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Abstract: Waste plastic pollution is a serious issue. In order to adhere to the concept of green
development and rationally dispose of polyethylene waste plastic products, polyethylene (PE)-
modified asphalt was prepared using recycled polyethylene (RPE) and low-density polyethylene
(LDPE) as raw materials. The chemical structures of the RPE- and LDPE-modified asphalt were
studied using a Fourier transform infrared spectrometer (FTIR), and the dispersion of RPE was
studied using a fluorescence microscope (FM). Subsequently, the modification mechanism of the PE-
modified asphalt was revealed. The physical properties and high- and low-temperature rheological
characteristics of the PE-modified asphalt were examined using physical property tests, a dynamic
shear rheometer (DSR), and a bending beam rheometer (BBR). The creep performance of the PE-
modified asphalt was analyzed using multiple-stress creep recovery (MSCR). In addition, a laboratory-
made inexpensive inorganic stabilizer was added to enhance the storability of the PE-modified asphalt.
The results show that PE and asphalt are similarly compatible and form an S-C bond with an inorganic
stabilizer. The resulting product’s storage stability is enhanced via the cross linking between the PE
and asphalt and the subsequent formation of a network structure. The segregation softening point
increased from 2 °C to 45 °C with the increase in PE content, and the increase in RPE was more
obvious than that of LDPE. The high-temperature failure of the 2-6% RPE-modified asphalt can reach
70 °C, while that of the 8% RPE-modified asphalt can reach 76 °C. Low-temperature performance
was reduced slightly: the 8% PE-doping low-temperature failure temperature was —14.7 °C. The
low-temperature performance was somewhat reduced, but it was still within a PG rating.

Keywords: recycled PE; modified asphalt; modification mechanism; physical property; rheological
property; work performance

1. Introduction

High-temperature rutting and low-temperature cracking are probably the most common
hazards that occur when asphalt is used as a binder for the construction of roads. Consequently,
various polymer modifiers have been used to enhance the capabilities of asphalt and thus
reduce the incidence of damage [1-4]. Large quantities of plastic products are discarded
annually. However, the disposal of waste plastics is extremely challenging. Recycled polymers
serving as asphalt binder modifiers have broad application prospects [5-8]. By applying
polymers to the modification of asphalt, the asphalt’s properties are enhanced while the
contribution to environmental pollution is reduced [9].

The main waste polymer products are polyethylene (PE) [3], polyvinyl chloride,
polyethylene terephthalate, ethylene vinyl acetate copolymer [10], etc. Recycled polyethy-
lene (RPE)-based plastics melt at about 150 °C [11], have better low-temperature proper-
ties [12,13], and are one of the most suitable waste plastics for use as asphalt modifiers [14].
Alghrafy et al. [15] investigated the influence of RPE on the rheology and fatigue properties
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of modified asphalt and concluded that asphalt made from RPE has better resistance to rut-
ting and fatigue cracking after hardening. Garg et al. [16] studied the rheological character-
istics of PE-modified asphalt and confirmed that the incorporation of used PE improved the
high-temperature rheological performance of the asphalt. Xin et al. [17] demonstrated that
the inclusion of PE composites enhanced the mechanical performance of asphalt binders
and caused the composite shear modulus to increase significantly. Desidery et al. [18] re-
vealed that the addition of synthetic waxes to the RPE used for asphalt modification caused
the resulting asphalt’s rutting resistance factor and composite shear modulus to increase,
resulting in excellent high- and low-temperature rheological properties. Mushtaq et al. [19]
reported that the incorporation of RPE enhanced asphalt performance and provided better
stability. Yao et al. [20] discovered that the modification of asphalt with rubber and PE
improved the resulting asphalt’s rutting resistance and low-temperature performance. PE
is a linear polymer made from ethylene monomers via free radical polymerization [21]. It
can be classified as high-density polyethylene [22], medium-density polyethylene [23], or
low-density polyethylene (LDPE) based on its density. Among these types, LDPE has a
low density and large molecular spacing due to the areas where the saturated aromatics in
the asphalt readily penetrate into the molecular chain [24]. Compared to other types of PE,
LDPE can be used to significantly enhance the rheological properties of asphalt while grant-
ing it excellent high-temperature performance [25-27], the latter of which is important for
improving the high-temperature rutting resistance of asphalt pavement [28]. Yan et al. [29]
showed that LDPE can enhance the high-temperature behavior of rubber-modified asphalt
and improve the ability of asphalt to resist rutting. Liu et al. [30] noted that adding LDPE
improved the rheological characteristics of asphalt at high temperatures and its cracking
characteristics at low temperatures. Dalhat et al. [31] observed that treated LDPE-modified
asphalt has excellent viscoelastic properties, rutting resistance, and cracking resistance.
Although PE is beneficial for asphalt in terms of enhancing its high-temperature perfor-
mance, the incorporation of large amount of PE is not possible, as increasing the amount of
PE progressively worsens the storage stability of PE-modified asphalt [32], which greatly
limits the widespread usage of PE-modified asphalt.

In recent years, domestic and foreign scholars have studied PE-modified asphalt.
Fuentes-Audén et al. [33] found that low blends of used plastics could be used for paving,
while high blends were suitable for use in housing. Fernandes et al. [34] increased the
amount of waste plastic incorporated into asphalt, and it has been observed that this
increase can improve the physical properties of the asphalt, including with respect to its
softening point, elasticity, and viscosity. Kaemaka et al. [35] confirmed that increasing the
modifier content had a negative impact on the compatibility between and low-temperature
performance of the modifier and the asphalt. Furthermore, it has been pointed out that the
compatibility of the modifier with the asphalt component is an important factor influencing
the stability of modified asphalt during storage [36]. Modifiers are often incompatible with
asphalt due to great differences in density, structure, and molecular weight. The addition
of certain stabilizers, such as carbon black [37], nano-clay [38], and montmorillonite [39],
to a modifier can improve the compatibility of the resulting asphalt [40], which, in turn,
can improve the storage stability of the asphalt. Wang et al. [41] discovered that carbon
black reduced the difference in density between SBS and asphalt, which increased the
compatibility of SBS with asphalt. Yu et al. [42] and Ren et al. [43] found that nano-
clay transformed into intercalated or exfoliated structures after interacting with asphalt
components, which allowed for an enhancement in asphalt storage stability. Fang et al. [44]
found that montmorillonite incorporation enhanced the compatibility of PE with asphalt,
which improved the thermal stabilities of the modified asphalt. In addition, Liu et al. [45]
used reactive waste binder particles to enhance the compatibility of PE with asphalt
binders, thereby enhancing the storability of the PE-modified asphalt. Kong et al. [46]
found that waste lubricant byproducts were beneficial to improving the compatibility of
recycled binder powder with asphalt and enhancing the storage stability of binder-powder-
modified asphalt. Sienkiewicz et al. [47] found that the addition of compounds that enable
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physical and chemical interactions between the modifier and asphalt in modified asphalt
can enhance the stability of modified asphalt. The optimal amount of admixture, the
mechanism behind the modification of asphalt with LDPE, and storage stability issues need
to be studied in more depth.

In this study, LDPE and RPE were blended into asphalt using a wet process to produce
modified asphalt made using PE. The chemical structures of LDPE and RPE were studied
through infrared spectroscopy, and the PE distribution state of the asphalt was analyzed
using FM, revealing the modification mechanism of PE-modified asphalt. Physical property
tests, DSR tests, and BBR tests were conducted to investigate the influence of PE on
the physical properties, rheological properties, and other technical properties of asphalt,
respectively. By adding stabilizers, the storage stability test was used to analyze the
working performance of the PE-modified asphalt and address the lack of readily usable
PE-modified asphallt.

2. Materials and Experimental Methods
2.1. Asphalt Cementing Material

The type of asphalt used was 70* (whose penetration is between 60~80 mm) asphalt.
Basic properties of this type of asphalt are displayed in Table 1.

Table 1. Technical index of 70% asphalt.

Performance Units Value Experimental Method
5 °C Ductility cm 48.6 T0605
15 °C Ductility cm >100 T0605
Softening point °C 48.5 T0606
Penetration 0.1 mm 70.7 T0604

2.2. LDPE and RPE

The type of LDPE used was commercial LDPE. RPE was obtained by crushing waste
plastic bags and plastic bottles made of LDPE with a particle size of 3-4 mm. Table 2 lists
the RPE’s technical specifications.

Table 2. Technical index of LDPE and RPE.

25 °C Density Melting Ash Content o
PE Appearance (g/cm®) Temperature/(°C) (%) Haze (%)
LDPE  White particle 0.928-0.939 135 8.7 -
RPE White slice 0.918-0.925 121 - 44

2.3. Stabilizer

The amount of stabilizer added was 4%. (by weight of asphalt). This stabilizer was
added to improve the working characteristics of the PE-modified asphalt. Table 3 summa-
rizes the technical specifications of the stabilizers.

Table 3. Technical indices of stabilizers.

Technical Avpearance 25 °C Density Melting Ignition Boiling Solubilit Ash Content
Indexes PP (g/cm?) Point (°C) Point (°C) Point (°C) y (%)
Test results Yellow 1.99 115 260 450 Insoluble 0.002
powder water

2.4. Production of PE-Modified Asphalt

The recycled polyethylene plastic bottles and plastic bags were crushed using a crusher,
thereby reducing the particle size of the bottles and bags to 3-4 mm. The modification
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conditions were determined with reference to a vast body of experimental experience. A
wet process was used to produce PE-modified asphalt. A total of 400 g of asphalt was
heated to 140 °C in an oven to reach a fluid state and stirred with a high-speed shear mixer,
while the speed was maintained at 5000 rpm. The temperature was kept at 185 °C, and
the modifier concentrations were 0, 2%, 4%, 6%, and 8% (by weight of asphalt). High-
speed shearing was performed for 1 h, and the stabilizer was added after the modifier was
completely dissolved and stirred evenly. Then, high-speed shearing was conducted for 1 h,
the mixture was cooled down to around room temperature.

2.5. Experimental Methods
2.5.1. FTIR Test

The PE was dissolved in CS,, and the resulting PE-CS, solution was dropped onto a
KBr wafer. The KBr wafer was placed under an incandescent lamp until it was completely
volatilized. The scan count was set to 32 with a waveband scan range of 4000-500 cm~!. In
addition, PE-modified asphalt with the addition of laboratory-made inorganic additives
and that without such additives was prepared as intended.

2.5.2. FM Test

In this test, 2 g of modified asphalt was deposited into a glass and placed into a 160 °C
oven until modified flow was reached in the flat glass. After cooling to room temperature,
the sample was placed onto a microscope slide. Then, the focal length of the microscope
was coarsely and finely adjusted until it could be clearly observed. The magnification factor
applied was 10 x.

2.5.3. Physical Performance Test Method

A softening point test of PE-modified asphalt with and without laboratory-made
inorganic additives was conducted according to the rules specified in JTGE20/T0606-2011,
and the heating rate applied was 5 &+ 0.5 °C/min. A penetration test of the PE-modified
asphalt with laboratory-made inorganic additives was performed according to the rules
outlined in JTGE20/T0604-2011. A standard test needle with a mass of 100 g was used.
The penetration time was 5 s, and the temperature of the test was 25 °C. The PE-modified-
asphalt-with-laboratory-made-inorganic-additives test was conducted according to the
rules outlined in JTGE20/T0605-2011. The test was conducted at 5 °C.

2.5.4. DSR Test

The complex modulus and phase angle of the PE-modified asphalt were scanned using
DSR, and the DSR test interval for PE-modified bitumen was between 52 °C and 88 °C. The
diameter of the upper and lower plates was 25 mm. The gap was 1.0 mm. The heating rate
of the sample was 2 °C/min, and the temperature accuracy was +0.01 °C.

2.5.5. BBR Test

Test samples with a length of 127 &+ 2.0 mm, a height of 6.35 £ 0.05 mm, and a width of
12.07 £ 0.05 mm were prepared. The load applied during the experiment was 980 = 50 mN,
and the deformation of the specimen was controlled in the range of 0.08-4 mm [48]. The
respective performance characteristics of the RPE- and LDPE-modified asphalt were tested.
The test temperatures were —12, —18, and —24 °C.

2.5.6. MSCR Test

Using DSR, 10 cycles of creep recovery tests were carried out at 64 °C under shear
stress of 0.1 KPa and 3.2 KPa. The creep and recovery times were 1 s and 9 s, respectively.
Jnr is the irrecoverable creep compliance, and ], gyt is the rate of change in irrecoverable
creep compliance with stress. According to the collected strain, J,r under different amounts
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of stress and the change rate of J,r with stress J,,,_qif were calculated. The calculation
method is as follows:

9s continuous deformation after recovery — initial deformation
nr —

shear stress )
Jar(3.2xPa) — Jnr(0.1kPa)
Jnr(3.2xPa)

@

Tnr—difs =

2.5.7. Storage Stability Tests of Modified Asphalt

A storage stability test of the PE-modified asphalt with and without laboratory-made
inorganic additives was conducted. The test adhered to the H/T0660-99 guidelines. An
SA thin-walled cylindrical tube with a diameter of 2.54 mm and a height of 14 cm with
an upper opening was used. After loading 50 g of PE-modified asphalt, the opening was
closed, and the tube was placed vertically in an oven at 160 °C. After 48 h of heating
at a constant temperature, the sample was taken out and quickly placed vertically in a
refrigerator for 4 h. The PE-modified asphalt with and without laboratory-made inorganic
additives was divided into three equal sections, and the difference between the softening
points of the upper and lower sections was tested.

2.6. Technical Route

The experiment was conducted using the scientific method, and the process is de-
scribed in Figure 1.

Chemical
properties test

‘Working
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Figure 1. Technology road map.

3. Result and Discussions
3.1. Modification Mechanism of PE-Modified Asphalt
3.1.1. Chemical Structure Analysis of PE and Asphalt

Figure 2 presents the FTIR results regarding LDPE, RPE, and the asphalt they modified.
In Figure 2, 2918 cm ™! is the asymmetric stretching vibration absorption peak of -CHp- in
RPE and LDPE, 2850 cm ! is the symmetric stretching vibration absorption peak of -CH,-,
and 1472 cm~! is the bending vibration absorption peak of -CH,-. The components of the
two different types of PE are the same. The relative peak area of the asymmetric stretching
vibration absorption peak of -CH,- at 2918 cm ! decreased from 0.66 to 0.55 compared with
that of the matrix asphalt, and the relative peak area of -CHy- at 2850 cm ! also decreased
from 0.35 to 0.31, while the relative peak area of the bending vibration absorption peak of
-CH,- at 1472 cm ! increased from 0.87 to 0.91, indicating that after the addition of PE, the
aromatic components in PE and asphalt intercalate, interpenetrate, and adsorb, and the
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asphalt and PE form an interpenetrating network, resulting in the change of -CHj- from
exhibiting a stretching vibration to a bending vibration.

RPE WT ]f T

Transmittance (%)

T B am— T ™ T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Figure 2. The FTIR of LDPE, RPE, and the asphalt they modified.

3.1.2. Distribution of RPE in Asphalt

Figure 3 presents fluorescence photos of the RPE-modified asphalt and an RPE dis-
tribution analysis diagram. It is evident from the figure that RPE-modified bitumen is a
multi-phase dispersion system, RPE is dispersed in the asphalt phase, and the white regions
in Figure 3e-h are a polymer-rich phase. As the RPE content rose, the number of white
regions gradually increased, along with the fluorescence intensity, but the agglomeration
of asphalt polymer [49,50] intensified. Under the same area (1 cm?), the bright-yellow
parts of Figure 3a—d accounted for 3.23%, 5.15%, 13.52%, and 23.42%, respectively. RPE is
uniformly dispersed. RPE easily disperses because of its sheet shape, low density, high
melt flow rate, and the good flexibility of its polymer chain. Its molecular spacing is large,
and small molecules in asphalt easily penetrate its molecular network, thus forming a
uniform system.

3.2. Effect of PE on Physical Properties of Asphalt

Figure 4 presents the test results regarding the PE-modified asphalt’s physical prop-
erties. As shown in Figure 4, the softening point tends to increase as the LDPE and RPE
content increases. Between the two, the improvement of the softening point of RPE is
more significant than that of LDPE, reaching more than 70 °C at 6% content, and the
increase is more than 40% greater than that of asphalt. There is a noticeable decrease in the
ductility of the asphalt associated with the increase in modifier concentration. However,
the ductility of the LDPE- and RPE-modified asphalt is better when their content is less
than 6%. Penetration was inversely proportional to the LDPE and RPE content. A 21%
reduction in penetration was achieved for the modified asphalt with 6% PE content. Since
PE can achieve melt flow at high temperatures, it exhibits linear polymer properties at
temperatures above 130 °C. PE and the aromatic components in asphalt are mutually
soluble and adsorbed via high-temperature shearing. With the gradual incorporation of PE,
asphalt and plastic form an interpenetrating network [51], forming two continuous phases.
The polymer chains are similarly soluble, intertwined, and cross-linked. As a result, the
thermal stability of modified asphalt is improved, while the molecular fluidity of asphalt is
lessened, which leads to the hardening of asphalt, a significant increase in viscosity and
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softening points, and a reduction in penetration [52]. However, the incorporation of PE
makes the asphalt more brittle at low temperatures. Especially under the action of tensile
stress, some uneven parts of the asphalt’s surface and interior produce fine holes, which
gradually develop into fine lines. When extended, the molecular chain breaks [53]. The
optimum content of PE is 6%.

Figure 3. Fluorescence images of different amounts of RPE and quantitative analysis of RPE ((a) 2%
RPE; (b) 4% RPE; (c) 6% RPE; (d) 8% RPE; (e) 2% RPE; (f) 4% RPE; (g) 6% RPE; (h) 8% RPE).
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Figure 4. Test results regarding PE-modified asphalt’s physical properties ((a) penetration; (b) ductil-
ity; (c) softening point).

3.3. Effect of PE on Rheological Properties of Asphalt
3.3.1. Effect of PE on High-Temperature Rheological Properties of Asphalt

Figures 5 and 6 present the test results regarding the phase angle (8) and complex
modulus (G*) of the PE-modified asphalt with different shares of LDPE and RPE, respec-
tively. In Figures 5 and 6, it can be observed that with the addition of LDPE and RPE, &
gradually decreases to a value smaller than the 6 of asphalt. Thus, the elastic recovery
ability of asphalt gradually worsens, and the asphalt is less capable of resisting rutting
deformation. When the content is 6%, 5 is optimal. The complex modulus of the modified
asphalt increases with the increase in the PE dosage. When the content is 6%, G* is optimal,
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and the optimal content is associated with . The reason for this association is that the
molecules in the asphalt can move more easily and are more prone to deformation. After
adding LDPE and RPE, crosslinking occurs between molecules, the number of macro-
molecular substances increases, molecular movement becomes more difficult, resistance to
deformation is enhanced, the complex modulus increases, and the phase angle decreases.
The high-temperature failure temperature was calculated using the rutting factor (the result
is shown in Table 4). The results show that the high-temperature failure temperatures
of LDPE and RPE increased with the increase in LDPE (or RPE) content and reached a
maximum at 8% content.

40,000 90
- 88
- 86
30,000 -
£ -84
E L 82 =
2 —— 70" asphalt éc’o
£20,000 ——2%LDPE - 80 <
% 4%LDPE £
% —— 6%LDPE - 78 &
S 8%LDPE L 6
10,000
L 74
- 72
L s Eo o B T | p— ~ 70

52 56 60 64 68 72 76 80 84 88
Temperature (°C)

Figure 5. Testing of G* and b for different proportions of LDPE-modified asphalt.

100,000

10,000
= i
&
z >
E 2
£ 1,000 =
> PV Q
= r g
o =
= ~
()
o ——70"asphalt
100 4 ——2%RPE :
i 4%RPE 14
——6%RPE ]
8%RPE _ 7
U | | — S B R | — | — | — T+ 70

T I
52 56 60 64 68 72 76 80 84 88
Temperature (°C)

Figure 6. Testing of G* and b for different proportions of RPE-modified asphalt.
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Table 4. Failure temperature determined according to rutting parameter.

Dosage (%)

Modifier Parameter
0 2 4 6 8
RPE Failure temperature (°C) 54.7 70.2 73.2 75.2 76.7
High-temperature PG grade (°C) 52 70 70 70 76
LDPE Failure temperature (°C) 547 55.6 59.2 60.6 62.8
High-temperature PG grade (°C) 52 52 58 58 58

3.3.2. Effect of PE on the Low-Temperature Rheological Behavior of Asphalt

Data on the m and S values for different compositions of the LDPE-modified asphalt
are presented in Figures 7 and 8. The data for the m and S values of the RPE-modified
asphalt at various dosages are presented in Figures 9 and 10. Table 5 presents the low-
temperature failure temperature of the LDPE- and RPE-modified asphalt, which is cal-
culated using the S and m values. At —12 °C, the S values of the asphalt with different
dosages are all less than 300 MPa, and the m values of the asphalt are all larger than 0.300.
The smaller m value for the modified asphalt indicates a reduction in low-temperature
performance with the addition of LDPE and RPE. At —18 °C, the S values of the asphalt
are all greater than 300 MPa, and the m value of the modified asphalt is less than 0.300.
The larger S-value of the modified asphalt than that of the virgin asphalt indicates that the
modified asphalt is less resistant to cracking at low temperatures than virgin asphalt and
becomes less capable of releasing stress. The —24 °C and —18 °C results are consistent.
They also show that asphalt is more prone to fracture at this temperature. Under the
optimum dosage for rheology corresponding to high temperatures, the modified asphalt
presents a higher S value than that of asphalt, but this value is not in accordance with
the specifications. Table 5 suggests that the failure temperatures of the two PE-modified
asphalt types increase gradually with an increasing PE content and are greater than those
of the original asphalt but do not exceed one PG grade, indicating that the low-temperature
reliability of the PE-modified asphalt has decreased.

82(5) _ [ ]70% (asphalt)
050 £ 2%LDPE
U 4%LDPE
0.45 1 [ ]6%LDPE
040 + ¢ o[ [ ]8%LDPE
2035 T
S 030+ I vt
g 025+ *
0201 £t
0.15 £
0.10 -f
0.05 -f
404 J 30 S RS S T U TPRRS S PURS E T ESOS TP S S S il
~12 -18 24

Temperature (°C)

Figure 7. The m values of LDPE-modified asphalt under different dosages.



Sustainability 2023, 15, 12273 11 of 18

1200 — "
1100 —E 707 (asphalt)
2%LDPE
1900 E[__]4%LDPE
o SOOI 6%LDPE I
g 8001 8%LDPE N
< 700 + S
& 600 -
£ 5004 1
400 AP ok
300
200 £ (FHE £ =
100 -f £
0 = ! ! I ! ! ! ! ! I ! ! ! ! ! I
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Figure 8. S values of LDPE-modified asphalt under different dosages.
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0.45 ¢ T oo 6%RPE
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' E 1T L
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0.15 -f Rt

L T
0.10 -
0.05 -
0.00 F L L T L L L L L T L L L L 1 T
—12 —18 —24
Temperature (°C)
Figure 9. The m values of RPE-modified asphalt under different dosages.
Table 5. Low-temperature failure temperature.
Modifier Parameter Dosage (%)
0 2 4 6 8
Low-temperature failure temperature (°C) —-161 —-154 -151 —-150 -—-14.7
RPE Low-temperature PG grade (°C) -18 -16 -16 -—16 -—16
LDPE Low-temperature failure temperature (°C)  —16.1 —152 —15.1 —14.8 -—14.8

Low-temperature PG grade (°C) -18 —-16 -16 —-16 —16
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Figure 10. S values of RPE-modified asphalt under different dosages.

3.3.3. Impact of PE on the Creep Characteristics of Asphalt

Figures 11 and 12 indicate the strain variation at different stress levels for 70* asphalt
and the PE-modified asphalt. The results show that the cumulative strain of 70* asphalt
is the largest. With the increase in PE content, the cumulative strain of the modified
asphalt decreases gradually. The strain increases again when the PE content reaches
6%. This is because PE enhances the modulus of elasticity of the asphalt material and
significantly increases the recoverable deformation capacity of the asphalt, allowing the
modified asphalt to achieve excellent high-temperature performance. If the content is too
high, PE polymerization decreases elasticity.

100 ‘
[ e 70" asphalt
| =2%LDPE
4%LDPE
10 4 =——6%LDPE
8%LDPE
=
.§ ] -
7
0.1
0.01 l k|w T T
200 250 300 350 400 450

Time (s)

Figure 11. Creep of LDPE-modified asphalt with different proportions of LDPE.
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Figure 12. Creep of RPE-modified asphalt with different proportions of RPE.

As can be seen in Figures 13 and 14, for both PE-modified types of asphalt, J,r at
3.2 KPa is greater than J,r at 0.1 KPa. This result shows that ], increases with the increase
in shear stress; that is, shear stress affects the resistance of asphalt to high-temperature
deformation. With the increase in modifier content, the J,,, under two stress levels showed
a downward trend. This result suggests that viscous deformation decreases as the content
of the modifier increases. Modifier content is positively correlated with resistance to high-
temperature deformation within a certain range, with the resistance to high-temperature
deformation reaching a peak at 6% modifier content. For both modified types of asphalt,
the bitumen trends are the same, and the J,,,_qi¢f Values increase with the increasing modifier
content. The higher the content of the modifier, the more resistant the resulting asphalt
is to high-temperature deformation, but cohesive deformation is more dependent on
shear stress.
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Figure 13. Creep results regarding LDPE-modified asphalt with different proportions of LDPE.
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Figure 14. Creep results regarding RPE-modified asphalt with different proportions of RPE.

3.4. Stability Improvement Method for PE-Modified Asphalt

Figure 15 presents the results regarding the softening point of the modified asphalt
with and without laboratory-made inorganic additives with different proportions of LDPE
and RPE. As can be seen in Figure 15, the difference in the dissociation softening point
of the modified asphalt after the addition of 2% RPE and LDPE is within 2.5 °C, which
is in accordance with the specifications. After adding more than 4% RPE and LDPE,
the softening point difference after segregation reaches more than 30 °C, indicating that
the modified asphalt exhibits serious segregation and poor storage stability. The density
of LDPE and RPE should be between 0.91 and 0.94, while the density difference with
respect to asphalt is large, resulting in serious segregation. After adding 4%, inorganic
stabilizer, the segregation softening point of the PE-modified asphalt greatly reduced.
The segregation softening point of the 6% RPE content asphalt decreased from 45.65 °C
to 1.45 °C, thereby meeting the working performance requirements. The density of the
stabilizer was 1.99 g/cm 3, and the density of the PE modifier greatly improved, making it
difficult for polymers to float in the asphalt.
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Figure 15. The segregation softening point of LDPE- and RPE-modified asphalt before and after
adding stabilizers.
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Figure 16 illustrates the infrared spectrum of the asphalt with a 6% PE dosage and a
4 %o inorganic stabilizer dosage. According to Figure 16, there is S-C bond absorption peak
at 604 cm~!; the PE-modified asphalt contains such a bond, while the matrix asphalt does
not. This result shows that the sulfur in the inorganic stabilizer can form S-C bonds with
PE to form a cross-linked structure, allowing PE to be stably dispersed in the asphallt.

6%LDPE+Stabilizer
S
S
8
E 6%RPE+Stabilizer
z |
&
""" e e e
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 16. Infrared spectra of 6% PE-modified asphalt with 4%, inorganic stabilizer.

4. Conclusions

In this paper, the chemical structures of LDPE- and RPE-modified asphalt and the
distribution of RPE were studied. The effects of PE and its content on the physical properties,
high- and low-temperature rheological properties, and creep properties of modified asphalt
were analyzed. In addition, inorganic stabilizers were added to analyze whether the
working performance met the regulatory requirements. The following conclusions have
been drawn:

(1) Upon observing the -CH,- vibration absorption peaks at 2918 cm !, 2850 cm !, and
1472 cm~! in the infrared spectrum, it is evident that the structures of LDPE and RPE are
basically the same. According to the fluorescence spectrum, the two modifiers are uniformly
dispersed in the asphalt, and the 6% content of RPE accounts for 13.52%, excluding the
effects of structure and the shear forces on the PE-modified asphalt’s properties. Asphalt
can produce stable chemical bonds with 6% PE and stabilizer.

(2) The addition of LDPE and RPE helps to improve the high-temperature stability
of asphalt but is detrimental to ductility and penetration. The softening point of the high-
temperature performance index of the asphalt is obviously improved, reaching more than
70 °C at 6% content, and the ductility of the asphalt is reduced, but it is still more than 50
cm at 6% content. In the range investigated in this study, penetration decreases with an
increasing PE admixture, and the penetration of 6% content presents a 27% decrease.

(3) Under the action of high temperature and stirring, RPE (LDPE) can be uniformly
dispersed in asphalt. Asphalt colloids are connected by RPE (LDPE). At the same time,
RPE (LDPE) absorbs oil swelling in asphalt, causing a relative increase in the asphalt
content, changing the colloidal structure and viscoelasticity of the asphalt, and enhancing
the ability of asphalt to resist external forces. The continuous network structure formed
by RPE (LDPE) in asphalt limits the fluidity of the asphalt colloidal system, decreases the
deformation ability of asphalt, and raises the deformation resistance and strength of asphalt
at high temperatures. The high-temperature failure temperature of the 6% RPE content
asphalt can reach 75.2 °C. The low-temperature performance of RPE (LDPE) is poor, and
a performance change is not obvious after a small amount is incorporated. At —24 °C,
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the S and m values do not conform to the specifications, but the low-temperature failure
temperature is still within a PG grade.

(4) The cumulative strain of the modified bitumen decreases as the PE content increases,
reaching the best value when the content is 6%. Upon increasing the amount of PE, the
asphalt’s high-temperature performance worsens, which echoes the results regarding the
high-temperature modulus and phase angle.

(5) By adding 4 %o stabilizer, the segregation softening point can reach 2.5 °C, and the
working performance meets the working requirements. On the one hand, due to the high
density of the inorganic stabilizer, the density of the modifier increases after the addition of
the stabilizer, which makes it difficult for the polymer to float in the asphalt. On the other
hand, the infrared spectroscopy results showed that 604 cm ™! is the S-C bond absorption
peak. The inorganic stabilizer and PE form S-C bonds to, in turn, form a cross-linked
structure, allowing the PE to be stably dispersed in the asphalt. Adding a small amount
of stabilizer largely solves the problem wherein PE-modified asphalt must be used first
and provides promising prospects for the wide application of PE modification. In general,
the addition of 6% RPE and 4%. stabilizer can induce the best degree of crosslinking with
asphalt and provide good storage stability.

Author Contributions: Conceptualization, H.Y.; Methodology, H.Y. and S.W.; Software, A.C. and Y.L.;
Validation, S.W.; Formal analysis, Y.L.; Investigation, A.C. and Y.L.; Resources, S.W.; Data curation,
A.C.; Writing—original draft, H.Y.; Writing—review & editing, A.C. and Y.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Hubei Science and Technology Innovation Talent and Service
Project (2022EHB006) (International Science and Technology Cooperation).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the financial supported by Hubei Science and Technology
Innovation Talent and Service Project (2022EHB006) (International Science and Technology Cooperation).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, A,; Deng, Q.; Li, Y;; Bai, T.; Chen, Z.; Li, ].; Feng, ].; Wu, E; Wu, S.; Liu, Q.; et al. Harmless treatment and environmentally
friendly application of waste tires—TPCB/TPO composite-modified bitumen. Constr. Build. Mater. 2022, 325, 126785. [CrossRef]

2. Polacco, G; Filippi, S.; Merusi, F; Stastna, G. A review of the fundamentals of polymer-modified asphalts: Asphalt/polymer
interactions and principles of compatibility. Adv. Colloid Interface Sci. 2015, 224, 72-112. [CrossRef]

3. Zhang, X,; Han, C,; Otto, F.; Zhang, F. Evaluation of Properties and Mechanisms of Waste Plastic/Rubber-Modified Asphalt.
Coatings 2021, 11, 1365. [CrossRef]

4. L1i Y;LiJ;Li, C; Chen, A;Bai, T,; Tang, S.; Wu, S.; Gao, Y.; Zhu, H.; Feng, J. Strength formation mechanism and performance of
steel slag self-compacting epoxy resin concrete. Constr. Build. Mater. 2022, 359, 129525. [CrossRef]

5. Xiao, S.; Dong, H.; Geng, Y.; Brander, M. An overview of China’s recyclable waste recycling and recommendations for integrated
solutions, Resources. Conserv. Recycl. 2018, 134, 112-120. [CrossRef]

6. Fang, C.; Zhang, M.; Zhang, Z.; Zhou, S. UV-Aging Resistance of Packaging Waste PE Modified Asphalts. Polym.-Plast. Technol.
Eng. 2009, 48, 945-949. [CrossRef]

7. Zhao, Z.; Xiao, F,; Amirkhanian, S. Recent applications of waste solid materials in pavement engineering. Waste Manag. 2020, 108,
78-105. [CrossRef]

8. Zhao, Z.; Wang, Z.; Wu, S.; Xie, J.; Yang, C.; Li, N.; Cui, P. Road performance, VOCs emission and economic benefit evaluation of
asphalt mixture by incorporating steel slag and SBS/CR composite modified asphalt. J. Case Stud. Constr. Mater. 2023, 18, €01929.
[CrossRef]

9. Xing, C.; Li, M,; Liu, L,; Lu, R.; Liu, N.; Wu, W,; Yuan, D. A comprehensive review on the blending condition between virgin and
RAP asphalt binders in hot recycled asphalt mixtures: Mechanisms, evaluation methods, and influencing factors. J. Clean. Prod.
2023, 398, 136515. [CrossRef]

10. Jew, P; Shimizu, J.A.; Svazic, M.; Woodhams, R.T. Polyethlene-modified bitumen for paving applications. J. Appl. Polym. Sci.

1986, 31, 2685-2704. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2022.126785
https://doi.org/10.1016/j.cis.2015.07.010
https://doi.org/10.3390/coatings11111365
https://doi.org/10.1016/j.conbuildmat.2022.129525
https://doi.org/10.1016/j.resconrec.2018.02.032
https://doi.org/10.1080/03602550902995059
https://doi.org/10.1016/j.wasman.2020.04.024
https://doi.org/10.1016/j.cscm.2023.e01929
https://doi.org/10.1016/j.jclepro.2023.136515
https://doi.org/10.1002/app.1986.070310824

Sustainability 2023, 15, 12273 17 of 18

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fang, C.; Hu, J.; Zhou, S.; Wang, H.; Zhang, M.; Zhang, Y. Comparative Study of Asphalts Modified by Packaging Waste EPS and
Waste PE. Polym.-Plast. Technol. Eng. 2011, 50, 220-224. [CrossRef]

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

Chen, A.; Qiu, Y,; Wang, X; Li, Y.; Wu, S.; Liu, Q.; Wu, F; Feng, ].; Lin, Z. Mechanism and Performance of Bituminous Mixture
Using 100% Content RAP with Bio-Rejuvenated Additive (BRA). Materials 2022, 15, 723. [CrossRef]

Gibreil, H.A.A.; Feng, C.P. Effects of high-density polyethylene and crumb rubber powder as modifiers on properties of hot mix
asphalt. Constr. Build. Mater. 2017, 142, 101-108. [CrossRef]

Alghrafy, YM.; Alla, E.-SM.A.; El-Badawy, S.M. Rheological properties and aging performance of sulfur extended asphalt
modified with recycled polyethylene waste. Constr. Build. Mater. 2021, 273, 121771. [CrossRef]

Kumar, P; Garg, R. Rheology of waste plastic fibre-modified bitumen. Int. J. Pavement Eng. 2011, 12, 449-459. [CrossRef]

Xin, X.; Yao, Z.; Shi, J.; Liang, M.; Jiang, H.; Zhang, J.; Zhang, X.; Yao, K. Rheological properties, microstructure and aging
resistance of asphalt modified with CNTs/PE composites. Constr. Build. Mater. 2020, 262, 120100. [CrossRef]

Desidery, L.; Lanotte, M. Effect of Waste Polyethylene and Wax-Based Additives on Bitumen Performance. Polymers 2021, 13,
3733. [CrossRef]

Mushtaq, F; Huang, Z.; Shah, S.AR,; Zhang, Y.; Gao, Y.; Azab, M.; Hussain, S.; Anwar, M.K. Performance Optimization
Approach of Polymer Modified Asphalt Mixtures with PET and PE Wastes: A Safety Study for Utilizing Eco-Friendly Circular
Economy-Based SDGs Concepts. Polymers 2022, 14, 2493. [CrossRef]

Yao, Z.; Zhang, J.; Gao, E; Liu, S.; Yu, T. Integrated utilization of recycled crumb rubber and polyethylene for enhancing the
performance of modified bitumen. Constr. Build. Mater. 2018, 170, 217-224. [CrossRef]

Kakar, M.R.; Mikhailenko, P.; Piao, Z.; Bueno, M.; Poulikakos, L. Analysis of waste polyethylene (PE) and its by-products in
asphalt binder. Constr. Build. Mater. 2021, 280, 122492. [CrossRef]

Du, Z,; Jiang, C.; Yuan, J.; Xiao, F; Wang, J. Low temperature performance characteristics of polyethylene modified asphalts—A
review. Constr. Build. Mater. 2020, 264, 120704. [CrossRef]

Xu, F; Zhao, Y.; Li, K. Using Waste Plastics as Asphalt Modifier: A Review. Materials 2021, 15, 110. [CrossRef]

Nizamuddin, S.; Jamal, M.; Biligiri, K.P.; Giustozzi, F. Effect of Various Compatibilizers on the Storage Stability, Thermochemical
and Rheological Properties of Recycled Plastic-Modified Bitumen. Int. ]. Pavement Res. Technol. 2023, 1-14. [CrossRef]

Muise, I.; Adams, M.; C6té, R.; Price, G.W. Attitudes to the recovery and recycling of agricultural plastics waste: A case study of
Nova Scotia, Canada. Resour. Conserv. Recycl. 2016, 109, 137-145. [CrossRef]

Li, J.; Xiao, F.; Zhang, L.; Amirkhanian, S.N. Life cycle assessment and life cycle cost analysis of recycled solid waste materials in
highway pavement: A review. J. Clean. Prod. 2019, 233, 1182-1206. [CrossRef]

Chen, Y;; Hu, K; Yu, C,; Yuan, D.; Ban, X. Study of the Microscopic Mechanism of Natural Rubber (Cis-1, 4-Polyisoprene,
NR)/Polyethylene (PE) Modified Asphalt from the Perspective of Simulation. Polymers 2022, 14, 4087. [CrossRef]

Wagner, K.C.; Byrd, G.D. Evaluating the effectiveness of clinical medical librarian programs: A systematic review of the literature.
J. Med. Libr. Assoc. 2004, 92, 14-33.

Yan, K.; Xu, H.; You, L. Rheological properties of asphalts modified by waste tire rubber and reclaimed low density polyethylene.
Constr. Build. Mater. 2015, 83, 143-149. [CrossRef]

Liu, S.; Zhou, S.B.; Peng, A.; Xuan, W.; Li, W. Analysis of the performance and mechanism of desulfurized rubber and low-density
polyethylene compound-modified asphalt. J. Appl. Polym. Sci. 2019, 136, 48194. [CrossRef]

Dalhat, M.A.; Al-Adham, K.; Adesina, A.Y. High-Temperature Performance of Recycled Low-Density Polyethylene-Modified
Asphalt Binder Reinforced with Thermally Treated Polyacrylonitrile Fiber. Arab. J. Sci. Eng. 2020, 45, 4257-4272. [CrossRef]
Modarres, A.; Hamedi, H. Effect of waste plastic bottles on the stiffness and fatigue properties of modified asphalt mixes. Mater.
Des. 2014, 61, 8-15. [CrossRef]

Fuentes-Audén, C.; Sandoval, ].A,; Jerez, A.; Navarro, FJ.; Martinez-Boza, E]J.; Partal, P.; Gallegos, C. Evaluation of thermal and
mechanical properties of recycled polyethylene modified bitumen. Polym. Test. 2008, 27, 1005-1012. [CrossRef]

Fernandes, S.; Costa, L.; Silva, H.; Oliveira, J. Effect of incorporating different waste materials in bitumen. Ciéncia Tecnol. Dos
Mater. 2017, 29, €204—e209. [CrossRef]

Karmakar, S.; Roy, T.K. Effect of Waste Plastic and Waste Tires Ash on Mechanical Behavior of Bitumen. J. Mater. Civ. Eng. 2016,
28, 4016006. [CrossRef]

Holkar, C.; Pinjari, D.; D'Melo, D.; Bhattacharya, S. The effect of asphaltene concentration on polymer modification of bitumen
with SBS copolymers. Mater. Struct. 2023, 56, 16. [CrossRef]

Geckil, T.; Ahmedzade, P; Alatas, T. Effect of Carbon Black on the High and Low Temperature Properties of Bitumen. Int. J. Civ.
Eng. 2016, 16, 207-218. [CrossRef]

El-Shafie, M.; Ibrahim, .M.; Abd El Rahman, A.M.M. The addition effects of macro and nano clay on the performance of asphalt
binder. Egypt. . Pet. 2012, 21, 149-154. [CrossRef]

Dai, M.; Chen, C.-M.; Wang, Z.; Pan, W.-H.; Sun, X.-W.; Tang, N.; Wu, L.-M. Microscopic investigation on blending of montmoril-
lonite modified bitumen and reclaimed asphalt binder. Mater. Res. Express 2022, 9, 65304. [CrossRef]

Chen, A.; Airey, G.D.; Thom, N.; Li, Y. Characterisation of fatigue damage in asphalt mixtures using X-ray computed tomography.
Road Mater. Pavement Des. 2022, 24, 653—-671. [CrossRef]


https://doi.org/10.1080/03602559.2010.531436
https://doi.org/10.1016/j.conbuildmat.2018.08.155
https://doi.org/10.3390/ma15030723
https://doi.org/10.1016/j.conbuildmat.2017.03.062
https://doi.org/10.1016/j.conbuildmat.2020.121771
https://doi.org/10.1080/10298430903255296
https://doi.org/10.1016/j.conbuildmat.2020.120100
https://doi.org/10.3390/polym13213733
https://doi.org/10.3390/polym14122493
https://doi.org/10.1016/j.conbuildmat.2018.03.080
https://doi.org/10.1016/j.conbuildmat.2021.122492
https://doi.org/10.1016/j.conbuildmat.2020.120704
https://doi.org/10.3390/ma15010110
https://doi.org/10.1007/s42947-023-00273-3
https://doi.org/10.1016/j.resconrec.2016.02.011
https://doi.org/10.1016/j.jclepro.2019.06.061
https://doi.org/10.3390/polym14194087
https://doi.org/10.1016/j.conbuildmat.2015.02.092
https://doi.org/10.1002/app.48194
https://doi.org/10.1007/s13369-020-04431-8
https://doi.org/10.1016/j.matdes.2014.04.046
https://doi.org/10.1016/j.polymertesting.2008.09.006
https://doi.org/10.1016/j.ctmat.2016.07.003
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001484
https://doi.org/10.1617/s11527-023-02101-3
https://doi.org/10.1007/s40999-016-0120-4
https://doi.org/10.1016/j.ejpe.2012.11.008
https://doi.org/10.1088/2053-1591/ac7510
https://doi.org/10.1080/14680629.2022.2029756

Sustainability 2023, 15, 12273 18 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wang, S.E; Zhang, Y.; Zhang, Y.X. SBS/carbon black compounds give asphalts with improved high-temperature storage stability.
Polym. Polym. Compos. 2003, 11, 477-485. [CrossRef]

Yu, J.; Ren, Z,; Yu, H.; Wang, D.; Svetlana, S.; Korolev, E.; Gao, Z.; Guo, F. Modification of Asphalt Rubber with Nanoclay towards
Enhanced Storage Stability. Materials 2018, 11, 2093. [CrossRef]

Ren, Z.; Zhu, Y.; Wu, Q.; Zhu, M.; Guo, F; Yu, H.; Yu, ]. Enhanced Storage Stability of Different Polymer Modified Asphalt Binders
through Nano-montmorillonite Modification. Nanomaterials 2020, 10, 641. [CrossRef]

Fang, C.; Zhang, Y,; Yu, R.; Liu, X.; Hu, J.; Zhang, M. Effect of organic montmorillonite on the hot storage stability of asphalt
modified by waste packaging polyethylene. J. Vinyl Addit. Technol. 2015, 21, 89-93. [CrossRef]

Liu, W.; Xu, Y.; Wang, H.; Shu, B.; Barbieri, D.M.; Norambuena-Contreras, J. Enhanced Storage Stability and Rheological Properties
of Asphalt Modified by Activated Waste Rubber Powder. Materials 2021, 14, 2693. [CrossRef]

Kong, P; Xu, G.; Yang, ].; Chen, X.; Zhu, Y. Study on Storage Stability of Activated Reclaimed Rubber Powder Modified Asphalt.
Materials 2021, 14, 4684. [CrossRef]

Sienkiewicz, M.; Borzedowska-Labuda, K.; Wojtkiewicz, A.; Janik, H. Development of methods improving storage stability of
bitumen modified with ground tire rubber: A review. Fuel Process. Technol. 2017, 159, 272-279. [CrossRef]

Zou, Y.; Pang, L.; Chen, S.; Xu, S.; Wu, S.; Amirkhanian, S.; Xu, H.; Zhao, Z. Evaluation of the Physicochemical Properties and
Antiaging Properties of Bitumen Mastic Modified by Layered Double Hydroxides. Sustainability 2023, 15, 1546. [CrossRef]
Gigli, S.; Landi, D.; Germani, M. Cost-benefit analysis of a circular economy project: A study on a recycling system for end-of-life
tyres. J. Clean. Prod. 2019, 229, 680-694. [CrossRef]

Xu, X.; Leng, Z.; Lan, J.; Wang, W.; Yu, J.; Bai, Y.; Sreeram, A.; Hu, J. Sustainable Practice in Pavement Engineering through
Value-Added Collective Recycling of Waste Plastic and Waste Tyre Rubber. Engineering 2021, 7, 857-867. [CrossRef]

Fang, C.; Zhang, Y.; Yu, Q.; Zhou, X.; Guo, D.; Yu, R.; Zhang, M. Preparation, Characterization and Hot Storage Stability of
Asphalt Modified by Waste Polyethylene Packaging. J. Mater. Sci. Technol. 2013, 29, 434-438. [CrossRef]

Yan, L.; Li, M.; Li, Q.; Li, H. Modified asphalt based on polyethylene with broad molecular weight distribution. Constr. Build.
Mater. 2020, 260, 119707. [CrossRef]

Li, J.; Chen, Z; Xiao, F.,; Amirkhanian, S.N. Surface activation of scrap tire crumb rubber to improve compatibility of rubberized
asphalt, Resources. Conserv. Recycl. 2021, 169, 105518. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/096739110301100606
https://doi.org/10.3390/ma11112093
https://doi.org/10.3390/nano10040641
https://doi.org/10.1002/vnl.21376
https://doi.org/10.3390/ma14102693
https://doi.org/10.3390/ma14164684
https://doi.org/10.1016/j.fuproc.2017.01.049
https://doi.org/10.3390/su15021546
https://doi.org/10.1016/j.jclepro.2019.03.223
https://doi.org/10.1016/j.eng.2020.08.020
https://doi.org/10.1016/j.jmst.2013.02.016
https://doi.org/10.1016/j.conbuildmat.2020.119707
https://doi.org/10.1016/j.resconrec.2021.105518

	Introduction 
	Materials and Experimental Methods 
	Asphalt Cementing Material 
	LDPE and RPE 
	Stabilizer 
	Production of PE-Modified Asphalt 
	Experimental Methods 
	FTIR Test 
	FM Test 
	Physical Performance Test Method 
	DSR Test 
	BBR Test 
	MSCR Test 
	Storage Stability Tests of Modified Asphalt 

	Technical Route 

	Result and Discussions 
	Modification Mechanism of PE-Modified Asphalt 
	Chemical Structure Analysis of PE and Asphalt 
	Distribution of RPE in Asphalt 

	Effect of PE on Physical Properties of Asphalt 
	Effect of PE on Rheological Properties of Asphalt 
	Effect of PE on High-Temperature Rheological Properties of Asphalt 
	Effect of PE on the Low-Temperature Rheological Behavior of Asphalt 
	Impact of PE on the Creep Characteristics of Asphalt 

	Stability Improvement Method for PE-Modified Asphalt 

	Conclusions 
	References

