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Abstract: This study investigates the potential of two bitumen modifiers, high-density polyethylene
(HDPE) and nano clay (NC), to enhance the rutting resistance of asphalt mixture. Four HDPE
asphalt binders were prepared by mixing the HDPE at percentages of 2%, 4%, 6%, and 8% with the
virgin binder, while four NC asphalt binders were produced by mixing the NC at percentages of
1%, 2%, 3%, and 4%. The consistency and flow of virgin binder, HDPE binders, and NC binders
were evaluated by penetration, softening point, and viscosity tests. The results show a gradual
increment in the binder stiffness by increasing the percentage of both modifiers. The static creep test
was conducted at a temperature of 40 °C to evaluate the rutting resistance. The results confirm that
both modifiers can greatly improve the rutting resistance of the asphalt mixture, where 8% HDPE
and 3% NC modifications reduce the strains provoked in the asphalt mixture under loading by about
50%. According to the correlation analysis, the mixture rutting performance is highly attributed to
the binder stiffness, where the lower the penetration value of the asphalt binder, the lower the strains
in the asphalt mixture and the higher the stiffness modulus of the asphalt mixture.

Keywords: asphalt mixture; static creep; nano clay; high-density polyethylene; rutting tendency

1. Introduction
1.1. Background

Rutting generally happens prior to the pavement’s service life [1-4]. In order to en-
hance the performance of binder and mixes of asphalt-concrete, in recent years, it has
become more and more common to incorporate modifiers such as polymers and nano
additives [5-7]. Polymers make asphalt mixture stiffer in hot conditions, which reduces
strain caused by the influence of traffic loads [8,9]. One of the polymer kinds that exhibits
endurance, hardness, and tolerance to hot conditions is high-density polyethylene [10,11].
Hinishoglu and Agar (2004) [12] investigated the effects of 4-8% high-density polyethylene
addition rates on asphalt. The outcomes revealed a rise in deformation resistance and an
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improvement in Marshall stability [13]. In order to create the polymer-modified binder,
Habib et al. (2011) [14] utilized a mixer for 60 min at 170 °C and 120 rpm. By weight of the
binder, they added polyethylene at rates ranging from 0.5% to 5%. The findings show that
high-density polyethylene reduced permanent deformation and increased the mixture’s
hardness. Ahmed and AL-Harbi (2014) [15] incorporated high-density polyethylene utiliz-
ing the wet process for 90 min at a temp of 185 °C with concentration levels of (2, 5, and 7%)
by weight of asphalt mixture (40/50). According to findings, high-density polyethylene
enhanced both the rutting depth and the Marshall stability of the mix. The effect of HDPE
on asphalt was assessed by Moghadas Nejad et al. (2015) [16], and colleagues investigated
the effect of HDPE on asphalt mixture at high temps. They claimed that the rutting factors
had significantly improved [16].

Numerous applications have made use of nanoparticles to enhance the qualities of
various materials [17-19]. Numerous studies compared the rheological characteristics
of bitumen that had been changed with nano clay to bitumen that had not been nano-
modified [20-23]. The outcomes showed that adding nano clay to bitumen increased the
samples’ resistance to rutting significantly. Sajedi and Razak (2011) [21] investigated and
analyzed the performance of hot asphalt mixture and nano-silica-modified bitumen in
this regard [21], and the findings demonstrated advancements in rutting depth and creep
tolerance. According to You et al., 2011 [24], 2% of nano clay in the binder may result in a
rise of up to 184% in the shear (complex) modulus [24]. This suggests that the asphalt’s
ability to withstand rutting has probably been enhanced. The impact of introducing Nano-
TiO2 on the behavior of stone mastic asphalt-concrete mixes was examined by Sadeghnejad
and Shafabakhsh (2017) [25]. The study’s primary findings demonstrated that Nano-TiO,
was more successful at enhancing fatigue and rutting metrics [25].

Even while various studies have evaluated employing high-density polyethylene and
nano clay as a binder modifier, only a few of them have looked at its impact on the asphalt
blend’s propensity to rut utilizing static creep tests, particularly in the case of adding
high-density polyethylene to bitumen utilizing the wet blending technique. In order to
determine how adding high-density polyethylene and nano clay as a binder ingredient
impacts the susceptibility of the modified asphalt mix to rut, this study’s main objective
is to ascertain this relationship. Using the static creep test, a simple and inexpensive
experimental technique, rusting propensity was investigated. The quality of high-density
polyethylene and nano clay’s dispersion in the asphalt mixture was observed after wet
mixing utilizing the SEM.

1.2. Novelty

Even though several previous studies have examined the use of high-density polyethy-
lene (HDPE) and nano clay as a modifier for binders, only a limited number of them have
explored the effects on the asphalt blend’s susceptibility to rutting using static creep tests,
particularly when incorporating HDPE into bitumen through the wet blending technique.
The main objective of this study is to influence how the addition of HDPE and nano clay
as binder modifiers influences the rutting behavior of the modified asphalt mixture. The
investigation of rutting propensity was carried out using the static creep test, which is a
simple and cost-effective experimental technique. Additionally, the dispersion quality of
HDPE and nano clay in the asphalt mixture was observed by employing scanning electron
microscopy (SEM) after wet mixing.

1.3. Objective and Research Approach
The following research objectives have been identified:

First, study the rheological properties of HDPE-, NC-modified binders;

Next, based on static creep testing, evaluate the susceptibility of the HDPE-, NC-
modified asphalt mixtures to rutting that is essential for designing and constructing
durable and long-lasting asphalt pavements;
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e  Finally, analyze the relationship between creep parameters and basic properties of
modified binders using correlation analysis.

Figure 1 presents an overview of the research methodology employed in this study.
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Figure 1. Experimental and analytical work outline.

2. Material Properties and Sample Preparations
2.1. Material Properties

The asphalt binder of 60/70 penetration grade, which is commonly utilized in Egypt,
was used in this study. The binder’s basic characteristics are listed in Table 1. The high-
density polyethylene and nano clay have been used as binder modifiers. Figure 2a shows
the particles shape of the high-density polyethylene, while Table 2 presents its main
mechanical and physical properties. The surface morphology and mineral composition of
the nano clay, shown in Figure 2b, were tested using scanning electron microscopy (SEM)
and X-ray diffraction (XRD), respectively. The asphalt binder and modifiers were provided
by local companies in Sohag City in Egypt. The petrol industry of Egypt is the source of
the asphalt binders used in the country.

Table 1. Basic properties of the virgin binder.

Test Test Conditions Value Max. Limit Min. Limit Standard
Penetration, dmm 100 g, at25°C,5s 61 70 60 ASTM D 5/D 5M [26]
Penetration-index —1.96 2 -2

Rotational viscosity, C.st at135°C 381 3000 - ASTM D 2170 [27]
Ductility, cm at 25 °C, 5 cm/min 101 - 100 ASTM D 113 [28]
Flash-point, °C 251 - 250 ASTM D 92 [29]
Density, g/ cm? at15°C 1.02 1.06 1.01 ASTM D 70 [30]

Softening-Point, °C 45.5 56 49 ASTM D 36 [31]
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Figure 2. Appearance of the asphalt modifiers. (a) High-density polyethylene; (b) Nano clay powder.

Table 2. Mechanical and physical characteristics of high-density polyethylene.

Property Value Standard
Tensile-Stress (Yield) (MPa) 24

Tensile-Strain (Yield) (%) 11 ISO 527 2/1A/50 [32]

Tensile-Strain (Break) (%) >100

Flexural Modulus (MPa) 919 ISO 178 [33]
Melt Index (190 °C/2.16 kg), (g/10 min) 21 ASTM D 1238 [34]

Peak Melting Temp (°C) 129 ASTM D 3418 [35]
Notched Izod Impact Strength (k] / m?) 42 ISO 180/1A [36]

Density (g/cm®) 0.948 ASTM D 4883 [37]

The SEM utilizes Cu-K radiation with a 2-scan range of 5.005-8.99757° to capture the
particle size and surface morphology. As shown in Figure 3, the SEM scanning for nano
clay reveals that the particles diameter generally varies from 15 to 40 nm. The XRD test
exposes the tested material to X-rays, which are diffracted by hitting the composing crystals.
Each mineral component has its unique crystal composition. Thus, the diffraction angle of
X-rays can reveal the mineral composition of the material. The XRD pattern of the nano
clay, shown in Figure 4, shows multiple peaks corresponding to different diffraction angles,
where the highest peak is ascribed to the Al;SiO5(OH),. Table 3 also presents the other

physical properties of nano clay.



Sustainability 2023, 15, 13992

50f19

Figure 3. Nano clay under SEM.
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Figure 4. XRD pattern of nano clay powders.

Table 3. Chemical characteristics of nano clay.

Property Value
Chemical formula Al»Si,O05(0OH)4
Purity, % >99
Shape Spherical
Physical-state Powder
Colour White
Size, nm Less than 40
Compound name Aluminum Silicate-Hydroxide
Specific gravity, g/ cm? 2.6
Melting Point, °C >1500
Molecular Weight, g/mole 258.2

2.2. Binder and Mixture Preparations

Both the high-density polyethylene and nano clay were mixed with the asphalt binder
for 60 min utilizing a shear blender of 4000 rpm to produce polyethylene-modified binder
(HDPE) and nano clay-modified binder (NC). Based on the recommendations of previous
studies [25,38,39], the mixing temperatures were selected to be 180 °C and 145 °C for the
production of HDPE and NC, respectively.

The aggregates used for the asphalt mixture were a coarse aggregate of crushed
dolomite, a fine aggregate of siliceous sand, and a mineral filler of limestone dust. The
aggregates were sourced from the local contractors of Sohag City in Egypt, where the
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mountains and desert surrounding the city are the main source for the aggregate used in the
construction in the city. The three aggregate types were mixed together to form a combined
aggregate which fulfils the gradation of dense graded wearing course (4C) specified in
the Egyptian standard specifications [40]. Figure 5 shows the gradation of the combined
aggregate as well as the lower and upper limits according to the Egyptian specifications for
the aggregate gradation of the surface asphalt layer. The basic properties of the aggregate
are shown in Table 4. The optimum bitumen content (OBC) was estimated according to the
Marshall-Mix-design approach [41]. The bitumen content, which achieves an air void ratio
of 4%, was found to be 5%. As shown in Table 5, the volumetric characteristics and load
stability of the asphalt mixture at this bitumen content fulfil the specifications. Therefore,
the OBC was decided to be 5% for all kinds of asphalt binders.

100
71
80
Max limiting .
7/
60 1 ) '
N == -« Min limiting
g il
§ 40 = = = Mix Gradation -
A
20
o b— o ‘ ‘
0.01 0.1 1 10 100

Sieve Size (mm)
Figure 5. Aggregate gradation.

Table 4. Basic properties of the aggregate.

Test Standard Result Specification

Specific gravity

(combined aggregate) AASHTO T209 [42] 2544 e

Los Angeles abrasion ~ ASTM C131 [43] 24% Max 35%
aggregate angularity =~ ASTM D5821 [44] 92.5% Min 90%
Flat particles ASTM D4791 [45] 4.6% Max 10%
Filler size =~ = - 96% passing sieve No. 100~ ---------—-
Water absorption ASTM C127 [46] <1% e

Table 5. Marshall-design criteria for the normal asphalt mixture.

Egyptian Highway Specification

Marshall Criteria Value -
Max. Min.
density, g/ cm3 2.34 - -
Air voids (AV), % 4.29 5 3
Flow, mm 3.79 4 2
Stability, kg 980 - 900
Optimum-asphalt-content, % 5 - -
Voids in mineral aggregates, % 14.99 - 14

Voids filled with binder, % 71.9 - 71
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3. Experimental Work
3.1. Binder Consistency and Flow

The binder’s consistency, hardness, and flow were evaluated by conducting the soften-
ing point test (ASTM D 36 [31]), penetration test (ASTM D 5/D 5M [26]), and rotational
viscosity (RVs) test (ASTM D 2170 [27]). As shown in Equation (1), the penetration-index
(PI) was determined, based on the softening point and penetration depth, to assess the
temperature sensitivity of the asphalt binders [47]. High PI reflects a low temperature
sensitivity for the asphalt binder. Generally, a PI value between —2 and +2 is suggested for
the construction of road pavements [48,49]. The binder viscosity at a temperature of 135 °C
was also measured using the RVs.

Pl — 1952 — 50010gP25 — ZOTR&B
N SOZOgP25 — TR&B — 120

)

where Trgp and Pps are the respective penetration depth value at 25 °C (expressed in
increments of 0.1 mm) and softening point temp (measured in °C).

3.2. Rutting Characteristics of Asphalt Mixture

The rutting characteristics of asphalt mixtures of virgin, HDPE, and NC binders were
evaluated by conducting the static creep test using the universal-testing machine (UTM).
In this test, a cylindrical specimen of asphalt mixture is fabricated and tested under a
controlled temperature. As shown in Figure 6a, the test specimen is put between a fixed
plate and a moving plate connected with a loading piston [50-52]. The test specimen is
loaded uniaxially for one hour and unloaded for 30 min. The vertical deformation with
time is recorded using LVDTs. As elaborated in Figure 6b, during the loading period,
the specimen accumulated strain increases gradually with time after initial deformation
within the first few seconds. During the unloading period, the specimen partially rebounds
and part of the acquired accumulated deformation during the loading period is recovered.
However, part of the accumulated deformation remains as a permanent deformation in
the specimen at the end of the unloading period. Accordingly, it is possible to record
both the plastic (irrecoverable) and elastic (recoverable) deformations [53,54]. For each
asphalt mixture, three repeated samples were conducted to ensure repeatability. The
specimen dimensions and the test conditions adopted in this test can be encapsulated in
the following points:

Testing temperature: 40 °C;

Vertical stress: 0.1 MPa;

Loading time: 3600 s;

Unloading time: 1800 s;

Specimen dimensions: 64 mm height and 102 mm diameter;

Curing: Specimens were placed at 40 °C for four hours before testing.

As important predictors of an asphalt-concrete mix’s susceptibility to rutting, creep
stiffness modulus, four creep aspects-accumulated-axial-strain, creep compliance factors,
and creep compliance were identified [55,56]. As stated in Equation (2), the accumulated
axial strain ((t)) is defined as the ratio of the sample deformation (Ah) to its original height
(ho) at any given time (). In addition, as stated in Equation (3), the creep stiffness modulus
(Smax) is defined as the ratio of the applied stress (0) to the maximum axial strain (g4x). The
ability of the asphalt mixture to endure the applied load without deforming is estimated by
the creep stiffness modulus (Syx) value. The higher the stiffness modulus, the higher the
resistance to the deformation under loading.
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Figure 6. Static creep test for asphalt mixture. (a) Sample loading; (b) Strain provoked in the sample
during the loading and unloading stages.

The creep compliance of the asphalt-concrete mixture, on the other side, is a fundamen-
tal property of a viscoelastic material that explains the relationship between time-dependent
strain and applied stress under an applied axial load. The creep compliance J(t) is deter-
mined by dividing the strain (g(t)) by the applied stress (¢) at any time (t) during loading,
as given in Equation (4).

Ah

e(t) o 2
(%

Smﬂx - £max (3)

i =Y @

Furthermore, the creep compliance factors (2 and m) are regarded as the material’s
regression coefficients, indicating the linear portion of the material’s log creep compliance-
log time curve during the loading period, where the intercept and slope of the curve are
denoted by the letters a and m, respectively. A power model is typically utilized to estimate
the creep compliance factors, as shown in Equation (5) [57,58].

J'=J(t) = Jo = at" ©)
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where a and m are creep compliance factors, J, is the instantaneous creep compliance, which
is the creep compliance at the start of the static creep test (typically at the time of 0.1 s), J'
is the viscoelastic component of the creep compliance at any loading time (¢), J(t) is creep
compliance at any loading time (¢), etc.

3.3. Correlation Analysis

Regression modeling was adopted to investigate the correlations between different
parameters and develop simple prediction models for the strains provoked in the asphalt
mixture under axial loading. The developed models target to provide an explanation for the
creep behavior of the asphalt mixtures. Besides the correlation coefficient (R?), two statistical
tests, a t-test and an f-test, were deemed to check the model’s significance. The t-test checks
the significance of each proposed predictor by pursuing the difference between the null
hypothesis (case of no modeling) and the alternative hypothesis (regression modeling).
The probability (p value) that the two hypotheses are similar was determined to judge the
relative role of a predictor in explaining the data variation. The f-test checks the change in
the data variance by modeling. The probability (p value) that the data variance before and
after modeling is similar was determined. The predictor was considered with no significant
impact and the entire model was rejected in case of a p value larger than 0.05.

4. Results
4.1. Binder Evaluation Results

Figures 7-9 elaborate on the penetration, softening point, penetration index, and
viscosity of the virgin and modified asphalt binders. The results reveal a great impact for
both modifiers on the binder consistency and flow. Generally, the modified binders have
lower penetration, higher softening point, lower penetration index, and higher viscosity
than the base binder. Accordingly, it can be concluded that the HDPE and NC significantly
escalate the binder stiffness. However, by increasing the modifier dosage, it is possible
to further reduce the penetration depth and increase the RVs and PI values. This shows
an improvement in the heat stiffness and sensitivity of the binder, leading to stronger
resistance to permanent deformation at higher temperatures. However, under extreme
dosages of 6% and 8% high-density polyethylene, the viscosity increases to 4991 MPa and
9647 mPa.s, respectively, and does not meet the workability criterion for the asphalt mixture
(3000 mPa.s). Moreover, the results also show that the HDPE asphalt binders have lower
penetration and a higher softening point than NC binders.

OPenetration (0.1 mm) Softening Point (0C)
80.0 1

70.0 4 - =

60.0 { [ - = _
50.0 4
40.0 1
300
20.0 1
10.0 1
0.0

base 2% HDPE 4% HDPE 6% HDPE 8% HDPE 1% NC 2%NC 3%NC  4%NC
additives%o

Figure 7. Penetration depth and softening point of base and modified binders.
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Figure 8. Penetration-index of base and modified binders.
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HDPE HDPE HDPE HDPE
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Figure 9. RVs of base and modified binders.

4.2. Creep Resistance of Asphalt Mixture

During the loading and unloading phases of the static creep test, the vertical defor-
mations of the asphalt specimen were observed. Three replicates (specimens) of each
mix were averaged out to determine the findings. The rutting propensity of normal and
modified asphalt mixtures was then assessed by taking into consideration four creep as-
pects: creep stiffness modulus, accumulated axial strain, creep compliance, and creep
compliance factors.

The cumulative axial strains over time, both during loading and unloading, were
calculated, and are displayed in Figures 10 and 11. By comparison with the strain accumu-
lated in the asphalt mixture of the virgin binder, it is clear that adding either high-density
polyethylene or nano clay particles greatly attenuates the mixture strain under loading,
assuring their high potential to enhance the mixture resistance to deformation and rutting.
Generally, the maximum strain of the asphalt mixture of the virgin binder is almost two
times of the 8% HDPE and 3% NC asphalt mixtures. However, the potential of HDPE
to reduce the mixture deformation is higher than that of NC. The addition of 2% HDPE
significantly reduces the mixture strain during loading, whereas the deformation reduction
due to 2% NC is slight. Although the asphalt mixture of the virgin binder has the highest
reduction in the accumulated strain due to unloading, the asphalt mixtures of modified
binders with high modifier dosage have significantly lower permanent deformation.
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Figure 10. The accumulated axial strain with time for high-density polyethylene-modified mixtures.
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0.002
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Figure 11. The accumulated axial strain with time for nano clay-modified mixtures.

Table 6 shows different criteria of asphalt mixture deformation, including maximum
stain (¢max), which is the strain at the end of the loading period; elastic strain (gq155), which
is the clear difference between the permanent and maximum strains; and permanent stain
(éperm), which is the remaining strain at the end of the unloading period and is a key
predictor of rutting tendency [50]. The results confirm that the asphalt mixture of the base
binder has the highest strain values, while 8% high-density polyethylene and 3% nano clay
have the lowest. This implies that the addition of nano clay or high-density polyethylene
reduces both plastic and elastic deformations of asphalt-concrete mixes.
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Table 6. Creep characteristics and stiffness modulus of asphalt mixtures.
Properties of Stain
Additives % (Smax) Mpa
(gelas) (sperm) (Emax)

Conventional mixture 0.00393 0.00693 0.01086 9204.65
2% high-density polyethylene 0.00180 0.00685 0.00865 11558.25
4% high-density polyethylene 0.00193 0.00563 0.00756 13222.59
6% high-density polyethylene 0.00285 0.00521 0.00806 12403.61
8% high-density polyethylene 0.00249 0.00419 0.00668 14973.00
1% nano clay 0.00288 0.00768 0.01056 9472.47
2% nano clay 0.00226 0.00768 0.00994 10062.89
3% nano clay 0.00150 0.00487 0.00637 15709.43
4% nano clay 0.00200 0.00643 0.00843 11859.66

Moreover, since Smax examines the resistance to deflections, a larger number denotes
stronger rutting resistance. As observed in Table 6, a mixture of 8% high HDPE and that of
3% NC have the highest Sy, and the highest rutting resistance. The stiffness of the modified
asphalt mixtures was enhanced by 71% and 62% at the additive ratios of 3% and 8% for
NC and HDPE, respectively. The base mixture, on the other hand, exhibited the highest
rutting tendency due to its lowest Smax. The viscoelastic behaviour of the asphalt mixtures
was characterized by the creep compliance factors. The creep compliance with time during
the loading stages for the asphalt mixtures is presented in Figures 12 and 13. Higher creep
compliance values indicate a higher potential for rutting. Among the modified mixes, 3%
nano clay and 8% high-density polyethylene showed the lowest creep compliance-time
trend values as well as the lowest tendency to rut.

In addition, creep compliance criteria were computed utilizing the power low depicted
in Equation (5). As shown in Figure 14, the creep compliance factors (a and m) for each
asphalt mixture reveal that NC and HDPE modifications have a noticeable effect on creep
compliance characteristics. The parameter a indicates the initial deformation provoked
during the loading, while the m parameter denotes the increasing trend of creep compliance
with time. Therefore, the lower the a and m values, the lower the creep compliance of the
asphalt mixture. The results reveal that, except for asphalt mixtures of 2% HDPE and 4%
HDPE, the asphalt mixtures of modified binders have a lower m value than the mixture
of virgin binder, ensuring the potential of HDPE and NC modifications to undermine the
creep compliance of asphalt mixture. Although the mixtures of 2% HDPE and 4% HDPE
have relatively high m values, their values are significantly low, indicating low compliance
for a creep at the beginning of the load.
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Figure 12. Creep compliances with time for high-density polyethylene-modified mixtures.
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Figure 13. Creep compliances with time for nano clay-modified mixtures.
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Figure 14. Creep compliance factors of base and modified mixtures.

The correlation analysis proves a strong correlation between the a and m values of
the asphalt mixture. As shown in Figure 15, the higher the value, the lower the m value.
In other words, the asphalt mixture of high deformation at the beginning of the loading
has a low creep increment with time during the loading stage. This behavior is due to
the microstructure characteristics and voids distribution inside the asphalt mixture. The
asphalt mixtures of low m value may have a relatively low air void and a homogenous
structure, which leads to a gradual increment in the strain by loading instead of a sudden
initial high strain. As the modified asphalt mixtures have significantly different a and m
values than the mixture of virgin binder, it can be claimed that the different consistency of
modified binders affects the microstructure of the asphalt mixture, leading to a different
creep behavior. Moreover, as most NC asphalt mixtures have a lower m value than that of
virgin binder, it can be said that the binder modification with NC can greatly improve the
homogeneity of the asphalt mixture.
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Figure 15. Correlation between the initial strain and strain propagation with loading time. Note: the
correlations are significant according to both statistical tests, t-test and f-test (p value < 0.05).

4.3. Impact of Binder Basic Characteristics on Creep Performance of Asphalt Mixture

The impact of binder consistency and flow on the creep characteristics of asphalt mix-
ture was investigated through the correlation analysis between penetration, softening point,
viscosity, and different parameters of creep characteristics. The correlation coefficient (R?)
was pursued, while the statistical tests, t-test and f-test, were conducted to check the signifi-
cance of each predictor and the entire regression model. As shown in Figures 16 and 17,
the maximum strain at the end of the loading period and permanent strain at the end of the
unloading period are highly correlated to the binder stiffness. Both strains significantly de-
crease by the reduction of the penetration value and increment of softening point. The high
stiffness of the asphalt binder, materialized in low penetration and a high softening point,
greatly undermines the strains of the asphalt mixture. Moreover, as shown in Figure 18,
the stiffness modulus of the asphalt mixture significantly increases by lowering the binder
penetration and escalating the softening point. As the high stiffness of the asphalt mixture
implies a low capability for creep and deformation under loading, it can be claimed that
the higher the binder stiffness, the higher the asphalt mixture’s potential to resist creep and
deformation under axial loading. Generally, the correlation analysis confirms the crucial
role of binder stiffness in the creep characteristics of the asphalt mixture.
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Figure 16. Cont.
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Figure 16. Impact of binder stiffness on the maximum strain provoked in the asphalt mixture under
axial loading. (a) Correlation between maximum strain and penetration value of the asphalt binder;
(b) Correlation between maximum strain and softening temperature of the asphalt binder. Note: the
correlations are significant according to both statistical tests, {-test and f-test (p value < 0.05).
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Figure 17. The impact of binder stiffness on the permanent strain remains in the asphalt mixture after
the relaxation period. (a) Correlation between permanent strain and penetration value of the asphalt
binder; (b) Correlation between permanent strain and softening temperature of the asphalt binder.
Note: the correlations are significant according to both statistical tests, t-test and f-test (p value < 0.05).
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Figure 18. Impact of binder stiffness on the stiffness modulus of the asphalt mixture. (a) Correlation
between stiffness modulus of asphalt mixture and penetration of the asphalt binder; (b) Correlation
between stiffness modulus of asphalt mixture and softening temperature of the asphalt binder. Note:
the correlations are significant according to both statistical tests, t-test and f-test (p value < 0.05).

On the other hand, the elastic strain materialized in the difference between maximum
and permanent strains is highly correlated to the binder viscosity and penetration. Unlike
the maximum and permanent strains, the elastic strain significantly increases with the
increment of binder penetration. Moreover, the increment of the binder viscosity further
improves the elastic response. As previously mentioned in Table 5, the asphalt mixtures of
6% and 8% HDPE have a significantly high elastic strain, while those asphalt binders have
a relatively high viscosity, as shown in Figure 19. On the other hand, the other modified
binders have a low viscosity than the virgin binder. The HDPE is a thermoplastic polymer,
which becomes moldable at elevated temperatures. Therefore, the HDPE modification
is expected to enhance the binder elasticity. The NC can be considered a mineral filler,
which turns the asphalt binder colloid into a mastic-like colloid structure. The asphalt
mastics have higher cohesion strength and stiffer consistency than the asphalt binder.
The NC particles do not have an elastic property like asphaltene and resin molecules of
asphalt binder. Thus, the increment of the binder stiffness, materialized in the reduction of
penetration, due to the NC modification, is expected to be accompanied by a relegation in
the elasticity.
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Figure 19. Impact of binder stiffness on the elastic strain of the asphalt mixture. Note: the correlations
are significant according to both statistical tests, t-test and f-test (p value < 0.05).

5. Conclusions

The impact of high-density polyethylene and nano clay on the rutting resistance of the
asphalt mixture was examined in this study. Based on the results and correlation analysis,
the following conclusions can be encapsulated.

1.  The HDPE and NC modifications for asphalt binder reduce the penetration value and
elevate the softening point of the asphalt binder;

2. The asphalt binder modification by HDPE and NC can greatly improve the creep
resistance of the asphalt mixture. Under the axial loading, asphalt mixtures of 8%
HDPE and 3% NC have permanent strains two times lower than the mixture of the
virgin binder;

3. The maximum strain at the end of the loading stage and the permanent strain at the
end of the unloading stage are highly correlated to the binder basic properties. The
higher the penetration value and the lower the softening point of the asphalt binder,
the smaller the strains provoked in the asphalt mixture under loading;

4. To sum up, future research should focus on establishing correlations between the
results of large-scale field investigations. It is crucial to remember that there are
several options for low-carbon and sustainable technologies in asphalt pavement.
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