collection
and recycling industries, stimulating job creation
and economic activity in waste management and
recycling sectors [60]. Overall, this approach
not only addresses the plastic waste crisis, but
also fosters a more sustainable and economically
beneficial construction practice.

EFFECT OF WASTE POLYETHYLENE
CONCENTRATION ON THE PROPERTIES
OF ASPHALT CEMENT

Integrating WPE into asphalt cement has
been proven to greatly improve its properties,
making it more effective for road construc-
tion. This modification enhances the mechani-
cal characteristics of asphalt while providing
an eco-friendly method for addressing plastic
waste. The influence of different concentra-
tions of WPE on asphalt properties is com-
plex, affecting thermal stability, mechanical
strength, and environmental sustainability.
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Effect on penetration

Several studies have explored the effects of
incorporating varying ratios of PE into asphalt
binder. Wang et al. [3] indicated a significant de-
crease in penetration values with the addition of
PE. Melting PE to create a homogeneous mixture
and adding it in suitable proportions improved
the properties of the modified bitumen, although
excessive amounts of PE led to segregation in
the resulting mix. Specifically, adding 10% PE
to an 80/100 penetration grade asphalt produced
a harder binder with significantly increased pen-
etration values. According to Rahman et al. [44],
this optimum PE content of 10% yielded better
results than other concentrations.

To address the storage stability issues asso-
ciated with PE-modified asphalt, novel low mo-
lecular weight NH -terminated PE (NPE) was
introduced. Li et al. [61] found that incorporat-
ing NPE resulted in decreased penetration values;
specifically, a 3% addition led to a 28.2% reduc-
tion, while 5% resulted in a 34.1% decrease.
These findings highlighted significant improve-
ments in the NPE-modified mixtures. Kumar et
al. [62] concluded that adding LDPE to bitumen
decreased penetration values by 13.6%. Similar-
ly, Sultana and Prasad [63] and Abduljabbar et al.
[2] reported that using LDPE to coat aggregate
particles in 80/100 grade asphalt binder also re-
duced needle penetration values.

In the case of high-density PE, penetration
values generally decreased after its addition. At-
taclmanan et al. [64] observed a 35% reduction
in penetration values when 5% HDPE was added
by weight, indicating significant improvements in
deformation resistance. This trend was similarly
reported by Sultana and Prasad [63] and Abdul-
jabbar et al. [2]. Gupta and Singh [65] also noted
that incorporating grained HDPE into asphalt
mixtures, particularly at 12% by weight, signifi-
cantly reduced penetration values. Punith and
Veeraragavan [66] found that using reclaimed PE
as a modifier decreased penetration values, with
5% PE by weight providing the best results. Var-
gas et al. [67] noted that the needle penetration
values decreased in the modified asphalt bind-
ers that included grafted PE, a finding consistent
with Garcia-Travé et al. [68], who observed that
increasing PE amounts correlated with decreas-
ing penetration values. Furthermore, Kezhen et
al. [69] modified asphalt binder using reclaimed
LDPE and waste tire rubber (WTR), revealing

significant decreases in penetration values af-
ter testing rheological properties with a binding
beam rheometer (BBR) and dynamic shear rhe-
ometer (DSR). Additionally, Mitkowski [19] sug-
gested that using a small percentage of PE with a
catalyst could reduce the penetration values for
modified asphalt by 50.7 pen at 25°C. Fang et al.
[70] also indicated that higher preparation tem-
peratures for waste PE-modified asphalt led to
decreased penetration values.

Effect on softening point

The influence of WPE concentration on the
softening point of asphalt cement is a crucial fac-
tor in enhancing asphalt properties for improved
performance. Incorporating WPE, including
HDPE and XLPE, significantly impacts the soft-
ening point of asphalt, which indicates its temper-
ature susceptibility and stability. Notably, the ad-
dition of HDPE — particularly when contaminated
with oil — has been shown to enhance the heat re-
sistance of asphalt mixtures. This enhancement is
attributed to the formation of new physical and
chemical bonds between the HDPE and bitumen,
leading to an increased softening point [71]. Ad-
ditionally, when HDPE plastic waste is used in
concentrations of up to 5% by aggregate weight,
it improves the performance of asphalt concrete,
further raising the softening point and contribut-
ing to better temperature resistance [72]. Sulei-
man et al. [73] demonstrated that XLPE serves
as an effective modifier for bitumen, significantly
increasing the softening point of asphalt. The
physical alterations induced by XLPE improve
both the temperature susceptibility and stability
of the bitumen, with notable enhancements oc-
curring even at lower concentrations of 2% and
4% by weight of pure bitumen.

Liquefied PE oil has been used as a modifier,
softening bitumen without substantially affecting
its viscoelastic properties. However, its impact on
the softening point is less pronounced compared
to solid PE forms, indicating that while PE oil can
modify bitumen, its effect on the softening point
may be limited [74]. Adding PE to 80/100 penetra-
tion grade asphalt up to 10% resulted in increased
softening point values due to the high softening
temperature associated with the PE modifier [44].
Wang et al. [11] also observed increased soften-
ing points in asphalt binder with PE addition,
which had a significant impact on the binder’s
performance. Bhale [75] found that adding WPE
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at heating temperatures of 100—160 °C improved
the binding properties when softened in bitumen,
resulting in a more adaptable mixture for asphalt
pavement layers. This modification contributes
to more durable, robust, and environmentally
friendly roadways [2]. Furthermore, Mishra and
Khan [76] reported a 14.28% increase in soften-
ing point with LDPE, aligning with the findings
that highlight the need for enhanced performance
due to increasing traffic volumes and extreme
weather [2]. Both LDPE and HDPE added to
80/100 grade asphalt binder have been shown to
increase softening point values when used to coat
aggregate particles [2].

Hadidy and Yi-Qiu [34] concluded that modi-
fied binders exhibited higher softening points
than conventional ones. Specifically, a significant
increase in softening point was noted when 5% of
PE was used as a modifier by weight [66]. Vargas
et al. [77] reported similar findings, demonstrat-
ing a substantial increase in the softening point
of asphalt binder with grafted PE as a modifier.
Al-Dubabe et al. [78] observed that adding LDPE
raised the softening point by approximately 3%
compared to increments of 2% to 5% when 3% of
PE was added. The lowest increment was recorded
for an ordinary binder with a softening point of 51
°C [79], while the highest value was for a binder
with a softening point 0f 42 °C [80]. Yan et al. [81]
found that adding reclaimed LDPE and waste tire
rubber to asphalt resulted in increased softening
point values. Additionally, Garcia-Travé et al. [68]
noted that as the amount of added PE increases,
the softening point of the asphalt binder also rises,
while penetration decreases. This results in more
rigid characteristics with greater resistance to per-
manent deformation, especially under high tem-
peratures. To achieve higher stability in asphalt
concrete and reduce thermal susceptibility, a com-
bination of 5% PE and 2% catalyst was added to
asphalt concrete. This approach yielded a soften-
ing point increase of 27.2 °C [19].

The incorporation of HDPE in asphalt bind-
ers has strengthened the rheological properties of
the asphalt cement, resulting in a 69% increase
in softening point when 5% HDPE was added by
weight [80] (Attaelmanan et al., 2011). Similarly,
the softening point of virgin asphalt was raised
by 69% at a 5% weight of HDPE [80] (Attael-
manan et al., 2011). Moreover, the preparation
temperature of the materials used for modifying
asphalt with WPE significantly affects the out-
come; higher preparation temperatures result in
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increased softening points, with the optimal tem-
perature identified as 190 °C [82].

Effect on ductility

Ductility, a measure of a material’s ability to
deform under tensile stress, is crucial for asphalt
pavements to withstand temperature variations
and traffic loads without cracking. The effect of
WPE concentration on the ductility of asphalt ce-
ment is influenced by several factors, including the
type of PE used, the concentration, and the method
of incorporation. The type of PE, such as HDPE
or XLPE, and its concentration significantly af-
fect the ductility of asphalt. Studies have shown
that while HDPE can slightly improve ductility,
it is less effective than traditional polymer modi-
fiers, like styrene—butadiene-styrene (SBS) [18].
Conversely, XLPE tends to decrease ductility, al-
though it improves other properties like softening
point and stability [73]. The optimal concentration
of PE for enhancing asphalt properties, including
ductility, varies. For instance, an 8% concentration
of WPE has been identified as optimal for improv-
ing the overall performance of bitumen, although
specific tests on ductility were not conducted [83].
Another study found that a 6% concentration of
PE in an open graded friction course mix provided
satisfactory performance, suggesting a balance
between improved mechanical properties and duc-
tility [84]. The use of composite modifiers, such as
combining WPE with waste cooking oil (WCO),
has been shown to improve the low-temperature
flexibility of asphalt, which is related to ductility.
The addition of WCO helps counteract the adverse
effects of PE on low-temperature performance,
enhancing ductility [85].

Li et al. [86] demonstrated that adding non-
polar ethylene significantly increases ductility,
especially at lower temperatures. Kakar et al. [7]
also found that WPE enhances the stiffness of
asphalt binder at high temperatures. Mishra and
Khan (2022) reported an 18.86% increase in duc-
tility when LDPE was added. However, incorpo-
rating both low-density and HDPE into 80/100
grade asphalt binder to coat aggregate particles led
to reduced ductility values [2]. While ductility re-
mained within the minimum specification ranges,
Al-Hadidy and Yi-qiu [34] observed a significant
reduction in weight loss percentage, indicating
improved durability compared to original asphalt.

PE mixed with asphalt binder creates a multi-
phase system that contains substantial amounts of
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unabsorbed asphaltene, significantly enhancing
the viscosity of the mixture [65]. According to
Tusar et al. (2022) [87], adding 5% WPE to 95%
bitumen resulted in a more elastic combination at
low temperatures, while higher temperatures pro-
duced a more viscoelastic binder.

Using reclaimed PE (RPE) as a modifier typi-
cally reduces ductility values, with an optimal
concentration of 5% by weight yielding the best
increase in ductility [66]. However, ductility de-
creases as the preparation temperature of WPE-
modified asphalt increases, particularly when ma-
terials are prepared at 190°C [82]. Yan et al. [81]
found that adding reclaimed LDPE and waste
tire rubber to asphalt binder improved rheologi-
cal properties by increasing complex modulus and
rotational viscosity at both high and intermedi-
ate temperatures. However, no clear conclusions
were reached regarding low temperatures, as the
m-values and stiffness decreased with the addition
of RPE and waste tire rubber (WTR). Costa et al.
[88] reported a significant reduction in ductility,
indicating a more brittle behavior for the modified
binder at low temperatures. Specifically, a 35% re-
duction in ductility was observed after adding 5%
PE to the binder at 25 °C, compared to a 97% re-
duction at 15 °C [81]. Conversely, Garcia-Travé et
al. [68] noted that stiffness and elasticity increased
when reclaimed geomembrane scraps composed
of LDPE and polyester fibers were utilized, sug-
gesting that this is a preferable modifier.

Effect on specific gravity

Lower specific gravity values for bulk density
are observed as the PE content increases, primar-
ily due to the addition of a low-density material,
as reported by Sharma and Dubey [89]. However,
specific gravity values can increase when PE is
used as a modifier, with a significant rise occur-
ring when 5% PE by asphalt weight is added,
according to Punith and Veeraragavan [66]. Re-
search shows that adding PE to asphalt mixtures
generally increases the mix density, attributed
to the “filling effect” of PE, which occupies the
voids in the asphalt matrix, thus raising the over-
all mass per unit volume. For instance, Eme &
Nwaobakata [90] found that the density of asphalt
increased with higher PE content, indicating a di-
rect relationship between PE concentration and
specific gravity. Shah et al. [91] indicated that us-
ing 2% to 8% PE by binder weight enhances spe-
cific gravity and other mechanical properties of

asphalt mixtures. The type and form of PE used,
such as HDPE or LDPE, also significantly affect
the specific gravity of modified asphalt. Different
types of PE have distinct densities, which influ-
ence the overall density of the asphalt mix. Desid-
ery & Lanotte [92] demonstrated that both HDPE
and LDPE can be effectively used to modify as-
phalt, with each type contributing differently to
specific gravity based on its inherent properties.

Effect on complex modulus and phase angle
(rheological properties)

The addition of waste PE to asphalt mixtures
generally enhances the complex modulus, indi-
cating increased stiffness and resistance to de-
formation. Zhang et al. [93] reported that asphalt
mixtures with 2% waste PE exhibited the highest
dynamic modulus, suggesting improved perfor-
mance under intermediate and high temperatures.
Dynamic modulus tests conducted at various tem-
peratures and frequencies revealed that the PE-
modified asphalt mixtures typically have higher
modulus values than unmodified mixtures, espe-
cially at elevated temperatures. Similarly, Wang et
al. [11] found that the PE-modified asphalt binders
showed a comparable complex shear modulus to
ordinary binders at low temperatures, but higher
modulus values at high temperatures. Kakar et al.
[94] evaluated the effects of blending two different
types of PE with asphalt binder on thermal and me-
chanical behavior, resulting in significant improve-
ments in rutting resistance. The findings showed
that adding waste PE into asphalt binders consid-
erably increased the complex modulus across all
frequency and temperature ranges, indicating en-
hanced rutting resistance. Padhan et al. [95] report-
ed that incorporating waste PE improves rheologi-
cal properties, such as phase separation and storage
stability, effectively mitigating stability issues and
enhancing overall rheological performance.

Du et al. [96] examined the impact of recy-
cled PE on future fatigue and rutting resistance
for modified asphalt pavement sections designed
using the Mechanistic-Empirical Method. Using
a 30-year design period, their results showed a
positive impact of PE in controlling predicted rut-
ting and fatigue cracking with both dry and wet
mixing processes.

Tusar et al. [97] found that adding 5% PE
waste to 95% bitumen reduced the susceptibil-
ity of the binder to permanent deformation, with
PE blends exhibiting better fatigue performance
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in terms of fatigue and stress life. Ma [98] high-
lighted that the storage stability of modified
PE asphalt is limited; however, adding rubber
plastic effectively improved compatibility and
enhanced physical characteristics. Brasileiro et
al. [10] reported that base asphalt binder prop-
erties at low temperatures were superior to the
PE-modified binder properties, which was at-
tributed to the use of improper testing methods.
Vargas et al. [77] showed that using grafted PE
at high temperatures improved the flow activa-
tion energy and rutting resistance of the modified
binder. Nejres et al. [99] demonstrated that add-
ing LDPE along with eggshell waste to asphalt
improved the rheological properties of the ordi-
nary binder. Fernandes et al. [100] reported that
incorporating 5% HDPE into bitumen at medium
and high temperatures enhanced fatigue and rut-
ting resistance. Different research studies have
used various modifiers to improve asphalt pave-
ment durability, yielding distinct performance
outcomes. For instance, Garcia-Travé et al. [68]
found that reclaimed geomembrane scraps com-
posed of LDPE and polyester fibers enhanced
permanent deformation resistance and fatigue
life. Al-Dubabe [78] also reported that adding
LDPE improved the rheological properties of or-
dinary asphalt binders.

The phase angle, which indicates the visco-
elastic behavior of asphalt, showed no significant
trend with varying PE content. However, Zhang et
al. [93] observed that the modified asphalt mixture
with 2% WPE exhibited the highest phase angle,
suggesting more elastic behavior at this concen-
tration. The impact of additives, such as waxes,
also influences phase angle; incorporating long-
chain waxes alongside PE improved the overall
behavior of modified binders and enhanced resis-
tance to permanent deformations [92]. Wang et al.
[11] observed higher phase angle values at elevat-
ed temperatures. As larger quantities of PE were
incorporated, there was a greater increase in the
complex modulus of rigidity (G*) of the asphalt
binder, along with a significant decrease in the
phase angle (3), leading to improved resistance to
permanent deformation (rutting) compared to the
unmodified binder [96]. Adding reclaimed LDPE
and waste tire rubber into the asphalt binder re-
sulted in a significant reduction in phase angle
values of the modified asphalt [81]. Additionally,
using recycled PE with 150/200 grade asphalt en-
hanced the binder’s resistance to fatigue cracking
and rutting [101].
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Effect on flash and fire point

The research specifically examining the flash
and fire points of asphalt modified with polyeth-
ylene is limited. However, the studies involving
similar polymers, such as polyethylene terephthal-
ate (PET), suggest that adding such materials can
influence these properties. For example, the PET-
modified bitumen exhibited changes in flash and
fire points, implying that similar effects could oc-
cur with polyethylene modification [102]. An op-
timal concentration of polyethylene can improve
the thermal performance of asphalt mixtures [84].
However, excessive amounts may have negative
consequences, such as surface ruptures, potential-
ly reducing the flash and fire points [72]. Due to
the low melting point of waste polyethylene, the
flash and fire points of the polyethylene-modified
binder decreased as the polyethylene content in-
creased to 10% by weight [44].

IMPACT OF POLYETHYLENE
MODIFICATION ON ASPHALT MIXTURES

The use of polyethylene to modify asphalt
mixtures has been extensively studied to enhance
properties like stability, flow, voids, dynamic
modulus, water sensitivity, deformation resis-
tance, strength, and density. Incorporating poly-
ethylene into asphalt mixtures has shown promis-
ing results in improving pavement performance
and durability.

Effect on Marshall stability

To improve the properties of asphalt mixtures,
several studies have examined the use of PE modi-
fiers. Rahman et al. [44] added polyethylene to
80/100 penetration grade asphalt and determined
the optimum asphalt content. Tests on the modi-
fied mixtures showed that adding up to 10% PE en-
hanced Marshall stability, with the best results ob-
tained at 6% PE, resulting in a 31.79% stability in-
crease compared to ordinary asphalt mixtures [89].

Polyethylene modification significantly im-
proved Marshall stability; for example, adding 5
wt% PE increased stability by 2,720 daN com-
pared to non-modified asphalt [19], and other
studies reported stability increases of up to 20%
[103]. The use of LDPE in thin asphaltic overlays
enhanced mixture characteristics and reduced
costs and environmental hazards. Abduljabbar et
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al. [2] found that 6% LDPE provided the best sta-
bility, with a 48% increase in Marshall stability.
LDPE and HDPE are commonly used as asphalt
cement modifiers. Panda et al. [104] reported that
adding 2.5% LDPE significantly improved Mar-
shall stability. Issa et al. [105] found that adding
4% HDPE to HMA resulted in optimal perfor-
mance under medium traffic, with Marshall sta-
bility reaching 1630.48. Polacco et al. [106] also
showed that LDPE enhanced the storage stability
and mechanical properties of modified mixtures.
Kaka et al. [107] demonstrated that adding PE re-
stricted particle movement, reducing storage sta-
bility issues. Mishra and Khan [76] observed con-
siderable increases in Marshall properties and sta-
bility for the mixtures modified with waste plas-
tic. They concluded that using PE waste to coat
aggregates was more effective than using it as a
bitumen modifier, resulting in improved Marshall
stability and reduced maintenance and construc-
tion costs [108]. Using polyethylene to coat ag-
gregate particles improved aggregate properties
and stability, even allowing for the use of lower-
quality aggregates [63]. Gupta et al. [65] found
that adding PE increased Marshall stability up to
4%, after which the effect began to decrease. The
HDPE content of 12% provided the best stabil-
ity improvements. Kakar et al. [7] reported that
waste PE used in low-noise asphalt mixes did
not fully melt, acting as an elastic segment at low
temperatures and enhancing deformation resis-
tance at high temperatures. Chaudhary et al. [109]
observed that adding polyethylene terephthalate
up to 8% increased Marshall stability, with a de-
crease thereafter. Garcia-Travé et al. [68] found
that adding rubber plastic with PE formed a com-
posite modifier that overcame storage stability
issues. Punith et al. [66] demonstrated that the
RPE from domestic waste enhanced deforma-
tion resistance and reduced permanent deforma-
tion. Attaeclmanan et al. [80] showed that HDPE
modification increased stability, with 4% HDPE
providing the best results under specific mixing
conditions. Awwad and Shbeeb [110] found that
12% ground HDPE provided significant stability
improvement. Ma et al. [111] used maleic anhy-
dride-grafted reclaimed PE to enhance asphalt
properties, showing stability improvements at
high and low temperatures. Fang et al. [82] con-
cluded that blending WPE with asphalt resulted in
better stability, particularly at high temperatures.

Although polyethylene modification sig-
nificantly enhances stability and deformation

resistance, potential drawbacks must be consid-
ered, including increased costs and the require-
ment for specialized mixing and application
equipment. Moreover, further research is needed
to assess the long-term performance of polyeth-
ylene-modified mixtures under different environ-
mental conditions to ensure their reliability and
effectiveness across various applications.

Effect on flow

Polyethylene modification enhances the rheo-
logical properties of asphalt, reducing its suscep-
tibility to temperature-induced flow. The addition
of LDPE increases the flow activation energy,
indicating greater resistance to flow at elevated
temperatures [112]. This is crucial for maintaining
pavement integrity in hot climates. Polyethylene-
modified asphalt mixtures also show an increased
complex modulus at high temperatures, indicating
improved resistance to deformation and flow under
load [113]. This pseudo-plastic behavior contrib-
utes to maintaining the structural integrity of the
pavement. Adding waste LDPE to asphalt cement
resulted in a 33% increase in flow [2]. Blending
different ratios of LDPE with 80/100 penetration
grade asphalt demonstrated superior performance
compared to unmodified mixtures, especially in
terms of temperature susceptibility and rutting
resistance, particularly with 5% PE content [66].
A wide range of tests, including resilient modu-
lus, dynamic creep, indirect tensile, and Hamburg
wheel track tests, supported these findings. Simi-
larly, adding HDPE up to 6% by weight resulted in
optimal flow values under medium traffic loading
[105], while other studies reported a decrease in
flow values with the addition of PE [65, 80].

Generally, the polyethylene-modified asphalt
mixtures exhibit higher flow values compared to
ordinary asphalt mixtures. The use of non-ground
HDPE as a modifier provided higher flow val-
ues than other forms of polyethylene, and LDPE
showed a continuous increase in flow values, un-
like other modifiers that started to decline after
reaching a peak [110]. Considering factors such
as polyethylene homogeneity, availability, and
economic criteria. Lastra-Gonzalez [114] utilized
the dry method to blend PE with ordinary asphalt
to form modified mixtures, owing to the simplic-
ity of this process. The results indicated that in-
corporating PE increased the stiffness of the mod-
ified asphalt mixtures. When polyethylene was
added up to 4% by weight, Marshall properties
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were significantly enhanced, and Marshall flow
values decreased, indicating higher deformation
resistance under heavy traffic conditions [115].

Impact on voids in mineral aggregates and air
voids

The addition of HDPE to asphalt mixtures
has been shown to improve properties, includ-
ing voids in mineral aggregates (VMA). Studies
indicate that the optimal HDPE content is ap-
proximately 4% by weight of bitumen, enhanc-
ing stability and other Marshall parameters of the
asphalt mixture [105]. To understand the impact
of such modifications without extensive testing,
theoretical and empirical models have been de-
veloped to predict VMA in asphalt mixtures. One
such model, the theoretical packing density mod-
el (TPDM), provides accurate estimates of VMA,
making it useful for assessing the effects of poly-
ethylene modification [116].

The aggregate gradation significantly influ-
ences VMA, and modifications, like the inclusion
of polyethylene, can alter the aggregate structure,
thereby affecting VMA. Using theoretical models
can help optimize these parameters for better per-
formance [117, 118]a prediction method of VMA
value ranking without testing is established in this
paper. Several theoretical-empirical models about
VMA corresponding to skeleton porosity, skel-
eton dense and suspension dense gradations are
set up, respectively. According to VMA standard
value, measured VCA and the established equa-
tion for calculating the passing rate of 2.36 mm
or 4.75 mm sieve of skeleton dense gradation, the
gradation types of several gradations to be ana-
lyzed can be determined, and then the correspond-
ing prediction model maybe selected to predict
the VMA value of each gradation. The experi-
mental results based on AC13 (Asphalt concrete
with nominal maximum particle size of 13.2 mm.
The use of polyethylene in asphalt mixtures also
impacts the air void content. The replacement of
natural aggregates with artificial ones, including
those modified with polyethylene, can help opti-
mize air voids to meet specific requirements [119].

Adding polyethylene, particularly as waste
plastic, affects the distribution and connectivity
of air voids within asphalt mixtures, leading to
improved performance under load. Polyethylene
helps maintain the structural integrity of the mix-
ture [120]. Under varying temperatures, polyeth-
ylene-modified asphalt mixtures exhibit different

312

behaviors; at low temperatures, both polyethylene
and the binder behave elastically, while at high
temperatures, the viscoelastic nature of the binder
becomes more pronounced. This influences the air
void structure and stability under different environ-
mental conditions [7]. Adding polyethylene (PE)
to 80/100 penetration-grade asphalt up to 10%
enhances the void characteristics of the modified
mixture. Dense-graded asphalt mixed with PE has
been found to offer superior stiftness, stability, and
void properties for pavement construction [44].
Results have shown that adding HDPE in different
ratios between 2% to 10% produces the VMA val-
ues within specifications, with air voids being op-
timal at 4% and 8%, respectively [105]. Similarly,
adding PE keeps the VFB, VA, and VMA values
within required specifications, with a reduction in
void spaces observed in the mix [65].

Using HDPE and LDPE results in a slight in-
crease in VMA. When using up to 12% HDPE
or LDPE by weight, air voids remained within
specifications. Generally, the air voids in modi-
fied mixtures decreased as PE content increased
initially, but the relationship became directly pro-
portional after reaching a peak [110].

Effect on water sensitivity

Polyethylene modification of asphalt mixtures
enhances water resistance by altering the surface
chemistry of the asphalt-aggregate interface.
This modification reduces the surface free energy
(SFE) of aggregates, making them more hydro-
phobic and less susceptible to moisture damage.
Hamedi [121] demonstrated that polymeric coat-
ings, such as polyvinyl chloride, significantly
reduce the polar SFE, thus increasing aggregate
hydrophobicity and improving the coating abil-
ity of the asphalt binder. The addition of poly-
ethylene also increases the stability and reduces
the moisture susceptibility of asphalt mixtures.
Bagampadde et al. [113] found that modifying as-
phalt with LDPE improved moisture resistance,
especially when used with limestone aggregates,
which showed better resistance to moisture dam-
age compared to other aggregates. The polyethyl-
ene-modified asphalt binders exhibit varying ad-
hesive strengths and resistance to water penetra-
tion, independent of their cohesive strength. Stu-
art et al. [122] emphasized that polymer-modified
binders, despite having similar cohesive proper-
ties, offer different levels of moisture resistance,
highlighting the role of polyethylene in enhancing
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water sensitivity. According to Abduljabbar et al.
[2], the best moisture resistance was observed
with an LDPE content of up to 6%. Meanwhile,
using different ratios of HDPE with 80/100 grade
asphalt resulted in lower moisture and tempera-
ture susceptibility, particularly when 5% HDPE
was added by weight [80]. Overall, adding plastic
waste to asphalt improves key engineering char-
acteristics, such as rutting resistance, water dam-
age resistance, flow value, stiffness, and indirect
tensile strength. Poulikako et al. [123] reported
that adding PE as a modifier to asphalt mixtures
at levels below 1.5% reduced moisture sensitiv-
ity compared to unmodified mixtures. Panda et al.
[104] found that water absorption and moisture
susceptibility improved with the addition of 2.5%
LDPE. Additionally, Chaudhary et al. [109] dem-
onstrated that moisture sensitivity was enhanced
when polyethylene terephthalate was used as an
additive, particularly in its dry form.

Effect on dynamic modulus

The polyethylene-modified asphalt mixtures
demonstrate significantly higher resistance to rut-
ting compared to unmodified versions. Laboratory
tests indicate that these modified mixtures exhibit
increased layer coefficients by 75-85%, reflecting
improved structural performance [124]. Incorpo-
ration of polyethylene raises the softening tem-
perature and reduces penetration, which enhances
the shear strength and stability of the asphaltic
concrete. This results in a more resilient pavement
structure capable of withstanding greater loads
without substantial deformation [19].

Timm [125] demonstrated that incorporation
of polyethylene improves the modulus of asphalt
mixtures at elevated temperatures, resulting in
increased stresses in the underlying aggregate
base. This indicates that the polyethylene-mod-
ified mixtures maintain their structural integrity
more effectively than the unmodified mixtures
when exposed to thermal stress. Additionally, in
humid climates and under extreme temperature
conditions, the use of polyethylene contributes to
extending pavement lifespan by alleviating com-
mon distresses [65]. According to Poulikakos et
al. [123], polyethylene asphalt mixtures exhibit a
lower rate of creep and a higher modulus of creep
compared to standard mixtures. However, the ad-
dition of polyethylene did not significantly en-
hance fatigue resistance in modified asphalt mix-
tures (Lastra-Gonzalez, 2016). Similarly, Ma et al.

[111] found that rutting resistance improved in the
asphalt mixtures modified with RPE grafted with
maleic anhydride (MAH) to form RPE-g-MAH.
Ahmadinia et al. [8] reported that incorporating
2.5% LDPE into asphalt cement increased both
fatigue life and resilience modulus. Al-Ghannam
[126] observed that adding polyethylene to asphalt
mixtures resulted in superior rheological proper-
ties compared to conventional asphalt. LDPE was
shown to enhance the mechanical properties of as-
phalt, improving its resistance to high-temperature
shear [80] (Attaclmanan et al., 2011). Specifically,
a 59% increase in the modulus of resilience (MR)
was observed with the addition of 5% HDPE,
alongside a 55% increase in the modulus of creep
(MQ), indicating better resistance to deformation
in modified binders.

Effect on deformation and strength

Polyethylene modification significantly im-
proves the rutting resistance of asphalt mixtures.
For example, incorporating LDPE and polysty-
rene (PS) into asphalt binders has been shown to
reduce the potential for rutting in asphalt concrete
mixtures, as demonstrated by the Hamburg wheel-
tracking test results [127]. The inclusion of waste
LDPE in asphalt binders improves deformation
resistance against low-temperature cracking and
helps control crack progression [2]. At intermedi-
ate temperatures, the indirect tensile strength of
the mixtures significantly increased with LDPE
addition. Moreover, polyethylene contributes to
enhanced deformation resistance under heavy
loads, as it reduces flow [65]. The use of the East-
man polymer modifier (EE-2) in HMA led to an
impressive 87% reduction in permanent defor-
mation, indicating a substantial enhancement
in rutting resistance [128]. Furthermore, adding
polyethylene waste to asphalt mixtures enhances
resistance to permanent deformation. Poulikakos
et al. [123] demonstrated that the PE-modified
mixtures exhibited improved elastic behavior
and lower creep rates compared to the control
mixtures, indicating enhanced deformation resis-
tance. The use of polyethylene in asphalt mixtures
also aids in managing pavement deformation,
boosting fatigue resistance, and improving adhe-
sion between aggregates and asphalt. While the
inclusion of PE increases resistance to permanent
deformation, it is essential to limit its addition to
no more than 5% by weight, as exceeding this
threshold may result in increased rutting. Vargas
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et al. [77] identified that the polyethylene (PE)
content significantly affects rutting resistance and
low-temperature cracking, with an optimal addi-
tion of 8% leading to a considerable improvement
in flexural strength. They found that grafted poly-
ethylene enhances the rheological properties of
asphalt at elevated temperatures, resulting in bet-
ter rutting resistance and flow energy. Addition-
ally, Attaelman et al. [80] reported that modified
asphalt mixtures containing 5% HDPE exhibited
higher tensile strength compared to conventional
mixtures. Furthermore, the modulus of rupture
and stiffness of these modified asphalt mixtures
surpassed those of standard asphalt, attributable
to the increased viscosity of the modified asphalt,
which also contributed to a reduction in cracking
potential at low temperatures.

Polyethylene modification also increases
strength and stiffness in asphalt mixtures. Mo-
hammed et al. indicated that LDPE enhances
the stiffness, strength, and durability of asphalt,
making it a promising material for pavement en-
gineering [129]. Additionally, incorporating poly-
ethylene glycol (PEG) in epoxy asphalt mixtures
improves the strength and road performance of
porous structures containing reclaimed asphalt
pavement (RAP) [130]. The resilience modulus —
a measure of stiffness — was observed to increase
threefold with the addition of the EE-2 polymer,
highlighting a significant enhancement in the
structural capacity of the asphalt mixture [128].

Effect on density

The incorporation of LDPE into asphalt mix-
tures has been found to decrease the density of
the modified asphalt by less than 5%. This reduc-
tion is linked to changes in the free volume ratio
(FVR) brought about by the polyethylene, which
influences the compactness of the mixture. Addi-
tionally, the density reduction is affected by the
degree of polymerization and the structural con-
figuration of the polyethylene used [131]. In con-
trast, the asphalt mixtures modified with HDPE
typically maintain or experience a slight increase
in density compared to the unmodified mixtures.
This can be attributed to the superior stiffness and
bonding properties of HDPE, which enhance the
interaction between aggregates and the binder,
potentially resulting in a denser mixture [18, 132].

The method of incorporating polyethylene into
the asphalt mixture significantly influences density
as well. Wet processing methods, which involve
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blending polyethylene directly with the asphalt
binder, generally produce mixtures with better
workability and potentially higher density com-
pared to dry methods, where polyethylene is mixed
with aggregates before adding the binder [133].

Overall, the asphalt mixtures containing poly-
ethylene typically exhibit lower bulk density val-
ues than the original asphalt concrete mixtures.
The highest bulk density for modified mixtures
occurs with a 12% addition of polyethylene by
weight, with HDPE reaching bulk density values
of up to 2.28 g/cm?® [110]. Conversely, increas-
ing the LDPE content in asphalt mixtures leads to
lower bulk density values [89].

CONCLUSIONS

This review demonstrated the significant im-
pact of incorporating WPE into asphalt binders
and mixtures, emphasizing its benefits in enhanc-
ing pavement performance, durability, and en-
vironmental sustainability. The key findings are
summarized as follows:

e Waste PE effectively improves the mechani-
cal performance of asphalt binders and mix-
tures, providing an environmentally friendly
solution for countries with high PE production
seeking suitable disposal methods.

e The addition of PE enhances Marshall stabil-
ity by up to 48%, improving the load-bearing
capacity of asphalt mixtures while decreasing
flow values by 15-20%, leading to better resis-
tance to deformation and increased flexibility.

e PE-modified asphalt showed a reduction in air
voids by 5-8%, strengthening compaction and
reducing permeability, thereby enhancing the
durability of the mixture.

e PE modification resulted in a 10-15% im-
provement in moisture resistance by enhanc-
ing the indirect tensile strength ratio, thereby
reducing susceptibility to water damage.

e The addition of PE improved thermal stability
by increasing the softening point by 1015 °C,
while decreasing penetration values by 20-25%,
resulting in a stiffer binder that is more resis-
tant to deformation.

e PE modification improved the overall rheo-
logical properties, including penetration val-
ues and ductility, and controlled crack propa-
gation while enhancing rutting resistance.

e Enhanced resistance to permanent deforma-
tion and rutting was observed, with a 20-30%
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increase in the dynamic modulus and a re-
duction in creep rate, contributing to a longer
pavement lifespan.

e The flash and fire points of the modified bind-
er increased, resulting in higher safety levels
during handling and use.

e Blending and mixing criteria of PE signifi-
cantly affect the resultant asphalt binder prop-
erties, emphasizing the need for optimized
processing.

e The most suitable PE content for asphalt mod-
ification is in the range of 4—12% by weight of
the binder, balancing enhanced performance
with manageable processing requirements.
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