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ABSTRACT
Two types of elastomer/plastic compound-modified bitumen were devel-
oped by means of incorporating the reactive elastomeric terpolymer (RET)
into the plastic (high-density polyethylene HDPE or recycled polyethy-
lene RPE) modified bitumen and adding the wax residue (WR) into the
bitumen/elastomer (crumb rubber CR or styrene–butadiene–styrene SBS)
blends. The rheological properties,morphologymicrostructure and storage
stability of thesenovel elastomer/plastic compound-modifiedbinderswere
characterised. The results revealed that RET elastomer positively improved
the high-temperature modulus, temperature insensitivity, rut resistant,
elastic recovery and shear-resistance of HDPE- and RPE-modified bitumen.
However, excessive RET dosage adversely influenced the cracking resis-
tance of plastic-modified bitumen, and its optimum dosage was recom-
mended as 1 wt%. Moreover, RET elastomer significantly strengthened the
storage stability of HDPE and RPE-modified binders. The elasticity improve-
ment effect of RET was attributed to the generated polymer network. On
the other hand, adding WR limitedly deteriorated the rutting resistance
and weakened the elastic recovery performance of elastomer (CR and SBS)
modified bitumen. To ensure the low-temperature performance, the opti-
mum level of WR was 2 wt%. Furthermore, the addition of WR promoted
the compatibility and dispersion of CR and SBS modifiers in bitumen.
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Introduction

Developing high-performance and sustainable asphalt pavement is one of the main purposes for
pavement researchers because of both economic and environmental benefits (Das et al., 2012).
Nevertheless, the neat bitumen fails tomeet the standards regarding high-and-low temperatures per-
formance for sustaining the heavy-loading and variable service conditions (synergistic effects of heat,
oxygen, moisture and UV light) (Zhang et al., 2019). To this end, a wide variety of organic and inor-
ganic substances were subjoined into the bitumen matrix to achieve the performance enhancement
in terms of the rutting, cracking and aging resistance (Merusi & Giuliani, 2011).

Polymer series is the first choice to be as the modifiers of bitumen, and they are mainly classified
into the plastomer, thermoplastic elastomer (TPE) and reactive polymer (RP) (Pang et al., 2016). More-
over, polyethylene (PE) plastics, styrene–butadiene–styrene (SBS) thermoplastic elastomer and crumb
rubber (CR) elastomer are commonly utilised as bitumen modifiers owing to their convenient avail-
ability, significant efficiency and environmentally-friendly characteristics (Behnood & Gharehveran,
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2019; Kakar et al., 2021). Thewidespread application of polyethylene-based plastic products increased
research interests in PE-modified bitumen, and it was evidenced that the addition of PE-based mod-
ifiers regardless of dry and wet ways exhibited an improvement effect on high-temperature rutting
and deformation resistance of bitumen (Formela et al., 2016; Li, Zheng, et al., 2021). Meanwhile, the
recycled polyethylene (RPE) from plastics products in daily life was blended in bituminous materials
to estimate its modification efficiency (Hesp et al., 2002; Huysman et al., 2017). It was reported that
the RPE-modified bitumen technology showed advantages in cost saving, environment production
and bitumen performance enhancement (Duarte & Faxina, 2021). Nevertheless, the principal draw-
backs of PE-based plastics came from their terrible compatibility with the bitumenmatrix and the lack
of a polymer network generated, which resulted in a severe phase separation and insufficient elastic
performance of PE-modified bitumen (Kakar et al., 2021; Tusar et al., 2022).

Different approaches have been proposed to address the issues in poor compatibility and elastic
performance of polyethylene-modified binders (Domingos et al., 2021; Okhotnikova et al., 2022; Yu
et al., 2022). It was illustrated that the molecular characteristics (molecular weight, crystallinity and
branched degree) of PE polymer influenced the compatibility and storage stability of PE-modified
bitumen, and the branched PEmodifierwith a lower crystalline anddensity exhibited a better compat-
ibility (Liang et al., 2021). Moreover, Yan et al. (2021) found that the involving of ethylene-vinyl acetate
(EVA) promoted the compatibility of PE-modified bitumen accompaniedwith a specific chemical reac-
tion. Similarly, the trans-polyoctenamer (TPOR) and cross-linking additive (sulphur) was beneficial in
enlarging the storage stability and homogenous degree of PE-modified bitumen (Cuadri et al., 2016;
Padhan et al., 2020). Recently, the lightweight oil fraction was involved in minifying the solubility
parameter difference and enhancing the compatibility between PE modifiers and bitumen (Ali et al.,
2022). Hajikarimi et al. (2022) concluded that oil-treated plastics presented a higher compatibility
in bitumen. In addition, compound modification technology is popularly adopted, in which various
elastomers are blended in PE-based modified bitumen to replenish its elastic components. Numer-
ous studies were performed to explore the synergistic effects of waste plastics and crumb rubber on
strengthening the viscoelastic performance of bitumen in linewith the significant economic and envi-
ronmental efficiency (Li, Zheng, et al., 2012; Liang, Ren, et al., 2020; Wang et al., 2015). More sufficient
high-temperature rutting and permanent deformation resistance could be achieved with the combi-
nation of RPE and CR waste polymers (Ma et al., 2022; Navarro et al., 2010; Yao et al., 2018). Currently,
there is no agreed-upon modification mechanism for CR/PE composite modified bitumen between
the physical blending with van der Waals force (Zhang et al., 2019) and chemo-physical processes (Ge
et al., 2016).

However, these issues regarding the storage instability and insufficient elastic property of PE-
modified binders have not been addressed completely, impeding the considerable utilisation of PE
and RPE plastics in bitumen modification dominantly (Soenen et al., 2022; Yao et al., 2022). From a
viewpoint ofmolecular structures, SBS-modified bitumen performed an excellent performance due to
the simultaneous existence of viscous and elastic segments in SBS molecules, but PE-modified bitu-
men shows insufficient viscoelastic property due to the absence of elastic components in PEmolecular
structure. Thus, constructing elastic segments in PE-modifier may be an effective way to achieve this
goal.

The reactive ethylene terpolymer (RET) polymers are typically on the basis of ethylene, glycidyl-
methacrylate (GMA) and an ester group. They show the similarmolecular characteristicswith PE-based
modifiers and chemical reaction capacity to bitumen components (Tauste-Martinez et al., 2021).
The high reactivity promoted its role as a compatibiliser for different polymeric blends, such as the
polyethylene, polyolefins and polyesters (Padhan et al., 2019). Rheo-chemical results demonstrated
that the RET elastomer could react with the carboxylic groups in asphaltenes and form a polymer
network structure, improving the elastic performance (Jiao et al., 2019) and storage stability of RET-
modifiedbitumen (Keyf, 2018; Prosperi et al., 2022). In addition, itwas suggested that the incorporation
of RET had affirmative influence on permanent deformation and thermo-oxidation aging resistance
(Geckil & Seloglu, 2018; Irfan et al., 2017; Shahane & Bhosale, 2021), as well as superior cohesion and
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adhesion performance to crumb rubber (Xiao et al., 2022). Notably, RET played a vital role in improv-
ing the compatibility between polymers (SBS (Joohari et al., 2022) and HDPE (Gama et al., 2018)) and
bitumen owing to its high polarity and chemical cross-linking capability.

On the other hand, SBS and CR are widely-utilised elastomers for bitumen modification, but their
high viscosity characteristic is a critical issue (Kim et al., 2022). High mixing and construction temper-
atures require high energy and result in a thermal degradation of elastomer polymers (Kumar et al.,
2021). Various waxmix additives weremixed in SBS and CR-modified bitumen to ameliorate thework-
ability, such as the Sasobit wax, polyethylene wax and chemical-based agent (Mazumder et al., 2016).
Yue et al. (2021) observed that adding Sasobit wax improved both fatigue performance and healing
capacity, thus extending the service life of CR, SBS and SBS/CR composite-modified binders. Moreover,
adding a warm-mix agent significantly mitigated the harmful emissions from CR-modified bitumen
(Yang et al., 2019). However, these warm-mix agents are always commercial products and expensive,
which distantly rises the construction cost of asphalt pavement. The wax residue (WR) from refinery
chemical plants is a waste by-product of the Fischer–tropsch synthesis (FS) reaction (Li, Li, et al., 2021).
In the light of its low value, WR materials are generally handled by means of landfills or combustion,
which do harm to the environment and ecosystem. In addition, a high wax dosage in WR materials
would increase their application possibility as a warm mix additive for elastomer-modified bitumen.
Further, ourpreviouswork validated thatWRcould act as agoodcompatibiliser for remarkably improv-
ing the storage stability and microstructure homogeneous dispersion degree of RPE/CR compound
modified bitumen (Liang, Sun, et al., 2020). Nevertheless, the application flexibility of wax residue on
commonly-used elastomer (SBS and CR) modified bitumen has not been explored yet.

It is summarised that the elastic-and-plastic performance balance plays an essential role in com-
prehensively improving the high-and-low temperatures performance of modified bitumen. To plas-
tic modified bitumen system, the reactive ethylene terpolymer may exhibit a positive function on
strengthening the elastic properties and storage stability of plastic (PE and RPE) modified bitumen
with the underlying mechanism of chemical reactions and polymer network formation. Similarly, it is
also possible to utilise the wax residue waste as a plasticiser (warm-mix agent) to address the issue of
unsatisfactory workability for elastomer (SBS and CR) modified bitumen.

Research objectives andmethodology

From the perspective of elastoplastic performance improvement, a hypothesis was proposed that the
RET elastomer would enhance the elastic properties of plastic (HDPE and RPE) modified bitumen. At
the same time, theWR powders would play a role of a warm-mix agent in decreasing the viscosity and
improving the workability of elastomer (CR and SBS) modified bitumen. The objective of this paper
was to verify this hypothesis and systematically investigate the influence of RET andWRon rheological
properties, microscopic morphology, and storage stability of plastic/elastomer-modified bitumen.

Figure 1 illustrates the main research scheme containing two elastomer/plastic compound-
modified bitumen. First, the RET elastomer was involved in HDPE- and RPE-modified bitumen to
enhance the elastic property. Moreover, the WR powder was incorporated into CR- and SBS-modified
binders to enhance their plastic-flow performance. Afterwards, the RET/HDPE, RET/RPE WR/CR and
WR/SBS compound-modified binders weremanufactured. The influence of RET andWRdosage on the
rheological properties, high-temperature rutting resistance, elastic recovery, shearing flow behaviour,
low-temperature cracking resistance, morphological microstructure and storage stability of modified
bitumen were estimated using dynamic shear rheology (DSR), bending beam rheology (BBR) and
fluorescence microscopy (FM) methods.

Materials and characterisationmethods

Materials

The 70-PEN grade fresh bitumen was used to prepare elastomer/plastic compound-modified bitu-
men. The basic properties of virgin bitumen are listed in Table 1. Moreover, Table 2 shows the
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Figure 1. Research scheme and methodology.

physical indicators of HDPE, RPE and RET modifiers. The HDPE and RET polymers were pure products
manufactured by the Dupont company. Further, the RPE particles came from Shandong Qilufa Trans-
portationCompany,whichwas a complexblend containing theHDPE substrate anddifferent additives
(plasticiser, enhancer, filler, anti-aging agent, etc.) (Wu & Montalvo, 2021).

In addition, both physical and chemical properties of CR, SBS and WR modifiers are summarised
in Table 3. The CR and SBS utilised in this study were the same as our previous study (Ren, Liu, Li,
et al., 2020) to ensure the consistency of material resources. The CR powders weremanufactured from
ambient grinding procedure of waste truck tyres, while SBS copolymer with an S/B ratio of 30/70 and
an averagemolecular weight of 10,000 g/mol was purchased from Yueyang Petrochemical Company.
Meanwhile, thewax residuewas theby-product during the Fischer–Tropsch synthesis (FTS) processing

Table 1. The physical and chemical properties of SK-70 virgin bitumen.

Properties Value Test standard

Penetration (25°C, 0.1 mm) 67 ASTM D5
Softening point (°C) 48.4 ASTM D36
Ductility (10°C, cm) 85 ASTM D113
Rotational viscosity (60°C, Pa·s) 210 AASHTO T316
Saturate dosage (S, wt%) 13.3 ASTM D4124
Aromatic dosage (A, wt%) 17.4
Resin (R, wt%) 39.7
Asphaltene (As, wt%) 29.6
Colloidal index 0.75

Table 2. Basic properties of HDPE, RPE and RET.

Items HDPE RPE RET

Density (g/cm3) 0.954 0.922 0.942
Crystallinity (%) 86 – –
Melt point (°C) 131 105 72
Melt flow index (MFI, g/10 min) 7 8 8
Ash (wt%) – 0.9 –
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Table 3. The physicochemical properties of CR,
SBS and WR.

Items Values

Crumb rubber powder (CR)
Apparent dimension (mesh) 30
Density (g/cm3) 1.2
Moisture content (wt%) 0.3
Ash content (wt%) 5.4

Styrene-butadiene-styrene (SBS)
S/B ratio 30/70
Average molecular weight (g/mol) 130,000
Density (g/cm3) 0.95
Wax residue (WR)
Density (g/cm3) 0.71
Melting point (°C) 160
Crystallisation temperature (°C) 61–64
Solid content (wt%) 8–20

andwas generally composed of the catalyst fine powder and organic wax (Liang, Sun, et al., 2020). The
appearance of wax residue provided by Shenhua Group Corporation Ltd. was black solid powder.

Preparation of different compound-modified binders

Table 4 displays the material recipes of various elastomer/plastic compound-modified bitumen.
Regarding theRET/HDPEandRET/RPEmodifiedbitumen, themass concentrationofHDPEandRPEwas
5 and 7wt% in linewith the literature review (Domingos et al., 2021; Tusar et al., 2022), which reported
thathighPEdosage resulted in theworse storage stability and low-temperature crackingperformance.
Meanwhile, previous studies recommended that the concentration of RET in bitumen should be lower
than 3 wt% to balance the high-and-low temperature properties of modified bitumen (Gama et al.,
2018; Geckil & Seloglu, 2018; Xiao et al., 2022). In this study, the RET dosage in compound-modified
bitumen varied from 0 to 3 wt% with an interval of 1 wt%.

On the other hand, the mass percentage of crumb rubber and SBS in compound-modified binders
were selected as 15 and 3 wt%. To explore the influence of wax residue on the properties of CR- and
SBS-modified bitumen, the mutative content of wax residue was 0, 2, 4 and 6 wt%, respectively.

Figure 2 depicts the preparation conditions for various compound-modified binders in Table 4.
Firstly, the virgin and modifier I (HDPE, RPE, CR, or SBS) were mixed using a high-speed shearing
machine with a shear rate of 4500 rpm at 160°C for 1 h to guarantee the sufficient dispersion degree.
Afterward, the modifier II (RET or WR) was incorporated into the corresponding modified bitumen to
prepare the elastomer/plastic compound modified binders using the blender with the stirring speed
of 800 rpmat 160°C for 30min. It should bementioned that a co-reactant of polyphosphoric acid (PPA)
with an amount of 0.2 wt%was blendedwith RET to accelerate the reaction between the RETmodifier
and bitumen (Geckil & Seloglu, 2018; Xiao et al., 2022). Lastly, these modified bitumen samples were
poured into the mold for cooling and subsequent testing.

Characterisationmethods

DSR tests
The rheological parameters (complex modulus G∗ and phase angle δ), rutting factor (G∗/sinδ), elastic
recovery (R%), non-recoverable creep compliance (Jnr) and zero-shear viscosity (η0) were measured
by using a strain-controlled DSR device (TA-AR1500EX, America) in accordance with AASHTO T315.
Besides, the diameter and gap of parallel plates were 25 and 1 mm, respectively.

The temperature-dependent indices (G∗and G∗/sinδ) of all binders were counted with a tem-
perature sweep test. The temperature region was 58–84°C with an interval of 6°C, and the loading
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Table 4. The materials compositions of elastomer/plastic compound-modified bitu-
men.

RET/HDPE and RET/RPE compound-modified bitumen

Samples Bitumen (wt%) HDPE (wt%) RPE (wt%) RET (wt%)

H5 95 5 – 0
H5-1 1
H5-2 2
H5-3 3
H7 93 7 – 0
H7-3 3
R5 95 – 5 0
R5-1 1
R5-2 2
R5-3 3
R7 93 – 7 0
R7-3 3

WR/CR and WR/SBS compound-modified bitumen
Samples Bitumen (wt%) CR (wt%) SBS (wt%) WR (wt%)
C0 85 15 – 0
C2 2
C4 4
C6 6
S0 97 – 3 0
S2 2
S4 4
S6 6

Figure 2. Preparation conditions of different compound-modified bitumen.

frequency was 10 rad/s. Moreover, multiple stress creep and recovery (MSCR) and steady-state flow
tests were implemented to estimate the elasticity and fluidity of various elastomer/plastic compound-
modified bitumen at 60°C. In theMSCR test, the RTFO-agedbitumen samplewas subjected to 1s-creep
and 9s-recovery procedures at two stress levels of 0.1 and 3.2 kPa. In addition, the flow behaviours of
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compound binders were characterised using a steady-state shear mode with a shear rate increasing
from 10−3–102 rad/s progressively.

BBR tests
On the basis of AASHTO T313, the BBR method was carried out on all RTFO-PAV aged bitumen at
−12 and −18°C to probe the effects of RET and wax residue on the low-temperature properties of
plastic or elastomer-modified bitumen. The creep stiffness (S) and creep rate (m-value) parameters
were measured to assess the bitumen samples’ low-temperature flexibility and cracking resistance.
All characterisation tests for each bitumen sample were repeated at least three times to ensure data
reliability.

FM observations
The influenceof RET andwax residueon thedispersionof polymermodifiers (HDPE, RPE, CR andSBS) in
the bitumenmatrix was evaluated with a morphological microstructure observed using an FM device
(Olympus BX53) with a magnification of 400×.

Storage stability tests
The aluminium tube tests were adopted to characterise the storage stability performance of
compound-modified binders. About 50 g bitumen specimen was encased in an aluminium tube and
subjected to a thermal storage measurement vertically in an oven at 163°C for 48 h. After a rapid
cooling procedure, the tube specimen was equally divided into three parts, and the softening point
difference between the first and third segments was tested.

Results and discussion

Influence of RET on properties of plastic-modified bitumen

Temperature sensitivity
The temperature sensitivity curves of theG∗parameters of compoundbitumen are plotted in Figure 3.
As the temperature increases, the G∗ of all binders reduces linearly following Equation (1), where the
slope value of k refers to the temperature sensitivity of virgin and modified bitumen.

Lg G∗ = k ∗ T + b (1)

Compared to virgin bitumen, the absolute slope |k| values of H5 and H7 binders are slightly higher,
indicating the incorporation of the HDPEmodifier increases the temperature sensitivity of bitumen. In
addition, theeffect ofHDPEdosageon the temperature susceptibility ofHDPE-modifiedbitumen is not
significant. It is noticed that the |k| values of RET/HDPE compound-modified binders are all lower than
that ofHDPE-modifiedbitumen,whichgradually reduces as the increment inRET content. Inparticular,
the |k| value of H7-3 bitumen is smaller than unmodified bitumen. It means that the RET elastomer has
a positive effect on undermining the temperature sensitivity of HDPE-modified bitumen owing to the
formation of polymer network.

On the contrary, the |k| values of RPE-modified binders are all lower than virgin bitumen, especially
when the RPE dosage is 7 wt%. In other word, the influence of RPE on the temperature sensitivity
of bitumen is opposite to HDPE, and the involvement of RPE significantly weakens the temperature
dependence. It may be associated with the presence of inorganic fillers in RPE materials. Similar to
HDPE-modified bitumen, the |k| value of the R5 sample reduces progressively when the RET elas-
tomer was blended. Overall, the RET shows a positive influence on enhancing the thermal stability
of PE-based modified bitumen. However, it is worth mentioning that the |k| value of the R7-3 binder
is more prominent than the R7 binder, indicating that RET elastomer reversely intensifies the tem-
perature sensitivity of RPE-modified bitumen with high RPE dosage. Hence, the impacts of RET on
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Figure 3. Complex modulus of RET/HDPE and RET/RPE modified bitumen.

both complex modulus and the temperature sensitivity of RPE-modified bitumen depend on the RPE
dosage dramatically.

Rutting factor and failure temperature
To probe the rutting performance of RET/HDPE and RET/RPE compound-modified bitumen, the varia-
tions of rutting factor (G∗/sinδ) as a function of temperature are measured and illustrated in Figure 4.
The bitumen with a higher G∗/sinδ value would exhibit a better rutting resistance at high tempera-
tures. As expected, theG∗/sinδ parameters of virgin andmodifiedbinders present a linearly decreasing
trend as the temperature gradually increases from 58 to 84°C. It can be explained that a high temper-
ature reduces the intermolecular friction and enhances molecular mobility (Kang et al., 2019). That’s
why asphalt roads are more susceptible to rutting in the tropics.

According to the SHPR project, rutting failure temperature (RFT) was proposed to assess the rut-
ting potential of a binder directly efficiently. The RFT value is the temperature when the rutting factor
G∗/sinδ of unaged bitumen reaches 1.0 kPa. Equation (2) is utilised to fit the Lg(G∗/sinδ)-T curves,
where constants a and c refers to the temperature-dependence and rutting factor at 0°C.

Lg
(

G∗

sinδ

)
= a ∗ T + c (2)

Table 5 lists the parameters of a, c, RFT and correlation coefficient R2 of all bitumen samples. The R2

values higher than 0.99 suggests that Equation (2) can fit the Lg(G∗/sinδ)-T curves well. Additionally,
incorporating HDPE and RPE increases the G∗/sinδ and RFT values, implying that HDPE and RPE could
both enhance the rutting resistance of bitumen. In detail, the RFT values of H5 and H7 samples are

Figure 4. Rutting factor of RET/HDPE and RET/RPE modified bitumen.



ROADMATERIALS AND PAVEMENT DESIGN 9

Table 5. The rutting failure temperature of RET/HDPE and RET/RPE modified bitumen.

Samples a c RFT/°C R2 Samples a c RFT/°C R2

SK-70 −0.047 3.24 69.60 0.992 SK-70 −0.047 3.24 69.60 0.992
H5 −0.052 4.03 77.11 0.994 R5 −0.048 3.89 81.07 0.996
H5-1 −0.051 4.03 79.65 0.999 R5-1 −0.048 3.78 78.43 0.998
H5-2 −0.050 4.09 82.26 0.999 R5-2 −0.048 3.94 81.62 0.999
H5-3 −0.049 4.20 86.40 0.999 R5-3 −0.045 3.88 85.44 0.999
H7 −0.051 4.27 83.71 0.997 R7 −0.030 4.31 106.6 0.991
H7-3 −0.046 4.14 90.06 0.999 R7-3 −0.047 3.16 90.97 0.999

77.11°C and 83.71°C, while R5 and R7 have the RFT value of 81.07°C and 106.6°C. It means that the
rutting resistance of RPE-modified bitumen is stronger than HDPE-modified binder, and RPE exhibits
a more significant impact on improving the rut resistant performance of bitumen. It may be ascribed
to the additional inorganic filler and the aging hardening of RPE modifier (Duarte & Faxina, 2021).
Regarding the HDPE modified bitumen, as the RET dosage rises from 1% to 3%, the RFT value of H5
binder increases by 2.54, 5.15 and 9.29°C, respectively. In addition, the RFT parameter of H7-3 is 6.35°C
higher thanH7 sample. It denotes that theRETblendingplays a role in enhancing the rutting resistance
of HDPE-modified bitumen.

Similarly, the impact of RET on the rutting properties of RPE-modified bitumen depends on the
RPE dosage. The RFT value of the R5 decreases by 2.64°C but increases by 0.55 and 4.37°C when 1%,
2% and 3% RET are blended. Interestingly, the RFT value of R7-3 is 15.63°C lower than R7, indicating
that the RET negatively influences the rutting resistance of RPE-modified bitumen with a high RPE
content of 7 wt%. It may be explained that RPE with a peculiar and unique chemical structure requires
aminimumdosage of RET to create a complete chemical reaction. It is summarised that incorporating
RET enhances the rut resistant performance of RPE-modified bitumen but adversely affects the high-
temperature performance when the RPE dosage exceeds a particular point.

Recovery percentage and non-recoverable creep compliance
The MSCR test is an efficient way to estimate the high-temperature deformation potential of bitu-
minous materials. The recovery percentage (R%) and non-recoverable creep compliance (Jnr) are
calculated using Equations (3) and (4), respectively.

R =
∑10

1 εr (τ , N)

10
=

∑10
1

[
(ε1 − ε10) · 100

ε1

]
10

(3)

Jnr =
∑10

1 Jnr (τ , N)

10
=

∑10
1

(
ε10
τ

)
10

(4)

where τ represents the stress level; ε1 and ε10 are the strain increment of bitumen after the 1s creep
and 9s recovery cycles. The R% is strongly associated with the elastic properties, while a higher Jnr
value denotes the more considerable permanent deformation sensitivity.

Figure 5 plots the R% and Jnr curves of bitumen binders at 60°C and 3.2 kPa. The R% and Jnr values
of fresh bitumen are theminimumandmaximumbecause of its dominant viscous characteristic. Com-
pared to virginbitumen, theR%parameter ofH5,H7, R5 andR7 increases from0.13% to2.02%, 10.14%,
11.01% and 45.47%, respectively. Meanwhile, the corresponding Jnr value decreases from 3.47–1.38,
0.40, 0.66 and 0.13 (kPa−1). Overall, both HDPE and RPE improve the elastic properties and reduce the
permanent deformation potential of bitumen.

In addition, the RET elastomer increases the R% and reduces the Jnr of HDPE- and RPE-modified
bitumen. In detail, compared with the H5 sample, the R% of compound-modified bitumen H5-1, H5-2
and H5-3 increases by 5.17%, 17.19% and 30.26%, while the R% value of H7-3 is 37.62% higher than
H7. However, the influence degree of RET on the Jnr parameter is remarkably smaller than R%. To the
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Figure 5. The R% and Jnr of RET/HDPE and RET/RPE modified bitumen.

HDPE-modified bitumen, the incorporation of RET elastomer can enhance its elastic recovery capacity
for both cases of 5% and 7% HDPE content.

On the other hand, the R% value of R5-1, R5-2, and R5-3 is 2.89% lower, 4.43%, and 25.45% higher
than theR5binder,while the R% increment of R7-3 is only 0.76%compared to R7. The influencedegree
of RET on R% and Jnr of RPE-modified bitumen is smaller than HDPE-modified binder. In summary, the
RET elastomer can effectively strengthen the elastic properties and deformation resistance of HDPE
andRPE-modifiedbitumen, but its efficacy is significant to theH5,H7 andR5modifiedbinders. Further,
the optimum RET dosage is recommended as 3 wt% when considering the improvement of elastic
properties and high-temperature deformation resistance of HDPE (5% and 7%) and RPE (5%)modified
binders.

Shear-thinning behaviour and zero-shear viscosity
In the steady-state flow test, the dynamic viscosity values versus shear rate are illustrated in Figure 6.
The Newtonian and non-Newtonian fluids are distinguished based on the shear dependence of vis-
cosity (Ren, Liu, Wang, et al., 2020). For a fresh bitumen, the shear-viscosity parameter keeps constant
within the shear rate region of 0.01–10 s−1. It means that fresh bitumen presents a Newtonian fluid
characteristic. However, when the shear rate exceeds to 10 s−1, the viscosity of fresh bitumen drops
down drastically as a non-Newtonian fluid.

From Figure 6, the Newtonian-fluid ranges of HDPE- and RPE-modified bitumen are more narrow
than fresh bitumen, indicating the involvement of HDPE and RPE increases the shear sensitivity of
bitumen. The reason may be that the mobility of polymer molecules is remarkably weaker than bitu-
men components, and the intermolecular friction is stronger (Kang et al., 2019). With an increment
in HDPE and RPE dosage, the viscosity and non-Newtonian flow characteristics are intensified contin-
uously. Further, the RPE-modified bitumen exhibits higher viscosity, shorter Newtonian-flow region,
and better shear resistance performance than HDPE-modified binder.
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Figure 6. The shear behaviour of RET/HDPE and RET/RPE modified bitumen.

The RET elastomer significantly affects the shear viscosity and flow behaviours of HDPE- and RPE-
modified binders. As the RET content increases, the shear-thinning characteristic of HDPE-modified
bitumen is more apparent. It implies that incorporating RET elastomer improves the shear resistance
and sensitivity of HDPE-modified bitumen. Besides, the viscosity enhancement of RET approaches
HDPE, but the RET elastomer distinctly intensifies the shear-thinning tendency of bitumen than HDPE.

In addition, a highRETdosage increases the shear viscosity and shortens theNewtonian-fluid range,
which also demonstrates an inverse influence on the flow behaviour of RPE-modified bitumen with a
high RET dosage. The Carreaumodel (shown in Equation (5)) is adopted to quantitatively describe the
flow behaviour of virgin andmodified binders, considering the influence ofmodifier type and dosage.

η0

η
=

[
1 +

(
γ

γc

)2
]s

(5)

where η and γ refer to the measured viscosity and variable shear-rate value, respectively; η0 is the
zero-shear viscosity when the shear rate is zero; γ c represents the critical shear rate, which behaves
as the turning point from Newtonian flow to the non-Newtonian region; s is the constant and high
s-value reveals the greater fluctuation level of viscosity to increasing shear-rate (Camargo et al., 2021).

The corresponding parameters in Carreau models of all binders are summarised in Table 6. Both
HDPE and RPE exhibit an improvement effect on the shear resistance of bitumen, and the latter is
more influential, particularly when the RPE dosage is 7%. It is depicted that the η0 value of HDPE-
modified bitumen gradually increases as the RET content rises. For an RPE-modified binder with a 5
wt% RPE dosage, the improvement influence of RET on the η0 value is apparent, although 1% RET
presents the opposite effect. Theη0 value of R5-1, R5-2 andR5-3 is 0.86, 1.35 and4.35 times higher than
R5, respectively. Thus, the increment effect of RET on the shear-resistance property of HDPE-modified
bitumen is more significant than RPE-modified binder. Further, adding 3% RET inversely reduces the
viscosity andweakens the shear resistance of RPE-modified bitumenwith a high RPE content of 7wt%.
In other words, the positive/negative impact of RET on η0 of the RPE-modified binder depends on the
RPE content.

Apart from the η0, the involvement of RET elastomer remarkably influences the flow behaviours of
HDPE- and RPE-modified bitumen in accordant with the variable γ c and s values. The HDPE and RPE
play a role in decreasing the γ c parameter and increasing the non-Newtonian-fluid region of virgin
bitumen. Moreover, the blending of RET elastomer further intensifies the tendency to shear-thinning
behaviour of HDPE- and RPE-modified binder. Additionally, the influence of RET on the flow character-
istics of modified bitumen is more considerable than HDPE but lower than RPE. The Newtonian-fluid
range of R7-3 is broader than R7. It suggests that the shear-thinning potential of the RPE-modified
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Table 6. The zero-shear viscosity of RET/HDPE and RET/RPE modified bitumen.

Samples γc η0/Pa·s s R2 Samples γc η0/Pa·s s R2

SK-70 19.89 273.4 0.54 0.96 SK-70 19.89 273.4 0.54 0.96
H5 4.67 961.7 0.24 0.98 R5 0.05 2070.1 0.11 0.96
H5-1 0.92 1373.8 0.21 0.93 R5-1 0.09 1786.9 0.13 0.94
H5-2 0.09 2969.8 0.15 0.97 R5-2 0.07 2798.3 0.14 0.96
H5-3 0.03 7443.5 0.17 0.99 R5-3 0.017 9008.9 0.16 0.99
H7 0.78 2461.8 0.19 0.96 R7 0.004 37809.1 0.24 0.99
H7-3 0.01 16475.7 0.18 0.99 R7-3 0.01 14312.4 0.17 0.99

binder with 7% RPE is reduced by adding a 3% RET elastomer. Overall, the impacts of RET on the flow
properties of modified bitumen strongly depend on the plastic type and dosage.

Low-temperature cracking resistance
This study evaluated the influence of RET on the low-temperature properties (stiffness S and creep
rate m-value) of HDPE- and RPE-modified bitumen. The bitumen with a lower S and a higher m-
value exhibits a superior cracking resistance. Figure 7 depicts the BBR results of HDPE-basedmodified
bitumen before and after aging. It is observed that the S and m-value of all fresh bitumen at −12°C
meet the specification requirement of 300 MPa and 0.3 (Ren, Liu, Wang, et al., 2020), which overstep
the expected region at −18°C. Moreover, incorporating 5 and 7 wt% HDPE leads to an increment in
stiffness and a reduction in m-value of bitumen, indicating that HDPE modifier adversely affects the
bitumen’s low-temperature cracking resistance.

TheS andm-valuesof RET/HDPEmodifiedbitumendependon theRETelastomerdosage. At−12°C,
adding 1%RET elastomer results in a 9.8%and1.6% reduction of S-value of fresh and agedH5 samples,
while the corresponding m-value increases by 3.5% and 6.2%, respectively. However, when the RET
dosage rises to 2% and 3%, the S and m-value of RTE/HDPE modified binder increases and decreases,

Figure 7. The S and m-value of RET/HDPE modified bitumen at−12°C (a,b) and−18°C (c,d).
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Figure 8. The S and m-value of RET/RPE modified bitumen at−12°C (a,b) and−18°C (c,d).

respectively. This is related to a large low-temperature cracking potential of H5-3 and H7-3 binders.
Therefore, considering the low-temperature properties of RET/HDPEmodified bitumen, the optimum
dosage of RET is recommended as 1 wt%.

Figure 8 illustrates the low-temperature indices of RPE and RET/RPE modified bitumen. The RPE-
modified binder exhibits superior low-temperature cracking resistance to HDPE-modified bitumen.
Besides, the stiffness and m-value of RPE-modified bitumen (5% RPE) are lower and larger than that
of virgin bitumen. It means the RPE exhibits more advantages in improving the low-temperature
properties of bitumen than HDPE. However, the improvement effect tends to decrease as the RPE
dosage rises, and even the S and m-value of R7 binder approach to fresh bitumen. As the incre-
ment in RET dosage, the stiffness of RET/RPE-modified bitumen decreases and then increases, while
the m-value presents the opposite trend. It suggests that the moderate RET content strengthens the
low-temperature properties, but excessive RET strongly deteriorates the cracking resistance of RPE-
modified bitumen. Overall, when the RPE dosage is 1%, the low-temperature cracking resistance of
RET/RPE-modified bitumen is the best.

Compatibility and storage stability
In this study, the FM method is utilised to monitor the scattered or aggregated states of HDPE
and RPE modifiers in bitumen before and after incorporating RET elastomer. Figure 9 displays the
microstructures of HDPE and RET/HDPE modified binders with different HDPE and RET dosages. It is
observed that HDPE particles exist as an island state in HDPE-modified binders (H5 and H7), and the
worse dispersion degree of HDPE modifiers is associated with their unsatisfactory compatibility with
bitumen (Tusar et al., 2022). Interestingly, a significant improvement in the homogenous dispersion
degree of the HDPE modifier in bitumen is detected when 1% RET elastomer is blended. As the RET
dosage rises to 2% and 3%, the polymer phase in both H5 and H7 samples tends to enlarge gradually,
and the polymer network is more noticeable when more RET elastomer is mixed.
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Figure 9. Influence of RET on the microscopic morphology of HDPE-modified bitumen.

It is summarised that adding RET elastomer is beneficial in enhancing the dispersion state of HDPE
in bitumen and forming the polymer network structure. Herein, the positive influence of RET on elastic
properties, high-temperature shear, rutting and permeant deformation resistance of HDPE-modified
bitumen is further validated from themicrostructure perspective. Moreover, a high dispersion degree
of the polymer phase in RET/HDPE modified bitumen with 1% RET dosage significantly contributes
to the enhanced low-temperature cracking resistance. An increment in RET content to 4% and 6%
increases the polymer size, and the discontinuous polymer network is generated gradually, which
increases the stress concentration/failure points and weakens the low-temperature properties of
RET/HDPE compound-modified bitumen.

The morphological microstructures of RPE and RET/RPE modified binders are presented in
Figure 10. In R5 and R7 samples, the RPE modifier is dispersed in bitumen as an irregular flake-strip
pattern. Interestingly, compared to the dispersion state of HDPE in bitumen, the dispersion degree of
RPE is more prominent, and its polymer phase colour is shallower, indicating the more excellent solu-
bility and compatibility of RPE in the bitumen (Gama et al., 2018; Irfan et al., 2017). Further, blending
1% RET is beneficial to disperse the RPE modifier more homogenous.
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Figure 10. Influence of RET on the microscopic morphology of RPE-modified bitumen.

Table 7 lists the softening point difference of RET/HDPE and RET/RPE modified bitumen. As most
studies mentioned (Domingos et al., 2021; Tusar et al., 2022; Yan et al., 2021), HDPE and RPE plastics
present a terrible storage stability, which worsens with the increase in plastic dosage. The�T value of
H5, H7, R5 and R7 is 10.5°C, 14.7°C, 9.2°C and 12.5°C, respectively. It suggests that the storage stability
of RPE-modified bitumen is better than HDPE-modified binder, which agrees with the microstructure
results. As the RET dosage rises, the�T values of bothHDPE- and RPE-modified binders decrease grad-
ually. In particular, when the RET content is 3 wt%, the �T value of plastic-modified bitumen is lower
than5°C.Hence, incorporatingRETelastomer improves the storage stability ofHDPEandRPE-modified
bitumen. The reason may be related to the chemical reactions between RET, plastic (HDPE and RPE)
and bitumen, and the formation of a 3D polymer network bitumen (Geckil & Seloglu, 2018; Prosperi
et al., 2022).

Influence ofWR on properties of elastomer-modified bitumen

The second task of this study is to estimate the application potential of wax residue (WR) as a
plasticiser on elastomer (CR and SBS) modified bitumen. In this section, the influence of WR on
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Table 7. The softening point difference between
RET/HDPE and RET/RPE modified bitumen.

Samples �T/°C Samples �T/°C

SK-70 0.3 SK-70 0.3
H5 10.5 R5 9.2
H5-1 8.9 R5-1 8.3
H5-2 6.3 R5-2 5.9
H5-3 4.1 R5-3 3.6
H7 14.7 R7 12.5
H7-3 5.8 R7-3 3.8

the high-and-low temperature rheological properties and morphological microstructure of CR and
SBS-modified bitumen are evaluated and discussed.

Temperature sensitivity
The impacts of WR on the G∗ values of CR- and SBS-modified bitumen are illustrated in Figure 11.
The fresh bitumen exhibits the largest absolute slope value and strongest temperature sensitivity. The
addition of CR and SBS reduces the slope value and weakens the temperature sensitivity of bitumen.
Moreover, the temperature sensitivity of CR-modified bitumen is smaller than SBS-modified binder.
The incorporation of WR increases the temperature sensitivity of modified binders, especially for the
SBS-modified bitumen, which slightly depends on the WR dosage.

Rutting factor and failure temperature
The high-temperature rutting properties of WR/CR and WR/SBS modified binders are also estimated
with G∗/sinδ and RFT parameters, displayed in Figure 12 and Table 8. Both CR- and SBS-modified
binders exhibit higher G∗/sinδ, RFT values, and superior rutting resistance to fresh bitumen, and the
former is the best. It is depicted that the involvement of WR reduces the G∗/sinδ and RFT values of
modified bitumen. When the WR dosage is 2%, 4% and 6%, the RFT value of CR-modified bitumen
decreases by 0.10°C, 0.42°C and 0.44°C, while SBS-modified binder shows 0.67°C, 1.52°C and 1.74°C
lowerRFTvalue, respectively. Further, it shouldbementioned that the influenceofWRondeteriorating
the rutting resistance of modified bitumen is insignificant.

Figure13 illustrates theR%and JnrofWR/CRandWR/SBSmodifiedbitumenat 60°Cand3.2 kPa. The
incorporation of CR and SBS increases the R% and decreases the Jnr value of bitumen, and the elastic
property of bitumen is greatly enhanced by CR and SBS modifiers (Rath et al., 2022). Meanwhile, the
elastic behaviour of CR-modified bitumen is more significant than the SBS-modified binder based on
the higher R% and smaller Jnr values.

Figure 11. Complex modulus of WR/CR and WR/SBS modified bitumen.
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Figure 12. Rutting factor of WR/CR and WR/SBS modified bitumen.

Table 8. The rutting failure temperature of WR/CR and WR/SBS modified bitumen.

Samples a c RFT/°C R2 Samples a c RFT/°C R2

SK-70 −0.059 4.06 68.63 0.994 SK-70 −0.059 4.06 68.63 0.994
C0 −0.040 3.72 92.63 0.995 S0 −0.053 4.11 77.11 0.999
C2 −0.040 3.68 92.53 0.999 S2 −0.054 4.14 76.44 0.999
C4 −0.039 3.66 92.21 0.998 S4 −0.056 4.20 75.59 0.998
C6 −0.039 3.61 92.19 0.997 S6 −0.055 4.13 75.37 0.998

It is demonstrated that the R% value of CR- and SBS-modified bitumen decreases distinctly due
to the incorporation of WR, while the corresponding Jnr parameter increases. In addition, the MSCR
parameters are more sensitive to detecting the WR influence on high-temperature properties than
G∗/sinδ and RFT indices. When 2%, 4% and 6%WR ismixed, the R%of CR-modified bitumen decreases
from 74.28% to 73.86%, 71.51% and 70.92%, while the corresponding Jnr value increases from
0.074–0.080, 0.085 and 0.090 (kPa−1), respectively. On the other side, the R% value of WR/SBS com-
pound modified binder is 8.02%, 31.33% and 34.48% lower than SBS modified bitumen, while the Jnr
value is−0.03, 0.29 and 0.37 (kPa−1) higher, respectively. In summary, the involvement of WR displays
a weakening effect on the elastic properties of both CR- and SBS-modified bitumen, and the influence
on SBS-modified bitumen is more noticeable.

Shear-thinning behaviour and zero-shear viscosity
The steady-state flow tests were utilised to evaluate the influence of WR on the viscosity and flow
behaviour of CR- and SBS-modified bitumen. Figure 14 draws the flow curves fitted by the Carreau
model to elaborate on the quantitative dependence of viscosity on shear rate. The zero-shear viscosity
and other parameters (γ c and s) of virgin and modified bitumen are summarised in Table 9.

Compared to virgin bitumen, the viscosity values of CR- and SBS-modified binders are more sig-
nificant, and their Newtonian-fluid ranges become shorter. It implies that both CR and SBS lead
to the increment of resistance to shear-deformation and a tendency to shear-thinning of bitumen.
Besides, WR/CR-modified bitumen exhibits better shear resistance than WR/SBS-modified binder.
From Figure 14, the incorporation of WR slightly reduces the viscosity of CR-modified bitumen, but its
similar influence on the SBS-modified binder ismore noticeable. At the same time, with the increase of
WR dosage, the Newtonian-fluid range ofWR/SBSmodified binder tends to bemore extensive. Hence,
it is instructed that adding WR is beneficial in reducing the viscosity and shear sensitivity of modified
bitumen.

According to the correlation coefficient R2 values higher than0.99, theCarreaumodel can fit all flow
curves of virgin and modified bitumen well. The zero-shear viscosity (η0) of virgin bitumen increases
from 275.2 to 20498.8 and 2558.1 Pa·s when 15 wt% CR and 3 wt% SBS are blended, respectively. It is
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Figure 13. The R% and Jnr of WR/CR and WR/SBS modified bitumen.

Figure 14. The shear behaviour of WR/CR and WR/SBS modified bitumen.

worth mentioning that the η0 value of CR- and SBS-modified bitumen decreases progressively as the
WR dosage rises. In detail, the 2%, 4% and 6%WR results in the 1.2%, 2.0% and 12.0% reduction of η0
for CRmodified bitumen,while η0 value ofWR/SBSmodified bitumen is 23.9%, 50.9% and 59.6% lower
than SBS modified binder. Therefore, the involvement of WR remarkably decreases the viscosity and
improves the workability of CR- and SBS-modified bitumen, especially for the latter. According to the
γ c and s values, the WR shows no obvious influence on the flow behaviour of CR-modified bitumen,
but its effect on SBS- modified bitumen should be noticed. As theWR dosage increases, both γ c and s
values of WR/SBS modified binders are magnified dramatically. It indicates that the WR blending also
extends the Newtonian-fluid range and intensifies the shear-thinning behaviour ofmodified bitumen.
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Table 9. The zero-shear viscosity of WR/CR and WR/SBS modified bitumen.

Samples η0/Pa·s γc s R2 Samples η0/Pa·s γc s R2

SK-70 275.2 19.27 0.53 0.96 SK-70 275.2 19.27 0.53 0.96
C0 20498.8 0.016 0.17 0.99 S0 2558.1 0.032 0.14 0.99
C2 20252.6 0.012 0.15 0.99 S2 1948.0 0.031 0.12 0.98
C4 20090.1 0.013 0.16 0.99 S4 1256.3 0.26 0.15 0.95
C6 18038.3 0.015 0.15 0.99 S6 1033.3 0.96 0.22 0.93

Low-temperature cracking resistance
The BBR tests were utilised to investigate the influence of WR on the low-temperature properties of
CR- and SBS-modified bitumen. Figure 15 illustrates the stiffness S and m-value of virgin bitumen, CR,
and WR/CR modified binders at two temperature levels of −12°C and −18°C. As the testing temper-
ature decreases, all binders have higher stiffness and lower m-value, related to weakened molecular
mobility and smaller free volume (Kang et al., 2019). As expected, the low-temperature properties of
all bitumen deteriorate after the PAV-aging protocol. Compared to virgin bitumen, the S andm-value
of CR-modified bitumen show a significant reduction and increment, indicating that the CR positively
influences the bitumen’s low-temperature cracking resistance. Furthermore, it is found that the stiff-
ness of CR-modified bitumen declines first and then increases as the WR dosage increases, while the
corresponding m-values show the inverse trend.

Moreover, the S andm-value of CR-modified bitumen approach theminimumandmaximumpoint,
regardless of the testing temperature and aging degree. In detail, when 2 wt% WR is supplemented,
the S-value at −12°C of fresh and aged CR-modified bitumen decreases by 15.1% and 17.7%, while
them-value increases by 0.002 and 0.005, respectively. At−18°C, the S value of fresh and agedWR/CR
modified bitumen with 2% WR dosage is 15.4% and 3.3% lower than CR modified binder, while the

Figure 15. The S and m-value of WR/CR modified bitumen at−12°C (a,b) and−18°C (c,d)



20 S. REN ET AL.

corresponding m-value is 0.03 and 0.006 larger, respectively. Hence, the incorporation of 2% WR is
beneficial for enhancing the low-temperature cracking resistance of CR-modified bitumen.

However, when the WR is more than 2 wt%, the S and m-value of WR/CR modified binder rises
and decreases distinctly, which is even higher and lower than virgin bitumen, respectively. It suggests
that high WR dosage shows an adverse effect on deteriorating the low-temperature properties of CR-
modified bitumen. This phenomenon is firmly ascribed to the high crystallisation potential of a wax
component in WR (Li, Zheng, et al., 2021). Therefore, the WR dosage should be controlled to ensure
the low-temperature performance of CR-modified bitumen, and the optimum level from this study
output is 2 wt%.

The influence of WR on the S and m-value of SBS-modified bitumen is shown in Figure 16. The
SBS modifier enhances the low-temperature cracking performance of bitumen, and SBSMB exhibit
better cracking resistance than CRMBbased on the lower S and largerm-values. It is worthmentioning
that the overall impact of WR on the S and m parameters of SBSMB is similar to CRMB. It is denoted
that 2% WR positively reduces the S parameter and increases the m-value of SBS-modified bitumen.
In comparison, the 4% and 6% WR both remarkably increase the S and decrease the m-value of the
WR/SBS modified binder. However, the S and m-value of WR/SBS modified bitumen with a 6 wt%WR
dosage is still smaller and larger than that of virgin bitumen. It means that the highWR content would
deteriorate the low-temperature property ofWR/SBSmodified, but it is still greater thanpure bitumen.
Further, the influence of WR on SBS-modified bitumen is less than the CR-modified binder.

Compatibility and storage stability
The morphological microstructures of WR/CR and WR/SBS modified binders are detected to further
understand theunderlyingmodificationmechanismofWRonCRandSBSmodifiedbitumen. Figure 17
illustrates the microscopic morphology of WR/CR and WR/SBS modified binders with the WR dosage
of 2%, 4% and 6%. It can be found that the crumb rubber phase (black strips) is dispersed as blocks

Figure 16. The S and m-value of WR/SBS modified bitumen at−12°C (a,b) and−18°C (c,d)
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Figure 17. Influence of WR on morphology of CR (C0-C6) and SBS (S0–S6) modified bitumen.

in the bitumenmatrix unevenly, while the SBS modifier exists in the form of homogeneous spots. The
area of black blocks in CR-modified bitumen is zoomed out as the increase of WR dosage, while the
particle size of SBS in bitumen becomes smaller. It is evidenced that the incorporation of WR could
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Table 10. The softening point difference of WR/CR
and WR/SBS modified bitumen.

Samples �T/°C Samples �T/°C

SK-70 0.3 SK-70 0.3
C2 5.8 S0 3.9
C2 4.6 S2 3.3
C4 4.1 S4 2.7
C6 2.9 S6 1.8

promote the dispersion and dissolving of crumb rubber and SBS in bitumen. The involvement of WR
supplements the lightweight fractions to bitumen, which are absorbed by CR and SBS polymers and
reinforce their compatibility with the bitumen matrix. The microscopic microstructure results further
explain why the WR exhibits a significant influence on increasing the viscous component, decreasing
the viscosity, and improving theworkability as well as long-term aging resistance of CRMB and SBSMB
binders.

Table 10 shows the softening point difference of WR/CR and WR/SBS modified binders. Com-
pared to the aforementioned plastic-modified bitumen, the storage stability performance of CRMB
and SBSMB are more excellent. The �T value of CR- and SBS-modified binder without WR additive
is 5.8°C and 3.9°C, respectively. The high �T of CR-modified bitumen is related to the incompati-
bility of crumb rubber powder with bitumen. Moreover, the unsatisfactory storage stability of the
SBS-modified binder is mainly due to the lack of cross-linking agent (sulphur). With the increase of
WR dosage, the �T values of WR/CR and WR/SBS-modified bitumen are down to approximately half-
point, indicating that the involvement of the WR agent is beneficial in enhancing the storage stability
of CRMB and SBSMB to some extent. This finding is consistent with previous studies (Yue et al., 2021),
which demonstrated that adding Sasobit warm-mix additive weakened the crystallisation influence
and accelerated the swelling degree of CR and SBS modifiers in bitumen. Thus, it raised the potential
of fatigue failure resistance and the healing capacity of corresponding modified binders.

Conclusions and recommendations

Main findings from this study

In this study, we proposed improving the elasticity of recycled polyethylene-modified bitumen with
RET and enhancing the plasticity of CR- or SBS-modified bitumen with WR. The main findings can be
drawn as follows:

• Incorporating RET elastomer improved the elastic properties of HDPE- and RPE-modified bitumen
but showed a softening effect on RPE-modified binder with high RPE dosage.

• The rut resistant, elastic recovery, and deformation resistance of HDPE- and RPE-modified bitumen
were enhanced by adding RET. Moreover, the RET improved their shear resistance, particularly for
HDPE-modified bitumen.

• The moderate RET content (1%) enhanced the low-temperature cracking resistance of plastic-
modified bitumen. Considering the low-temperature properties of compound-modified binders,
the optimum content of RET was recommended as 1 wt%. Moreover, a significant improvement in
the storage stability and compatibility between HDPE and RPE plastics with bitumen was detected
when elastomer was blended.

• The involving WR significantly increased the temperature sensitivity but showed a limited deterio-
ration influence on the rutting resistance of modified binders.

• The incorporation of WR weakened the elastic recovery but reduced the viscosity and shear sensi-
tivity of CR- and SBS-modified bitumen. To ensure the low-temperature performance of modified
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bitumen, the optimum level of WR from this study output was 2wt%.Meanwhile, the compatibility
and dispersion of both CR and SBS particles in bitumen were promoted by adding WR.

Recommendations for future works

There are still lots of meaningful and essential works to be further studied. Firstly, more chemical
tests and morphological microstructure should be conducted to further explore the underlying mod-
ification mechanism. Secondly, the durability-related fatigue and self-healing performance of these
elastomer/plastic compound-modifiedbinders considering the improvementof elastic orplastic prop-
erties with the utilisation of household and industrial wastes. Lastly, the asphalt mixtures require
further investigation to validate the potential and feasibility of elastomer/plastic compound-modified
bitumen incorporating recycledpolyethylene, crumb rubberpowder andwax residuewastematerials.
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