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Abstract: Numerous environmental issues arise as a result of a linear economy strategy: reserves
become scarce and end up in landfills and as greenhouse gases. Utilizing waste as a resource
or shifting towards a circular economy are among the effective strategies for addressing these
issues. To track this shift, appropriate measures that concentrate on sustainable development while
taking practical contexts into consideration are required. In this paper, we utilize plastic wastes
as a replacement for bitumen for reuse aiming at a circular economy. The use of plastic waste
materials, i.e., plastic bottles (PET) and gas pipes (PE) in asphalt materials as a bitumen modifier was
studied through series of experimental lab test methods. Marshall samples were prepared using a
conventional Marshall method containing five different percentages (0%, 5%, 10%, 15%, and 20%) of
plastic content by total weight of bitumen. Samples were tested after 1 and 30 days and the result
shows that the stability of plastic-modified asphalt concrete was increased after 30 days, while still
meeting standard criteria with plastic contents up to 20%. Moreover, the addition of waste plastic in
road construction is a very effective strategy for reusing plastic waste, which also provides economic
and social benefits for a sustainable approach to road pavements.

Keywords: circular economy; recycling; waste plastics; polymers; performance; sustainability

1. Introduction

Plastics are one of the present world’s largest innovations and widely used materi-
als worldwide. Plastic demand has grown dramatically in the last 50 years, more than
322 Metric tons in 2015, with a projected doubling by 2035 [1–3]. According to an Aus-
tralian plastics recycling study, overall use of plastics was 3.513 Million tons in 2016–2017,
whereas only 0.42 Million tons were reused [4]. More than 30 million tons of plastic waste
is generated in China annually [5]. In 2010, approximately 4.8 to 12.7 million metric tons
of plastic were found in oceans [6]. The latest statistics of 2020 are presented in Figure 1.
Asphalt mixtures have increasingly become an important material for roadway and airport
pavement structures [7–9]. A kind of environmentally sensitive construction is flexible
pavements. Pavement degradation can occur more quickly when environmental factors
change adversely. Road authorities may incur extra costs to minimize the adverse changes
in places where they will exist. If nothing is done, the road user will bear the costs in terms
of fuel consumption, health and safety, and time. Additionally, surface cracks, rutting or
reduced skid resistance are among the most common defects caused by an increase in the
volume and intensity of traffic moving on highways [10]. Modified asphalt has played a vi-
tal role in reducing pavement-related issues by enhancing thermo–physical characteristics,
which have an impact on the mixture’s final performance [11]. One of most popular ways
to improve the performance of an asphalt mixture is to modify it with polymer [12,13].
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In 1843, the first patent for incorporating polymers into asphalt was issued, and the first
practical use of polymers in bitumen mix incorporation was found in the early 1990s [14].
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The circular economy concept is based on a policy that seeks (i) to overcome waste
disposal problems by preserving and restoring existing products and (ii) utilize secondary
raw global attention as a result of a basic restructuring of resource provision, production,
and products while saving the cost of natural binder [15,16]. There are numerous definitions
of CE both in the academic and gray literature [17,18]. We describe CE as “a model that has
the potential to transform preserve, and reallocate materials, items, and goods back into
the economy in an optimal way using as much as it is ecologically, functionally, socially,
and cost effective”. Circular economy cycle has been shown in Figure 2 to understand the
formation of steps of overall formation.
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Similarly, it is necessary to keep in mind that not all types of waste are desirable
for asphalt development [20]. The bulk of plastic bottles are composed of polyethylene
terephthalate (PET). It degrades after a few uses and is therefore known as a serious issue
due to the high cost of chemical treatment of PET [21]. As a result, chemical recycling is
unlikely to be the ideal method for mitigating the crisis caused by massive amounts of PET
disposal [10]. As a result, using PET as a mixed modifier in bituminous mix is a rational
and cost-effective solution to this issue. A number of researchers found that PET can be
used to increase rutting resistance in asphalt mix design [14]. According to another report,
technology advances have made use of recycled materials to improve stiffness, strength,
and surface appearance [22]. On the contrary, PET size of 1.18 mm showed a negative
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impact on rutting resistance and durability of the asphalt mixes when used as a modifier,
as well as lower binder properties [23]. The softening point and viscosity of recycled
PET bituminous mixes also increased significantly, according to the researchers [24]. A
previous study found that adding 0.2–0.8% of PET content into the asphalt mix improved
stability [25]. In terms of storage stability, polymers or plastics in asphalt mixture have
problems maintaining their homogeneity. According to several studies, phase separation is
a common issue [26–28]. Likewise, the use of different additives to PE with bituminous
mixture has been shown to enhance homogeneity and also mixability, but with conse-
quences on the binder characteristics and total price [29,30]. However, there is a still gap
which exists in the literature on comprehensive lab testing to evaluate the performance of
waste plastic at different percentage replacement and forms of plastics (PET and PE) used
under different climatic conditions. Therefore, it is essential to explore the interactions of
waste plastic in asphalt binder in terms of both physical and mechanical characteristics.

The primary objective of this work is to evaluate the potential reuse of secondary by-
products as an additive. The physical and mechanical properties of polymer-based asphalt
concrete with addition of two types of polymers (PET and PE) were tested and compared
with control samples. Additionally, the effect of temperature for both plastic-modified
asphalt mixtures were assessed in terms of Marshall stability and flow after 1 day and
30 days. This research provides a thorough analysis of the effects of both plastic wastes
on asphalt mixtures, which can help in determining the potential for such products to be
incorporated into the pavement sector.

2. Materials and Methods

In preparing the modified asphalt samples, standard procedure was performed. To
determine the physical characteristics of the pavement constituent materials, multiple tests
were carried out and compared with control specimens. Moreover, waste plastic-based
modified asphalt concrete were tested and compared with unmodified asphalt concrete
samples as per recommended specifications. The complete research methodology has been
presented in Figure 3.
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2.1. Materials

Asphalt with a penetration grade of 60–70 was used in this study. Different sizes
of aggregate are used as a coarse and fine aggregate. Coarse aggregate of various sizes
(19 mm, 12.5 mm, 9.5 mm and 4.75 mm) was used while the fine aggregate of <4.75 mm was
utilized. The waste plastics such as crushed plastic bottles (PET) and gas pipe (PE) were
collected from post-consumer and then passed through a washing process. These materials
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are further processed into small pieces by using crusher machines that are locally available
in Pakistan. A portable gas burner was used for homogenous mixing of plastic waste with
neat bitumen and to prepare the modified asphalt samples at standard temperature for
mixing and testing.

2.2. Tests and Specifications for Asphalt Concrete Constituents
2.2.1. Properties of Conventional binder

The properties of conventional binder comprising penetration, ductility, softening
point and flash point test are analyzed as per ASTM specifications. In this study, a
60–70 grade of bitumen was used. The results of modified and pure binder are shown in
Table 1.

Table 1. Physical properties of asphalt binder.

Parameter Test Method Avg. Values Standard Range

Penetration @25 ◦C (0.1 mm) ASTM D5-97 [31] 65 60–70
Softening point (◦C) ASTM D36 55 40–55
Flash Point (◦C) ASTM D92-16b [32] 308 232 min
Ductility 25 ◦C (cm) ASTM D113-17 [33] 96 >75

2.2.2. Properties of Aggregates

A sieve analysis test was performed to study and draw a particle size distribution
curve for both aggregates, i.e., fine, and coarse aggregates as shown in Figure 4. This
test is performed as per ASTM specification. The percentage passing of aggregate is then
obtained to find out grain size distribution of aggregate used in this study. The properties of
aggregate were analyzed and compressively tested in the laboratory. Results are presented
along with their compliance standard and requirement in Table 2.
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Table 2. Properties of aggregates used.

Properties Standard Result Requirement

Coarse Aggregate

Aggregate Impact Test BS 812-12:1990 [34] 21.33% <27%
Los Angeles Abrasion Test ASTM C131 27% <35%
Aggregate Crushing Test BS 812-110:1990 [35] 23.21% <30%
Water Absorption Test ASTM C127 1.90% <2%
Specific Gravity ASTM C127-15 [36] 2.33 2–3

Fine Aggregate

Water Absorption test AASHTO T84 [37] 0.52% <2
Soundness test ASTM C88 [38] 8 <15

2.3. Mix Design and Preparation of Cake Samples

Marshall samples were cast with both modified and unmodified materials for better
comparative analysis of the results. For this purpose, a total of 1200 gm of coarse aggregate
and filler was collected carefully from the standard prepared mixture and then heated
at a temperature ranging between 150 and 170 ◦C. Bitumen of penetration the grade of
60–70 was used and heated between temperatures of 160 and 170 ◦C. After that, hot
aggregates and bitumen was mixed properly at a temperature of 165 ◦C which is designed
for the 60–70 grade of bitumen. To achieve a homogenous mixing of both materials,
asphalt mixer was used which is available in the Transportation Laboratory in PIET. At
a temperature of 100 ◦C to 140 ◦C, the mixture is poured into the mold then tamped
with 75 blows from both faces of the specimen using a standard hammer. After de-
molding the samples with a hydraulic sample extractor, the sample was allowed to cool
at room temp on a smooth, flat surface. The samples were put in a water bath which
was thermostatically controlled for 30 to 40 min at a constant temperature of 60 ◦C for
Marshall testing. According to the weight of the aggregates, the procedure was repeated to
produce samples of 4.5% to 7.0% bitumen for calculation of optimum binder content. For
preparation of modified samples, the same procedure was followed, and optimum binder
content was replaced with both waste plastic content (PET and PE) in dosages of 0%, 5%,
10%,15% and 20% by total weight of binder. Moreover, waste plastic such as plastic bottles
and gas pipes were shredded first and heated with pure binder to obtain a homogenous
mixture. In the mixing phase for asphalt concrete preparation, the dry method was selected
and used because it assumed more waste plastic to be incorporated in asphalt mixture. This
method was also employed in this research [39,40]. For both PET- and PE-based asphalt
mixtures, three samples at each percentage were prepared and then an average value were
taken and compared with control samples (0%) for better comparative analysis of results.
All samples were tested using Marshall stability machine.

3. Results and Discussions
3.1. Physical Performance of Plastic-Modified Bitumen

The physical performance of plastic-modified bitumen was analyzed by a penetration
test, softening point, fire point and ductility tests as per standard specification. The
penetration test was carried out using standard penetrometer apparatus. The standard
Ring and Ball apparatus was used for determination of softening point while for flash
point readings standard cleave land flash apparatus was used. Likewise, for ductility
testing of both modified and unmodified binder standard ductility testing machine is
used. The graph of ductility versus the plastic content, i.e., PET and PE utilized for the
production of plastic-based asphalt mixture as shown in Figure 5. Overall, it can be seen
that ductility value of plastic-modified bitumen was reduced with the addition of plastic
contents. However, the ductility value of PET- and PE-modified bitumen up to 10% were
>75 which is the minimum value as per the standard. After that, this value is decreased to
reach to a peak of 40 and 43 cm by addition of 20% PET and PE in pure binder, respectively.
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With increased contents of both plastics, the ductility value of PET- and PE-based modified
bitumen reduce because plastic addition makes it tough and difficult to flow. Hence,
resistance to deformation under high temperature is improved by addition of plastic
materials in modified asphalt mixtures.
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The bar chart illustrates the penetration value of both plastic contents in polymer-
based modified bitumen in Figure 6. Overall, it can be seen that the maximum value of
penetration stared at just over 5% and then falls dramatically to a value of 16% by 20%
addition of plastic contents. A significant decrease in the value of penetration was due
to addition of plastic contents which makes it more stiff and restricts its flow in varying
climatic conditions which was also observed in these reports [41,42]. The reduction in
penetration reading at 5%, 10%, 15% and 20% of PET content as compared to control sample
was 6.2%, 11.8%,15.1% and 17%, respectively. Similarly, in the case of PPE contents, it was
11.0%, 12.7%,14.1% and 16% less as compared to neat binder.
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The bar graph shows the softening point of plastic contents (PET and PE) in modified
bitumen in Figure 7. The softening point value is measured in Centigrade (◦C). It ranges
between 45 and 55 ◦C for the penetration grade of 60–70 bitumen. Overall, it can be seen
that the highest penetration value was recorded at 20% replacement of PE in pure bitumen.
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Moreover, a significant rise in penetration value was observed with the increase in plastic
content in bitumen which was also observed in this report [41]. In case of PET addition, a
similar trend was observed with varying percentages of plastic content in neat bitumen.
The increase in softening point values was 5.2%, 8.1%, 13.7% and 17.7% at 5%, 10%,15%
and 20% of PET replacement as compared to pure asphalt binder. Similarly, an increase of
9.4%, 14.1%, 18% and 23% was observed in case of PE contents as compared to the control
binder. The higher value of softening point indicated that, at high temperature, asphalt
binder is more stable, which is also mentioned in this report [42].
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The flash point value of both used plastic contents were measured as shown in
Figure 8. From the bar chart, it can be seen that the flash point value is decreased with
addition of plastic content in bitumen. However, the highest flash point reading is recorded
at 0% which is a control sample. This value then falls steadily to reach a value of 264 and
261 in the case of both plastic materials. A similar trend of falling values in the graph was
observed to greater than 232, which is the minimum required value as per specifications.
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In conclusion, ductility and penetration of modified asphalt bitumen are improved
with rise of waste plastic contents for both PE and PET. On the other hand, flash point and
softening point are heightened with change in plastic contents of both PE and PET materials.
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3.2. Mechanical Performance of Plastic-Modified Bitumen

The Marshall stability values for PET- and PE-based asphalt mixture at 1 day and
30 day are presented in Figure 9. The stability value for both plastic contents at varying
percentages were found to increase. The stability value improved with increasing in waste
plastic contents for PET content and found 17.46, 13.36, 11.26 and 10.06 KN at 5%, 10%,
15%, and 20% replacement of PET contents, respectively. Additionally, the stability values
of PE-based asphalt mixtures enhanced consistently from 18.24, 23.87, 26.59 and 30.03,
respectively, after 1 day testing. The maximum stability value for PET content was observed
at 5%. However, stability values obtained from PE-based asphalt mixture were greater as
compared to PET-based asphalt mixture due to wider dispersion of gas pipes (PE) in PMB,
which indicates more stiffness as well as increased stability.
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Figure 9. Stability of Plastic-Modified asphalt concrete under different testing days.

Similarly, the Marshall stability values of PMB for PET and PE after 30 days of testing
were found to increase. It was observed that addition of PET and PE in asphalt mixture
makes it more stable under cyclic loading conditions. However, stability values after
30 days of testing were superior to those of PET content at similar percentage dosages.

Flow values for PET-based asphalt concrete were elevated with increasing plastic
contents as shown in Figure 10. Flow of 3.78 was observed at 20% replacement of PET
which is higher than as compared to the control sample, but it was within the standard
range. Similarly, a considerable increase in flow values of PMB for PET at 30 days were
recorded. Additionally, flow values of PE-based asphalt mixture was within standard range
after 1 day testing. On the other hand, flow values for PE content after 30 days testing was
higher as compared to the control sample.

In summary, with a ramp up in plastic content, PET- and PE-modified asphalt concrete
showed some similarities, and also some variations in their characteristics. We also found
that PET and PE asphalt mixtures must be carefully prepared in order to achieve the desired
physical and mechanical properties of PMB.



Polymers 2021, 13, 1330 9 of 11
Polymers 2021, 13, x FOR PEER REVIEW 9 of 11 
 

 

 
Figure 10. Flow of Plastic-Modified asphalt concrete on different testing days. 

5. Conclusions 
This study highlighted the significance of eco-friendly infrastructure projects in our 

pursuit to achieve sustainability in 21st century. Our work has suggested different waste 
materials, including plastic waste, which are suitable for various perspectives of road de-
velopment. There is a need for cooperation among all investors and policymakers at all 
levels of government in order to allocate resources, as well as legislation, supervision, and 
compliance, for research and innovation to promote sustainable road infrastructure in de-
veloping nations. The findings of this research can be useful for policy decisions necessary 
to achieve a circular economy. Plastic waste could be referred to as the most appropriate 
waste potential treatment based on performance to achieve better environmental ad-
vantages in terms of resource usage. 
• Additionally, this research investigated the effects of waste plastic materials, i.e., 

plastic bottles (PET) and gas pipes (PE) in asphalt mixtures used for road construc-
tion. The following conclusions were found from experimental works: 

• Higher stability values were observed with increasing plastic content for both PET 
and PE waste materials. PE-based modified asphalt concrete showed superior 
strength properties as compared to PET-based modified asphalt mixtures. It showed 
that plastic type can be used for making new roads. 

• The use of PET and PE waste plastics seems to cause reduction in readings of pene-
tration and ductility values but causes increase in flash point and softening point 
values. 

• In order to strengthen the reuse of plastic waste (PET and PE) by road engineering 
firms in building and rehabilitation of road pavements, aggressive guidelines, super-
vision, and support to encourage its adoption are desired, especially in the develop-
ing states. 

• A successful collection of waste systems ought to be set in place by waste manage-
ment agencies in order to facilitate the separate collection of waste plastic as well, to 
resolve this issue in an effective way. 

• The use of waste plastic-modified asphalt mixtures in road construction will greatly 
boost the service life of our highways with positive benefits as well as help to mop 
up many million metric tons of waste plastic from landfill. 

Author Contributions: Conceptualization, S.A.R.S.; methodology, M.K.A.; software, M.K.A.; vali-
dation, S.A.R.S. and H.A.; formal analysis, M.K.A.; investigation, H.A.; writing—original draft 

2.52 3.95 3.78 3.54
2.21

3.54 3.46
6.583.03

5.32
3.2

5.76

3.46

6.71

2.46

5.47

3.78

7.1

2.02

5.23

2 - 4

0

5

10

15

20

25

30

PET (1 Day) PET (30 Day) PE (1 Day) PE (30 Day)

FL
O

W
 (M

M
)

PLASTIC TYPE

0% 5% 10% 15% 20%

Figure 10. Flow of Plastic-Modified asphalt concrete on different testing days.

4. Conclusions

This study highlighted the significance of eco-friendly infrastructure projects in our
pursuit to achieve sustainability in 21st century. Our work has suggested different waste
materials, including plastic waste, which are suitable for various perspectives of road
development. There is a need for cooperation among all investors and policymakers at
all levels of government in order to allocate resources, as well as legislation, supervision,
and compliance, for research and innovation to promote sustainable road infrastructure
in developing nations. The findings of this research can be useful for policy decisions
necessary to achieve a circular economy. Plastic waste could be referred to as the most ap-
propriate waste potential treatment based on performance to achieve better environmental
advantages in terms of resource usage.

• Additionally, this research investigated the effects of waste plastic materials, i.e.,
plastic bottles (PET) and gas pipes (PE) in asphalt mixtures used for road construction.
The following conclusions were found from experimental works:

• Higher stability values were observed with increasing plastic content for both PET and
PE waste materials. PE-based modified asphalt concrete showed superior strength
properties as compared to PET-based modified asphalt mixtures. It showed that plastic
type can be used for making new roads.

• The use of PET and PE waste plastics seems to cause reduction in readings of penetra-
tion and ductility values but causes increase in flash point and softening point values.

• In order to strengthen the reuse of plastic waste (PET and PE) by road engineer-
ing firms in building and rehabilitation of road pavements, aggressive guidelines,
supervision, and support to encourage its adoption are desired, especially in the
developing states.

• A successful collection of waste systems ought to be set in place by waste management
agencies in order to facilitate the separate collection of waste plastic as well, to resolve
this issue in an effective way.

• The use of waste plastic-modified asphalt mixtures in road construction will greatly
boost the service life of our highways with positive benefits as well as help to mop up
many million metric tons of waste plastic from landfill.
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