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The use of waste products in the production of asphalt binders and asphalt mixtures has become widespread due to
economic and environmental benefits. In particular, the use of recycled waste plastic in asphalt binders and mixtures is
gaining more attention. Overall, the incorporation of plastic waste into asphalt mixtures can significantly improve high-
temperature performance and has potential economic and environmental benefits. The performance of modified asphalt is
highly dependent on multiple factors, such as waste sources, waste plastic dosages, blending conditions, and the
pretreatment methods for waste plastic.
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| 1. The Use of Waste Plastics in Asphalt
1.1. Forms of Waste Plastics Used in Asphalt

Waste plastics can be used as asphalt modifiers in a variety of forms through further processes. In the early days, waste
plastics were processed into pellet form (Figure 1a) and were intended to be incorporated directly into the asphalt
production plant 2. These pellets were produced from 100% waste plastics, with sizes measuring between 0.3 mm and
0.5 mm Bl In recent years, waste plastics have begun to be processed into shredding form, as shown in Figure 1b.
However, the waste plastics in both pellet and shredding forms can only be processed through the complicated industrial
system. Researchers have recently produced waste plastics as a modifier in more accepted forms by using common
methods such as scissors and crushers in the lab. For example, Modarres and Hamedi [l cut waste PET bottles and cans
into small pieces (larger than shredding) and crushed them into flake form using a special crusher, as shown in Figure 1c.
Kumar and Garg & and Lin et al. €] made modified asphalt with waste plastics in thin strip form (20 x 3 mm?) and fiber
form (less than 2 mm). Furthermore, waste HDPE powder and electronic-plastic (e-waste) powder (as shown in Figure
1d) have been used as asphalt modifiers [ZIE],

Figure 1. Various forms of waste plastics used as modifiers: (a) pellet & (b) shredding ; (c) flake [&; (d) powder 19,
Reprinted with permission from Refs. B9 Copyright 2014 Elsiver publisher.

1.2. Approaches to Incorporating Waste Plastics into Asphalt

There are two main approaches used to incorporate waste plastics into the asphalt: the wet process and the dry process
Bl In the wet process, waste plastics are added directly into the asphalt binder at high temperatures, where mechanical
mixing is required to achieve a homogeneous plastic-modified binder blend. The mixing temperature and mixing time
depend on the nature of the waste plastic source and asphalt binder. In the dry process, waste plastics are added directly
to the asphalt mixture, either as a partial aggregate replacement or a mixture modifier L2, When the addition of waste
plastic is carried out by a wet process, the waste plastics are added to the asphalt binder to modify their properties before
coming into contact with the aggregates 2. When the plastics are added using a dry process, the waste plastics are
mixed with aggregates so that they actually act as reinforcement materials (31,

Both the wet and dry methods have advantages as well as drawbacks, as shown in Table 1. The wet process is a
conventional way of adding waste plastics, whereby they are mixed with the asphalt in a high-shear mill. Thus, the wet



process requires specialized mixing and storage facilities [13], and it is better for controlling the properties of the modified
asphalt binder 14, This is likely the reason why the wet method is currently the most widely used in asphalt modification.
By contrast, the dry process does not require professional equipment. It can be applied in any asphalt plant without major
modifications Bl. The results from previous research have shown that the modified asphalt binder produced by the wet
process has a higher viscosity, which allows a better coating of the aggregate particles, without exudation or drainage
problems 22, The modified asphalt mixture produced by the dry method has relatively poor water stability 4. In terms of
cost, the AC-16 mixture production materials using the dry method costs around CNY 290,000 per kilometer, which is
lower than the wet method 1281,

Table 1. The advantages and drawbacks of different processes.

. Technological Problem Performance of Mixture
Production
Method Cost
Advantage Drawback Advantage Drawback
Wet Expensive Normative guidance and Com.pl.ex proc.;iL!ctlon process Higher Poor storage
. X R (specialized mixing and storage . ] I
process (AC-16) engineering experience - viscosity stability
facilities)
Dry Cheap Lack of normative Simple production process (no need ) Poor water
process (AC-16) guidance of professional facility) stability

The performances of asphalt mixtures containing different waste plastics are significantly different because of the wet or
dry process. Overall, the asphalt mixtures containing waste HDPE and EVA show similar properties for both the wet and
dry processes. However, the waste HDPE mixture produced using the dry process exhibits poor water sensitivity 241,

Most previous studies focused on the wet process. The wet process is currently the most widely used for polymer asphalt
modification because of its enhanced thermal behavior. However, the dry process is more cost-effective and has a simpler
production process, meaning it is more convenient for waste plastic-modified asphalt production. Thus, further research is
needed due to the lack of normative guidance and engineering experience for the dry process.

1.3. Single and Composite Modification

1.3.1. Single Modification
Each type of waste plastic has its own chemical composition, unique structure, molecular weight, etc., all of which affect
the performance of modified asphalt [26] when such plastics are used as a modifier independently in asphalt production.

(1) Waste LDPE

LDPE has a lower specific gravity, strength, and temperature resistance than HDPE because of its long, flexible, and
linear polyethylene chain 4. Due to the irregular structure of the multimolecular chain arrangement of LDPE, the
branched chains in asphalt combine with each other to form reticular three-dimensional structures, which can better
improve the properties of modified asphalt. Thus, LDPE is widely used as a modified material for asphalt. Since the
1990s, several studies in China, Europe, the US, and the UK have reported the use of modifiers made by recycled LDPE
independently 28Il Khan et al. [29 studied waste LDPE, HDPE, and crumb rubber (CR) as an addition to base bitumen,
and showed that modified asphalt binder with 10% LDPE offers the best resistance against rutting compared to HDPE
and CR. Ho et al. [2] jnvestigated combinations of three types of recycled LDPE as asphalt modifiers. The results have
shown that the molecular weight and molecular weight distribution of waste LDPE have significant effects on the asphalt’s
low-temperature performance, thermal storage stability, and polymer phase distribution. The recycled LDPE with lower
molecular weight and wider molecular weight distribution is more suitable for asphalt modification, compared with high
molecular weight LDPE with very narrow molecular weight distribution.

(2) Waste HDPE

As discussed above, the high crystallinity of HDPE makes it difficult to immerse in asphalt, which also affects the
compatibility of modified asphalt. It is agreed that the waste HDPE-modified asphalt has higher stiffness and viscosity, and
better moisture resistance 22. Costa et al. 23 indicated that waste HDPE-modified asphalt has higher stiffness and lower
penetration, but worse resilience and creep recovery, compared with SBS-modified asphalt.

(3) Waste PP



Recycled PP-modified asphalt has the common characteristics of thermoplastic polyester modified asphalt, especially the
superiority of high-temperature performance. However, the addition of waste PP reduces the ductility of modified asphalt
and decreases the fatigue cracking performance 24, Specifically, the reduction of the ductility is around 20% when 5% of
waste PP is added to the asphalt 24123 Thus, it is recommended that waste PP-modified asphalt is suitable for high-
temperature and high-humidity areas, but the viscosity needs to be improved [28],

(4) Waste PVC

Recent studies have shown that the addition of waste PVC increases the viscosity and stiffness of base asphalt so that
the modified asphalt has better rutting resistance. One possible reason is that the chloride and carbon bond dipole in PVC
provides a greater stiffness 2. A study by Ziari [28 indicated that waste PVC improves the fatigue resistance, but the
thermal cracking resistance is poor. It is noteworthy that hydrogen chloride (HCL) can be formed and discharged into the
atmosphere when PVC is heated to a high temperature 22, Thus, measures should be taken to avoid air pollution.

(5) Waste PET

According to the Wellness Recovery Action Program (WRAP), PET is one of the most recycled plastic wastes B9,
Because of the high melting point, most researchers tend to use waste PET for dry modification B, Results have shown
that waste PET-modified mixtures developed using the dry method have an improved high-temperature performance and
reduced fracture resistance when the dosage of PET is 30% and 50% [22],

(6) Waste PS

Waste PS-modified asphalt mixtures developed using the dry process are found to have higher rigidity, but this could be a
problem in colder areas in terms of cracking resistance 23, Specifically, waste PS exhibits the lowest elastic behavior in
the modified asphalt mixture compared with waste PE, PP, and rubber asphalt mixture using the dry process B4l Fang et
al. 8% successfully used a very low-density PS waste to expand the stiffness of asphalt and improve its rutting resistance.
Hasan et al. 24 indicated that the addition of waste high impact PS (HIPS) in asphalt improves the asphalt's stiffness, but
decreases the low-temperature properties. Furthermore, much more attention should be paid to the fact that harmful
substances are released when PS is heated above 70 °C.

(7) Waste EVA

Waste EVA has good compatibility with asphalt, so it has been widely studied and applied. The results have shown that
the large volume of the vinyl acetate group becomes a non-crystalline area or amorphous area, which plays a role similar
to rubber when EVA is mixed with asphalt. The crystalline area of EVA has high stiffness, which acts as a reinforcing bar,
and greatly improves the high-temperature stability, low-temperature cracking resistance, and viscosity of modified asphalt
[36] |t also exhibits certain improvements in low-temperature performance when small amounts of waste EVA are added
(2-4%) B4,

(8) Waste ABS

The most common e-plastics used in the manufacture of electronic devices are ABS. Evidence from recent studies
indicated that the use of e-plastic powders for asphalt modification helped improve the asphalt’s viscosity and blending
and mixing temperatures, meanwhile decreasing rutting susceptibility compared to virgin asphalt 28, The low-temperature
performance of ABS-modified asphalt is equivalent to that of virgin asphalt binders 2. Compared with waste EVA- and
PE-modified asphalt, waste ABS has poor performance as an asphalt modifier, but it seems to have better storage stability
291 Moreover, the pavement performance of waste ABS-modified asphalt is better than unmodified asphalt 9. According
to the Mechanistic-Empirical Pavement Design Guide (M-E PDG) [, using e-waste materials as modifiers for asphalt
mixtures using the dry method would decrease the design thickness of the asphalt layers 42,

(9) Waste PU

Bazmara et al. 48] used thermoplastic PU and synthetic PU as modifier additives in asphalt production. The results
showed that the addition of synthetic PU increased the asphalt’s viscosity and stiffness. Both types of PU improved the
performance of base asphalt at high temperatures, including high rutting resistance and performance grade; however,
they had no notable effects on asphalt performance at low temperatures. A similar result was reported by Cong 441, who
noted that waste PU-modified asphalt had good deformation resistance, aging resistance, fatigue resistance, and high-
temperature storage performance. Waste PU-modified asphalt mixture developed using the wet method also had
excellent water stability and deformation resistance 2. Hot-mix asphalts with PU-modified bitumen yielded improvements
in stability and lower deformation 81, with regard to the PU-modified mixture, Salas et al. showed that, compared with the



virgin sample, the PU-modified MA from the wet method exhibited lower indentation, and thus the modified mastic
asphalts (MA) can be used for heavy-traffic roads 44,

Table 2 presents a summary of the effects of waste plastics on asphalt performance with respect to compatibility, high-
and low-temperature performance, and viscosity, based on the most recent literature reviewed in this paper. It is evident
that the addition of waste plastics can most likely increase the high-temperature stability and viscosity as well as decrease
the low-temperature flexibility. Waste LDPE, PP, EVA, ABS, and PU have good compatibility with asphalt compared with
other types of waste plastics, which can be seen from the summary of the rheological results of various waste plastic-
modified asphalt in Figure 2. The high-temperature rheological property of PP-modified asphalt was the best, followed by
PE- and PVC-modified asphalt, and PS-modified asphalt was the least effective. However, further research is needed due
to the difference in dosage and asphalt.
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Figure 2. Rheological results of various waste plastic-modified asphalts [£8/[42(5051](52]
Table 2. Characteristics of common waste plastics.
Characteristics of Waste Plastic
Type Reference
Compatibility High-Temperature Stability Low-Temperature Flexibility Viscosity
LDPE Vv v . v (53]
HDPE v - (54107]
PP v v - v [55][26][56]
PVC - v - v [571148]
PET - v - Vv 581
PS . v . Vv ES]
EVA v v v v [71[23][59]36]
ABS v v - - 29
PU Vv - - v (431145

1.3.2. Composite Modification

The application of waste plastic as an independent modifier in asphalt is rare in current studies and engineering practices.
This is because the key properties of asphalt cannot be improved by using only one type of waste plastic. In order to
enhance and optimize the properties of waste plastic-modified asphalt binder to meet the needs of increased traffic
demands, there has been growing interest in composite modification. Recently, more and more studies have investigated
the properties of modified asphalt binders containing waste plastic and various materials 9. This interesting trend means



that the application of waste plastic as an asphalt modifier has been accepted by researchers and engineering practice.
Some researchers investigated modified blends containing two or more types of waste plastic. For instance, Brovelli et al.
(61 and Garcia-Morales et al. 62 assessed the high-temperature stability of base asphalt modified by combining LDPE
and EVA. Lai et al. [ studied the compatibility and performance of waste HDPE/LDPE/PP-modified asphalt. Other
researchers focused on the application of various modified blends of waste plastics and common polymers. Nasr and
Pakshir 84! tested three melt-compounding combinations of waste PET and crumb rubber to improve the rutting and
fatigue damage resistance of two base asphalt binders. A study reported by Al-Abdul Wahhab et al. €9 suggested that
waste LDPE/HDPE-modified asphalt, in combination with an elastomeric SBS, can obtain higher recovery and strain
resistance, which are better than using the same amount of SBS alone. Additionally, Krzysztof et al. €8 improved the
conventional and thermal properties of asphalt by blending waste LDPE, ground tire rubber (GTR), and elastomer. Other
studies have reported that waste plastics can be mixed with some common materials such as sulfur 68 carbon black
(691 and polyphosphoric acid LA a5 asphalt modifiers.

| 2. Factors Affecting Properties of Waste Plastic-Modified Asphalt
2.1. Waste Plastic Properties

The characteristics of waste plastics, such as type, chemical composition and structure, and molecular weight, affect the
time required for blending, as plastics with higher molecular weight require more time to blend homogeneously with the
asphalt binder. Additionally, waste plastics are produced in smaller sizes to help disperse and dissolve into the asphalt
binder 521,

PE is one of the most popular thermos-plastics, and it is one of the earliest waste plastics to be used as an asphalt
modifier in the world. PE has the simplest polymer structure, with each carbon atom connected to two hydrogen atoms.
PE is categorized based on density into HDPE, LDPE, and Linear LDPE (LLDPE) 2. Evidence from the literature shows
that, compared with HDPE, the intermolecular force in LDPE is weaker, which is beneficial to the compatibility between
asphalt and LDPE B4 |t is consequently suggested that both HDPE and LDPE are appropriate for asphalt
modification, but LDPE is better.

In recent years, various types of waste plastics have been used as an asphalt modifier. Hu et al. BY reported that the
rheological properties of asphalt binder are enhanced when using waste packaging tape PP as the modifier. Guri et al.
[74] confirmed that thin liquid polyol PET (TLPP) and viscous polyol PET (VPP) made from waste PET bottles can improve
the low-temperature performance and fatigue resistance of the modified asphalt. Furthermore, Kofteci et al. /2 found a
significant difference in the performances of asphalt binders modified by different waste PVC sources (window, blinds, and
cable wastes).

2.2. Asphalt Binder Properties

Asphalts are composed of two main phases: (1) an oily phase consisting of saturated hydrocarbons, aromatic cyclic
products, and resins, and (2) a non-oily phase formed by asphaltenes and carbenes; however, the chemical composition
and structure are different 8. Elemental analyses indicate that most asphalts contain 79-88 weight percent (wt%)
carbon, 7-13 wt% hydrogen, 2—8 wt% oxygen, traces to 8 wt% sulfur, and traces to 3 wt% nitrogen. Asphaltene contents
provide a basis for the classification of asphalts into sol- or gel-types. In general, an asphalt low in asphaltene content (5—
10 wt%) has properties characteristic of sol-type asphalt, and has high-temperature susceptibility, high ductility, and a low
oxidative hardening rate. In contrast, asphalt with high asphaltene content (20-30 wt%) is gel-type, and has low-
temperature susceptibility, low ductility, and a susceptibility to oxidative age hardening. Certainly, asphalt with intermediate
asphaltene contents has properties intermediate between the sol- and gel-type behavior [ZAZ8IZ9 - A study reported by
Lesueur B9 shows that high asphaltene content decreases the compatibility between polymer and asphalt. Furthermore,
Giavarini et al. BY found that modified asphalt's properties depend not only on the difference in density and viscosity
between asphalt and polymer, but also on asphalt structure.

2.3. Waste Plastic Dosage

The utilization of suitable waste plastics in asphalt modification shows an improvement in asphalt properties; however,
there is an optimum point between the waste dosage and asphalt properties. Many studies available investigated the
effects of modified asphalt containing waste plastics at various dosages on its properties and pavement performance. The
dosage range of common polymer-modified asphalt is between 2.5 wt% and 3.5 wt%, with a higher dose range greater
than 7 wt% being referred to as highly modified asphalt 2. Mashaan et al. B8 reported that the ideal content of waste
plastic is 6-8 wt% to improve the rutting and aging resistances of modified asphalt. Naskar et al. 58! found that modified



asphalt with 5 wt% waste plastic has the highest thermal stability compared to the other binders investigated. However,
the penetration, softening point, and elasticity of the binder are negatively affected when the waste plastic content is up to
7 wt%. Fuentes-Audén et al. B3l also concluded that only low waste plastic concentrations (0—5 wt%) can be used for road
paving whereas high waste plastic concentrations (10-15 wt%) are suitable for roofing. A similar study by Fernandes et al.
[84] reported that increasing the waste plastic content in base asphalt improves the softening point temperature, resilience,
and viscosity. Moreover, Karmakar and Roy 82 and Ameri et al. 24 indicated that an increased modifier content negatively
affects the compatibility between modifier and asphalt, and low-temperature performance. Therefore, the authors
recommended that a waste plastic concentration of approximately 5 wt% is better for asphalt properties (8. Specifically,
the optimal percentages of waste PET, PVC, and PP are 3.47 wt%, 6.25 wt%, and 4.64 wt%, respectively (69], Briefly, the
optimal dosage of waste plastics in modified asphalt is not only highly dependent on the properties of the waste plastic
and base binder, but also the specific requirements of the asphalt binder.

2.4. Blending Conditions

The results from recent studies indicated that the blending conditions (blending temperature, blending time, and blending
speed) used for asphalt modification strongly affect the asphalt properties BEIZ9B7 Many studies have been conducted to
find the optimum blending conditions for various waste plastic-modified asphalt production. Garcfa et al. 8! found that the
stirring speed for asphalt preparation determines the size of the polymer particles and thus the rheological properties of
modified asphalt. Babalghaith et al. B2 suggested that the optimal blending time for common modified asphalt to achieve
the best rheological properties is about 30 min. Fang et al. ! reported that the optimum parameters for waste PE-modified
asphalt preparation were a shear rate of 3750 revolutions per minute (rpm), a temperature of 150 °C, and a shear time of
1.5 h. Another study found a longer blending time of 6 h (62,

The optimum blending conditions used for various types of waste plastic-modified asphalt are summarized in Table 3. The
selection of mixing methods mostly depends on the specific type of waste plastic and its content use—the optimum
content is about 3—6 wt%. For these seven types of waste plastics, the blending temperature is about 150 to 180 °C,
blending time is between 1 and 3 h, and blending speed is from 1200 to 5000 rpm.

Table 3. Blending conditions commonly used for waste plastic-modified asphalt.

Waste Optimum Content Blending Temperature Blending Time Blending Speed Reference

Plastic (wt.%) (°C) (min) (rpm)
PE 3-6 145-190 60-150 1750-4000 [4I71[72][90]

[26][25][56]

PP 3-6 160-180 45-90 1800-4000 91]
PVC 4-8 160-180 60-180 1300-2000 [481[7s]
PET 2-8 180 60 13,000 [23][59]61[36]
EVA 3-5 140-180 80-120 1800-3000 [231[591136]
PS 4-6 150-190 90-120 3000 [z31135]

2.5. Pretreatment Methods for Waste Plastic

It is necessary to carefully consider the appropriate pretreatment method for waste plastic before it is added into the
asphalt, as it affects the compatibility between the asphalt and modifier. Generally, pretreatment methods can be divided
into two main methods: the physical method and the chemical method. It seems that most researchers (approximately
85%) prefer using the physical method to pretreat waste plastics, according to all of the related research papers
referenced in this review.

2.5.1. Physical Method

Waste plastics can be processed into smaller particles through physical methods such as grinding, shredding,
pulverization, and extrusion.

Table 4 shows a comparison of the common physical methods used for pretreating waste plastics. Waste plastics can be
pretreated using a suitable physical method into various forms of smaller size, based on their sources and purpose of use.
For example, waste PET bottles can be processed into particles of larger or smaller sizes by crushing or grinding.

Table 4. Comparison of physical methods for pretreating waste plastics.



Type Source Physical Method Form Size Reference

. - . Strip 1-2cm [571[5][56]
Waste plastic bag waste plastic pipe - Shredding Fiber 20 x 3 mm?2
Waste plastic bottle PET Cutting and crushing Particle 0.45-1.18 mm 4
Waste milk bag - Extruding Pellet - kL
Waste plastic bottle PET Grinding Pa_rtlcle 0.45-0.5 mm [6[92]
waste express bag Piece 2-5mm
Waste window PVC Pulverization Powder - [

blind and cable

2.5.2. Chemical Method

The use of the chemical method for the preparation of waste plastic is commonly carried out through grafting or irradiation
to provide better compatibility and properties with the modifier, so that the performance of modified asphalt is improved. Li
et al. 23] successfully increased the reaction of LDPE and asphalt through grafting LDPE with glycidyl methacrylate (GMA)
containing carbon double bonds, epoxy groups, and epoxy functional groups, resulting in improved performance of the
modified asphalt. Vargas et al. 24 improved the asphalt performance at a higher temperature using a similar method of
grafting HDPE with glycidyl methacrylate. Yeh et al. 23 reported a similar result by grafting maleated PP.

In recent studies, a novel method named irradiation was used for pretreating waste plastic. Ahmedzade et al. 28! found
that the chemical interaction between the waste HDPE and asphalt could be caused by irradiated waste HDPE,
consequently enhancing the physical properties of the asphalt. Thus, the irradiated HDPE used as a modifier is
recommended. A similar result was achieved by replacing electron beams with gamma rays 27,
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