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• Recycled plastics from packaging was
evaluated as alternative polymer for bi-
tumen.

• A series of laboratory and environmen-
tal assessments were conducted.

• A multi-attribute analysis was devel-
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• The methodology can help decision
makers use recycled materials.
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Many road construction andmaintenance projects are increasingly using recycledmaterial as pavementmaterial.
Most of the times, generic sustainability evaluations are ascribed to recycled products without fully considering
their performance. The potential environmental benefits of various alternatives can be analytically evaluated
with Life Cycle Assessment while many performance indicators can be found through laboratory and field
tests. However, it is highly uncommon for these two approaches to be combined in the same assessment meth-
odology and most of the analyses rely on one or the other. Trading off between environmental advantages and
performance and durability in the field is considered of utmost importance when evaluating construction alter-
natives, especially on large projects.
This study utilizes recycled plastic packaging films for bitumen modification. The recycled polyolefin
blend is a combination of linear low-density polyethylene and low-density polyethylene (LLDPE/
LDPE). LLDPE/LDPE was added in bitumen at various dosages (i.e., from 3% to 12% by weight of the
bitumen) to assess the effect of recycled LLDPE/LDPE on the binder physio-chemical, rheological and
thermal performance. In addition to the various laboratory performance tests, the environmental sus-
tainability of the alternatives was evaluated through an LCA study. Finally, the outcomes from the two
approaches (laboratory performance and environmental impact assessment) were combined via grey
relational analysis to identify the best overall alternative. It was found that the storage stability of
LLDPE/LDPE modified blends varied from 6 °C to 57 °C whereas the storage stability value of A35P
was 2 °C. Softening point of bitumen was 44.1 °C which improved to 55.7–104.1 °C at different con-
tent of LLDPE/LDPE. The melting temperature of LLDPE/LDPE modified blends was 100.22, 101.44,
101.87 and 102.49 for LLDPE/LDPE-3%, LLDPE/LDPE-6%, LLDPE/LDPE-9% and LLDPE/LDPE-12%. The
ozzi).
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methodology highlighted in the paper can be easily adapted to other scenarios, hence facilitating
multi-attribute decision-making processes when incorporating recycled materials in roads and leading
to better informed decisions.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Changes in climatic conditions and increase in load, volume and speed
of traffic have resulted in road pavement deterioration and early failures.
To increase pavement durability, polymer-modified bitumen is com-
monly used for road construction. Modified binders provide better field
performance and are generally considered an economical approach to de-
sign when whole-of-life costs are considered. For instance, it is reported
that up to 20–30% cost savings can be achieved by conducting mainte-
nance using modified bitumen (Jain, 2012). Generally, polymer-
modified bitumen are considered to provide benefits compared to un-
modified bitumen under various perspectives, such as reduced thermal
susceptivity, greater resistance to rutting at high temperature, improved
relaxation properties and strain tolerance at lower temperature hence re-
ducing non-load associated thermal cracking, betterments in fatigue re-
sistance, improved bitumen-aggregate bonding and reduced stripping,
overall enhancement of pavement durability and lower life cycle costs
(Kandhal and Dhir, 2011; Hossain et al., 2020). Polymer modification is
considered one of the most suitable enhancements and by far the most
popular approach (Zhu et al., 2014) for improving bitumen performance.

Recent studies are focusing on the utilization of recycled polymers
fromwastematerials,whichwill help clean the environment and contrib-
ute to reduceplasticswaste and landfill. It is reported that around6billion
tons of plastic waste was generated during 1950–2018 (Ayeleru et al.,
2020); among that, 79% was landfilled, 12% was incinerated whereas
only 9% was recycled (Geyer et al., 2017). In addition, both incineration
and landfilling are hazardous practices (Hossain et al., 2017; Hossain
andMorni, 2019). It is anticipated that if this trend of waste plastic gener-
ation continues, therewill be approximately 12,000millionmetric tons of
plastic waste in 2050, causing substantial environmental concerns (Geyer
et al., 2017). Out of these waste plastic streams, 70% is attributed to poly-
ethylene in 2016–17 (Kunwar et al., 2016), which includes low density
polyethylene (LDPE), linear low density polyethylene (LLDPE), medium
density polyethylene (MDPE) and high density polyethylene (HDPE). Ac-
cording to Selke andWichman (Shanks et al., 2000), LDPE and LLDPE ac-
count for the majority of plastic wastes, followed by HDPE, polyethylene
terephthalate (PET), polyvinyl chloride (PVC), polystyrene (PS) and poly-
propylene (PP). However, polymer industries blend various resins and
additives to produce combinations of polymers with specific properties
(i.e., extra strength, flexibility, resistance to tearing, fire, punctures).
Those are either difficult to separate due to their heterogeneity or the sep-
aration and recycling processes are not economical. In this context, the
possibility of utilizingmixed polymer waste without any separation is at-
tractive. To use large amount of polymer waste properly, the idea of
recycled polymers to be deployed in roadpavements asmodifiers and im-
prove performance has become popular (Joohari and Giustozzi, 2020;
Nizamuddin et al., 2020).
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The combination of different forms of polyethylene is considered to
improve themechanical properties and compatibility of thefinal blends.
The miscibility behaviour of polyethylene depends upon its short chain
and long chain branching as well as on its molecular weight and
distribution. There are contradictory reports about the miscibility be-
haviour of LLDPE and LDPE blends suggesting that these polymers are
either completely miscible, partly miscible or completely immiscible
(Dordinejad and Jafari, 2014). Many studies suggest that blends of
LLDPE and LDPE are miscible at low LDPE content whereas become im-
miscible systems at high content of LDPE (Delgadillo-Velázquez et al.,
2008). The LLDPE/LDPE blend is commonly used for packaging films
due to reduced haze and better bubble stability during blown-film ex-
trusion. Bubble instability can generally cause tears, scratches and vari-
ability in the width of the film.

The post-industrial LLDPE/LDPE pellets used in this research are
film-grade material with unknown ratios of LLDPE and LDPE – due to
the recycling process that collects packaging films from different
sources and companies. Recycling of this type of plastics is very impor-
tant because they are commonly produced in large amounts. However,
to date, there is no study reported on the combined effect of recycled
LLDPE and recycled LDPE on the performance of recycled plastics-
modified bitumen. Therefore, this study is focused on employing
recycled LLDPE/LDPE blends for bitumen modification. Recycled
LLDPE/LDPE pellets were mixed with base bitumen at 3%, 6%, 9% and
12% weight percentage of bitumen in a shear mixer at 170 °C for 1.5 h.
Further, both the base bitumen and recycled LLDPE/LDPEmodified bitu-
minous blends were analysed to assess the effect of recycled LLDPE/
LDPE addition on physical, rheological and thermo-chemical properties.

Moreover, when including recycled materials in bitumen, it is also
interesting to evaluate the potential benefits of the technology accord-
ing to various environmental impact categories. What is the best
performing combination of plastics and bitumen might not be the
most environmentally friendly; therefore, there is a need to simulta-
neously account for the technical and environment performances
when making sustainable choices under uncertain conditions.

This study intends to help decision makers to make sustainable
choices of recycled plastics-modified bitumen alternatives through a
multi-criteria decision support system. The main novelty consists on
the joint consideration of (i) the effect of comingled recycled LLDPE-
LDPE on the performance of recycled plastic-modified bitumen, (ii)
the results of a life cycle assessment (LCA) study, and (iii) a multi attri-
bute decisionmaking (MADM)method that relies on the use of grey re-
lational analysis (GRA) to account for the performance-related
uncertainties associated with the use of recycled plastic-modified
bitumen in road pavement applications and their consequences in the
environmental performance of the road pavement throughout its life
cycle.
2. Methodology

This section highlights the characteristics of the proposedmethodology. Its main steps and their relationships are schematically outlined in Fig. 1.

2.1. Step 1: Assessment of the laboratory performance of bituminous blends

A standard Australian bitumen (named C320), corresponding to a 50/70 penetration grade bitumen, was collected from SAMI Bitumen Technol-
ogies Pty Ltd., Australia as shown in Fig. 2(a). The conventional properties of the supplied bitumen are summarised as follows: 44.1 °C softeningpoint,



Fig. 1. Schematic representation of the proposed methodology.

S. Nizamuddin, M. Jamal, J. Santos et al. Science of the Total Environment 778 (2021) 146187
59.3 (0.1mm) penetration value,−2.42 penetration index and 0.62 Pa·s viscosity at 135 °C. The degree of crystallinity of C320 bitumen is 3.126% and
its elemental analysis measured by CHNS Perkin Elmer 240 analyser showed 87.01% carbon, 9.50% hydrogen, 0.40% nitrogen and 3.86% sulphur.

The recycled LLDPE/LDPE polymer, a form of waste packaging films (Fig. 2b), was supplied byMartogg Group Pty Ltd. in pellet form as shown in
Fig. 2(c). The heterogeneous colour is an indication of the various PE resins used in the recycled blend (i.e., linear low-density and low-density poly-
ethylene) and their sources.

The blends of recycled LLDPE/LDPE and bitumenwere prepared at 3%, 6%, 9% and 12% concentration of recycled LLDPE/LDPE bymass of bitumen.
Initially, C320 bitumenwas preheated in an oven at 170 °C; then, the recycled LLDPE/LDPE pellets were gradually added to the preheated bitumen at
various concentrations. The bitumen-recycled plastics blend was agitated with the help of a Silverson L5M-A high speed shear mixer at constant
mixing temperature of 170 °C, mixing speed of 3500 rpm for 1.5 h. The recycled LLDPE/LDPE modified bituminous blends were named as LLDPE/
LDPE-3%, LLDPE/LDPE-6%, LLDPE/LDPE-9% and LLDPE/LDPE-12% depending upon the concentration of LLDPE/LDPE in the blends. Results were finally
3



Fig. 2. (a) C320 bitumen, (b) waste packaging films and (c) recycled LDPE/LDPE pellets provided by Martogg Group Pty Ltd.
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compared to a standard plastomer-modified bitumen commonly available in Australia (Austroads, 2019); A35P – this is the name of polymer-
modified bitumen – is made with approx. 5% ethylene-vinyl acetate (EVA) polymer and regularly used when high-temperature performance is re-
quired as rutting-resistant binder. It was decided to use A35P as comparison bitumen since it is the only plastomer-modified bitumen currently in-
cluded in the Australian standards. A35P has penetration value of 34 (0.1 mm), Softening point of 66 °C, Viscosity at 135 °C of 2.43 Pa·s and
Penetration Index of 1.24.

The ring and ball methodwas employed to analyse the softening point according to ASTMD36, the rotational viscosity was determined at 135 °C
in accordance with ASTM D-4402. The penetration test of C320 bitumen and recycled LLDPE/LDPE modified blends was conducted following ASTM
D5/D5M at 25 °C. The penetration index was calculated by using the following equation (Read et al., 2003):

PI ¼ 1952−500Log Pð Þ−20S:P½ �
50Log Pð Þ−S:P−120½ � ð1Þ

where PI is the Penetration Index, P is the Penetration at 25 °C, and S.P is the Softening Point.
For the analysis of the thermal properties, thermogravimetric analyses (TGA/DTG) and differential scanning calorimetry (MDSC) tests were car-

ried out for C320 bitumen and recycled LLDPE/LDPE-modified bituminous blends. TGA/DTG was conducted by using STA 6000 (Perkin-Elmer)
analyser. Initially, 5–10 g of sample were loaded in a pan and the samples were consecutively heated from 30 °C to 600 °C at a constant heating
rate of 10 °C/min. The results were plotted as weight loss percentage versus temperature. For MDSC analysis, DSC-2920 modulated DSC (TA instru-
ments)was used to study the thermal properties of C320 bitumen and recycled LLDPE/LDPE-modified bituminous blends. Firstly, the instrumentwas
standardized with nitrogen at 35 mL/min, an empty aluminium pan was set as reference and approximately 5–20 mg of the sample were encapsu-
lated in the pan; the testwas run for two heating cycles. During thefirst heating cycle, the samplewas heated from 20 °C to 220 °C at 20 °C/min and it
was then cooled from 220 °C to−20 °C at 2 °C/min. During the second heating cycle, the sample was heated from−20 °C to 220 °C at 2 °C/min and
was modulated for +/− 0.50 °C after every 40 s. The samples were kept for 5 min at the initial and final temperature of both heating cycles.

To assess the functional groups on the surface of the samples, the PerkinElmer FTIR spectrophotometer at 500–4000 cm−1 wavelength was uti-
lized to obtain FTIR spectra for both C320 bitumen and recycled LLDPE/LDPE-modified bituminous blends. For the evaluation of the rheological prop-
erties, a Dynamic Hybrid Rheometer-3 (TA instruments) was used to assess the effect of recycled LLDPE/LDPE onmodifying the thermo susceptivity
of C320 bitumen. Frequency sweep tests were carried out at 5 °C, 20 °C, 25 °C, 40 °C, 60 °C and 80 °C at 0.1–15 Hz. To keep the binder response in the
linear viscoelastic range, a 0.01% strainwas applied. The 8mmdiameter parallel plate geometrywith 2mm thicknesswas used for themeasurements
at 5-20 °C,whereas the 25mmdiameter platewith 1mmthicknesswas used for the 25-80 °C range. The storagemodulus (G′) and lossmodulus (G′′)
were obtained at various temperatures and frequencies and subsequently used to calculate the phase angle (δ) and complex shear modulus (G*) by
the following equations.

∣G⁎∣ ¼ √ G02 þ G2� � ð2Þ

δ ¼ tan−1 G=G0ð Þ ð3Þ
2.2. Step 2: Assessment of the potential environmental impacts of bituminous blends

The environmental performance of each bituminous blend was calculated by employing an attributional product-oriented LCA methodology
(Rana et al., 2020). The system boundaries were constrained to the materials production phase. Furthermore, the declared unit (DU) was defined
4



Table 1
Mass of the components used to produce the recycled plastic-bituminous blends.

Bituminous
blend

Polymer load
(%)

Mass bitumen
(tonnes)

Mass polymer
(tonnes)

Neat bitumen 0% 1.00 0.00
A35P 5% 1.00 0.05
LLDPE/LDPE-3% 3% 1.00 0.03
LLDPE/LDPE-6% 6% 1.00 0.06
LLDPE/LDPE-9% 9% 1.00 0.09
LLDPE/LDPE-12% 12% 1.00 0.12
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as “providing the quantity of recycled plastic-bitumenmodified blendwith 1 tonne of neat bitumen”. The quantities of thematerials used to produce
the several bituminous blends are presented in Table 1.

The geographical location of the studywas Victoria (Australia) and the temporal scopewas 2019. The environmental impacts referring to the pro-
duction of recycled plastics were determined in another study performed by the authors where input and output data sets of the foreground system
were collected as primary data with as much detail as possible from audited recycling plants (Santos et al., 2021). In turn, the activities belonging to
the background system were assessed based on the datasets existing in the AusLCI database.

The LCAmodelling and the calculations of the impact scoreswere performedwith the openLCA software version 1.8.0 according to the CML base-
line impact assessmentmethod, version 4.4. of January 2015. Specifically, the following impact categories were considered: acidification (Ac), eutro-
phication (Eu), freshwater aquatic ecotoxicity (FE), climate change (CC), human toxicity (HT), marine aquatic ecotoxicity (ME), ozone layer
depletion (OD), photochemical oxidation (PO) and terrestrial ecotoxicity (TE). For a complete understanding of all characteristics and methodolog-
ical aspects of the LCA study the reader is referred to (Santos et al., 2021).

2.3. Step 3: Application of GRA methodology to calculate “performance coefficients” based on the results of the laboratory performance assessment

Introduced by Deng (Ju-Long, 1982) to manage information and uncertainty and ambiguity, the concepts of grey theory result from the combi-
nation of the concepts of system theory, space theory and control theory. Grey theory can be used to solve uncertainty in problems where discrete
data and incomplete information are dominant and decisive features (Julong, 1989). One of its main advantage is that it can generate satisfactory
outcomes using a relatively small amount of data or with great variability in factors (Li et al., 1997). Furthermore, it also enables decision makers
to express the rating of attributes in natural language expressions, which can be associated with preassigned grey values. The word “grey” here
means uncertainty and imprecision in comparison with total certainty and unknown situations and can be utilized to describe situations between
these two extremes (Yang et al., 2020).

In complex systems, there are many factors that contribute to its performance, and not seldom, only some of these factors are known. Moreover,
these factorsmay interactwith each other,making the prediction of thewhole system very complicated. This could be the case, for instance, of a road
pavement built using recycled plastic-modified bitumen in the asphalt mix. Due to the uncertainty and variability of various factors affecting the
pavement performance, and the inexistence of past pavement performance prediction models developed for road pavements using these recycled
blends, change in pavement performance cannot be completely determined, and so are the potential environmental impacts related to the pavement
life cycle.

In the proposed methodology, GRA is used to relate the laboratory performance of the recycled bituminous blends with the uncertain and un-
known performance of road pavements adopting asphalt mixtures that have in their composition those recycled bituminous blends. The results of
the GRA, which are based on probability, will be called “performance coefficients” in the proposed approach. They will be used posteriorly in the
multi-attribute decision making (MADM) method adopted in Step 4 to adjust the grey relational grades.

Specifically, the detailed sub-steps comprising the current step of the proposed methodology are as follows:
Let Bi={B1,B2,…,Bm } be am set of bituminous blends, where i={1,2,…,m }, and LTj={LT1,LT2,…,LTn } be a n set of laboratory tests, where j=

{1,2,…,n }.
• Step 3.1: Assess the performance of them bituminous blends on the n laboratory tests results in linguistic values according to the following linguis-
tic scale: Very Poor (VP), Poor (P), Fair (F), Good (G), Very Good (VG) and Excellent (E).

• Step 3.2: Convert the linguistic assessment of the performance of the m bituminous blends on the n laboratory test results (Step 3.1) into grey
values according to the scale presented in Table 2.
• Step 3.3: Establish the grey decision matrix D.
Table 2
Linguistic assessment and the associated grey values.

Linguistic term Code Grey value

Very poor VP [0, 0.1]
Poor P [0.1, 0.3]
Fair F [0.3, 0.5]
Good G [0.5, 0.7]
Very good VG [0.7, 0.9]
Excellent E [0.9, 1]

5



S. Nizamuddin, M. Jamal, J. Santos et al. Science of the Total Environment 778 (2021) 146187
ThematrixD is obtained from the conversion performed in the previous step. Each grey number is represented as⊗Gij ¼ G
ij
,Gij

� �
, whereG

ij
is the

lower and Gijis the upper bound of the grey number.

D ¼

⊗G11 ⊗G12 . . . ⊗G1n

⊗G21 ⊗G22 . . . ⊗G2n

⋮ ⋮ ⋱ ⋮
⊗Gm1 ⊗Gm2 . . . ⊗Gmn

2
6664

3
7775 ð4Þ

• Step 3.4: Normalize the grey decision matrix D.

The normalization ismade to set the grey number between the limits [0, 1] and can be eitherminimization (i.e., in case of a cost attribute) ormax-
imization (i.e., in case of a benefit attribute). The minimization attributes are normalized as follows:

⊗G⁎
ij ¼

Gmin
j

Gij
,
Gmin
j

Gij

" #
,where Gmin

j ¼ min
1≤i≤m

Gij

n o
ð5Þ

Similarly, the maximization attributes are normalized as follows:

⊗G⁎
ij ¼

Gij

Gmax
j

,
Gij

Gmax
j

" #
, where Gmax

j ¼ max
1≤i≤m

Gij

n o
ð6Þ

The normalized grey decision matrix, D ∗, is finally represented as follows:

D⁎ ¼

⊗G⁎
11 ⊗G⁎

12 . . . ⊗G⁎
1n

⊗G⁎
21 ⊗G⁎

22 . . . ⊗G⁎
2n

⋮ ⋮ ⋱ ⋮
⊗G⁎

m1 ⊗G⁎
m2 . . . ⊗G⁎

mn

2
6664

3
7775 ð7Þ

• Step 3.5: Establish the ideal referential bituminous blend.

From the set of bituminous blends, Bi = {B1,B2,…,Bm }, define the reference bituminous blend, Bmax = {G1
∗max,G2

∗max,…,Gn
∗max}, which can be cal-

culated according to Eq. (8).

Bmax ¼ max
1≤i≤m

Gi1, max
1≤i≤m

Gi1

� �
, max

1≤i≤m
Gi2, max

1≤i≤m
Gi2

� �
, . . . , max

1≤i≤m
Gin, max

1≤i≤m
Gin

� �� �
ð8Þ

• Step 3.6: Calculate the “performance coefficients” (or grey possibilities).

In the proposed methodology, the “performance coefficients” (PC) are given by the grey possibilities (Eq. (9)). They are calculated by comparing
the set of bituminous blends with the reference bituminous blend according to Eq. (10). The possibility that a grey number is less than or equal to
another grey number can be determined according to Eq. (11), which in turn can be further extended as shown in Eq. (12). Thus, a low probability
(and PC) value means that the concerned bituminous blend is closer to the ideal reference bituminous blend.

PCi ¼ P Bi≤B
max� � ð9Þ

P Bi≤B
max� � ¼ 1

n
∑n

j¼1 P ⊗G⁎
ij≤⊗G⁎max

j

� �h i
, i ¼ 1, . . . ,m ð10Þ

P Bi ≤ B
max� � ¼ 1

n
∑
n

j¼1

max 0, L⁎j −max 0,G
⁎
ij−G⁎max

j

� �� �
L⁎j

2
4

3
5, i ¼ 1, . . . ,m ð11Þ

P Bi≤B
max� � ¼ 1

n
∑
n

j¼1

max 0, L⁎1−max 0,G
⁎
i1−G⁎max

1

� �� �
L⁎1

2
4

3
5þ

max 0, L⁎2−max 0,G
⁎
i2−G⁎max

2

� �� �
L⁎2

2
4

3
5þ . . .þ

max 0, L⁎n−max 0,G
⁎
in−G⁎max

n

� �� �
L⁎n

2
4

3
5

2
4

3
5, i ¼ 1, . . . ,m

ð12Þ
where Lj∗ represents the sumof the length of grey numbers⊗Gij

∗ and⊗Gj
∗max. This operation can be represented by Eq. (13). The length of a grey num-

ber L (⊗Gij
∗) is determined according to Eq. (14), which can be re-written as shown in Eq. (15).

L⁎j ¼ L ⊗G⁎
ij

� �
þ L ⊗G⁎max

j

� �
ð13Þ
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L ⊗G⁎
ij

� �
¼ G

⁎
ij−G⁎

ij ð14Þ

L ⊗G⁎
ij

� �
¼ G

⁎
ij−G⁎

ij

� �
þ G

⁎max
j −G⁎max

j

� �h i
ð15Þ

2.4. Step 4: Rank the bituminous blends based on their laboratory and environmental performances through the GRA methodology

The GRA was adopted in this step as a MADMmethod to rank the bituminous blends according to their environmental performance, as deter-
mined in Step 2, and considering the PC related to their laboratory performance determined in Step 3. When used as a MADM method, GRA deter-
mines the relationship between a set of alternatives and an ideal alternative, which is obtained as the best performance among all the alternatives.
This relation is called grey relational coefficient and indicates the degree of similarity between the alternatives being compared and the reference
alternative (Fung, 2003). As such, if a given alternative is more important than the other alternatives in relation to the reference alternative, the
grey relational coefficient for that alternative and the reference alternative will be higher than the grey relational coefficient of the remaining alter-
natives and its value close to one. In practice, that alternative would be the one to choose.

Specifically, the detailed sub-steps included in the current step of the proposed methodology are as follows:
Let Bi = {B1,B2,…,Bm } be am set of bituminous blends, where i= {1,2,…,m }, and ICj= {IC1, IC2,…, ICc } be a c set of environmental impact cat-

egories, where j = {1,2,…,c }.
• Step 4.1: Establish the initial decision matrix (DM) based on the environmental performance of bituminous blends.

The initial DM is represented by Eq. (16).

DM ¼ dij
� 	

m�c ¼

d11 d12 . . . d1c
d21 d22 . . . d2c
⋮ ⋮ ⋱ ⋮

dm1 dm2 . . . dmc

2
6664

3
7775, i ¼ 1, . . . ,m; j ¼ 1, . . . , c ð16Þ

where dij is the performance value of bituminous blend i against environmental impact category j.

• Step 4.2: Normalize the initial DM by using Eq. (17).

rij ¼
dmax
j −dij

dmax
j −dmin

j

, i ¼ 1, . . . ,m;j ¼ 1, . . . , c ð17Þ

where
rijis the normalized performance value of bituminous blend i against environmental impact category j, djmax is the maximum value of environmental
impact category j, and dj

min is the minimum value of environmental impact category j.

• Step 4.3: Define the initial reference alternative R0 = {R0, 1,R0, 2,…,R0, c } based on Eq. (18).

R0,j ¼ max
1≤i≤m

rij

 �

, j ¼ 1, . . . , c ð18Þ

• Step 4.4: Determine the grey relational coefficients represented by γ(rij,R0, j) through Eq. (19).

γ rij,R0,j
� � ¼ min

i
min

j
Δij

� 
þ ζ � max

i
max

j
Δij

� 

Δij þ ζ�max
i

max
j

Δij

�  ð19Þ

whereΔij= |R0, j− rij|, and ζ is the distinguishing coefficient (ζ∈ [0, 1]). The purpose of this parameter is to expand or compress the range of the grey
relational coefficient. Lower values lead to a larger distinguishability between the alternatives being compared, whereas higher values originate a
smaller distinguishability capability (Kuo et al., 2008; Mahmoudi et al., 2020). The value commonly considered in the literature for this parameter
is 0.5 (Chan and Tong, 2007).

• Step 4.5: Calculate the weights of the environmental impact categories.

In the proposedmethodology, twoweight elicitationmethodologies, namely equal weighting and entropyweightingmethods, are applied to de-
termine the subjective and objective weights of the environmental impact categories, respectively. They are posteriorly combined according to
Eq. (20). The combination of the two types of weight elicitation methodologies aims to attenuate their individual drawbacks. Whereas subjective
weighting methods neglect the intrinsic information of the criteria, objective weighting methods, in turn, neglect the decision-maker's preferences.

W ¼ Wij
� 	

1�c ¼ α �Ws þ 1−αð Þ �Wo ð20Þ

whereW is the combined weight vector,Ws is the subjective weight vector,Wo is the objective weight vector, c is the number of environmental im-
pact categories, and α, which ranges between 0 and 1, is the combination coefficient.
7
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• Step 4.6: Determine the adjusted grey relational grades.

The adjusted grey relational grade is theweighting-sum of the grey relational coefficients adjusted with the PC determined in Step 3. It is defined
as follows:

Γ i ¼
∑c

j¼1ωj � γ rij,R0,j
� �

PCi
, i ¼ 1, . . . ,m ð21Þ

∑c
j¼1ωj ¼ 1 ð22Þ

where Γi is the adjusted grey relational grade of bituminous blend i, PCi is the performance coefficient of bituminous blend i determined in Step 3,ωj is
the weight of environmental impact category j, c is the total number of environmental impact categories, and γ(rij,R0, j) is the grey relational coeffi-
cient of bituminous blend i. According to the proposed approach, the best bituminous blend is the onewith the highest adjusted grey relational grade.

A practical example of the application of the grey theory for incorporating environmental aspects in the standard laboratory performance eval-
uation process of recycled materials in roads is shown in the following sections.
3. Laboratory performance assessment of recycled plastic-modified
bituminous blends

This section describes the physical, chemical and rheological proper-
ties of recycled plastic-modified bitumen through a series of laboratory
tests. Results are compared to industrial A35P (modified bitumen with
EVA copolymer) and neat unmodified bitumen (i.e., C320).

3.1. Conventional bitumen tests

Conventional bitumen properties including softening point, viscos-
ity, penetration and penetration index of neat bitumen, industrial
EVA-modified A35P, and recycled LLDPE/LDPE-modified bituminous
blends are listed in Table 3. Based on the overall results reported in
Table 3, it can be observed that the addition of recycled LLDPE/LDPE in
bitumen increased softening point, viscosity and penetration index
and reduced the penetration value.

Although empirical and obsolete, the softening point test is still con-
sidered as one of the important properties of asphalt binders commonly
used by practitioners. Results show that the softening point value of
base bitumen was 44.1 °C, which increased to 55.7 °C, 73.2 °C, 97.9 °C
and 104.1 °C by adding 3%, 6%, 9% and 12% of recycled LLDPE/LDPE, re-
spectively. The softening point of A35P is in between that of 3% and
6% recycled LLDPE/LDPE, in agreementwith a) the overall polymer con-
tent (approx. 5%) and b) the polymer type (EVA). In fact, EVA is the co-
polymerization result of low-density polyethene (LDPE) with vinyl
acetate.

Dynamic viscosity is a basic rheological property which represents
the resistance to shearing deformation and affects the asphalt pavement
construction (Liu et al., 2018; Liu et al., 2017). Viscosity is an important
Table 3
Conventional properties of neat bitumen and recycled LLDPE/LDPE modified bituminous
blends.

Sample Softening
point (°C)

Viscosity
at 135 °C
(Pa·s)

Penetration
(0.1 mm)

Penetration
index

Storage
stabilitya

ΔSoftnening

Point (°C)

Bitumen 44.1 0.62 59.3 −2.43 –
LLDPE/LDPE-3% 55.7 0.77 51.4 0.19 6
LLDPE/LDPE-6% 73.2 1.93 42.7 2.93 17
LLDPE/LDPE-9% 97.9 3.22 27.5 4.97 45
LLDPE/LDPE-12% 104.1 6.24 16.8 4.56 57
A35P(5% EVA) 66.1 2.43 34 1.24 2

a NOTE: A35P is an industrial as-sold bitumen; therefore, it already includes
crosslinking/stabilising agents (i.e., sulphur) that promote better compatibility between
the bitumen and polymer phase. On the other hand, the recycled plastic blends did not in-
clude any additive as improving the storage stability was not within the scope of the pres-
ent study.
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characteristic of bituminous binders to be controlled – especially at high
temperature - as it determines the bitumen ability to be pumped and
handled at the plant (Xiao et al., 2014). Viscosity increased in the mod-
ified blends after the addition of recycled LLDPE/LDPE polymer, as
shown in Table 3. At 135 °C, viscosity of neat bitumen was 0.62 Pa·s
which then increased to 0.77 Pa·s, 1.93 Pa·s, 3.22 Pa·s and 6.24 Pa·s
after the addition of 3%, 6%, 9% and 12% of recycled LLDPE/LDPE, respec-
tively. Viscosity of A35P at the same temperature is 2.43 Pa·s, again in
line with that of 6% recycled LLDPE/LDPE. Based on the recommenda-
tion that viscosity should not exceed 3 Pa·s at 135 °C not to hinder
pumping, mixing and workability (Kennedy et al., 1994), it can be sug-
gested that only 3% and 6% loading of recycled LLDPE/LDPE provide suit-
able levels of workability when using recycled LLDPE/LDPE. In
particular, viscosity at 135 °C of a standard PG76-22 polymer-
modified bitumen is approx. 1.7–1.8 Pa·s, hence similar to the value as-
sociatedwith recycled LLDPE/LDPE at 6% concentration.Higher viscosity
values are not preferred because theywill lead to higher temperature of
mixing, laying and compaction, and the need for a larger pump at the
plant, hence more energy required during production.

The penetration test is a standard empirical test – but, again,
widely used in the field and included in many construction standards
worldwide – to characterise bitumen and, in particular, its consistency.
Generally, lower penetration values are preferred when bitumen is ex-
posed to warm weather conditions. After the addition of recycled
LLDPE/LDPE in bitumen, a significant drop in penetration value has
been observed from 59.3 (0.1 mm) for the neat bitumen to 51.4
(0.1 mm), 42.7 (0.1 mm), 27.5 (0.1 mm) and 16.8 (0.1 mm) for 3%,
6%, 9% and 12% loadings of recycled LLDPE/LDPE, respectively. A35P
penetration value of 34 (0.1 mm) is in between that of 6% and 9%
recycled LLDPE/LDPE. It is reported in literature that polyethylene-
based modifiers in bitumen at 3% loading showed 7–42% reduction
in penetration, whereas the penetration value is reduced by 22–63%
for 5% of polyethylene-based modifiers (Brasileiro et al., 2019). The
present study observed a 13.3% reduction at 3% recycled LLDP/LDPE,
27.9% at 6% recycled LLDP/LDPE, 53.6% at 9% recycled LLDP/LDPE and
71.6% reduction at 12% recycled LLDP/LDPE. The penetration index
helps determine the temperature susceptibility of bitumen or modified
bitumen in road applications. A lower penetration index value indi-
cates that bitumen will change its behaviour faster when subjected
to a temperature gradient (i.e. more thermo-susceptible), while high
penetration index is indication of a bitumen that is less thermo-
susceptible (Nizamuddin et al., 2020). The penetration index of the
base bitumen was −2.44, which increased to 0.19, 2.93, 4.97 and
4.56 at 3%, 6%, 9% and 12% loading of recycled LLDPE/LDPE. Based on
these results, it can be claimed that recycled LLDPE/LDPE modified bi-
tumen is less affected by temperature changes according to the simple
analysis of empirical parameters commonly adopted in the field. This
will be further expanded in the following sections when analysing
the chemo-rheological behaviour.



Fig. 4. Cole-Cole plot for neat bitumen, A35P and LLDPE/LDPE-modified bitumen.
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To measure the storage stability of polymer-modified bitumen, the
cigar tube test (ASTM, 2005) was conducted; according to the standard,
polymer-modified bitumen is considered storage stable if the softening
point difference between the top and bottom portion of the tube is less
than 2.5 °C. However, several studies (Lu and Isacsson, 1997; Zani et al.,
2017) argued that the storage stability measured according to this
methodology can potentially overestimate the separation between the
polymer and bitumen. In fact, no mechanical agitation is provided dur-
ing the test, hence deviating from what really happens in the bitumen
storage tank at the asphalt plant.

3.2. Rheological properties

Rheological properties including frequency sweep and multiple
stress creep recovery (MSCR) tests of neat bitumen, A35P and recycled
LLDPE/LDPE-modified blends at different loadings of LLDPE/LDPE were
analysed. The viscoelastic behaviour is shown through the master
curves of the various bituminous blends (Fig. 3). It can be observed
that LLDPE/LDPE-12% showed the greatest stiffness at low reduced fre-
quencies (i.e., shifting of high temperature test data) followed by LLDPE/
LDPE-9%, LLDPE/LDPE-6%, LLDPE/LDPE-3%, A35P and neat bitumen, re-
spectively. In comparison, the trendwas opposite at higher reduced fre-
quencies (shifting of low temperature test data) where neat bitumen
showed the greatest stiffness compared to the virgin (EVA in A35P)
and recycled (LLDPE/LDPE) plastomers.

The respective viscous and elastic response of themodified bitumen
is illustrated by theCole-Cole plot (Fig. 4),which is a graphical represen-
tation of the storage and loss modulus components. The 45o line in the
Cole-Cole plot shows the points where G' is equal to G"; this is identified
by the cross-over frequency, whereas the inverse is known as relaxation
time. Any material falling below this line at 45 °C represents an elastic
dominant phase (solid like behaviour) whereas the material falling
above this line denotes a viscous dominant phase (liquid like behav-
iour) (Jamal and Giustozzi, 2020). It is evident from Fig. 3 that neat bitu-
men shows more viscous behaviour suggesting that it behaves like
liquid and diminishes its ability to storage applied energy. The addition
of LLDPE/LDPE resulted in an improvement of the elastic component.

The G*/sinδ is a parameter used to estimate the resistance to perma-
nent deformation according to the SHRP Superpave program (Liu et al.,
2018), where higher G*/sinδ values show greater rutting resistance
(Deng et al., 2017). Fig. 5 highlights that the resistance to rutting was
improved by increasing the LLDPE/LDPE loading, hence indicating that
Fig. 3.Master curves for neat bitumen, A35P, and LLDPE/LDPE-modified bitumen.
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LLDPE/LDPE-modified blends are more resistant to permanent defor-
mation at high temperature (Padhan and Sreeram, 2018). It is widely
observed in literature that polyethylene modification of bitumen leads
to better rutting resistance and permanent deformation resistance
(Brasileiro et al., 2019). The addition of polyethylene into the binder ex-
foliated the layer structure of particles and the binder was intercalated
in these layers resulting in a final ‘reinforced’ structure more resistant
to deformation (Yao et al., 2016).

Rutting potential was further analysed with the help of MSCR tests
(%recovery and Jnr) at 0.1 kPa and 3.2 kPa, where higher %recovery
shows better elasticity at higher temperature and lower Jnr represents
greater resistance to permanent deformation (Nizamuddin et al.,
2020). It is observed from Fig. 6 that %recovery was the highest for
LLDPE/LDPE-12%, followed by LLDPE/LDPE-9%, A35P, LLDPE/LDPE-6%,
LLDPE/LDPE-3% and neat bitumen, respectively, whereas the lowest
Jnr value was observed for LLDPE/LDPE-12%, followed by LLDPE/LDPE-
9%, A35P, LLDPE/LDPE-6%, LLDPE/LDPE-3% and neat bitumen. Based on
the evaluation of both MSCR results and G*/Sinδ, it can be concluded
that the addition of LLDEP/LDPE improved resistance to rutting of the bi-
tuminous blends.
Fig. 5. SUPERPAVE rutting parameter (G*/sinδ) at 60 °C and 1.59 Hz.



Fig. 6. MSCR analysis (a) %Recovery and (b) Jnr of bitumen, A35P and LLDPE/LDPE-modified blends.
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3.3. Thermo-chemical properties

The thermochemical properties - including FTIR, TGA/DTG and
MDSC analyses - were investigated for neat bitumen, recycled LLDPE/
LDPE-modified bitumen at various concentrations of LLDPE/LDPE, and
A35P. Based on the overall findings, it can be observed that thermal sta-
bility, percentage crystallinity, melting enthalpy were increased
whereas themelting temperaturewas notmuch affected by the content
of recycled LLDPE/LDPE.

The FTIR spectra in the wavenumber range of 4000–550 cm−1 was
used to determine the functional groups present on the surface of the
specimen (Fig. 7). FTIR spectra tend to determine the molecular struc-
ture and existing bonds available in the observed sample
(Nizamuddin et al., 2015). Generally, A35P, neat bitumen and recycled
LLDPE/LDPE-modified blends show similar peaks and intensities, sug-
gesting that mostly physical mixing occurred and that chemical mixing
10
was limited during the blending of recycled LLDPE/LDPE with bitumen.
In fact, some peakswere completely removed although a fewnewpeaks
appeared in recycled LLDPE/LDPE-modified blends and the intensity of
some peaks changed after recycled LLDPE/LDPE modification. Specifi-
cally, the peak at around 3700 cm−1 appeared in A35P, recycled
LLDPE/LDPE-6%, LLDPE/LDPE-9% and LLDPE/LDPE-12%, although it was
not present in neat bitumen and LLDPE/LDPE-3%; this shows the pres-
ence of OH group (AbAziz et al., 2012). A peak at around 1650 cm−1 ap-
peared in all LLDPE/LDPE blends, which was not present in neat
bitumen; this shows the presence of C_C aromatic stretching of aro-
matic rings in recycled LLDPE/LDPE blends (Nizamuddin et al., 2015).
Similar peaks were observed between 2920.18 cm−1 and
2916.34 cm−1 for base bitumen, A35P and recycled LLDPE/LDPE-
modified bituminous blends, which represent the presence of CH, CH2

and CH3 stretching vibrations in all samples (Park et al., 2010). The
strong peaks between 3000 cm−1 and 2800 cm−1 show CH- stretching



Fig. 7. FTIR spectra of neat bitumen, A35P and recycled LLDPE/LDPE modified bituminous
blends.

Table 4
MDSC data for recycled LLDPE/LDPE modified bitumen.

LLDPE/LDPE-3%
Peak integration
Start Onset Maximum Stop Area Special area
°C °C °C °C J/g % crystallized
101.24 100.22 98.76 94.98 1.941 2.087

LLDPE/LDPE-6 %
Peak integration
Start Onset Maximum Stop Area Special area
°C °C °C °C J/g % crystallized
103.26 101.44 99.97 94.99 4.943 5.315

LLDPE/LDPE-9%
Peak integration
Start Onset Maximum Stop Area Special area
°C °C °C °C J/g % crystallized
104.61 101.87 100.21 94.97 8.635 9.285

LLDPE/LDPE-12%
Peak integration
Start Onset Maximum Stop Area Special area
°C °C °C °C J/g % crystallized
105.02 102.49 100.94 94.98 13.05 14.03

A35P
Peak integration
Start Onset Maximum Stop Area Special area
°C °C °C °C J/g % crystallized
100.1 95.36 93.14 86.19 2.078 2.211
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vibration of alkane chains (Liu et al., 2018). Moreover, these peaks are
attributed to either CH stretching vibrations of CH3 and CH2 or CHn

stretching vibrations, which represents aliphatic and aromatic com-
pounds (Chen et al., 2012). A few intensity peaks in the wavenumber
range of 1250–800 cm−1 were found for both neat bitumen and
recycled LLDPE/LDPE-modified bitumen samples, which belong to
Si-O-Si stretching vibrations at this range of wavenumber. Other
than appearance of new peaks and disappearance of previous peaks,
the intensity of some peaks was widened whereas the intensity of few
peaks was narrowed after modifying bitumen with recycled LLDPE/
LDPE as compared to neat bitumen. A change in peak intensities repre-
sents an active cohesion between polymer strands and bitumen fraction
as well as it confirms proper mixing of bitumen and polymer (Appiah
et al., 2017).

The thermal properties of recycled LLDPE/LDPE-modified blends
were analysed through MDSC analysis and the results are shown in
Fig. 8 and Table 4. It is reported in literature that the MDSC parameters
depend upon base bitumen and polymer type; however, they are not
Fig. 8.MDSC analysis of recycled L
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affected by the concentration of polymer (Shutt et al., 1993). Only en-
thalpy can be affected by the polymer concentrationwhere the enthalpy
is expected to grow by increasing the polymer concentration (Airey,
2002). In this study, increasing the recycled LLDPE/LDPE content did
not improve themelting temperature, but changed the enthalpy values.
The melting temperature of recycled LLDPE/LDPE-3%, LLDPE/LDE-6%,
LLDPE/LDPE-9% and LLDPE/LDPE-12% was found to be 100.22 °C,
101.44 °C, 101.87 °C and 102.49 °C, respectively. On the other hand,
the enthalpy was increased from 1.941 J/g of LLDPE/LDPE-3% to
4.943 J/g for LLDPE/LDPE-6%, 8.635 J/g for LLDPE/LDPE-9% and
13.050 J/g for LLDPE/LDPE-12%. According to Hu et al. (2015) an in-
crease in enthalpy with increasing polymer content represents the
transformation of crystalline characteristics of polymer-modified
LDPE/LDPE modified bitumen.
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blends. Similar to melting enthalpy, the percentage crystallinity
(Table 4) also showed an upward trend with increasing the amount of
recycled LLDPE/LDPE, which can be attributed to the less agglomerating
nature of polymers (Chen et al., 2007). The percentage crystallinity of
recycled LLDPE/LDPE-3%, LLDPE/LDPE-6%, LLDPE/LDPE-9% and LLDPE/
LDPE-12% was found to be 2.087%, 5.315%, 9.285% and 14.030%, respec-
tively. As per the comparison with A35P, the melting temperature, the
enthalpy and the percentage crystallinity of A35P were found to be
95.36 °C, 2.078 J/g and 2.211%, respectively.

The analysis of thermal properties by TGA/DTG has been carried
out for neat bitumen and recycled LLDPE/LDPE-modified bituminous
blends as shown in Fig. 9(a) and (b). The TGA analysis suggests that
A35P, neat bitumen and LLDPE/LDPE-modified blendswith low poly-
mer content experienced greater weight loss than the blends with
higher LLDPE/LDPE concentration. The difference in weight loss in
absence of LLDPE/LDPE or at low concentration of LLDPE/LDPE sug-
gests low thermal stability and high evaporation rate as compared
to those blends with higher concentration of recycled LLDPE/LDPE
(Nizamuddin et al., 2020). Among all tested samples, A35P started
degradation (weight loss) at low temperature as compared to base
bitumen and LLDPE/LDPE modified bituminous blends. Luo and
Chen (2011) also suggested that the addition of polymer to bitumen
results in increasing of the thermal stability. In addition, it can be ob-
served from Fig. 9(a) that the A35P generated higher residue
followed by neat bitumen, which then decreased with increasing
LLDPE/LDPE content, confirming that A35P and neat bitumen are
less facile to its degradation into volatile matters (Wang et al.,
2015). The TGA graph illustrates that major weight losses for A35P,
base bitumen, low concentration LLDPE/LDPE blends (LLDPE/LDPE-
3% and LLDPE/LDPE-6%) and high concentration LLDPE/LDPE blends
(LLDPE/LDPE-9% and LLDPE/LDPE-12%) took place at 280-470 °C,
280-525 °C, 310-525 °C and 390-525 °C, respectively. A major DTG
peak for all samples was found at 470-520 °C as shown in Fig. 9(b),
hence signifying that the samples can sustain a temperature up to
this range before significant degradation occurs. However, the peak
intensity of LLDPE/LDPE-modified blends is significantly wider than
that of A35P and neat bitumen; a narrow peak intensity shows less
thermal stability and wide peak intensity represents greater thermal
stability, indicating that LLDPE/LDPE-modified bituminous blends
are more thermally stable than neat bitumen and A35P.
Fig. 9. (a) TGA and (b) DTG analysis of neat bitumen,
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4. Performance coefficients (PC)

In the present study, the following performance-based parameters
were ranked based on a qualitative scale from ‘Excellent - E’ to ‘Very
Good - VG’, ‘Good - G’, ‘Fair - F’, ‘Poor - P’ and ‘Very Poor - VP’, in agree-
ment with the GRA principles. Six indicators were selected considering
a broad spectrum of properties deemed as essential to ensure suitable
field performance. It should be noted that the present study does not
aim to suggest the optimal six parameters to be chosen for the grey
analysis - which could be dependent on the specific study case - but
rather wants to suggest a methodology that incorporates environmen-
tal impacts and laboratory performance into the decision-making pro-
cess. Similarly, the total number of laboratory performance indicators
does not have to be limited to six, but it can be expanded (or reduced)
depending on the relevance of the tests conducted in the laboratory.

Viscosity at 135 °C was selected as a rating indicator that measures
on-site workability during construction and pumpability during pro-
duction at the plant. According to the Superpave specifications
(Kennedy et al., 1994), viscosity should be less than 3 Pa·s at 135 °C.
Under a workability perspective, the best alternative (i.e., the binder
that is easier to handle during production and construction operations)
is the one with lower viscosity at 135 °C. If the 3 Pa·s limit is exceeded,
then the ranking of the alternativewill be reduced because the binder is
considered ‘too viscous’ (less workable at the site). Due to the impor-
tance of rutting in pavement engineering, the rutting parameter G*/
sinδwas extrapolated from the rheological analysis. Superpave criterion
requires the value of G*/sinδ to bemore than 1.1 kPa for unaged samples
and more than 2.2 kPa for RTFO-aged samples. The greater the rutting
parameter, the higher the ranking. A specific aspect of ruttingwas addi-
tionally investigated through the MSCR test; by looking at the %Recov-
ery value of the different blends, the capability of the binder to
recover from deformation was assessed. The greater the %Recovery,
the higher theperformance ranking. The Penetration Indexwas selected
as an indicator (empirical) of the thermal susceptibility of the bitumen.
Higher PI leads to less thermo-susceptible binders. Similarly, segrega-
tion or storage stability is highly regarded when dealing with
polymer-modified bitumen. However, in this case, A35Pwas a commer-
cially available bitumen, hence already stabilised with cross-linking
agents (i.e., sulphur). In turn, recycled plastics-modified bitumen was
not stabilised as storage stabilisation of recycled PE-modified bitumen
A35P and recycled LLDPE/LDPE modified blends.



Table 5
Linguistic ratings of bituminous blends on the performance parameters.

Bitumen blend (Bi) Laboratory performance parameter

Viscosity Rutting potential %Recovery Penetration index Storage stability Complex viscosity 5 °C

Neat bitumen F VP VP VP Ea E
A35P E G VG F VG VG
LLDPE/LDPE-3% G P P P G G
LLDPE/LDPE-6% VG F F G F F
LLDPE/LDPE-9% P VG VG VG P P
LLDPE/LDPE-12% VP E E E VP VP

a Note: neat unmodified bitumen C320 is rated ‘Excellent’ for the sake of this analysis as it does not contain any polymer, hence it cannot separate or exhibits storage
‘instability’.

Table 6
Performance coefficient values of the bituminous blends.

Bituminous blend
(Bi)

Grey possibility (P(Bi ≤ Bmax)) and performance coefficient
(PC) values

Neat bitumen 0.83
A35P 0.92
LLDPE/LDPE-3% 1.00
LLDPE/LDPE-6% 1.00
LLDPE/LDPE-9% 1.00
LLDPE/LDPE-12% 0.75
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was out of the scope of the present study. Under a practical point of
view, it could be similarly interesting to know that using recycled plas-
tics in its original form (i.e., without any compatibilizer or crosslinking
agent) may limit the total amount of recycled PE in the mix. Finally,
the complex viscosity at 5 °C was selected as an indicator of the low-
temperature behaviour. Although the phenomenon of brittleness of bi-
tumen at low temperature is much more complex, for the sake of the
multi-attribute analysis it was assumed that lower complex viscosity -
at a specific frequency rate - led to better low-temperature behaviour
due to increased capacity of relaxing stresses.

The assessment of the laboratory performance of the bituminous
blends in linguistic terms was performed by the authors and is pre-
sented in Table 5. Using Table 2, the linguistic ratings were converted
into corresponding grey values. Finally, by applying Eqs. (10)–(15) the
PC were calculated as shown in Table 6. The results of the intermediate
steps can be found in the Appendix A. The results presented in Table 6
indicate that the best bituminous blend in terms of overall laboratory
performance is LLDPE/LDPE-12%, followed by neat bitumen and A35P.
On the contrary, the bituminous blends LLDPE/LDPE-3%, LLDPE/LDPE-
6% and LLDPE/LDPE-9% equally denote lower performance, according
to the grey theory.

4.1. Final ranking of bituminous blends

The initial decision matrix (DM) obtained from the LCA study de-
scribed in Step 2 is presented in Table 7. This matrix was posteriorly
Table 7
Environmental impacts related to the production of the six bituminous blends.

Bituminous blend (Bi) Environmental impact categories

Ac
(g SO2 eq)

Eu
(g PO4

3− eq)
FE
(g 1.4-DB eq)

CC
(g CO2 eq)

Neat bitumen 5.718 0.778 73.69 1194.20
A35P 5.942 0.830 81.05 1315.25
LLDPE/LDPE-3% 5.719 0.779 74.56 1207.02
LLDPE/LDPE-6% 5.720 0.781 75.44 1219.85
LLDPE/LDPE-9% 5.721 0.782 76.31 1232.67
LLDPE/LDPE-12% 5.722 0.783 77.18 1245.50

Key: Ac- acidification, Eu- eutrophication, FE- freshwater aquatic ecotoxicity, CC- climate chang
tochemical oxidation, and TE- terrestrial ecotoxicity.
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normalized according to Eq. (17). Next, Eqs. (18) and (19) were applied
to determinate the reference bituminous blend and the grey relational
coefficients, respectively. Finally, by considering the combined weights
of the environmental impact categories determined through Eq. (20)
and shown in Table 8, the adjusted grey relational grades of the bitumi-
nous blends were obtained according to Eq. (21). The final results are
shown in Table 9, whereas the results of the intermediate steps are pre-
sented in Appendix A. Since a higher adjusted grey relational grade in-
dicates a better overall performance, the best bituminous blend is
Neat bitumen, followed by LLDPE/LDPE-3% and LLDPE/LDPE-12%. On
the contrary, the bituminous blend A35P shows the worst overall per-
formance according to the proposed methodology.

4.2. Sensitivity and scenarios analyses

To assess the extent to which the distinguishing coefficient in
Eq. (19) affects the adjusted grey relational grades of the bituminous
blend alternatives, and consequently their ranking, a sensitivity analysis
was performed. The value of this coefficient was varied from 0.1 to 1,
with increments of 0.1. The adjusted grey relational grades and final
rankings of the six bituminous blends are reported in Figs. 10 and 11.

According to the results presented in Figs. 10 and 11, it can be seen
that the adjusted grey relational grades and ranking of the bitumen
blends alternatives are almost insensitive to changes in the value of
the distinguishing coefficient. Regardless of the value considered, the
ranking of bituminous blends Neat Bitumen, A35P, LLDPE/LDPE-6%
and LLDPE/LDPE-9% remains the same. The only exception to this gen-
eral trend is observed when the value of the distinguishing coefficient
is lower than 0.3. In this case, the bituminous blends LLDPE/LDPE-3%
and LLDPE/LDPE-12% swap their rankings. Therefore, it can be said
that the impact of the distinguishing coefficient on the results of the
proposed methodology is small for the context in which it is meant to
be applied.

Furthermore, because the GRAmethodology applied in Step 3 of the
proposed methodology can only deal with an assessment context
where all the alternatives being compared are assessed on an equal
number of performance indicators, the neat bitumen was given the
rate ‘Excellent’ in the laboratory performance indicator “storage
HT
(g 1.4-DB eq)

ME
(g 1.4-DB eq)

OD
(g CFC-11 eq)

PO
(g C2H4 eq)

TE
(g 1.4-DB eq)

394.46 391,556.93 0.000309914 0.3733 2.85
419.02 429,137.62 0.000311456 0.4030 3.15
396.09 395,940.25 0.000309919 0.3734 2.92
397.72 400,323.57 0.000309924 0.3735 3.00
399.35 404,706.90 0.000309928 0.3735 3.07
400.99 409,090.22 0.000309933 0.3736 3.14

e, HT- human toxicity,ME-marine aquatic ecotoxicity, OD- ozone layer depletion, PO- pho-



Table 8
Weights of the environmental impact categories obtained according to Eq. (20) for a α
value equal to 0.5.

Weighting
methodology

Ac Eu FE CC HT ME OD PO TE

Equal
weighting

11.10 11.11 11.11 11.11 11.11 11.11 11.11 11.11 11.11

Entropy 11.10 11.11 11.11 11.12 11.11 11.11 11.10 11.11 11.12
Combined
weighting

11.11 11.11 11.11 11.11 11.11 11.11 11.11 11.11 11.12

Key: Ac- acidification, Eu- eutrophication, FE- fresh water aquatic ecotoxicity, CC- climate
change, HT- human toxicity, ME- marine aquatic ecotoxicity, OD- ozone layer depletion,
PO- photochemical oxidation, and TE- terrestrial ecotoxicity.

Table 9
Adjusted grey relational grades and corresponding ranking.

Bituminous blend (Bi) Adjusted grey relational grade (Γi) Ranking

Neat bitumen 1.20 1
A35P 0.36 6
LLDPE/LDPE-3% 0.88 3
LLDPE/LDPE-6% 0.80 4
LLDPE/LDPE-9% 0.75 5
LLDPE/LDPE-12% 0.94 2
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stability”. However, because neat bitumen does not include any poly-
mer, it cannot separate or exhibits storage ‘instability’. Thus, in order
to determine the impact of this decision on the ranking of the alterna-
tives, Steps 3 and 4 of the proposed methodology were repeated but
Fig. 10. Sensitivity of the ranking of the bituminous blends with re

Fig. 11. Sensitivity of the adjusted grey relational grade of the bituminous ble
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without considering the laboratory performance indicator “storage sta-
bility” in Step 3.

The adjusted grey relational grades and final rankings of the six bitu-
minous blends in both scenarios are reported in Fig. 12. According to the
results presented in Fig. 12, it can clearly be seen that the ranking of the
bituminous blends is insensitive to the removal of the laboratory perfor-
mance indicator “storage stability”.

Finally, within a given decision-making context, it may happen that
the decision maker is only interested in comparing the polymer-
modified bituminous blends. In practice, that means removing the
neat bitumen blend from the set of alternative bituminous blends.
Thus, in order to account for this decision-making scenario, Steps 3
and 4 of the proposed methodology were again repeated but without
considering the alternative neat bitumen.

The adjusted grey relational grades and final rankings of the
bituminous blends in both scenarios are reported in Table 10. It can be
observed that there is a change in the relative position of the bituminous
blends LLDPE/LDPE-3% and LLDPE/LDPE-12% in the final ranking.
Whereas in the baseline scenario the bituminous blend LLDPE/LDPE-
12% rank higher than the bituminous blend LLDPE/LDPE-3%, in the alter-
native scenario a swap in the rankings of those alternatives is observed.
In theMCDA terminology this phenomenon is called “rank reversal” and
happenswhen a new (ormore than one) alternative is added or deleted
from the set of alternatives being compared (Cinelli et al., 2020).

Nevertheless, it must be underlined that rank reversal cannot be
seen necessarily as a limitation of the proposed methodology, because
adding or deleting alternatives changes the structure of the MADM
problem. However, for the sake of fairness, it should also be mentioned
spect to changes in the value of the distinguishing coefficient.

nds with respect to changes in the value of the distinguishing coefficient.



Fig. 12. Sensitivity of the ranking and adjusted grey relational grades of the bituminous blends with respect to the removal of the laboratory performance indicator “Storage stability”.
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that not all MADM methods are equally prone to rank reversal. Finally,
regardless of the comparative scenario being considered the bituminous
blend A35P remains the least preferable blend according to the condi-
tions considered in the case study.

5. Discussion

Considering the importance of road assets, developing both durable
and sustainable pavements will provide economic, social and environ-
mental benefits. To achieve a sustainable development of the infrastruc-
ture sector, governments are endorsing the use of recycled waste
materials in pavement construction, which is believed to save money
and landfill space, help fight against greenhouse gases emissions and
- to some extent - enhance the characteristics and performance of pave-
ments (Dehghani et al., 2013; Giustozzi et al., 2012; Santos et al., 2017).
Amongmany reclaimedmaterials, plastics consumption is rising signif-
icantly as compared to its recycling rate and the demand of recycled
products (Rahman et al., 2020; Cobut et al., 2015). The present study
proposes the possible utilization of recycled polyethylene waste
(i.e., LLDPE/LDPE) from packaging films in road applications through a
wet process. The disposal of waste polymers such as polyethylene and
its derivatives (accounting for approx. 30% of the total polymer produc-
tion) is already posing serious environmental issues to the world in the
future; this is exacerbated by the peculiarities of some co-mingled plas-
tics that is variable in nature, sometimes non-recyclable or of low eco-
nomic value, such as the one used in this study. Hence, the utilization
of waste recycled polymers could be beneficial to enhance the recycla-
bility rate of waste plastics. From an environmental perspective, such
practices will help reduce the several million tons of polyethylene
from waste streams, as well as the environmental impacts
Table 10
Sensitivity of the ranking and adjusted grey relational grades of the bituminous blends
with respect to the removal of the Neat Bitumen from the set of alternative bituminous
blends.

Bitumen blend
(Bi)

Baseline scenario Alternative scenario

Adjusted grey
relational grade (Γi)

Ranking Adjusted grey
relational grade (Γi)

Ranking

Neat bitumen 1.20 1 –
A35P 0.36 6 0.44 5
LLDPE/LDPE-3% 0.88 3 1.00 1
LLDPE/LDPE-6% 0.80 4 0.87 3
LLDPE/LDPE-9% 0.75 5 0.78 4
LLDPE/LDPE-12% 0.94 2 0.97 2
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comparatively to those associated with the use of virgin polymers, ulti-
mately balancing the ecosystem (Ahmadinia et al., 2011) and
preventing bio-accumulation of plastics/polymers in the food chain. Al-
though not evaluated in this study, the generation of microplastics due
to trafficking and weathering still deserves further analysis.

What could be considered the best environmentally friendly option
may be quite different from the best performance-based alternative
(i.e., the alternative identified through performance-based tests only).
Typically, this is a MADM problem where trade-offs need to be made
when ranking multiple alternatives according to their scores on multi-
ple and often conflicting criteria. The MADM framework presented in
this paper proved to be efficient and flexible in accommodating the
methodological requirements to tackle such problem by combining in
an innovative way the qualitative laboratory performance of several bi-
tuminous blends with their quantitative environmental performance.
Furthermore, although equal weights were given to the laboratory per-
formance indicators when applying the GRA to calculate the perfor-
mance coefficients (i.e., grey possibilities), the methodology allows
decision makers to tailor those weights according to their personal
values and interests. This methodological flexibility also applies to the
subjective component of theweights assigned to the environmental im-
pact categories, and ultimately to the used laboratory performance indi-
cators and environmental impact categories.

6. Conclusion

This study provides an innovative perspective to the study of
recycledmaterial in road pavement engineering by analytically combin-
ing laboratory experimental performance to environmental LCA results.
The multi-attribute grey relational analysis (GRA) was adopted to rank
the best overall alternative simultaneously accounting for physio-
chemical, rheological, thermal and environmental performance of the
various alternatives.

Under the laboratory performance point of view, both chemically
pure and reclaimed polymermodification of bitumen enhance the over-
all performance and properties of modified bitumen. This study utilized
LLDPE/LDPE from recycled packaging films at various concentrations to
assess the effect of LLDPE/LDPE on physical, rheological and thermo-
chemical properties of the modified-bitumen. Results were further
compared with a commercially-available plastomer-modified bitumen
and with standard unmodified bitumen. Recycled LLDPE/LDPE resulted
in increased softening point, viscosity, penetration index, rutting resis-
tance and a decreased penetration value indicating that the LLDPE/
LDPE improved the conventional properties of bitumen. Increased
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storage modulus and loss modulus confirmed that an entanglement
structure formation occurred between bitumen and LLDPE/LDPE blends.
The complex modulus increased whereas the phase angle decreased
with increasing the LLDPE/LDPE dosage, which recommends that the
elastic behaviour performance was improved. The chemical testing
(FTIR) of neat bitumen and recycled LLDPE/LDPE modified blends con-
firmed that some peaks were appeared and disappeared as well as the
peak intensities were widened and narrowed due to addition of
LLDPE/LDPE in bitumen. From the thermal analysis, the thermal stabil-
ity, melting enthalpy and percentage crystallinity was increased, the
residue was decreased, and the melting point temperature was not
changed significantly with increasing of the concentration of recycled
LLDPE/LDPE.

From the environmental standpoint, Santos et al. (2020) have al-
ready shown that using recycled plastic as a replacement of virgin poly-
mers in the so-called wet process is a practice that can help the road
pavement sector to reduce the environmental burdens associated with
its activities.

Finally, combining the performance coefficients of all alternatives
following the grey relational analysis methodology, it was found that
this methodology is not only capable of differentiating alternatives
for road pavement engineering applications from a multi-attribute
perspective, but also it has proved to be robust in a great extent to
methodological choices. Specifically, recycling 3% LDPE/LLDPE in
road pavements provides the most combined benefits (performance
and environmental performances) over the set of alternative bitumi-
nous blends considered (neat bitumen excluded). The multi-
attribute decision-making framework developed in the research
work presented in this paper can be easily adjusted to many other
recycled materials for road pavement engineering applications
and/or several additional performance and environmental indicators
as well as economic and/or social ones. Hence, better informed
decision-making principles can be applied to road projects that in-
clude recycled materials, possibly even calibrating the analysis to
N
A
L
L
L

N
A
L
L
L
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include the specific set of indicators of multiple nature that are
deemed most important for the specific project.
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Appendix A
Table 1

Grey decision matrix.
Bituminous blend
 Viscosity
 Rutting
potential
%Recovery
 Penetration index
 Storage
stability
Complex
viscosity
eat bitumen
 0.3
 0.5
 0
 0.1
 0
 0.1
 0
 0.1
 0.9
 1
 0.9
 1

35P
 0.9
 1
 0.5
 0.7
 0.7
 0.9
 0.3
 0.5
 0.7
 0.9
 0.7
 0.9

LDPE/LDPE-3%
 0.5
 0.7
 0.1
 0.3
 0.1
 0.3
 0.1
 0.3
 0.5
 0.7
 0.5
 0.7

LDPE/LDPE-6%
 0.7
 0.9
 0.3
 0.5
 0.3
 0.5
 0.5
 0.7
 0.3
 0.5
 0.3
 0.5

LDPE/LDPE-9%
 0.1
 0.3
 0.7
 0.9
 0.7
 0.9
 0.7
 0.9
 0.1
 0.3
 0.1
 0.3

LDPE/LDPE-12%
 0
 0.1
 0.9
 1
 0.9
 1
 0.9
 1
 0
 0.1
 0
 0.1
L
Table 2

Normalized grey decision matrix.
Bituminous blend
 Viscosity
 Rutting
potential
%Recovery
 Penetration index
 Storage
stability
Complex
viscosity
eat Bitumen
 0.3
 0.5
 0
 0.1
 0
 0.1
 0.0
 0.1
 0.9
 1.0
 0.9
 1.0

35P
 0.9
 1
 0.5
 0.7
 0.7
 0.9
 0.3
 0.5
 0.7
 0.9
 0.7
 0.9

LDPE/LDPE-3%
 0.5
 0.7
 0.1
 0.3
 0.1
 0.3
 0.1
 0.3
 0.5
 0.7
 0.5
 0.7

LDPE/LDPE-6%
 0.7
 0.9
 0.3
 0.5
 0.3
 0.5
 0.5
 0.7
 0.3
 0.5
 0.3
 0.5

LDPE/LDPE-9%
 0.1
 0.3
 0.7
 0.9
 0.7
 0.9
 0.7
 0.9
 0.1
 0.3
 0.1
 0.3

LDPE/LDPE-12%
 0
 0.1
 0.9
 1
 0.9
 1
 0.9
 1.0
 0.0
 0.1
 0.0
 0.1
L
Table 3

Ideal referential bituminous blend.
Referential bituminous blend
 Viscosity
 Rutting
potential
%Recovery
 Penetration index
 Storage
stability
Complex
viscosity
max
 0.9
 1
 0.9
 1
 0.9
 1
 0.9
 1
 0.9
 1
 0.9
 1
B



S. Nizamuddin, M. Jamal, J. Santos et al. Science of the Total Environment 778 (2021) 146187
References Kandhal, P., Dhir, M., 2011. Use of modified bituminous binders in India: current impera-
Ab Aziz, M.A., Kamarudin, N.H.N., Setiabudi, H.D., Hamdan, H., Jalil, A.A., Triwahyono, S.,
2012. Negative effect of Ni on PtHY in n-pentane isomerization evidenced by IR
and ESR studies. J. Nat. Gas Chem. 21 (1), 29–36.

Ahmadinia, E., Zargar, M., Karim, M.R., Abdelaziz, M., Shafigh, P., 2011. Using waste plastic
bottles as additive for stone mastic asphalt. Mater. Des. 32 (10), 4844–4849.

Airey, G.D., 2002. Rheological evaluation of ethylene vinyl acetate polymer modified bitu-
mens. Constr. Build. Mater. 16 (8), 473–487.

Appiah, J.K., Berko-Boateng, V.N., Tagbor, T.A., 2017. Use of waste plastic materials for
road construction in Ghana. Case Studies in Construction Materials 6, 1–7.

ASTM, 2005. Standard Practice for Determining the Separation Tendency of Polymer from
Polymer Modified Asphalt.

Austroads, 2019. Specification Framework for Polymer Modified Binders. pp. 1–9.
Ayeleru, O.O., et al., 2020. Challenges of plastic waste generation andmanagement in sub-

Saharan Africa: a review. 110, 24–42.
Brasileiro, L., Moreno-Navarro, F., Tauste-Martínez, R., Matos, J., Rubio-Gámez, M.D.C.,

2019. Reclaimed polymers as asphalt binder modifiers for more sustainable roads:
a review. Sustainability 11 (3), 646.

Chan, J.W., Tong, T.K., 2007. Multi-criteria material selections and end-of-life product
strategy: Grey relational analysis approach. Material and Design 28 (5), 1539–1546.

Chen, J., Li, X., Wu, C.J.P.j., 2007. Crystallization behavior of polypropylene filledwithmod-
ified carbon black. 39 (7), 722.

Chen, Y., Yang, H., Wang, X., Zhang, S., Chen, H., 2012. Biomass-based pyrolytic
polygeneration system on cotton stalk pyrolysis: influence of temperature. Bioresour.
Technol. 107, 411–418.

Cinelli, M., Kadziński, M., Gonzalez, M., Słowiński, R., 2020. How to support the applica-
tion of multiple criteria decision analysis? Let us start with a comprehensive taxon-
omy. Omega 102261.

Cobut, A., Blanchet, P., Beauregard, R., 2015. The environmental footprint of interior wood
doors in non-residential buildings–part 1: life cycle assessment. J. Clean. Prod. 109,
232–246.

Dehghani, M.S., Giustozzi, F., Flintsch, G.W., Crispino, M., 2013. Cross-asset resource allo-
cation framework for achieving performance sustainability. Transp. Res. Rec. 2361
(1), 16–24.

Delgadillo-Velázquez, O., Hatzikiriakos, S., Sentmanat, M., 2008. Thermorheological prop-
erties of LLDPE/LDPE blends. Rheol. Acta 47 (1), 19–31.

Deng, X., Li, Z., Huang, Y., Luan, Y., 2017. Improving mechanism and effect analysis of
sulfurated and grafted Eucommia Ulmoides Gum modified rubber asphalt. Constr.
Build. Mater. 148, 715–722.

Dordinejad, A.K., Jafari, S.H., 2014. Miscibility analysis in LLDPE/LDPE blends via
thermorheological analysis: correlation with branching structure. Polym. Eng. Sci.
54 (5), 1081–1088.

Fung, C.P., 2003. Manufacturing process optimization for wear property of fiber-
reinforced polybutylene terephthalate composites with grey relational analysis.
Wear 254 (3–4), 298–306.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever made.
Sci. Adv. 3 (7), e1700782.

Giustozzi, F., Crispino, M., Flintsch, G., 2012. Multi-attribute life cycle assessment of pre-
ventive maintenance treatments on road pavements for achieving environmental
sustainability. Int. J. Life Cycle Assess. 17 (4), 409–419.

Hossain, N., Morni, N.A.H., 2019. Co-pelletization of microalgae-sewage sludge blendwith
sub-bituminous coal as solid fuel feedstock. BioEnergy Research 1–12.

Hossain, N., Zaini, J.H., Mahlia, T., 2017. A review of bioethanol production from plant-
based waste biomass by yeast fermentation. International Journal of Technology 8
(1), 5–18.

Hossain, N., et al., 2020. Waste materials for wastewater treatment and waste adsorbents
for biofuel and cement supplement applications: a critical review. J. Clean. Prod. 255,
120261.

Hu, F., Lin, N., Chang, P.R., Huang, J., 2015. Reinforcement and nucleation of acetylated cel-
lulose nanocrystals in foamed polyester composites. Carbohydr. Polym. 129,
208–215.

Jain, P., 2012. Plastic waste Modified Bituminous Surfacing for Rural Roads. in Workshop
Non-conventional Materials/Technologies. pp. 99–108.

Jamal, M., Giustozzi, F., 2020. Low-content crumb rubber modified bitumen for improving
Australian local roads condition. J. Clean. Prod. 271, 122484.

Joohari, I.B., Giustozzi, F., 2020. Chemical and high-temperature rheological properties of
recycled plastics-polymer modified hybrid bitumen. J. Clean. Prod. 276, 123064.

Julong, D., 1989. Introduction to grey system theory. The Journal of Grey System 1 (1),
1–24.

Ju-Long, D., 1982. Control problems of grey systems. Syst. Control Lett. 1 (5), 288–294.
17
tives. Indian Road Congress 72.
Kennedy, T.W., Huber, G.A., Harrigan, E.T., Cominsky, R.J., Hughes, C.S., Von Quintus, H.,

Moulthrop, J.S., 1994. Superior Performing Asphalt Pavements (Superpave): The
Product of the SHRP Asphalt Research Program.

Kunwar, B., Cheng, H.N., Chandrashekaran, S.R., Sharma, B.K., 2016. Plastics to fuel: a re-
view. Renewabnd Sustainable Energy Reviews 54, 421–428.

Kuo, Y., Yang, T., Huang, G.W., 2008. The use of grey relational analysis in solving multiple
attribute decision-making problems. Comput. Ind. Eng. 55 (1), 80–93.

Li, P., Tan, T., Lee, J., 1997. Grey relational analysis of amine inhibition of mild steel corro-
sion in acids. Corrosion 53 (3), 186–194.

Liu, H., Fu, L., Jiao, Y., Tao, J., Wang, X., 2017. Short-term aging effect on properties of sus-
tainable pavement asphalts modified by waste rubber and diatomite. Sustainability 9
(6), 996.

Liu,W., Yan, K., Ge, D., Chen, M., 2018. Effect of APAO on the aging properties of waste tire
rubber modified asphalt binder. Constr. Build. Mater. 175, 333–341.

Lu, X., Isacsson, U., 1997. Compatibility and storage stability of styrene-butadiene-styrene
copolymer modified bitumens. Mater. Struct. 30 (10), 618–626.

Luo, W.Q., Chen, J., 2011. Preparation and properties of bitumenmodified by EVA graft co-
polymer. Polym. J. 25 (4), 1830–1835.

Mahmoudi, A., Javed, S.A., Liu, S., Deng, X., 2020. Distinguishing coefficient driven sensitiv-
ity analysis of GRA model for intelligent decisions: application in project manage-
ment. Technol. Econ. Dev. Econ. 26 (3), 621–641.

Nizamuddin, S., Jayakumar, N.S., Sahu, J.N., Ganesan, P., Bhutto, A.W., Mubarak, N.M.,
2015. Hydrothermal carbonization of oil palm shell. Korean J. Chem. Eng. 32 (9),
1789–1797.

Nizamuddin, S., Jamal, M., Gravina, R., Giustozzi, F., 2020. Recycled plastic as bitumen
modifier: the role of recycled linear low-density polyethylene in the modification
of physical, chemical and rheological properties of bitumen. J. Clean. Prod. 266,
121988.

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

Park, J., Won, S.W., Mao, J., Kwak, I.S., Yun, Y.S., 2010. Recovery of Pd (II) from hydrochlo-
ric solution using polyallylamine hydrochloride-modified Escherichia coli biomass.
J. Hazard. Mater. 181 (1–3), 794–800.

Rahman, M.T., Mohajerani, A., Giustozzi, F., 2020. Recycling of waste materials for asphalt
concrete and bitumen: a review. Materials 13 (7), 1495.

Rana, A., Dyck, R., Hu, G., Hewage, K., Rodriguez, M.J., Alam, M.S., Sadiq, R., 2020. A
process-based LCA for selection of low-impact DBPs control strategy for indoor swim-
ming pool operation. J. Clean. Prod. 270, 122372.

Read, J., Whiteoak, D., Hunter, R.N., 2003. The Shell Bitumen Handbook. Thomas Telford.
Santos, J., Flintsch, G., Ferreira, A., 2017. Environmental and economic assessment of pave-

ment construction and management practices for enhancing pavement sustainabil-
ity. Resour. Conserv. Recycl. 116, 15–31.

Santos, J., Pham, A., Stasinopoulos, P., Giustozzi, F., 2021. Recycling waste plastics in roads:
a life-cycle assessment study using primary data. Sci. Total Environ. 751, 141842.

Shanks, R.A., Li, J., Yu, L., 2000. Polypropylene–polyethylene blend morphology controlled
by time–temperature–miscibility. Polymer 41 (6), 2133–2139.

Shutt, R., Turmel, C., Touzard, B., 1993. Differential scanning Calorimetry Analysis And
Rheological Properties of Bitumens Modified by Semi-crystalline Polymers. in Pro-
ceedings of the 5th Eurobitume Congress, Stockholm. pp. 76–80 1 (11.1).

Wang, S., Wang, Q., Wu, X., Zhang, Y., 2015. Asphalt modified by thermoplastic elastomer
based on recycled rubber. Constr. Build. Mater. 93, 678–684.

Xiao, F., Amirkhanian, S., Wang, H., Hao, P., 2014. Rheological property investigations for
polymer and polyphosphoric acid modified asphalt binders at high temperatures.
Constr. Build. Mater. 64, 316–323.

Yang, Z., Yang, K., Wang, Y., Su, L., Hu, H., 2020. Multi-objective short-term hydropower
generation operation for cascade reservoirs and stochastic decision making under
multiple uncertainties. J. Clean. Prod. 276, 122995.

Yao, H., Dai, Q., You, Z., Ye, M., Yap, Y.K., 2016. Rheological properties, low-temperature
cracking resistance, and optical performance of exfoliated graphite nanoplatelets
modified asphalt binder. Constr. Build. Mater. 113, 988–996.

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

Zhu, J., Birgisson, B., Kringos, N., 2014. Polymer modification of bitumen: advances and
challenges. Eur. Polym. J. 54, 18–38.

http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0005
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0005
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0010
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0010
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0015
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0015
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0020
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0020
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0025
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0025
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0030
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0035
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0035
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0040
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0040
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0045
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0045
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0050
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0050
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0055
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0055
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0055
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0060
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0060
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0060
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0065
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0065
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0065
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0070
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0070
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0070
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0075
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0075
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0080
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0080
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0080
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0085
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0085
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0085
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0090
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0090
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0090
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0095
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0095
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0100
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0100
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0100
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0105
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0105
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0110
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0110
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0110
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0115
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0115
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0115
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0120
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0120
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0120
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0125
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0125
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0130
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0130
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0135
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0135
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0140
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0140
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0145
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0150
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0150
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0155
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0155
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0160
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0160
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0165
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0165
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0170
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0170
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0175
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0175
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0175
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0180
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0180
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0185
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0185
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0190
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0190
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0195
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0195
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0195
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0200
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0200
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0205
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0205
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0205
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0205
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0210
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0210
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0210
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0215
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0215
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0215
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0220
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0220
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0225
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0225
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0225
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0230
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0235
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0235
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0235
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0240
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0240
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0245
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0245
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0250
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0250
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0250
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0255
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0255
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0260
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0260
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0260
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0265
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0265
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0265
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0270
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0270
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0270
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0275
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0275
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0275
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0280
http://refhub.elsevier.com/S0048-9697(21)01254-7/rf0280

	Recycling of low-�value packaging films in bitumen blends: A grey-�based multi criteria decision making approach considerin...
	1. Introduction
	2. Methodology
	2.1. Step 1: Assessment of the laboratory performance of bituminous blends
	2.2. Step 2: Assessment of the potential environmental impacts of bituminous blends
	2.3. Step 3: Application of GRA methodology to calculate “performance coefficients” based on the results of the laboratory ...
	2.4. Step 4: Rank the bituminous blends based on their laboratory and environmental performances through the GRA methodology

	3. Laboratory performance assessment of recycled plastic-modified bituminous blends
	3.1. Conventional bitumen tests
	3.2. Rheological properties
	3.3. Thermo-chemical properties

	4. Performance coefficients (PC)
	4.1. Final ranking of bituminous blends
	4.2. Sensitivity and scenarios analyses

	5. Discussion
	6. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Ethics approval and consent to participate
	Consent for publication
	Appendix A
	References




