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a b s t r a c t
Many road construction and maintenance projects are increasingly using recycled material as pavement material.
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 methodology 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 alternatives, 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 sustainability 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 content 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
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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.

The combination of different forms of polyethylene is considered to
improve the mechanical properties and compatibility of the ﬁnal 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 behaviour 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 immiscible 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 extrusion. Bubble instability can generally cause tears, scratches and variability 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 important 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 plasticsmodiﬁed 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/LDPE modiﬁed bituminous 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 according 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 simultaneously 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 LLDPELDPE on the performance of recycled plastic-modiﬁed bitumen, (ii)
the results of a life cycle assessment (LCA) study, and (iii) a multi attribute decision making (MADM) method that relies on the use of grey relational 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.

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 commonly used for road construction. Modiﬁed binders provide better ﬁeld
performance and are generally considered an economical approach to design when whole-of-life costs are considered. For instance, it is reported
that up to 20–30% cost savings can be achieved by conducting maintenance using modiﬁed bitumen (Jain, 2012). Generally, polymermodiﬁed bitumen are considered to provide beneﬁts compared to unmodiﬁed 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 reducing non-load associated thermal cracking, betterments in fatigue resistance, 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
from waste materials, which will help clean the environment and contribute to reduce plastics waste and landﬁll. It is reported that around 6 billion
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
and Morni, 2019). It is anticipated that if this trend of waste plastic generation continues, there will be approximately 12,000 million metric tons of
plastic waste in 2050, causing substantial environmental concerns (Geyer
et al., 2017). Out of these waste plastic streams, 70% is attributed to polyethylene 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). According to Selke and Wichman (Shanks et al., 2000), LDPE and LLDPE account for the majority of plastic wastes, followed by HDPE, polyethylene
terephthalate (PET), polyvinyl chloride (PVC), polystyrene (PS) and polypropylene (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 separation and recycling processes are not economical. In this context, the
possibility of utilizing mixed polymer waste without any separation is attractive. To use large amount of polymer waste properly, the idea of
recycled polymers to be deployed in road pavements as modiﬁers and improve performance has become popular (Joohari and Giustozzi, 2020;
Nizamuddin et al., 2020).

2. Methodology
This section highlights the characteristics of the proposed methodology. 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 Technologies Pty Ltd., Australia as shown in Fig. 2(a). The conventional properties of the supplied bitumen are summarised as follows: 44.1 °C softening point,
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Fig. 1. Schematic representation of the proposed methodology.

59.3 (0.1 mm) 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 by Martogg 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 polyethylene) and their sources.
The blends of recycled LLDPE/LDPE and bitumen were prepared at 3%, 6%, 9% and 12% concentration of recycled LLDPE/LDPE by mass of bitumen.
Initially, C320 bitumen was 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
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Fig. 2. (a) C320 bitumen, (b) waste packaging ﬁlms and (c) recycled LDPE/LDPE pellets provided by Martogg Group Pty Ltd.

compared to a standard plastomer-modiﬁed bitumen commonly available in Australia (Austroads, 2019); A35P – this is the name of polymermodiﬁed bitumen – is made with approx. 5% ethylene-vinyl acetate (EVA) polymer and regularly used when high-temperature performance is required as rutting-resistant binder. It was decided to use A35P as comparison bitumen since it is the only plastomer-modiﬁed bitumen currently included 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 method was employed to analyse the softening point according to ASTM D36, 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

½1952−500Log ðP Þ−20S:P 
½50Log ðP Þ−S:P−120

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 carried 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 instruments) was used to study the thermal properties of C320 bitumen and recycled LLDPE/LDPE-modiﬁed bituminous blends. Firstly, the instrument was
standardized with nitrogen at 35 mL/min, an empty aluminium pan was set as reference and approximately 5–20 mg of the sample were encapsulated in the pan; the test was run for two heating cycles. During the ﬁrst heating cycle, the sample was 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 utilized to obtain FTIR spectra for both C320 bitumen and recycled LLDPE/LDPE-modiﬁed bituminous blends. For the evaluation of the rheological properties, a Dynamic Hybrid Rheometer-3 (TA instruments) was used to assess the effect of recycled LLDPE/LDPE on modifying 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% strain was applied. The 8 mm diameter parallel plate geometry with 2 mm thickness was used for the measurements
at 5-20 °C, whereas the 25 mm diameter plate with 1 mm thickness was used for the 25-80 °C range. The storage modulus (G′) and loss modulus (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 ðG=G0Þ

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
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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
A35P
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%

0%
5%
3%
6%
9%
12%

1.00
1.00
1.00
1.00
1.00
1.00

0.00
0.05
0.03
0.06
0.09
0.12

as “providing the quantity of recycled plastic-bitumen modiﬁed blend with 1 tonne of neat bitumen”. The quantities of the materials used to produce
the several bituminous blends are presented in Table 1.
The geographical location of the study was Victoria (Australia) and the temporal scope was 2019. The environmental impacts referring to the production 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 LCA modelling and the calculations of the impact scores were performed with the openLCA software version 1.8.0 according to the CML baseline impact assessment method, version 4.4. of January 2015. Speciﬁcally, the following impact categories were considered: acidiﬁcation (Ac), eutrophication (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 methodological 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 combination 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 factors may interact with each other, making the prediction of the whole 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 unknown 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 a m 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 the m bituminous blends on the n laboratory tests results in linguistic values according to the following linguistic 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
Poor
Fair
Good
Very good
Excellent

VP
P
F
G
VG
E

[0, 0.1]
[0.1, 0.3]
[0.3, 0.5]
[0.5, 0.7]
[0.7, 0.9]
[0.9, 1]
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The matrix D is obtained from the conversion performed in the previous step. Each grey number is represented as ⊗Gij ¼ G , Gij , where G is the
ij

ij

lower and Gij is the upper bound of the grey number.
2

⊗G11
6 ⊗G
21
6
D¼6
4 ⋮
⊗Gm1

⊗G12

...

⊗G1n

⊗G22

...

⋮
⊗Gm2

⋱
. . . ⊗Gmn

3

⊗G2n 7
7
7
⋮ 5

ð4Þ

• Step 3.4: Normalize the grey decision matrix D.
The normalization is made to set the grey number between the limits [0, 1] and can be either minimization (i.e., in case of a cost attribute) or maximization (i.e., in case of a beneﬁt attribute). The minimization attributes are normalized as follows:
⊗G⁎ij

" min min #
n o
Gj
Gj
¼
,
¼ min Gij
, where Gmin
j
Gij
1≤i≤m
Gij

ð5Þ

Similarly, the maximization attributes are normalized as follows:
"
⊗G⁎ij ¼

Gij

Gmax
j

,

#
n o
Gij
max
¼ max Gij
max , where Gj
1≤i≤m
Gj

ð6Þ

The normalized grey decision matrix, D ∗, is ﬁnally represented as follows:
2

⊗G⁎11
6 ⊗G⁎
6
21
D⁎ ¼ 6
4 ⋮

⊗G⁎12

⊗G⁎m1

⊗G⁎m2

...

⊗G⁎1n

⊗G⁎22

...

⊗G⁎2n

⋮

⋱

⋮

3
7
7
7
5

ð7Þ

. . . ⊗G⁎mn

• 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 calculated according to Eq. (8).

Bmax ¼





max Gi1 , max Gi1 , max Gi2 , max Gi2 , . . . , max Gin , max Gin

1≤i≤m

1≤i≤m

1≤i≤m

1≤i≤m

1≤i≤m

ð8Þ

1≤i≤m

• 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.


PC i ¼ P Bi ≤Bmax

ð9Þ

i

 1 n h 
P Bi ≤Bmax ¼ ∑ j¼1 P ⊗G⁎ij ≤⊗G⁎j max , i ¼ 1, . . . , m
n


3
2
⁎
⁎ max
⁎

 1 n max 0, Lj − max 0, Gij −Gj
max
5, i ¼ 1, . . . , m
P Bi ≤ B
¼ ∑4
n j¼1
L⁎j

ð10Þ

ð11Þ



3 2


3


33
22
2
⁎
⁎
⁎
max 0, L⁎1 − max 0, Gi1 −G⁎1max
max 0, L⁎2 − max 0, Gi2 −G⁎2max
max 0, L⁎n − max 0, Gin −G⁎nmax

 1 n
max
4
4
5
4
5
4
55, i ¼ 1, . . . , m
þ
þ ... þ
¼ ∑
P Bi ≤B
n j¼1
L⁎1
L⁎2
L⁎n

ð12Þ
where Lj∗ represents the sum of the length of grey numbers ⊗Gij∗ and ⊗Gj∗max. This operation can be represented by Eq. (13). The length of a grey number 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⁎j max

ð13Þ
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⁎
L ⊗G⁎ij ¼ Gij −G⁎ij

ð14Þ


 h ⁎
  ⁎ max
i
−G⁎j max
L ⊗G⁎ij ¼ Gij −G⁎ij þ Gj

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 MADM method to rank the bituminous blends according to their environmental performance, as determined in Step 2, and considering the PC related to their laboratory performance determined in Step 3. When used as a MADM method, GRA determines 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 alternatives 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 a m set of bituminous blends, where i = {1,2, …, m }, and ICj = {IC1, IC2,…, ICc } be a c set of environmental impact categories, 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).
2

DM ¼ dij

mc

d11

6d
6 21
¼6
4 ⋮
dm1

d12

...

d22

...

⋮

⋱

d1c

3

d2c 7
7
7, i ¼ 1, . . . , m; j ¼ 1, . . . , c
⋮ 5

ð16Þ

. . . dmc

dm2

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

max
−dij
max
min
dj −dj

dj

, i ¼ 1, . . . , m;j ¼ 1, . . . , c

ð17Þ

where
rijis the normalized performance value of bituminous blend i against environmental impact category j, dmax
is the maximum value of environmental
j
impact category j, and dmin
is the minimum value of environmental impact category j.
j
• Step 4.3: Deﬁne the initial reference alternative R0 = {R0, 1, R0, 2, …,R0, c } based on Eq. (18).
R0,j ¼ max r ij , j ¼ 1, . . . , c

ð18Þ

1≤i≤m

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



γ r ij , R0,j ¼

min
i

min Δij
j

þ ζ  max
i

Δij þ ζ  max
i

max Δij
j

ð19Þ

max Δij
j

where Δij = |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 proposed methodology, two weight elicitation methodologies, namely equal weighting and entropy weighting methods, are applied to determine 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 W ij

1c

¼ α  W s þ ð1−α Þ  W o

ð20Þ

where W is the combined weight vector, Ws is the subjective weight vector, Wo is the objective weight vector, c is the number of environmental impact categories, and α, which ranges between 0 and 1, is the combination coefﬁcient.
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• Step 4.6: Determine the adjusted grey relational grades.
The adjusted grey relational grade is the weighting-sum of the grey relational coefﬁcients adjusted with the PC determined in Step 3. It is deﬁned
as follows:
Γi ¼



c
∑ j¼1 ωj  γ r ij , R0,j
PC i

, i ¼ 1, . . . , m

ð21Þ

c

∑ j¼1 ωj 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 coefﬁcient of bituminous blend i. According to the proposed approach, the best bituminous blend is the one with 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 evaluation process of recycled materials in roads is shown in the following sections.

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 modiﬁed 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, respectively. 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 recommendation 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 suggested that only 3% and 6% loading of recycled LLDPE/LDPE provide suitable levels of workability when using recycled LLDPE/LDPE. In
particular, viscosity at 135 °C of a standard PG76-22 polymermodiﬁed bitumen is approx. 1.7–1.8 Pa·s, hence similar to the value associated with recycled LLDPE/LDPE at 6% concentration. Higher viscosity
values are not preferred because they will 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 exposed 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 polyethylenebased 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 indicates 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 thermosusceptible (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 bitumen 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.

3. Laboratory performance assessment of recycled plastic-modiﬁed
bituminous blends
This section describes the physical, chemical and rheological properties 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, viscosity, 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 considered 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, respectively. The softening point of A35P is in between that of 3% and
6% recycled LLDPE/LDPE, in agreement with a) the overall polymer content (approx. 5%) and b) the polymer type (EVA). In fact, EVA is the copolymerization 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 Viscosity
point (°C) at 135 °C
(Pa·s)

Penetration
(0.1 mm)

Penetration
index

Storage
stabilitya
ΔSoftnening
Point (°C)

Bitumen
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%
A35P(5% EVA)

44.1
55.7
73.2
97.9
104.1
66.1

59.3
51.4
42.7
27.5
16.8
34

−2.43
0.19
2.93
4.97
4.56
1.24

–
6
17
45
57
2

0.62
0.77
1.93
3.22
6.24
2.43

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 include any additive as improving the storage stability was not within the scope of the present study.
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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 during 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 frequencies (i.e., shifting of high temperature test data) followed by LLDPE/
LDPE-9%, LLDPE/LDPE-6%, LLDPE/LDPE-3%, A35P and neat bitumen, respectively. In comparison, the trend was opposite at higher reduced frequencies (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 the modiﬁed bitumen
is illustrated by the Cole-Cole plot (Fig. 4), which is a graphical representation 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 behaviour) (Jamal and Giustozzi, 2020). It is evident from Fig. 3 that neat bitumen 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 permanent 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. 4. Cole-Cole plot for neat bitumen, A35P and LLDPE/LDPE-modiﬁed bitumen.

LLDPE/LDPE-modiﬁed blends are more resistant to permanent deformation 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 exfoliated 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/LDPE9%, 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 bituminous blends.

Fig. 3. Master curves for neat bitumen, A35P, and LLDPE/LDPE-modiﬁed bitumen.

Fig. 5. SUPERPAVE rutting parameter (G*/sinδ) at 60 °C and 1.59 Hz.
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Fig. 6. MSCR analysis (a) %Recovery and (b) Jnr of bitumen, A35P and LLDPE/LDPE-modiﬁed blends.

was limited during the blending of recycled LLDPE/LDPE with bitumen.
In fact, some peaks were completely removed although a few new peaks
appeared in recycled LLDPE/LDPE-modiﬁed blends and the intensity of
some peaks changed after recycled LLDPE/LDPE modiﬁcation. Speciﬁcally, 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 presence of OH group (Ab Aziz et al., 2012). A peak at around 1650 cm−1 appeared in all LLDPE/LDPE blends, which was not present in neat
bitumen; this shows the presence of C_C aromatic stretching of aromatic 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/LDPEmodiﬁed 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

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 stability, percentage crystallinity, melting enthalpy were increased
whereas the melting temperature was not much 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 structure 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, suggesting that mostly physical mixing occurred and that chemical mixing
10
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Table 4
MDSC data for recycled LLDPE/LDPE modiﬁed bitumen.

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

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 compounds (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 represents 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

LLDPE/LDPE-3%
Peak integration
Start
Onset
°C
°C
101.24
100.22

Maximum
°C
98.76

Stop
°C
94.98

Area
J/g
1.941

Special area
% crystallized
2.087

LLDPE/LDPE-6 %
Peak integration
Start
Onset
°C
°C
103.26
101.44

Maximum
°C
99.97

Stop
°C
94.99

Area
J/g
4.943

Special area
% crystallized
5.315

LLDPE/LDPE-9%
Peak integration
Start
Onset
°C
°C
104.61
101.87

Maximum
°C
100.21

Stop
°C
94.97

Area
J/g
8.635

Special area
% crystallized
9.285

LLDPE/LDPE-12%
Peak integration
Start
Onset
°C
°C
105.02
102.49

Maximum
°C
100.94

Stop
°C
94.98

Area
J/g
13.05

Special area
% crystallized
14.03

A35P
Peak integration
Start
Onset
°C
°C
100.1
95.36

Maximum
°C
93.14

Stop
°C
86.19

Area
J/g
2.078

Special area
% crystallized
2.211

affected by the concentration of polymer (Shutt et al., 1993). Only enthalpy can be affected by the polymer concentration where 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 the melting 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 increase in enthalpy with increasing polymer content represents the
transformation of crystalline characteristics of polymer-modiﬁed

Fig. 8. MDSC analysis of recycled LLDPE/LDPE modiﬁed bitumen.
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4. Performance coefﬁcients (PC)

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%, respectively. 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 blends with low polymer 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 suggests 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 observed 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/LDPE3% 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.

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 agreement 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 environmental impacts and laboratory performance into the decision-making process. 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 production 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 alternative will be reduced because the binder is
considered ‘too viscous’ (less workable at the site). Due to the importance of rutting in pavement engineering, the rutting parameter G*/
sinδ was extrapolated from the rheological analysis. Superpave criterion
requires the value of G*/sinδ to be more 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 rutting was additionally investigated through the MSCR test; by looking at the %Recovery value of the different blends, the capability of the binder to
recover from deformation was assessed. The greater the %Recovery,
the higher the performance ranking. The Penetration Index was selected
as an indicator (empirical) of the thermal susceptibility of the bitumen.
Higher PI leads to less thermo-susceptible binders. Similarly, segregation or storage stability is highly regarded when dealing with
polymer-modiﬁed bitumen. However, in this case, A35P was a commercially 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

Fig. 9. (a) TGA and (b) DTG analysis of neat bitumen, A35P and recycled LLDPE/LDPE modiﬁed blends.
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Table 5
Linguistic ratings of bituminous blends on the performance parameters.
Bitumen blend (Bi)

Laboratory performance parameter

Neat bitumen
A35P
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%

Viscosity

Rutting potential

%Recovery

Penetration index

Storage stability

Complex viscosity 5 °C

F
E
G
VG
P
VP

VP
G
P
F
VG
E

VP
VG
P
F
VG
E

VP
F
P
G
VG
E

Ea
VG
G
F
P
VP

E
VG
G
F
P
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’.

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 bituminous blends were obtained according to Eq. (21). The ﬁnal results are
shown in Table 9, whereas the results of the intermediate steps are presented in Appendix A. Since a higher adjusted grey relational grade indicates 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 performance according to the proposed methodology.

Table 6
Performance coefﬁcient values of the bituminous blends.
Bituminous blend
(Bi)

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

Neat bitumen
A35P
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%

0.83
0.92
1.00
1.00
1.00
0.75

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 plastics 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 lowtemperature behaviour. Although the phenomenon of brittleness of bitumen 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 presented 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/LDPE6% and LLDPE/LDPE-9% equally denote lower performance, according
to the grey theory.

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 general 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 GRA methodology 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

4.1. Final ranking of bituminous blends
The initial decision matrix (DM) obtained from the LCA study described 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)

Neat bitumen
A35P
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%

Environmental impact categories
Ac
(g SO2 eq)

Eu
(g PO3−
4 eq)

FE
(g 1.4-DB eq)

CC
(g CO2 eq)

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)

5.718
5.942
5.719
5.720
5.721
5.722

0.778
0.830
0.779
0.781
0.782
0.783

73.69
81.05
74.56
75.44
76.31
77.18

1194.20
1315.25
1207.02
1219.85
1232.67
1245.50

394.46
419.02
396.09
397.72
399.35
400.99

391,556.93
429,137.62
395,940.25
400,323.57
404,706.90
409,090.22

0.000309914
0.000311456
0.000309919
0.000309924
0.000309928
0.000309933

0.3733
0.4030
0.3734
0.3735
0.3735
0.3736

2.85
3.15
2.92
3.00
3.07
3.14

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.
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without considering the laboratory performance indicator “storage stability” in Step 3.
The adjusted grey relational grades and ﬁnal rankings of the six bituminous 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 performance indicator “storage stability”.
Finally, within a given decision-making context, it may happen that
the decision maker is only interested in comparing the polymermodiﬁed 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/LDPE12% rank higher than the bituminous blend LLDPE/LDPE-3%, in the alternative scenario a swap in the rankings of those alternatives is observed.
In the MCDA terminology this phenomenon is called “rank reversal” and
happens when a new (or more 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

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
Entropy
Combined
weighting

11.10 11.11 11.11 11.11 11.11 11.11 11.11 11.11 11.11
11.10 11.11 11.11 11.12 11.11 11.11 11.10 11.11 11.12
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
A35P
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%

1.20
0.36
0.88
0.80
0.75
0.94

1
6
3
4
5
2

stability”. However, because neat bitumen does not include any polymer, it cannot separate or exhibits storage ‘instability’. Thus, in order
to determine the impact of this decision on the ranking of the alternatives, Steps 3 and 4 of the proposed methodology were repeated but

Fig. 10. Sensitivity of the ranking of the bituminous blends with respect to changes in the value of the distinguishing coefﬁcient.

Fig. 11. Sensitivity of the adjusted grey relational grade of the bituminous blends with respect to changes in the value of the distinguishing coefﬁcient.
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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”.

comparatively to those associated with the use of virgin polymers, ultimately balancing the ecosystem (Ahmadinia et al., 2011) and
preventing bio-accumulation of plastics/polymers in the food chain. Although 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 multiple 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 bituminous blends with their quantitative environmental performance.
Furthermore, although equal weights were given to the laboratory performance indicators when applying the GRA to calculate the performance 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 the weights assigned to the environmental impact categories, and ultimately to the used laboratory performance indicators and environmental impact categories.

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 conditions considered in the case study.
5. Discussion
Considering the importance of road assets, developing both durable
and sustainable pavements will provide economic, social and environmental beneﬁts. To achieve a sustainable development of the infrastructure 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 pavements (Dehghani et al., 2013; Giustozzi et al., 2012; Santos et al., 2017).
Among many reclaimed materials, plastics consumption is rising significantly 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 production) is already posing serious environmental issues to the world in the
future; this is exacerbated by the peculiarities of some co-mingled plastics that is variable in nature, sometimes non-recyclable or of low economic value, such as the one used in this study. Hence, the utilization
of waste recycled polymers could be beneﬁcial to enhance the recyclability 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

6. Conclusion
This study provides an innovative perspective to the study of
recycled material in road pavement engineering by analytically combining 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 physiochemical, rheological, thermal and environmental performance of the
various alternatives.
Under the laboratory performance point of view, both chemically
pure and reclaimed polymer modiﬁcation of bitumen enhance the overall 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 thermochemical 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 resistance and a decreased penetration value indicating that the LLDPE/
LDPE improved the conventional properties of bitumen. Increased

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
Adjusted grey
relational grade (Γi)

Ranking

Adjusted grey
relational grade (Γi)

Neat bitumen
A35P
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%

1.20
0.36
0.88
0.80
0.75
0.94

1
6
3
4
5
2

–
0.44
1.00
0.87
0.78
0.97

Alternative scenario
Ranking

5
1
3
4
2
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include the speciﬁc set of indicators of multiple nature that are
deemed most important for the speciﬁc project.

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 conﬁrmed 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 stability, 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 already shown that using recycled plastic as a replacement of virgin polymers 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 bituminous blends considered (neat bitumen excluded). The multiattribute 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 include recycled materials, possibly even calibrating the analysis to
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Appendix A
Table 1
Grey decision matrix.
Bituminous blend

Viscosity

Neat bitumen
A35P
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%

0.3
0.9
0.5
0.7
0.1
0

Rutting
potential
0.5
1
0.7
0.9
0.3
0.1

0
0.5
0.1
0.3
0.7
0.9

%Recovery
0.1
0.7
0.3
0.5
0.9
1

0
0.7
0.1
0.3
0.7
0.9

0.1
0.9
0.3
0.5
0.9
1

Penetration index

Storage
stability

0
0.3
0.1
0.5
0.7
0.9

0.9
0.7
0.5
0.3
0.1
0

0.1
0.5
0.3
0.7
0.9
1

Complex
viscosity
1
0.9
0.7
0.5
0.3
0.1

0.9
0.7
0.5
0.3
0.1
0

1
0.9
0.7
0.5
0.3
0.1

Table 2
Normalized grey decision matrix.
Bituminous blend

Viscosity

Neat Bitumen
A35P
LLDPE/LDPE-3%
LLDPE/LDPE-6%
LLDPE/LDPE-9%
LLDPE/LDPE-12%

0.3
0.9
0.5
0.7
0.1
0

Rutting
potential
0.5
1
0.7
0.9
0.3
0.1

0
0.5
0.1
0.3
0.7
0.9

%Recovery
0.1
0.7
0.3
0.5
0.9
1

0
0.7
0.1
0.3
0.7
0.9

0.1
0.9
0.3
0.5
0.9
1

Penetration index

Storage
stability

0.0
0.3
0.1
0.5
0.7
0.9

0.9
0.7
0.5
0.3
0.1
0.0

0.1
0.5
0.3
0.7
0.9
1.0

Complex
viscosity
1.0
0.9
0.7
0.5
0.3
0.1

0.9
0.7
0.5
0.3
0.1
0.0

1.0
0.9
0.7
0.5
0.3
0.1

Table 3
Ideal referential bituminous blend.
Referential bituminous blend

Viscosity

Bmax

0.9

Rutting
potential
1

0.9

%Recovery
1

0.9
16

1

Penetration index

Storage
stability

0.9

0.9

1

Complex
viscosity
1

0.9

1
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