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� Waste plastic in road materials will help in improving the environmental footprint.
� The process of mixing and blending of waste plastic in asphalt binder is very important.
� Polyethylene blended binders substantially improved resistance against rutting.
� High temperature storage stability of Polyethylene blended binder is not stable.
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The use of waste plastics in partial asphalt binder replacement and substitute for polymer modification
has the potential to contribute to the sustainability of road infrastructure as well as preservation of nat-
ural resources. In this study, two types of polyethylene (PE) waste plastics PE-pellets and PE-shreds (a by-
product of the former, currently incinerated after production) were blended with a conventional asphalt
binder in order to analyze their effect on the chemo-mechanical and thermal behavior. Particular atten-
tion was paid to the characterization of the waste PE as well as to the description of sample preparation,
lacking in other studies. Differential Scanning Calorimetry (DSC), Thermal Gravimetric Analysis (TGA),
Fourier Transform Infrared (FTIR) spectroscopy and Environmental Scanning Electron Microscopy
(ESEM) were used to assess the different types of PE and blended asphalt binder’s thermal properties,
chemical modification degree and quality of blending, respectively. The rheological performance of waste
PE blended binder was obtained using the Dynamic Shear Rheometer (DSR). The results illustrated that
compared to commercial polymer modified binders, the binder resistance against high temperature dis-
tresses such as rutting could improve substantially with adding waste PE. The modulus of the binders at
low temperatures was comparable. However, the negative results of high temperature storage stability of
the PE blended binders indicated that attention needs to be paid to the mixture preparation method.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction wide [1]. The concept of the circular economy refers to a strategy
In road construction, large amounts of asphalt mixtures are pro-
duced annually worldwide. Therefore, the efficient use of road con-
struction materials such as asphalt mixtures is one of the
important key materials research areas that requires in depth
investigations. In utilizing waste materials for roads, both the
cost-effectiveness (virgin materials replaced by waste) and envi-
ronmental problems (due to waste disposal) need to be considered.
Hence, these topics have attracted the research community world-
that aims i) to reduce waste generation by maintaining and repair-
ing products that are in use and ii) to use more secondary raw
materials, while saving virgin materials extraction. As such, urban
mining fits into this strategy with the global aim of reclaiming
materials from any kind of anthropogenic stocks, such as buildings,
infrastructure, industries etc. [2]. A review by Poulikakos et al.
(2017) [3] has demonstrated how a considerable amount of waste
produced in the urban and peri-urban environment can be recycled
in asphalt roads. It was shown that various waste materials such as
glass, asphalt, concrete, wood, end-of-life tires, as well as different
types of waste plastics have a potential for recycling in asphalt
roads technically. The available quantities of the European waste
materials that would otherwise be incinerated or disposed of in
landfills were estimated. It was also shown that there is high
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potential in Europe for recycling in road construction, in particular,
under the hypothetical scenario where 33% of new roads would be
made using the target waste materials (excluding reclaimed
asphalt pavement RAP which is already recycled). It is estimated
that 16% of the available waste quantities could be recycled in
roads. Four hypothetical roads were analyzed showing a consider-
able savings in costs, CO2 and energy in comparison to conven-
tional asphalt mixtures using all virgin components [3].

Whether they are technically viable or not, waste material recy-
cling in roads should only be considered if they are also environ-
mentally superior to alternative uses in other applications.
Presently, waste plastics is a societal challenge worldwide. In
Switzerland more than 85% of waste plastic is incinerated or used
as fuel and only a limited amount (less than 10%) is reused or recy-
cled as raw materials [4]. According to PlasticsEurope [5], the recy-
cling rate of the waste plastic in the EU is around 30% (2018), and
the potential use of this material may indeed be road construction.
This resource has not been fully exploited in the research commu-
nity, nor in the industry. For example, pilot projects using locally
produced waste plastics with asphalt binder have been done
recently in the U.S., UK, and South Africa [6,7,8]. However, the cur-
rent field practices using plastics in asphalt binder are more or less
at a trial stage, and there is still a gap with regard to guidelines,
standards, and specifications before the application stage can be
reached. This can be attributed to a number of unknowns regarding
the optimal size of plastics, their type, the modification procedures,
addition rates and appropriate characterization techniques.

Besides waste reduction, the use of polyethylene (PE) can
potentially reduce binder content, which is the most expensive
part of the asphalt mixture and improve performance [9]. The ther-
mal and environmental conditions along with traffic loading on
road pavement surfaces are considered the root causes of distress
leading to failure of this important construction material. Extreme
weather conditions, such as low and high temperatures, are mainly
responsible for the development of pavement cracking and rutting,
respectively. In order to minimize such distresses, efforts are being
made to improve the performance of asphalt binders.

Polymer modification in asphalt binder is one of the most com-
mon methods to enhance its performance [10,11]. Nevertheless,
the cost-effectiveness and ecological footprint vs. performance of
polymer modification has created a hot debate among pavement
researchers. From an environmental and economical prospective,
polymer additives derived from recycled solid wastes have drawn
more attention of researchers due to their combined advantage of
cost-effectiveness and providing a solution for waste management
challenges [12]. Therefore, the effective use of waste plastic mate-
rials in asphalt binders could be one of the possible alternatives in
urban waste management [13]. Polymers and plastics in asphalt
binder have issues with retaining their homogeneity in terms of
storage stability. Several studies have reported that the phase sep-
aration is a common problem [14,15,16,17,18]. Research has
already shown the possibility of improvement in homogeneity
and mixability of PE with asphalt binder by the addition of various
additives, but with implications on the binder properties and final
cost [19,20].

Table 1 summarizes some of previous studies focused on their
use as asphalt additive. Of paramount importance are the blending
temperature, additive amount, mixing method and time. Some of
these studies have not clearly discussed physical appearance of
the plastic waste, for example – as a powder, shreds, flakes or pel-
lets – all of which influence the blending process [21,22,23,24]. To
this end, it is clear that the blending of waste plastics in its raw
form with hot asphalt binder was challenging and depended on
its initial form (size and shape). With proven performance, the
use of waste plastics can contribute to the sustainability of road
infrastructure as well as preservation of natural resources. The
2

use of waste plastic could potentially preserve the natural bitumen
materials as a binder replacement or as a substitute for polymer
modification. The aim of this study is not the proper modification
of the binder, but the use of the waste plastic as additive. There-
fore, it is important to investigate the interaction of plastic within
asphalt binder composites. To this end, the rheological and chem-
ical properties of asphalt binder with two types of waste high den-
sity polyethylene (HDPE) based blends were tested and compared
with conventional styrene–butadienestyrene (SBS) polymer modi-
fied binder (PmB). Special attention was paid to PE preparation,
mixing and appropriate testing procedures. The two types of PE:
PE-pellets (PE-P) and PE-shreds (PE-S) are primary waste from PE
product recycling and secondary waste from production of the pri-
mary waste, respectively. While the former is reused in PE-pipes if
it complies with the requirements, the latter is incinerated as
explained in detail in Section 3. The general goal of this work is
to analyze an alternative re-use potential for the secondary by-
product. The thermal and chemical properties were evaluated
through Differential Scanning Calorimetry (DSC), Thermal Gravi-
metric Analysis (TGA) and Fourier Transform Infrared (FTIR) Spec-
trometry. Storage stability tests were performed to assess the
stability of the PE blended binders and the Environmental Scanning
Electron Microscopy (ESEM) was used to study the dispersal of the
PE in the binder. Finally, the rheological properties of the PE
blended binders were tested using Dynamic Shear Rheometer
(DSR) frequency sweep tests at high and low temperature. This
analysis provided a comprehensive evaluation of the effects of
the PE on asphalt binders, which can help understand the potential
of integration of these materials into the pavement industry.
2. Material and methods

2.1. Materials

Asphalt binder 70–100 with a penetration value of 82 mm�1

supplied by Q8-Research (Middle Eastern origin) was used as the
base binder for PE modification. Polymer modified binder (PmB
45/80–65) was used as a reference material with the base binder
properties as unknown. The motivation for using this type of
PmB was that this is the standard binder used for the mixtures
evaluated in the next phase of this study. The waste plastic mate-
rials designated as PE-pellets and PE-shreds (Fig. 1) were obtained
from InnoRecycling AG (Switzerland). This company produces pel-
lets from waste PE collected from packaging materials. The pellets
have to comply with a stringent purity standards as they are sold
for further uses (e.g. production of pipes). The fabrication process
of the pellets produces its own waste in the form of shreds. This
by-product contains some impurities and is currently used as fuel
in cement factories. These impurities affect the chemical composi-
tion as well as melting temperature as discussed in the subsequent
sections. Therefore, in comparison to its current use as incineration
material, the use of PE-shreds as a waste by-product could be
highly beneficial in terms of alternative material for pavements,
cost effectiveness as well as improvement of pavement perfor-
mance. The densities of PE-pellets and PE-shreds were measured
with a gas pycnometer (Micromeritics� AccuPyc II, USA) as
0.945 g/cm3 and 0.949 g/cm3, respectively, identifying them as
mostly High Density Polyethylene (HDPE), which is typically in
the range of 0.941–0.965 g/cm3.
2.1.1. PE preparation
At first, both waste plastics that were obtained from the plastic

recycling plant in their initial state (i.e. mm size pellets and shreds
refer Fig. 1) were blended directly in the hot binder. However, it was
apparent that the PE-pellets and PE-shreds in this form with an



Table 1
Parameters used for mixing/blending of different polymer/plastic in asphalt binder.

Sr.
#

Material Content Time
(min)

Temperature
(�C)

Speed
(rpm)

Mixer Type Mixing
Condition

Reference

1 HDPE–bitumen 4–6 and 8% 5–15
and 30

145–155 and
165 �C

200 Speed adjustable
vertical shaft mixer

Temperature
Control

[25]

2 CR , PE and Composite 11% and 15% for CR and 6% and
7% for PE

60 160 �C 5000 High speed shear
process

Temperature
Control

[26]

3 LDPE ratios (2.5, 5.0, 7.5, and 10%) 20 160, 170, 180,
and 190 �C

3500 High speed stirrer Temperature
Control

[27]

4 PE 2.5, 5.0, 7.5, and 10% 20 160, 170, 180,
and 200 �C

3000 High speed stirrer Temperature
Control

[28]

5 LDPE 2, 4%, 6% and 8% wt. 3–5 160 ± 5 �C 1750 High speed stirrer – [29]
6 PP 1, 3, 5 and 7 wt% 5 160 ± 5 �C – – – [30]
7 HDPE 1, 3, 5 and 7%wt. 120 170 �C 3000 High-speed stirrer – [21]
8 WPT (PE) 2%, 4%, 6% and 8% by weight of

base bitumen
60 180 �C 20,000 High shear blending – [22]

9 LDPE 4% 60 185 �C – High shear mixer – [23]
10 Ground PVC (window, blinds

and cable)
1%, 3%, and 5% wt. 15 to

60
160–165 �C to
180 �C

500 to
1300

Speed mixer – [31]

11 PP and HDPE 0.5% �3% by weight of blend 30–60 160 �C and
170 �C

120 Speed mixer – [32]

12 WTP/LDPE 2%, 4%, 6% 8% and 10% by
weight of base bitumen

20 170 �C 3000 High shear mixer – [33]

13 HDPE, LDPE 5% wt. 60 180 �C 350 Speed mixer – [34]
14 Waste Nitrile Rubber (NBR-

WP)
3 and 4% wt. 120 to

240
180 ± 5 �C 600 Low shear mixer – [35]

15 Recycled waste tire rubber 18% wt. 120 180 �C 3000 High shear laboratory
mixer

– [36]

16 wPET/GTR 3, 5 and 7% wt. 15 to
45

150 �C 350 to
3000

High shear mixer Temperature
Control

[37]

17 LDPE 3, 5, 7, and 9 wt% 90 170 �C 3000 High-speed mixing – [38]
18 PET 1%, 2%, 3%, 5% and 10% by

asphalt mass
10 120 �C 1300 Mechanical four-armed

mixer
– [39]

19 PP 30 wt% 60 180 �C 1800 Mechanical stirring – [40]
20 HDPE, LDPE 5 wt% 3600 180 �C 1200 Mechanical stirring Temperature

Control
[24]

21 Reclaimed LDPE 2%, 3%, 4%, 5% wt. 20 to
90

180 �C 2000 to
5000

Mechanical shearing
process

– [41]

22 LDPE 6% wt. 120 180 �C 4000 High shear mixer Temperature
Control

[42]

23 LDPE 3%, 4%, 5% wt. 40 180 �C 4000 High shear mixer – [43]
24 High, Medium, Linear Low

and Low Density PE
5% by weight of the PE/asphalt
blends

30 and
150

170 �C and
150 �C

4000
and 500

High shear mixer Temperature
Control

[16]

25 Recycled PE 15 wt% of thermoplastic blends 60 180 �C 5000 High shear mixer Temperature
Control

[18]
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average particle size of roughly 5 mm and 10 mm, respectively –
were not able to be homogenously mixed with the hot asphalt
binder. In order to facilitate and improve the quality in term of
homogeneity of the blends, it was decided to grind the received
PE particles to smaller sizes before blending them with asphalt
binder.

The laboratory based grinding process used a high shear mixer
(Silverson L5M Laboratory Rotor/Stator Batch Mixer) with a verti-
cally slotted lower stator (stainless steel) as shown in Fig. 1. The
grinding of PE-pellets and PE-shreds was carried out in a container
partially filled with cold water at approximately 15 �C. The mate-
rials were introduced in the water container as the grinding pro-
cess continued for 5 min at a speed of 5000 rpm.

2.1.2. Blending process
The process of blending waste plastic with asphalt binder is

governed by many factors such as type of mixer/blender, speed
of mixer and time of mixing, temperature and shear/speed rate
as well as mixing conditions (temperature controlled or not). Fur-
thermore, previous studies have shown that these parameters vary
based on the nature of the study. Table 1, shows the parameters
that are used by previous researchers during blending of different
types of plastics / polymers with asphalt binder. It can be seen that
there is no global agreement on these parameters, since research-
ers, used different approaches based on their own experiences and
3

therefore, the selection of mixing/blending parameters of plastic
modified asphalt binder is based on individual choice and experi-
ences. In the present study, the blending process of the grinded PE
was executed using the same Silverson high shear mixer indicated
above, but this time with a circular-hole high-shear lower stator as
shown in Fig. 1. The blending speed was 3500 rpm for 60 min and
a temperature of 170 �C was maintained using an oil bath (Fig. 1).
This procedure was found to produce a visually homogeneous PE
blended asphalt binder. The amount of waste plastic (PE-pellets
and PE-shreds)was 5% bymass of the base binder. In order to isolate
the influence of PE addition and simulate the aging effect due to
exposure to temperature during the blending process, the base bin-
der 70–100 was subjected to the same process, but without adding
plastics. This sample was labelled as the binder 70–100 whereas
the polymer modified binder (PmB 45/80–65) was labelled as the
PmB. The overall experimental flow chart of the study is shown in
Fig. 2. For simplicity, the terms PE-pellets and PE-shreds are next
referred in the text as PE-P and PE-S, respectively.

2.2. Characterization methods

2.2.1. Thermal analysis
The thermal transitions of PE-P and PE-S were analyzed using

differential scanning calorimetry (DSC) (Perkin Elmer�, USA). The
samples were initially cooled down to 20 �C from 25 �C and were



PE-pellets
PE-shreds

Vertically slotted 
lower stator

Speed ~3500rpm 
Mixing Time ~ 1 h 

Temperature 
~ 170 °C 

Mass 5 % 

Mixing Conditions 

Sample 
Container

Circular hole high shear 
stator

Binder 70-100+ PE-P Binder 70-100+ PE-S
Oil Bath

Before grinding

After grinding

Fig. 1. Grinding and blending of waste plastic PE-pellets and PE-shreds using high shear mixer.
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kept at this temperature for 5 min; then, the sample was heated up
to 200 �C and maintained at this temperature for 5 min before
cooling again to 20 �C where it was kept for 5 min until it was
heated up to 200 �C. A 20 �C/min rate was followed during cooling
and heating ramps. Each sample was analyzed at least three times
for reproducibility purposes.

Furthermore, the thermal stability of the PE-P and PE-S materi-
als as well as the blends with asphalt binder was analyzed by ther-
mogravimetric analysis (TGA) (TGA 209 from NETZSCH, Germany)
under a nitrogen atmosphere using a heating rate of 10 �C/min.
2.2.2. Chemical composition
The Fourier Transform infrared (FTIR) spectroscopy has increas-

ingly been used for the investigation of asphalt binder in recent
years [44]. In this study, FTIR spectroscopy was conducted to mon-
itor the effect of PE-P and PE-S on the chemical structure of the
base binder. The Bruker Vector 22 / Digilab BioRad FTS 6000 FTIR
spectrometer (Japan) was used to carry out the analysis of PE-P
and PE-S, binder 70–100 and the binders blended with PE.
2.2.3. Image analysis of the morphology
The development of the morphology of the PE blended binder

and PmB was examined by using environmental scanning electron
microscopy (FEI Quanta 650 ESEM, USA) as performed previously
[45,46]. The ESEM sample preparation comprised heating of spec-
imen at 170 �C for 30 min while ensuring that the specimens are
4

melted and can be poured in the ESEM molds that hold approxi-
mately 0.5 g of asphalt binder. Thereafter, the filled ESEM molds
were placed on a hot plate (110 �C) for 2 min in order to flatten
the specimen surface. The ESEM image is acquired by exposing
the binder to the electron beam for a few minutes at a 20 keV elec-
tron voltage and a 3.5 spot size.
2.2.4. Storage stability of PE in asphalt binder
Keeping the PE blended binder homogeneous when exposed to

high temperatures as in the asphalt binder tank is an important
consideration if the modification is done using the wet process,
when the additive is mixed with binder first before adding it to
the aggregates. This can be assessed using the binder stability test
following EN-13399. The process includes the use of high temper-
ature (180 �C), while storing the binder for 72 h vertically in the
required aluminum tube. This allows to evaluate the phase integ-
rity of the different PE blended binders while exposed to the high
temperature conditions. The experimental procedure is as follows:
the blends were poured into aluminum tubes of 25 mm diameter
and 120 mm height and were subsequently sealed tightly to min-
imize oxidation by air. After storage for 72 h at 180 �C in a forced
draft oven, the aluminum tubes were left to cool down at room
temperature, still in the same vertical position. To facilitate the
cutting of the tube and the removal of aluminum foil, the tubes
were cooled to �20 �C for 30 min and cut horizontally into three
equal parts. The samples belonging to the top and lower most



DSR

R&B

Waste 
Plastics

PE-P

PE-SBlending Process
(High Shear Mixer)

DSC

Time ~60 min
Speed ~3500 rpm

Temperature ~ 170 °C

Grinding process
(High Shear Mixer)

Time ~5min
Speed ~5000rpm

Mass 5 g

Asphalt Binder 70-100 
Base binder

ESEM

Viscosity

Experimental characterization

ViscosityR&B

PmB 45/80 -65
(Reference)

FTIR TGA SD Density

DSR FTIRStability TGA

Fig. 2. Experimental flow chart.
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segments of the tube were used to assess the storage stability
based on their measured viscosity values. In this study, both PE-P
and PE-S blends and PmB were tested and the results were ana-
lyzed using viscosity measurements.
2.2.5. Viscosity analysis
The viscosity measurements of the PmB, PE blends and speci-

mens obtained from storage stability were carried out using
dynamic shear rheometer DSR (Physica MCR 301 DSR, Anton Paar�

GmbH., Austria) in rotational mode with the C-27 standard spindle.
A test container was filled with approximately 15 g of specimens,
subject to 30 min conditioning time at 135 �C followed by mea-
surement at a constant speed of 20 rpm and equivalent shear rate
of 26 s�1 for 60 min. The resulting viscosity was calculated as the
average of the last 10 readings. Furthermore, the softening point,
commonly known as the ring and ball test (R&B) (cf. Fig. 2), was
determined according to EN 1427 on 2 samples of binder 70–
100, PmB and PE blended samples.
2.2.6. Rheological performance
A DSR (Physica MCR 301 DSR, Anton Paar� GmbH., Austria) was

used to analyze the time and temperature dependent mechanical
properties of asphalt binder as well as its compatibility with waste
PE materials. The rheological response of the PE blended binder
was evaluated by performing frequency sweep tests. The Peltier
5

Systems H-PTD200 and P-PTD200 (Anton Paar� GmbH., Austria)
were used to control the temperature of the plates. The dynamic
mechanical properties of asphalt binder and the effect of the phys-
ical presence of the PE-P and PE-S were analyzed as per EN 14,770
using master curves.

Parallel plate configurations with diameters of 8 mm and
25 mm corresponding to thicknesses of 2 mm and 1 mm, respec-
tively, were used. A constant strain amplitude of 0.1% was main-
tained for high temperature range (40 �C to 80 �C) and 0.05% for
low temperature range (40 �C to �10 �C), with testing frequencies
between 0.1 and 20 Hz at each temperature.

The complex modulus master curve at a reference temperature
(Tref) of 20 �C were obtained based on the time-temperatures
superposition principle for linear viscoelastic materials by shifting
the individual modulus-frequency curves obtained at different
temperatures along the logarithmic frequency axis.

The shift factor aT for shifting the complex moduli curves at a
certain temperature T to a master curve for a reference tempera-
ture Tref was expressed in equation (1) using the Williams-
Landel-Ferry relation [25]:

log aT ¼ �C1ðT� TrefÞ
C2 þ ðT� TrefÞ ð1Þ

where C1 and C2 are material related constants and Tref is the refer-
ence temperature [47].
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3. Results and discussion

The representative particle size of the grinded PE-P and PE-S is
checked using the ESEM (cf. Fig. 3). An example of representative
samples of PE-P and PE-S is shown in Fig. 3a) and Fig. 3b), respec-
tively. It can be seen from this figure that the maximum particle
size of PE-P is on average below 2 mm. Furthermore, it was identi-
fied that compared to PE-P, some of the representative particles of
PE-S were sporadically larger, however despite PE-S having some
coarser particles, they have not significantly affected the blend.

Both PE-P and PE-S were analyzed using DSC for a wide temper-
ature range (from 20 �C to 200 �C) as shown in Fig. 4. PE-P was a
more thermally homogenous material, as indicated by one sharp
endothermic melting peak at 132.7 �C with the overall heating
energy of 1143.9 mJ showing the amount of heat required to melt
the material. The melting temperature is typical for HDPE [48,49],
fit for use in plastic pipes (ISO 8770:2003). DSC curves of PE-S
revealed two sharp melting peaks, one peak at 110.7 �C and the
other peak at 123.8 �C with an overall heat energy of 813.4 mJ indi-
cating in addition to HDPE some impurities that most likely
include medium or low density PE or other similar packaging
materials. The results indicated that both PE-P and PE-S would
be able to melt during the asphalt binder mixing process (greater
than 135 �C) and that PE-S would likely melt easier due to non-
HDPE admixtures.

In addition, the thermal degradation of PE-P and PE-S, binder
70–100 and PE blended binder were performed using Thermal
Gravimetric Analyzer (TGA). The results in Fig. 5 show that both
PE-P and PE-S have high thermal degradation temperatures, exem-
plified by high percent of mass loss at around 400 �C. However, the
binder 70–100 starts degrading at around 320 �C, as for the PE-P
and PE-S blends. This indicates that the PE has a substantial influ-
ence on the thermal degradation of the base binder 70–100 at
higher temperatures above 500 �C. Hence, the addition of the PE
in the binder is not changing the thermal degradation of the blend
under the mixing temperature of 170 �C.

The results of the FTIR analysis (Wavenumber vs. Absorbance)
for PE-P and PE-S, as well as for binder 70–100 and PE blended bin-
der samples are presented in Fig. 6. The spectra for PE-P and PE-S
indicate that there are some additional peaks that are present in
PE-S: absorbance peaks were found at 1700 cm�1 and
1300 cm�1. This is from the impurities in the PE-S, as also observed
by the DSC. Since, the PE-P is used to produce various products
such as pipes, it has to meet certain requirement of a degree of pur-
ity as seen in the FTIR and melting temperature shown in the DSC
results. As mentioned previously, during the production process of
PE-P, PE-S is being produced as waste that includes certain impu-
rities as indicated by the additional peaks of PE-S in the FTIR and
DSC results and cannot be used to produce the pellets. However,
these peaks disappear with the addition of PE-P and PE-S in asphalt
Fig. 3. ESEM image showing typica

6

binder. The binder 70–100 and blends with PE-P and PE-S have
similar absorbance within 500–3500 cm�1. The FTIR analysis does
not indicate chemical modification of the binder by either PE. In
addition, the FTIR results show that the amounts of the impurities
are not enough to affect the chemical composition of the blends.
This is consistent with HDPE having shown to be chemically resis-
tant with regards to organic compounds [50]. Therefore, the pres-
ence of waste PE in the binder 70–100 is not affecting the
functional groups present in the asphalt binder, hence no chemical
modification is observed.

Fig. 7 shows the ESEM images of the binder 70–100 and asphalt
binder blends of PE-P and PE-S. A representative ESEM image for
the binder 70–100 shown in Fig. 7(c), displays a fairly uniform net-
work of binder fibrils consistent with similar binders observed by
ESEM previously [45]. The PE blended binders showed mostly the
same structure, but with the presence of PE particles distributed
in the binder. A representative image of the PE particles in the bin-
der 70–100 are shown in Fig. 7(a) for PE-P and Fig. 7(b) for PE-S.
Comparing the base binder 70–100 image to the images of the PE
modified binders, we can see that the PE particle does not blend
harmoniously into the binder but remains distinct for both types.
This is an indication that the PE physically modified the binder pro-
ducing a composite material, rather than chemically homogenizing
in it. Looking at the structure of the fibrils around the particle, it is
possible that some of the plastic is blending with the binder on the
surface of the particle, or that some of the base binder in the vicin-
ity is being altered.

Looking at the storage stability, the viscosity test measurements
of the top and bottom parts of PE blended binders and PmB are
illustrated in Fig. 8. The results shown in Fig. 8 had no repetitions
and are calculated as the average of the last 10 readings at the test
temperature. These reveal that both PE blended binders show a
significant difference in viscosity of the top and bottom samples
and therefore, have a storage stability problem. This is confirmed
by the ESEM images in Fig. 7, with the PE particles showing a dis-
tinct, non-blended phase. These results further elucidate that dur-
ing heating and storage, PE particles migrated to the top part of the
tube. This is due to the fact that the density of both the PE-P and
PE-S as reported in Section 2.1, is lower compared to most grades
of asphalt binder that lie between 1.01 and 1.06 g/cm3. It is impor-
tant to note that after storage stability test, the viscosity measure-
ments of PE blended binders at 135 �C was not possible due to the
high concentration of PE in the top part of the test tube and there-
fore, 150 �C (cf. Fig. 8) was used. Precipitation, as a consequence of
the instability of non-dissolved plastic particles, led to a difference
in viscosity values measured at the bottom and top of the con-
tainer. Such differences are due to the plastic concentration in that
position of the settling tube. On the other hand, it has been shown
that the PmB has no high temperature stability issues, as indicated
by viscosity measurements of both top and bottom parts which are
l a) PE-P and b) PE-S particles.



Fig. 4. Heat flow curves versus temperature for PE-P and PE-S.

Fig. 5. Thermal Gravimetric Analysis (TGA) showing material degradation as a function of increasing temperature.
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similar. This shows the importance of the cross-linking agent used
in the PmB.

The storage stability of the PE blended asphalt binders have
been well known as an important criterion for production and
practical usage of modified asphalts. In order to obtain uniform
temperature and homogeneity in the material, the conventional
designs of storage tanks used in this field indicate that most of
the modified asphalt binders are stored with continuous agitation
[14,16,18,51].

To avoid inhomogeneity of the PE in binder, special attention
was paid to the sample preparation for viscosity measurements.
Viscosity test specimens were prepared immediately after the
7

blending process of PE with binder. The results of the viscosity
measurements conducted at different test temperatures are shown
in Fig. 9(a). They demonstrate that the binders experience higher
viscosity upon the addition of PE compared to binder 70–100
and PmB, with PE-S blended binder having much higher viscosity
than the other samples. Similarly, the softening point test results
shown in Fig. 9(b) reveal that with addition of PE-P and PE-S
increases the softening point. This infers that the binder blended
with waste plastic tends to become stiffer compared with binder
70–100 or the PmB. However, the use of conventional test methods
such as viscosity and softening point test, that were developed
mainly for the characterization of homogenous binders, can be



Fig. 6. FTIR analysis.

               (a) Binder 70-100+PE-P                                       (b) Binder 70-100+PE-S  

(c) Binder 70-100  

200 μm 200 μm

200 μm

Fig. 7. Representative ESEM images.

Muhammad Rafiq Kakar, P. Mikhailenko, Z. Piao et al. Construction and Building Materials 280 (2021) 122492
put to question. Moreover, the result of the viscosity can be
affected significantly by the stability of the PE within the sample
and this aspect was observed during viscosity measurement after
8

the storage stability test. Furthermore, this phenomenon was also
observed in the softening point tests where the descent of the ball
was not always homogeneous. Hence, homogenization plays a sig-



Fig. 8. Viscosity at various temperatures after stability tests.

Fig. 9. Viscosity (a) and soften
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9

nificant role in the type of test method used, and the characteristics
(size, impurities, morphology) of the PE particles affects this
homogenization.

The complex modulus vs. reduced frequency for the binder 70–
100, PmB, and PE blended binders are presented in Fig. 10(a). The
results show that the addition of waste PE into the asphalt binder
resulted in an increase of complex modulus at the whole frequency
and temperature range. This effect is found more prominent with
the much higher modulus at high temperature (low frequency),
which indicates a potential advantage in rutting performance.
The use of PE-P led to the highest resultant complex modulus, fol-
lowed by PE-S and the PmB. However, the binder 70–100 as
expected obtained the lowest value after the PmB. As explained
earlier (Section 2.1.2), the binder 70–100 was exposed to a similar
process as the PE blended binders using high shear mixer without
the waste PE. Hence, from the positive response at low frequencies
(high temperature), an improvement in resistance to deformation
of PE blended binders must be considered as the combined effect
ing point (b) test results.



Fig. 10. Master Curves (a) and Black diagram (b).
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of both binder aging and the effect of PE addition. The addition of
the PE-P and PE-S in a soft binder like 70–100 has the potential to
contribute in improving the rutting resistance. Besides, the low
temperature performance of PE blended binders and PmB have fol-
lowed a similar response compared to binder 70–100. At very low
temperatures (-10 �C), slight differences between PE blended bin-
ders and PmB are observed with lower complex modulus values
for the PmB compared to both PE blended binders and binder
70–100. Unlike the viscosity and softening point test results, where
the PE-S showed higher values in comparison to PE-P, the DSR
complex modulus registered higher values for PE-P instead of PE-
S. This difference can be at least partially attributed to the sample
10
size and the distribution of the PE particles within the sample. As it
was shown in the FTIR and ESEM images, the PE modification is a
physical one. For DSR measurements, the size of test specimens is
relatively small and more stable, allowing less possible segregation
during the test. However, the conventional test methods such as
viscosity and softening point need comparatively larger samples
that could lead to migration of the added particles at high temper-
atures when the asphalt binder becomes softer than the PE parti-
cles as seen in the storage stability tests discussed above.
Therefore, in selecting an appropriate test method, appropriate
samples size is paramount in order to avoid stability problems dur-
ing testing. Hence, the experience from these tests show that com-
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pared to conventional tests (viscosity and softening point), the DSR
test results indicate a more appropriate materials response (as in
our case plastic blended binder) due to the fact that the size of test
specimens are less and therefore lower possible segregation within
the specimen.

The effect of low temperature performance can be further ana-
lyzed using the Black diagram (log of complex modulus vs phase
angle) as shown in Fig. 10(b). The results indicate that binder
70–100 follows a normal trend with increase in temperature, as
the phase angle increases with the decrease in complex modulus.
However, both PE blended binders and PmB tend to deviate from
binder 70–100. This influence is more obvious for both waste PE
blended binders compared to the PmB. At the lowest temperature
(�10 �C), the Black diagram results show no obvious difference
among all the binders tested. Therefore, it can be concluded that
the effect on the low temperature rheology of PE presence is not
very critical. Nevertheless, the effect of the PE-P and PE-S addition
can be seen in the phase angle as the curves of PE-P followed by PE-
S blend diverge from the conventional unique trend seen in the
binder 70–100 at higher temperatures. This is an indication that
the time–temperature superposition principle (TTSP) does not
apply to PE blended binders at higher temperatures. To be able
to apply the TTSP, the material should be considered thermo-
rheologically simple, i.e. temperature affecting the Brownian
motion of the molecules only [52]. However, the thermo-
rheologically simple behavior is not seen in the PE binders. This
implies that temperature does not affect its structure. This diver-
gence can be clearly seen in the phase angle results, where at
higher temperatures, the solid plastic particles can dominate the
rheological behavior. Such phenomenon can also be found, for
example, in asphalt binder modified with crumb rubber [53,54].
4. Conclusion

The current study investigated the effect of different types of
waste PE on a straight run binder and compared their performance
with a reference PmB. Specifically, we evaluated the potential use
of waste polyethylene (PE-P) materials as well as its by-products
(PE-S).

The main findings of the study are formulated as follows:

& Although the PE-P and PE-S are added to asphalt binder at
above their melting temperatures, there is no chemical modifi-
cation and their morphology remains distinct and distinguish-
able within the asphalt binder matrix.

& DSR Master curves indicated that using sample dimensions that
allow less movement of particles and therefore, reduce the
problem with storage stability, could be reliable in comparison
with conventional test results such as viscosity and softening
point. However, further studies are required to evaluate the
influence of different DSR test sample dimensions on the
results.

& From a rheological point of view, it was confirmed that both
waste materials substantially improved the high temperature
performance in terms of stiffness (DSR), while having a similar
modulus at low temperatures.

5. Recommendations

For production or practical usage, the storage stability and
phase separation of PE blended asphalt binder remains an area that
requires more attention. To this end, it is important to overcome
the storage stability issue for homogeneous distribution of PE in
asphalt binder. The results of this study reveals that, while consid-
ering waste PE as an additive, investigations should consider the
11
possibility of solvents/modifiers that improve the homogeneity
and mixability of PE blended binder, including waste modifiers.
The use of waste cooking oil could be one of the interesting candi-
dates that value both the performance along with cost effective-
ness [55]. Another possible solution might be the use of a cross
linking agent such as sulfur [56] or the use of organic oils which
might help in solving these problems However, this might have a
direct impact on the total cost and binder properties. Therefore,
while considering the wet process, it is important to investigate
additives/modifiers that help in improving the storage stability
problems. Furthermore, for practical reasons apart from the wet
process, the idea of using the dry process, where PE is directly
added to the mixture should be considered in order to avoid plant
adjustments and prior blending of binder. Likewise, a kind of semi-
wet process, where the PE particles are blended in the binder
avoiding storage before they are added to the aggregates, could
be another alternative to the challenges of the dry process. These
are the topics of our further studies. Furthermore, it is recom-
mended to characterize the waste PE blended asphalt binders
low temperature performance as related to moisture damage at
binder scale.

CRediT authorship contribution statement

Muhammad Rafiq Kakar: Conceptualization, Investigation,
Methodology, Writing - original draft, Results discussion, Analysis.
Peter Mikhailenko: Investigation, Writing - review, Results dis-
cussion, Analysis. Zhengyin Piao: Writing - review, Results discus-
sion, Analysis. Moises Bueno: Writing - review, Results discussion,
Analysis. Lily Poulikakos: Defined project, Acquired funding,
Writing - review, Results discussion, Analysis.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The authors would like to acknowledge the Swiss National
Science Foundation (SNSF) for the financial support of the project
titled ‘‘Urban Mining for Low Noise Urban Roads and Optimized
Design of Street Canyons” number 205121_178991. Beatrice Fis-
cher (Laboratory of Functional Polymers at Empa) is gratefully
acknowledged for her support with the DSC, TGA and FTIR mea-
surements. The authors also would like to thank the support of
InnoPlastics AG for providing the PE waste materials.

References

[1] M. Naskar, T.K. Chaki, K.S. Reddy, Effect of waste plastic as modifier on thermal
stability and degradation kinetics of bitumen/waste plastics blend,
Thermochim. Acta 509 (1-2) (2010) 128–134.

[2] R. Cossu, I.D. Williams, Urban mining: concepts, terminology, challenges,
Waste Manage. 45 (2015) 1–3.

[3] L.D. Poulikakos, C. Papadaskalopoulou, B. Hofko, F. Gschösser, A. Cannone
Falchetto, M. Bueno, M. Arraigada, J. Sousa, R. Ruiz, C. Petit, M. Loizidou, M.N.
Partl, Harvesting the unexplored potential of European waste materials for
road construction, Resour. Conserv. Recycl. 116 (2017) 32–44.

[4] FOEN, 2018. Guide to waste: plastics. https://www.bafu.admin.ch/bafu/en/
home/topics/waste/guide-to-waste-a-z/plastics.html. (Accessed January
2020).

[5] PlasticsEurope, 2018. Plastics - the facts 2017. PlasticsEurope.
[6] DowChemical, (2019), Dow Completes Roads Improved with Recycled Plastic.

https://corporate.dow.com/en-us/news/press-releases/dow-completes-roads-
improved-with-recycled-plastic.html. (Accessed April 2020).

[7] Durham, (2018), ’Plastic roads’ trialled in County Durham. https://durham.gov.
uk/article/19124/-Plastic-roads-trialled-in-County-Durham. (Accessed April
2020).

http://refhub.elsevier.com/S0950-0618(21)00252-X/h0005
http://refhub.elsevier.com/S0950-0618(21)00252-X/h0005
http://refhub.elsevier.com/S0950-0618(21)00252-X/h0005
http://refhub.elsevier.com/S0950-0618(21)00252-X/h0010
http://refhub.elsevier.com/S0950-0618(21)00252-X/h0010
http://refhub.elsevier.com/S0950-0618(21)00252-X/h0015
http://refhub.elsevier.com/S0950-0618(21)00252-X/h0015
http://refhub.elsevier.com/S0950-0618(21)00252-X/h0015
http://refhub.elsevier.com/S0950-0618(21)00252-X/h0015


Muhammad Rafiq Kakar, P. Mikhailenko, Z. Piao et al. Construction and Building Materials 280 (2021) 122492
[8] Writer, S., (2019), Work begins on South Africa’s first plastic road. https://
businesstech.co.za/news/motoring/333307/work-begins-on-south-africas-
first-plastic-road/. (Accessed May 2020).

[9] D. Movilla-Quesada, A.C. Raposeiras, L.T. Silva-Klein, P. Lastra-González, D.
Castro-Fresno, Use of plastic scrap in asphalt mixtures added by dry method as
a partial substitute for bitumen, Waste Manage. 87 (2019) 751–760.

[10] G.D. Airey, Styrene butadiene styrene polymer modification of road bitumens,
J. Mater. Sci. 39 (3) (2004) 951–959.

[11] P. Lin, C. Yan, W. Huang, Y. Li, L. Zhou, N. Tang, F. Xiao, Y. Zhang, Q. Lv,
Rheological, chemical and aging characteristics of high content polymer
modified asphalt, Constr. Build. Mater. 207 (2019) 616–629.

[12] P.-H. Yeh, Y.-H. Nien, J.-H. Chen, W.-C. Chen, J.-S. Chen, Thermal and
rheological properties of maleated polypropylene modified asphalt, Polym.
Eng. Sci. 45 (8) (2005) 1152–1158.

[13] Z. Piao, P. Mikhailenko, M.R. Kakar, M. Bueno, S. Hellweg, L.D. Poulikakos,
Urban mining for asphalt pavements: a review, J. Cleaner Prod. 124916 (2020).

[14] L. Zani, F. Giustozzi, J. Harvey, Effect of storage stability on chemical and
rheological properties of polymer-modified asphalt binders for road pavement
construction, Constr. Build. Mater. 145 (2017) 326–335.

[15] A. Pérez-Lepe, F.J. Martínez-Boza, P. Attané, C. Gallegos, Destabilization
mechanism of polyethylene-modified bitumen, J. Appl. Polym. Sci. 100 (1)
(2006) 260–267.

[16] M. Liang, X. Xin, W. Fan, H. Wang, H. Jiang, J. Zhang, Z. Yao, Phase behavior and
hot storage characteristics of asphalt modified with various polyethylene:
Experimental and numerical characterizations, Constr. Build. Mater. 203
(2019) 608–620.

[17] L.M.B. Costa, H.M.R.D. Silva, J. Peralta, J.R.M. Oliveira, Using waste polymers as
a reliable alternative for asphalt binder modification–Performance and
morphological assessment, Constr. Build. Mater. 198 (2019) 237–244.

[18] M. Liang, C. Sun, Z. Yao, H. Jiang, J. Zhang, S. Ren, Utilization of wax residue as
compatibilizer for asphalt with ground tire rubber/recycled polyethylene
blends, Constr. Build. Mater. 230 (2020) 116966, https://doi.org/10.1016/
j.conbuildmat.2019.116966.

[19] C. Fang, R. Yu, Y. Zhang, J. Hu, M. Zhang, X. Mi, Combined modification of
asphalt with polyethylene packaging waste and organophilic montmorillonite,
Polym. Test. 31 (2) (2012) 276–281.

[20] R.K. Padhan, A. Sreeram, Enhancement of storage stability and rheological
properties of polyethylene (PE) modified asphalt using cross linking and
reactive polymer based additives, Constr. Build. Mater. 188 (2018) 772–
780.

[21] M. Attaelmanan, C.P. Feng, A.-H. AI, Laboratory evaluation of HMA with high
density polyethylene as a modifier, Constr. Build. Mater. 25 (5) (2011) 2764–
2770.

[22] C. Hu, W. Lin, M. Partl, D. Wang, H. Yu, Z. Zhang, Waste packaging tape as a
novel bitumen modifier for hot-mix asphalt, Constr. Build. Mater. 193 (2018)
23–31.

[23] S. Ho, R. Church, K. Klassen, B. Law, D. MacLeod, L. Zanzotto, Study of recycled
polyethylene materials as asphalt modifiers, Can. J. Civ. Eng. 33 (8) (2006)
968–981.

[24] O. González, J.J. Peña, M.E. Muñoz, A. Santamaría, A. Pérez-Lepe, F. Martínez-
Boza, C. Gallegos, Rheological techniques as a tool to analyze polymer�
bitumen interactions: bitumen modified with polyethylene and polyethylene-
based blends, Energy Fuels 16 (5) (2002) 1256–1263.
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