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Introduction and background
Today, it seems difficult to imagine the complete absence of manmade organic polymers 
or plastics. However, their widespread development and use dates only from 1950 [1]. 
Plastics are various forms of synthetic or semi-synthetic materials that are used in a wide 
variety of products. Plastic production has grown at an unprecedented rate, outpac-
ing that of any other human-made commodity [2, 3]. As reported in the Paris Climate 
Agreement, the key concern has recently been to improve plastic design and production 
to make reuse, repair, and recycle easier, to keep the plastic production away from fos-
sil fuels, and to cut greenhouse gas emissions [4]. Petroleum and natural gas are used in 
the production of many synthetic plastics today [5]. The most dangerous application of 
plastics, aggravated by the global shift from recycled to single-use goods. In high- and 
middle-income countries, the proportion of plastic in urban solid waste increased from 
1 to 10% between 1960 and 2005 [6]. The plastic is widely regarded as one of the most 
important technological innovations of this time span. It has outstanding characteristics 
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such as low costs, high reliability, low-density durability, high strength-to-weight ratio, 
and ease of operation and shaping [7, 8]

Plastic demand has increased significantly, and by 2050, it is expected to reach 34 bil-
lion metric tonnes [1]. The packaging industry accounted for 42% of plastics manufactur-
ing in India, followed by construction (14%), consumer products (24%), industrial goods 
(13%), and other 7% [9]. While the production of plastics in all of their types cannot be 
prevented, recycling could be a better option for disposing of hazardous waste plastics that 
damage the environment [10–12]. Millions of tonnes of plastic waste are produced each 
year in various forms around the world. Almost a quarter of all plastic waste is recycled 
and reused in various fields. Plastic recycling and regeneration, on the other hand, are 
insufficient, with millions of tonnes disposed of in landfills and the rest of the world find-
ing their way into soil, seas, and rivers every year [13]. This percentage of recycled plastic 
can be increased by turning waste plastic into useful housing and construction materials 
[14]. Plastics can be used in a number of applications. Some plastics, such as plastic bottles, 
are only used for a brief period of time before they are discarded. After collecting plastics 
from customers or plants, recycling plastic is the preferred option because plastics can be 
recycled several times. The majority of plastic bottles gathered from the household gar-
bage stream for recycling, according to the Waste and Energy Action Programme (WRAP) 
report, are plastic bottles. The bulk of bottles are created from polyethylene terephthalate 
(PET), which accounts for 55–60% of all bottles Waste and Resources Action Programme 
[15]. PET is chosen in the soft-drink container or plastic bottle industry because it is rug-
ged (so that it can survive being dropped), inexpensive, clear, durable, and odor-resistant 
and has a low carbon dioxide permeability. PET is also used in electrical insulation, pho-
tographic, decorative film laminates, and magnetic tape [16]. PET recycling has not been 
done in the same quantity as PET processing [17, 18]. To optimize the life management 
end of service efficacy of waste PET bottles, new application areas should be explored. The 
use of waste PET as a road pavement additive for bitumen may be a promising research 
field for extending end-of-service life. PET waste was widely applied to bituminous mix-
tures using the dry method, i.e., used as aggregate in bituminous mixtures, in order to boost 
the efficiency of road pavements in previous studies. Researchers discovered that when 
PET waste was utilized as a bitumen-adjusted, permanent deformation, stiffness, fatigue 
life, and Marshall stability were increased [19–21]. Unlike the previous studies, depending 
on the bitumen and additive concentrations, a bitumen binder was changed with an addi-
tion produced from PET waste via an aminolysis and glycolysis process, which increased 
Marshall stability and moisture resistance [22]. Concrete technology was used to test the 
efficiency of PET as an aggregate substitute. Boutemeur et al. [23] investigated the use of 
PET as aggregate for concrete in Algeria. The use of waste PET granules pellets as a par-
tial fine aggregate substitute in asphalt mixtures has been investigated [20]. Recycled plastic 
waste aggregate was created from discarded plastic bags and then utilized in an asphalt mix 
[24]. When 12% PET crushed by a total bitumen weight was pre-heated up to 300 °C, and 
used on the aggregates, a 5.1% mix design shows that the Marshall Quotient has increased 
massively compared to a standard limestone mixture of 5.9 percent bitumen [25]. Further-
more, Ahmadinia et al. [26] discovered that PET, which makes up 6% of the total weight of 
the bitumen and can pass through a sieve of 1.18 mm during the dry process increases the 
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Marshall value by 25% more than granulated asphalt, which is composed of crushed aggre-
gate and 6% of aggregates.

When comparing the properties of stone mastic asphalt with different percentages of 
waste PET as an additive to a typical mixture, the following results were obtained: asphalt 
mixtures containing 0.2% PET have a 5% higher stiffness. An asphalt mixture of 1% PET has 
a fatigue life of 124.8% longer. At 450 kPa, the fatigue life of an asphalt mixture containing 
1% PET is 60% longer [27]. The following was the result of using recycled PET instead of a 
conventional mixture: adding recycled PET to asphalt mixtures has no effect on the stiffness 
of the asphalt properties. Adding 20% recycled PET to an asphalt mixture resulted in 40% 
less deformation (by total weight of bitumen) [21]. For certain applications, virgin PET is 
the best choice. Good tensile strength, fair thermal stability, chemical resistance, processing 
capability, color capability, and clarity are just a few of the advantages of this material [28]. 
At normal temperatures and pressures, it can be shaped. PET can be made from petroleum 
hydrocarbons by reacting ethylene glycol with terephthalate acid [29]. Tunde, Alaro, and 
Adewale [30] boosted the bitumen’s viscosity, softening point, and flash & fire points, and 
lowered its penetration and ductility. Increased adherence of asphalt mixture was produced 
by increased softening point and decreased penetration [31]. Using the dry method [22], 
adding PET to the mixture improved the softening point as well as decreased penetration. 
The resistance of the binder to heating increased when the softening point was increased 
[32]. Marshall stability demonstrates the pavement’s capacity and resilience against rutting. 
Similar findings were achieved when PET was introduced to asphalt mixture in tests focused 
on the impact of PET wastes on the Marshall stability of asphalt mixture. First, when a par-
ticular amount of PET was applied to the asphalt mixture, the stability improved and further 
PET was incorporated to the mixture, the stability began to deteriorate [22, 33–35]. As stated 
by Ameri and Nasr [33], Marshall stability was increased to its highest value simply adding 
PET upto 10% of the binder weight, and subsequently, the Marshall stability was decreased.

The goal of this research is to find a way to use waste materials, such as plastic/PET bot-
tles, on a large scale, such as in highway construction, while remain environmentally friendly. 
In the first part of the analysis, basic tests such as penetration, ductility, softening point test, 
viscosity test, and flash & fire point tests were used to determine the stabilization of bitu-
men containing PET waste in shredded form. The optimal PET waste percentages for fur-
ther research into bituminous concrete mixes, such as SDBC, DBM, and BM were selected 
based on the performance of the adjusted bitumen. Marshall values, which are determined 
from the Marshall stability test and include Marshall flow value (F), voids in mineral aggre-
gates (VMA), air voids (VV), Marshall stability value (S), and voids filled with bitumen 
(VFB), serve as benchmark values for determining the consistency of bituminous concrete. 
The consistency and percentage of binder used determine the design and efficiency of bitu-
minous concrete. The suitability of these mixes for use on the road was checked in the lab.

Methods/experimental
Aim of the study

The aim of this research is to stabilize post-consumer and industrial PET waste by 
combining it with bitumen, which may then be used for highway engineering projects. 
Numerous researchers have attempted to stabilize PET waste acquired from various 
sources in the past. However, comprehensive research into the performance of PET 
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waste modified bitumen when used in bituminous mix design are urgently needed in 
our nation. The amount of PET trash created, collection and retrieval methods, and 
recovery and recycling procedures were all gathered and evaluated.

Materials and design

Waste polyethylene terephthalate (PET)

PET waste products are produced in large quantities all over the world these days. 
Since PET is not biodegradable, this waste poses a serious environmental threat [36]. 
Waste landfills, open burning, and recycling are all options for disposing of PET waste 
and polymers today. These methods, on the other hand, are ineffective in terms of 
environmental conservation. The waste landfill is the world’s easiest and oldest waste 
disposal method, but it has resulted in a slew of problems, including land occupancy, 
groundwater contamination, hazardous disposal, and resource waste. As a result, it 
appears that reprocessing (recycling) these plastic products is the best choice. For 
reusing PET waste, recycling is a compelling and rational technique. Nonetheless, 
due to its high cost, recycling is essentially limited [37]. Figure  1 depicts the total 
amount of produced and discarded plastic waste from 1950 to 2015, as well as the 
amount predicted by 2050. Up until 2015, about 9% of this amount had been recycled. 
By 2050, up to 26% of waste plastic is expected to be recycled. Even if this predic-
tion proves to be right, the amount of unrecycled plastic waste will be significant [1]. 
There are three distinct environmental benefits to using PET in new pavement con-
struction, as shown in Fig. 2. The discarded PET bottles were collected after appropri-
ate identification. The PET bottles were stripped of their caps and labels, followed by 
appropriate washing and drying, to remove any potential contaminants. The bottles 
were then broken into small pieces up to 5 cm in length and dried at 80 °C for 4 h.

Bitumen

The bitumen utilized in this investigation was provided by the Public Works Department 
of Aligarh (Uttar Pradesh), India. Bitumen was a grade of 60/70 penetration and was 
used extensively in paving. It is used in current work as a binder.

Fig. 1  The total amount of plastic waste produced and disposed from 1950 to 2015, as well as the amount 
predicted by 2050 [1]



Page 5 of 26Ahmad and Ahmad ﻿Journal of Engineering and Applied Science           (2022) 69:53 	

Aggregate

Aggregate is the primary material used in pavement construction and makes up the 
majority of the pavement structure. Aggregates must mainly bear load stresses that exist 
on roads and runways, as well as due to traffic abrasion, the material must be able to repel 
water. Pavements are constructed with aggregates, including cement concrete, bitumi-
nous concrete, and other bituminous structures, as well as a granular base course under 
the superior pavement layers. The aggregates used in this research are quartzite aggre-
gates with a maximum size of 22.4 mm and Table 1 shows the properties of aggregates.

Mixing methods

Plastic can be blended with asphalt mixtures in two ways: dry and wet. As shown in 
Fig.  3, the dry process involves adding the PET after introducing and integrating the 
asphalt binder with the aggregate in the final section of the  mixing process. In the 
meantime, the wet phase mixes the PET material with the asphalt binder. The heated 
aggregates are then coated with a “plastic-modified asphalt binder”, as shown in Fig. 4. 
However, studies have shown that using the wet method to incorporate PET as an addi-
tive into asphalt mixtures is not feasible since PET has a melting point of about 250 °C, 
making maintaining a homogeneous mixture difficult. The asphalt binder can also sepa-
rate from the mixture [38]. On the contrary, this process was used to perform an analy-
sis. Due to the fine PET particles that are easy to mix with asphalt binder, the results 
showed that micronized PET mixtures could increase the mechanical efficiency of 

Fig. 2  Environmental advantages of using PET in the design of new pavements

Table 1  Properties of aggregates used in the present study

Aggregate tests Tests
results 
obtained

Requirement as per Table 500–14 of MORTH (V 
revision) specification (Indian Roads Congress (IRC) 
2016)

Crushing value (%) 24.8 -

Impact value (%) 22 Max 24%

Los Angeles abrasion value (%) 33 Max 30%

Combined Index (%) 26 Max 30%

Water absorption (%) 0.38 Max 2%

Specific gravity of coarse aggregates 2.71 2.5–3.0

Specific gravity of fine aggregates 2.76

Specific gravity of filler 2.63
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asphalt mixtures when compared to traditional ones [39]. Prior to use, the modifier must 
be fully mixed with the base binder. The mixing equipment used must be appropriate for 
the modifier type. In this analysis, the dry mix method was used. The bitumen in a jar is 
first heated until it becomes liquid. Seven pans were filled with hot bitumen, each with 
an 800 ml capacity. Each pan had a net volume of 700 gm of bitumen. Bitumen will have 
to be heated to about 160° C before being mixed with PET waste in pans. Bitumen pans 
were heated for 10–15 min to achieve this. Then, in percentages of 2%, 4%, 6%, 8%, 10%, 
and 12% PET waste was applied to the pans and manually mixed for about 2 min.

Experimental methodology
The following method was used to prepare the sample. In an iron pan, the necessary quanti-
ties of coarse aggregate, fine aggregate, and mineral fillers were placed. The aggregates and 
filler are combined and heated to temperatures ranging from 175 to 190 ℃. This is due to the 
fact that the aggregate and bitumen must be combined in a heated state, possibly requiring 
preheating. Prior to blending, the bitumen was also heated to its melting point. Weighed and 
stored in a separate container was the appropriate volume of shredded PET waste. The aggre-
gates in the pan were heated for a few minutes on an operated gas stove at the above tem-
perature. The PET waste was mixed in with the aggregate for 2 min. The requisite amount of 
first trial percentage bitumen is now applied to the heated aggregates, and the entire mixture 
is uniformly and homogeneously stirred. The mixture was adequately blended after another 
10–15 min, as seen by the consistent color. For 80/100 grade bitumen, the mixing temperature 
might be about 154 ℃, and for 60/70 grade bitumen, it may be around 160 ℃. The mixture 
was then poured into a casting mold, yielding a compacted bituminous mix specimen with 
a thickness of 63.5 ± 3 mm. The Marshall hammer was then used to compress the mix. The 
samples with molds were then held separate and labeled. In the next experiment, increase the 
bitumen content by 0.5% and repeat the process. Figure 5 depicts the prepared samples.

Fig. 3  Dry process

Fig. 4  Wet process
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Results and discussion
Effect of plain bitumen on Marshall design

Figures 6, 7, 8, 9, 10, and 11 display the relationships between the bitumen content and 
the design values of the SDBC mix, which range from 3.5 to 6.0% with a 0.5% interval. 
The value of Gm and S increases as the bitumen content rises up to 5%, and then, both 
properties decrease. VV decreases as bitumen content increases. As the bitumen con-
tent increases, the value of F, VFB, and VMA all increases.

DBM mix design values for different bitumen content ranging from 3.5 to 6.0% with 
a 0.5% interval. The plots in Figs.  6, 7, 8, 9, 10, and 11 can be studied the S and Gm 
increase as the bitumen content rises up to 4.5%, and then, both properties decrease. VV 
decreases as bitumen content increases. As the bitumen content increases, the value of 
F, VMA, and VFB all increases.

BM mix design values corresponding to various bitumen content ranging from 3.0 to 
5.0% with a 0.5% interval. The curves in Figs. 6, 7, 8, 9, 10, and 11 can be used to study 
the mix’s design values. The value of S and Gm increases as the bitumen content rises up 
to 3.5%, and then, both properties decrease, whereas VV decreases as bitumen content 
increases, also F, VMA, and VFB.

Calculations for optimum bitumen content for SDBC, DBM, and BM

The amount of bitumen content with the highest Marshall stability value and lowest Mar-
shall flow value is known as optimum bitumen content. To calculate the optimum bitumen 
content, six graphs are plotted with binder content values against Gm, F, S, VV, VFB, and 
VMA. The graphs can be used to calculate the average value of the three binder contents. 
Bitumen content according to MoRTH’s specification of 3.5%, 4.0%, 4.5%, 5.0%, 5.5%, and 
6.0% is used to find out what the best bitumen content is for SDBC and DBM mixture, 
and 3.0%, 3.5%, 4.0%, 4.5%, and 5.0% is used to identify the optimum bitumen content for 
BM mixture Indian Roads Congress [40]. Figures 6, 7, 8, 9, 10, and 11 depict the Marshall 
test results for SDBC, DBM, and BM mix design mixed with plain bitumen. Therefore, the 
optimum bitumen content (B0) for SDBC and DBM mix design is found to be 4.87% and 
4.44%, respectively, whereas for the B0 for BM mix design found to be 3.543%.

Effect of PET on plain bitumen

Effect of PET on penetration of bitumen

The most common control test for penetration grade bitumen is penetration. The pen-
etration is a measurement of the consistency or hardness of bitumen. The effect and 
variation in penetration value with different bitumen and PET percentages is shown 
in the Figs. 12 and 13, respectively, which indicates that consistency decreases as PET 
is added. The penetration values for the modified binders decrease as the PET content 
in the mix increases. When compared to the initial bitumen, the decreases are 2.55%, 
4.20%, 8.11%, 10.81%, 13.96%, and 14.56%, respectively, due to the addition of 2%, 4%, 
6%, 8%, 10%, and 12% of PET. PET improves the consistency and strength of the modi-
fied bitumen, so it is a good thing. In one way, this is beneficial because it may help the 
mix avoid rutting.
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Effect of PET on ductility of bitumen

The binders must form ductile thin films around the aggregates, which improves the 
aggregates’ physical interlocking. The binder material would break if it lacked adequate 
ductility, exposing the previous pavement surface. This, in fact, has a negative impact on 

Fig. 5  Different Marshall samples. a Marshall samples for SDBC. b Marshall samples for DBM. c Marshall 
samples for Bituminous Macadam. d Marshall samples in thermostatically controlled water bath

Fig. 6  Relations between Marshall stability with bitumen content for SDBC, DBM, and BM



Page 9 of 26Ahmad and Ahmad ﻿Journal of Engineering and Applied Science           (2022) 69:53 	

Fig. 7  Relations between flow value with bitumen content for SDBC, DBM, and BM

Fig. 8  Relations between bulk density with bitumen content for SDBC, DBM, and BM
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Fig. 9  Relations between air voids with bitumen content for SDBC, DBM, and BM

Fig. 10  Relations between voids filled with bitumen with bitumen content for SDBC, DBM, and BM
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the pavement structure. As a result, it can be concluded that ductility should not be too 
high, as this will cause the pavement structure to stretch and take a non-uniform shape, 
which is highly undesirable, nor should it be too low, as this will cause cracks. A bitumen 
binder must have a certain level of ductility. The effect of ductility value with different 
percentages of bitumen changed PET is shown in.

Figure 14, and it indicates that ductility decreases as PET is added. If the PET content 
in the mix increases, the ductility of the modified binders decreases. As PET amounts 
range from 2 to 12%, the ductility of plain bitumen decreases by 3.06%, 7.14%, 10.20%, 
16.33%, 19.39%, and 24.49%, respectively, as shown in Fig. 15. This decrease in ductility 
is due to polymer molecules interlocking with bitumen. The measured values are within 
the Indian standard’s permitted limitations.

Effect of PET on softening point of bitumen

The softening point increases as the PET content increases as seen in the Figs. 16 and 
17. The study findings show that adding PET to bitumen improves the softening point 
value and improves the softening point in tandem with the PET material. This means 
that the binder’s resistance to the effects of heat has improved, and it will have less of 
a propensity to soften in hot weather. The changed binder would be less vulnerable to 
temperature fluctuations as a result of the addition of PET. As a result of the increased 
softening point, it is anticipated that using PET in the bituminous mix would reduce 
rutting.

Fig. 11  Relations between voids in mineral aggregates with bitumen content for SDBC, DBM, and BM
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Fig. 12  Effect of PET on penetration value of bitumen

Fig. 13  Variation of penetration value with PET content

Fig. 14  Effect of PET on ductility value of bitumen
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Fig. 15  Variation of ductility value with PET content

Fig. 16  Effect of PET on softening point of bitumen

Fig. 17  Variation of softening point with PET content
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Effect of PET on viscosity of bitumen

The viscosity test was conducted at the specified temperatures to determine the 
viscosity change of PET-modified binders, as seen in Figs.  18 and 19. The maxi-
mum viscosity value at 135  °C must be less than 2000 cP, according to the stand-
ards. The introduction of PET enhanced the viscosity of the virgin binder, indicating 
that all binders satisfied the criteria. Virgin binder had a viscosity of roughly 196 cP 
at 150  °C, whereas 10% and 12% PET had viscosities of around 459 cP and 537 cP, 

Fig.18  Effect of PET on viscosity of bitumen

Fig. 19  Variation of viscosity with PET content
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Fig. 20  Effect of PET on flash point of bitumen

Fig. 21  Variation of flash point with PET content

Fig. 22  Effect of PET on fire point of bitumen
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respectively. It has been discovered that adding PET to plain bitumen increases its 
viscosity. When PET is added at a rate of up to 12%, the viscosity value increases 
significantly. As a result, PET modified bitumen have greater workability than plain 
bitumen.

Fig. 23  Variation of fire point with PET content

Table 2  Job mix for 25 mm SDBC (grade II)

Materials used Quantity (%) Specific gravity

Aggregates (11.2 mm) 30 2.7

Aggregates (5.6 mm) 48 2.74

Fillers (stone dust) 22 2.63

Binder (bitumen) 5 1.021

Table 3  Job mix for 25 mm DBM (grade II)

Materials used Quantity (%) Specific gravity

Aggregates (25–10 mm) 30 2.676

Aggregates (10–5 mm) 28 2.732

Aggregates (5 mm) 40 2.76

Fillers (stone dust) 2 2.63

Binder (bitumen) 4.5 1.021

Table 4  Job mix for 50 mm BM

Materials used Quantity (%) Specific gravity

Aggregates (22.4 mm) 32 2.68

Aggregates (11.2 mm) 38 2.7

Aggregates (5.6 mm) 28 2.74

Fillers (stone dust) 2 2.63

Binder (bitumen) 3.5 1.021
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Effect of PET on flash & fire point of bitumen

The flash and fire points of the PET waste bitumen blend have been studied to better 
grasp the blend’s inflammability. Plain bitumen has a flash and fire point of 230–250℃. 
The inflammability of the blend increases as the percentage of PET increases so it 
becomes more resistant to heat as shown in Figs. 20, 21, 22, and 23, according to the 
experimental results. The mixture has improved its resistance to fire. It reduces the 
chances of catching fire during the melting and mixing of bitumen, as well as during the 
service life of the pavements.

Job mix formula (Marshall stability test results)

Different combinations of bitumen and PET were used to create job mix formulae for 
various bituminous constructions such as SDBC, DBM, and BM as shown in Tables 2, 3 
and 4. The Marshall stability test results were used for the B0 in the conventional sample 
and the plastic bottle content modified sample.

Effect of PET on nodified Marshall design

Marshall stability, in particular, is frequently recognized as a critical feature in 
asphalt mixture design, and it refers to a mixture’s ability to resist deformation 
caused by applied loads. As a result of the graphs, the design values of the mix 

Fig. 24  Relations between Marshall stability and binder content for modified SDBC, DBM, and BM
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corresponding to the optimum PET content are observed and summarized. The 
Marshall stability of the mix has increased noticeably, and other properties have 
improved as well. The addition of PET to plain bitumen improves the various sta-
bility parameters for SDBC, such as Marshall stability value, Marshall flow value, 
bulk density, air voids, VMA, and VFB, as shown in Figs. 24, 25, 26, 27, 28, and 29. 
As a result, the graphs reveal the mix design values that correspond to the opti-
mum PET material which concludes that the properties of the PET-enhanced mix 
are much superior to those of the non-PET-enhanced mix. The numerous stability 
parameters for DBM, such as Marshall stability value, Marshall flow value, bulk 
density, air voids, VMA, and VFB, improve dramatically when PET is added to 
plain bitumen, as shown in Figs. 24, 25, 26, 27, 28, and 29. We can conclude that 
the mix’s stability and flow values have improved significantly and that other prop-
erties have improved as well. Figures  24, 25, 26, 27, 28, and 29 that when PET is 
added to plain bitumen, various stability parameters for BM such as Marshall sta-
bility value, Marshall flow value, bulk density, air voids, VMA, and VFB improve 
significantly. According to Fig. 30, various design parameters significantly enhance 
the stability of SDBC, Marshall stability increases to 19.64% with the introduction 
of waste PET into plain bitumen, the Marshall flow value drop to 19.30% followed 
by air void percent and voids in mineral aggregate percent to 20.75% and 5.34% 

Fig. 25  Relations between Marshall flow value and binder content for modified SDBC, DBM, and BM
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correspondingly, whereas the bulk density and the percentage of voids filled with 
bitumen increase to 1.03% and 5.72%, respectively. Figure 31 shows the enhance-
ment in DBM mix design experimental parameters, as waste PET is mixed into the 
plain bitumen, Marshall stability increases to 9.86%, Marshall flow value decreases 
to 18.47%. Air void percent and voids in mineral aggregate percent decrease to 
24.56% and 7.61%, respectively. The bulk density and the percentage of voids filled 
with bitumen all rise to 1.34% and 7.05%, respectively. As shown in Fig. 32, when 
the PET waste is blended into the bitumen for the design of BM, Marshall stabil-
ity increases to 11.52%, Marshall flow value decreases to 18.48%. Air void percent 
and voids in mineral aggregates percent decrease to 4.14% and 3.76%, respectively. 
The bulk density and the percentage of voids filled with bitumen all rise to 1.05% 
and 0.84%, respectively. The different stability plots of plain and modified bitumen 
mixtures are shown in Figs. 6, 7, 8, 9, 10, and 11 and Figs. 24, 25, 26, 27, 28, and 29. 
When compared to the virgin binder mixtures, the mixtures made with 10% PET 
had the maximum stability values, with an increase of 9.86 to 19.64%. The differ-
ence in polarities between the PET and aggregate enhances adhesion tendencies 
between the mixture, which increases stability. In the study, mixtures created with 
12% PET had lower stability than mixtures prepared with 10% PET, suggesting that 
a 10% PET additive concentration is more suited for maintaining maximum mix-
ture stability.

Fig. 26  Relations between bulk density and binder content for modified SDBC, DBM, and BM
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Stripping value test

The aggregate’s stripping value was first tested with simple bitumen. The waste 
PET was then mixed with bitumen in percentages of 8%, 10%, and 12%. After that, 
the blend was applied to the aggregates, and the samples were immersed in water 
to be examined. Even after 48  h, it was found that adding 12% PET waste results 
in zero percent stripping as shown in Table  5. This indicates that the mix is more 
water-resistant. This is due to the PET waste changed bitumen’s superior binding 
properties.

Microstructural analysis of bitumen/modified bitumen using scanning electron microscope 

(SEM)

Morphology of several of the selected samples was studied using scanning electron 
microphotography (SEM). A JEOL JSM-6510 W with a LaB6 filament was used for the 
SEM at the University Sophisticated Instrumentation Facility in AMU, Aligarh. Scan-
ning electron micrographs SEM of bitumen are shown in the Fig. 33 (a). The.

micrographic observation of bitumen reveals the existence of surface cracks, which 
may be one of the reasons for the pavement’s failure. The SEM micrograph of bitu-
men + 8% PET is shown in the Fig.  33 (b). The load bearing strength of the bitumen 
pavement strengthened with different percentages of PET increased as the bulk den-
sity of the mix increased. The SEM micrograph of bitumen + 10% PET is shown in the 

Fig. 27  Relations between air voids and binder content for modified SDBC, DBM, and BM
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Fig.  33 (c). The micrographic analysis of bitumen with 10% PET reveals an excess of 
spherical, sub-rounded, and irregular particles. Furthermore, the addition of 10% PET 
to bitumen improves the mix’s consistency, with all design values falling within accept-
able limits. The SEM micrograph of bitumen with 12% PET is shown in the Fig.  33 
(d). The inclusion of 12% PET improves design parameters, but there is no difference 
between the design parameters of these two mixes as compared to the bituminous mix 
of 10% PET.

Conclusions
The following conclusions and recommendations have been obtained as a result of 
this research.

•	 Since the waste materials were totally recycled with no negative effects on the 
environment, the current stabilization process is very successful in controlling 
environmental pollution. This research also promotes the widespread use of PET 
waste in highway engineering applications.

•	 The study’s findings revealed that the modified mixture performed better than the 
non-modified mixtures. A stronger binding between binder and aggregates was 
obtained by adding PET to the bitumen. Marshall stability values increase as PET 
content increases indicating that the modified mix is durable and long-lasting.

Fig. 28  Relations between voids filled with bitumen and binder content for modified SDBC, DBM, and BM
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•	 It has also been discovered that the maximum amount of PET waste that can be 
applied to Bitumen is up to 12%. When PET waste is added in amounts greater than 
12%, PET particles are separated.

•	 In this experiment, 60/70 penetration grade bitumen was adjusted with different 
percentages of PET in small pieces of 3 to 5 cm ranging from 2 to 12%. According 

Fig. 29  Relations between voids in mineral aggregates and binder content for modified SDBC, DBM, and BM

Fig. 30  Enhancement in the properties of modified SDBC
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Fig. 31  Enhancement in the properties of modified DBM

Fig. 32  Enhancement in the properties of modified BM

Table 5  Stripping value of aggregates

Time (hours) Stripping value at 40℃ (%)

Bitumen (PB) PB + 8% PET PB + 10% PET PB + 12% 
PET

1 0 0 0 0

3 3 2 0 0

24 5 3 0 0

48 5 3 0 0
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to the findings, the maximum percentage of PET used as a bitumen modifier was 
between 10 and 12% of the total binder weight.

•	 After analyzing the data from the Marshall test, the PET modified sample outperformed 
the conventional sample in terms of deformation resistance. The results clearly show 
that the PET modified mix has a lower rate of deformation than the traditional mix.

•	 PET when combined with hot bitumen, forming an oily coating over the aggre-
gate. This demonstrates that molten PET has good binding properties. As com-
pared to the sample with the ordinary mix, the sample with plastic bottles had 
a longer shelf life. Plastic’s binding property extends the life of the sample while 
also improving the stripping value of the aggregates. As a result of this technology, 
road maintenance will be reduced, and the use of plastic bottles will help to reduce 
non-biodegradable waste.

•	 The presence of PET decreases air voids, which prevents entrapped air from mois-
ture absorption and oxidizing bitumen. As a result, the Marshall stability value, 
stripping value, and other design parameters have improved, potentially prevent-
ing the creation of potholes.

•	 The impacts of the PET on asphalt mixes with various aggregates and grades of bitu-
men will be examined in future research with environmental and economic perfor-
mance will be assessed using life cycle cost assessment and life cycle analysis, respec-
tively.

Fig. 33  Scanning electron micrograph (SEM). a Bitumen, b bitumen with 8% PET, c bitumen with 10% PET, 
and d bitumen with 12% PET



Page 25 of 26Ahmad and Ahmad ﻿Journal of Engineering and Applied Science           (2022) 69:53 	

Abbreviations
PET	� Polyethylene terephthalate
SDBC	� Semi-dense bituminous concrete
DBM	� Dense graded bituminous Macadam
BM	� Bituminous Macadam
VV	� Air voids in the mix
F	� Flow value
VFB	� Voids filled with bitumen
VMA	� Voids in mineral aggregates
Gm	� Bulk density of the mix
S	� Marshall stability value
MoRTH	� Ministry of Road Transport and Highways
B0	� Optimum bitumen content
SEM	� Scanning electron microscope

Acknowledgements
I would like to express my deep gratitude to Professor Malik Shoeb Ahmad, my research supervisor, for their patient guid-
ance, enthusiastic encouragement and useful critiques of this research work.

Author’s contributions
Conceptualization: Prof. MSA, methodology, formal analysis, and investigation. SAA, writing—original draft preparation 
and writing—review and editing. Prof. MSA, resources, Department of Civil Engineering, ZHCET, AMU. Both authors read 
and approved the final manuscript.

Funding
No funding was obtained for this study.

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 3 March 2022   Accepted: 21 May 2022

References
	1.	 Geyer R, Jambeck JR, Law KL (2017) Production, use, and fate of all plastics ever made - supplementary information. 

Sci Adv 3(7):19–24
	2.	 Chidambarampadmavathy K, Karthikeyan OP, Heimann K (2017) Sustainable bio-plastic production through landfill 

methane recycling. Renew Sustain Energy Rev 71(December):555–562. https://​doi.​org/​10.​1016/j.​rser.​2016.​12.​083
	3.	 Khan MZH, Sultana M, Al-Mamun MR, Hasan MR (2016) Pyrolytic waste plastic oil and its diesel blend: fuel charac-

terization. J Environ Public Health 2016:7869080
	4.	 Lebreton L, Andrady A (2019) Future scenarios of global plastic waste generation and disposal. Palgrave Commun 

5(1):1–11. https://​doi.​org/​10.​1057/​s41599-​018-​0212-7
	5.	 Tulashie SK, Boadu EK, Dapaah S (2018) Plastic waste to fuel via pyrolysis: a key way to solving the severe plastic 

waste problem in Ghana. Therm Sci Eng Prog. 2019(11):417–424. https://​doi.​org/​10.​1016/j.​tsep.​2019.​05.​002
	6.	 Jambeck JR et al (2015) Plastic waste inputs from land into the ocean. Science 347(6223):764–768. https://​doi.​org/​

10.​1126/​scien​ce.​12608​79
	7.	 Bajracharya RM, Manalo AC, Karunasena W, Lau KT (2014) An overview of mechanical properties and durability of 

glass-fibre reinforced recycled mixed plastic waste composites. Mater Des 62:98–112. https://​doi.​org/​10.​1016/j.​
matdes.​2014.​04.​081

	8.	 Ragaert K, Delva L, Van Geem K (2017) Mechanical and chemical recycling of solid plastic waste. Waste Manage 
69:24–58. https://​doi.​org/​10.​1016/j.​wasman.​2017.​07.​044

	9.	 SGCCI (2000) The Indian Plastic Industry, PlastIndia Foundation, Southern Gujarat Chamber of Commerce and 
Industry (SGCCI), India. Gujarat. https://​www.​mende​ley.​com/​catal​ogue/​8cb79​8f6-​5190-​3289-​8045-​7d64b​91fe1​
c9/?​utm_​source=​deskt​op&​utm_​medium=​1.​19.​8&​utm_​campa​ign=​open_​catal​og&​userD​ocume​ntId=%​7B307​
6d1f6-​a213-​46e6-​a618-​923f8​46318​49%​7D.

	10.	 Al-Salem SM, Lettieri P, Baeyens J (2009) Recycling and recovery routes of plastic solid waste (PSW): a review. 
Waste Manage 29(10):2625–2643. https://​doi.​org/​10.​1016/j.​wasman.​2009.​06.​004

	11.	 Chowdhury GW et al (2021) Plastic pollution in aquatic systems in Bangladesh: a review of current knowledge. 
Sci Total Environ 761:143285. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​143285

	12.	 Lazarevic D, Aoustin E, Buclet N, Brandt N (2010) Plastic waste management in the context of a european recy-
cling society: comparing results and uncertainties in a life cycle perspective. Resour Conserv Recycl 55(2):246–
259. https://​doi.​org/​10.​1016/j.​resco​nrec.​2010.​09.​014

	13.	 Babafemi AJ, Šavija B, Paul SC, Anggraini V (2018) Engineering properties of concrete with waste recycled plastic: 
a review. Sustainability (Switzerland). 10(11):3875

https://doi.org/10.1016/j.rser.2016.12.083
https://doi.org/10.1057/s41599-018-0212-7
https://doi.org/10.1016/j.tsep.2019.05.002
https://doi.org/10.1126/science.1260879
https://doi.org/10.1126/science.1260879
https://doi.org/10.1016/j.matdes.2014.04.081
https://doi.org/10.1016/j.matdes.2014.04.081
https://doi.org/10.1016/j.wasman.2017.07.044
https://www.mendeley.com/catalogue/8cb798f6-5190-3289-8045-7d64b91fe1c9/?utm_source=desktop&utm_medium=1.19.8&utm_campaign=open_catalog&userDocumentId=%7B3076d1f6-a213-46e6-a618-923f84631849%7D
https://www.mendeley.com/catalogue/8cb798f6-5190-3289-8045-7d64b91fe1c9/?utm_source=desktop&utm_medium=1.19.8&utm_campaign=open_catalog&userDocumentId=%7B3076d1f6-a213-46e6-a618-923f84631849%7D
https://www.mendeley.com/catalogue/8cb798f6-5190-3289-8045-7d64b91fe1c9/?utm_source=desktop&utm_medium=1.19.8&utm_campaign=open_catalog&userDocumentId=%7B3076d1f6-a213-46e6-a618-923f84631849%7D
https://doi.org/10.1016/j.wasman.2009.06.004
https://doi.org/10.1016/j.scitotenv.2020.143285
https://doi.org/10.1016/j.resconrec.2010.09.014


Page 26 of 26Ahmad and Ahmad ﻿Journal of Engineering and Applied Science           (2022) 69:53 

	14.	 Singh N et al (2017) Recycling of plastic solid waste: a state of art review and future applications. Compos B Eng 
115:409–422. https://​doi.​org/​10.​1016/j.​compo​sitesb.​2016.​09.​013

	15.	 Waste and Resources Action Programme (WRAP) (2007) Annual local authorities plastics collection survey. oxon. 
https://​wrap.​org.​uk/​taking-​action/​plast​ic-​packa​ging.

	16.	 Strong B (2005) Plastics: materials and processing. 2005th ed. ed. 200–204 Pearson Education, (2005). Elsevier. 
https://​www.​mende​ley.​com/​catal​ogue/​b8551​83b-​b5d4-​325d-​8bad-​96d7f​b2027​5c/?​utm_​source=​deskt​op&​
utm_​medium=​1.​19.​8&​utm_​campa​ign=​open_​catal​og&​userD​ocume​ntId=%​7Bfec​878ae-​8e12-​4514-​b72b-​58a67​
eb98e​49%​7D.

	17.	 Duarte LT, e Silva EMP, Branco JRT, Lins VFC (2004) Production and characterization of thermally sprayed polyeth-
ylene terephthalate coatings. Surf Coat Technol 182(2–3):261–267

	18.	 Sarker M, Rashid MM (2013) Thermal degradation of poly (ethylene terephthalate) waste soft drinks bottles and 
low density polyethylene grocery bags. Intern J Sustain Energy Environ 1(3):78–86 (http://​www.​ijsee.​com/​IJSEE_​
VOL.​1,NO.​3,April​2013/​Therm​aldeg​radat​ionof​poly(ethyl​enete​repht​halate)​waste​softd​rinks​bottl​esand​LowDe​nsity​
Polye​thyle​neGro​ceryB​ags.​pdf )

	19.	 Moghaddam B, Taher MS, Karim MR (2014) Evaluation of permanent deformation characteristics of unmodified 
and polyethylene terephthalate modified asphalt mixtures using dynamic creep test. Mater Des 53:317–324. 
https://​doi.​org/​10.​1016/j.​matdes.​2013.​07.​015

	20.	 Hassani A, Ganjidoust H, Maghanaki AA (2005) Use of plastic waste (poly-ethylene terephthalate) in asphalt 
concrete mixture as aggregate replacement. Waste Manage Res 23(4):322–327

	21.	 Rahman WM, Abdul NW, Wahab AFA (2013) Green pavement using recycled polyethylene terephthalate (PET) as 
partial fine aggregate replacement in modified asphalt. Proc Eng 53:124–128. https://​doi.​org/​10.​1016/j.​proeng.​
2013.​02.​018

	22.	 Gürü M et al (2014) An approach to the usage of polyethylene terephthalate (PET) waste as roadway pavement 
material. J Hazard Mater 279:302–310

	23.	 Boutemeur R, Taibi M, Ouhib N, Bali A (2004) Investigation of the use of waste plastic as aggregate for concrete. 
Construction Demolition Waste, Thomas Telford Publishing, In Sustainable Waste Management and Recycling, 
pp 181–188

	24.	 Qadir A, Imam M (2006) Utilisation of waste plastic bags in bituminous mix for improved performance of roads. J 
Solid Waste Technol Manag 32(3):185–189

	25.	 El-Naga IA, Ragab M (2019) Benefits of utilization the recycle polyethylene terephthalate waste plastic materials 
as a modifier to asphalt mixtures. Constr Build Mater 219:81–90. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2019.​05.​
172

	26.	 Ahmadinia E et al (2012) Performance evaluation of utilization of waste polyethylene terephthalate (PET) in 
stone mastic asphalt. Constr Build Mater 36:984–989. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2012.​06.​015

	27.	 Moghaddam TB, Karim MR, Syammaun T (2012) Dynamic properties of stone mastic asphalt mixtures containing 
waste plastic bottles. Constr Build Mater 34:236–242. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2012.​02.​054

	28.	 Awaja F, Pavel D (2005) Recycling of PET. Eur Polymer J 41(7):1453–1477
	29.	 Farzi A, Dehnad A, Fotouhi AF (2019) Biodegradation of polyethylene terephthalate waste using streptomyces 

species and kinetic modeling of the process. Biocatal Agric Biotechnol 17:25–31
	30.	 Tunde AM, Alaro JY, Adewale LA (2020) A performance characteristic models of properties of dissolved plastic 

bottle modified bitumen for hot mix asphalt production. Global J Eng Technol Adv 3(2):19–27
	31.	 De Arimateia AE, Silva J et al (2015) Use of micronized polyethylene terephthalate (Pet) waste in asphalt binder. 

Pet Sci Technol 33(15–16):1508–1515
	32.	 Abdelaziz M, Mohamed Rehan K (2010) Rheological evaluation of bituminous binder modified with waste 

plastic material
	33.	 Ameri M, Nasr D (2016) Properties of asphalt modified with devulcanized polyethylene terephthalate. Pet Sci 

Technol 34(16):1424–1430. https://​doi.​org/​10.​1080/​10916​466.​2016.​12029​68
	34.	 Taherkhani H, Arshadi MR (2019) Investigating the mechanical properties of asphalt concrete containing waste 

polyethylene terephthalate. Road Mater Pavement Design 20(2):381–398
	35.	 Widojoko L, Purnamasari PE (2012) Study the use of cement and plastic bottle waste as ingredient added to the 

asphaltic concrete wearing course. Procedia Soc Behav Sci 43:832–841
	36.	 Mohammed AA (2017) Flexural behavior and analysis of reinforced concrete beams made of recycled PET waste 

concrete. Constr Build Mater 155:593–604. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2017.​08.​096
	37.	 Webb HK, Arnott J, Crawford RJ, Ivanova EP (2013) Plastic degradation and its environmental implications with 

special reference to poly(ethylene terephthalate). Polymers 5(1):1–18
	38.	 Modarres A, Hamedi H (2014) Effect of waste plastic bottles on the stiffness and fatigue properties of modified 

asphalt mixes. Mater Des 61:8–15. https://​doi.​org/​10.​1016/j.​matdes.​2014.​04.​046
	39.	 Silva J, de Arimateia Almeida E et al (2018) Mechanical performance of asphalt mixtures using polymer-micronized 

PET-modified binder. Road Mater Pavement Design 19(4):1001–1009
	40.	 Indian Roads Congress (IRC), Ministry of road transport & highways. 2016. MORTH Specifications for Road and 

Bridge Works, 5th Revision. New Delhi. https://​morth.​nic.​in/​sites/​defau​lt/​files/​circu​lars_​docum​ent/​Guide​lines​andSO​
PforQ​ualit​yCont​rolan​dAssu​rance.​pdf#:​~:​text=​Allth​etest​sspec​ified​inthe​IRCco​de%​2F,Allth​etest​srequ​iredf​orsoi​landa​
ggreg​ates

https://doi.org/10.1016/j.compositesb.2016.09.013
https://wrap.org.uk/taking-action/plastic-packaging
https://www.mendeley.com/catalogue/b855183b-b5d4-325d-8bad-96d7fb20275c/?utm_source=desktop&utm_medium=1.19.8&utm_campaign=open_catalog&userDocumentId=%7Bfec878ae-8e12-4514-b72b-58a67eb98e49%7D
https://www.mendeley.com/catalogue/b855183b-b5d4-325d-8bad-96d7fb20275c/?utm_source=desktop&utm_medium=1.19.8&utm_campaign=open_catalog&userDocumentId=%7Bfec878ae-8e12-4514-b72b-58a67eb98e49%7D
https://www.mendeley.com/catalogue/b855183b-b5d4-325d-8bad-96d7fb20275c/?utm_source=desktop&utm_medium=1.19.8&utm_campaign=open_catalog&userDocumentId=%7Bfec878ae-8e12-4514-b72b-58a67eb98e49%7D
http://www.ijsee.com/IJSEE_VOL.1,NO.3,April2013/Thermaldegradationofpoly(ethyleneterephthalate)wastesoftdrinksbottlesandLowDensityPolyethyleneGroceryBags.pdf
http://www.ijsee.com/IJSEE_VOL.1,NO.3,April2013/Thermaldegradationofpoly(ethyleneterephthalate)wastesoftdrinksbottlesandLowDensityPolyethyleneGroceryBags.pdf
http://www.ijsee.com/IJSEE_VOL.1,NO.3,April2013/Thermaldegradationofpoly(ethyleneterephthalate)wastesoftdrinksbottlesandLowDensityPolyethyleneGroceryBags.pdf
https://doi.org/10.1016/j.matdes.2013.07.015
https://doi.org/10.1016/j.proeng.2013.02.018
https://doi.org/10.1016/j.proeng.2013.02.018
https://doi.org/10.1016/j.conbuildmat.2019.05.172
https://doi.org/10.1016/j.conbuildmat.2019.05.172
https://doi.org/10.1016/j.conbuildmat.2012.06.015
https://doi.org/10.1016/j.conbuildmat.2012.02.054
https://doi.org/10.1080/10916466.2016.1202968
https://doi.org/10.1016/j.conbuildmat.2017.08.096
https://doi.org/10.1016/j.matdes.2014.04.046
https://morth.nic.in/sites/default/files/circulars_document/GuidelinesandSOPforQualityControlandAssurance.pdf#:~:text=AllthetestsspecifiedintheIRCcode%2F,Allthetestsrequiredforsoilandaggregates
https://morth.nic.in/sites/default/files/circulars_document/GuidelinesandSOPforQualityControlandAssurance.pdf#:~:text=AllthetestsspecifiedintheIRCcode%2F,Allthetestsrequiredforsoilandaggregates
https://morth.nic.in/sites/default/files/circulars_document/GuidelinesandSOPforQualityControlandAssurance.pdf#:~:text=AllthetestsspecifiedintheIRCcode%2F,Allthetestsrequiredforsoilandaggregates

	The impact of polyethylene terephthalate waste on different bituminous designs
	Abstract 
	Introduction and background
	Methodsexperimental
	Aim of the study
	Materials and design
	Waste polyethylene terephthalate (PET)
	Bitumen
	Aggregate
	Mixing methods


	Experimental methodology
	Results and discussion
	Effect of plain bitumen on Marshall design
	Calculations for optimum bitumen content for SDBC, DBM, and BM
	Effect of PET on plain bitumen
	Effect of PET on penetration of bitumen
	Effect of PET on ductility of bitumen
	Effect of PET on softening point of bitumen
	Effect of PET on viscosity of bitumen
	Effect of PET on flash & fire point of bitumen
	Job mix formula (Marshall stability test results)
	Effect of PET on nodified Marshall design
	Stripping value test
	Microstructural analysis of bitumenmodified bitumen using scanning electron microscope (SEM)


	Conclusions
	Acknowledgements
	References


