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Preface

With the growing demand for passenger transport and freight, the design, construction,

and maintenance of transportation infrastructure now face new development opportunities and

challenges. Under the combined effects of traffic load and environmental factors, the performance

and serviceability of road pavement deteriorate over time. Improving the durability and surface

characteristics of road pavement remains an important research goal. In addition, emerging

technologies and societal changes put forward a high demand for green pavement, environmentally

friendly construction and maintenance, and smart and intelligent infrastructure. Traditional

pavement materials cannot meet the needs of our evolving society. In recent years, the advantages

of new materials in improving road performance have attracted extensive interest from industry

professionals and academia. Polymer materials exhibit high thermal stability, superior mechanical

properties, as well as corrosion and chemical resistance. They are widely used in important fields of

the economy such as aerospace, biomedicine, transportation, electronics, etc. With the development of

material science and technology, polymer materials demonstrate great potential for road engineering

applications.

In order to succinctly summarize recent advancements in polymer road materials research

and to promote innovation in this field, Professor Wei Jiang of Chang’an University collaborated

with Professor Quantao Liu of Wuhan University of Technology, Associate Professor Jose

Norambuena-Contreras of the University of Bı́o-Bı́o, and Associate Professor Yue Huang of the

University of Leeds to co-organize the Special Issue titled “Application of Polymer Materials in

Pavement Design”.

This Special Issue comprises 17 research articles and 2 review articles, covering studies

on both individual and composite polymer modifications. Topics include high-content

polymer-modified bitumen, epoxy resin adhesives, SBS-modified bitumen, PE-modified bitumen,

crumb-rubber-modified bitumen, and biopolymeric capsules and bitumen rejuvenators.

We wish to extend our appreciation to the Polymers editorial team for their valuable technical

support and to the scholarly community for their great contributions to this Special Issue.

Wei Jiang, Quantao Liu, Jose Norambuena-Contreras, and Yue Huang

Editors
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Viscoelastic Behavior and Phase Structure of High-Content
SBS-Modified Asphalt

Dongdong Yuan 1,2, Chengwei Xing 1,2, Wei Jiang 1,2,*, Jingjing Xiao 3, Wangjie Wu 1,2, Pengfei Li 1,2

and Yupeng Li 1,2
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2020021080@chd.edu.cn (P.L.); liyupeng@chd.edu.cn (Y.L.)

2 School of Highway, Chang’an University, South 2nd Ring Road Middle Section, Xi’an 710064, China
3 School of Civil Engineering, Chang’an University, Xi’an 710064, China; xiaojj029@sina.com
* Correspondence: jiangwei@chd.edu.cn

Abstract: To investigate the effect of styrene-butadiene-styrene (SBS) modifier content on the vis-
coelastic behavior of SBS-modified asphalt (SBSMA) at different temperatures and phase structures,
the star SBS modifier was chosen to fabricate seven types of SBSMA with different contents. Multiple
stress creep recovery (MSCR), linear amplitude sweep (LAS), and low-temperature frequency sweep
tests were adopted to study the influence of SBS modifier content on the viscoelastic performance of
SBSMA at high to low temperatures. The SBSMA’s microstructure with different contents was inves-
tigated using a fluorescence microscope. The results indicated that the change in non-recoverable
creep compliance and creep recovery rate was bounded by 4.5% content at high temperatures, with
an apparent turning point. The changing slope of content at less than 4.5% was much higher than
that of the content greater than 4.5%. At medium temperatures, the fatigue life of SBSMA increased
exponentially with the rising modifier content. The rate of increase in fatigue life was the largest
as the content increased from 4.5% to 6.0%. At low temperatures, the low-temperature viscoelastic
property index G (60 s) of SBSMA decreased logarithmically as the modifier content increased. In
terms of the microscopic phase structure, the SBS modifier gradually changed from the dispersed to
the continuous phase state with the increasing SBS modifier content.

Keywords: high-content polymer modified asphalt; SBS; viscoelastic behavior; phase structure

1. Introduction

Asphalt pavement consists of aggregates, fillers, and asphalt binders; the design
of asphalt binders and research on its related properties remain at the core of asphalt
pavement [1,2]. Using an asphalt binder with excellent properties can remarkably improve
the quality of asphalt pavement [3,4]. With the increasing traffic load, a neat asphalt
binder will not be enough to fulfill the requirements of traffic development [5,6]. Styrene-
butadiene-styrene (SBS)–modified asphalt (SBSMA) is universally applied because of its
properties such as excellent durability, anti-ageing, fatigue resistance, and water damage
resistance [7,8]. SBSMA has been utilized extensively on national highways in China [9,10].
SBS is a block copolymer created from the anionic polymerization of 1,3-butadiene, styrene
(monomer), tetrahydrofuran (activator), and n-butyllithium (initiator) in the cyclohexane
solvent [11]. According to the different contents of polystyrene and polybutadiene, as
well as the difference in the molecular structure, SBS can be divided into the linear and
star structures, as shown in Figure 1 [12]. In general, the molecular weight of the star
structure is higher than that of the linear structure. Previous research and applications
have suggested that the SBSMA content in many countries is 3.0–6.0%, considering the
limitations of asphalt pavement construction costs and construction technologies [13,14].
Yet, no in-depth investigation has been conducted on the higher dosage of this material.

Polymers 2022, 14, 2476. https://doi.org/10.3390/polym14122476 https://www.mdpi.com/journal/polymers
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However, porous asphalt concrete has been more and more used in pavement materials
with the advancements in pavement green technology [15,16]. Therefore, modified asphalt
with high viscosity is commonly applied in porous asphalt concrete [17,18]. At present,
modified asphalt with high viscosity is mainly fabricated using a high content of SBSMA
(6.0–12.0%) [19].

 

Figure 1. Linear SBS and Star SBS.

Zhang et al. examined the rheological behavior of high-content SBSMA after the
addition of a plasticizer (fural exact oil) and a crosslinker (sulfur). Their results illustrated
that the plasticizer reduced the anti-rutting performance of SBSMA. The inclusion of a
crosslinker created a polymer network, a network structure with better ageing, which in-
creased SBSMA’s ageing resistance [20]. This is because the ageing of the polymer depends
on the actual 3D structure (more chaotic or more structured) and the type of crosslinks [21].
However, the SBS modifier content in their study was just 6.0%, remarkably lower than
what is used in practice. Yan et al. evaluated the ageing properties of high-content SBSMA,
whose findings revealed that the SBS modifier breakdown occurs during the early stages
of ageing. In addition, short-term ageing at elevated temperatures can severely degrade
high-content SBSMA’s anti-rutting capabilities [22]. Lin et al. investigated the rheologi-
cal properties of high-content SBSMA. Their results suggested that SBSMA with higher
content would possess superior rheological qualities; however, 9% is the ideal dosage for
economic reasons [23]. Zhang et al. explored the composition of high viscosity–modified
asphalt and discovered that increasing the SBS modifier concentration is one of the most
effective approaches to maintaining the physical qualities of high viscosity–modified as-
phalt [24]. Giacomo et al. observed that a high-content SBS modifier was able to lessen the
ageing-induced stiffening of SBSMA. Compared to typical SBSMA with a lower polymer
concentration, the SBS modifier network in the high-content SBSMA could present a barrier
to the oxidation of the binder, leading to better anti-ageing performance [3,25].

In a nutshell, limited studies on high-content SBSMA have been conducted so far.
Furthermore, most research focuses on the influence of ageing on the properties of high-
content SBSMA. At present, research on the viscoelastic properties and phase structure
of high-content SBSMA is not detailed enough. Therefore, to investigate the viscoelastic
behavior of high-content SBSMA at high to low temperatures, we employed three new
dynamic shear rheometer (DSR) test methods. That is, the multiple stress creep recovery
(MSCR) test, linear amplitude sweep (LAS) test, and 4 mm low-temperature frequency
sweep test. Meanwhile, the microstructure of SBSMA with different contents was analyzed
by a fluorescence microscope. The flowchart of this study is shown in Figure 2. This
study clarified the viscoelastic properties and microscopic phase structure of high-content

2



Polymers 2022, 14, 2476

SBS modified asphalt at different temperatures, which provides a reference for the wider
application of high-content SBS modified asphalt.

 

Figure 2. Flowchart of this study.

2. Materials and Methods

2.1. Raw Materials

Shell 70# neat asphalt was utilized to prepare high-content SBSMA. Its basic attributes
are tabulated in Table 1. The adopted SBS modifiers were provided by Baling Petrochemical
Company of Sinopec Group. Table 2 lists the basic parameters of the modifier. The modifier
content was chosen as 3.0%, 4.5%, 6.0%, 7.5%, 9.0%, 10.5% and 12.0% of the mass of the
neat asphalt, respectively. The sulfur powder with purity of more than 99% provided by
Shanghai Qunkang Asphalt Technology Co., Ltd. (Shanghai, China) was selected as the
stabilizer. The content of the stabilizer was chosen as 0.15% of the mass of the neat asphalt.

Table 1. Basic property of neat asphalt.

Item Shell 70#

Penetration at 25 ◦C, 0.1 mm 70.8
Softening point, ◦C 49.2

Ductility at 5 ◦C, 5 cm min−1, cm 74.3

Table 2. Technical performance of SBS modifier.

Type Star Type

Specific gravity, g cm−3 0.94
Elongation at break, % 680
Tensile strength, MPa 21.2

Melt index, g (10 min−1) 7.0

2.2. Experimental Methods
2.2.1. Preparing SBSMA

SBSMA can be prepared as Figure 3. First, the corresponding quality of neat asphalt,
SBS modifier, and stabilizer was weighed. We heated the neat asphalt to the molten state
in an oven. The weighed SBS modifier was added into it and stirred with a vane stirrer
at 170 ◦C and 1000 r/min for half an hour. The blended neat asphalt and SBS modifier
were then sheared by a shear emulsifying machine at 170 ◦C and 3000 rotations per min for
10 min. Next, the stabilizer was added, and the mixture was sheared for an hour at 170 ◦C

3
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and 5000 rotations per min. Finally, the sheared SBS modifier was heated at 170 ◦C for
90 min to allow the prepared SBSMA to fully develop and escape the air bubbles created
during the preparation process.

Figure 3. Preparation process of SBSMA.

2.2.2. MSCR Test

The high-temperature viscoelastic behavior of SBSMA was investigated using MSCR
tests. In this test, Smartpave 102 DSR (Anton Paar company, Graz, Austria) was utilized.
Two round parallel plates with a diameter of 25 mm were utilized, and the gap between
them was 1 mm. To simulate the high temperature experienced by the asphalt pavement
in summer, referring to the AASHTO M332-19 [26] classification standard, 64 ◦C was
selected for the MSCR test. The creep and recovery tests were performed with the constant
stress (0.1 kPa and 3.2 kPa), respectively. During the test, the stress was first loaded for
1 s. Afterward, zero stress was recovered for 9 s. First, the test was run for 20 cycles at
0.1 kPa. Then, it ran for 10 cycles at 3.2 kPa. Finally, it ran 30 creep and recovery cycles for
300 s [27,28].

2.2.3. LAS Test

The LAS test can assess SBSMA’s fatigue properties at medium temperatures. Smartpave
102 DSR (Anton Paar company, Graz, Austria) was used in this test, with an 8 mm-parallel
plate die and a 2 mm-gap. The LAS test was performed in a loading mode (controlled strain)
with a design test time of 300 s. During the test, the sine wave dynamic load amplitude rose
linearly from 0.1% to 30% [29,30]. Herein, 25 ◦C was chosen as the LAS test temperature.

2.2.4. Low-Temperature Frequency Sweep Test

The low-temperature frequency sweep test was performed by DSR, which could
overcome the disadvantages of too many materials and the long test time of the low-
temperature bending beam rheometer (BBR) test. The 4 mm parallel plate low-temperature
frequency sweep test can substitute the BBR test to assess the asphalt property at low
temperatures [31]. Therefore, a 4 mm parallel plate for the low-temperature frequency
sweep test was selected herein to explore SBSMA’s low-temperature viscoelastic behavior.
The tests used a SmartPave Model 102 DSR with a 4 mm-parallel plate die placed at the
3 mm-gap. The loading model was controlled strain, and the strain was 1%; the sweep
frequency was 0.1–100 rad/s, and the test temperature was −5 ◦C and −15 ◦C [32].

4
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2.2.5. Fluorescence Microscope Test

An LW300LFT fluorescence microscope (Nikon Corporation, Tokyo, Japan) was em-
ployed to determine SBSMA’s distribution and morphological characteristics in the asphalt
phase. The magnification of the eyepiece of the fluorescence microscope and that of the
objective lens was 10.

3. Results and Discussion

3.1. Viscoelastic Behavior at High Temperatures
3.1.1. Non-Recoverable Creep Compliance and Creep Recovery Rate

Generally, a high-temperature rutting phenomenon will occur on the asphalt pavement
due to the accumulation of the asphalt binder’s non-recoverable strain. Therefore, the
non-recoverable creep compliance (Jnr) is a critical evaluation indicator of the MSCR test
(Equation (1)). Under a certain recovery time, the greater the recovery deformation and the
smaller the amount of non-deformation of asphalt, the less likely high-temperature rutting
will occur. Therefore, the creep recovery rate (R) can also represent the high-temperature
viscoelastic behavior of asphalt (Equation (2)). Jnr and R are calculated by average values
in 10 creep recovery cycles, respectively [31]. The Jnr at 0.1 kPa and 3.2 kPa are denoted as
Jnr0.1 and Jnr3.2. Furthermore, the R at corresponding stress levels are represented as R0.1
and R3.2.

Jnr =
εu

σ
(1)

where, εu is the adjusted strain value after the recovery period, σ is the value of the applied
stress level.

R =
εp − εu

εp
× 100% (2)

where, εp is the adjusted strain value when the creep loading ends, εu is the adjusted strain
value after recovery period.

Figure 4 presents the Jnr and R of the eight kinds of asphalt at 64 ◦C. Under different
stress levels, Jnr3.2 > Jnr0.1, R3.2 < R0.1. This order indicates that the increase in stress will
worsen the high-temperature viscoelastic properties of SBSMA. With the rising modifier
content, the Jnr of SBSMA dropped and the R increased, suggesting that increasing the
modifier content can improve the rheological properties of SBSMA. When the modifier
content increased by 1.5%, an obvious turning point was noticed in the change in Jnr and R,
which was bounded by 4.5% content. The changing slope of the content less than 4.5% is
much higher than that of the content greater than 4.5%, indicating that when the modifier
content exceeds 4.5%, it can enhance the SBSMA’s high-temperature viscoelastic behavior
with a limited improvement effect. This is because when the content of SBS modifier
is 4.5%, the viscosity of the asphalt phase and the elasticity of the SBS phase in SBSMA
reach an equilibrium state. Although increasing the content of the modifier can increase
the mechanical strength of the SBS phase, the effect is not obvious. Figure 5 shows that
for Shell 70# neat asphalt, the addition of the star SBS modifier to 3.0% content caused a
decrease in Jnr0.1 and Jnr3.2 by 82.44% and 78.91%. R0.1 and R3.2 rose by 955.00% and
8690.90%. It is shown that adding the SBS modifier can considerably boost the neat asphalt’s
high-temperature viscoelastic performance. For SBSMA, when it rises from 3.0% to 4.5%,
the change rate of Jnr and R is the largest, followed by the change rate when the content
increases from 4.5% to 6.0%. Thereafter, with the increasing content, the change rate of Jnr
and R becomes smaller, which may be related to the microstructure of SBSMA.
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Figure 4. Non-recoverable creep compliance and creep recovery rate of asphalt.

 
(a) 

 
(b) 

Figure 5. The change rate of Jnr and R. (a) non-recoverable creep compliance; (b) Creep recovery rate.

3.1.2. Stress Sensitivity

The SBSMA’s sensitivity to stress can be expressed by the difference in the Jnr under
3.2 kPa and 0.1 kPa, which is calculated according to Equation (3).

Jnr-di f f = [(Jnr3.2 − Jnr0.1)/Jnr0.1] × 100% (3)

where, Jnr-diff is the stress sensitivity, Jnr0.1 and Jnr3.2 are the values of Jnr of asphalt at
0.1 kPa and 3.2 kPa. The Jnr-diff of eight types of asphalt at 64 ◦C are plotted in Figure 6.
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Figure 6. Jnr-diff of eight types of asphalt.

Figure 6 shows that the Jnr-diff of the neat asphalt is the smallest among the eight types
of asphalt, and the Jnr-diff of SBSMA is much larger than that of the neat asphalt. For SBSMA,
Jnr-diff has no evident change rule with the rising star SBS modifier content. The Jnr-diff of
3.0% content is the smallest, and the Jnr-diff of 6.0% content is the largest. This may be
attributed to a large number of polymer chain segments inside the SBSMA with complex
mechanical behavior and different phase structures. The literature has shown that the
viscoelastic performance of modified asphalt could be determined according to the notion
of whether the Jnr-diff of the modified asphalt is greater than 5% [30]. When Jnr-diff is greater
than 5%, it is a nonlinear viscoelastic state. Similarly, when Jnr-diff is less than 5%, it is a
linear viscoelastic state. At 3.2 kPa and 64 ◦C, the viscoelastic performance of star SBSMA
with a content of more than 3.0% is all nonlinear.

3.2. Viscoelastic Properties at Medium Temperatures
3.2.1. Stress–Strain Response

Asphalt undergoes elastic and plastic deformations in the LAS test under repeated
loading. The shear stress gradually decreases when the applied load reaches a particular
point; however, the shear strain increases in that case. A peak value of the shear stress is
observed in the LAS test’s stress–strain curve. The AASHTO TP 101-12 specification defines
this peak value as the asphalt yield stress, and its shear strain the yield strain. Figure 7
presents the stress–strain curves of LAS tests of eight kinds of asphalt. The neat asphalt has
the highest yield stress and the smallest yield strain. Only the SBSMA with 3.0%, 4.5% and
6.0% contents demonstrated a peak in the stress–strain curve for the SBSMA. The order of
yield stress was 3.0% > 6.0% > 4.5%, and the order of yield strain was 6.0% > 4.5% > 3.0%.
The ranking of yield stress and yield strain is inconsistent. When the content was greater
than 6.0%, the stress increases relatively slowly in the loading process. With the increase
in strain, the stress gradually becomes flat and the stress–strain curve does not show a
peak. This finding indicated that the yield stress or yield strain can only characterize
the stress–strain response of asphalt under medium temperature conditions and repeated
loadings but cannot characterize the fatigue properties of asphalt.
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Figure 7. Stress–strain response of asphalt.

3.2.2. Fatigue Life

The results of the LAS tests were further analyzed using the Viscoelastic Continuous
Damage Mechanics theoretical model [31]. Notably, the LAS test is composed of frequency
sweep and amplitude sweep. First, the parameter α is acquired via the frequency sweep
test and is calculated according to Equations (4)–(6) [32,33].

G′ = |G∗| × cos δ (4)

lgG′ = m(lgω) + b (5)

a =
1
m

(6)

where G′ is the storage modulus (MPa), G∗ is the complex shear modulus (MPa), δ is
the phase angle (◦), m and b are the fitting parameters, a is a parameter for asphalt’s
viscoelastic behavior.

Secondly, the damage variable (D) is calculated, as shown in Equation (7) [34].

D (t) ∼=
N

∑
i=1

[πγ 2
0 (C i−1 − Ci)]

a/(1+a)
(t i − ti−1)

1/(1+a) (7)

where t is the test time (s), ti is the current test time, ti−1 is the previous test time, N is the
total number of tests, C(t) is the integrity parameters, which is calculated by Equation (8).

C (t) =|G∗|(t)/|G∗|initial (8)

where, |G∗|(t) is the complex shear modulus with test time in the amplitude sweep test
(MPa), |G∗|initial is the complex shear modulus when the test starts (MPa), γ0 is the test
strain (%).

For the loss variable (D (t)) and integrity parameter (C (t)), there is the following
relationship, as shown in Equation (9).

C (t) = C0 − C1[D (t)]C2 (9)

where, C0 = 1, C1 and C2 are the fitting parameters.
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Finally, the fatigue life is calculated, as shown in Equation (10).

Nf = A (γmax)
−B (10)

where, γmax is the expected maximum strain (%) and A and B are the fatigue correlation
coefficients, which are calculated according to Equation (11) to Equation (12).

A =
f
(

Df

)[1+(1−C2)a]

[1 + (1 − C2) a](πC 1C2)
a (11)

where, f = 10 Hz, Df = (
C0−Cpeak

C1
)1/C2 .

B = 2a (12)

The above calculation results present the damage characteristic curves and fatigue life
curves of eight kinds of asphalt (Figures 8 and 9).

Figure 8. Damage characteristic curves of asphalt.

Figure 9. Fatigue life of asphalt.

Figure 8 shows that C represents the integrity parameter of asphalt and D represents
the cumulative damage parameter. The expression C = 1 denotes that the asphalt is intact,
and the expression C = 0 denotes that it has been completely damaged. Figure 8 shows
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that when the cumulative damage parameter has a certain value, the asphalt’s integrity
improves with the rising modifier content. Among them, the neat asphalt’s integrity is the
worst, and the integrity of the 12.0% SBSMA is the best. However, the damage characteristic
curves of 12.0% and 10.5% SBSMA appear staggered, suggesting that with the increase in
the damage intensity, the damage resistance of 10.5% SBSMA is higher than that of 12.0%.

Figure 9 shows different asphalts’ fatigue life at 2.5% strain. The fatigue life of SBSMA
increases exponentially with the increasing modifier content. This is because with the
increase in SBS modifier content, the distribution of the SBS phase in asphalt gradually
forms a cross-linking state, which increases the fatigue life. Specifically, for Shell 70# neat
asphalt, Nf increased by 47.3% after adding 3.0% of the star SBS modifier. For SBSMA, when
the content rises from 4.5% to 6.0%, the change rate of Nf is the largest (63.9%), followed
by the change rate from 10.5% to 12.0%, and the change rate from 6.0% to 7.5% is the
smalles (2.8%).

3.3. Viscoelastic Properties at Low Temperatures
3.3.1. Modulus and Phase Angle

Figures 10 and 11 show the variations in G* and δ, with eight kinds of asphalt frequen-
cies at −5 ◦C and −15 ◦C. The G* of eight types of asphalt increased when the frequency
was gradually augmented from 0.1 rad/s to 100 rad/s, which conformed to Generalized
Maxwell model [35]. However, the phase angle change is more complicated. At −5 ◦C, the
phase angle of SBSMA decreases with the increasing frequency when the content of SBSMA
is less than 10.5%. Although the SBSMA with contents of 10.5% and 12.0%, the phase angle
decreased and the phenomenon of “first increase and then decrease” will appear in the
change process. At −15 ◦C, the phase angle of SBSMA has no obvious pattern when the
frequency enlarges. With the rising modifier content, the G* and δ of SBSMA had little
change. The order of the G* and δ of the eight types of asphalt at −5 ◦C and −15 ◦C was
inconsistent. This may be because in the preparation of high-content SBSMA, the same
shear time as the low-content SBSMA was used, resulting in a portion of the SBS of the
high-content SBSMA being too late to swell and cross-link. Additionally, each high-content
SBSMA is too late to swell and the cross-link of the SBS is different, so the SBSMA with the
increase in the amount of low-temperature viscoelastic properties is also different.

Figure 10. Modulus and phase angle of asphalt at −5 ◦C.
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Figure 11. Modulus and phase angle of asphalt at −15 ◦C.

3.3.2. Evaluating Index

Sui et al. [36] compared the relaxation modulus G (t) master curve according to
the 4 mm DSR test with the creep stiffness modulus S (t) master curve based on BBR
tests. They showed that G (60 s) and mr (60 s) had an excellent linear correlation with
S (60 s) and mc (60 s). Therefore, G (60 s) and mr (60 s) are recommended for 4 mm DSR
as the evaluation indicator of low-temperature viscoelastic properties of asphalt. While
calculating G (60 s) and mr (60 s), the primary curve of storage modulus (G′) of asphalt
was first derived by fitting the time-temperature equivalence principle. Equation (13)
describes the transformation between the primary curves of the G′ (ω) and the G (t). Then,
Equation (14) was adopted to fit the master curve of the G (t). Finally, G (60 s) and mr (60 s)
were counted according to Equations (15) and (16), respectively.

G (t) ≈ G′ (ω)
∣∣
ω=2/πt (13)

where, G (t) is the relaxation modulus (Pa), G′ (ω) is the storage modulus (Pa), t is the test
time (s), ω is the angular frequency (rad/s).

y = ax2+bx + c (14)

where, a, b, and c are parameters for fitting.

G (60 s) = ax2+bx+ c |x=1.78 (15)

mr (60 s) = 2ax+ b |x=1.78 (16)

Using −15 ◦C as the reference temperature, the master curve of the relaxation modulus
of eight kinds of asphalt is drawn in this study (Figure 12). Next, G (60 s) and mr (60 s) were
counted (Figures 13 and 14).
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Figure 12. Main curve of relaxation modulus of asphalt at low temperatures (−15 ◦C).

Figure 13. Evaluation index G (60 s) of asphalt at low temperatures.

Figure 14. Evaluation index mr (60 s) of asphalt at low temperatures.
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Figure 12 plots that the relaxation modulus level of neat asphalt is obviously higher
than that of SBSMA, whereas the relaxation modulus of 3.0% is the largest and that of 12.0%
is the smallest. Furthermore, the SBS modifier reduced the asphalt’s relaxation modulus
level, lowering the temperature stress accumulation inside the asphalt and improving its
cracking resistance at low temperatures.

Figure 13 shows the low-temperature property evaluation index G (60 s) of asphalt. It
is shown that the G (60 s) of SBSMA decreased logarithmically with the increasing modifier
content. For Shell 70# neat asphalt, G (60 s) decreased by 39.5% after adding 3.0% content.
For SBSMA, when it rises from 9.0% to 10.5%, the change rate of G (60 s) is the largest.
In contrast, the change rate is the smallest when the content increases from 4.5% to 6.0%.
Figure 14 shows the asphalt’s low-temperature property evaluation index mr (60 s). With
the increasing SBS modifier content, mr (60 s) shows no apparent change law, which is
attributed to the different slopes of relaxation modulus curves of different types of asphalt
in 60 s. Importantly, using mr (60 s) to determine the low-temperature property of SBSMA
is still worthy of in-depth discussion and research.

3.4. Phase Structure of SBSMA

Figure 15 illustrates the microscopic phase structures of the eight kinds of asphalt
under a 100-fold fluorescence microscope.

The microscopic phase structure of SBSMA is a two-phase (SBS phase and asphalt
phase) coexistence of the co-blended structural system compared to the neat asphalt. The
phase structure varies with the SBS modifier content. When the SBS modifier content rises
from 3.0% to 12.0%, the distribution state of SBS phase in asphalt phase gradually forms a
cross-linking state; that is, the SBS modifier gradually changes from the dispersed to the
continuous phase state. This is because as the modifier increases, the number of particles of
the modifier increases, and its specific surface area increases significantly. Under the action
of surface tension, the modifier particles are more likely to agglomerate. Specifically, when
this content is 3.0% and 4.5%, the SBS modifier is in the dispersed phase state, whereas
the neat asphalt is in the continuous phase state. The 4.5% content of the SBS modifier
dispersion is more uniform than the 3.0% content of the SBS modifier. When it reaches
6.0%, the SBS modifier is also present in the dispersed phase. Moreover, a particular
network structure appears and the SBS modifier gradually changes from the dispersed to
the continuous phase state. When the SBS modifier content is 7.5% and 9.0%, the two phases
of the blend are continuous, and the modifier-formed network structure is intertwined
with each other. Compared with the 7.5% content of the SBS modifier, the mesh structure
formed by the 9.0% content is more closely intertwined. When this content reaches 10.5%
and 12.0%, the SBS modifier becomes a continuous phase state, whereas the neat asphalt
becomes a dispersed phase state, and the formed network structure exhibits a rough surface
and large interwoven “leaf”. In contrast, the 12.0% SBSMA had a rougher surface and
larger interwoven “blade” than the 10.5% SBSMA.

  
(a) (b) 

Figure 15. Cont.

13



Polymers 2022, 14, 2476

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 15. Fluorescent microscopic images of asphalt. (a) Neat asphalt, (b) 3.0% SBSMA, (c) 4.5%
SBSMA, (d) 6.0% SBSMA, (e) 7.5% SBSMA, (f) 9.0% SBSMA, (g) 10.5% SBSMA, (h) 12.0% SBSMA.

4. Conclusions

(1) With the increasing SBS modifier content (3.0–12.0%), the non-recoverable creep com-
pliance of SBSMA drops with the growing creep recovery rate. The modifier content
increases the high-temperature viscoelastic performance of SBSMA. An obvious turn-
ing point was observed in the change in non-recoverable creep compliance and creep
recovery rate, which is bounded by the 4.5% content. The changing slope of the
content less than 4.5% is much higher than that of the content greater than 4.5%.

(2) The fatigue life of SBSMA increases exponentially with the increasing modifier content.
Moreover, the growth rate of fatigue life is the largest (63.9%) when the content
increases from 4.5% to 6.0%.

(3) The 4 mm DSR test can evaluate the viscoelastic performance of SBSMA at low
temperatures. G (60 s) and mr (60 s) were selected as evaluation indicators. The
G (60 s) of SBSMA decreases logarithmically with the increasing modifier content
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(3.0–12.0%). However, mr (60 s) has no noticeable change with the rising content. The
SBS modifier cut down the low-temperature relaxation modulus of asphalt.

(4) In terms of the microscopic phase structure, the microscopic phase structure of SBSMA
is a two-phase (SBS modifier and neat asphalt) coexistence of the co-blended structural
system. With the increasing SBS modifier content, the SBS modifier gradually changes
from a dispersed to a continuous phase state. When the modifier amount is less than
6.0%, the SBS modifier is present in a dispersed phase. Similarly, when the modifier is
more than 6.0%, the SBS modifier is present in the continuous phase.

(5) The viscoelastic properties of high-content SBS modified asphalt at different temper-
ature were investigated, and the phase structure of different content SBS modified
asphalt were clarified. The chemical composition of high-content SBS modified asphalt
and its aging characteristics will be studied in the next step.
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Abstract: Asphalt binder plays an important role in the overall resistance of asphalt mixture to the
moisture damage induced by a dynamic pore water pressure environment. This study evaluates the
moisture sensitivity of asphalt binder from the perspective of rheological behaviors using the dynamic
shear rheometer (DSR) and the bending beam rheometer (BBR) methods at high, medium, and low
temperatures. The damage mechanism is further discussed quantitatively based on the Fourier
transform infrared spectroscopy (FTIR) method. The results indicate that a longer conditioning
duration is beneficial for asphalt binder to recover its adhesion at 60 ◦C in multiple stress creep
recover (MSCR) tests, but the increasing pore water pressure magnitude of 60 psi held an opposite
effect in this study. The asphalt binder’s fatigue life at 20 ◦C in linear amplitude sweep (LAS) tests
decreased obviously with conditioning duration and environmental severity, but the reducing rate
gradually slowed down, while the groups of 50 psi—4000 cycles and 60 psi—4000 cycles held a
comparable erosion effect. Both the stiffness and relaxation moduli at −12 ◦C in the BBR tests
exhibited an obvious decreasing trend with conditioning duration and environmental severity. The
erosion effect on the asphalt binder was gradually enhanced, but it also exhibited a slightly more
viscous performance. Water conditioning induced several obvious characteristic peaks in the FTIR
absorbance spectra of the asphalt binder. The functional group indexes presented a trend of non-
monotonic change with conditioning duration and environmental severity, which made the asphalt
binder show complicated rheological behaviors, such as non-monotonic variations in performance
and the abnormal improving effect induced by dynamic pore water pressure conditioning.

Keywords: asphalt binder; moisture damage; dynamic pore water pressure; rheological behaviors;
damage mechanism

1. Introduction

Asphalt binder plays a vital role in bonding aggregate particles with different sizes,
mineral powder, and additives tightly together to form an asphalt mixture, such as hot mix
asphalt (HMA). For asphalt pavement located in rainy regions, its service performance
is severely challenged by the environment of dynamic pore water pressure formed by
the interaction between moving vehicle tires, surface runoff, and asphalt pavement [1],
which causes moisture damage and affects its service life. Specifically, the comprehensive
service performance of the eroded asphalt pavement is undoubtably affected at different
temperatures [2]. Different from traditional water environments, such as freeze–thaw
and static water immersion [3], the erosion processes in a dynamic pore water pressure
environment exhibit quite a unique damage mechanism on asphalt binder. In this case, it is
meaningful to explore the performance of asphalt binder, such as rheological behaviors, in
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the erosion of a dynamic pore water pressure environment and make efforts to investigate
this relevant damage mechanism.

Multiple techniques have been adopted to explore the moisture damage of asphalt
binder. The dynamic shear rheometer (DSR) technique is a quite useful method to inspect
the properties of asphalt binder, due not only to its rich mechanical loading modes but also
to the advantage of less consumption of asphalt binder samples. Jing et al. [4] investigated
the effect of aging on the viscoelastic characteristics of asphalt binder which mainly include
rheological, fatigue, and relaxation properties. Zhang and Gao [5] predicted fatigue crack
growth in viscoelastic asphalt binder and presented a new model named DSR-C for predic-
tion. Das and Singh [6] studied the influence of nano-size hydrated lime filler on the rutting
performance of asphalt mastic. Ziade et al. [7] combined DSR and numerical techniques to
investigate rheological behavior in asphalt binder composites. It is convenient to adopt the
DSR method to evaluate the rheological behaviors of asphalt binder before and after being
conditioned in a dynamic water environment.

The bending beam rheometer (BBR) test can measure the flexural creep performance of
asphalt binder at a relative low temperature below 0 ◦C. Basically, creep stiffness S and the
flexural creep rate m-value are often used to assess the performance of asphalt binder [8–10].
However, more viscoelastic properties can be further explored, such as master curve of
modulus, creep compliance, and relaxation modulus, based on the measured raw data in a
BBR test [11]. In particular, the indicator of the ratio of creep rate m-value to creep stiffness
S was found to represent the change rate of creep compliance [12], which could be applied
to evaluate the erosion degree of the moisture damage of asphalt binder.

The Fourier transform infrared spectroscopy (FTIR) technique can detect the change
in the functional groups and chemical bonds of asphalt binder before and after a certain
environment conditioning. Ahmad et al. [13] used the FTIR method to assess the chemical
and mechanical changes in asphalt binder due to moisture conditioning and found an
increase in the hydroxyl group. Mannan et al. [14] combined the FTIR and DSR methods
to investigate the healing properties of asphalt binder after being eroded by a dynamic
water environment.

Based on the analysis discussed above, it could be found that systematic research
on moisture damage related to a dynamic pore water pressure environment on asphalt
binder’s rheological behaviors was not sufficient, especially at the various ranges of low,
medium, and high temperatures. For the FTIR technique, it is essential to quantitatively
analyze characteristic peaks with their nearby regions together, but not only to compare
the relative position of the infrared spectra qualitatively, which might be helpful to explore
the mechanism of moisture damage.

The main objective of this study is to evaluate the moisture sensitivity of asphalt binder
from the perspective of rheological behaviors and its damage mechanism. The parameters
of conditioning duration and pore water pressure magnitude were taken into account to
provide different types of dynamic water conditioning environments. The DSR method
was first applied to evaluate the high-temperature property and the medium-temperature
fatigue performance for the conditioned asphalt binder. Then, the BBR method was adopted
to explore the retained low-temperature creep properties and the change in the viscous
performance of the asphalt binder. Finally, the FTIR method was selected to quantitatively
investigate the fluctuations of the characteristic peaks in the infrared spectra.

2. Materials and Sample Preparation

In this study, a typical base asphalt binder with the performance grade (PG) of 64−16
was selected to be conditioned in a dynamic pore water pressure environment, and then
samples were prepared for the DSR, BBR, and FTIR experiments. The basic physical
properties of the asphalt binder were inspected, and the relevant results are summarized in
Table 1, which meet the requirements of the specification [15].
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Table 1. Physical properties of the base asphalt binder sample.

Items Units Requirements Results

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 80–100 85
Softening point ◦C ≥45 48.5

Ductility (5 cm/min) cm ≥45 (10 ◦C) 53
Residue after rolling
thin film oven test
(163 ◦C, 85 min)

Mass loss % ≤±0.8 −0.450
Residual penetration

ratio (25 ◦C, 100 g,
5 s)

% ≥57 65

Residual ductility
(5 cm/min) cm ≥8 (10 ◦C) 20

Performance Grade (PG) - 64–16

To thoroughly erode the samples, asphalt binder was first poured into a shallow disc
container with the thickness controlled at about 4 mm and then placed in a dynamic pore
water pressure environment for full conditioning. The conditioned asphalt binder was
then heated in a 100 ◦C oven environment to evaporate possible retained water, followed
by sample fabrications in a flow state for further residual performance inspection. For
the DSR tests, the asphalt binder was poured into the molds with diameters of 8 mm and
25 mm, and two parallel samples were applied for each DSR test. For the BBR tests, thin
beam samples were made, and their dimensions were controlled at 127 ± 2 mm in length,
12.7 ± 0.05 mm in width, and 6.35 ± 0.05 mm in thickness, while three parallel samples
were applied. Further, asphalt-binder-coated film slides were made for the FTIR inspection.

3. Test and Analysis Methods

3.1. Dynamic Pore Water Pressure Conditioning Method

The device named Moisture Induced Sensitivity Tester (MIST) was selected to provide
the water conditioning environment of dynamic pore water pressure in this study [16]. A
typical bladder located in the sealed cylinder container of the MIST device is driven to be
repeatedly inflated and restituted, as shown in Figure 1, which can provide the cyclic water
conditioning environment of dynamic pore water pressure. Three variable parameters can
be adjusted in the MIST method, which include pore water pressure magnitude, water
temperature, and conditioning duration. In this study, the water temperature was controlled
at 60 ◦C to ensure a stable and typical high-temperature water environment for all sample
conditioning tests. The variable parameter of conditioning duration was adjusted to 2000,
3000, and 4000 cycles for the water environment, with the pore water pressure magnitude
controlled at 50 psi. In the MIST test, it takes about 4 s for each conditioning cycle of the
dynamic pore water pressure environment. Further, an experimental group was set to the
60 psi pore water pressure magnitude with the conditioning duration controlled at 4000
cycles.

3.2. The DSR Method

The DSR method was applied to evaluate the rheological behaviors of asphalt binder
before and after being conditioned in a dynamic pore water pressure environment. Two
types of typical DSR tests were conducted in high and medium temperatures, which
included the multiple stress creep recover (MSCR) test and the linear amplitude sweep
(LAS) test. The DSR device used in this study and the experimental details are shown in
Figure 2.
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Figure 1. A bladder inside the sealed container of MIST.

 

 
(b) 

 
(a) (c) 

Figure 2. The DSR test: (a) The DSR device; (b) A sample with 25 mm dia.; (c) A sample with
8 mm dia.

3.2.1. MSCR Test

The MSCR tests were conducted to evaluate the change in the asphalt binder’s per-
formance at the high temperature of 60 ◦C after being conditioned in a dynamic water
environment. A MSCR test contains 20 cyclic cycles, in which the first 10 cycles apply a
creep stress of 0.1 kPa and the remaining 10 cycles load at 3.2 kPa. Each cycle includes
a loading period of 1 s followed by a recovering period of 9 s, while the entire MSCR
test lasts for 200 s [17]. A typical shear strain curve in a MSCR test is shown in Figure 3.
The indicator of unrecoverable creep compliance Jnr for each creep recovery cycle can be
calculated based on Equation (1), where γnr and γ0 are the initial strain and residual strain
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for each creep-recovery cycle and τ is shear stress. The average value of Jnr is obtained
based on 10 cycles for each shear stress level.

Jnr =
γnr − γ0

τ
(1)

Figure 3. A typical shear strain curve in a MSCR test.

3.2.2. LAS Test

The LAS tests were adopted to investigate the variation in fatigue behavior at the
medium temperature of 20 ◦C for the asphalt binder before and after being conditioned in a
dynamic water environment. The applied shear strain with a sinusoidal wave is controlled
in the LAS test, which increases linearly from 0.1% to 30% [18]. The load frequency was
set to 10 Hz. A typical curve between shear strain and stress is shown in Figure 4. A
simplified viscoelastic continuum damage (S−VECD) model was selected to obtain the
damage characteristic curve to evaluate the evolution of the fatigue damage of the asphalt
binder. Equation (2) can be applied to fit the fatigue damage characteristic curve between
the damage variable S and pseudo-modulus C, in which C0 is often set at 1 and both C1
and C2 are curve-fit coefficients.

C = C0 − C1(S)C2 (2)

Figure 4. A typical shear strain-stress curve in a LAS test.
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3.3. The BBR Method

The BBR method was applied to inspect the low-temperature rheological behaviors
of asphalt binder before and after being eroded by a dynamic pore water pressure envi-
ronment. According to the ASTM D6648 standard [19], as shown in Figure 5, a thin beam
sample of asphalt binder is placed on two supports with a constant load of 980 ± 50 mN
located at its mid-span, while the flexural deformation can be further measured. In this
study, the low temperature of the BBR tests was controlled at −12 ◦C according to the PG
64−16 of the asphalt binder.

 
Figure 5. A sample of asphalt binder in the BBR test.

In the BBR method, the basic indicators of the flexural creep stiffness S and the flexural
creep rate m-value can be calculated based on the measured creep mechanical stress and
strain data. The flexural creep stiffness S(t) is determined using Equation (3), where δ(t)
is the deformation at the mid-span of the thin beam sample, P is the constant load, and h,
L, and b are the thickness, length, and width of the thin beam sample. The flexural creep
rate m(t) is the absolute value of the slope of the flexural creep stiffness S(t) versus time
curve in the double logarithm coordinate system. In particular, creep compliance D shares
a countdown relationship with flexural creep stiffness modulus S, which can be further
applied to explore more rheological behaviors of asphalt binder via the BBR test.

S(t) =
PL3

4bh3δ(t)
(3)

As shown in Equations (4) and (5), both the Burgers model and the second-order Prony
series expression can represent the creep compliance D(t) of asphalt binder according to
the BBR test. The Burgers model takes characteristics of the Maxwell and Kelvin models
into account, while the second-order Prony series expression was constructed based on the
generalized Kelvin model. As shown in Figure 6, both the Burgers and Prony models can
well fit the creep compliance curve in the BBR test.

D(t) =
ε(t)
σo

=
1

E1
+

t
η1

+
1

E2

(
1 − e−t· E2

η2

)
(4)

D(t) = D0 + D1

[
1 − exp

(
− t

ρ1

)]
+ D2

[
1 − exp

(
− t

ρ2

)]
(5)
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Figure 6. Creep compliance curves determined using different methods in a BBR test.

In the Burgers model, E1 and E2 are the instantaneous elastic modulus of the Maxwell
model and the delayed elastic modulus of the Kelvin model, respectively, while both η1 and
η2 are viscous coefficients. These viscoelastic parameters can further calculate the indexes
of relaxation time λ and the delay time τ, which are determined using Equations (6) and (7).
Relaxation time λ shows the ability of asphalt binder to release internal stress, and delay
time τ often indicates creep and delayed elastic performance. A shorter relaxation time λ
often means a better viscous performance, while a larger τ usually indicates a much more
viscous deformation, which means a good anti-cracking ability at a low temperature.

λ =
η1

E1
(6)

τ =
η2

E2
(7)

In the second-order Prony series expression, D0 is the compliance of the individual
spring element in the Kelvin model, D1 and D2 are the compliances of the spring element in
a Kelvin element, and ρ1 and ρ2 are ratios of the viscosity coefficient of a dashpot element
to the modulus of the spring element in a Kelvin element. As creep compliance D has
a reciprocal relationship with relaxation modulus E in the Laplace domain, as shown in
Equation (8), the relaxation modulus E can be thus derived, and the detailed derivation
processes can be found in reference [20].

∫ t

0
E(t − τ)

∂D(t)
∂τ

dτ = 1 (8)

In particular, an indicator m/S can be derived to reflect the growth rate of creep
compliance D′(t), as shown in Equation (9), which combines characteristics of both the
creep stiffness S and creep rate m-value. The detailed derivation processes of the m/S
indicator can be found in the previous research [12]. Time t is often set at a representative
60th s, and a larger m(t)/S(t) often indicates a larger D′(t), which means a slower increase
in creep stiffness.

m(t)
S(t)

≈ D′(t)× t (9)
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3.4. The FTIR Method

The FTIR method can effectively inspect the change in the functional groups and
chemical bonds of asphalt binder after being eroded by external service environments such
as a dynamic pore water pressure environment. The moisture damage mechanism can be
illustrated to a certain extent based on the several appeared obvious characteristic peaks in
several ranges of wavenumbers of the obtained infrared spectrum.

Based on the measured transmissivity curves, the absorbance curves with a wavenum-
ber range from 4000 to 400 cm−1 for the different types of conditioned asphalt binder
samples can be determined. After being calibrated based on the baseline and subsequently
smoothed, the area values of these obvious characteristic peaks for the functional groups
and chemical bonds of the asphalt binder in an absorbance curve were calculated. In
particular, the area of a characteristic peak was determined according to the tangent line
connected by its lowest points on the left and right sides. In order to eliminate the influence
of possible experimental errors as much as possible, the relative area rather than the raw
area was selected for further analysis. As the characteristic peak around the 2923 cm−1

wavenumber appeared in the infrared spectra for all types of asphalt binder samples, the
area of this characteristic peak was selected as the base functional group area to determine
the relative area values of the other functional groups and chemical bonds for all types of
asphalt binder. Therefore, a characteristic functional group index Ii for asphalt binder can
be thus determined using Equation (10), in which Ai is the relative area for a characteristic
peak and ΣAi is the sum of these relative areas of all occurred characteristic peaks.

Ii =
Ai

/
∑ Ai

(10)

4. Results and Discussion

4.1. High-Temperature Rheological Behavior

The shear strain curves for the asphalt binder conditioned in different dynamic water
environments are summarized in Figure 7. It could be found that the curves for the
conditioned asphalt binder are located in relatively higher positions compared with the
control group, which indicates the decline in high-temperature performance after being
eroded by dynamic water. In the dynamic water environment of 60 ◦C−50 psi, the shear
strain curves gradually moved down with the increase in conditioning duration, which
showed a decreasing accumulated permanent deformation. Compared between the groups
of 50 psi and 60 psi, it could be found that the shear strain curve of the 50 psi group
was located in a relatively lower position, which means an increasing deformation and a
worse high-temperature creep recovery ability of the asphalt binder with the increase in
environment severity.

As a standard indicator, Jnr can well evaluate the ability to resist the high-temperature
rutting problem of asphalt binder. The variations of unrecoverable creep compliance Jnr are
summarized in Figure 8, which include Jnr0.1 and Jnr3.2 for the two shear stress levels. It
could be found that both Jnr0.1 and Jnr3.2 decreased with the conditioning duration, which
exhibited an improved effect on the high-temperature performance of the asphalt binder. A
longer conditioning duration would be beneficial for asphalt binder to recover its adhesion.
However, the increasing pore water pressure magnitude of 60 psi held an opposite effect.
Therefore, a suitable combination of pore water pressure magnitude and conditioning
duration would be helpful for asphalt binder to increase its cohesion to aggregate.
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Figure 7. Shear strain curves in MSCR tests.

Figure 8. Variation of unrecoverable creep compliance Jnr in MSCR tests.

4.2. Medium-Temperature Fatigue Behavior

After being conditioned in dynamic pore water pressure, the retained fatigue behaviors
of the asphalt binder were evaluated at the medium temperature of 20 ◦C using the LAS
method. The damage characteristic curves of these samples of asphalt binder are presented
in Figure 9. Compared with the control group, the indicator of pseudo-modulus C decreased
with the conditioning duration and environmental severity at a certain same damage
variable S, which indicated an increasing evolution of fatigue damage. To reach a certain
pseudo-modulus C, the group of 60 ◦C−60 psi−4000 cycles held the relative smallest
damage variable S, which showed the severe erosion of the dynamic water environment on
the asphalt binder.

The C-S curve can illustrate the basic characteristics of the fatigue damage evolution of
asphalt binder during a LAS load, while fatigue life Nf can be thus determined to evaluate
the fatigue performance in different levels of shear strains. Fatigue life Nf of these water-
conditioned samples are predicted and summarized in Figure 10. At the shear strains
of both 2.5% and 5.0%, the indicators of fatigue life Nf for the asphalt binder samples
conditioned in different dynamic water environments exhibited an obvious decreasing
trend with conditioning duration and environmental severity. The percent reduction of
fatigue life Nf was also determined. It was found that the rate of reduction slowed down,
especially for the groups of 50 psi−4000 cycles and 60 psi−4000 cycles, which means a
comparable erosion effect by the dynamic water environments.
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Figure 9. Damage characteristic curves of asphalt binder in LAS tests.

Figure 10. Fatigue life of asphalt binder in LAS tests.

4.3. Low-Temperature Flexural Creep Behavior

The flexural creep behavior of asphalt binder before and after being conditioned in a
dynamic pore water pressure environment was inspected using the BBR method at a low
temperature of −12 ◦C. The flexural creep stiffness modulus S and relaxation modulus E
are not the same, and the value of stiffness modulus S is usually obviously larger than relax-
ation modulus E, while their variation curves with time thus do not coincide completely in
a BBR test [20]. The variations in retained stiffness modulus S and relaxation modulus E are
shown in Figure 11. It can be clearly found that the retained modulus ratios for these two
indicators declined with the parameters of conditioning duration and pore water pressure
magnitude. Compared between the conditioning duration groups of 2000 and 3000 cycles
in the dynamic water environment of 60 ◦C−50 psi, the percent change in the stiffness
modulus and relaxation modulus were 2.09% and 2.91% in the group of 2000 cycles, re-
spectively, but this value relationship was reversed in the group of 3000 cycles, which were
6.13% and 4.26%, respectively. In this case, more rheological behaviors can be explored for
asphalt binder based on different indicators, such as relaxation modulus in this study.

26



Polymers 2022, 14, 4731

Figure 11. Variation of stiffness modulus and relaxation modulus in BBR tests.

Compared with the virgin asphalt binder, the indicator m/S @ 60th increased with
conditioning duration and pore water pressure magnitude, and their percent change ratios
also exhibited an increasing trend, as shown in Figure 12, which indicates a more severe
erosion effect in a harsh dynamic pore water pressure environment. It can be concluded
that the indicator m/S @ 60th can well evaluate the erosion degree of asphalt binder before
and after being conditioned in a dynamic water environment.

Figure 12. Percent change of m/S at 60th s in BBR tests.

The percent change in the viscoelastic indicators is shown in Figure 13. It can be
found that the relaxation time λ of the asphalt binder continually shortened after being
conditioned in the dynamic pore water pressure environment, and its increasing variation
trend is obvious with the increase in conditioning duration and environment severity. Delay
time τ slightly increased after being conditioned, but its variation trend in percent change
ratio showed a reversal phenomenon in the 60 ◦C−60 psi group. It indicated a slightly
more viscous performance for the asphalt binder after being conditioned in the dynamic
pore water pressure environment. The resistance ability to moisture damage of an asphalt
mixture, such as HMA, highly counts on the combined performance of its components,
which include asphalt binder and fine aggregate mixture (FAM). After being eroded by a
dynamic water environment, although the asphalt binder component exhibited a slightly
improved viscous performance, the FAM component was eroded greatly, which together
induced the deterioration in comprehensive performance for HMA [12]. To further explore
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the obvious change in viscoelastic behavior for asphalt binder, it is necessary to set a larger
interval for the parameter of conditioning duration in a future study.

Figure 13. Percent change of viscoelastic indexes in BBR tests.

4.4. Damage Mechanism Analysis via FTIR Spectrums

The FTIR absorbance spectra of the five types of asphalt binder samples which were
conditioned in the different water environments of dynamic pore water pressure are
summarized in Figure 14. Obvious characteristic peaks can be found in several of the same
ranges of wavenumbers, such as 3600–3200, 3100–2800, 1800–1200, and 1000–600 cm−1,
and the absorbance curves of the asphalt binder exhibited basically regular fluctuations
with the increase in conditioning duration and environmental severity [21]. For example,
the control group showed a relative higher absorbance value in the wavenumber range
of 3600–3200 cm−1 but held lower absorbance values in other wavenumber ranges. The
group of 60 ◦C−60 psi−4000 cycles basically showed the highest absorbance values within
the wavenumber range of 3000–1200 cm−1.

Figure 14. FTIR spectra of different types of asphalt binder.

The functional group index Ii was applied to quantitatively evaluate the comprehen-
sive features of the different obvious characteristic peaks, which could help to explore
the change in the detailed functional groups related to the moisture damage of asphalt
binder. Obvious characteristic peaks with their functional group indexes are summarized
in Figure 15a. It could be clearly found that the methylene group (=CH2) held the largest
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absolute values of the functional group index which were mainly due to the consideration
of the two characteristic peaks of 2923 and 2852 cm−1. For the hydroxyl group (−OH) at
3425 cm−1, great declines in the absolute values of the functional group index occurred
inside the asphalt binder after water conditioning, while unremarkable absolute values of
Ii for the other functional groups appeared as shown in Figure 15a.

(a) 

 
(b) 

Figure 15. Characteristic functional group index of different types of asphalt binder: (a) Characteristic
functional group index; (b) Percent change in characteristic functional group index.

Compared with the control group, the percent changes in the functional group indexes
of the water-conditioned asphalt binder were further calculated to quantify the detailed
changes. As shown in Figure 15b, the increase (percent change in Ii > 0) and the decrease
(percent change in Ii < 0) in the functional group index values for the different functional
groups can be clearly seen. Great changes occurred in methylbenzene (C6H6−CH3) @
1460 cm−1, methyl (−CH3) @ 1376 cm−1, and benzene’s hydrogen-carbon (=C−H− of
C6H6) @ 810 cm−1, because their percent changes in Ii were larger than 100%, and their
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growth degree basically increased with conditioning duration and environmental severity.
Similarly, the decrease in Ii indexes for the hydrogen-carbon bond (C−H) @ 735 cm−1,
double-bond carbon bond (C=C) and carbonyl groups (C=O) @ 1600 cm−1 also exhibited
this kind of trend. For the percent changes in the Ii indexes in the hydroxyl group (−OH) @
3425 cm−1 and methylene group (=CH2) @ 2923 & 2852 cm−1, their fluctuations showed
a different trend which increased first but decreased later with conditioning duration
and environmental severity. It might be one of the possible reasons why dynamic water
environment conditioning made a trend of non-monotonic change on the asphalt binder’s
rheological behaviors.

5. Conclusions

This study assessed the rheological behaviors and the damage mechanism of asphalt
binder under the erosion of a dynamic pore water pressure environment using the DSR,
BBR, and FTIR methods. Based on the analysis discussed above, the following conclusions
can be obtained:

(a) A longer conditioning duration is beneficial for the asphalt binder to recover its
adhesion at the high temperature of 60 ◦C in MSCR tests, but the increasing pore
water pressure magnitude of 60 psi held an opposite effect in this study.

(b) The fatigue life of the asphalt binder at the medium temperature of 20 ◦C in the LAS
tests decreased obviously with the conditioning duration and environmental severity
of the dynamic pore water pressure, but the reducing rate gradually slowed down,
while the groups of 50 psi−4000 cycles and 60 psi−4000 cycles held a comparable
erosion effect.

(c) The flexural stiffness modulus and relaxation modulus at the low temperature of
−12 ◦C in the BBR tests exhibited an obvious decreasing trend with conditioning
duration and environmental severity. The erosion effect on the asphalt binder was
gradually enhanced, but it also exhibited a slightly more viscous performance.

(d) Dynamic water environment conditioning induced obvious appearances of several
main characteristic peaks in the FTIR absorbance spectra of the asphalt binder. The
functional group indexes presented a trend of non-monotonic change with condition-
ing duration and environmental severity, which made the asphalt binder show compli-
cated rheological behaviors such as non-monotonic variations in performance and the
abnormal improving effect induced by dynamic pore water pressure conditioning.
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Abstract: The film thickness of asphalt mixtures is critical for determining their performance and
aging durability. However, understanding of the appropriate film thickness and its influence on
performance and aging behavior for high-content polymer-modified asphalt (HCPMA) mixtures is
still limited. This research aims to examine the relationship between film thickness, performance,
and aging behavior of HCPMA mixtures in order to establish an optimal film thickness that ensures
satisfactory performance and aging durability. HCPMA specimens with film thicknesses ranging
from 6.9 μm to 17 μm were prepared using a 7.5% SBS-content-modified bitumen. Various tests,
including Cantabro, SCB, SCB fatigue, and Hamburg wheel-tracking tests, were conducted to evaluate
raveling, cracking, fatigue, and rutting resistance before and after aging. The key findings indicate
that insufficient film thickness negatively affects aggregate bonding and performance, while excessive
thickness reduces mixture stiffness and resistance to cracking and fatigue. A parabolic relationship
between the aging index and film thickness was observed, suggesting that increasing film thickness
improves aging durability up to a point, beyond which excessive thickness adversely impacts aging
durability. The optimal film thickness for HCPMA mixtures, considering performance before and
after aging and aging durability, falls within the 12.9 to 14.9 μm range. This range ensures the best
balance between performance and aging durability, offering valuable insights for the pavement
industry in designing and utilizing HCPMA mixtures.

Keywords: film thickness; HCPMA; optimal film thickness; aging durability

1. Introduction

Open-graded friction courses (OGFCs) have been utilized since the 1950s in Europe
and the United States to enhance the frictional resistance of asphalt pavements [1–3]. Early
research on porous asphalt pavement in China began in the 1980s [4], while Japan imported
its initial porous asphalt experience from Europe in 1987. In Malaysia, early applications of
porous asphalt occurred in the 1990s on JKR roads [5]. The Chinese government has recently
promoted the ‘Sponge City’ strategy to encourage widespread adoption of OGFCs [6].
However, porous asphalt mixtures, such as OGFCs, pose challenges to the performance of
asphalt binders due to their open-graded structure, which makes them more susceptible to
environmental and traffic-related stresses. Conventional SBS-modified asphalt, containing
3% to 4.5% SBS content, performs adequately under certain conditions but may face
limitations when it comes to resisting shear stress and heavy loads in specific applications,
such as OGFCs. To address these performance demands, a novel asphalt binder known
as high-content polymer-modified asphalt (HCPMA) was introduced in the early 2000s.
HCPMA features an SBS concentration of 5% to 15%, offering improved properties over
conventional SBS-modified asphalt, particularly when applied in OGFCs. The aging issues
are especially pronounced in porous asphalt mixtures due to their open-graded structure,
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which results in the excessive oxidation of bitumen. HCPMA, with its high SBS content,
exhibits certain challenges related to aging. The susceptibility of SBS polymers to aging can
be attributed to the presence of unsaturated double-carbon bonds in its molecular structure
in SBS polymers [7]. Over time, as the SBS polymer undergoes degradation, the polymer
network within HCPMA may be compromised, resulting in a significant decline in the
material’s rheological properties.

Numerous studies have been carried out on HCPMA; however, a comprehensive
understanding of its modification mechanism and aging properties remains elusive. Several
researchers have examined the effects of incorporating a plasticizer (furfural extract oil)
and a cross-linker (sulfur) on the rheological properties of HCPMA [8–10]. Nevertheless,
the SBS content in their studies was only 6%, significantly lower than the concentration
employed in real-world applications. In another investigation, Zhang [11] delved into the
composition and aging of HCPMA asphalt, proposing that increasing the SBS polymer
content serves as one of the most effective methods for maintaining its physical properties.
Furthermore, Jing and Vaveri explored the aging properties of bitumen’s microscale aging
behavior, examining samples from both laboratory and field settings using chemical and
rheological tests [12]. Wu and Hou, on the other hand, employed Fourier transform infrared
(FTIR) spectroscopy and atomic force microscopy (AFM) techniques to analyze changes in
the morphology and chemical structure of SBS-modified binders [13,14].

Despite the durability concerns surrounding HCPMA, limited investigations have
been conducted on its aging behavior at the mixture level. Ruan et al. concluded that
oxidative aging damages the polymer network in SBS-modified bitumen, resulting in
decreased temperature susceptibility, a broader relaxation spectrum, and reduced polymer
modification effectiveness for enhancing asphalt mixture ductility [15]. Cuciniello et al.
suggested that SBS polymer degradation can counteract the stiffening of the bitumen phase
in HCPMA during oxidative aging [16]. SBS polymer degradation plays a dominant role,
particularly when the SBS content by weight of the total binder exceeds 6%, leading to
increased nonrecoverable compliance. Mackiewicz et al. discovered that asphalt mixtures
with a 7% polymer-modified binder were most resistant to permanent deformations [17].
Lin et al. noted that due to HCPMA’s complex aging behavior, an overall evaluation of
resistance to permanent deformation should be determined for asphalt mixtures after both
short- and long-term aging [7]. Yan et al. examined the impact of HCPMA aging using
the Cantabro loss test, semicircular bend (SCB) test, and Hamburg wheel-tracking (HWT)
test [18]. They observed an inconsistency between the low nonrecoverable compliance
value (Jnr3.2) of an extracted binder and the deep, rutting depth of the asphalt mixture after
2 h of aging at 210 ◦C, indicating that the Jnr3.2 from the MSCR test might overestimate
HCPMA’s rutting resistance [19].

The bitumen film thickness in asphalt mixtures significantly influences aging, per-
meability, and stability, prompting researchers to propose it as a criterion for ensuring
the durability of asphalt mixtures. Campen et al. [20], Goode et al. [21], and Kumar and
Goetz [22] studied the tensile strength and resilient modulus of asphalt mixtures with
varying effective film thicknesses and aging degrees. They also analyzed the penetration,
viscosity, complex modulus, and phase angle of recovered binders from these mixtures,
concluding that film thickness significantly affects the aging hardening of bitumen and
asphalt mixtures. Kandhal and Chakraborty [23] investigated the impact of bitumen film
thickness on the short-term and long-term aging of asphalt mixtures to establish a rela-
tionship between film thickness and aging characteristics. They determined that aging
accelerated when the bitumen thickness was less than 9 μm and proposed that a minimum
average film thickness of 8 μm is more rational than specifying a minimum void in the
mineral aggregate (VMA), as recommended by McLeod and adopted by Superpave [24,25].

Sengoz and Topal [26] all found that an optimum bitumen film thickness of about
9–10 μm is necessary to prevent accelerated aging and ensure adequate resilient modulus
and indirect tensile-strength values in hot-mix asphalt, with a minimum VMA of 15.2%
required to achieve this thickness. Dong et al. [27] observed that the asphalt film failure
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mode changes from adhesion to cohesion failure when the bitumen film thickness increases
from less than 23.61 μm to over 219 μm. Kandhal and Chakraborty [28], Sengoza and
Agarb [29], Yang and Jiang [30]. Zhang [31–33] reported that the bitumen film thickness
also has significant influence on the aging effect and fatigue performance. In summary, the
bitumen film thickness in asphalt mixtures plays a crucial role in determining pavement
durability and performance, with the optimum thickness depending on various factors,
such as binder type, asphalt mixture, aggregate gradation, and environmental conditions.

As it is challenging to measure the actual bitumen film in asphalt mixtures, the
bitumen film thickness is a conceptual average value, with different methods developed for
its calculation. Initially, calculations were based on an aggregate surface-area determination,
which assumed that the effective bitumen binder coated aggregate particles with an equal
film thickness [20]. However, this method did not consider air voids or voids of mineral
aggregate (VMA). Boris Radovskiy proposed a new definition of film thickness, as well as
analytical formulas for calculating the film thickness considering VMA [34]. Heitzman [35]
developed a method to include the particle-shape effect of the aggregate in bitumen film-
thickness calculations and conducted a sensitivity analysis of various factors for different
methods. Despite the limitations of the aggregate shape investigation, the most widely
used bitumen film-thickness calculation remains based on aggregate surface area factors,
as described in the Asphalt Institute Manual, Series No. 2 [36].

2. Objective

Previous research has demonstrated the critical role of asphalt mixture film thickness
in determining performance and aging behavior, and optimum film thicknesses have been
established for various mixtures. However, the application of HCPMA in porous asphalt is
relatively new, and the appropriate film thickness and its influence on performance and
aging behavior remain unclear. Durability is a vital factor in determining the performance
of HCPMA porous asphalt, and ensuring an adequate bitumen film thickness is essential for
acceptable durability. Current pavement specifications (EN 13108-1:2016) have minimum
bitumen content requirements to ensure durability, which may not be suitable for HCPMA
porous asphalt. This study aims to identify the optimum bitumen film thickness for
HCPMA porous asphalt, ensuring satisfactory durability based on aging characteristics.
The primary objectives of this investigation are:

(1) To evaluate the impact of bitumen film thickness on HCPMA porous asphalt mix-
ture performance by assessing its indirect tensile strength, rutting resistance, fatigue
resistance, and raveling resistance.

(2) To examine the aging behavior of an HCPMA porous asphalt mixture and establish
the correlation between bitumen film thickness and its aging durability.

(3) To recommend an optimum bitumen film thickness for an HCPMA porous asphalt
mixture that ensures satisfactory performance and aging durability, based on the
characterization of its performance and aging behavior.

3. Materials and Methods

3.1. Bitumen and Aggregate

In this study, a high-content polymer-modified asphalt (HCPMA) containing 7.5%
linear SBS polymer (30% styrene) was used as a representative sample. The HCPMA was
prepared in the laboratory based on the literature and previous research [3,7], using a
shearing machine and a blending machine through the following process: First, the SBS
polymer was added to the base bitumen at 185 ◦C and sheared at 4000 rpm for 30 min. Next,
the sheared binder was mixed using a mechanical blender at 500 rpm for an hour. Finally,
0.15 wt% sulfur was added to enhance the storage stability, and the resulting mixture
was blended for an additional 30 min. The conventional and rheological properties of the
HCPMA are presented in Table 1.
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Table 1. Conventional and rheological properties of HCPMA.

Parameters HCPMA

SBS content 7.50%
Penetration at 25 ◦C, 0.1 mm 41

Softening point, ◦C >100
Ductility at 5 ◦C, cm 44.1
135 ◦C, viscosity, Pa.s 5.72

70 ◦C complex modulus, Pa 5281
70 ◦C phase angle, ◦ 48
70 ◦C Jnr3.2, kPa−1 0.011

70 ◦C R3.2, % 98.8
Elastic recovery at 25 ◦C, % 90.3

48 h softening-point difference, ◦C 1.8

In order to evaluate the influence of bitumen film thickness on the aging characteristics
of asphalt mixture, the basalt aggregates and limestone filler were used to prepare the
mixture specimens. The aggregate properties of the basalt aggregate and limestone filler
can be seen in Table 2.

Table 2. Basic properties of aggregate and filler.

Basic Properties Basalt Aggregates/Limestone Filler

Flat and elongated particles of aggregate (%) 10.20
Fine aggregate angularity (%) 55.80

LA abrasion (%) 10.70
Fracture 1 face (%) 99.20
Fracture 2 face (%) 98.70

Water absorption of limestone filler (%) 1.21
Sand equivalent of fine aggregate (0.063–2.00 mm) (%) 72.00

3.2. Mixture Design and Preparation

The typical open-graded friction course with 13 mm nominal maximum aggregate
sizes (OGFC-13) was investigated, with three distinct gradations—fine, mid, and coarse—
being selected to represent the different particle size distributions within the HCPMA
mixtures. Additionally, three bitumen content values (4%, 5%, and 6%) were chosen for
preparing the HCPMA-mixture specimens, maintaining the air void at 20%. Detailed
gradations can be found in Table 3. In drainage-wearing courses, where HCPMA is
employed as the binder, fibers are not commonly used in porous asphalt mixtures due
to the high strength and viscosity of HCPMA. Furthermore, the primary objective of this
research is to examine the influence of film thickness on the performance of porous asphalt.
Consequently, no fibers were incorporated into the mixtures in this study.

The mixture specimens were prepared using the superpave gyratory compactor (SGC)
at 185 ◦C, following field-experience guidelines. Film thickness, a crucial factor affecting
the performance and durability of HCPMA mixtures, was calculated using the Asphalt
Institute Manual, Series No. 2 (MS-2) [36]. This method relies on the surface-area (SA)
factors for each sieve size specified in the aggregate gradation. The average film thickness
can be determined using the following equation:

TF = 1000 × Pbe
SA × Ps × Gb

(1)

where:

TF = average film thickness (μm);
Pbe = percentage (by weight) of effective asphalt binder in the mix;
SA = surface area of aggregate gradation (m2/kg);
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Ps = percentage (by weight) of aggregate;
Gb = specific gravity of asphalt binder.

Table 3. Asphalt mixture gradation and bitumen film thickness calculation.

Sieve Size SA Factors
HCPMA-6.9 μm HCPMA-10.3 μm HCPMA-12.9 μm HCPMA-14.9 μm HCPMA-17.0 μm

Fine Gradation Mid Gradation Mid Gradation Mid Gradation Coarse Gradation

(mm) (m2/kg)
%

Passing
SA

(m2/kg)
%

Passing
SA

(m2/kg)
%

Passing
SA

(m2/kg)
%

Passing
SA

(m2/kg)
%

Passing
SA

(m2/kg)

19 0.41 99.9 0.41 99.9 0.41 99.9 0.41 99.9 0.41 99.9 0.41
12.5 - 92.3 - 92.3 - 92.3 - 92.3 - 92.3 -
9.5 - 65.1 - 65.0 - 65.0 - 65.0 - 65.0 -

4.75 0.41 19.0 0.08 18.7 0.08 18.7 0.08 18.7 0.08 18.4 0.08
2.36 0.82 13.6 0.11 12.1 0.10 12.1 0.10 12.1 0.10 10.2 0.08
1.18 1.64 11.5 0.19 9.3 0.15 9.3 0.15 9.3 0.15 7.3 0.12
0.6 2.87 10.0 0.29 7.2 0.21 7.2 0.21 7.2 0.21 5.2 0.15
0.3 6.14 8.8 0.54 5.6 0.35 5.6 0.35 5.6 0.35 3.7 0.22

0.15 12.29 8.4 1.03 5.0 0.62 5.0 0.62 5.0 0.62 3.0 0.37
0.075 32.77 7.9 2.62 4.9 1.64 4.9 1.64 4.9 1.64 2.5 0.83

∑ SA (m2/kg) 5.27 3.54 3.54 3.54 2.27
Pbe (%) 3.63 3.64 4.56 5.28 3.84
FT (μm) 6.9 10.24 12.87 14.90 16.94

According to the Asphalt Institute MS-2, the surface area of the aggregates can be
calculated from gradation based on the percentage, passing a set of sieves as follows:

SA = 0.01
N

∑
i

PPi × CPi (2)

where:

N = number of sieves considered in the surface area calculation;
PPi = percentage of aggregates passing sieve i (defined for sieves of 9.5, 4.75, 2.36, 1.18, 0.60,
0.30, 0.15, and 0.075 mm);
CPi = surface area factor outlined in Asphalt Institute MS-2.

Utilizing Equations (1) and (2), the bitumen film thickness can be determined, and the
corresponding results are presented in Table 3. To categorize the HCPMA mixtures, they
were labeled based on their approximate bitumen film thickness. For instance, HCPMA-
12.9 μm refers to an asphalt mixture with an approximate film thickness of 12.9 μm.

3.3. Aging Process of Asphalt Mixture

In this study, both short-term and long-term aging procedures were conducted in
accordance with AASHTO R30. The blended loose mixture was placed on a steel pan lined
with aluminum foil to prevent the asphalt mixture from adhering to the pan. The thickness
of the asphalt mixture was maintained below 1 inch (25.4 mm) to ensure consistent and
uniform aging (Figure 1). The standard short-term aging temperature of 135 ◦C was
deemed unsuitable for this study, as it is significantly lower than the mixing and transport
temperature of HCPMA and does not accurately represent field conditions. Consequently,
short-term aging was carried out at the compaction temperature of HCPMA (163 ◦C) for
2 h to simulate the aging process during the mixing, transportation, and paving stages [19].
The mixture was stirred every 60 min to ensure uniform aging throughout the process.

Long-term aging was also performed in compliance with AASHTO R30 to emulate
the in-field aging of HCPMA. Following the short-term aging, the loose HCPMA was
compacted using a superpave gyratory compactor (SGC). Once cooled to an ambient
temperature, the compacted HCPMA specimens were placed in an oven set at 85 ◦C for
120 h to undergo long-term aging. Subsequently, the HCPMA specimens were allowed
to cool to environmental temperature for 16 h, after which the long-term aged specimens
were prepared for subsequent testing.
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Figure 1. Schematic diagram of aging pan and loose HCPMA mixture.

3.4. Test Methods
3.4.1. Cantabro Loss Test

In order to evaluate the raveling resistance of the porous asphalt mixture, the Cantabro
test was applied in this research. Following the standard of AASHTO TP 108-14, a cylindri-
cal asphalt mixture specimen with a 100 mm diameter and a 63.5 mm height was cured in a
25 ◦C bath for 20 h. Then the mixture specimen was placed into the Los Angeles abrasion
machine, and the machine was rotated for 300 revolutions at a speed of 30 rpm at 25 ◦C.
The percentage of the mass loss was calculated to represent the raveling of the asphalt
mixture. For each type of mixture, four replicates were conducted.

3.4.2. Semicircular Bending (SCB) Strength Test

The cracking resistance of HCPMA was evaluated using the semicircular bend (SCB)
strength test. In accordance with previous research and preparation methodologies [37],
cylindrical specimens measuring 135 mm in height and 150 mm in diameter were prepared
using a superpave gyratory compactor. Subsequently, each cylindrical specimen was cut
into four semicircular specimens with dimensions of 50 mm in height and 150 mm in
diameter. A notch, 15 mm in length and 1.5 mm in width, was cut at the center bottom
of each specimen to ensure the appropriate cracking mode. The mixture specimens were
preconditioned in a test chamber at 25 ◦C for a minimum of 4 h before conducting the SCB
strength test at a displacement rate of 50 mm/min and a temperature of 25 ◦C. Based on the
force-displacement curve, tensile strength (σmax) and fracture energy (Gf ) were calculated
using the following equations.

Tensile strength (σmax) represents the asphalt mixture’s strength and is calculated
using the equation:

σmax =
4.263 × Fmax

D × t
(3)

where Fmax is the maximum force in N, D is the specimen’s diameter in mm, and t is the
specimen’s thickness in mm. The constant 4.263 is derived from research by Van de Ven
et al. by using 3D finite element analysis, assuming a support span of 80% of the specimen’s
diameter [37].
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Fracture energy (Gf ) represents the amount of energy consumed to create cracks per
unit area and is calculated using the equation:

Gf =
Wf

Alig
(4)

where (Wf ) (fracture work) is the work done during the fracture process, calculated as the
area under the force-displacement curve. Alig is the ligament area, calculated as:

Alig = (W − a)× T (5)

where W is the specimen’s height in mm, a is the depth of the specimen’s notch in mm, and
T is the specimen’s thickness in mm.

3.4.3. Semicircular Bending (SCB) Fatigue Test

The fatigue resistance of HCPMA was assessed using the SCB fatigue test. As docu-
mented in the literature, the stress-controlled SCB fatigue test is a widely utilized method,
and in this study, four stress amplitudes (stress ratio (σratio) of 0.3, 0.4, 0.5, and 0.6) were
chosen and applied in the SCB fatigue tests [38–40]. In this research, the stress level is
defined as the ratio of stress amplitude to the tensile strength of the specimen [39].

Prior to the SCB fatigue test, the SCB strength test was performed on four replicate
specimens to determine their tensile strengths at 15 ◦C. Once the tensile strength values
were obtained, stress amplitudes were calculated using the selected stress ratios (0.3, 0.4,
0.5, and 0.6) and then applied to the SCB fatigue test. The frequency of the repeated
compressive load was set at 10 Hz, comprising a 0.1 s half-sine load and no rest period
under different stress levels. Four replicate SCB fatigue tests were conducted at 15 ◦C for
each HCPMA type at each stress level.

To further analyze the SCB fatigue results, a function can be utilized to describe the
relationship between the fatigue life and the stress ratio. The literature shows a linear
relationship between stress ratio and fatigue life in double logarithmic coordinates [39].
Thus, the fatigue life can be described with Equations (6) and (7). The expression be-
tween lg

(
Nf

)
and lg(σratio) is a simple linear relationship. Based on the SCB fatigue

results, the least-squares equation can be obtained, and then the parameters a and b are
determined correspondingly.

Nf = a(σratio)
b (6)

lg
(

Nf

)
= lga + b × lg(σratio) (7)

where

Nf is the fatigue life in the SCB fatigue test;
σratio is the stress ratio, which is the ratio between the loading stress in the SCB fatigue test
and the peak stress in the SCB strength test;
a is a regression parameter that describes the fatigue life of the specimen;
b is a regression parameter that describes the stress sensitivity of the specimen.

3.4.4. Hamburg Wheel-Tracking (HWT) Test

The rutting resistance of the HCPMA mixture was evaluated using the Hamburg
wheel-tracking (HWT) test. The HWT test was performed with a double wheel track (DWT)
device from the Controls Group, Milan, Italy, at 60 ◦C under moist conditions, in accordance
with AASHTO T324-11. Two cylindrical specimens, each measuring 150 mm in height and
62 mm in diameter, were loaded into the HWT device as a single test sample. The HCPMA
mixture specimens were subjected to steel wheels rolling at a speed of 52 passes/min, while
a linear variable differential transformer (LVDT) was employed to record the specimens’
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relative vertical deformation. The test concluded either when the vertical deformation
reached 20 mm or the specimen had undergone 20,000 load passes.

Following the HWT test, a rutting depth-load number curve was generated for each
test sample, with the results representing the average of two test repetitions. Rutting
resistance can be characterized by the slope of the creep stage, while stripping resistance
can be characterized by the slope of the stripping stage. It should be noted that the stripping
stage is considered only when the stripping stage slope is at least twice the creep slope. The
consistency and reliability of the two replicates were observed, and any variations between
the repetitions were reported in the manuscript.

3.4.5. Aging Index of Performance Parameters

To assess the impact of bitumen film thickness on the aging durability of HCPMA
porous asphalt mixtures, it is crucial to establish a reliable and robust metric capable of
effectively quantifying the aging process. For this purpose, a series of aging indices are
proposed, which are based on the ratio of performance evaluation parameters before and
after aging. These parameters include the Cantabro loss ratio, fracture strength, fracture
energy, fatigue parameters, and creep slope. These aging indices offer a standardized mea-
sure of the degradation extent resulting from the aging process, enabling a comprehensive
comparison of the performance of different mixtures with varying bitumen film thicknesses.
The aging index can be defined as follows:

Aging Index (AI) =
Per f ormance Parametera f teraging

Per f ormance Parameterbe f oreaging
× 100% (8)

The significance of these aging indices lies in their ability to quantify the impact of
aging on the HCPMA porous asphalt mixtures and correlate this degradation with the
bitumen film thickness. The aging indices will provide a valuable tool for pavement
engineers and researchers to assess and monitor the performance of HCPMA porous
asphalt mixtures under different aging conditions, ultimately contributing to the design
and construction of more durable and sustainable asphalt pavements.

4. Results and Discussion

4.1. Cantabro Loss Test Results

The Cantabro test is designed to evaluate the adhesive and cohesive properties of
high-content polymer-modified asphalt (HCPMA) and assess its resistance to raveling. The
results of HCPMA before and after aging can be seen in Figure 2.

In the unaged HCPMA analysis, a noticeable relationship between film thickness and
performance was observed in the Cantabro loss results. As film thickness increased from
6.89 μm to 12.9 μm, Cantabro loss declined from 18.2% to 11.0%. However, upon further
increasing the film thickness to 17.0 μm, the Cantabro loss rose to 23.3%. This suggests that
12.9 μm is the optimal film thickness for achieving the best adhesive, cohesive, and raveling-
resistance properties. When compared to the CROW guidelines (Netherlands Centre for
Research on Road Engineering) standard, which stipulates a maximum Cantabro loss of
20%, HCPMA mixture samples with film thicknesses of 14.9 μm or less met the requirement.
This acceptable performance can likely be attributed to the high styrene–butadiene–styrene
(SBS) content in HCPMA. The analysis of unaged samples indicates that insufficient film
thickness leads to ineffective aggregate bonding, while excessive film thickness results in
reduced stiffness and compromised adhesive and cohesive performance. Consequently, a
film thickness of 12.9 μm is deemed optimal.

For aged HCPMA samples, the film thickness’s impact on Cantabro loss is akin to that
of the unaged samples. The Cantabro loss decreased from 31.0% to 14.6% when the film
thickness increased from 6.89 μm to 12.9 μm. However, further increasing the film thickness
to 17.0 μm resulted in a Cantabro loss of 29.4%. Thus, the optimal film thickness of 12.9 μm
for adhesive, cohesive, and raveling-resistance properties remains consistent after aging. In
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comparison to the CROW-2015 standard, HCPMA samples with film thicknesses of 6.89 μm
and 17 μm did not satisfy the 20% Cantabro loss requirement after aging, possibly due
to HCPMA aging and the reduced effectiveness of its high-SBS content. After aging, the
influence of film thickness on adhesive performance remained in line with the observations
from unaged samples, with 12.9 μm remaining as the optimal thickness.

 
Figure 2. Influence of bitumen film thickness on the raveling resistance of HCPMA.

The aging index of Cantabro loss is defined as the ratio between the Cantabro loss
after aging and the Cantabro loss before aging. The results can be seen in Figure 3. Lower
Cantabro loss values indicate a better raveling resistance, while higher aging index values
suggest reduced aging durability. As observed in Figure 3, the aging index decreases consid-
erably as the film thickness increases, following a parabolic relationship with film thickness.

Figure 3. Influence of bitumen film thickness on the aging ratio of Cantabro loss.

In summary, increasing film thickness enhances aging durability up to a point, but
beyond that point, it offers diminishing returns. The optimal film thickness before and after
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aging for adhesive and cohesive performance is 12.9 μm. Film thickness beyond 12.9 μm
provides limited improvements in aging durability.

4.2. SCB Cracking Test

The semicircular bend (SCB) test aims to characterize the cracking resistance properties
of HCPMA and the influence of aging on its cracking resistance. The SCB cracking results
of HCPMA before and after aging can be seen in Figure 4a,b.

Figure 4. Influence of bitumen film thickness on SCB results of HCPMA: (a) fracture strength and
(b) fracture energy.

Regarding the fracture strength, for unaged samples, the strength increased from
0.51 MPa to 1.14 MPa when the film thickness increased from 6.9 μm to 14.9 μm, and
the fracture strength decreased to 0.75 MPa when the film thickness reached 17 μm. The
optimal film thickness considering the fracture strength of HCPMA before aging was
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14.9 μm. For aged samples, the fracture strength increased significantly during aging, likely
due to bitumen oxidation, which increased the stiffness of HCPMA. The fracture strength
increased from 1.18 MPa to 1.37 MPa when the film thickness increased from 6.9 μm to
12.9 μm and decreased to 1.12 MPa when the film thickness reached 17 μm. The optimal
film thickness, considering the fracture strength of HCPMA after aging, was 14.9 μm.

As for the fracture energy, before aging, the influence of film thickness on fracture
energy was not significant, with values ranging from 1.26 J/m2 to 1.75 J/m2 when the film
thickness increased from 6.9 to 17 μm. There was no clear trend between film thickness and
fracture energy. After aging, the fracture energy decreased significantly due to bitumen
oxidation and SBS polymer degradation in HCPMA, leading to a decreased ability to
absorb energy during cracking. The fracture strength after aging increased from 0.28 MPa
to 1.06 MPa when the film thickness increased from 6.9 μm to 12.9 μm and decreased to
0.52 MPa when the film thickness reached 17 μm. The optimal film thickness, considering
the fracture strength of HCPMA after aging, was 12.9 μm.

The aging indices of fracture strength and fracture energy provide a quantitative
assessment of the change in cracking resistance properties of HCPMA before and after
aging, and the results can be seen in Figure 5. By comparing these indices, we can evaluate
the impact of aging on the performance of HCPMA mixtures and the influence of film
thickness on the aging durability.

Figure 5. Influence of bitumen film thickness on the fracture strength of HCPMA.

For the fracture strength, the aging index decreased from 233% to 118% when the film
thickness increased from 6.9 μm to 14.9 μm. However, when the film thickness reached
17 μm, the aging index of fracture strength increased to 150%. This indicates that an increase
in film thickness up to 14.9 μm improves the aging durability in terms of fracture strength,
but beyond that point, the benefits are limited. On the other hand, the aging index of
fracture energy showed an inverse relationship with film thickness. The index increased
from 28% to 106% when the film thickness increased from 6.9 μm to 12.9 μm and decreased
to 52% when the film thickness was 17 μm. This suggests that the aging durability, in terms
of fracture energy, is more sensitive to changes in the film thickness and is best at 12.9 μm.

While the aging indices of fracture strength and energy show contrary responses to
the increase in film thickness, it is important to note that fracture energy is a more critical
parameter for cracking resistance. This is because cracking resistance is not determined
solely by the strength and stiffness of the mixture but also by the ductility and ability to
absorb energy during cracking. Considering both the fracture strength and fracture energy
aging indices, a film thickness of 12.9 μm provides the best balance for aging durability
and cracking resistance in HCPMA mixtures.
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In light of the SCB test results and discussions, the optimum film thickness for the
HCPMA mixture’s cracking resistance and aging durability has been identified. Consider-
ing both unaged and aged HCPMA mixtures, the performance perspective suggests that
the optimum film thickness for fracture strength and fracture energy lies within the range of
12.9 to 14.9 μm. Meanwhile, from an aging durability perspective, a 12.9 μm film thickness
is found to be ideal for maintaining the cracking resistance of the HCPMA mixture as it
demonstrates a better balance between the aging indices of fracture strength and fracture
energy, which are essential indicators of the mixture’s long-term performance.

4.3. SCB Fatigue Test Results

The SCB fatigue test is designed to characterize the fatigue performance of HCPMA,
as well as to analyze the influence of aging on its fatigue performance. This can be observed
through the SCB performance results of HCPMA before and after aging, as depicted in
Figure 6a,b.

Figure 6. Influence of bitumen film thickness on the fatigue life at different stress ratios, (a) fatigue
life before aging, (b) fatigue life after aging.

Before aging, the fatigue life of HCPMA increased with the increase in film thickness,
peaking at a film thickness of 14.9 μm. Beyond this point, the fatigue life decreased
significantly. Furthermore, it was observed that the slope of the fatigue life decreased as
the film thickness increased, indicating that the fatigue performance of asphalt mixture is
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less sensitive to the increase in the stress ratio. In contrast, after aging, the fatigue life of
HCPMA decreased significantly, likely due to the oxidation of the bitumen and degradation
of the SBS polymer, which reduces the flexibility of the HCPMA. When comparing HCPMA
with different thicknesses after aging, it was observed that HCPMA, with a thickness of
6.9 μm, had the lowest fatigue life, and as the film thickness increased, the fatigue life
also increased significantly. The fatigue life is no longer as sensitive to the increase in the
stress ratio, reaching a maximum when the film thickness is 12.9 μm or 14.9 μm, and then
decreasing when the film thickness reaches 17.0 μm.

The SCB fatigue results highlight that, when the film thickness is too thin, the HCPMA
cannot provide sufficient coating, leading to poor bonding between the aggregates and the
binder. This results in a weaker mixture that is more susceptible to cracking and fatigue
failure under repeated loading. On the other hand, when the film thickness is too high, the
excess binder can negatively impact the mechanical properties of the mixture, decreasing its
stiffness and making it more susceptible to deformation under repeated loading, ultimately
reducing its fatigue life.

Fatigue parameters are essential for quantitatively characterizing the fatigue life of
specimens, especially in the context of the SCB test results, which can be seen in Figure 7.
In this analysis, the fatigue life is calculated using Equations (6) and (7). Two regression
parameters are considered: fatigue life parameter a, which describes the fatigue life of
the specimen, and stress sensitivity parameter b, which represents the stress sensitivity of
the specimen.

Figure 7. Influence of bitumen film thickness on the fatigue parameters of HCPMA, (a) influence on
fatigue life parameter a, (b) influence on stress sensitivity b.

Before aging, as the film thickness increased, fatigue life parameter a rose from 1039
to reach its highest value of 2077 at a film thickness of 12.9 μm. However, when the film
thickness was further increased, this parameter decreased slightly to 1948 at 17 μm. After
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aging, fatigue life parameter a declined significantly, particularly for HCPMA with film
thicknesses of 6.9 μm and 10.3 μm. This behavior suggests that, after aging, the fatigue
parameter a becomes more sensitive to changes in film thickness. The high content of SBS
in HCPMA contributes to the material’s excellent performance before aging, increasing
its tolerance to variations in film thickness. However, after aging, the oxidation of the
bitumen phase and degradation of the SBS polymer rendered the HCPMA more sensitive
to film thickness.

The stress sensitivity parameter b exhibited a different trend. Before aging, this
parameter increased from −3.02 to −2.14 as the film thickness increased from 6.9 μm to
17.0 μm. This indicates that a more considerable film thickness significantly reduces the
stress sensitivity of HCPMA during fatigue loading. After aging, the stress sensitivity
parameter b decreased significantly, particularly for HCPMA with film thicknesses of
6.9 μm and 10.3 μm. Similar to the parameter a, b also declined with increased film
thickness after aging, suggesting that a greater film thickness decreases the stress sensitivity
of HCPMA even after aging.

The aging index plays a crucial role in understanding the fatigue behavior of HCPMA
specimens after undergoing the aging process. Defined as the ratio between fatigue param-
eters before and after aging, the aging index results can be observed in Figure 8.

Figure 8. Influence of bitumen film thickness on the aging indices of fatigue parameters.

Upon examining Figure 8, it is evident that the aging index for parameter a (Aging
Index-a) increased from 37.9% to 88.4% as the film thickness rose from 6.9 μm to 14.9 μm.
However, when the film thickness reaches 17 μm, aging index a increased to 57.4%. In
contrast, the aging index for parameter ‘b’ (aging index b) decreased from 132.2% to 103.3%
as the film thickness increased from 6.9 μm to 12.9 μm, before increasing again to 112%
when the film thickness reached 17 μm. This contrasting influence of film thickness on
the aging indices of parameters ‘a’ and ‘b’ is noteworthy. A lower aging index a and a
higher aging index b indicates that the HCPMA has improved fatigue resistance after aging.
Taking both aging indices into consideration, a film thickness of 12.9 μm appears to be
optimal for achieving the best aging durability.

In summary, the fatigue performance of HCPMA can be effectively quantified using
fatigue life parameter a and stress sensitivity parameter b. The behavior of both parameters
is influenced by the film thickness, with the fatigue life parameter a increasing and then
decreasing with film thickness, reaching its peak value at 12.9 μm for both before and after
aging. The stress sensitivity parameter b decreased with increasing film thickness before
and after aging, suggesting that a more significant film thickness contributes to reduced
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stress sensitivity. By considering both aging index a and aging index b, it is determined
that a film thickness of 12.9 μm is optimal for ensuring the highest aging durability.

4.4. HWT Test Results

The Hamburg wheel-tracking test (HWTT) was employed to assess the rutting and
moisture susceptibility of HCPMA both before and after aging, by replicating real-world
pavement conditions such as heavy traffic loads, repeated wheel passes, and water exposure.
The results of the HWTT for HCPMA can be found in Figures 9 and 10.

Figure 9. Influence of bitumen film thickness on the rutting resistance of HCPMA before aging.

Figure 10. Influence of bitumen film thickness on the rutting resistance of HCPMA after aging.

A typical rutting curve derived from the HWTT was divided into three distinct stages:
postcompaction, creep, and stripping phases [41–43]. The post compaction phase involves
the specimen’s consolidation as the wheel load compacts the mixture. During the creep
phase, the deformation occurs primarily due to the viscous flow of the asphalt mixtures,
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which is characterized by a constant rate of increase in rut depth per load cycle (creep
slope). The stripping phase commences when the bond between the asphalt binder and the
aggregate weakens, leading to visible damage, such as stripping or raveling, as more load
cycles are applied. The stripping inflection point (SIP) represents the number of load cycles
at which a sudden increase in rut depth is observed, primarily as a result of asphalt binder
stripping from the aggregate. The stripping stage is typically considered when the slope in
the potential stripping region is twice the creep slope.

The HWTT results of the unaged HCPMA mixture, as depicted in Figure 9, demon-
strate that the postcompaction phase occurs within the initial 2000 cycles. Subsequently, a
clear and extended creep phase was observed, lasting for 20,000 cycles, until the conclusion
of the test. A significant stripping phase is not present, as the slope does not increase
to twice the creep slope, indicating that the HCPMA binder maintains a good bonding
performance and resists the stripping of the binder from the aggregate. After 20,000 loading
cycles, the rutting depths of all HCPMA samples remain under 20 mm, without a distinct
relationship between rutting depth and film thickness. The highest rutting depth, mea-
suring 16.5 mm, was attained when the HCPMA samples exhibited a film thickness of
12.9 μm.

The creep slope, which signifies the rate at which the asphalt mixture deforms under
continuous loading, is of significant importance. The results reveal that, as film thickness
increases, the creep slope also rises correspondingly. This relationship may be due to
the vital role the aggregate skeleton plays in porous asphalt mixtures, offering effective
load distribution, particle interlock, reduced reliance on binder, and increased stiffness,
all of which contribute to enhanced rutting resistance. When film thickness increases, the
mixture’s stiffness diminishes, which subsequently leads to an increased creep slope.

The aged HCPMA Hamburg wheel-tracking test (HWTT) results, as illustrated in
Figure 10, provide insights into the performance and durability of the HCPMA porous
asphalt mixtures after aging. The postcompaction phase of HCPMA samples after aging
showed consistent loading cycles, ranging between 1 and 2000 cycles. This observation
indicates that the aging process does not significantly alter the HCPMA mixtures’ response
to the applied load cycles.

The HWTT results reveal a significantly steeper creep slope for the HCPMA samples
after aging. With varying film thicknesses (6.9 μm, 10.3 μm, and 17 μm), the HCPMA
mixtures reached a rutting depth of 20 mm after completing 9880, 14,280, and 14,320 load
cycles, respectively. The steeper creep slope suggests a more rapid deformation of the
asphalt mixture under sustained loading after aging, highlighting the impact of the aging
process on the material’s performance. Furthermore, no significant stripping phase was
observed after aging. This observation implies that the HCPMA binder maintains its
excellent bonding properties, resisting the stripping of the binder from the aggregate even
after the aging process. The absence of a stripping phase demonstrates the durability of the
HCPMA binder in preserving adhesion to the aggregate throughout the aging process.

The analysis of the creep slope reveals a complex relationship between film thickness,
performance, and aging durability. As the film thickness increased, the creep slope de-
creased considerably until a film thickness of 14.9 μm was reached. Beyond this point, the
film thickness increased significantly when the thickness changed from 14.9 μm to 17 μm.
When the film thickness is too low, the aging durability of the HCPMA cannot be guaran-
teed, resulting in a large creep slope after aging. Conversely, when the film thickness is too
high (greater than 14.9 μm), the excess bitumen reduces the mixture’s stiffness, leading to a
decrease in rutting resistance. These findings suggest that an optimal film thickness range
between 12.9 and 14.9 μm allows the HCPMA to strike a balance between performance and
aging durability, ensuring a reasonable creep slope, both before and after aging.

To quantitatively analyze the rutting curve, the data after 2000 cycles was fitted into
a linear function, and the creep slope was obtained. This analysis provides a deeper
understanding of the HCPMA’s performance in terms of rutting resistance, and the results
can be seen in Figure 11.
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Figure 11. Influence of bitumen film thickness on the creep slopes before and after aging.

Before aging, the creep slope remained at a very low level, indicating that the HCPMA
demonstrates excellent rutting resistance. Additionally, the creep slope showed a slight
increase with the rise in film thickness. After aging, the creep slope exhibited a significant
increase, highlighting the effect of aging on the rutting resistance. The creep slope decreased
from 1.52 to 0.42 (0.001 mm/cycle) when the film thickness grew from 7.9 to 14.9 μm.
Conversely, the creep slope ascended from 0.42 to 0.92 (0.001 mm/cycle) when the film
thickness expanded from 14.9 μm to 17 μm. A parabolic relationship was observed between
the creep slope and film thickness, with the parameters of the fitting curve shown in
Figure 11.

It is essential to note that the creep slope is not sensitive to changes in the film thickness
before aging. However, after aging, the creep slope exhibited a parabolic relationship
with film thickness, reaching its lowest point when the film thickness was approximately
14.9 μm. Taking into account the rutting resistance before and after aging, the optimal film
thickness was determined to be 14.9 μm. This analysis provides valuable insights into the
material’s performance and can inform future research and development efforts in the field
of asphalt mixtures.

Figure 12 displays the relationship between film thickness and creep slopes before and
after aging, as well as the aging index for each respective film thickness. By examining
Figure 12, it becomes apparent that the aging index of the creep slope, which is calculated
as the ratio of creep slopes after aging to before aging, displays a nonlinear relationship
with the film thickness.

To further explore this relationship, we first calculated the fitting function to model the
parabolic relationship between the aging index and film thickness. The fitted function can be
seen in Figure 12. The parabolic relationship between the aging index and the film thickness
implies that there is a range of film thickness values that deliver good performances in
terms of rutting resistance and aging durability. However, the performance deteriorates
significantly for film thickness values outside of this range. As demonstrated in Figure 12,
the optimal film thickness for HCPMA mixtures is approximately 14.9 μm.

In conclusion, our detailed analysis of the table and the derived fitting function
indicates that the optimal film thickness for HCPMA mixtures is approximately 14.9 μm.
This value provides a balance between rutting resistance and aging durability, ensuring
satisfactory performance throughout the pavement’s service life. It is essential to maintain
the film thickness within the optimal range to minimize the impact of the aging process on
the performance of the asphalt mixture.
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Figure 12. Influence of bitumen film thickness on Agin Index of creep slope.

5. Conclusions and Recommendation

This study aimed to explore the relationship between film thickness and performance
variations before and after aging and determine the optimal bitumen film thickness for high-
content polymer-modified asphalt (HCPMA) mixtures to ensure satisfactory performance
and aging durability by evaluating various properties. A range of experiments, including
the Cantabro test, SCB test, SCB fatigue test, and Hamburg wheel-tracking test, were
conducted, and the conclusions are as follows:

(1) Considering all of the tests, an insufficient film thickness was found to impair the
bonding between aggregates and negatively affect performance, while an excessive
film thickness reduced mixture stiffness, cracking resistance and fatigue performance.
The optimal film thickness ranges between 12.9 μm and 14.9 μm for various properties,
such as adhesive and cohesive performance, raveling resistance, fracture strength,
and fatigue performance before and after aging.

(2) The experimental results obtained from the Cantabro test, SCB test, SCB fatigue
test, and HWTT revealed a parabolic relationship between the aging index and film
thickness, indicating that the increase in film thickness improved the aging durability,
but a too-thick film thickness still harmed to the aging durability.

(3) The optimal film thickness, considering performance before and after aging and
aging durability, is summarized in Table 4. Based on the results of all of the tests,
the optimum film thickness for high-content polymer-modified asphalt (HCPMA)
mixtures is within the range of 12.9 to 14.9 μm. This range ensures the best balance
between performance before and after aging and aging durability.

Table 4. Optimal Film Thickness for Performance and Aging Durability in Various Test Methods.

Test Method
Optimal Film Thickness

Performance before Aging Performance after Aging Aging Durability

Cantabro test 12.9 μm 12.9 μm 14.9 μm
SCB cracking test 14.9 μm 12.9 μm 12.9 μm
SCB fatigue test 14.9 μm 12.9 μm 12.9 μm

HWTT test - 14.9 μm 14.9 μm

Future research endeavors should address the limitations of this study so as to obtain
a more comprehensive understanding of HCPMA porous asphalt mixtures. This would
involve extending the investigation to encompass a wider variety of HCPMA materials,
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which would enhance the generalizability of the findings. Additionally, it would be benefi-
cial to consider the impact of fiber reinforcement on the performance and aging behavior
of the mixtures. Furthermore, a more in-depth analysis of failure modes during SCB tests
could be conducted by using advanced imaging techniques, enabling the differentiation
between adhesive and cohesive failures. By addressing these limitations and incorporat-
ing these future research directions, it will be possible to optimize the mixture designs,
ultimately improving the performance and durability of HCPMA porous asphalt mixtures.
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Abstract: Epoxy resin adhesive for pavement is often insufficient in flexibility and toughness. There-
fore, a new type of toughening agent was prepared to overcome this shortcoming. To achieve the
best toughening effect of a self-made toughening agent on an epoxy resin adhesive, its ratio to the
epoxy resin needs to be optimally selected. A curing agent, a toughening agent, and an accelerator
dosage were chosen as independent variables. The epoxy resin’s adhesive tensile strength, elonga-
tion at break, flexural strength, and flexural deflection were used as response values to establish a
single-objective prediction model of epoxy resin mechanical property indexes. Response surface
methodology (RSM) was used to determine the single-objective optimal ratio and analyze the effect
of factor interaction on epoxy resin adhesive’s performance indexes. Based on principal component
analysis (PCA), multi-objective optimization was performed using gray relational analysis (GRA) to
construct a second-order regression prediction model between the ratio and gray relational grade
(GRG) to determine the optimal ratio and to validate it. The results showed that the multi-objective
optimization using response surface methodology and gray relational analysis (RSM-GRA) was more
effective than the single-objective optimization model. The optimal ratio of epoxy resin adhesive
was 100 parts of epoxy resin, 160.7 parts curing agent, 16.1 parts toughening agent, and 3.0 parts
accelerator. The measured tensile strength was 10.75 MPa, elongation at break was 23.54%, the
bending strength was 6.16 MPa, and the bending deflection was 7.15 mm. RSM-GRA has excellent
accuracy for epoxy resin adhesive ratio optimization and can provide a reference for the epoxy resin
system ratio optimization design of complex components.

Keywords: asphalt pavement; pavement materials; epoxy resin; toughening agent; mechanical
properties; response surface method; gray relational analysis

1. Introduction

The steel bridge deck pavement system is an important part of the steel box girder
bridge, whose waterproof adhesive layer is critical. Its failure is one of the main factors
causing the problem of steel deck pavement [1]. The failure of the waterproof adhesive
layer leads to the separation or slippage between the pavement layer and the bridge deck.
This allows the steel structure of the steel box girder bridge to be eroded by water, thus
causing serious damage to the main structure of the bridge. Using materials with excellent
mechanical properties, stability, and deformability in relation to the waterproof bonding
layer is a critical measure to avoid adhesive failure and to prolong the life of the steel
bridge deck pavement system [2]. At present, two kinds of waterproof adhesives for steel
bridge deck pavement are commonly used, namely, epoxy resin adhesive and methacrylate
adhesive [3,4]. Epoxy resin adhesive has excellent mechanical properties, high bonding
strength, good impermeability, strong corrosion resistance, and other advantages [5,6], and
it has been extensively studied.

Zeng et al. [7] studied the components of epoxy resin binder by single factor control
variable method. With the increase in the amount of toughening agent, the elongation at
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break increased, but the tensile strength and elastic modulus decreased. Chen et al. [8]
studied the effects of different raw-material compositions on the performance of epoxy
resins for road surfaces. They determined reasonable material compositions, as well as
ratios, and found that the epoxy resin raw-material composition had a significant impact
on the performance of epoxy resin, and its bonding performance index was proportional
to the mechanical performance index. Xi et al. [9] studied three types of epoxy resins for
waterproof binding and found that the tensile strength and elongation at break data for
all three were quite different. Liu et al. [10] studied the basic properties of epoxy resin
adhesive for steel bridge deck pavement under different environmental conditions. The
tensile strength of the self-made epoxy resin adhesive was 3.7 MPa, the elongation at break
could reach 180%, and it had good high- and low-temperature performance, bonding
performance, and water permeability resistance. Zhou et al. [11] summarized the results
of relevant research on epoxy resin adhesives. They found that the elongation at break of
epoxy resin adhesives with high tensile strength is low, and their strength and deformability
are often negatively correlated. How to balance the interaction of each component and how
to achieve the balance of strength and deformability, two important mechanical indexes,
as well as how to prepare epoxy resin with high strength, strong deformability, and good
toughness as a waterproof binder, have become the foci of this research.

Response surface methodology (RSM) is an optimization method, integrating exper-
imental design and mathematical modeling proposed by mathematicians Box and Wil-
son [12], which can be used to solve multifactor and multilevel continuous response prob-
lems. Compared with orthogonal experimental and uniform designs, it has the advantage
of high accuracy and can also analyze the interaction between influencing factors [13–15].
Epoxy resin binder has several performance indicators with different dimensions to be
evaluated that are difficult to balance, which leads to the challenge of determining their
optimal ratio. Gray relational analysis (GRA) is introduced to solve multi-objective re-
sponse problems; it is suitable for solving those involving complex relationships among
multiple objectives and factors and can optimize multi-objective responses. Compared
with most scholars’ single-factor control variable method [16,17], the RSM–GRA method
has the advantages of analyzing the interactions of multiple factors and obtaining the best
material parameters quickly and accurately [18].

In this study, the dosage of the curing agent, self-made toughening agent, and accel-
erator were taken as independent variables, and the tensile strength, elongation at break,
bending strength, and bending deflection of epoxy resin adhesive were taken as response
values. The response surface optimization test was designed by the response surface
methodology Box–Behnken design (RSM-BBD) method. RSM was used to establish the
single-objective prediction model of each response. The influence of factor interactions on
the response values was analyzed, and the single objective optimal ratio was determined.
On this basis, the gray relational analysis (GRA) method was introduced to solve the
problem of multi-objective response optimization, and the gray relational degree (gray
relational grade (GRG)) prediction model was established to optimize the above indica-
tors to obtain the optimal proportion scheme of epoxy resin binder with comprehensive
properties. Our results provide a reference for the design of an epoxy resin system with
complex components and may guide the further development and engineering application
of self-made acrylate copolymer toughening agents.

2. Materials and Methods

2.1. Raw Materials

The epoxy resin used in the study was E-51 bisphenol A epoxy resin, whose epoxy
equivalent is 184~195 g/eq, and its viscosity is 10,000~16,000 mPa·s (25 ◦C), and this was
produced by Baling Petrochemical Company, Sinopec., Yueyang, China. The curing agent
was tung oil anhydride (TOA) with a viscosity of 5000~15,000 mPa·s (25 ◦C), and the anhy-
dride equivalent is 120, and it was produced by Shandong Jiaying Chemical Technology
Co., Ltd., Qingdao, China. The accelerator was 2,4,6-tris (dimethylaminomethyl) phenol
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(DMP-30) with an amine value of 600~630 mg/g and viscosity of 100~300 mPa·s (25 ◦C),
which was produced by Changzhou Shanfeng Chemical Co., Ltd., Changzhou, China.

2.2. Synthetic Toughening Agent

The synthesis reaction was carried out in two steps. Step 1: polyether glycol (PTMG)
was dehydrated and vacuumed at 110 ◦C for 2 h. Then, when the temperature was reduced
to 60 ◦C, a certain amount of toluene diisocyanate (TDI) was added, and the molar ratio
of TDI to PTMG was 2:1. The reaction was carried out at 80 ◦C for 2 h to obtain the
NCO-terminated polyurethane prepolymer. Step 2: after the prepolymer was prepared,
1,4-butanediol diglycidyl ether (BDDGE) and a small amount of 2-ethyl-4-methylimidazole
(EMI) were added successively, and the reaction temperature was kept at about 160 ◦C.
Samples were taken every 1 h for infrared testing, and the reaction was continued until the
NCO infrared absorption peak disappeared. The epoxy value of the final product was 0.23,
and it was marked as the self-made epoxy resin toughening agent for pavements (SM-EPT).

2.3. Sample Preparation

The epoxy resin and the toughening agent were preheated in a vacuum drying oven
(DZF-1, Beijing Yongguangming Medical Instrument Co., Ltd. Beijing, China) at 80 ◦C and
dried in a vacuum for 30 min, then mixed, and stirred at 80 ◦C for 5 min at 1000 R/min
to obtain component A. The curing agent and the accelerator were mixed and stirred for
5 min at 80 ◦C and 1000 R/min to obtain component B. The components A and B were
mixed and stirred for 10 min at 60 ◦C and 500 R/min to obtain the epoxy resin binder.
Then, the binder was placed in a vacuum drying oven, defoamed at 60 ◦C for 20 min, and
poured into a PTFE mold. The geometric size of the specimen is shown in Figure 1. It was
cured at 100 ◦C/12 h + 120 ◦C/12 h in a constant-temperature drying oven (101-0ES, Beijing
Yongguangming Medical Instrument Co., Ltd. Beijing, China) and then naturally cooled
to room temperature for demolding and performance testing. The prepared specimen is
shown in Figure 2.

Figure 1. The geometric size of the specimen: (a) tensile test specimen, (b) bending test specimen.

 

Figure 2. The prepared specimen: (a) tensile test specimen, (b) bending test specimen.
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2.4. Test Method

The mechanical properties of the specimens were tested according to the test method
for properties of resin castings (GB/T 2567-2021). An electronic universal testing machine
(DDL100, Changchun Research Institute of Mechanical Sciences Co., Ltd., Changchun,
China) was used to continuously record the tensile and bending loads. Extensometer (YYU-
25/50, Steel Yanke Testing Technology Co., Ltd., Beijing, China) was used to measure the
elongation within the gauge length of the tensile test piece. The deflection at the mid-span
of the bending specimen was measured by a displacement meter (JC-LVDT type, Liyang
Jincheng Testing Instrument Factory, Liyang, China). The loading speed and the bending
tests were 10 mm/min. Five samples were tested in each group to obtain the average value.

2.5. Response Surface Experimental Design

Consulting with the relevant research results [19–21], the dosage range of the curing
agent was 150~170%, the dosage range of toughening agent was 10~20%, and the dosage
of the accelerator was 2~4%. Following the RSM-BBD method, the amount of curing
agent, toughening agent, and accelerator (calculated by the mass percentage of epoxy resin,
represented by A, B, and C, respectively) were taken as the independent variables, and the
tensile strength (σt), elongation at break (εt), bending strength (σf ), and bending deflection
(S) of epoxy resin adhesive were taken as the response values. A three-factor, three-level
response surface test was designed. The factor code and level design are shown in Table 1.
The data were analyzed by Design-Expert8.0 statistical software, and the response surface
design and test results are shown in Table 2.

Table 1. Test factors and levels.

Level
A B C

Curing Agent/% Toughening Agent/% Accelerator/%

−1 150 10 2
0 160 15 3
1 170 20 4

Table 2. Response surface test design and test results.

NO.

Level Test Results

A B C Tensile
Strength/MPa

Elongation
at Break/%

Flexural
Strength/MPa

Flexural
Deflection/mm

1 1 1 0 7.70 22.58 5.03 6.30
2 −1 1 0 6.16 21.35 3.57 6.60
3 0 −1 1 7.77 20.34 4.93 5.28
4 0 0 0 10.70 21.68 6.26 5.86
5 −1 0 −1 6.27 14.70 2.70 4.50
6 −1 0 1 7.96 16.99 4.65 4.70
7 0 −1 −1 8.47 13.79 3.85 3.62
8 0 0 0 10.22 21.66 6.20 5.93
9 1 −1 0 8.40 14.16 4.67 3.94
10 0 0 0 10.40 23.17 5.96 6.32
11 0 0 0 10.39 22.42 6.09 5.80
12 1 0 −1 9.42 12.82 5.14 3.50
13 0 0 0 10.50 22.13 5.95 5.55
14 −1 −1 0 6.47 19.26 3.70 5.20
15 0 1 −1 7.18 22.97 3.75 7.00
16 1 0 1 7.34 13.64 4.08 4.20
17 0 1 1 6.82 23.23 4.21 6.22
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3. Results and Discussion

3.1. Construction of the Single-Objective Optimization Model
3.1.1. Model Construction and Model Verification

Multivariate quadratic regression fitting was carried out on the test data to obtain the
regression models of σt, εt, σf , and S, as shown in Equations (1)–(4).

σt = −468.105 + 5.302 × A + 2.248 × B + 21.595 × C − 0.002 × A × B − 0.094 × A
× C + 0.170 × B × C − 0.015 × A2 − 0.069 × B2 − 1.159 × C2 (1)

εt = −1024.470 + 12.993 × A − 5.158 × B + 32.626 × C + 0.032 × A × B − 0.037 × A
× C − 0.315 × B × C − 0.042 × A2 − 0.053 × B2 − 3.465 × C2 (2)

σf = −294.172 + 3.270 × A + 0.770 × B + 18.830 × C − 0.003 × A × B − 0.075 × A
× C − 0.031 × B × C − 0.0095 × A2 − 0.036 × B2 − 1.004 × C2 (3)

S = −198.850 + 2.251 × A − 0.075 × B + 4.994 × C + 0.005 × A × B + 0.013 × A
× C − 0.122 × B × C − 0.084 × A2 + 0.0018 × B2 − 0.824 × C2 (4)

where σt is tensile strength in MPa; εt is elongation at break in %; σf is bending strength in
MPa; S is bending deflection in mm; A is the amount of curing agent,%; B is the amount of
toughening agent in %; and C is the dosage of accelerator in %;

To explore the significance of the influence between the factors (independent variables)
of the response surface regression model and the response values, the regression model was
subjected to analysis of variance, as shown in Table 3. The model was evaluated using the
F test. The larger the F value is, the smaller the p value is, which means that the probability
of the invalid hypothesis of the model is also smaller, and the model is more significant [22].
The F values of the regression models σt, εt, σf , and S were 66.50, 49.57, 46.32, and 40.49,
respectively, and the corresponding p values were less than 0.0001, indicating that the
statistical significance of the four models was very high. The p values, corresponding to the
F values of the four regression models, were greater than 0.05, indicating that the lack of fit
caused by error was not significant. The four models could well describe the relationship
between response and factors.

Table 3. Results of ANOVA of response surface model.

Model σt Model εt Model σf Model S

F p F p F p F p

Model 66.50 <0.0001 49.57 <0.0001 46.32 <0.0001 40.49 <0.0001
A 65.71 <0.0001 19.06 0.0033 52.65 0.0002 23.36 0.0019
B 19.28 0.0032 117.34 <0.0001 0.99 0.3526 162.85 <0.0001
C 3.84 0.0909 22.65 0.0021 16.81 0.0046 7.90 0.0261

AB 0.56 0.4804 18.44 0.0036 1.37 0.2805 4.60 0.0692
AC 51.89 0.0002 0.99 0.3518 51.59 0.0002 1.25 0.3009
BC 0.42 0.5367 18.21 0.0037 2.19 0.1825 29.70 0.0010
A2 145.06 <0.0001 137.38 <0.0001 85.83 <0.0001 59.78 0.0001
B2 182.64 <0.0001 13.82 0.0075 78.29 <0.0001 17.90 0.0039
C2 82.52 <0.0001 93.06 <0.0001 96.58 <0.0001 56.98 0.0001

Lack of Fit 3.83 0.1135 1.93 0.2670 3.95 0.1086 0.47 0.9113

Table 3 shows the relationship between three independent variables (factors) and
materials’ response values. It can be seen that the order of influence of the three factors
A (curing agent dosage), B (toughening agent dosage), and C (accelerator dosage) on the
tensile strength model was A > B > C, the order of influence of the three factors on the
bending strength model was A > C > B, and factor A was the most significant in both
models. The results show that the amount of curing agent was the main factor affecting
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the strength of epoxy resin adhesive. A, B, and C influenced the elongation at break model
in the order of B > C > A and influenced the bending deflection model in the order of
B > A > C. Factor B was the most significant factor in both models, which indicates that
the content of toughening agent was the main factor affecting the deformation ability of
epoxy resin adhesive. In the two models of tensile strength and flexural strength, AC was
significant (p < 0.05), while AB and BC were not (p > 0.05), indicating that the interaction of
curing agent dosage A and accelerator dosage C had significant effects on tensile strength
and flexural strength. The order of factor interaction significance in the elongation at break
model was AB > BC > AC, and the order of factor interaction significance in the bending
deflection model was BC > AB > AC.

Table 4 shows the statistical analysis of the fitting accuracy of the four regression
models σt, εt, σf , and S. The R2 of the four models is close to 1, indicating that the
correlation between the predicted value and the actual value of the four regression models
was good. The difference between the calibration coefficient of determination (R2

Adj) and
the prediction coefficient of determination (R2

Pred) of the four models was less than 0.2,
and the coefficient of variation (CV) for all of them was less than 10%. The signal-to-noise
ratio was far greater than 4, which further shows that the fitting error of the four regression
models σt, εt, σf , and S was small, and the model fitting effect was good [23,24]. Figure 3
shows the comparison results of actual values and predicted values of models σt, εt, σf ,
and S. The predicted values of the four regression models are close to the actual values,
and the average deviations between the actual values and the predicted values are 1.68%,
2.23%, 2.57%, and 1.60%, respectively, indicating that the reliability of the model fitting is
high. The above analysis shows that the four regression models can accurately describe
the functional relationship between the response values and the factors and analyze and
predict the test results.

Figure 3. Comparison of actual and prediction values: (a) model σt, (b) model εt, (c) model σf , and
(d) model S.
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Table 4. Fit statistics for response surfaces of the model.

Model R2 R2
Adj R2

Pred CV/% Adeq. Precision

σt 0.9884 0.9736 0.8581 3.13 21.516
εt 0.9846 0.9647 0.8441 3.83 18.947
σf 0.9835 0.9623 0.7959 4.41 22.049
S 0.9812 0.9569 0.9398 4.20 19.992

3.1.2. Analysis of Three-Dimensional Response Surface Interaction Effect

According to the test results and the variance analysis results in Table 3, the tensile
strength σt, elongation at break εt, bending strength σf , and bending deflection S of the
epoxy resin adhesive were all affected by the interaction between the factors.

In the regression model of tensile strength σt, the F value of the interaction term AC
was the largest, and the p value was the smallest, which indicates that the interaction of
curing agent dosage A and accelerator dosage C had the most significant effect on the
tensile strength of epoxy resin adhesive. Figure 4 is a three-dimensional response surface
showing the effect of the interaction between the curing agent dosage A and the accelerator
dosage C on the tensile strength (σt), with the toughening agent dosage B of 15%. When the
amount of accelerator was constant, the tensile strength increased first and then decreased
with the increase in the amount of curing agent. The main reason is that when the amount
of curing agent is too small, the proportion of epoxy is too high, and a large number of
ether bonds are formed in the reaction process, resulting in many irreversible cross-linking
points. Thus, the transesterification reaction does not occur easily in the curing system.
When the cross-linking density and uniformity of the curing system were reduced, strength
decreased [25,26]. When the amount of curing agent was constant, the tensile strength
of epoxy resin binder increased first and then decreased with the increase in the amount
of accelerator, which is consistent with the research results of Liang Ming et al. [19]. The
reason is that a proper amount of DMP-30 accelerator can catalyze the anhydride group,
promote the curing and cross-linking of epoxy resin, and relatively improve its mechanical
properties. However, the excessive amount of accelerator will make the curing system
release too much heat in unit time, resulting in phase separation of the curing system,
reducing the cross-linking density, and, thus, reducing the mechanical properties of the
resin [27–29]. In summary, simultaneously increasing the amount of curing agent and
accelerator within a certain range can effectively improve the tensile strength of epoxy
resin binder.

Figure 4. Response surface of the tensile strength model (σt) under the interaction of factors A and C.

Figure 5a is a three-dimensional response surface, showing the effect of the interaction
between the curing agent dosage A and the toughening agent dosage B on the elongation
at break (εt), with the accelerator dosage C of 3%. Figure 5b is a three-dimensional response
surface of the effect of the interaction between the toughening agent content B and the
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accelerator content C on the elongation at break (εt), with a curing agent content of 160%.
When the dosage of toughening agent B was constant, the elongation at break increased
first and then decreased with the increase in the dosage of curing agent A or the dosage
of accelerator C. When the dosage of curing agent A or accelerator C was constant, the
elongation at break increased with the increase in the dosage of the toughening agent. The
variance analysis of the model εt results from Table 3 obtained the p values of 0.0036 and
0.0037 for AB and BC, respectively, indicating that the interaction of toughening agent B
and curing agent A, as well as the interaction between toughening agent B and accelerator
C, had significant effects on the elongation at break. The interaction between toughening
agent dosage B and curing agent dosage A had the most significant effect on the elongation
at break. A and B, as well as B and C interactions, had significant effects on elongation at
break, which may be due to the decrease in cross-link density of the curing system when
the toughening agent is used, but the increase in cross-link density can be caused by the
addition of proper amounts of curing agent and accelerator. The interactions between the
amount of toughening agent and the amount of curing agent, and between the amount of
toughening agent and the accelerator, significantly affected the elongation at break [30,31].
Thus, in summary, to improve the elongation at break of epoxy resin adhesive, it is necessary
to comprehensively consider the effects of the interaction of the amounts of toughening
agent and curing agent, as well as the quantities of toughening agent and accelerator on
the elongation at break of epoxy resin adhesive in the process of ratio optimization.

Figure 5. Response surface of elongation at break (εt) under the (a) interaction of factors A and B, as
well as the (b) interaction of factors A and C.

Figure 6 is a three-dimensional response surface with the effect of the interaction
of the curing agent dosage A and the accelerator dosage C on the flexural strength (σf ),
with the toughening agent dosage B of 15%. It can be seen from Figure 6 that, with the
increase in the amount of curing agent or accelerator, the bending strength of the epoxy
resin binder increased first and then decreased. According to the variance analysis results
of the σf model in Table 3, the AC term was significant (p = 0.0002 < 0.05), and the response
surface was steep when the curing agent dosage A and the accelerator dosage C changed
at the same time, indicating that the interaction of the curing agent dosage A and the
accelerator dosage C had a significant effect on the bending strength. The reason is that
the tertiary amine produced by the decomposition of the DMP-30 accelerator can react
with the anhydride group in the anhydride curing agent to produce carboxylate anion,
which can catalyze the anhydride curing agent and make the system more easily cross-
linked and cured. However, the excessive accelerator will quickly cross-link and cure the
system, resulting in the unreacted chain segment that cannot continue participating in the
reaction. Macroscopically, the interaction between the amount of DMP-30 accelerator and
the amount of anhydride curing agent affects the mechanical properties of epoxy resin
adhesive [19,27,28].

60



Polymers 2023, 15, 1946

Figure 6. Response surface of bending strength (σf ) under the interaction of factors A and factor C.

Figure 7 is a three-dimensional response surface with the effect of the interaction of
the toughening agent dosage B and the accelerator dosage C on the bending deflection (S)
of the epoxy resin adhesive with the curing agent dosage A of 160%. With the increase in
the content of toughening agent, the range of change in bending deflection was greater
when the content of accelerator was 2% than when it was 4%, indicating that the sensitivity
of bending deflection of epoxy resin adhesive to the amount of toughening agent decreased
with the increase in the amount of accelerator. According to the variance analysis results of
the bending deflection S model in Table 3, the BC term was significant (p = 0.001 < 0.05),
indicating that the interaction of the toughening agent B and the accelerator C had a
significant effect on the bending deflection.

Figure 7. Response surface of bending deflection (S) under the interaction of factor B and factor C.

3.1.3. Single-Objective Optimization Results

The single-objective response was optimized by Design-Expert 8.0 software. The
maximum tensile strength of epoxy resin adhesive was 10.61 MPa, the corresponding
amount of curing agent was 163.1%, the amount of toughening agent was 14.3%, and the
amount of accelerator was 2.8%. The maximum elongation at break of the epoxy resin
adhesive was 24.60%, and the corresponding amounts of curing agent, toughening agent,
and accelerator were 156.9%, 18.8%, and 3.1%, respectively. The maximum bending strength
of the epoxy resin adhesive was 6.17 MPa, and the amounts of curing agent, toughening
agent, and accelerator were 162.5%, 14.9%, and 3.1%, respectively. The maximum bending
deflection of epoxy resin adhesive was 7.42 mm, the corresponding amount of curing agent
was 159.0%, the amount of toughening agent was 20.0%, and the amount of accelerator
was 2.8%.
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3.2. Construction of Multi-Objective Optimization Model
3.2.1. Calculation Process of Gray Correlation Degree

Gray relational analysis (GRA) can convert multiple optimization objectives into
gray relational values by reducing dimensions and then optimizing the gray relational
values [32,33]. The larger the gray correlation value is, the better the corresponding response
is [34]. The calculation process of the gray correlation degree is as follows:

(1) Normalization. The tensile strength (σt), elongation at break (εt), bending strength
(σf ), and bending deflection (S) of the epoxy resin adhesive were normalized to eliminate
the effect of dimensions on the analysis. The bigger all four are, the better, and the
normalization formula is shown in Equation (5).

N =
y − min(y)

max(y)− min(y)
(5)

where N is the normalized value of each response, max(y) is the maximum value of the
actual response, min(y) is the minimum value of the actual response, and y is the actual
value of each group of tests.

(2) Calculation of gray correlation coefficient. The gray relational coefficient (GRC)
represents the relationship between the test result and the optimal solution [35], and the
calculation formulas are shown in Equations (6) and (7)

GRC =
Δmin + ξΔmax

Δ + ξΔmax
(6)

Δ = 1 − N (7)
where Δ represents the deviation sequence, ξ is the judgment coefficient, ξ ∈ [0, 1], and, in
this study, ξ is 0.5.

(3) Response weight calculation. To obtain the gray correlation coefficient of each
response, it is necessary to calculate the influence weight. Principal component analysis
(PCA) quantitatively analyzes the weight of the contribution rate of each target to the
response by reducing the dimensionality [36]. With the help of the PCA analysis module
of Minitab software, the influence weights of tensile strength σt, elongation at break εt,
bending strength σf , and bending deflection S on gray correlation degree are calculated.

(4) Calculation of gray correlation degree. Gray relational degree (GRG) is the
weighted sum of gray relational coefficients. The higher the gray relational degree is, the
better the corresponding response is. The calculation formula is presented in Equation (8)

GRG = ∑n
i=1 βiGRC (8)

where ∑n
i=1 βi = 1, and βi is the weight of the ith response, calculated by PCA.

3.2.2. Calculation Result and Analysis of Gray Correlation Degree

The test results are normalized by Equation (5), and GRC is calculated by Equations (6) and (7).
The influence weights of tensile strength σt, elongation at break εt, bending strength σf ,
and bending deflection S on the gray correlation degree are further calculated by PCA.
The results are shown in Table 5. Table 6 shows the results of the gray correlation degree
calculated according to Equation (8).

Table 5. Weightiness of response.

Principal Component Eigenvalue Weightiness/%

σt 2.393 59.813
εt 1.482 37.038
σf 0.089 2.221
S 0.037 0.928

Sum 4 100
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Table 6. Gray correlation degree calculation results.

NO.
GRC

GRG
σt εt σf S

1 0.431 0.889 0.591 0.714 0.607
2 0.333 0.735 0.398 0.814 0.488
3 0.437 0.643 0.572 0.504 0.517
4 1.000 0.771 1.000 0.606 0.911
5 0.339 0.379 0.333 0.412 0.354
6 0.453 0.455 0.525 0.432 0.455
7 0.504 0.355 0.425 0.341 0.446
8 0.825 0.768 0.967 0.621 0.806
9 0.497 0.365 0.528 0.364 0.447
10 0.883 0.989 0.856 0.720 0.920
11 0.880 0.865 0.913 0.593 0.873
12 0.639 0.333 0.614 0.333 0.523
13 0.919 0.826 0.852 0.547 0.879
14 0.349 0.567 0.410 0.493 0.433
15 0.392 0.952 0.415 1.000 0.606
16 0.403 0.352 0.449 0.385 0.385
17 0.369 1.000 0.465 0.692 0.608

3.2.3. Construction and Optimization of GRG Response Model

In order to optimize the proportion of epoxy resin binder, the mapping relationship
between curing agent dosage A, toughening agent dosage B, accelerator dosage C, and
GRG must be established. In this paper, Design-Expert8.0 software was used to establish
the second-order mathematical prediction model of GRG, as shown in Equation (9). The
comparison between the actual and predicted values of GRG is shown in Figure 8. It can
be seen that all data are evenly distributed on a straight line and on both sides, and the
average deviation between the fitting value and the actual value was 3.42%, indicating that
the fitting effect of the GRG prediction model is good. According to the variance analysis
results of the GRG prediction model in Table 7, the model had p < 0.0001, indicating that
the model was highly significant. The R2 of the GRG prediction model was 98.39%, the
difference between R2

Adj and R2
Pred was less than 0.2, and the coefficient of variation CV

was less than 5%, indicating that the model had high reliability and good fitting degree
and could be used for subsequent prediction and optimization.

GRG = −68.414 + 0.811 × A + 0.100 × B + 2.204 × C + 5.211 × 10−4 × A × B − 5.963 × 10−3

× A × C − 3.427 × 10−3 × B × C − 2.495 × 10−3 × A2 − 5.388 × 10−3 × B2 − 0.199 × C2 (9)

Table 7. ANOVA results for response surface model of GRG.

Source Sum of Squares Mean Square F p

Model 0.610 0.068 47.64 <0.0001
A 6.709 × 10−3 6.709 × 10−3 4.70 0.0668
B 0.027 0.027 18.98 0.0033
C 1.628 × 10−4 1.628 × 10−4 0.11 0.7455

AB 2.715 × 10−3 2.715 × 10−3 1.90 0.2103
AC 0.014 0.014 9.96 0.0160
BC 1.175 × 10−3 1.175 × 10−3 0.82 0.3945
A2 0.26 0.26 183.57 <0.0001
B2 0.076 0.076 53.50 0.0002
C2 0.17 0.17 116.85 <0.0001

Error 9.991 × 10−3 1.428 × 10−3 - -
Lack of Fit 1.820 × 10−3 6.068 × 10−4 0.30 0.8269

R2 = 0.9839 R2
Adj = 0.9633 R2

Pred = 0.9327 CV/% = 6.26
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Figure 8. Comparison of actual and prediction values of GRG.

To reflect the influence of the interaction of each factor on the GRG response value,
the three-dimensional response surface of GRG under the interaction of different factors
was established using the mathematical prediction model, as shown in Figure 9. The shape
of the response surface of the GRG model under the interaction of different factors is a
quadratic paraboloid with a downward opening, indicating a maximum value of GRG in
the test range. According to the variance analysis results of the GRG response model in
Table 7, the influence of the three factors on the GRG model was in the order of B > A > C.
The interaction of curing agent dosage A and accelerator dosage C had the most significant
influence on GRG. The optimized GRG response surface model was analyzed using Design-
Expert 8.0 software, and the optimal gray correlation degree was 0.885, corresponding to a
curing agent dosage of 160.7%, toughening agent dosage of 16.1%, and accelerator dosage
of 3.0%.

Figure 9. GRG three-dimensional response surface under the interaction of factors (a) A and B, (b) A
and C, and (c) C and B.

3.3. Experimental Verification

Through the analysis of the results, the proportion of the optimal gray correlation
degree (GRGmax) was determined, and the proportion corresponding to the optimal gray
correlation degree (GRGmax) was selected for comparison with the proportion correspond-
ing to the maximum tensile strength σt−max, the maximum elongation at break εt−max, the
maximum bending strength σf−max, and the maximum bending Smax deflection obtained
by the single-objective prediction model.

The ratio obtained from the single-objective prediction model in Section 3.1.3 and the
ratio obtained from the multi-objective optimization model in Section 3.2.3 were experi-
mentally verified, and the experimental verification results are shown in Table 8. Figure 10
shows the stress–strain curve for the tensile test and the load-deflection curve for the bend-
ing test. The analysis revealed that the tensile strength obtained by the ratio σt−max was the
largest, the elongation at break obtained by the ratio εt−max was the largest, the bending
strength obtained by the ratio σf−max was the maximum, and the bending deflection ob-
tained by the ratio Smax was the maximum. It can be found that the actual values of tensile
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strength, elongation at break, bending strength, and bending deflection deviate from the
predicted values by 2.7%, 2.0%, 2.8%, and 1.1%, respectively, with actual values higher than
the predicted values. This proved the feasibility of the single objective prediction model.

Table 8. Response optimal ratio experimental comparison table.

NO. A/% B/% C/%
Tensile

Strength/MPa
Elongation at

Break/%
Flexural

Strength/MPa
Flexural

Deflection/mm
GRG

GRGmax 160.7 16.1 3.0 10.75 23.54 6.16 7.15 0.830
σt−max 163.1 14.3 2.8 10.90 19.73 6.05 5.44 0.794
εt−max 156.9 18.8 3.1 8.62 25.10 5.30 6.85 0.503
σf−max 162.5 14.9 3.1 10.21 21.32 6.34 5.63 0.626

Smax 159.0 20.0 2.8 8.24 22.20 5.01 7.50 0.408

Figure 10. (a) Stress–strain curve of tensile test, (b) load–deflection curve of bending test.

GRGmax was compared to σt−max, elongation at break increased by 19.31%, bending
strength increased by 1.81%, and bending deflection increased by 31.43%. GRGmax was
compared to εt−max, tensile strength increased by 24.70%, bending strength increased by
16.22%, and bending deflection increased by 4.38%. GRGmax was compared to σf−max, the
tensile strength was increased by 5.29%, the elongation at break was increased by 10.41%,
and the bending deflection was increased by 27.00%. GRGmax was compared to Smax, the
tensile strength was improved by 30.46%, the elongation at break was improved by 6.04%,
and the bending strength was improved by 22.95%.

The gray relational degrees of GRGmax, σt−max, εt−max, σf−max, and Smax were 0.830,
0.794, 0.503, 0.626, and 0.408, respectively, and the gray relational degree of GRGmax was
the highest. The results showed that the optimum ratio of epoxy resin binder was obtained
by multi-objective optimization of response surface methodology and gray relational grade.
The optimum ratio was 160.7% for the curing agent, 16.1% for the toughening agent, and
3.0% for the accelerator.

4. Conclusions

(1) The amount of curing agent is the main factor affecting the strength of epoxy resin
adhesive, and the amount of toughening agent is the main factor affecting its de-
formability. The interaction of curing agent dosage and accelerator dosage has the
most significant effect on the tensile strength and bending strength of epoxy resin
binder. The interaction of toughening agent dosage and curing agent dosage has the
most significant effect on the elongation at break of the epoxy resin binder, and the
interaction of toughening agent dosage and accelerator dosage has a significant effect
on bending deflection.

(2) The optimal ratio of epoxy resin binder obtained by RSM-GRA multi-objective op-
timization was a curing agent dosage of 160.7%, toughening agent dosage of 16.1%,
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and an accelerator dosage of 3.0%. An epoxy resin binder with a tensile strength
of 10.75 MPa, elongation at break of 23.54%, bending strength of 6.16 MPa, and a
bending deflection of 7.15 mm can be prepared with this ratio. The test results show
that the RSM-GRA multi-objective optimization model is accurate, effective, and has
future application significance for optimizing the epoxy resin binder ratios.

(3) Compared with the single-objective optimization model, in this study, the RSM-GRA
multi-objective optimization model was used to obtain the largest gray relational
grade (GRG) of the performance indicators of the epoxy resin binder, and the corre-
sponding epoxy resin binder had the best comprehensive performance. The RSM-GRA
multi-objective optimization method used in this paper can not only optimize the
proportion of epoxy resin binder, but it also provide a reference for the proportion
optimization of other complex epoxy resin components.
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Abstract: This paper proposes a performance-based mix design (PBMD) framework to support
performance-related specifications (PRS) needed to establish relationships between acceptable quality
characteristics (AQCs) and predicted performance, as well as to develop fatigue-preferred, rutting-
preferred, and performance-balanced mix designs. The framework includes defining performance
tests and threshold values, developing asphalt mix designs, identifying available performance
levels, conducting sensitivity analysis, establishing the relationships between AQCs and predicted
performance, and determining performance targets and AQC values for the three PBMDs using
predicted performance criteria. Additionally, the framework recommends selecting the PBMD
category for each asphalt layer to minimize pavement distresses. In this study, the proposed PBMD
protocol was applied to FHWA accelerated loading facility (ALF) materials using asphalt mixture
performance tester (AMPT) equipment coupled with mechanistic models. The study developed nine
mix designs with varying design VMAs and air voids using the Bailey method. The cracking and
rutting performance of the mix designs were determined by direct tension cyclic (DTC) fatigue testing,
triaxial stress sweep (TSS) testing, and viscoelastic continuum damage (S-VECD) and viscoplastic
shift models for temperature and stress effects. The study found that adjusting the design VMA
was the primary way to achieve required performance targets. For fatigue-preferred mix design, the
recommended targets were a cracking area of 0 to 1.9%, a rut depth of 10 mm, and a design VMA of
14.6 to 17.6%. For rutting-preferred mix design, the recommended targets were a cracking area of
18%, a rut depth of 0 to 3.8 mm, and a design VMA of 10.1 to 13.1%. For performance-balanced mix
design, the recommended targets were a cracking area of 8.1 to 10.7%, a rut depth of 4.6 to 6.4 mm,
and a design VMA of 12.6 to 14.3%. Finally, pavement simulation results verified that the proposed
PBMD pavement design with fatigue-preferred mix in the bottom layer, performance-balanced mix
in the intermediate layer, and rutting-preferred mix in the surface mix could minimize bottom-up
cracking propagation without exceeding the proposed rutting performance criterion for long-life.

Keywords: performance-based; asphalt mix design; performance-related specification; viscoelastic
continuum damage model; viscoplastic shift model

1. Introduction

The Moving Ahead for Progress in the 21st Century Act (MAP-21) transportation bill
emphasizes performance and new innovations and technologies for the transportation
system’s growth and development [1–3]. The Superpave® mix design system was devel-
oped under the strategic highway research program (SHRP). However, there has been a
need for performance tests to ensure the satisfactory performance of the asphalt mixtures
under in-service conditions [4–8]. A performance-based mix design (PBMD) determines the
optimal proportions based on predicted performance, which balances competing demands
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for cracking and permanent deformation [9,10] because these two distresses are some-
what oppositely driven by the relative quantities of aggregate and asphalt binder [11–13].
This study suggests a PBMD framework that can support performance-related specifi-
cation (PRS) required for the mathematic relationships between volumetric asphalt mix
designs and predicted performance and develop a fatigue-preferred, rutting-preferred,
performance-balanced mix designs that can reduce the critical structural distresses for
long-life [7,11,13,14].

The PRS is a specification that describes the desired levels of key materials and
construction quality characteristics that have been found to correlate with fundamental
engineering properties that predict performance [15]. In order to support a PRS system,
a PBMD framework can provide the mathematical models that explain the relationship
between the acceptance quality characteristics (AQCs) and predicted performance for
selected mixtures [2,11,12,16]. The volumetric and/or mechanical AQCs that can be mea-
sured during construction are also identified through the PBMD framework [1,7,16–19].
Here, the volumetric AQCs are asphalt mix design requirements (i.e., design air void,
binder content, design voids in mineral aggregate (VMA)) measured by volumetric tests,
whereas mechanical AQCs are simplified performance indices measured by a mechanical
performance tester at the time of construction [3,20]. Through the mathematical models, the
role of PBMD in PRS is to provide asphalt mix designers guidance on how to adjust asphalt
material and volumetric designs to obtain the required performance targets [7,14,16].

Several state departments of transportation (DOTs) have modified current volumetric
asphalt mix designs to better control performance-based on mechanical tests (TRB Circu-
lar, 2014). In California, polymer-modified binder in the surface layer and rich asphalt
bottom layers were constructed for long-life rehabilitation of the I-710 highway [4,18,21].
Polymer-modified binder mixtures are chosen to improve both rutting and fatigue cracking
(one might consider this a performance-balanced mix design), whereas the rich binder
mixture is focused on better compaction and more resistance to bottom-up cracking and
moisture susceptibility (one might consider this a fatigue-preferred mix design) [22]. Fur-
thermore, New Jersey DOT developed structurally oriented asphalt mix designs to prevent
critical pavement distresses [15,17,23–25]: (1) high performance thin overlay mix design
using polymer-modified PG 76-22 binder for rutting performance (one might consider this
a rutting-preferred mix design), (2) binder-rich intermediate course mix design using at
least PG-70-28 with more binder for reflective cracking performance (fatigue-preferred mix
design), (3) bridge deck waterproofing surface course mix design using polymer-modified
asphalt binder or concentrated thermoplastic-polymeric asphalt modifier for rut and fa-
tigue performances (performance-balanced mix design), and (4) bottom-rich base course
mix design using PG 76-28 binder with a minimum of 5% asphalt binder by weight for
bottom-up cracking performance (fatigue-preferred mix design). Most DOTs have already
recognized the importance of developing performance-based asphalt mix design systems
that can address structural distresses for long-life pavements [15,17,23–25].

In pavement engineering, accurate and reliable pavement performance models are
crucial for the design and maintenance of roads. However, the calibration and improvement
of these models require comprehensive field performance data that are often neglected.
Despite the presence of some studies, the importance of in-situ testing and analysis of
pavement cracking and rutting performance has not been adequately recognized. Hence,
there is a need to emphasize the significance of field performance data in developing and
refining pavement performance models. In this regard, numerous studies have highlighted
the importance of real-scale measures and performance analysis, as evidenced by recent
research [26–28].

The concept of a perpetual pavement aims to practice performance-based mix design
(and structural design) that can avert bottom-up cracking propagation so that the periodic
surface milling and resurfacing can maintain the overall thick pavement over 50 years [29].
A typical perpetual pavement design might consist the following asphalt layers: (1) a
surface layer of 40 to 80 mm thickness for rutting resistance, friction, and permeability
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(possibly a rutting-preferred mix design), (2) an intermediate layer of 100 to 180 mm
thickness for rutting and fatigue cracking resistances (performance-balanced mix design),
and (3) a bottom layer of 75 to 100 mm thickness for bottom-up cracking resistance (fatigue-
preferred mix design).

In this study, the PBMD framework is developed using asphalt mixture perfor-
mance tester (AMPT) coupled with mechanistic simplified viscoelastic continuum damage
(S-VECD) and viscoplastic shift models. Furthermore, asphalt pavement structural analysis
program, layered viscoelastic pavement analysis for critical distress (LVECD) developed
at North Carolina State University, was used to model fatigue cracking propagation and
permanent deformation.

The objective of this paper is to develop the performance-based mix design framework
that can provide guidance on how to adjust asphalt materials and designs to achieve
required performance targets based on mechanistically predicted performance results that
support performance-related specifications for longer life.

2. Methods

2.1. Current Asphalt Mix Design Methods and Their Requirements

The Hveem mix design method was developed to select the highest asphalt content
without exceeding the minimum stability. Hveem evaluates the performance of asphalt
mixture by Hveem stabilometer and cohesiometer to measure a resistance to deformation
and ravelling. The compacted specimen is fabricated using kneading compactor [30]. Fur-
thermore, the Marshall mix design method was introduced to find optimum asphalt content
and density ultimately realized under design traffic. The test specimens are compacted
using drop hammer (FHWA, 1988) and the density and optimum binder content were
determined by satisfying the criteria of stability and flow tests. Recently, the Superpave®

mix design method was developed to increase requirements in aggregate and asphalt
binder selection process in addition to the volumetric criteria. Furthermore, it tries to
provide rational mix designs applicable for various traffic volumes, axle loads, and climates.
Performance tests and models were developed to predict rutting, fatigue cracking, and
thermal cracking performance, but were not ready to be implemented at the time. A newer
gyratory compaction method was provided because it was found that it orients aggregate
particles in the same manner which occurs in the field (Brown, 1989).

The volumetric requirements of the design VMA, and voids filled with asphalt (VFA),
and air void have been utilized to control the quality of asphalt mixtures for asphalt
mix design for over 25 years. Here, the design VMA is affected by aggregate gradation,
aggregate surface texture, aggregate shape, use of manufactured sand, fines and dust
content, and so forth. A comparison and contrast of the aggregate and binder selection
method, compaction method, and volumetric requirements of the three asphalt mix designs
is shown in Table 1.

Table 1. Comparison of asphalt mix designs currently used in the U.S.

Component
Hveem

Mix Design
Marshall

Mix Design
Superpave Mix Design

Aggregate selection
method [31,32]

LA abrasion, sulfate
soundness, polishing, crushed
face count, flat and elongated

particle count

LA abrasion, sulfate
soundness, polishing,

crushed face count, flat and
elongated particle count

Angularity for internal friction, flat
and elongated particles for

aggregate breakage, clay content for
adhesive bond, toughness by LA

abrasion test, soundness by sodium
or magnesium sulfate test,
gradation control points
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Table 1. Cont.

Component
Hveem

Mix Design
Marshall

Mix Design
Superpave Mix Design

Asphalt binder selection
method [31,33]

Asphalt cement grade for type
and geographical location

Asphalt cement grade for
type and geographical

location

Performance grade by LTPP Bind
software and AASHTO Superpave

program,
for original binder, flash point,

rotational viscosity, and dynamic
shear rheometer

for rolling thin-film oven-aged
binder, mass loss and dynamic

shear rheometer,
for pressure-aging vessel-aged

binder, dynamic shear rheometer
and bending beam rheometer

Compaction method [7,31] Kneading Drop Hammer Gyratory

Volumetric mix design
requirement [7,31] Hveem stability and air void Marshall stability, flow, air

void, VMA
Air void, VMA, VFA,
dust-to-binder ratio

2.2. Development of Performance-Based Mix Design Framework
2.2.1. Performance-Based Mix Design to Support Performance-Related Specification

The first role of the PBMD framework is to support a PRS system by finding the
mathematical models of relationships between the volumetric AQCs and their performance
before construction. During off-paving seasons, it would be helpful to conduct sensitivity
analyses of the volumetric and/or mechanical AQCs on predicted performance so that
the most sensitive AQCs and mathematical models can be determined. Full factorials of
volumetric mix design scenarios, such as those explored in this study, need not be investi-
gated. However, several alternative mix designs based on the experience and judgment of
the contractor can be evaluated. It provides agencies and contractors guidance on how to
adjust the AQCs in order to reach the performance targets, as well as a rational resource
to calculate incentive or pay factor in the PRS system. Without the PBMD support in PRS,
the uncertainty of performance predictions may result in a reluctant agreement between
agency and contractor. If possible, they may select limited amounts of mechanical AQCs to
improve the accuracy of performance predictions, but there may be significant reluctance
to incorporate mechanical performance tests during production and construction.

Figure 1 demonstrates the role of the PBMD as a part of the PRS system in chronologi-
cal order. At first, PRS performance models and the corresponding performance criteria
and pay factor calculation method need to be defined by agency and contractor. Second,
the mathematical models of relationships between the volumetric AQCs (i.e., design VMA
and air void) in job mix formula or mechanical AQCs (i.e., performance index) measured
by equipment such as an asphalt mixture performance tester (AMPT) and the predicted
performance should be developed before construction. Not only does this provide guid-
ance on how to adjust the asphalt mix design criteria to reach performance targets in the
laboratory, but also on the acceptable variations of the volumetric or mechanical AQCs to
control asphalt mixture’s quality during production. Lastly, the incentive or pay factor for
the PRS system is calculated by comparing as-constructed predicted life with as-targeted
predicted life based on the mathematical models in the PBMD phase.
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Figure 1. Role of performance-based mix design under the performance-related specification system.

2.2.2. Performance-Based Mix Design to Support Long-Life Pavement

After understanding the means to adjust the volumetric mix design requirements for
required performance targets, the second role of the PBMD framework is to develop three
PBMD categories of the fatigue-preferred, rutting-preferred, and performance-balanced mix
designs. Asphalt pavement structures consist multiple asphalt layers above the subgrade
and base unbound layers. Structural analysis programs can consider the effect of the
boundary conditions (i.e., pavement stress and strain responses due to traffic loading,
temperature gradients along the pavement depth) of each asphalt layer on fatigue cracking
and rutting performance. These programs allow asphalt mix designers to select the PBMD
category of each asphalt layer that can address critical pavement distresses. To be specific,
a binder-rich mix of the fatigue-preferred mix design could be selected to prevent the
bottom-up cracking propagation with a lesser consideration of rutting issue in the bottom
layer. In contrast, a less binder-rich and a strong aggregate skeleton for rutting-preferred
mix design could be chosen to have rutting resistance, more friction, and less permeability
in the surface layer. Lastly, based on the related research suggestions and the author’s
team experience [17], polymer-modified binder mix with a strong aggregate skeleton of the
performance-balanced mix design could be placed to prevent reflective bottom-up cracking
and permanent deformation in the intermediate layer.

In this paper, the fatigue-preferred mix design is defined as the mix design that
sacrifices but does not fail the rutting performance at the threshold value of rut depth, but
largely improves the fatigue performance. In the same manner, the rutting-preferred mix
design is defined as the mix design that shows the fatigue performance at the threshold
value of cracking, but leads to a much better rutting performance. Lastly, the fatigue-rutting
performance balance mix design is defined as the mix design that has the best trade-off
between fatigue and rutting performance within possible performance targets that asphalt
mix designers can develop.

Figure 2 describes the analytical procedure to determine the performance targets and
their AQC values for the three mix design types using the fatigue and rutting criteria. The
indication 1©– 4© represents the relation between intersection points of the criterion lines to
the Design VMA. First, the relationship between the volumetric AQC and predicted fatigue
and rutting performance are cross-plotted. The results of fatigue and rutting performance
are separately expressed at the primary and secondary y-axis along with the same AQC
values at the x-axis. By adjusting the scales of fatigue and rutting performance results at
the primary and secondary y-axis, the fatigue cracking and rutting criteria can be placed
at the same horizontal location so that a failure criterion line parallel to the x-axis can be
drawn. This is because the normalized scale of fatigue and rutting performance by the
failure criteria provides a balanced performance at the cross-point of the fatigue–AQC and
rutting–AQC relationship lines. Second, the threshold value of the AQC for the rutting-
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preferred mix design is determined at the point where the failure criterion line and the
fatigue cracking–AQC relationship line intercept. Third, in the same way, those of the
fatigue-preferred mix design are determined at the cross-point between the failure criterion
line and the rutting–AQC mathematical model. Fourth, the balanced performance targets
of fatigue and rutting performance and their corresponding AQC values are found at the
cross-point between the fatigue–AQC and rutting–AQC relationship lines.

Figure 2. Analytical procedure to determine the performance targets and their volumetric AQC
targets of three PBMD categories using the failure criterion and balanced performance lines.

2.2.3. Suggestion of Performance-Based Mix Design Protocol

In order to accomplish the aforementioned roles of the PBMD framework, this study
suggests a protocol graphically summarized in Figure 3. The agency and contractor should
first define which performance tests and analysis methods will be conducted to predict
the fatigue and rutting performance of asphalt pavement. Then, the corresponding per-
formance criteria need to be defined. After selecting asphalt materials, volumetric mix
designs need to be developed to vary the design VMA and design air void that asphalt
mix designers have under their control. After that, performance tests and analyses are
conducted to predict the fatigue and rutting performance of the developed mix designs.
In order to identify available performance targets that asphalt mix designer can develop
through volumetric changes, the predicted performance of fatigue cracking and rutting are
cross-plotted. Then, in order to determine which mix design parameter needs to be adjusted
for performance targets by mix designers, a sensitivity analysis of individual volumetric
design parameters on predicted performance is conducted. With the sensitivity results,
the relationships between the sensitive volumetric AQC and its corresponding predicted
performance need to be developed, and then the performance indices are identified by
finding their correlations with the mechanistically predicted performance. After investigat-
ing the most sensitive fatigue and rutting performance index, the mathematical models of
relationship between the determined mechanical AQCs and their corresponding predicted
performance need to be optionally developed if the performance testing is available at the
time of construction. The volumetric or mechanical AQC-predicted performance models
can provide direction to mix designers toward the kinds of adjustment that should be made
to achieve the required performance targets.
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Figure 3. Suggested Performance-based mix design protocol.

The performance targets and their AQC values of the fatigue-preferred, rutting-preferred,
and performance-balanced mix designs need to be determined by following the analytical
protocol explained in Figure 2. Finally, the PBMD category of each asphalt layer to accommo-
date the critical pavement distresses for long life can then be selected and the corresponding
location within the pavement structure can then be determined. Complete bottom-up cracking
propagation that results in a reconstruction of the entire asphalt pavement, along with severe
rut depth that causes safety issues, such as hydroplaning and dangerous driving conditions,
are considered the critical pavement distresses to be avoided.

3. Application of Suggested Performance-Based Mix Design Protocol

For the application of the suggested PBMD protocol, this study utilizes component
materials from the recently reconstructed FHWA accelerated loading facility (ALF) and
asphalt mixture performance tester (AMPT) equipment developed under the NCHRP
Project 9–29, “Simple Performance Tester for Superpave Mix design.” These tools are com-
bined with performance test methods, mechanistic models, and the three dimensional (3-D)
pavement structural analysis program developed under the FHWA PRS project “Hot Mix
Asphalt Performance-Related Specifications Based on Viscoelastoplastic Continuum Dam-
age (VEPCD) Models” [34]. Using the ALF component materials, systematic experimental
volumetric designs with three different VMA and air-void contents were developed using
Superpave mix design principles and the Bailey method for aggregate gradation adjust-
ments for VMA targets. After defining the performance threshold values from LVECD
software output and developing the relationships between the AQCs and predicted per-
formance, the performance targets and volumetric AQC values of three PBMD categories
were determined. Finally, the appropriate PBMD categories of three asphalt layers were
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determined to avoid significant predicted distresses by comparing the performance results
of PBMD pavement design with those of conventionally designed Superpave mixtures.

3.1. Define Performance Tests, Analysis Methods, and Performance Thresholds

Research under the FHWA PRS project has resulted in fatigue and rutting performance
test methods and the corresponding mechanistic tests to feed models that can be performed
on the AMPT. The fatigue cracking performance is determined by direct tension cyclic
(DTC) testing and the simplified viscoelastic continuum damage (S-VECD) model, whereas
rutting performance is characterized by triaxial stress sweep (TSS) testing and a viscoplastic
shift model. The efficiency of these test methods and models allows the fatigue and rutting
performance evaluation of asphalt mixture under a wide range of service conditions in four
to five days. The LVECD program is the pavement structural performance prediction model
that is compatible with the output from the AMPT. In order to efficiently reduce the compu-
tational time of the bottom-up and top-down cracking and rut depth predictions of asphalt
pavement with seasonal temperature variation and traffic, a Fourier transform-based lay-
ered viscoelastic structural model has been adopted for the development of the LVECD
program [35]. It was demonstrated that the LVECD program is capable of differentiating
the top-down and bottom-up cracking pattern due to the viscoelastic material properties
and boundary conditions of unbound layers under asphalt layers in a literature [15].

The performance threshold values used with LVECD results are based on the rulemaking
program of national performance management measures as part of FHWA’s the Moving
Ahead for Progress in the 21st Century Act [17]. In the rulemaking program, the pavement
condition rating threshold values to classify three levels of performance (good, fair, and poor)
are suggested as 5 and 10% for surface cracking area and 5 and 10 mm for rut depth.

3.1.1. Testing Protocol

Uniaxial compressive dynamic modulus and the DTC fatigue tests were conducted
to describe linear viscoelastic properties and viscoelastic damage characteristics of asphalt
mixtures for S-VECD modeling in accordance with AASHTO TP79 and AASHTO TP107,
respectively [25,36]. The dynamic modulus tests were completed at 5 ◦C, 22 ◦C, and 54.4 ◦C
and at frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. A test condition at 22 ◦C and at 0.01 Hz was
added to better facilitate the construction of dynamic modulus master curves. Furthermore,
the DTC fatigue tests were completed to fail at approximately 1000, 4000, 16,000, and 64,000
cycles at 18 ◦C and 10 Hz. Vertical deformations are measured using spring-loaded linear
variable differential transformers (LVDTs) during dynamic modulus and DTC fatigue testing.

Triaxial repeated load permanent deformation (TRLPD) and triaxial stress sweep (TSS)
tests were carried out to calibrate a reference permanent strain evolution curve (hereinafter
called reference curve), reduced load time (time-temperature) shift factors, and vertical
stress (time-stress) shift factors for viscoplastic shift modeling [24]. In addition to the
rigorous mechanistic rutting analysis, incremental repeated load permanent deformation
(iRLPD) tests were performed to construct minimum strain rate (MSR) master-curves used
for rutting performance indices [8]. Three different deviatoric stresses are applied within
one specimen to reduce the number of tests for the TSS and iRLPD tests. All permanent
deformation tests were completed to apply cyclic haversine load followed by a rest period
under confining pressure where the test specimens were enclosed with a latex membrane.
The TRLPD data present a single loading block, including six hundred cycles with a single
deviatoric stress and load time, while the TSS and iRLPD data demonstrate three and
four loading blocks containing two hundred cycles of each loading block with different
deviatoric stresses and a single load time in each. Detailed permanent deformation test
conditions used in this study are provided in Table 2 [25,31,36]. Vertical deformations were
measured using an AMPT actuator LVDT during iRLPD, TRLPD, and TSS testing and a
steel ball was placed between the top platen and reaction frame which is different from the
conventional flow number test protocol. The air-void target of the cylindrical specimens
used for all fatigue and rutting tests was 7% +/− 0.5%.
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Table 2. TRLPD, TSS, and iRLPD test conditions.

Test Type
Viscoplastic Shift Modeling MSR Master-Curve

TRLPD TSS iRLPD

Testing temperature (◦C) 54 54, 40, 20 54

Confine pressure (kPa) 68.95 (10 psi)

Pulse time (s) 0.4 0.4 0.1

Rest period 10 10 at 54 ◦C,
1.6 at 40 ◦C, 20 ◦C 0.9

Deviatoric Stress (kPa) 689.5 (100
psi)

482.6 (70 psi), 689.5 (100 psi),
896.3 (130 psi)

200 (29 psi), 400 (58 psi), 600 (87 psi),
800 (116 psi)

Number of cycles for each
loading block 600 200 500

Testing time (min) 104 104 at 54 ◦C,
20 at 40 ◦C and 20 ◦C 35

3.1.2. Fatigue Cracking Analysis Methods

Traditionally, bending beam fatigue tests have been conducted to determine classical
fatigue relationships between several tensile strain levels at the bottom of the beam speci-
men and numbers of cycles to failure at three different temperatures. The main advantage
of rigorous mechanistic S-VECD model coupled with the DTC fatigue tests allows the
reliable prediction of fatigue relationships within one to two days. The S-VECD model is
based on Schapery’s work of potential theory that uses internal state variable of damage S
as following damage evaluation law [30].

.
S =

(
−∂WR

∂S

)α

(1)

where,

S = internal state variable (damage),
WR = total dissipated pseudo strain energy, and
α = damage evolution rate.

The main output from S-VECD is a damage characteristic curve that explains a re-
lationship between pseudo-stiffness and a quantified damage state regardless of a strain
level and temperature. The damage curve expresses the integrity of asphalt mixture as
damage grows. The damage state at failure is determined at a peak phase angle during
the DTC testing. Figure 4 demonstrates the mechanistic fatigue cracking analysis method
used in this study to calculate the fatigue cracking damage percentage of the pavement
cross-section cut through a vertical plane normal to the direction of traffic loading. The
LVECD program can simulate the pseudo-stiffness (material’s integrity) accumulating
damage reduction at all nodal points of the asphalt pavement depth and width. The
pseudo-stiffness values at the failed damage conditions determined by observing the peak
phase angle are considered as fatigue cracking initiation based on the S-VECD theory. Thus,
the fatigue cracking area can be quantified by calculating a ratio of a number of nodal
points that contain pseudo-stiffness values below the failure point relative to all nodal
points in the designated area of the pavement structure. In this study, it is the pavement
cross-section of ±0.5 m in width from the center of the loading tire through the whole
asphalt thickness.

Figure 5a,b describe fatigue performance indices that can be directly measured during
the DTC tests without mechanistic analysis or post-processing of the data. In this study, two
fatigue performance indices were evaluated: (1) the number of cycles to failure at a certain
AMPT strain input value into the control software (this input may be different depending
on a type of asphalt mixture) and (2) the average peak phase angle value at failure. These
were investigated to identify the most sensitive fatigue index that has a strong correlation
with mechanistic performance but requires significantly less time.
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Figure 4. Mechanistic fatigue cracking area prediction method.

Figure 5. Fatigue cracking index method without mechanistic analysis.

3.1.3. Rutting Analysis Methods

In mechanistic-empirical pavement design and analysis, permanent to resilient strain
ratio models have been used to predict pavement rut depth as functions of a temperature,
number of loading cycle, and resilient strain calculated from dynamic modulus tests. Since
the strain ratio model does not take into account the effect of different deviatoric stress
caused by various traffic loads, there is a need to develop a new viscoplastic strain model
that can consider the effects of temperature, load time, and deviatoric stress. Recently, the
viscoplastic shift model has been developed to predict permanent strain at any temperature,
load time, and deviatoric stress using time-temperature and time-stress superposition
principles. The shift model consists a reference permanent strain growth master curve,
a so-called reference curve, a reduced load time (time-temperature superposition) shift
factors, and vertical stress (time-stress superposition) shift factors. The reference curve is
fitted using an incremental model as expressed in Equation (2). Choi and Kim found that
the slopes of incremental permanent strains in log–log scale measured from each loading
block of TRLPD and TSS tests are identical regardless of reduced load time and deviatoric
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stress [24]. This observation allows nine loading blocks of TSS tests measured at three
different temperatures and at three different deviatoric stresses horizontally translating
to the reference curve so that the reduced time shift factors and stress shift factors can
be calculated as expressed in Equation (3). Each shift factor is calculated as a ratio of a
number of cycles at the reference curve (ΔN1) to a number of cycles at the TSS loading
block that produces the identical amount of permanent strain (ΔN2), as shown in Figure 6.
The detailed incremental model and shift factor functional forms and analysis procedure
can be found in an article by Choi and Kim [24].

εvp =
ε0Nre f

(NI + Nre f )
β

(2)

Nre f = N × 10atotal

atotal = aξp + aσv

aξp = p1 log(ξp) + p2, aσv = d1

(
σv
Pa

)d2
+ d3

(3)

where,

εvp = viscoplastic (permanent) strain,
ε0, NI , β = incremental model coefficients
Nre f = number of cycles at the reference loading condition,
N = number of cycles at certain loading condition,
atotal = total shift factor,
aξp = reduced load time shift factor,
aσv = vertical stress shift factor,
ξp = reduced load time,
p1, p2 = regression parameters for reduced load time shift factor,
σv = vertical stress,
pa = atmospheric pressure (i.e., 14.7 psi or 101.3 kPa), and
d1, d2, d3 = regression parameters for reduced stress shift factor.

The output of the viscoplastic shift model are direct inputs to the LVECD program to
predict pavement rut depth along with the EICM climate data, traffic, pavement thickness,
and stiffness of unbound layers.

As was described above for fatigue, simple rutting performance indices that can
be directly measured by AMPT without a mechanical structural analysis and data pro-
cessing were also investigated. First, Azari and Mohseni [8] suggested constructing a
minimum strain rate (MSR) master-curve that can calculate the “b” coefficient as expressed
in Equation (4). Here, the minimum strain rates are measured at the last 50 cycles of each
loading group in the iRLPD tests. The “b” coefficient is a slope of relationship between the
MSR and TP temperature-and-pressure.

MSR = a × (T × P)b (4)

where,

a, b = power function coefficients,
T = temperature (◦C), and P = deviatoric stress (MPa).

The “b” coefficient is suggested as a performance indicator to characterize rutting
performance. It is calculated at the MSR value at 600 kPa by assuming the “a” coefficient is
0.001, as shown in Figure 7a. In the same way, the “b” coefficient can be determined from
the TSS test by assuming that the “a” coefficient is 0.001 at the MSR value of 689.5 kPa, as
shown in Figure 7b. The other simple rutting index is the total accumulated permanent
strains measured from the iRLPD, TRLPD, and TSS tests as described in Figure 7c–e.
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Figure 6. Mechanistic rut depth prediction method.

Figure 7. Rutting index method without mechanistic analysis: (a): b coefficient-MSR 600 kPa, (b): b
coefficient-MSR at 689.5 kPa, total ερ from (c): iRLPD, (d): TLRPD; (e): TSS.

3.1.4. Define Fatigue Cracking and Rut Depth Performance Thresholds

In this study, the rulemaking program of the national performance management mea-
sures as part of FHWA’s response to the Moving Ahead for Progress in the 21st Century
Act (MAP-21) is used to define the fatigue and rutting performance threshold values. The
proposed pavement condition rating thresholds are shown in Table 3. Based on the full-scale
empirical mechanistic test [17] and the road and pavement expert’s suggestions, the extracted
value were generated based on both asphalt pavement and asphalt pavement and jointed
concrete pavement conditions under the AADT of 8000. Here, the failure criteria of rut depth
(mm) and surface cracking area (%) of asphalt pavement are 10 mm and 10%, respectively.
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Table 3. Proposed pavement condition rating thresholds from rulemaking.

Surface Pavement Type Metric Metric Range Rating

Asphalt pavement Rutting

<5 mm (0.2 in) Good
5 mm (0.2 in)

to 10 mm (0.4 in) Fair

>10 mm (0.4 in) Poor

Asphalt pavement and
jointed concrete pavement

Surface cracking
percentage

<5% Good
5 to 10% Fair

>10% Poor

The LVECD output for rutting performance is the calculated rut depth (mm) which has
identical units in the rulemaking program. Therefore, the 10 mm of rut depth is determined
as the rutting failure criterion. However, the current LVECD output for fatigue performance
is the cracking propagation percentage of pavement cross-section. Therefore, the fatigue
cracking damage percentage computed from the damage contour within the asphalt layer
simulated by the LVECD program is determined as a failure criterion. A transfer function
study is under development to convert the cracking damage area (%) of pavement cross-
section to surface cracking area (%).

3.2. Asphalt Mix Designs with a Wide Variation in Design VMA and Air Void

One of the FHWA ALF test sections reconstructed in 2013 is a Superpave 12.5 mm
nominal maximum aggregate size (NMAS) asphalt mixture with PG 64-22 binder and 22%
of reclaimed asphalt pavement (RAP) by weight (20% recycled binder ratio). This mix
was selected to base the suggested performance-based mix design framework. Using the
same component materials (large stocks are available), new mix designs were developed
to vary the asphalt mix design requirements for design VMA and design air void that are
ordinarily under an asphalt mix designer’s control. Since the minimum volumetric criterion
for a 12.5 mm NMAS mixture is 14% VMA, a slightly higher and lower design VMAs of
15% (as-constructed the ALF mix at design air void of 4%) and 14% were produced using
the Bailey method. The Bailey method provides guidance to asphalt mix designers to
determine different aggregate gradations that can predict design VMAs with aggregate
packing concepts [29]. Loose unit weight and rodded unit weight tests are required to
quantify the aggregate packing in accordance with AASHTO T 19 [37].

After determining three different trial aggregate gradations, they were produced with
two binder content alternatives at design air-void contents of 3 and 5% that try to meet
the VFA requirement of 65% to 78% for design traffic ESALs of 0.3 to 3 million. The three
different aggregate gradations and nine mix designs developed are summarized in Figure 8
and Table 4. Details can also be found in another article by Lee et al. [17]. The alphabetic
identifiers from Mix-A to Mix-I shown in Table 4 are used to distinguish the performance
results of individual mix designs.
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Figure 8. Three different aggregate gradations for the design VMAs.

Table 4. Volumetric mix designs for three different design VMAs and design air-void contents.

(%)
Aggregate Gradation 1

(VMA 15 Target)
Aggregate Gradation 2

(VMA 14 Target)
Aggregate Gradation 3

(VMA 13 Target)

Design VMA by volume 15 14.5 14.7 14.1 13.5 13.7 12.9 12.5 12.8
Design AV by volume 5.3 3.8 3 4.9 3.7 2.9 5.1 3.9 3.1

Binder content by weight * 4.2 4.5 4.9 3.8 4.1 4.4 3.2 3.6 3.9
Gmm 2.769 2.754 2.735 2.775 2.760 2.746 2.803 2.783 2.769

VFA by volume 64.7 73.8 79.6 65.2 72.6 78.7 60.5 68.8 75.8

Performance specimen AV 7
Mix-A

7
Mix-B

7
Mix-C

7
Mix-D

7
Mix-E

7
Mix-F

7
Mix-G

7
Mix-H

7
Mix-I

* the specific gravity of the aggregate is very high at nearly 3.00, and thus, if it were a typical stone near 2.70, then
the binder contents by weight would be approximately 0.5% higher.

3.3. Define the Performance Criteria and Identify Achievable Performance Targets

After completing the asphalt mix designs as functions of volumetric AQCs (design
VMA and air void), the performance results of nine mix designs were investigated to
identify achievable performance targets that asphalt mix designers can develop with
reasonable volumetric changes. In this phase, the contrary relationship between fatigue and
rutting performance may provide information on the best and worst performance targets
the asphalt mix designers can achieve with a given set of materials. Furthermore, it may
provide an indication to change aggregate gradation or modify virgin asphalt binder type
to reach performance targets required by the agency and contractor. The LVECD program
was utilized to predict the bottom-up and/or top-down fatigue cracking propagation as
well as the rut depth of the nine mix designs. Seasonal temperature variations of the
Washington D.C area were modeled with the Enhanced Integrated Climate Model (EICM)
database and traffic was simulated with 4000 average annual daily truck traffic (AADTT)
that provided about 4 million equivalent single axle loads (ESALs) in 5 years. The asphalt
layer was 101.6 mm of (4 in) thick pavement. A single moving wheel load was simulated
with a design velocity of 60 km/h, axle load of 45 kN (10 kips). The elastic moduli of for
the subgrade were 70 MPa (10 ksi) and 150 MPa (22 ksi).

Figures 9 and 10 show the asphalt cross-section damaged area (%) and rut depth (mm)
results modeled by the LVECD program. It is found that the results of the Mix-B, C, E,
and F indicates that only bottom-up cracking propagations of 10 mm are observed when
the fatigue damaged area was below 5%. Complete cracking damage was combined with
bottom-up and top-down propagations for Mix-G and H when the fatigue damaged area
was above 18%. Therefore, the fatigue cracking damaged area of 18% is selected as the
fatigue cracking failure criterion from the LVECD program. In terms of rutting performance
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criterion, the accumulated asphalt layer rut depth of 10 mm is selected following the
national rulemaking program.

Figure 9. LVECD fatigue performance results: fatigue damaged area (%) results of nine mix designs
at 101.6 mm (4 in) of thick pavement.

Figure 10. LVECD rutting performance results: rut depth (mm) of nine mix designs at 101.6 mm (4 in)
of thick pavement.

Figure 11 presents the fatigue and rutting predictions cross-plotted that shows inverse
relationships. The relationship can give information on the possible fatigue-preferred, rutting-
preferred, and performance-balanced mix designs that are achievable by a mix designer with
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a given set of materials. Depending on circumstances, it may be concluded that the current
asphalt mix design may need to modify the binder to obtain better engineering properties.

Figure 11. Fatigue and rutting performance cross-plot of the ALF mix designs.

In the next section, the sensitivity analysis results for each volumetric AQC will be
discussed; it provides guidance on the extent in which design VMA and air void need to be
changed to reach certain performance targets.

3.4. Investigate the Effects of Design VMA and Design Air Void on Predicted Performance for
Their Sensitivity

A sensitivity analysis of design VMA and design air void was conducted to determine
which volumetric parameter can be modified to meet required performance targets. The
sensitivity was quantified by calculating the average slopes of linear relationships between
the volumetric AQCs and predicted performance. The slope indicates how much the pre-
dicted fatigue and rutting performance can be changed with an increase of one percentage
of the design VMA and air-void content. The sensitivity results of fatigue damage area (%)
and asphalt rut depth (mm) are summarized in Figure 12. The most sensitive volumetric
parameter is emphasized by the relative difference between the design VMA and air void,
which is normalized to the greatest slope corresponding to 100%. Figure 12 illustrates that
the design VMA is the more sensitive volumetric parameter that affects fatigue and rutting
performance than design air void. It may be concluded that those consistent trends may
imply that the deign VMA and air void can be used as volumetric AQCs that are related to
fundamental engineering properties and their predicted performances in the PRS system.

Figure 12. Sensitivity analysis results of individual volumetric AQCs on predicted mechanistic
fatigue and rutting performance: (a) fatigue damage area (%) and (b) asphalt rut depth (mm).
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3.5. Develop the Mathematical Models of Relationships between the Volumetric AQCs and
Predicted Performance

Based on the sensitivity analysis results, the mathematical models of relationships
between the design VMA (the most sensitive volumetric AQC) and the predicted fatigue
and rutting performance were developed at design air voids of 3, 4, and 5% as shown
in Figure 13. Since those volumetric AQCs are interrelated, the design VMA-predicted
performance relationship should be considered with the design air void. Figure 13 indicates
that the relationships are very linear. Furthermore, it is observed that the design VMA
is even more sensitive on predicted fatigue performance at design air voids of 4 and
5%, whereas it is more sensitive on predicted rutting performance at design air voids of
3 and 4%. This implies the aggregate gradation plays a more important role on the fatigue
performance with low binder content and rutting performance with high binder content.

Figure 13. Development of mathematic relationships between the design VMA (%) and predicted
performance (fatigue damage area (a–c), asphalt rut depth (d–f)) at design air voids of 3% (a,d), 4%
(b,e), and 5% (c,f).

3.6. Identify Performance Indices (Mechanical AQCs) and Their Performance Threshold Values for
Quality Assurance in PRS System

If asphalt mixture performance testers (AMPTs) are available to conduct the quality
assurance during construction, the performance indices (mechanical AQCs in PRS system)
may be used as a more accurate way to predict pavement performance. Otherwise, pre-
dictive relationships that are under development would have to be used and would have
some unavoidable error. In this section, the relationship between proposed performance
indices shown in previous sections that can be obtained by a faster or simpler interpretation
of the fatigue and rutting mechanical tests and the already-completed mechanistic analysis
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results were quantified to find the indices that could more efficiently predict fatigue and
rutting performance.

The number of cycles to failure at a certain AMPT software strain input and averaged
phase angle value at failure were investigated to determine the best fatigue index as shown
in Figure 14a–d. Here, the AMPT software strain input is the value the user provides
in the software control prompt for the averaged on-specimen strain target value during
the DTC fatigue testing. The advantage of this index is not having to run any S-VECD
analytical structural simulations, only a quick interpretation of the physical test. It is
found that the number of cycles to failure (fatigue life) at the AMPT software strain
input of 250 microstrain has a poor correlation with the mechanistic fatigue cracking
performance with an R-square of 0.32, while the fatigue life at the AMPT inputs of 350
and 450 microstrains have stronger correlations with the mechanistic cracking area with an
R-square of 0.83 and 0.82, respectively, as shown in Figure 14a–c. Since a failure criterion of
1.2 loading cycles is impractical at the AMPT strain input of 450 microstrain, the fatigue
life at the AMPT strain input of 350 microstrain is selected as a fatigue performance index
candidate. For example, with this particular set of materials, using a 350 microstrain input
to the control software, the cycles to failure was about 438 cycles, and the test would
only need to be run for 44 s, less than a minute. In addition, Figure 14d illustrates a good
relationship between the averaged phase angle at failure and predicted fatigue performance
by an R-square of 0.64.

 

Figure 14. Identification of the optimal fatigue cracking index and its performance threshold value:
(a) 250 micro-strain; (b) 350 micro-strain; (c) 450 micro-strain; (d) Phase angle at failure.

In the same way to identify the optimal fatigue index, an efficient rutting index is
investigated. Figure 15a,b show the correlation of “b coefficient”, the slope of minimum
strain rate master-curve, from iRLPD and TSS tests at 54 ◦C with the mechanistic rut
depth having an R-square of 0.73 and 0.67, respectively. Figure 15c–e present the linear
relationship between the total accumulated permanent deformation (strain) from iRLPD,
TSS, and TRLPD tests at 54 ◦C and the mechanistic rut depth. Figure 15f illustrates the
negative correlation of the dynamic modulus at 54 ◦C and 10 Hz with the mechanistic rut
depth by an R-square of 0.86. It is concluded that the total accumulated permanent strain is
an optimal rutting index that can efficiently predict mechanistic rutting performance for
these materials studied with a threshold value of 0.027.
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Figure 15. Identification of the optimal rutting index and its performance threshold
values: b Coefficient (a) iRLPD, (b) TSS; Total permanent deformation at: (c) iRLPD, (d) TSS,

(e) TRLPD;
∣∣∣E*

∣∣∣: (f).

Relationships between the efficient performance indices and predicted mechanistic
performance were compared in the same way as the volumetric AQC-predicted perfor-
mance linear models as expressed in Figure 16. The results show that the model form of
fatigue index is a power function, whereas that of rutting index is a linear function. The
rutting index has a stronger relationship with the mechanistic performance rather than the
fatigue index. Similar to the sensitivity of the design VMA on the mechanistically predicted
performance, the design VMA is also more sensitive on the fatigue index at the design air
voids of 4 and 5%, even though it is more sensitive on the rutting index at 3 and 4%. These
volumetric or mechanical AQCs-predicted mechanistic performance mathematical models
provide guidance on the extent in which the design VMA or performance indices need to
be adjusted in order to reach the specific performance targets at the time of construction
during production.
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Figure 16. Development of the mathematical models on the relationship between the performance
index and predicted performance (AMPT (a–c); TRLPD (d–f)) at design air voids of 3% (a,d), 4% (b,e),
and 5% (c,f).

3.7. Determine Performance Targets and Their Volumetric AQC Values for Fatigue-Preferred,
Rutting-Preferred, and Performance-Balanced Mix Designs

In order to develop the fatigue-preferred, rutting-preferred, performance-balanced mix
designs, their performance targets need to be defined. In the phase for defining performance
thresholds in the PBMD framework, the performance targets of fatigue and rutting-preferred
mix designs for the LVECD output are determined, but the balanced performance target is not
yet determined. Since the volumetric change of asphalt mixtures results in a reverse trend
between fatigue and rutting performance, as shown in Figure 11, asphalt mix design that has
the rutting performance at the threshold value of 10 mm may provide the fatigue-preferred
mix design. In the same way, the fatigue performance at the threshold value of 18% may
produce a rutting-preferred mix design. Finally, the performance-balanced mix design may
need to produce the best balanced performance of fatigue and rutting within the available
performance targets that mix designers can develop.

Figure 17 shows the way to determine the performance criteria and their volumetric
AQC targets of three PBMD categories using the failure criterion and balanced performance
lines. In order to determine these lines, the two relationships developed in Figure 13 need
to be cross-plotted together. After normalizing the fatigue and rutting performance results
in primary and secondary y-axis by the their threshold values of 18% and 10 mm, the
failure criterion line connected between the fatigue cracking of 18% and rut depth criteria
of 10 mm, and the balanced performance line parallel to the x-axis at the cross-point where
the two relations intercept, could be drawn as shown in Figure 17.
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Figure 17. Results of the performance criteria and volumetric AQC targets of fatigue-preferred, rutting-
preferred, and performance-balanced mix designs: (a) air void 3%; (b) air void 4%; (c) air void 5%.

Table 5 summarizes the results of fatigue and rutting performance targets and their
corresponding design VMA values for the three PBMDs. The range of performance tar-
gets and AQC values are measured at design air voids of 3, 4, and 5%.The determined
performance targets and corresponding volumetric AQC of fatigue-preferred mix design
are fatigue cracking of 0 to 1.9%, rut depth of 10 mm, and design VMA of 14.8 to 17.6%,
whereas those of rutting-preferred mix design are fatigue cracking of 18%, rut depth of 0 to
3.8 mm, and design VMA of 10.1 to 13.1%. In addition, those of performance-balanced mix
design are fatigue cracking of 8.1 to 10.7%, rut depth of 4.6 to 6.4 mm, and design VMA of
12.6 to 14.3%. It is interesting to observe that the performance-based mix design has the
best balanced performance at a design air void of 3%.
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Table 5. Results of the performance targets and their volumetric AQC values of the three PBMDs at
design air voids of 3, 4, and 5%.

PBMD Fatigue-Preferred Mix Design Rutting-Preferred Mix Design
Performance-Balanced Mix

Design

Design air void (%) 3 4 5 3 4 5 3 4 5

Performance targets
Cracking (%) 1.9 0 0 18 18 18 8.1 10.7 9.3

rut depth (mm) 10 10 10 0 3.8 3.4 4.6 6.4 5.1

Design VMA (%) 14.8 14.6 17.6 10.1 12.5 13.1 12.6 13.4 14.3

3.8. Select the PBMD Category of Each Asphalt Layer to Accommodate Critical Pavement
Distresses for Long-Life Rehabilitation

The final role in the PBMD framework is to select the category of each asphalt layer
that can accommodate the critical distresses for longer life through the LVECD program.
The inputs of each asphalt layer used in the LVECD program are the fundamental material
properties that mechanistically predict fatigue and rutting performance under the in-
service conditions. In order to determine those fundamental material properties of three
PBMD categories, the determined performance targets of three PBMDs are expressed in the
performance cross-plot as shown in Figure 18. Mix-C that slightly exceeds the rut depth
of 10 mm and provides a fatigue cracking damage area of 2.4% is selected as the fatigue-
preferred mix design. In the same way, the Mix-G is selected as the rutting-preferred mix
design. Finally, Mix-D contained in the balanced performance target area is selected as the
performance-balanced mix design for the pavement structural analysis example.

Figure 18. Selected PBMD mix designs based on performance levels for structural simulations.

A performance-optimized PBMD structural configuration is compared with full
depth Superpave for a deep perpetual pavement scenario. The total asphalt thickness
is 254 mm (10 in), consisting three layers. The LVECD program was run to evaluate fatigue
and rutting performance in the Washington D.C area with a traffic loading of 8000 AADTT
for 44 million ESALS over 30 years.

A Superpave structural design was analyzed to compare to a performance optimized
structure. The Mix-E, having the minimum design VMA of 14, is selected for the 76.2 mm
(3 in) thick surface layer. Mix-D, which is stiffer than Mix-E, is selected for the 101.6 mm
(4 in) intermediate layer. Lastly, the 76.2 mm (3 in) thick bottom layer is chosen as Mix-G,
which is stiffer than the Mix-D.

PBMD structural configuration should reduce complete bottom-up cracking propaga-
tion and resist rutting so that only surface milling and resurfacing can maintain the overall
pavement structure in a sound condition over 50 years. Following the perpetual pavement
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concept, the fatigue-preferred mix design, Mix C, is selected for the 76.2 mm (3 in) thick
bottom layer of the pavement. The performance-balanced mix design is selected to delay
the bottom-up cracking propagation and have the rutting resistance for the 101.6 mm (4 in)
intermediate layer. Finally, the rutting-preferred mix design is selected to have a rutting
resistance and friction for the 76.2 mm (3 in) thick surface layer in accordance with the
perpetual pavement concept.

In Figure 19, the simulation results from the LVECE program show that the PBMD
structural configuration can reduce the bottom-up cracking propagation without exceeding the
rutting performance criterion for a long-life pavement management system. The simulation
results also imply that the asphalt mixture in the surface layer may need to have a higher
performance asphalt binder with modifiers to better resist top-down fatigue performance.

Figure 19. Comparison of full-depth Superpave with the PBMD structural configuration.

4. Conclusions

The proposed PBMD framework presents a comprehensive approach for supporting a
PRS system and long-life pavements. The framework involves the development of various
components, such as performance tests, prediction models, and threshold values. By doing so, it
provides a systematic and standardized way of assessing the performance of asphalt pavements:

� One of the key features of the proposed framework is the identification of achievable
performance levels through volumetric changes. Mix designers can develop asphalt mix
designs that vary design voids VMA and design air void, which are factors that they
have control over. By varying these design parameters, designers can achieve different
performance levels, and the framework provides a way to identify these levels.
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� Another critical aspect of the framework is the investigation of the effect of volu-
metric requirements on predicted performance for their sensitivity. The sensitivity
analysis found that the design VMA is the most sensitive volumetric AQC that
mix designers need to control for required performance targets. Moreover, mathe-
matical models were developed to establish very linear relationships between the
volumetric AQC of design VMA and the predicted performance to support the PRS.

� Efficient performance indices were also developed to facilitate the PRS system. The
indices for fatigue and rutting were the number of cycles to failure at the AMPT
software strain input of 350 microstrain and total accumulated permanent strain
measured from the TRLPD tests. By using these indices, it is possible to evaluate
the performance of pavements and determine if they meet the required criteria.

� Furthermore, the proposed framework determined the performance targets and
their AQC values of three PBMD types using predicted performance criteria. For the
fatigue-preferred mix design, the performance targets were a fatigue cracking area of
0 to 1.9% and a rut depth of 10 mm from a design VMA of 14.8 to 17.6%. The rutting-
preferred mix design had a fatigue cracking area of 18% and a rut depth of 0 to
3.8 mm from design VMA as low as 10.1 to 13.1%. Additionally, the performance-
balanced mix design criteria were a fatigue cracking area of 8.1 to 10.7% and a rut
depth of 4.6 to 6.4 mm from design VMA of 12.6 to 14.3%. The performance-based
mix design had the best-balanced performance at a design air void of 3%.

� Finally, the proposed PBMD pavement design with the fatigue-preferred mix design
placed in the bottom layer, performance-balanced mix design in the intermediate
layer, and rutting-preferred mix design in the surface can reduce the complete
bottom-up cracking propagation without exceeding the rutting performance crite-
ria. Simulation results from the LVECD structural analysis software verified the
effectiveness of this design in achieving long-life pavements.

� Considering the limitation of this research, the need for further validation of the proposed
framework through field testing and a verification of its effectiveness in different climatic
and traffic conditions should be greatly considered. Additionally, future work could
focus on incorporating environmental and economic factors into the framework to
provide a more comprehensive approach to pavement design and maintenance.

� Overall, the proposed PBMD framework provides a robust and structured approach
to support a PRS system and long-life pavements, enabling efficient and effective
design and maintenance of asphalt pavements.
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Abstract: In the past decades, a large amount of research was conducted to investigate the application
prospect of microwave heating technology in improving the efficiency of asphalt pavement self-
healing and de-icing. This paper reviewed the achievements in this area. Firstly, the properties of
asphalt concrete after microwave heating were summarized, including microwave sensitivity and
heating uniformity. Then, the evaluation indicators and influence factors of the self-healing properties
of the asphalt mixtures heated by microwave were reviewed. Finally, the application of microwave
heating in asphalt pavement de-icing was explored. In addition, asphalt pavement aging due to
microwave heating was also reviewed. It was found that microwave heating technology has good
prospects in promoting asphalt pavement self-healing and de-icing. There are also some problems
that should be studied in depth, such as the cost-effectiveness of microwave-sensitive additives
(MSAs), the performance of the pavement with MSAs, mechanism-based self-healing performance
indicators, and the aging of asphalt pavements under cycling microwave heating.

Keywords: asphalt pavement; microwave heating; pavement de-icing; self-healing

1. Introduction

Asphalt pavements have the advantages of high smoothness and comfortableness
and they are the main form of road pavements. Asphalt mixture is a composite material
formed using aggregates, fillers, asphalt binders, and voids. Asphalt binders are often used
to bind the aggregates and their viscosity depends on external temperature. They behave
as a Newtonian fluid at high temperatures, while their behavior is non-Newtonian at low
temperatures. Under the long-term influence of climatic conditions and vehicle loads,
asphalt pavements will inevitably be damaged, with cracks, potholes, and ruts appearing.
In addition, icy roads caused by freezing rain and snowy weather bring potential safety
hazards to traffic. Traditional pavement maintenance and de-icing methods have the
disadvantages of inefficiency and serious environmental pollution. Researchers have been
developing new technologies of pavement maintenance and de-icing, such as induction
heating, Joule heating, and microwave heating.

The microwave is actually an electromagnetic wave with a frequency of 300 MHz to
300 GHz and a wavelength of 1 mm to 1 m. Energy can be transferred through space or
medium in the form of electromagnetic waves [1]. Microwave heating is a process in which
electromagnetic energy is converted into heat. Microwave heating technology possesses
many advantages, such as high efficiency, low pollution, energy conservation, and uniform
heating, as well as easy control. It has been widely used in cooking, drying, pasteurizing,
and other fields [2]. The research in the field of pavement engineering using microwave
heating can be traced back to 1974. Bosisio et al. [3] found that microwave radiation with
2450 MHz can effectively penetrate the asphalt concrete layer up to 12 cm. They also
used microwave equipment with 1.6 kW to heat asphalt concrete slabs and concluded that
actual asphalt pavement cracking can be well repaired using microwave heating. In 1989,
Osborne et al. [4] found that the ice layer is facilely separated from the pavement surface
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under microwave action. Microwave heating has attracted researchers’ attention for its
potential in asphalt pavement maintenance and de-icing.

At present, the study on asphalt pavements using microwave heating mainly involves
self-healing and de-icing. The principle of self-healing is that asphalt binders can flow
and the cracks can be filled when the temperature of asphalt pavements is high. The
principle of de-icing is that the microwave can directly heat asphalt concrete pavements
through the ice layer and weaken the bond between the ice and the pavement surface. The
influence factors of self-healing and de-icing include the properties of asphalt binders and
aggregates, temperature, and heating modes. The qualities of self-healing and de-icing
mainly depend on the microwave absorption ability of pavement materials. For enhancing
the efficiency and effect of asphalt pavement self-healing and de-icing, researchers have
carried out investigations from the aspects of microwave-sensitive additives (MSAs) and
microwave heating devices [5–7]. There have also been a few studies on the aging of
asphalt binders and mixtures heated by the microwave and the influence of MSA on
pavement performance.

This paper reviewed the investigation into asphalt pavement self-healing and de-icing
using microwave heating. The influences of different MSAs and heating conditions on
the efficiency of microwave heating, the homogeneity of heating, and the self-healing
performance of asphalt concrete were comparably analyzed. The achievements in de-
icing by microwave heating were summarized. The research on the potential aging of
asphalt under microwave heating was also reviewed. Finally, the issues that still need to be
improved were proposed accordingly.

2. Microwave Heating Properties of the Asphalt Mixtures

The mechanism of microwave heating is the dielectric loss of materials under the
microwave field, including polarized relaxation loss and conductive loss. When asphalt
mixture is exposed to microwave radiation, heat is generated through the conversion of
the energy of the electromagnetic field. In the conventional heating methods, energy is
transferred from the surface of the materials by convection, conduction, and radiation. In
contrast, microwave heating is achieved by molecular excitation inside the material without
relying on the temperature gradient [8]. Figure 1 describes the microwave-absorbing
principle of materials.

Figure 1. The microwave-absorbing principle of materials.

2.1. Microwave Sensitivity

The microwave sensitivity of a material determines its microwave absorption abil-
ity and microwave heating efficiency (MHE). It is commonly represented by dielectric
properties. The complex permittivity (ε) and complex permeability (μ) are two indis-
pensable parameters characterizing the performance of materials reflecting and absorbing
microwaves, which are defined as Equation (1) [8].

ε = ε′ − jε′′ , μ = μ′ − jμ′′ (1)
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where ε′ and μ′ are the real parts, indicating the extent of polarization or magnetization of
microwave-absorbing materials under the action of electric or magnetic fields, respectively,
and ε” and μ” are the imaginary parts, representing the loss magnitude caused by the rear-
rangement of electric- or magnetic-coupling moments of microwave-absorbing materials
under the action of external electric or magnetic fields, respectively. The greater ε” and
μ”, the better the ability of the material to absorb microwaves. Therefore, the microwave
heating properties can be improved by increasing the ε” and μ” of the asphalt mixture.

In addition, the matching attenuation features of materials are also two important
conditions for achieving efficient microwave absorption. The former refers to the propor-
tion of the incident microwaves entering materials, which depends on the input wave
impedance of the interface between materials and free space. Only when materials match
the wave impedance in free space, can the incident microwave get into the material to
a large extent. The attenuation characteristics of materials refer to the rapid absorption
and attenuation capacity of the microwave entering the materials, which requires that the
materials have large electromagnetic loss. This depends on the physical performance of
the material itself. The reflection loss (RL) represents the amount of microwave energy
reflected by materials. It is another indicator used to evaluate the microwave absorption
capacity (MAC) of materials, which can be calculated by Equations (2) and (3) [4]. When
the reflection loss is negative, the smaller its value, and the stronger the MAC of materials.
The reflection loss values of some representative materials used in asphalt mixtures are
summarized in Table 1.

RL = 20lg
∣∣∣∣Znin − Zn0

Znin + Zn0

∣∣∣∣ (2)

Znin = Zn0
√

μr/εrtan h
[

j
(

2π f d
c

)√
μrεr

]
(3)

where Znin is the input impedance of materials, Zn0 is the intrinsic impedance at free
space, εr and μr indicate the relative complex permittivity and permeability of materials,
respectively, f is the electromagnetic frequency, d is the thickness of materials, and c is the
speed of light in free space.

Table 1. The reflection loss values of representative materials.

Materials Electromagnetic Frequency (GHz) Thickness (mm) RL (db)

Asphalt carbon-coated
graphene/magnetic

NiFe2O4-modified multi-wall carbon
nanotube composites [9]

4.6 3.2 −45.9

Asphalt carbon-coated reduced
graphene oxide/magnetic CoFe2O4
hollow-particle-modified multi-wall

carbon nanotube composites [10]

11.6 1.6 −46.8

Mg-Al layered double hydroxides
(LDHs) [11] 15.71 8 −4.79

LDHs:Fe3O4 = 1:1 11.71 10 −6.88
LDHs:Fe3O4 = 2:1 11.88 10 −5.25
LDHs:Fe3O4 = 1:2 11.28 8 −10.73

SiC [12] 16.12 28 −12.53
SiC:Fe3O4 = 1:1 11.21 30 −18.93
SiC:Fe3O4 = 2:1 11.26 29.5 −15.82
SiC:Fe3O4 = 1:2 17.92 26 −22.18

LDHs [13] 15.49 8 −5.21
SiC attached LDHs 17.5 10 −13.65
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Table 1. Cont.

Materials Electromagnetic Frequency (GHz) Thickness (mm) RL (db)

SiC:Fe3O4 is 3:1 [14] 2.45 25 −28
Limestone filler [15] 16.1 - −6.8

Manganese dioxide powder 11.6 - −18.83
Carbon powder 2.36 - −33.53
Ferrite powder 12.3 - −41.68
Limestone [16] 15.88 - −2.67

Ferrite 3.89 - −10.62
Ferrite 13.67 - −30.28

Fine SiC [17] 13.68 2 −22.34
Fine SiC 2.45 10 −13.55

Coarse SiC 8.08 10 −15.27
Coarse SiC 2.45 10 −10.51

Asphalt mixture added with natural
magnetite power in grade of 80 [18] 2.9 30 −38

Asphalt mixture added with natural
magnetite power in grade of 70 3 30 −27

Asphalt mixture added with natural
magnetite power in grade of 60 3.15 30 −25

Asphalt binders and aggregates are the major components of the asphalt mixtures,
while their microwave-absorbing ability is poor. For improving the microwave-absorbing ef-
ficiency of the asphalt mixture, researchers developed microwave-absorbing and magnetite-
bearing aggregates. Other attempts have included the addition of graphite, carbonyl iron
powders (CIPs), carbon nanotubes, and steel wool, as well as ferrite particles. Liu et al. [19]
added activated carbon powder (ACP) into asphalt mixture for enhancing the MHE. It was
found that the addition of ACP significantly improves the heating efficiency of asphalt
mastic and mixture. Zhu et al. [20] studied the heating effect of the asphalt mixture with
ferrite and concluded that the MHE of Ni-Zn ferrite powders is 3.91 times as much as that
of mineral powder (MP). Wang et al. [21] pointed out that magnetite aggregate has better
MHE compared with basalt aggregate. Zhang et al. [22] explored the MHE of ceramics
prepared from low-grade pyrite cinder. The results showed that the MHE of the ceramics
was far higher than that of limestone. Trigos et al. [23] studied the MHE of various aggre-
gates and graded them. The results showed that the MHE of blast furnace slag, classified
as having very high susceptibility, is 24 times higher than that of quartzite, classified as
having very low susceptibility. Deng et al. [15] and Cao [24] found that the MHE of basalt is
1.46–5.58 times as much as that of limestone. Li et al. [25] conducted a microwave heating
test of asphalt mastics and found that as the volume ratio of the slag filler to asphalt binder
increases, the average heating rate of asphalt mastics gradually improves. Li et al. [26]
synthesized SiC to wrap LDHs (SwL) at different temperatures and studied the effect of
different combinations of SBS and SwL on the microwave absorption of modified asphalt.
The results showed that the microwave absorption of SBS/SwL-200-modified asphalt is
best. The heating rates of some other typical asphalt mixtures are summarized in Table 2.

The research results mentioned above indicate that the higher the oxide content of
iron in the aggregate, the faster the heating rate. The MHE of the asphalt mixture can be
promoted by the addition of microwave-sensitive powders. However, the experimental
methods of microwave heating for aggregates and fillers are not standardized and unified,
which means that the results from various sources cannot be compared. In addition, the
cost of MSAs is often ignored in the studies.
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Table 2. The heating rate of different asphalt mixtures.

Asphalt Mixtures Aggregates Heating Rate (◦C/s)

Normal asphalt mixture [27–30] Basalt 0.252–0.76
Normal asphalt mixture [14,17,31] Limestone 0.2–0.548

Normal asphalt mixture [31] Dolomite limestone 0.618
Normal asphalt mixture [31] Granite 0.757
Normal asphalt mixture [6] Andesite 0.355

Asphalt mixture with steel slag aggregates [27] Basalt 0.623
Asphalt mixture with SiC and Fe3O4 powder [14] Limestone 0.244–0.367

Asphalt mixture with SiC aggregates [17] Limestone 0.458–0.476
Asphalt mixture with steel fiber and graphite [28] Basalt 0.9–1.02

Asphalt mixture with graphite powder and
magnetite powder [29] Basalt 0.372

Asphalt mixture with aggregates coated by magnetic
Fe3O4 films [30] Basalt 0.888–0.9

Asphalt mixture with nano-graphite [31] Limestone 0.579–0.815
Asphalt mixture with nano-graphite [31] Dolomite limestone 0.658–0.92
Asphalt mixture with nano-graphite [31] Granite 0.831–1.184

Asphalt mixture with steel fiber [6] Andesite 0.804
Asphalt mixture with steel slag aggregate [6] Andesite 0.696

2.2. Heating Uniformity

In the microwave heating process, the differences in the microwave absorption capacity
and heat transfer performance of different materials may lead to uneven temperature
distribution in asphalt pavements and large internal temperature gradient [32]. In addition,
microwave heating relies on the action of the high-frequency alternating electromagnetic
field to realize the transformation of electric energy and material heat energy. In the actual
heating process, the electromagnetic field strength is usually distributed unevenly, which
can also result in uneven temperature distribution [33].

Many studies were carried out from the aspects of microwave heating modes, mi-
crowave heating devices, and MSAs to improve heating uniformity. Zhu et al. [34] sim-
ulated intermittent and continuous microwave heating and found that intermittent mi-
crowave heating could produce more uniform temperature distribution compared with
continuous microwave heating. Sun et al. [35] found that a 0.5 min intermission can bring
about a more uniform temperature distribution than no intermission, 1 min intermission,
and 2 min intermission. Sun et al. [36] investigated the energy distribution of the elec-
tromagnetic field in asphalt mixtures based on the Poynting theory and established an
optimized model of the electromagnetic field and structure by building a relationship
between the electric field and magnetic field. The results showed that the uniformity of
energy distribution can be improved by adjusting the radiation electric field. Sun [37]
designed four kinds of structures of horn antennas (as shown in Figure 2) to enhance
the uniformity of the electromagnetic field. The results showed that the electromagnetic
field is evenly distributed when the length/width ratio of the antenna aperture is close to
that of the feed waveguide. The homogeneity of energy distribution can be improved by
adjusting the radiation electric field. Lou et al. [16] found that replacing limestone filler
with ferrite filler is an effective way to improve the microwave heating uniformity of the
asphalt mixture with steel slag. This is because the asphalt binders containing ferrite filler
have high thermal conductivity. Fakhri et al. [38] found that adding copper slag filler into
the asphalt mixtures containing steel shavings or recycled tire steel fibers can improve their
temperature and heating uniformity.
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Figure 2. Structure of horn antenna [37].

In summary, researchers have acquired rich achievements in promoting the temper-
ature uniformity of microwave heating for asphalt pavements. However, there is little
research on the heat transfer mechanism in the process of microwave heating. Additionally,
few researchers have carried out the simulation test from the mesoscopic perspective.

3. Self-Healing Properties of Asphalt Concrete under Microwave Heating

The heating technologies for accelerating the healing of the asphalt mixture mainly
include induction heating, infrared heating, hot air heating, and microwave heating, as
shown in Figure 3. In the process of induction heating, the heat energy diffuses into the
asphalt mixture and the temperature of the asphalt pavement is increased via the Joule
principle. Infrared heating is efficient, but continuous heating causes asphalt pavements
to set on fire. Hot air heating has little influence on the aging of the asphalt mixture,
but it will take more time. Under microwave heating, the temperature of the asphalt
mixture is increased by the orientation change in polar molecules caused by the alternating
magnetic field.

 

Figure 3. Heating devices: (a) microwave heating; (b) induction heating [7].

The self-healing behavior of asphalt concrete includes the self-healing of the asphalt
binder and the self-healing of the adhesive interface between the binder and the aggregate.
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As early as 1939, the self-healing phenomenon of asphalt concrete was observed in the
Ghrib inclined wall dam in Algeria [39]. In 1967, Bazin et al. [40] discovered the self-healing
properties of the asphalt mixtures. From the macroscopic perspective, the self-healing of
the asphalt mixtures is the reverse process of cracking, which can be described as crack
closure and strength recovery. From the microscopic perspective, it is the spontaneous
interface infiltration and molecular diffusion of asphalt molecules on the upper and lower
surfaces of the cracks.

Al-Ohaly et al. [41] and Gallego et al. [42] discovered the potential of microwave
heating to improve the self-healing of the asphalt mixture. Microwave heating can reduce
the viscosity of the asphalt binder and accelerate its capillary flow and molecular diffusion
rate by increasing the temperature, therefore improving the self-healing of the asphalt
mixture. Many researchers have carried out studies on the mechanism, test methods,
evaluation indexes, and influence factors of asphalt mixture self-healing.

3.1. Self-Healing Mechanism

The surface energy theory as well as the capillary flow theory are the major theories to
explain the self-healing mechanism of asphalt concrete [43,44]. Additionally, the molecular
diffusion theory and the phase field theory are commonly used to describe the self-healing
principle of the asphalt mixture. The definition of surface energy is the work conducted by
external substances on the object under a certain temperature and pressure. It demonstrates
the self-healing principle of the asphalt mixture from the aspect of the fracture mechanics
and considers that the decrease in surface energy at the crack interface promotes the healing
of asphalt concrete [45,46]. The application of molecular diffusion theory can be traced
back to the self-healing of polymer materials [47]. In 1981, Wool et al. [48] proposed that
the crack-healing of polymer materials undergoes five stages: rearrangement, surface
approach, wetting, diffusion, and molecular random distribution. Afterwards, researchers
adopted the molecular diffusion theory to study the healing mechanism of asphalt concrete.
Little et al. [49] proposed that the self-healing of asphalt concrete is mainly attributed to the
diffusion of the asphalt binder. As the asphalt molecules at the interface diffuse to the crack,
the asphalt concrete strength gradually recovers. The phase field theory uses dynamic
differential equations to express diffusion, ordering potential, and thermodynamic drive.
Loeber et al. [50] observed that the asphalt binder has multiphase properties. On the basis
of the phase field theory, the healing of the asphalt binder can be interpreted as the process
of multiphase rearrangement to form a single phase [51]. The self-healing explanation on
the basis of the model of capillary flow theory assumes that the flow of the asphalt binder
in the micro cracks under the driving of capillary action contributes to the closure of the
cracks. Álvaro García et al. [52,53] proposed a semi-empirical model to explain the healing
of asphalt mastic and concrete according to the capillary flow theory. They considered
that the capillary flow in cracks is the main cause of healing. When the binder shows as
a Newtonian fluid at a high temperature and the junction of the crack makes contact, a
pressure difference is generated at the contact point, which can be considered as the driving
force of the capillary flow of the binder. In summary, researchers have comprehensively
explained the self-healing mechanism of asphalt binders and asphalt mixture.

3.2. Evaluation Indicators of Self-Healing Properties

For evaluating the self-healing capacity of the asphalt binder and asphalt concrete,
many researchers have conducted the three-point bending test [5], semi-circular bending
test [54], DSR test [55], and ultrasonic technology [56] by the way of failure, healing, and
failure. The self-healing indicators are mainly calculated based on dissipated energy, fatigue
life, and dynamic shear modulus. Lou et al. [57] proposed the healing efficiency level (HEL)
to evaluate the self-healing properties of asphalt concrete, as shown in Equation (4).

HLE(%) =
Se

Sw
× 100% (4)
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where Se is the effective healing area of the sample in cm2; Sw is the whole surface area of
the sample. The effective healing area is defined as the area where the surface temperature
threshold is between the softening point of the asphalt binder and 90 ◦C.

Wang et al. [55] defined the healing index (HI, %) as in Equation (5) to estimate the
healing potential of asphalt concrete.

HI =
G2 − G1

G0 − G1
(5)

where G0 refers to the initial G∗ value, and G1 and G2 represent the complex shear modulus
before and after the rest, respectively.

Liu et al. [58] proposed the fatigue life extension ratio to evaluate the healing perfor-
mance of asphalt concrete. It is defined as the ratio of the obtained extra fatigue life after
damage due to healing and due to its original fatigue life. Li et al. [25] defined the HI from
the perspective of dissipated energy, as shown in Equation (6).

HI =
WSecond
WFirst

=
∑nSecond

i=1 DEi

∑nFirst
i=1 DEi

=
∑nSecond

i=1 πε2
i G∗

i sinδi

∑nFirst
i=1 πε2

i G∗
i sinδi

(6)

where WFirst and WSecond are the accumulative dissipated energy of the first and second
fatigue loading, respectively, DEi is the dissipated energy of the i-th loading cycle, and εi,
δi, and G∗

i are the shear strain, phase angle, and complex modulus of the i-th loading cycle,
respectively.

Shan et al. defined the HI by the ratio of the area between the healing curve and
the initial curve to the area below the initial curve [59]. It can be calculated by the
following equation.

HI =
Ad

Abe f ore
(7)

where Ad is the area between the healing curve and the initial curve, and Abe f ore is the area
below the initial curve.

In summary, the self-healing performance of the asphalt mixtures can be quantita-
tively evaluated by the above indicators. However, it is difficult to compare the results
between different studies because there is no relevant standard for the self-healing test and
evaluation of the asphalt mixtures. In addition, the self-healing and modulus recovery
after rest are different. The existing evaluation indicators are unable to discriminate them
by tests because the asphalt mixture is a complex composite material, which needs to be
solved in future research.

3.3. Factors Influencing Self-Healing Properties

The influence factors of the self-healing performance of asphalt concrete under mi-
crowave heating can be categorized into external factors and internal factors. The external
factors mainly refer to temperature, microwave heating mode, and time. The internal
factors mainly involve material properties [60–62]. Wang et al. [28] and Fakhri et al. [38]
studied the influence of microwave heating mode on asphalt concrete healing. The results
indicated that intermittent microwave heating has a better healing effect compared with
continuous heating. This is because the effective healing time is longer under intermittent
heating. Norambuena-Contreras et al. [63] studied the self-healing properties of fiber-
reinforced asphalt concrete under different microwave heating time using the three-point
bending test and observed the crack size before and after healing. The results, shown
in Figures 4 and 5, showed that the longer the heating time, the better the healing level.
Forty seconds is the optimum heating time among the considered cases. The cracks can
close under a long microwave heating time, which explains the cause of the self-healing of
asphalt concrete.
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Figure 4. Healing levels of the asphalt mixtures under different microwave heating times: (a) 10 s;
(b) 20 s; (c) 30 s; (d) 40 s. [63].

 

Figure 5. The crack size of the asphalt mixture samples: (a) Box plot representation of the crack size;
(b) Images of a cracked specimen [63].

The material type also has an effect on the healing performance. Gonzalez et al. [64]
studied the effect of RAP and metal fibers on the crack-healing of asphalt concrete under
microwave heating. The results showed that the healing level is enhanced by adding
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metal fibers, but the opposite results occurred when adding RAP. In addition, asphalt
concrete containing metal fibers and up to 30% RAP has the potential to repair cracks
under microwave heating. Zhu et al. [65] evaluated the fracture-healing properties of AC-
13 mixtures with 70# asphalt binder and SBS-modified asphalt binder under microwave
heating via the SCB test. It was found that the SBS asphalt mixture has better healing
performance at high temperatures (over 80 ◦C).

This can be interpreted as the special healing mechanisms of AC-13 mixture with
SBS-modified asphalt, that is, the combined effect of the flow diffusion of the asphalt binder
and the elastic recovery of SBS segments. Deng et al. [15] developed an asphalt mixture
incorporating manganese dioxide powder (MDP) and steel fiber (SF), and investigated its
heating–healing capacity through comparing with the mixtures only with MDP or SF. The
results showed that the developed mixture exhibits better microwave healing performance.
Wang et al. [66] found that the asphalt mixture containing carbon fiber has good healing
performance under microwave heating. Two percent IM8-modified asphalt mixture has
a better healing effect compared with 4% IM8-modified asphalt mixture. The reason for
this is that the high content of carbon fiber may limit the Newtonian flow of the asphalt
binder in the healing process. Phan et al. [67] analyzed the applicability of steel slag to
promote the self-healing of the asphalt mixtures under microwave heating. They found
that asphalt mixtures with 30% steel slag aggregate and 2% steel wool fibers have good
healing effectiveness. Lou et al. [16] studied the self-healing performance of steel slag
asphalt concrete containing ferrite fillers under microwave heating. It was found that an
appropriate addition of ferrite can improve the average temperature and healing ratio
of asphalt concrete. The optimal proportion of replacing limestone fillers with ferrite is
20% by volume among the considered cases. Adding excessive ferrite has a negative
effect because abundant ferrite may lead to the agglomeration issue and obstruct the heat
transfer process. The hardening of the asphalt binder also has adverse effects on the flow
and diffusion process. Lou et al. [57] replaced the 4.75–9.5 mm aggregate of the asphalt
mixture with hot braised steel slag (HBSS) in a certain volume percentage and studied its
microwave self-healing performance via the SCB test. The results showed that the addition
of HBSS promotes the healing of the asphalt mixture. However, excessive HBSS causes
an overheating problem and reduces the effective healing area under microwave heating.
González et al. [68] studied the crack-healing capability of normal asphalt mixtures and
asphalt mixtures containing steel fiber, metal shavings, and silicon carbide via three-point
bending tests. It was found that the additives (i.e., steel fibers, metal shavings, and silicon
carbide) have little effect on crack-healing ability. The asphalt mixture without additives
also showed good crack-healing ability. This is because the aggregates contain metals, as
shown in Figure 6. In summary, asphalt binder is a temperature-sensitive and viscoelastic
material. MSAs have good thermal conductivity performance, which enhances the diffusion
rate of asphalt molecules and improves the healing ability of the asphalt mixture.

 

Figure 6. CT scan image of the asphalt mixture: (a) Steel fiber; (b) Mental contained in aggregate [68].

104



Polymers 2023, 15, 1696

Some researchers also introduced microcapsules containing rejuvenator into asphalt
concrete to promote self-healing. When the crack extends to the position of a microcapsule,
it breaks and releases the rejuvenator, which accelerates the healing of asphalt concrete.
Wan et al. [69] synthesized calcium alginate/nano-Fe3O4 composite capsules that can
actively and rapidly release the rejuvenator under microwave heating. Kargari et al. [54]
studied the self-healing effect of the asphalt mixture containing palm oil capsules under
microwave heating. They found that the HI values of aged and non-aged asphalt mixtures
heated by microwaves increase by 32% and 7%, respectively, when the added palm oil
capsule accounts for 0.7% of the asphalt mixtures by mass. The reason for this is that
microwave heating can control the release of rejuvenators in capsules. Thus, the released
rejuvenator improves the healing effect of the asphalt mixtures.

In summary, most researchers explain the self-healing phenomenon of the asphalt
mixture using macroscopic experimental study, but pay little attention to the influence
mechanism from a multiscale perspective.

4. Asphalt Pavement De-icing Using Microwave Heating

Icy roads increase traffic accidents and pavement maintenance time and cost, reduce
driving speed [70–74], and raise fuel consumption and exhaust emissions [75]. Pavement
de-icing is significant to ensure traffic safety and efficiency. Traditional pavement de-
icing methods mainly include the manual method, mechanical method [76], and chemical
method [77]. The manual method is inefficient and costly. The mechanical method may
cause damage to the pavement [78]. The chemical method usually damages vegetation,
water sources, and atmosphere [79], and reduces pavement durability [80]. For overcoming
the disadvantages of traditional methods, researchers have explored the applications of
microwave heating [81], induction heating [82], Joule heating [83], solar energy [84], and
environmentally friendly de-icing agent [85] in asphalt pavement de-icing. Microwave
de-icing, developed in recent years, has great potential and application prospects. Figure 7
depicts the working mechanism of de-icing using a microwave heating vehicle.

 
Figure 7. Schematic diagram of de-icing using microwave heating vehicle [86].

4.1. Microwave De-icing Mechanism and Efficiency Evaluation

The freezing adhesion between the ice and the pavement is the major resistance of
de-icing. The adhesion strength can be defined as in Equations (8) and (9). The conditions
of producing freezing adhesion mainly include the temperature of 0 ◦C or below, certain
water content, and freezing time. Temperature is the most important factor. The higher the
temperature, the lower the horizontal adhesion strength of the interface between ice and
pavement [87] and the crushing strength of ice [88]. Because ice has a low dielectric constant
and poor microwave-absorbing ability, it is difficult to heat directly using microwaves [89].
However, the microwave can penetrate the ice layer and be absorbed by pavement materials.
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When the pavement temperature rises, the heat is transferred to the ice layer, which reduces
the adhesion strength between the ice and the pavement [90]. Thus, it is easy to use
mechanical devices to break and clean the ice layer [91].

cσ = σ = F1/S (8)

cq = τ = F2/S (9)

where cσ is the normal freezing adhesion coefficient, cq is the tangential freezing adhesion
coefficient, F1 is the normal pull-out force, F2 is the tangential pull-out force, and S is the
area of the frozen interface.

Some indicators were developed for quantifying microwave de-icing efficiency.
Tang et al. [92] proposed that the surface power density of the asphalt mixture can be
used to evaluate de-icing efficiency. Jiao et al. [93] pointed out that the time for the ice–
pavement interface temperature to reach 0 ◦C can be used as an evaluation indicator of
microwave de-icing efficiency. Li et al. [94] found that the ice–pavement adhesion fails
when the temperature reaches 3 ◦C. They believed that the time for the ice–pavement inter-
face temperature to reach 3 ◦C is more accurate to evaluate de-icing efficiency. Gao et al. [95]
evaluated the de-icing efficiency via the time for the ice to fall off the asphalt mixture under
a horizontal force. Liu et al. [19] proposed that the ice melting speed (IMS), which is defined
as in Equation (10), can also reflect the de-icing efficiency to a certain extent.

IMS =
m1 − m2

t
(10)

where IMS is the ice melting speed, g/s; m1 is the mass of the sample and ice before heating,
g; m2 is the mass of the sample and ice after heating, g; and t is the heating time, s.

4.2. Microwave De-icing Characteristics

The characteristics of microwave de-icing involve multiple factors, such as microwave
frequency, microwave electric field strength, pavement materials, ambient temperature,
ice thickness, and the microwave heating method [96]. As early as 1986, Monson began
the research into microwave de-icing characteristics [97]. Some additives and alternatives,
such as anthracite [98] and taconite [99,100], were included into the asphalt pavement
to improve the de-icing capacity. Zhao et al. [101] developed a kind of asphalt mixture
that can improve de-icing efficiency, in which magnetic powder completely or partially
replaces limestone powder and magnetic metallurgical slag partially replaces natural coarse
aggregate. Zhao et al. [102] also prepared a kind of asphalt concrete suitable for microwave
absorption by completely or partially replacing calcareous mineral powder with magnetic
powder and partially replacing natural aggregate with magnetic sand or silicon carbide
sand. It is found that the heating rate of the new asphalt concrete is several times that of
traditional asphalt concrete. Wang et al. [103] proposed a preparation method of microwave-
absorbing asphalt mixture by adding hydroxy iron powder of 3~7% for improving de-icing
efficiency. The results showed that the surface temperature of the material rises rapidly
after microwave heating. Wang et al. [104] selected hydroxy iron power, ferroferric oxide,
alumina, and expanded graphite as microwave-sensitive coating materials and carried
out an ice melting test. It was found that ferroferric oxide and expanded graphite have
better microwave-absorbing and ice-melting abilities. Jiao et al. [96] studied the effects
of ambient temperature on microwave de-icing efficiency. They found that the lower the
environmental temperature, the lower the de-icing efficiency. Some researchers focused on
an improvement in microwave heating facilities. Guan et al. [105] designed a schematic
of a microwave de-icer. Yang et al. [106] designed a horn antenna for a microwave de-
icing device to improve heating uniformity and analyzed its heating characteristics and
voltage standing wave ratio. The results showed that the microwave de-icing effect is the
best when the slope angle of the horn antenna is 15◦. Tang et al. [92], Jiao et al. [93], and
Ding et al. [107] investigated the effects of microwave frequency on de-icing efficiency via
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simulation and laboratory tests. The results showed that the de-icing efficiency of 5.8 GHz
microwaves is more than four times that of 2.45 GHz microwaves. The reason for this is
that the microwave with a frequency of 5.8 GHz has a shallower penetration depth and
higher power density, which can quickly increase the pavement temperature and improve
the de-icing efficiency. Table 3 lists the de-icing efficiency of the asphalt mixtures containing
different MSAs using 2.45 GHz microwaves. As can be seen from the table, the higher the
environmental temperature (ET), the greater the improvement in the de-icing efficiency.
The thicker the ice thickness (IT), the lower the de-icing efficiency.

Table 3. De-icing efficiency of the asphalt mixtures containing different MSAs using 2.45 GHz
microwaves.

MSAs
Volume/Mass

Fraction of MSAs
IT (mm) ET (◦C)

Efficiency
Improvement

Ferrite [93] 10%
10 −10 3.1 times
10 −15 2.8 times
10 −19 2.9 times

Magnetite [21] 80%
10 −5 8.6 times
10 −10 8.1 times
10 −15 6.3 times

Steel slag [86] 80%
- −5 3.1 times
- −20 2.6 times

MHCs [22] 100%

30 −10 5.8 times
20 −10 6.1 times
15 −10 6.6 times
10 −10 8.9 times
5 −10 9.2 times

10 −20 7.8 times

2# steel wool fibers [95] 1%
- −5 7 times
- −10 5.5 times

0# steel wool fibers 0.7%
- −5 4.6 times
- −10 4.4 times

000# steel wool fibers 0.3%
- −5 3.9 times
- −10 3.1 times

ACP [19] 100% 50 −15 2.5 times
Carbon fiber [108] 0.45% - −10 2.7 times

In summary, most investigations focus on the addition of MSAs for improving de-icing
efficiency, while there are fewer studies on microwave frequency.

5. Asphalt Aging in Microwave Heating Process

Both the applications of microwave for self-healing and de-icing are based on heating
the asphalt pavement, which may lead to asphalt pavement aging. It is necessary to study
the asphalt aging caused by microwave heating. Flores et al. [109] compared asphalt aging
induced by microwave heating and infrared radiant heating through the tests of penetration,
softening point, and rheological properties. The results showed that microwave heating
has less of an effect on the asphalt binder. Wu et al. [110] found that microwave heating
has no perceptible negative effect on asphalt aging compared with TFOT by analyzing the
indicators of penetration, ductility, and softening point. Fernandez et al. [111] quantified
the effects of microwave heating and long-term aging on the rheological and chemical
performance of recovered asphalt binders using a frequency sweep test and Fourier trans-
form infrared spectrometry (FTIR) analysis. The results showed that microwave heating
has little influence on the aging of the rheological properties of asphalt binders. With the
increase in microwave heating and long-term aging cycles, the carbonyl and sulfoxide
indices increase in both phases. Lou and Sha et al. [112,113] evaluated the physical and
rheological properties and infrared spectra of asphalt binders obtained from steel slag
asphalt mixtures under different microwave heating cycles via the tests of penetration,
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softening point, DSR, and FTIR spectroscopy. The results indicated that the penetration
value as well as the softening point get worse during the first 10 microwave heating cycles.
Compared with the aging methods of RTFOT and PAV, microwave heating has no signifi-
cant effect on the deterioration of the physical properties of asphalt binders. In summary,
several researchers have pointed out that microwave heating has little effect on asphalt
aging. However, it is necessary to completely evaluate the aging of asphalt pavements
under cycling microwave heating.

6. Summary

This paper reviewed asphalt pavement self-healing and de-icing using microwave
heating. Some findings are summarized as follows.

(1) Microwave sensitivity and heating uniformity are two important aspects of mi-
crowave heating properties for asphalt pavements. They determine the microwave absorp-
tion ability and heating efficiency of the asphalt mixtures and have an important effect on
the self-healing quality and de-icing efficiency. Adding MSAs (such as graphite powder,
magnetite powder, steel slag aggregates, and steel fiber) into asphalt mixtures can improve
microwave sensitivity and heating uniformity.

(2) Microwave heating promotes the self-healing of asphalt pavements by reducing
the viscosity of asphalt binders and accelerating the capillary flow and molecular diffusion
rate. Several indicators have been established for quantitatively evaluating the self-healing
performance of asphalt mixtures, but the results between different studies are incomparable.
The reason for this is that there is no corresponding standard for the self-healing test and
assessment of the asphalt mixtures. In addition, most indicators are based on performance
tests rather than the self-healing mechanism of asphalt pavements.

(3) Microwave heating mode and time as well as material properties have an important
influence on the self-healing performance of asphalt pavements. The healing level of
asphalt pavements gradually increases with the increase in the microwave heating time.
The addition of MSAs also contributes to self-healing. This is mainly because MSAs
can improve microwave-absorbing ability. However, the effect of MSAs on pavement
performance should be studied in depth.

(4) Pavement materials and microwave frequency are two important factors affecting
de-icing efficiency. Most investigations focus on the addition of MSAs for improving
de-icing efficiency, while there are fewer studies on microwave frequency. The influence
of microwave frequency should be further studied. In addition, many studies on de-icing
characteristics are based on laboratory simulation experiments. Field tests should be
conducted to verify the indoor test results.

7. Outlooks

Extensive research has been conducted in the past to study the application of mi-
crowave heating to asphalt pavement self-healing and de-icing. The following recommen-
dations for future studies are summarized.

(1) The cost of MSAs and their effect on pavement performance are often ignored in
studies. It is suggested to study the feasibility of MSA application in actual projects.

(2) There is no corresponding standard for the self-healing test and assessment of
the asphalt mixtures. It is necessary to develop a unified test and assessment standard of
asphalt mixture self-healing.

(3) Microwave heating technology has good prospects in promoting asphalt pavement
self-healing and de-icing. However, microwave heating can also result in asphalt aging.
Although several researchers have pointed out that microwave heating has little effect on
asphalt aging, it is also necessary to completely evaluate the aging of asphalt pavements
under cycling microwave heating.
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Abstract: Bitumen emits a large amount of volatile organic compounds (VOCs) during the pro-
duction and construction of asphalt mixture, which can cause both environmental hazards and
health risks. In this study, a setup was designed to collect the VOCs released by base and crumb
rubber-modified bitumen (CRMB) binders and their composition was characterized by thermal
desorption-gas chromatography-mass spectrometry (TD-GC-MS). Next, organic montmorillonite
(Mt) nanoclay was added into CRMB binder and its inhibiting effect on the VOCs emission of the
binder was investigated. Finally, the VOCs emission models for the CRMB and Mt-modified CRMB
(Mt-CRMB) binders were established according to reasonable assumptions. The results indicated
that the VOCs emission of CRMB binder was 3.2 times larger than that of the base binder. Due to
its intercalated structure, the nanoclay can reduce the VOCs emission of CRMB binder by 30.6%.
Especially, its inhibition effects on alkanes, olefins, and aromatic hydrocarbons were more significant.
After finite element verification, the established model based on the Fick’s second law can describe
the emission behavior of CRMB and Mt-CRMB binders well. Overall, the Mt nanoclay can be used as
an effective modifier to inhibit the VOCs emission of CRMB binder.

Keywords: VOCs; crumb rubber; bitumen; organic montmorillonite; inhibition

1. Introduction

Every year, over 1.6 billion new tires and around 1 billion waste tires are generated [1].
Approximately 18 million tons of waste tires in China are produced yearly, but their
recycling rate is less than 40% [2]. The accumulation of a large number of waste tires
occupies land resources, and it has the risk of auto-ignition, which can produce a large
amount of harmful smoke [3]. At present, a broad application of the waste tires is to
produce crumb rubber (CR) powder to modify bitumen binder. Many studies have shown
that asphalt mixture with crumb rubber-modified bitumen (CRMB) binder can effectively
improve the resistance to the high-temperature deformation, fatigue performance, and
rheological performance [4–7].

Bitumen can emit large amounts of volatile organic compounds (VOCs) during the
production of asphalt mixture and the construction of asphalt pavement [8]. The CRMB
mixture needs a higher production temperature, and its VOCs emission is larger than
the traditional hot-mix asphalt [9]. Bitumen is composed of saturate, aromatic, resin, and
asphaltene. Among them, aromatic is the most harmful and contains benzene, naphthalene,
anthracene, phenanthrene, pyridine, acridine, carbazole, phenol, and other volatile sub-
stances [10]. With long-term exposure to such an environment, the harmful substances will
enter the human body through skin contact and the respiratory tract, seriously harming the
health of humans [11,12]. The influence of bitumen fumes, including VOCs, is attracting
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more and more attention. The International Agency for Research on Cancer listed bitumen
fumes as a suspected carcinogen in 1987 [13]. In 2015, China implemented new regulations
(GB31570-2015), which set the emission standard of asphalt fumes at 20 mg/m3 [14,15].
Therefore, the emission problem of bitumen VOCs is one of the important factors limiting
the further expansion of bitumen applications.

Lots of research has been carried out on how to inhibit the emission of bitumen VOCs.
Temperature is an important factor affecting the VOCs emission of bitumen [16]. Compared
with the traditional hot-mix asphalt (HMA), the warm-mix asphalt (WMA) technology can
reduce the construction temperature by 20–40 ◦C, down to 100–140 ◦C [17]. The WMA
containing the CR powder can effectively reduce polycyclic aromatic hydrocarbon emis-
sions [18]. However, the warm-mix agents decreased the low-temperature cracking and
moisture damage resistances of the asphalt mixture [19]. The nano-sized calcium carbonate
and styrene butadiene styrene copolymer (SBS) can be used to absorb the VOCs emission
of bitumen [20]. However, SBS polymer is susceptible to aging and degradation at high
temperatures, which will reduce the inhibition effect of SBS on bitumen VOCs [21,22]. In ad-
dition, some inorganic materials such as zeolite, layered double hydroxides, and expanded
graphite have been proven to be used as asphalt VOCs inhibitors, but the compatibility
between the inorganic materials and asphalt is poor, tending to cause segregation problems
at high temperatures [23–25].

Montmorillonite (Mt) is a widely available and inexpensive mineral. Its unit cell has a
crystal structure comprising a 2:1 layered silicate, two silicon-oxygen tetrahedron layers,
and a sandwiched layer of aluminum-oxygen octahedrons [26,27]. The surface of its silicate
lamellar layer is negatively charged and is composed of accumulation by electrostatic
interaction between layers [28]. Montmorillonite has unique one-dimensional layered
nanostructures and cation exchange properties, which makes it possible to modify and
expand the application field [29,30]. Modification by organic compounds can significantly
improve its utilization rate. It has been reported that organic Mt can improve the anti-aging
performance of bitumen, and the anti-aging performance was better than SBS-modified
bitumen when the content exceeded 3% [31]. In addition, the physical and chemical
stability of montmorillonite sheet can further enhance the flame-retardant performance of
polymers [32]. Moreover, 5 wt.% Mt containing alkyl surfactants reduced VOCs emissions
of base bitumen by more than 50% through interlayer restriction of volatilization of the
light components of the bitumen [33]. Organic Mt with a particle size greater than 200 mesh
size significantly reduced the types and quantities of SBS-modified bitumen VOCs [34].
The research above indicates that Mt can not only effectively improve the performance of
bitumen, but also has great potential in inhibiting VOCs emission. However, using Mt to
inhibit the VOCs emission of CRMB has not been reported.

This study aimed to characterize the VOCs emission of CRMB binder and evaluate
the effect of Mt nanoclay on its inhibition. Firstly, a homemade setup was used to collect
the VOCs of base and CRMB binders during the heating process, and their composition
was characterized. Next, nanoclay was used to modify the CRMB binder, and its inhibition
effect on the VOCs emission of the CRMB binder was evaluated. Finally, based on the Fick’s
second law, the VOCs emission models for the CRMB and Mt-modified CRMB (Mt-CRMB)
binders were established.

2. Experimental

2.1. Materials

Base bitumen (IRPC-70) with a penetration grade of 70 was imported from Thailand
and used in this study. The basic properties of the base bitumen are presented in Table 1.
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Table 1. Basic properties of base bitumen.

Properties Values Standard

Penetration at 25 ◦C (0.1 mm) 66 ASTM D5
Softening point (◦C) 48 ASTM D36

Ductility at 15 ◦C (cm) 181 ASTM D113
Viscosity at 60 ◦C (Pa·s) 166 ASTM D4402

Viscosity at 135 ◦C (Pa·s) 0.54 ASTM D4402

One waste tire from a passenger car was chosen to produce the CR powder. Its
preparation process was as follows: first, the electric grinder was adopted to grind the tread
part of the waste tire to produce the CR powder; next, the magnet was used to remove
iron impurities; then, the CR powder was sieved and collected with a typical particle size
between 40 and 60 mesh number (i.e., 250–425 μm) to be used in this study; finally, it was
washed by the water to remove other impurities (e.g., dust) and dried at 60 ◦C in the oven
for 12 h.

The organic Mt produced by Zhejiang Fenghong Clay Chemical Co. Ltd. (Huzhou,
China) was used to modify the CRMB binder, and distearylammonium chloride was used
as the surfactant with the content of 9%. The physical properties of montmorillonite are
presented in Table 2.

Table 2. Physical properties of montmorillonite.

Properties Values

Basal spacing (nm) 1.3
Density (g/cm3) 1.7538

Appearance White powder
Weight content of surfactant (%) 9

2.2. Modified Bitumen Preparation

During the preparation of the CRMB or Mt-CRMB binders, 250 g of base binder was
melted and poured into a cylindrical container on the heating plate. Then, 45 g of CR
powder (18% by weight) was added to the base binder, dispersing with a low-speed mixer
(JJ-1, Shanghai Loikaw Instrument) at 200 rpm for 10 min, at a temperature of 150 ◦C. For
the Mt-CRMB binder, 10 g of Mt (4% by weight) was simultaneously added with the CR
powder into the base binder. Next, the temperature was increased to 180 ◦C, and the binder
was sheared with a high-speed shearing mixer (ESR-500, Shanghai ELE Mechanical and
Electrical Equipment, Shanghai, China) at 4500 ± 500 rpm for 1 h. All samples were cooled
to room temperature and stored for further testing. More information about the bitumen
binder modification process in this study can be found in the previous research [33].

2.3. Test Methods
2.3.1. VOCs Collection Methods

The VOCs sample collection device is shown in Figure 1. Two VOCs sampling methods
were used in this study. Method 1 was used to compare the VOCs characteristics of CR
powder, base, and CRMB binders, by opening or closing the clamps, and Method 2 was
not only used to characterize the VOCs emission of the binders at different heating times,
but also could be used to calculate the VOCs emission rates in order to understand the
entire VOCs emission behavior. The specific collection processes for these two methods are
outlined below.
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Figure 1. VOCs sample collection device.

Method 1: First, 50 g of binder or the CR powder sample was put into the conical flask,
and Clamps 1 and 2 were closed (see Figure 1). When the temperature of the heating device
rose to 180 ◦C, the magnetic stirring switch was turned on and the temperature was held
for 10 min. Then, the two clamps were opened, and the VOCs were adsorbed into the ATD
(automatic tube dispenser) by using an atmospheric pump at a gas flow rate of 0.2 L/min
for 15 s.

Method 2: The CRMB binder or Mt-CRMB binder with the weight of 50 g was poured
into the conical flask (see Figure 1). As shown in Figure 2, the VOCs at 180 ◦C were
collected at five sampling points (i.e., 10, 30, 60, 90, and 120 min) to simulate the VOCs
release characteristics of the asphalt mixture during the process of mixing, transporting,
and paving. The collection time for each point was 15 s, with a flow rate of 0.2 L/min using
the pump. Before each collection, the clamps were closed for 10 min to preserve enough
VOCs to be absorbed by the ATD.

Figure 2. Operation process for Method 2 (sampling five times).

2.3.2. VOCs Characterization

Atomx P&T-Agilent 7890B-5977B thermal desorption-gas chromatography-mass spec-
trometry (TD-GC-MS, Agilent, Santa Clara, CA, USA) was used to characterize the VOCs
emission of the binder. The gas temporarily adsorbed in the automatic tube dispenser

118



Polymers 2023, 15, 1513

(ATD, PerkinElmer, Waltham, MA, USA) was desorbed in the thermal desorption system
and then transferred to the ultra-inert capillary column (30 m × 250 mm × 0.25 mm) using
high-purity helium (≥99.999%) at a flow rate of 40 mL/min. The GC-MS system was kept
at 30 ◦C for 3 min and then heated up to 200 ◦C at 11 ◦C/min for 3 min. Finally, it was kept
at 280 ◦C for 5 min. The ion-source temperature was maintained at 230 ◦C, and the MS
detector (Agilent, Santa Clara, CA, USA) was operated in full-scan electron ionization (EI)
mode, where data over 35–400 m/z were acquired [35,36].

2.3.3. X-ray Diffraction (XRD) Test

A D/Max-RB X-ray diffractometer (Rigaku, Tokyo, Japan) was used to analyze the
structural changes of the organic montmorillonite in the CRMB binder, with the conditions:
Cu Kα rays (λ = 1.54184 Å), the tube voltage of 40 kV, the tube current of 40 Ma, the step
size of 0.02◦, the scanning range of 1–10◦ (2θ), and the scanning rate of 5◦/min.

3. Results and Discussion

3.1. VOCs Composition of Base and CRMB Binders

Figure 3 shows the GC-MS chromatograms of VOCs emitted by the base binder, CRMB
binder, and pure CR powder. Based on the NIST database, there were 123 organic com-
pounds detected in the base binder VOCs. Commonly, the bitumen VOCs can be classified
into alkanes (ALK), olefins (OLE), hydrocarbon derivatives (HYD), aromatic hydrocarbons
(ARH), and aromatic hydrocarbon derivatives (ARHD). Among these compounds, there
were 49 ALKs, 31 OLEs, 19 HYDs, 24 ARHs, and 0 ARHD. It was indicated that most
compounds in the base binder VOCs belonged to the ALK and OLE.

Figure 3. VOCs GC-MS chromatograms of CR powder, base, and CRMB binders.

For the CR powder, 116 VOCs were detected, containing 17 ALKs, 29 OLEs, 62 HYDs,
6 ARHs, and 2 ARHDs. It was indicated that the hydrocarbon derivatives dominated the
VOCs of CR powder. Meanwhile, there were two aromatic hydrocarbon derivatives.

The GC-MS results indicated that there were 144 compounds in the CRMB binder
VOCs. Among them, there were 42 ALKs, 43 OLEs, 28 HYDs, 29 ARHs, and 2 ARHDs.
Compared with the base binder VOCs, all the species numbers increased, except in the ALE.
Maybe some alkane compounds in the binder were absorbed by the rubber, and the ALE
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volatilization decreased. Two aromatic hydrocarbon derivatives were detected, possibly
originating from the CR powder with the same VOCs.

In terms of ionic peak intensities, the CR power, base binder, and CRMB binder VOCs
were significantly different. For the CR powder VOCs, the abundances of methyl acrolein,
methyl vinyl ketone, benzene, 2-ethenyl-2-butenal, and methyl isobutyl ketone were larger.
For the base binder VOCs, the abundances of n-hexane and heptane were larger. For
the CRMB VOCs, the abundances of benzene, 4-ethenyl-cyclohexene, and D-limonene
were larger.

Figure 4 shows the distribution of VOCs species for the CR powder, base, and CRMB
binders. Three areas were defined: Area 1 meant the overlap of 21 VOCs among the CR
powder, base, and CRMB binders, Area 2 meant 51 joint VOCs between the base and
CRMB binders, and Area 3 represented 14 joint compounds between the CR powder and
the CRMB binder. It was noted that 51 VOCs in the base binder and 83 VOCs in the CR
powder were not detected in the CRMB binder. However, there were 58 new VOCs in the
CRMB binder.

Figure 4. VOCs species overlap for crumb rubber, base, and CRMB binders.

Figure 5 shows the peak area changes of 21 compounds in Area 1 based on the
GC-MS chromatograms of the CRMB binder. It indicated that except for pentane and
n-hexane, the peak areas of the other 19 compounds increased compared with the base
binder. Among them, the peak areas of benzene, cyclohexene, toluene, m-xylene, p-xylene,
and propyl benzene increased by 28 times, 10 times, 10 times, 14 times, 17 times, and
11 times, respectively. It can be seen that because the waste CR powder itself contains these
compounds, adding the CR powder to the base binder will have a direct impact on the
emissions of these compounds in VOCs.

The CR powder mainly introduced 14 VOCs in Area 3. Among them, ethanol, methyl
isobutyl ketone, ethyl acetate, 1-pentanol, and D-limonene are often used as essential
solvents in the rubber tire. The 4-ethenyl-cyclohexene and styrene are critical raw materials
for synthesizing rubber. Benzothiazole was used as the rubber vulcanization accelerant,
while 2-methyl-furan, heptanal, octanal, nonanal, (E)-6-dodecane, and 2-ethenyl-2-butenal
were used as the intermediates in the rubber synthesis.
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Figure 5. Peak area changes of 21 compounds in Area 1 based on the GC-MS chromatograms of the
CRMB binder.

Based on the previous research [37–39], 23 normally used VOCs were selected as
the fingerprint compounds for the CRMB binder (see Table 3). Among them, there were
12 species from Area 1, 5 from Area 2, and 6 from Area 3.

Table 3. The 23 VOCs fingerprint compounds from 3 areas and their standard curves for the GC-MS.

Area Code No. Retention Time (min) Compounds Standard Curve

1

1 3.743 Pentane y = 6443x
2 4.499 Acetone y = 34,348x
4 5.807 n-Hexane y = 32,620x
5 5.924 Methacrolein y = 43,341x
8 7.451 3-methyl-hexane y = 57,274x
9 7.632 Benzene y = 116,197x

10 7.958 Heptane y = 82,427x
11 9.326 2-methyl-heptane y = 58,003x
13 9.854 Toluene y = 137,374x
14 10.006 Octane y = 160,012x
16 11.680 m-Xylene y = 74,470x
17 11.825 p-Xylene y = 137,036x

2

3 5.143 2-methyl-pentane y = 41,944x
7 6.453 Butanal y = 33,394x

19 14.016 Mesitylene y = 138,233x
21 15.115 Undecane y = 124,317x
22 17.369 Naphthalene y = 466,879x

3

6 6.288 2-methyl-furan y = 58,003x
12 9.656 Methyl Isobutyl Ketone y = 146,885x
15 10.974 4-ethenyl-cyclohexene y = 70,311x
18 12.331 Styrene y = 92,293x
20 14.367 D-Limonene y = 121,411x
23 18.080 Benzothiazole y = 24,376x

The external method was used to obtain the standard curve of the fingerprint com-
pound. First, a standard solution was prepared by mixing 23 fingerprint compounds in the
ethanol solvent. Each compound had 5, 10, 25, 50, and 100 ppm concentrations. For other
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non-fingerprint compounds, the standard curve of toluene was used [9]. After the GC-MS
test, the standard curve describing the relationship between the peak area and mass of each
compound was obtained as follows:

mi =
Si
ki

(1)

where, mi is the mass of fingerprint compounds, ng, Si is the peak area of fingerprint
compounds, and ki is the slope of the standard curve for fingerprint compounds, ng−1.

The total amount of bitumen VOCs emission was calculated as follows:

m = ∑n
i=1 mi +

St − ∑ Si
ktol

(2)

where, m is the total amount of bitumen VOCs emission, ng, n is the number of fingerprint
compounds, St is the total peak of all VOCs, and ktol is the slope of the standard curve
measured by the standard toluene solution prepared in this study, ng−1.

Figure 6 shows the VOCs emission amount of each fingerprint compound. The
total base binder VOCs amount was 1306 ng/g. However, this amount for the CRMB
binder VOCs was 4180 ng/g, three times that of the base binder. It was indicated that the
addition of CR significantly increased the total emission of bitumen VOCs. Two lightweight
compounds (No. 1 pentane and No. 4 n-hexane) in the CRMB binder VOCs had a lower
emission amount, decreasing by 57.47% and 31.79%, respectively. The reason was that
the CR powder absorbed part of the lightweight compounds in the base bitumen, thereby
reducing their emissions. However, most fingerprint compounds had an increased emission.
The emission amount of benzene, toluene, m-xylene, p-xylene, and mesitylene in the CRMB
binder VOCs increased by 34, 11, 20, 15, and 9 times, respectively. It indicated that the CR
powder significantly influenced the ARHs emission.

 

Figure 6. Emission comparison of each VOC fingerprint compound between the base and
CRMB binders.

3.2. Inhibition Effect of Mt on the VOCs Emission of CRMB Binder

Figure 7 shows the VOCs GC-MS chromatograms of the CRMB and Mt-CRMB binders.
The results indicated that Mt-CRMB VOCs had 108 compounds, 25% less than the CRMB
VOCs, which had 144 compounds. It can be easily observed that most fingerprint com-

122



Polymers 2023, 15, 1513

pounds of the Mt-CRMB VOCs had a smaller peak than that of the CRMB VOCs. Calculated
by Equation (2), the total emission of the Mt-CRMB binder was 2901 ng/g, 30.6% less than
that of the CRMB binder.

Figure 7. VOCs GC-MS chromatograms of CRMB and Mt-CRMB binders.

Figure 8 compares the emission amount of each VOC fingerprint compound between
CRMB and Mt-CRMB binders. Due to the addition of Mt, 19 compounds had a decreased
emission. Among them, the emission of compounds Nos. 3, 9, 10, 11, 14, 15, 16, 17, 18, 19,
20, 21, 22, and 23 was significantly reduced by more than 30%. These compounds belonged
to the ALK, OLE, and ARH. However, the inhibition effect of Mt on the compounds of
No. 2 (acetone), No. 5 (methacrolein), No. 6 (2-methyl-furan), and No. 7 (butanal) was
not good.

Figure 8. Emission amount comparison of each VOC fingerprint compound between CRMB and
Mt-CRMB binders.
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Figure 9 shows the VOCs GC-MS chromatograms of the CRMB and Mt-CRMB binders
at different retention times, following sampling Method 2 (see Figure 2). The characteristic
peak abundance of the CRMB and Mt-CRMB VOCs changed with the extension of the
heating time. At Time 2 (i.e., 30 min), the peak abundance reached the maximum. It meant
that the CRMB and Mt-CRMB binders at 180 ◦C had the most VOCs emission after heating
for half an hour.

Figure 9. VOCs GC-MS chromatograms of (a) CRMB and (b) Mt-CRMB binders at different times.

Figure 10 shows the species numbers of CRMB and Mt-CRMB VOCs as a function of
the heating time. As indicated, the species number for both binders had a similar change
trend. At the same time, the Mt-CRMB VOCs had a lower number. Both had a very close
maximum number at 30 min. With the extension of the heating time, the species number
gradually decreased. At 120 min (i.e., the fifth sampling), the Mt-CRMB binder only had
79 VOCs species, reduced by 39% compared with the maximum value. However, this
number for the CRMB binder only decreased by 27%. It indicated that adding Mt could
effectively reduce the number of the VOCs of the CRMB binder.

Figure 10. VOCs species number comparison between CRMB and Mt-CRMB binders at
different times.
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Figure 11 shows the structural change of Mt in the CRMB binder at different times.
For the time at 0 min, there were two diffraction peaks. According to the Bragg equation,
the basal spacing of Mt was 1.32 nm at 6.62◦ and 5.25 nm at 1.68◦. It meant that parts
of Mt remained the original structure, but some showed an intercalated structure with a
basal spacing increased by almost three times. The reason was that some small bituminous
molecules entered the interlayer of the Mt, forming an intercalation structure [40]. The
structure limited the release of bitumen VOCs and reduced their escape paths.

Figure 11. XRD spectrum of Mt-CRMB binder at different times.

For the time at 30 min, there was only one diffraction peak at 1.42◦. The peak for the
original Mt at 6.62◦ disappeared, probably due to the continuous stirring of the magnetic
rotor improving the exfoliated nanoclay. According to the Bragg equation, the basal spacing
of Mt increased from 5.25 nm to 6.21 nm. For the time at 120 min, there was no prominent
diffraction peak. The reason was that most Mt layers were exfoliated due to the stirring
function. This exfoliation structure improved the inhibition effect on the VOCs emission,
with the smallest species number at 120 min.

3.3. VOCs Emission Model of Bitumen
3.3.1. Establishment of Model

Figure 12 shows the schematic diagram of VOCs emission from bitumen. Generally,
the VOCs emission consists of internal molecular diffusion in the material, partition on the
air–material interface, and external convective mass transfer in the ambient air [41]. Five
assumptions were established in the model establishment: the initial concentration of VOCs
was uniformly distributed, there was no chemical reaction during the VOCs diffusion, the
concentration gradient of VOCs was considered to be the only mass transfer force, the
equilibrium condition existed between the material surface and the air boundary layer,
and the partition on the material–air interface and the external convective mass transfer
resistance at the air–material interface can be ignored. Under the above assumptions,
the bitumen VOCs emission can be regarded as one-dimensional, and its emission rate
measured in the experiment equaled that at the upper surface of bitumen.
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Figure 12. Schematic diagram of VOCs emission from bitumen into the air.

The VOCs diffusion in bitumen follows Fick’s second law and can be described by the
unsteady diffusion equation:

∂Cm

∂t
=

∂

∂y

(
Dm

∂Cm

∂y

)
, 0 ≤ y ≤ h (3)

where, Cm is the concentration of each VOC in bitumen, μg/m3, Dm is the diffusion
coefficient of each VOC in bitumen, m2/s, and h is the thickness of the bitumen sample, m.

The initial condition of VOCs is given as:

Cm|t=0 = C0, 0 ≤ y ≤ h (4)

where, C0 is the initial concentration of each VOC inside the bitumen, μg/m3, and t is the
heating time, s.

Since the bitumen samples will not penetrate the glass substrate, the concentration
gradient is 0 μg/m4 (i.e., no mass flux) on the bottom boundary. It means that:

∂Cm

∂y

∣∣∣∣
y=0

= 0 (5)

Since the operation process shown in Figure 2 was designed to simulate the open
environment in the process of bitumen preparation, transportation, and spreading in the
actual situation, the spread of VOCs emitted from bitumen to the external environment is
infinite. Therefore, the assumption of zero concentration on the upper surface of the sample
is valid in this case, as follows:

Cm|y=h = 0 (6)

When the time, t, is long enough, the model for the instantaneous emission rate of
VOCs based on the Laplace transform can be expressed as [41]:

V(t) =
2DmC0

h
e
−Dmπ2

4h2 t (7)

Equation (7) can also be expressed as:

lnV(t) = ln
(

2DmC0

h

)
− Dmπ2

4h2 t (8)

V(t) can be obtained from the experiment and calculated by the following Equation:

V(t) =
me

Stc
(9)
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where, me is the mass of each compound measured in the experiment, μg, S is the area of
the upper surface of the sample, m2, and tc is the closed time before each sampling, min.

Two parameters, C0 and Dm, can be obtained through the linear curve fitting based on
Equation (8).

Figure 13 shows the total VOCs emission rates of CRMB and Mt-CRMB binders, and
both total emission rates of the two binders sharply increased before 30 min and then
gradually decreased. The VOCs emission rates of CRMB and Mt-CRMB binders were close
at 30 min. However, with the extension of the heating time, their VOCs emission rates
were significantly different. At 120 min, this value of the Mt-CRMB binder decreased by
41% compared with CRMB. For the VOCs collection device, a hysteresis of heat transfer
existed at the initial state, leading to the uneven distribution of the VOCs concentration
inside the binder. Therefore, there was an emission peak at 30 min. After this time, the
internal concentration tended to be uniform, and the emission of bitumen VOCs met Fick’s
law. Therefore, the emission rates at 30, 60, 90, and 120 min were used to fit the model
of Equation (7).

Figure 13. Total VOCs emission rates of CRMB and Mt-CRMB binders.

Table 4 presents the VOCs emission rate of each fingerprint compound. In comparison,
the emission rates for all fingerprint compounds of the Mt-CRMB binder decreased at the
same heating time, except for No. 12 and No. 21 compounds. It indicated that adding Mt
significantly reduced the emission rate of most VOCs in the bitumen.

Table 5 presents the initial concentration, C0, and the diffusion coefficient, Dm, in
the emission model for 23 fingerprint compounds of CRMB and Mt-CRMB binders. As
indicated, C0 for most compounds after the Mt modification decreased, except for undecane.
The acetone had the highest C0 of 2.033 × 106 μg/m3, and this value decreased by 27% in
the Mt-CRMB binder. Meanwhile, C0 of 2-methyl-furan, 2-methyl-heptane, octane, and
mesitylene decreased by 53%, 58%, 51%, and 51%, respectively. For most compounds, Dm
was relatively stable after the Mt modification.
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Table 4. Emission rate, V(t), of 23 fingerprint compounds for CRMB and Mt-CRMB binders at
different times.

No.

Emission Rate (μg/m2/min)

Sampling Time for CRMB Binder Sampling Time for Mt-CRMB Binder

1 2 3 4 5 1 2 3 4 5

1 117.00 160.73 99.80 63.50 45.32 46.52 111.93 44.42 35.73 33.12
2 92.65 142.55 129.52 111.15 72.33 53.28 139.05 88.20 75.12 53.47
3 33.50 44.68 27.95 17.85 12.03 13.85 43.35 15.48 8.27 5.10
4 54.98 79.20 45.92 29.37 21.05 20.52 52.52 21.47 15.63 11.23
5 12.22 18.32 15.58 12.38 10.80 8.72 16.17 10.40 8.68 7.23
6 4.78 9.32 8.23 6.72 5.93 3.08 8.73 4.68 4.05 2.95
7 26.68 46.28 38.48 29.18 27.80 21.62 44.07 26.00 20.27 19.37
8 8.75 14.13 8.77 5.78 4.12 3.85 11.00 4.37 3.02 1.70
9 64.10 98.18 64.57 45.12 35.60 34.90 83.05 28.52 19.17 10.42
10 28.97 39.13 23.53 15.65 12.27 13.60 28.93 12.50 9.17 6.93
11 13.32 23.43 14.48 9.28 6.30 4.52 13.05 5.32 3.40 1.88
12 29.72 52.68 38.22 27.48 21.58 26.30 72.45 33.83 23.50 14.33
13 26.67 43.55 27.17 16.47 10.82 16.42 39.88 15.24 8.85 4.08
14 7.73 13.32 8.43 5.48 3.93 3.28 8.88 3.92 2.72 1.83
15 48.85 83.82 56.92 37.22 25.50 24.37 64.00 27.27 17.98 8.83
16 22.37 37.70 24.22 14.97 9.92 10.92 26.78 10.33 6.83 3.35
17 21.93 37.07 24.28 15.47 10.50 9.48 22.83 9.25 6.32 3.27
18 18.38 30.13 18.88 11.17 7.05 8.00 18.42 6.93 4.47 2.08
19 13.30 23.73 15.60 10.08 6.88 6.08 13.60 6.32 4.52 2.52
20 14.37 29.52 18.43 12.68 8.70 7.38 19.47 9.02 6.47 3.52
21 5.28 10.48 6.65 4.23 2.97 7.60 18.62 8.65 6.03 3.18
22 0.37 0.67 0.48 0.30 0.22 0.25 0.50 0.30 0.23 0.15
23 5.77 9.18 6.60 4.50 3.47 2.07 3.65 3.28 3.53 2.07

Total SD 121.53 198.75 162.88 155.47 99.21 171.54 160.15 122.34 142.78 104.12

Table 5. The initial concentration, C0, and the diffusion coefficient, Dm, in the emission model for
23 fingerprint compounds of CRMB and Mt-CRMB binders.

No.
CRMB Binder Mt-CRMB Binder

C0 (μg/m3) Dm (m2/s) R2 C0 (μg/m3) Dm (m2/s) R2

1 1.355 × 106 2.163 × 10−8 0.9914 1.001 × 106 7.439 × 10−9 0.6893
2 2.033 × 106 1.607 × 10−8 0.8316 1.479 × 106 1.086 × 10−8 0.9538
3 3.780 × 105 3.182 × 10−8 0.9978 2.135 × 105 2.229 × 10−8 0.9540
4 6.198 × 105 2.266 × 10−8 0.9829 3.144 × 105 1.673 × 10−8 0.8896
5 3.058 × 105 1.302 × 10−8 0.9865 1.801 × 105 8.930 × 10−9 0.9151
6 1.734 × 105 1.592 × 10−8 0.9849 8.160 × 104 7.839 × 10−9 0.8928
7 7.445 × 105 1.247 × 10−8 0.9155 4.265 × 105 9.344 × 10−9 0.7946
8 1.198 × 105 2.919 × 10−8 0.9917 7.308 × 104 2.089 × 10−8 0.9513
9 9.257 × 105 2.718 × 10−8 0.9784 4.840 × 105 3.094 × 10−8 0.9399

10 3.250 × 105 1.974 × 10−8 0.9657 1.888 × 105 1.490 × 10−8 0.8808
11 1.959 × 105 2.978 × 10−8 0.9966 8.314 × 104 2.230 × 10−8 0.9693
12 5.721 × 105 2.509 × 10−8 0.9932 5.173 × 105 1.524 × 10−8 0.9660
13 3.651 × 105 3.385 × 10−8 0.9983 2.769 × 105 3.849 × 10−8 0.9711
14 1.144 × 105 2.194 × 10−8 0.9925 5.576 × 104 2.024 × 10−8 0.9378
15 7.753 × 105 3.009 × 10−8 0.9993 4.629 × 105 3.344 × 10−8 0.9767
16 3.260 × 105 3.513 × 10−8 0.9988 1.906 × 105 2.255 × 10−8 0.9672
17 3.305 × 105 3.288 × 10−8 0.9988 1.661 × 105 2.125 × 10−8 0.9648
18 2.492 × 105 3.679 × 10−8 0.9991 1.293 × 105 2.453 × 10−8 0.9708
19 2.125 × 105 2.848 × 10−8 0.9990 1.047 × 105 2.114 × 10−8 0.9680
20 2.579 × 105 2.888 × 10−8 0.9950 1.489 × 105 1.946 × 10−8 0.9687
21 9.030 × 104 2.148 × 10−8 0.9949 1.406 × 105 2.981 × 10−8 0.9746
22 6.363 × 103 2.087 × 10−8 0.9948 4.483 × 103 1.874 × 10−8 0.9700
23 9.552 × 104 1.669 × 10−8 0.9929 5.750 × 104 9.606 × 10−9 0.4464
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3.3.2. The Model Validation

For validating the emission model of Equation (8), the Concentration Field of the
PDEtoolbox in MATLAB software was used to construct the finite element model (FEM)
for four typical components (toluene, styrene, benzothiazole, and methyl isobutyl ketone)
in the CRMB and Mt-CRMB binders. In this FE model, a rectangle was selected as the
model’s shape and gridded. The boundary (left, right, and bottom) conditions were set
with the diffusion concentration gradient equal to 0 μg/m4. The parameters of C0 and
Dm in Table 5 were input into the software to obtain the diffusion model of VOCs inside
bitumen. Figure 14 shows the two-dimensional cloud image of benzothiazole diffusion in
the CRMB binder at different times. At the same time, the diffusion flux from the bottom to
the surface gradually increased. As the volatilization time increased, the diffusion flux at
the upper interface gradually decreased.

Figure 14. Two-dimensional cloud images of benzothiazole diffusion in CRMB binder at (a) 30 min,
(b) 60 min, (c) 90 min, and (d) 120 min.

Figure 15 shows the emission rate of four typical compounds at the upper interface
based on the FEM and the experiment. As indicated, the emission rate gradually decreased
with the increase in the heating time. The emission curve of these compounds in the CRMB
and Mt-CRMB binders agreed well with the experimental data. In comparison, the CRMB
binder better fit the model and the experiment than the Mt-CRMB. It was observed that the
data at 90 min and 120 min differed more from the curve than at 30 min and 60 min. The
reason could be that the bitumen gradually aged, hindering the VOCs emission. Although
only four fingerprint compounds were used for the verification, it was still proven that the
analytical solutions derived from Equations (3)–(6) were reasonable and can be used to
describe the emission behavior of bitumen very well. This model can provide a concise and
efficient understanding of bitumen VOCs emission behavior and lays a solid foundation
for further deepening the model (considering more influencing factors) in future studies.
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Figure 15. Emission rate of four typical compounds of (a) toluene, (b) styrene, (c) benzothiazole, and
(d) methyl isobutyl ketone at the upper interface based on the FEM and the experiment.

4. Conclusions

The VOCs emission characteristics of base and CRMB binders during heating were
characterized and the inhibiting effect of Mt on the VOCs emission of CRMB was investi-
gated in this research. A VOCs emission model of bitumen was established to compare the
VOCs emission behaviors of CRMB and Mt-CRMB. Based on the results and discussion,
the following conclusions can be drawn:

(1) The addition of crumb rubber increased the VOCs species number from 123 to 144.
The VOCs emission of the CRMB binder was 3.2 times larger than that of the base binder.
Furthermore, the addition of crumb rubber significantly increased the ARHs of the base
binder, and the emission of some ARHs such as benzene, toluene, m-xylene, and p-xylene
emissions increased by more than 10 times. However, the emission of some lightweight
compounds such as alkanes was reduced since they were absorbed by the rubber.

(2) Due to its special intercalated structure, the VOCs of Mt-CRMB included 108 compounds,
25% less than that of CRMB, and the Mt nanoclay can reduce the VOCs emission of CRMB
binder by about 30%. Especially, its inhibition effects on alkanes, olefins, and aromatic
hydrocarbons were more significant, and 14 fingerprint compounds belonging to the above
types were reduced by more than 30%. With the extension of the heating time, the VOCs
species number of CRMB and Mt-CRMB binders gradually decreased. At 120 min, the
Mt-CRMB binder only emitted 79 species of VOCs, reduced by 39% compared with the
maximum value.

(3) The VOCs emission rates of CRMB and Mt-CRMB binders were close at 30 min.
However, with the extension of the heating time, their VOCs emission rates were signifi-
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cantly different. The emission rate of the Mt-CRMB binder decreased by 41% compared
with the CRMB binder at 120 min. Furthermore, the addition of Mt significantly reduced
the emission rate of most VOCs in the bitumen. By calculation, the C0 for most compounds
after the Mt modification decreased, except for undecane, and for most compounds, the Dm
was relatively stable after the Mt modification. Based on Fick’s second law, the emission
behavior of CRMB and Mt-CRMB binders can be well-described by the established model.

Overall, the Mt nanoclay can be used as an effective modifier to inhibit the VOCs
emission of the CRMB binder, which is widely used in asphalt pavement.
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Abstract: The utilization of synthetic, natural, and waste fibers in asphalt mixtures is constantly
increasing due to the capability of fibers to improve the mechanical performance of asphalt mixes.
The combination of fibers in asphalt mixes contributes to ecological sustainability and cost benefits.
The objective of this paper is to introduce a citation-based review on the incorporation of synthetic,
natural, and waste fibers in bitumen, dense-graded asphalt mix, stone mastic asphalt, and porous
asphalt mix. Additionally, this article aims to identify research gaps and provide recommendations
for further work. The outputs of this article demonstrated that there has recently been a growing
interest in the use of natural and waste fibers in asphalt mixtures. However, more future studies are
needed to investigate the performance of fiber-modified stone mastic asphalt and porous asphalt mix
in terms of resistance to aging and low-temperature cracking. Furthermore, the period of natural
fibers’ biodegradability in asphalt mixtures should be investigated.

Keywords: asphalt; natural fibers; synthetic fibers; waste fibers; dense asphalt mix; stone mastic
asphalt; porous asphalt mix; biodegradability

1. Introduction

Asphalt mixture refers to the combination of bitumen, coarse aggregates, fine aggre-
gates, and filler. Asphalt mixtures can be divided into three categories: dense-graded
asphalt mix, stone mastic asphalt (SMA), and porous asphalt mix (open-graded asphalt
mix) [1,2]. The dense-graded asphalt mix is the most widespread due to its suitability for
all pavement layers and traffic conditions and its reasonable cost. Stone mastic asphalt
(SMA) consists of 6–7% bitumen, 70–80% coarse aggregates, 8–12% mineral filler, and
0.3–0.5% fibers. SMA is distinguished by its remarkable durability and high resistance
to rutting as compared to other types. The main cons of SMA are its higher cost than
the dense-graded asphalt by about 20–25%, longer mixing time, and delays in opening to
traffic [3,4]. The porous asphalt mix is designed to be used as a drainage layer that allows
runoff and rainfall to penetrate the surface layer to the drainage system. The porous asphalt
mix is characterized by its high air void content, smooth surface, less tire splash, decreased
runoff, and less energy in manufacturing, while its high cost and weakness in carrying
heavy traffic loads are among its drawbacks [5,6].

On the other hand, permanent deformation, fatigue cracking, low-temperature crack-
ing, and moisture damage are the major distresses that decrease the lifespan of an asphalt
layer. Permanent deformation in an asphalt layer occurs due to densification, lateral flow,
and subgrade consolidation. In addition, a heavy load, improper compaction, materials,
and design for the asphalt layer cause permanent deformation [7–9]. Furthermore, the
cyclic stress of traffic loads and structural weakness of an asphalt layer due to improper
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design or aging result in fatigue cracking, which starts from the bottom of the layer and
propagates to the surface. Low-temperature cracking is caused by the shrinkage of the
asphalt layer in cold regions [10,11]. Furthermore, moisture damage occurs by the loss of
bonding between aggregates and bitumen due to the reaction between adhesion materials
and water that penetrates the surface layer through cracks [12–14].

Accordingly, there is a growing global interest in improving the performance of
asphalt layers by modifying bitumen or the asphalt mix to extend their lifespan. Fibers
have been the most utilized materials in asphalt layers for many decades due to their
capability in boosting the mechanical performance of asphalt layers. Fibers can be of
natural origin, such as lignin, bamboo, sisal, kenaf, coconut, banana, and Jute, or manmade,
such as polypropylene, polyester, polyacrylonitrile (PAN), carbon, aramid, basalt, glass,
steel, and ceramic [15–18]. Moreover, fibers can be used as a bitumen modifier or mixture
modifier [19]. It is reported that modifying bitumen with fibers enhances the physical
and rheological properties of bitumen in terms of high-temperature performance (rutting)
and intermediate-temperature (fatigue cracking) and low-temperature cracking [20–23].
Additionally, introducing fibers to an asphalt mix by a dry process (modifying mix) has
been documented as an effective approach for improving the performance of the asphalt
mix, reducing aging of the asphalt mix, and extending the service life of the asphalt
layer [24–28]. The use of natural fibers in stone mastic asphalt (SMA) and porous asphalt
mix is widely desirable due to their low cost, availability, and absorbency property, which
reduces drain down in asphalt mixes [29–31]. Furthermore, it is documented that the
mechanical properties of an asphalt mix integrated with reclaimed asphalt pavement are
notably enhanced by adding fibers. In addition, utilizing fibers in an asphalt mix is cost
effective due to the fibers’ ability to decrease maintenance and extend the lifespan of the
asphalt layer [32–35].

The objective of this article is to review and summarize the current state of utilizing
natural, synthetic, and waste fibers in asphalt mixtures. Another aim is to identify research
gaps and propose recommendations for future work.

2. Physical, Mechanical, and Thermal Properties of Fibers

The physical, mechanical, and thermal properties of fibers play a major role in de-
termining the intended use of fibers. The fiber density is used to identify the suitable
content in asphalt mixes. Moisture content refers to the absorbent property of fibers. The
tensile strength of fibers indicates the stress that fibers can carry without failure. Young’s
modulus and elongation are used to describe the elastic behavior of fibers. The relationship
between Young’s modulus and elongation is linear; as Young’s modulus increases, the
elongation decreases. In other words, the higher the Young’s modulus, the lower the elastic
and ductile behavior of fibers. Thermal conductivity is the ability of fibers to transfer heat.
Glass transition represents the temperature at which fibers change from the glassy state
to the rubbery state. Glass transition has a major impact on the behavior of the physical
properties of fibers [36–38].

Table 1 shows the general mechanical properties of natural and synthetic fibers. As
can be seen in the table, natural fibers are characterized by low density and high absorption
rate. Coconut and palm fibers are more elastic than the other fibers. However, the common
utilization of natural fibers in stone mastic asphalt and porous asphalt mix is attributed
to the high absorption rate. The absorbency of natural fibers decreases the drain down.
Therefore, the use of natural fibers in dense asphalt mixes may increase the bitumen
content [29–31]. On the other hand, synthetic fibers, i.e., polypropylene, polyester, and
PAN, are characterized by low density, high elasticity, and low absorption rate, which make
them suitable for dense asphalt mixes. Furthermore, the low melting point of polypropylene
fibers indicates that polypropylene fibers are desirable for use as a bitumen modifier in
hot mix asphalt. The high Young’s modulus and low elongation of basalt fibers and glass
fibers refer to the brittle behavior of these fibers, which may break during compaction [14].
Moreover, the prevalent use of carbon fibers and steel fibers as conductive additives for
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self-healing and microwave deicing of asphalt mixes is attributed to the high thermal
conductivity of these fibers.

Table 1. Physical, mechanical, and thermal properties of fibers [39–45].

Physical Properties Mechanical Properties Thermal Properties

Fiber
Density

(g/cm3)

Moisture
Content

(%)

Tensile
Strength

(MPa)

Young’s
Modulus

(GPa)

Elongation
(%)

Thermal
Conductivity

(W/m.K)

Glass
Transition
(Tg) (◦C)

Melting
Point

(Tm) (◦C)

Natural fibers

Bamboo [41] 0.6–1.1 8.9 140–230 11–17 - - - -
Palm [41,44] 0.7–1.55 - 248 3.2 25 0.199 - -

Coconut [40,44] 1.15–1.46 8 95–230 2.8–6 15–51.5 0.047 - -
Sisal [40,44] 1.33–1.5 10–22 363–700 9–38 2–7 0.042 - -
Kenaf [40] 1.40 9–12 223–930 14.5–53 1.5–2.7 - - -

Banana [39] 1.40 8.7–12 529–914 27–32 3 - - -
Jute [41] 1.30–1.40 12.60 393–773 13–26.50 1.2–1.5 - - -

Synthetic fibers

Polypropylene
[43,45] 0.91 - 500–700 3.5–6.8 21 0.12 −20 to −50 165

Polyester [43,45] 1.38 - 400–600 8.4–16 11-30 0.13 64 240
Basalt [43] 2.6–2.7 - 3100–4800 85–95 3.1 - - 1450

Carbon [42] 1.8-1.9 - 1700–2600 140–200 0.8–1.5 8–70 - 3500
Glass [42] 2.5–2.56 - 1700–3500 27 2.5–3.2 0.04 - 1540

Aramid [41,44] 1.4 - 3000–3150 63–67 3.3–3.7 0.05 - 500
PAN [45] 1.17 - 200–400 20 27–48 - 97 330
Steel [43] 7.85 - 400–1200 200 3.5 50 - 800

3. Biodegradability of Natural Fibers

Despite the widespread use of naturals fibers due to their availability, low cost, and
desirable mechanical properties, they are subjected to premature decomposition as com-
pared to syntactic fibers due to the components of natural fibers such as cellulose, hemi
cellulose, and lignin [46–49]. Table 2 summarizes the biodegradation periods of natural
fibers. The degradation of natural fibers due to biodegradability or thermal degradation
may negatively affect the performance of natural-fiber-modified asphalt mixes. This, in
turn, leads to a decrease in the asphalt layer lifespan. Therefore, the biodegradability period
of natural fibers may play a decisive role in the evaluation of asphalt mixes incorporating
natural fibers.

Table 2. Degradation periods of natural fibers [46].

Fiber Period (Days)

Bamboo 1–120
Oil palm 21–90

Sisal 21–90
Banana 28–90

Jute 21–35
Kenaf 30–180

Coconut 21–60
Cotton 21–28

4. Methodology

In this study, the literature review on the applications of fibers in asphalt mixtures
was conducted by means of citation analysis. Citation analysis is used to identify the
most influential research in a specific field through the number of citations. The higher the
citations, the better the impact of the research [50,51]. Citation analysis was conducted using
the software VOSviewer. The purpose of VOSviewer is to create a network visualization
of the imported bibliometric data by creating connection links between citations and
documents (clusters). The connection links ensure that the content of the documents are
relevant. However, the size of cluster indicates the number of citation, while the link
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distance between clusters refers to the citations relatedness between documents. The
short distance indicates the strong relatedness, while the long distance implies the less
relatedness [52]. Moreover, the number of clusters depend on the resolution parameter.
The higher the value of resolution parameter, the higher the number of clusters. In this
study, the type of analysis in the VOSviewer tool was citation, while the unit of analysis
was documents. Furthermore, the minimum number of document’s citations was set to 0 to
ensure that the number of citations does not affect the links between documents, while the
resolution parameter was set to 1. In addition, the review was focused on the connected
documents, while the unconnected, unrelated, and review documents were neglected.
However, bibliometric data were obtained from the Dimensions AI database in the form of
CSV. Dimensions AI is a free, accessible database that aims to reveal links between articles
and their outputs. It is reported that the Dimensions AI database provides higher coverage
than Scopus and Web of Science [53–55].

The keywords of “Polypropylene fibers AND asphalt”, “Polyester fibers AND asphalt”,
“Basalt fibers AND asphalt “, “Glass fibers AND asphalt”, “Steel fibers AND asphalt”,
“Aramid fibers AND asphalt”, “Carbon fibers AND asphalt”, “Polyvinyl alcohol fibers
AND asphalt”, “Ceramic fibers AND asphalt”, “PAN fibers AND asphalt”, “Cellulose
fibers AND asphalt”, “Bamboo fibers AND asphalt”, “Lignin fibers AND asphalt”, “Kenaf
fibers AND asphalt”, “Coconut fibers AND asphalt”, “Palm fibers AND asphalt”, “Sisal
fibers AND asphalt”, “Jute fibers AND asphalt”, “Banana fibers AND asphalt”, “PET fibers
AND asphalt”, “Tire textile fibers AND asphalt”, and “Metallic fibers AND asphalt” were
searched in the titles and abstracts of the Dimensions database. The publication year was
set to the last five years (2018–2022) to ensure that the sources are recent. However, the
publication year from 2000 to 2022 was also set to study the annual publication trend of
utilizing fibers in asphalt mixtures.

5. Results and Analysis

5.1. Annual Publications

The annual publications for the applications of fibers in asphalt mixes are shown in
Figure 1. It can be seen in the figure that the most utilized fibers in asphalt mixtures are
basalt, polyester, carbon, steel, glass, polypropylene, lignin, and cellulose fibers. Moreover,
the use of basalt fibers in the years 2018–2022 sharply increased by about 186% as compared
to the utilization of basalt fibers from 2000 to 2017. In addition, bamboo, kenaf, coconut,
palm banana, jute, aramid ceramic, PET, PAN, metallic, and tire textile fibers have been
recently utilized in asphalt mixes. The annual publications of these fibers are located within
the last five years. The increase in the use of natural and waste fibers in the last five years
indicates the growing interest in this sustainable practice.

5.2. Applications of Synthetic Fibers in Asphalt Mixes
5.2.1. Polypropylene Fibers

Polypropylene is widely used as a bitumen modifier due to its low density and melting
point of 165 ◦C. Figure 2 presents the network visualization of documents on utilizing
polypropylene in asphalt mixtures. As shown in the figure, there are 3 clusters with
3 links. However, the number of citations for the documents of Park, Mohammed, Al-Badri,
and Omaranian were 9, 6, 3, and 0, respectively. While the number of links were 1, 1,
1, and 3 respectively. Park et al. [56] investigated the addition of glass fiber coated with
polypropylene into a hot asphalt mix incorporated with reclaimed asphalt pavement. As
reported, 10–15 mm long glass fibers improved the tensile strength, moisture resistance,
dynamic modulus, and rutting resistance. Mohammed et al. [57] studied amending bitumen
with 2, 4, and 6% of polypropylene by bitumen weight. The authors concluded that as
the content of polypropylene increases, the tensile strength ratio (TSR) of the warm mix
improves. Omaranian et al. [58] reported that the integration of glass and polypropylene
fibers at a content of 0.2% by aggregate weight improved the moisture resistance of hot
mix asphalt and reduced the cons of freeze and thaw cycles on the performance of the
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asphalt mix. Al-Badri et al. [59] indicated that the combination of 0.3% steel fibers and 0.1%
polypropylene by aggregates weight enhanced the stability and temperature sensitivity of
hot mix asphalt.
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Figure 1. Annual publications.

Figure 2. Network visualization of polypropylene fibers.

5.2.2. Polyester Fibers

Polyester fibers are made with petroleum. The distinctive properties of polyester
fibers, i.e., low density, high tensile strength, desirable melting point, and high elasticity,
are the major reasons for their widespread use as a bitumen modifier and mixture modifier.
Figure 3 shows the most influential documents on utilizing polyester fibers in asphalt
mixes based on citation analysis. However, the bigger the size of node, the higher the
number of citations, and the greater the impact of document. As seen in the figure, there are
9 clusters with 62 links. The documents of Qin, Kim, Hong, Zhang, and Zarie represents the
significant clusters with high number of citations. However, the cluster of Qin incorporating
7 links and 101 citations, while the cluster of Kim containing 7 links and 49 citations. In
addition, the document citations number of Hong, Zhang, and Zarie was 30, 26, and 19,
respectively. Qin et al. [60] confirmed that modifying a binder with 6 mm long polyester
at a content of 5% by bitumen weight enhanced the physical and rheological properties
of the binder. Kim et al. [61] assessed hot mix asphalt reinforced by polyester fibers with
a length of 6 mm and different contents, 0.5% and 1%, by mix volume. The performance
tests showed that adding 1% polyester fibers enhanced the stability, tensile strength ratio
(TSR), dynamic stability, and cracking resistance of the asphalt mix. Zhang et al. [62]
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investigated the use of different fibers, i.e., lignin, polyester, and PAN fibers, in an open-
graded asphalt mix. The authors stated that reinforcing the open-graded asphalt mix
with polyester fibers at a dosage of 0.3% by mix weight showed the best performance in
terms of stiffness modulus, rutting resistance, fatigue resistance, and drainage property
in comparison with lignin and PAN fibers. In a similar study, Zhang et al. [63] observed
that the integration of 50% steel slag aggregates and 0.45% polyester fibers in a permeable
asphalt mix significantly improved the resistance of the mix to low-temperature cracking.
Zarie et al. [64,65] evaluated the fracture energy of hot mix asphalt and warm mix asphalt at
low and intermediate temperatures. The authors concluded that the addition of 8 mm long
polyester fibers at a content of 0.25% by mix weight significantly improved the fracture
energy of asphalt mixes. Alnadish et al. [66–68] noticed that reinforcing an asphalt mix
incorporated with coarse steel slag aggregates with 0.3% polyester fibers enhanced moisture
resistance, rutting resistance, cracking resistance, and aging resistance. Hong et al. [69]
found that introducing 0.3% polyester fiber to an asphalt mix composed of 0.4% coal gangue
powder notably boosted the resistance of the asphalt mix to cracking at low temperatures.
In a comparative study conducted by Zhu et al. [70], polyester, basalt, and lignin fibers
were separately added at a content of 0.3% by mix weight to an asphalt mix integrated with
40% reclaimed asphalt pavement. The researchers observed that the use of fibers improved
the performance of the asphalt mix as compared to the unreinforced mix. Among the fibers,
basalt fibers showed the best performance as compared to the reinforced asphalt mix with
polyester and lignin fibers. Zhu et al. [71] noticed that reinforcing cold mix asphalt with
0.3% polyester fibers with a length of 6 mm showed better low-temperature performance
than the control mix and integrated mix with 0.2% 6 mm long basalt fibers. Yu et al. [72]
reported that adding 0.3% polyester fiber to cold asphalt mix increased the resistance of the
mix to low temperatures by about 42% in comparison with the control mix.

Figure 3. Network visualization of polyester fibers.

5.2.3. Basalt Fibers

Basalt fibers are produced from melted basalt rocks. Influential documents on using
basalt fibers in asphalt mixes are shown in Figure 4. It can be seen in the figure that there
are 15 clusters with 571 links. The documents of Qin, Xiang, Tanzadeh, Guo, Wang, and Li
represents the significant studies with high number of citations. However, the document
citations number of Qin, Xiang, Tanzadeh, Guo, Wang, and Li was 101, 67, 56, 46, 63, and
36, respectively. While the number of links was 48, 14, 14, 12, 31, and 26, respectively.
Qin et al. [60] investigated the use of basalt fibers as binder modifier Qin et al. [60] investi-
gated the use of basalt fibers as a binder modifier. In their study, 6, 9, and 15 mm long basalt
fibers were added into base bitumen at different contents of 3, 5, 7, and 10% by bitumen
weight. The findings of the study demonstrated that the amended bitumen with 6 mm
basalt fibers at doses of 5% and 7% exhibited better performance than the modified binder
with lignin and polyester fibers. The authors stated that adding basalt fibers at a content
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of 10% reduced the force distribution homogeneity and the bonding property between
the binder and fibers, while introducing fibers at 3% did not provide a stable network.
Tanzadeh et al. [73] investigated the use of 24 mm basalt fibers and 12 mm glass fibers in
a porous asphalt mix. The study outputs demonstrated that the inclusion of glass fibers at
a content of 0.2% showed better performance than basalt fibers in terms of tensile strength,
TSR, Cantabro, and reducing drain down. In addition, the authors noticed that using
fibers decreased the permeability of the porous asphalt mix. To overcome the negative
effect of fibers in terms of decreasing permeability, the authors introduced nanosilica to
the fiber-modified porous asphalt mix. Guo et al. [74] studied the performance of the
low-temperature fracture energy of an asphalt mix reinforced separately with different
fibers, i.e., basalt, glass, and steel, with various lengths of 6, 12, and 20 mm at a content of
0.5% by mix weight. The study results demonstrated that 6 mm long basalt fibers showed
the highest ultimate stain and fracture energy followed by 20 mm long basalt fibers, 6 mm
long glass fibers, and 6 mm long steel fibers. The impact of the glass fibers’ length was not
significant on the strain. Guo et al. [75] noticed that the addition of basalt fibers to SMA im-
proved cracking resistance and skid resistance. Conversely, adding basalt fibers negatively
affects the high-temperature performance and moisture sensitivity. the researchers stated
that the combination of lignin fibers and basalt fibers in SMA showed the best performance
regarding cracking resistance and rutting resistance. Wang et al. [76–78] conducted studies
utilizing 6 mm long basalt fibers in hot mix asphalt, asphalt mix incorporated with steel
slag, and modified bitumen. The authors concluded that introducing 0.3% basalt fibers
by aggregate weight to an asphalt mix containing waste rubber enhanced Marshall sta-
bility and the properties of vibration absorption. In addition, the researchers found that
hot mix asphalt with basalt fiber displayed improved tensile strength and resistance to
freeze–thaw cycles. Furthermore, the authors noticed that the addition of 0.35% basalt
fiber to the asphalt mix composed of steel slag aggregates showed the best performance as
compared to polyester fibers and lignin with regard to integrity, moisture resistance, and
reducing the negative impact of freezing–thawing. In another study conducted by Wang
et al. [79], the performance of a porous asphalt mix containing 9 mm long basalt fibers
was studied. The findings of the study showed that introducing basalt fibers at a content
of 0.3% significantly improved the mechanical properties of the porous asphalt mix in
terms of cracking at low temperatures, dynamic stability, Cantabro abrasion, and tensile
strength. Xiang et al. [80] concluded that modifying the basalt fiber surface with a solution
of silane coupling agent resulted in a rough surface, better compatibility, higher bonding
of basalt-modified bitumen, and superior performance of the asphalt mix. According to
Zhang et al. [81], the use of 0.3% basalt fibers improves the rheological properties of the
binder, stiffness modulus, and creep behavior of the asphalt mix. Gong et al. [82] found that
the use of nano TiO2/CaCO3 and basalt fibers enhanced the performance of the asphalt
mix after freeze-thaw cycles regarding uniaxial compression static, stability, tensile strength,
resilient modulus, and dynamic creep rate. Yoo et al. [83] demonstrated that adding 0.4%
basalt fibers into a porous asphalt mix improves tensile strength, rutting resistance, and
stability and reduces freezing–thawing effects. Li et al. [84] stated that the incorporation of
9 mm long basalt fibers at a content of 0.4% improved the low-temperature performance.
Kong et al. [85] noticed that amending cold mix asphalt with 0.3% basalt fibers notably
enhanced its strength and crack resistance. Alfalah et al. [86] indicated that reinforcing an
asphalt mix with 0.3% basalt fibers improved the mix’s resistance to rutting. However, the
authors indicated that the addition of bitumen negatively affected the rutting performance
of asphalt mix.
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Figure 4. Network visualization of basalt fibers.

5.2.4. Glass Fibers

The influential documents on utilizing glass fibers in asphalt mixtures are shown in
Figure 5. A bigger circle size in the network map indicates the stronger impact of the study.
As shown in the figure, there are 9 clusters with 94 links. The documents of Tanzadeh, Zairi,
Morea, Gupta, and Enieb represents the significant clusters with high number of citations.
However, the author’s document citations of Zairi, Tanzadeh, Shanbara, Gupta, Khater,
Ramesh, Enieb, Morea, Khanghahi, Guo, Liu and Fu were 65, 56, 44, 19, 8, 4, 27, 44, 15, 46,
21 and 10, while the links were 10, 7, 4, 6, 2, 4, 10, 11, 6, 2, 3 and 2, respectively. Zairi [87]
evaluated the low-temperature performance of an asphalt mix containing 12 mm long glass
fibers at different proportions of 0.06, 0.12, and 0.18% by mix weight and various contents of
reclaimed asphalt pavement, i.e., 25, 50, 75, and 100%. The authors concluded that inserting
0.12% glass fibers notably boosted the low-temperature cracking resistance of the asphalt
mix. The authors claimed that introducing glass fibers can improve the performance of
an asphalt mix incorporated with 100% reclaimed asphalt pavement. Tanzadeh et al. [73]
investigated the use of 0.2% glass fibers, 0.2% basalt fibers, 2% nanosilica, and 4% SBS
in a porous asphalt mix. The findings of the study showed that reinforcing the porous
asphalt mix with basalt fibers led to the best performance in terms of decreasing drain
down. However, nanosilica successfully reduced the sensitivity of the asphalt mix to aging.
In similar content, Guo et al. [74] concluded that reinforcing asphalt mix with 6 mm long
glass fibers at the content of 0.5% significantly improved the low-temperature performance
of asphalt mix. Liu et al. [88] confirmed that treating glass fibers with 2 mol/L of etchant
notably enhanced the fracture energy and the adhesion between glass fibers and emulsified
asphalt. Shanbara et al. [89] investigated the impact of adding glass and hemp fiber into
cold asphalt mix. The study findings elucidated that glass fibers with 14 mm length
and 0.35% content by aggregate weight along with hemp fiber considerably enhanced
cracking and rutting resistance. In a comparative study, Gupta [90] investigated the feasible
incorporation of different fibers, i.e., 0.05% aramid fibers, 0.05% aramid pulp, 0.5% cellulose
fibers, and 0.5% hybrid glass fibers (cellulose fibers + glass fibers) in a porous asphalt mix.
The authors corroborated that the utilization of fibers in the porous asphalt mix successfully
reduced drain down and improved indirect tensile strength (ITS). The integrated mixture
with aramid pulp showed the best performance, followed by hybrid glass fibers, aramid
fibers, and cellulose fibers. Khater et al. [91] studied the potential use of 12 mm long glass
and lignin fibers in an asphalt mix. The study outputs demonstrated that the incorporation
of glass and lignin fibers in the asphalt mix at a content of 0.3% by mix weight enhanced
moisture resistance and low-temperature cracking resistance. Ramesh et al. [92] noticed
that adding 0.3% nanoglass fiber by mix weight into warm mix asphalt composed of 70%
reclaimed asphalt pavement improved fracture energy by about 1.8 times. Enieb et al. [93]
evaluated the performance of an asphalt mix incorporated with 6 mm and 12 mm long glass
fibers in terms of indirect tensile strength, moisture sensitivity, fatigue cracking, resilient
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modulus, and fracture energy. The authors indicated that adding 6 mm long glass fibers to
the asphalt mix led to a positive impact in terms of improving the mechanical properties
and aging resistance of the asphalt mix. According to Morea et al. [94], introducing 36 mm
long glass fibers to hot mix asphalt at a dosage of 0.4% showed better fatigue resistance and
permeant deformation resistance than the control mix, reinforced mix with 25 mm long
polyester, and modified mix with 12 mm long glass fibers. Khanghahi et al. [95] noticed
an increase in fracture energy at low temperatures for hot asphalt mix integrated with
6% gilsonite by bitumen weight and 12 mm long glass fibers at a content of 0.3% by mix
weight. Mohammed et al. [96] concluded that modifying the binder with 12 mm long
glass fibers at a proportion of 1% by bitumen volume led to better performance than the
unmodified bitumen and modified bitumen with cellulose fibers in terms of cracking and
rutting resistance. Fu et al. [97] evaluated an amended asphalt mix with glass fiber at the
optimum content of 0.5% by mix weight. The outputs of the study emphasized that adding
glass fiber enhanced the tensile strength and cracking resistance of the asphalt mix.

Figure 5. Network visualization of glass fibers.

5.2.5. Steel Fibers

According to the citation analysis, influential documents on the applications of steel
fibers in asphalt mixes were identified using the VOSviewer tool. Figure 6 demonstrates
the network connections between documents and citations. As seen in the figure, there
are 9 clusters with 131 links. The significant clusters with high number of citations are
represented by the studies of Liu, Phan, Gao, Tabaković, González, Yang, Jiao, Li, Dinh,
Hosseinian, and Norambuena-Contreras. However, the citations for the document of
Liu, Phan, Gao, Tabaković, González, Yang, Jiao, Li, Dinh, Hosseinian, and Norambuena-
Contreras were 15, 53, 75, 11, 29, 7, 17, 15, 40, 19, and 45, respectively. While the number
of links was 4, 6, 8, 4, 7, 3, 2, 4, 4, 4, and 12, respectively. Liu et al. [98] introduced steel
fibers into the binder at various contents of 2, 3, and 4% by bitumen weight and different
lengths, i.e., 1 mm–7 mm in 2 mm increments, to study healing efficiency. The findings of
the study revealed that amending the binder with 5 mm long steel fibers at a content of 4%
led to the best performance regarding healing efficiency and fatigue life recovery, while
the dosage of 3% led to the worst performance. Phan et al. [99] studied the potential use
of steel wool fibers and steel slag aggregates in an asphalt mix as self-healing additives
using microwave heating. The authors concluded that the use of 2% steel wool fibers by
binder weight and 30% of coarse steel slag aggregate significantly enhanced the healing
efficiency of the asphalt mix. Similarly, Gao et al. [100] assessed microwave deicing of an
asphalt mix incorporated with different sizes of steel wool fibers: 0.015–0.035, 0.050–0.070,
and 0.075–0.125 mm. The authors pointed out that the ice thawing time for steel wool
fibers (0.015–0.035) at a content of 0.3%, steel wool fibers (0.050–0.070) at a proportion of
0.6%, and steel wool fibers (0.075–0.125) at a dosage of 0.9% were 9.3, 11.3, and 14.8%,
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respectively. In another study conducted by Tabaković et al. [101], the self-healing property
of a porous asphalt mix containing steel wool fibers 10 mm long and 0.09 mm in diameter
was investigated. The results of the study indicated that the addition of steel wool fibers at
the proportions of 10% and 15% by binder weight led to lower strength recovery than the
amended bitumen with 5% steel wool fibers. González et al. [102] investigated microwave
crack healing on an asphalt mix incorporated with different additives, i.e., 4% steel wool
fibers, 4% metal shaving, and 5.3% silicon carbide, by bitumen volume. The findings of
the study showed that there was a small reduction in the average healing ratio of cracks
in the asphalt mix. The authors also stated that heating natural aggregates by microwave
could heal cracks without additives. According to Yang et al. [103], utilizing steel fibers
in an asphalt mix led to better fracture behavior, moisture resistance, crack healing ability,
and less sensitivity to freeze–thaw cycles than the modified asphalt mix with steel wool
fibers and carbon fibers. Furthermore, Jiao [104] investigated the low-temperature fracture
resistance of an asphalt mix reinforced with steel fibers and basalt fibers. The authors
noticed that the asphalt mix containing 6 mm long basalt fibers showed desirable ductal
behavior, while the amended mix with 6 mm or 12 mm long steel fibers demonstrated brittle
characteristics. Li et al. [105] observed that the healing crack reached 92.3% by modifying
the asphalt mix with steel wool fibers at a dosage of 6% by bitumen volume. Additionally,
after induction heating, the air void content in the modified asphalt mix was reduced by
about 17%. Similarly, Dinh et al. [106] noticed that the combination of steel wool fibers and
steel slag aggregates exhibited a higher healing rate than the mixtures consisting of steel
wool fibers and granite aggregates. In addition, Dinh et al. [107] observed in another study
that the use of reclaimed asphalt pavement in an asphalt mix reinforced with steel wool
fibers decreased the efficiency of induction healing due to aging and oxidation processes.
As a result, the authors suggested the use of a cooking oil/rejuvenator to enhance induction
heating and the healing rate. Hosseinian et al. [108] investigated the moisture resistance
and conductivity of an asphalt mix reinforced with different proportions of steel wool fibers
in the range of 2–10% in 2% increments by binder volume. The authors concluded that
introducing 6% steel wool fibers improved the indirect tensile strength and tensile strength
ratio of the asphalt mix. Norambuena-Contreras et al. [109] indicated that adding steel
wool fibers and metallic waste enhanced the conductivity of the asphalt mix but not steel
shavings. However, a decrease in thermal conductivity was observed in the asphalt mix
modified with metallic waste.

Figure 6. Network visualization of steel fibers.

5.2.6. Carbon Fibers

The components of carbon fibers are 90% PAN and 10% rayon. The network map
of connections between documents and citations on using carbon fibers in asphalt mixes
is displayed in Figure 7. As can be seen in the figure, there are 9 clusters with 82 links.
The documents of Arabzadeh, Pirmohammad, Kim, Yoo, and Ullah represents the most
significant clusters. However, the document citations of Arabzadeh, Pirmohammad, Kim,
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Yoo, Zhang, Ismael, Gürer, and Ullah were 37, 56, 49, 32, 10, 4, and 12, respectively. Whereas
the number of links was 9, 2, 4, 7, 4, and 3, respectively. Arabzadeh et al. [110] studied
the use of carbon fibers as a conductive additive in an asphalt mix. The study outputs
demonstrated that inserting 0.5% carbon fibers enhanced the conductive property of the
asphalt mix. Pirmohammad et al. [111] evaluated the low-temperature fracture performance
of an asphalt mix reinforced separately with 4, 8, and 12 mm long carbon and kenaf fibers at
different dosages of 0.1, 0.2, and 0.3% by mix weight. The study results demonstrated that
adding 8 mm kenaf fibers and 4 mm carbon fibers at a content of 0.3% effectively enhanced
the fracture resistance of the asphalt mix at low temperatures. Kim et al. [61] stated that
reinforcing an asphalt mix with 6 mm long carbon fibers at a content of 1% by mix volume
led to better cracking resistance, permeant deformation resistance, and moisture resistance
than the unreinforced asphalt mix. In a study conducted by Yoo et al. [112], the healing
property of an asphalt mix modified by carbon fibers and graphite nanofibers was studied.
The authors asserted that the incorporation of fibers at a proportion of 0.5% considerably
improved the efficiency of healing. The researchers stated that the recovery improved by
40% as compared to the control mix. Zhang et al. [113,114] concluded that inserting 0.05%
cured carbon fibers by mix weight to a porous asphalt mix significantly improved indirect
tensile strength and rutting resistance. In addition, at the optimum fiber content of 0.15%,
the infiltration and porosity of the asphalt mix decreased by about 20% and 7%, respectively.
Moreover, the authors stated that with the increase in fiber dosage, the ductile behavior
and cracking resistance of the asphalt mix improved. Ismael et al. [115] investigated the
utilization of carbon and jute fibers in SMA. The outputs of the study demonstrated that
adding 7.5 mm long carbon or jute fibers at a proportion of 0.5% by mix weight notably
enhanced Marshall stability and rutting resistance and decreased drain down of the asphalt
mix. According to Gürer et al. [116,117], adding 5 mm long carbon fibers with a length
of 5 mm and content of 0.2% by mix mass into hot mix asphalt and SMA improved the
conductive property of the asphalt mix. The researchers also stated that the gradation of the
asphalt mix has a significant effect on the conductive property. The denser the gradation,
the higher the conductivity. Schuster et al. [118] concluded that the integration of 1% carbon
fiber and 16% steel wool fiber by bitumen weight significantly improved the healing rate.
Similarity, Ullah et al. [119] indicated that the incorporation of 0.2–0.4% carbon fiber by mix
weight in an asphalt mix remarkably enhanced the conductivity and performance of the
asphalt mix.

Figure 7. Network visualization of carbon fibers.

5.2.7. Aramid Fibers

Aramid fibers are produced from aromatic polyamides. The network map shown in
Figure 8 demonstrates the citation analysis outputs. It is shown in the figure that there
are 9 clusters with 85 links. However, the study’s citations of Takaikaew, Klinsky, Slebi-
Acevedo, Callomamani, Hajiloo, Gupta, Noorvand, Daniel, and Xing were 30, 62, 30, 3,
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10, 6, 3, 2, and 11, respectively. While the number of links was 6, 18, 8, 2, 2, 16, 4, 5, and 3,
respectively. Takaikaew et al. [120] studied the performance of hot mix asphalt reinforced
with 19 mm long polyolefin-aramid fibers at a dosage of 0.05% by mix weight. The study
findings illustrated that adding fibers significantly improved the resilient modulus, tensile
strength, fatigue resistance, and rutting resistance. Similarly, Klinsky et al. [121] indicated
that the addition of polypropylene-aramid enhanced the mechanical properties of an
asphalt mix. According to the findings obtained by Slebi-Acevedo et al. [122], adding
19 mm long polyolefin-aramid or 4 mm long PAN at a content of 0.3% by mix weight
improves the low-temperature performance of an asphalt mix regarding fracture energy
and cracking resistance. Additionally, Callomamani et al. [123] found that introducing
0.065% aramid or 0.1% polyethylene terephthalate (PET) or 0.065% PAN fibers to hot asphalt
mix boosted the rutting resistance, cracking resistance, and tensile strength of the asphalt
mix. Hajiloo et al. [124] studied the performance of hot mix asphalt reinforced with different
proportions of polyolefin-aramid fibers, i.e., 0.025, 0.05, and 0.1%, by mix weight. The
researchers noticed that the higher the content of fibers, the better the fracture toughness.
Gupta et al. [125] stated that reinforcing a porous asphalt mix with 12 mm long aramid
fibers notably boosted the tensile strength, moisture resistance, and cracking resistance
of the asphalt mix. Xing et al. [126] confirmed that modifying bitumen with 2 mm long
aramid fibers at a proportion of 2% by bitumen weight improved rheological and physical
properties at high and low temperatures. According to Noorvand [127], adding 19 mm
long aramid fibers at a dosage of 0.05% by mix weight to hot mix asphalt incorporated
with 20% reclaimed asphalt pavement enhanced fatigue and cracking resistance. Moreover,
19 mm long aramid fibers exhibited the best performance in comparison with 10 mm and
38 mm long aramid fibers. Additionally, Daniel et al. [128] found that introducing 19 mm
long polyolefin-aramid fibers into warm mix asphalt improved stiffness modulus by 89%
and fatigue life by 100%. Slebi-Acevedo et al. [129] concluded that the combination of
a porous asphalt mix with 19 mm polyolefin-aramid fibers at a dosage of 0.05% by mix
weight and hydrate lime enhanced the mechanical properties of the porous asphalt mix.

Figure 8. Network visualization of aramid fibers.

5.2.8. Polyacrylonitrile (PAN) Fibers

Significant studies using PAN fibers in asphalt mixes as reinforcement materials are
demonstrated by network visualization shown in Figure 9. As seen in the figure, there are
4 clusters with 20 links. The clusters of Su, Slebi-Acevedo, Dalhat, and Wang exhibited
the highest number of citations. However, the research’s citations of Su, Slebi-Acevedo,
Dalhat, and Wang were 25, 18, 15, and 20, respectively. Su et al. [130] investigated amending
bitumen with 3% PAN fiber and modified PAN fiber with self-polymerization of dopamine
and covalent grafting. The study results demonstrated that the amended bitumen with
modified PAN fibers increased the adhesion property and moisture resistance by 8% as
compared to the unmodified PAN fiber. Slebi-Acevedo et al. [131] affirmed that the addition
of 6 mm long PAN fibers to a reclaimed asphalt mix at a content of 0.3% by mix weight
enhanced the mechanical performance of the asphalt mix up to 50% without the use of
rejuvenators. Dalhat et al. [132] noticed a significant enhancement in the dynamic modulus,
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rutting resistance, and cracking resistance of an asphalt binder modified with 1% PAN fiber
and 1% SBS. According to Xing et al. [133], blending base bitumen with SBS and PAN fibers
surface-modified by bionic coating and nanosilica improves the rheological properties and
shear strength of bitumen. Wang et al. [134] indicated that reinforcing an asphalt mix with
6 mm long PAN at a dosage of 0.3% by mix weight boosted the fatigue resistance of the
asphalt mix.

Figure 9. Network visualization of PAN fibers.

5.2.9. Ceramic Fibers

Recently, there is a growing use of ceramic fibers as bitumen fibers. Influential studies
using ceramic fibers in asphalt mixes are shown in Figure 10. It is shown in the figure
that the cluster of Arabani, Naseri, Wang, and Hamedi exhibited the highest number of
citations. However, the author’s document of Arabani, Naseri, Wang, and Hamedi was
35, 8, 5, and 3, respectively. Arabani et al. [135,136] confirmed that the combination of
20 mm long ceramic fibers at a dosage of 3% by bitumen weight into the base binder
enhanced the high-temperature performance and decreased the performance of the binder
at low temperatures. On the contrary, Naseri et al. [137] stated that modifying bitumen
with 0.4% ceramic fibers by bitumen weight boosted the fracture energy and toughness
of the binder, which, in turn, decreased cracking at low temperatures. Wang et al. [138]
noticed the presumed increase in moisture resistance, rutting resistance, and resistance
to low-temperature cracking of an asphalt mix reinforced with 2–4 mm long ceramic at
a proportion of 0.4% by mix weight. Hamedi et al. [139] concluded that modifying bitumen
with 3% ceramic fibers improved the resistance of SMA to rutting. In a study conducted
by Liu et al. [140], an asphalt mix was modified with ceramic fibers at a dosage of 0.3% by
mix mass to study the influence of adding ceramic fiber on the properties of the binder.
The findings of the study illustrated that the addition of ceramic fibers improved the
freeze–thaw splitting and moisture resistance of the asphalt mix.

Figure 10. Network visualization of ceramic fibers.
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5.3. Applications of Natural Fibers in Asphalt Mixes
5.3.1. Cellulose Fibers

Wood and paper industries and the byproducts of plants are the main sources of
cellulose fibers. The outputs of the citation analysis are illustrated in Figure 11. A bigger size
of the node implies a higher impact of the document, while the links describe the citation
connections among the documents. It can be seen in the figure that there are 6 clusters with
22 links. In addition, the significant clusters with high number of citations are belong to the
documents of Landi, Irfan, Fauzi, and Li. However, the citations for the document of Landi,
Irfan, Fauzi, and Li were 50, 20, 5, and 13, respectively. Landi et al. [141,142] evaluated
a porous asphalt mix incorporated with 0.3% cellulose fibers and 0.3% end-of-life tire fibers
by mix weight. The study findings demonstrated that both fibers showed better fatigue
resistance than the unreinforced asphalt mix. However, the asphalt mix incorporated
with end-of-life tire fibers displayed higher fatigue resistance than the amended mix by
about 70%. The researchers also found that the cumulative energy demand and global
warming potential of reinforced porous asphalt with end-of-life tire decreased by 25%
and 10%, respectively, in comparison with porous asphalt composed of cellulose fibers.
Irfan et al. [143] found that adding 0.3% cellulose fibers to stone mastic asphalt significantly
enhanced rutting and fatigue resistance. In similar content, Fauzi et al. [144] confirmed that
introducing 0.3% cellulose fibers to stone mastic asphalt improved the stiffness modulus.
According to Li et al. [33], aging has a negative impact on cellulose fibers; aging resulted in
a decrease in the cracking resistance of an asphalt mix containing cellulose fibers.

Figure 11. Network visualization of cellulose fibers.

5.3.2. Bamboo Fibers

Influential studies on the applications of bamboo fibers in asphalt mixes are shown in
Figure 12. As seen in the figure, the document of Sheng, Liu, Xia, Jia, and Meng displayed
bigger size of node than the other documents. However, the document citations of Sheng,
Liu, Xia, Jia, and Meng were 26, 17, 11, 12, and 6, respectively. Sheng et al. [145] assessed
the potential use of bamboo, lignin, and polyester fibers in a dense asphalt mix and stone
mastic asphalt mix. The study concluded that adding 0.2% bamboo fibers to dense asphalt
and 0.4% to stone mastic asphalt led to better performance than the control mix and
modified mix with polyester and lignin fibers. Similarly, Liu et al. [146] investigated the
performance of asphalt containing 0.4% lignin and 0.3% bamboo fibers. The findings of the
study illustrated that both fibers improved the mechanical properties of the asphalt mix
regarding low-temperature performance, high-temperature performance, and moisture
sensitivity. However, the researchers stated that bamboo fibers notably boosted the thermal
properties of the asphalt mix. Furthermore, the authors noticed that adding bamboo and
lignin fibers enhanced the performance of asphalt mixes subjected to long-term aging.
Xia et al. [147,148] evaluated the performance of SMA and hot mix asphalt incorporated
with lignin and bamboo fibers. The authors noticed that the durability of SMA was better
than dense hot mix asphalt. However, the positive effect of utilizing lignin and bamboo
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on freeze–thaw was almost the same. The researchers stated that the incorporation of
bamboo fibers in the asphalt mix led to better aging performance than the modified mix
with lignin fibers. Based on the findings obtained by Jia et al. [149], the inclusion of bamboo
fibers in an asphalt mix at a proportion of 0.3% by mix weight remarkably improved the
rutting and fatigue cracking resistance of the asphalt mix. Meng et al. [150] found that
amending bitumen with bamboo fibers, SBS, and soybean bio-asphalt at a dosage of 3% by
bitumen weight led to better performance than the modified bitumen with 5% SBS in terms
of rheological properties.

Figure 12. Network visualization of bamboo fibers.

5.3.3. Palm Fibers

The outputs of citation analysis by means of the VOSviewer tool for impactful studies
using palm fibers as reinforcement materials are illustrated in Figure 13. It is seen in the
figure that there are 3 clusters with 11 links. However, the citations number of the significant
documents of Syammaun, Yaro and Tayh was 6, 7, and 2, respectively. Syammaun et al. [151]
added palm oil fibers by a dry process at different proportions in the range of 1–5% in 1%
increments by bitumen weight to investigate the influence of palm fibers on the resilient
modulus of a porous asphalt mix. The authors noticed that adding palm fibers at 3% led
to the best performance. Yaro et al. [152,153] concluded that the use of sequential mixing
for palm oil fibers in stone mastic asphalt enhanced the moisture resistance, stiffness
modulus, Cantabro, and drain down of SMA. It is reported that the optimum content of
palm fiber was 0.3% by mix weight. Tayh et al. [154] indicated that modifying bitumen with
0.75% palm fibers by binder weight enhances the physical properties and rutting resistance
of bitumen.

Figure 13. Network visualization of palm fibers.
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5.3.4. Lignin Fibers

Wood pulp, cotton, hemp, jute, and paper industries are the sources of lignin. Figure 14
displays influential documents based on the conducted citation analysis. It can be seen in
the figure, that there are 9 clusters with 74 links. However, the document of Qin, Chen,
Wang, Wu, and Kou exhibited higher number of citations than the other documents. The
document citations number of Qin, Chen, Wang, Wu, and Kou was 101, 38, 19, and 18,
respectively. Qin et al. [60] investigated the rheological and physical properties of modified
bitumen with lignin, polyester, and basalt fibers. The study findings demonstrated that the
addition of basalt fibers at contents of 5% and 7% showed the best performance, followed by
lignin fibers at a dosage of 3% by bitumen weight. Wang et al. [77] observed that introducing
lignin fibers at a dosage of 0.23% by mix weight significantly improved the moisture
resistance of an asphalt mix incorporated with steel slag aggregates. Chen et al. [155]
studied the physical and rheological properties of modified binder with corn stalk, basalt,
and lignin fibers. The findings of study demonstrated that modifying binder with stalk
fibers showed the best performance, followed by basalt, and lignin fibers. Ma et al. [156]
investigated the performance of modified bitumen with different types of fibers, i.e., basalt,
lignin, polyester, and composite fibers, at proportions of 7, 7, 7, and 6% by binder weight.
The researchers indicated that all fibers boosted the shear strength of the binder as compared
to the unmodified binder. However, the amended binder with composite fibers showed
superior performance, followed by basalt, lignin, and polyester. In studies conducted by
Wu et al. [157,158], the cracking resistance and high-temperature performance of stone
mastic asphalt reinforced with 0.3% lignin and 0.3% basalt fibers were assessed. The results
of the studies illustrated that the use of fibers improves the performance of the asphalt
mix in comparison with the control mix. Moreover, the authors concluded that basalt
showed the best performance. According to Kou et al. [159,160], the appropriate contents
of basalt fibers, polyester fibers, and lignin fibers as bitumen modifier are 2%, 3%, and 4%
by bitumen weight, respectively. The authors confirmed that these contents remarkably
enhanced performance in terms of permanent recovery and cracking resistance.

Figure 14. Network visualization of lignin fibers.

5.3.5. Coconut Fibers

Recently, the use of coconut fibers in asphalt mixes has increased. Significant studies
utilizing coconut fibers in asphalt mixes are highlighted through a network map of docu-
ments and citations in Figure 15. The disappearance of links indicates that there were no
linked citations among the documents. Khasawneh et al. [161] noticed that adding coconut
fibers at a dosage of 0.4% by aggregate weight improved the stability of an asphalt mix. In
addition, the researchers stated that the incorporation of coconut fibers has a significant
effect on the volumetric properties of the asphalt mix. Maharaj et al. [162] found that
adding 2.5 mm long coconut fibers as a bitumen modifier at a proportion of 6% by binder
weight improved the rheological properties of bitumen in terms of deformation resistance
and elastic behavior. In a study conducted by Parimita [163], the Marshall stability of stone
mastic asphalt reinforced with 0.3% coconut and banana fibers were evaluated. The outputs
of the study illustrated that adding coconut/ banana fibers significantly improved Marshall
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stability of asphalt mix as compared to the unreinforced mix. Norhidayah et al. [164]
concluded that introducing 0.3% coconut fibers by mix weight into a porous asphalt mix
composed of coconut shells as coarse aggregates reduced the drainage of the mix. In
another study conducted by Haryati et al. [165], the potential integration of 10% coconut
shell and 0.3% coconut fibers in a porous asphalt mix was assessed. The study findings
demonstrated that the addition of coconut shells and fibers notably boosted the rutting
resistance and stability of the asphalt mix.

Figure 15. Network visualization of coconut fibers.

5.3.6. Sisal Fibers

The outputs of the citation analysis of influential documents on using sisal fibers are
demonstrated in Figure 16. Kar et al. [166] evaluated the feasible use of sisal fibers and
fly ash in dense asphalt mix and stone mastic asphalt in terms of Marshall stability. The
results of the study indicated that adding 0.3% sisal fibers improved the Marshall stability
of asphalt mixes. In a similar study, Kumar [167] observed that the stability and tensile
strength of control stone mastic asphalt were almost comparable to stone mastic asphalt
containing 0.3% sisal fibers. Singh et al. [168] concluded that using 0.4% sisal fibers, 0.3%
coir fibers, and 0.3% rice straw fibers in SMA significantly improved the tensile strength
and stability of stone mix, and drain down also decreased.

Figure 16. Network visualization of sisal fibers.

5.3.7. Kenaf Fibers

Kenaf fibers are one of the commonly used natural fibers in asphalt mixes. The research
on reinforcing asphalt mixtures with kenaf fibers has been reviewed based on the impact
of the studies. Figure 17 shows the poignant documents on the use of kenaf fibers. It
can be seen in the figure that the number of clusters is 3, while the number of links is
9. However, the documents of Pirmohammad and Hainin showed the highest number
of citations as compared to the other documents. Pirmohammad et al. [111] noticed that
introducing 8 mm long kenaf fibers at a content of 0.3% into dense asphalt mix enhanced
the low-temperature cracking resistance of the asphalt mix. In another study conducted by
Pirmohammad et al. [169], the low-temperature performance of asphalt mixes modified
with kenaf and goat wool fibers at the proportions of 0.1, 0.2, and 0.3% by mix weight and
lengths of 4, 8, and 12 mm was evaluated. The study concluded that the addition of 8 mm
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long kenaf/4 mm long goat wool fibers significantly improved the fracture energy of the
asphalt mix at low-temperature. Hainin et al. [170] confirmed that introducing 30 mm long
kenaf fibers to dense asphalt mix enhances the tensile strength ratio and rutting resistance
of the asphalt mix. Syafiqah et al. [171] noticed a significant enhancement in the resilient
modulus, Marshall stability, and dynamic stability of stone mastic asphalt reinforced with
0.2% kenaf fibers. Masri et al. [172] stated that adding kenaf fibers to a porous asphalt mix
at a dosage of 0.6% by mix weight enhanced the resilient modulus of the asphalt mix.

Figure 17. Network visualization of kenaf fibers.

5.3.8. Jute Fibers

Influential studies on reinforcing asphalt mixes with jute fibers are displayed in
Figure 18. It can be seen in the figure that there are no links between documents. This
is because there were no citations between the studies. Selvaraj et al. [173] investigated
the interface behavior between coir geotextile, jute geotextile, and asphalt layer by means
of numerical analysis. The outputs of study demonstrated that the use of coir geotextile
showed better performance than the geotextile of jute in terms of delaying degradation and
decreasing developed stress at surface of asphalt layer. According to Shanbara et al. [89,174],
the use of 14 mm long jute fibers at a content of 0.35% by mix weight in cold mix asphalt
significantly improved the rutting resistance and indirect tensile strength of the asphalt
mix. Ismael et al. [115] demonstrated that modifying stone mastic asphalt with 7.5 mm
long jute fibers at a dosage of 0.5% by mixture mass notably enhanced the rutting resistance
and dynamic stability and decreased drain down of SMA. Gallo et al. [175] confirmed that
the addition of 20 mm long jute fibers at the content of 0.2% into an asphalt mix increased
air voids content, resilient modulus, and indirect tensile strength, while the tensile strength
ratio slightly decreased.

Figure 18. Network visualization of jute fibers.

5.3.9. Banana Fibers

The use of banana fibers as reinforcement materials in asphalt mixtures has increased
in the last 3 years. Significant studies utilizing banana fibers in asphalt mixtures are
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highlighted in Figure 19. The significant studies were identified through citation analysis.
Kumar et al. [167,176] concluded that amending SMA with 0.3% banana fibers by mix
mass enhanced the rutting and cracking resistance and reduced drain down of SMA.
Costa et al. [177] studied the performance of modified stone mastic asphalt at various
lengths and proportions. The superior performance in terms of indirect tensile strength,
resilient modulus, dynamic modulus, and drain down was observed by adding 20 mm
long banana fibers at a proportion of 0.3% by SMA weight. In another study conducted
by Costa et al. [178], the addition of 20 mm long banana fibers at a dosage of 0.3% by mix
weight into SMA enhanced Marshall stability, modified Lottman, indirect tensile strength
(ITS), and Cantabro.

Figure 19. Network visualization of banana fibers.

5.4. Applications of Waste Fibers in Asphalt Mixes
5.4.1. Polyethylene Terephthalate (PET) Fibers

PET fibers are produced from waste plastic bottles. The global increase in the waste of
plastic bottles prompted scientists and engineers to use these wastes in civil engineering
applications [179]. Recently, the use of PET fibers in asphalt mixes remarkably increased,
in particular in the last three years. Significant studies using PET in asphalt applications
have been reviewed based on the citation analysis. Figure 20 demonstrates the network
map of influential studies. It is seen in the figure that the number of clusters is 5, while
the number of links is 17. However, the document citations number of Dehghan, Us-
man, Movilla-Quesada, Jegatheesan, and Babalghaith was 48, 7, 13, 0, and 1, respectively.
Dehghan et al. [179] stated that adding 20 mm long PET fibers by a dry process at a dosage
of 1% and crumb PET at a content of 2% by binder weight significantly improved fatigue
cracking by 148% and 163%, respectively, as compared to the control mix. Usman et al. [180]
investigated the potential use of 10 mm long PET fibers in hot mix asphalt. PET fibers were
introduced to the mix at proportions of 0.3, 0.5, 0.7, and 1% by mix weight. The authors
noticed that adding PET fibers at 0.5% showed the best performance regarding rutting
resistance and resilient modulus. Movilla-Quesada et al. [181] concluded that amending
bitumen with 30–50 mm long PET fibers at doses of 10% and 12% by bitumen weight en-
hanced the physical properties of the binder in terms of penetration, consistency, ductility,
and viscosity. According to Jegatheesan et al. [182,183], modifying bitumen with 4–6 mm
long PET fibers at a content of 10% by weight of bitumen improved the physical properties
of the binder and the performance of the asphalt mix composed of 18% carbonized wood
as fine aggregates in terms of Marshall stability, resilient modulus, and indirect tensile
strength. Babalghaith et al. [184] indicated that adding 4 mm long black PET fibers to
SMA at a content of 0.6% by mix weight significantly enhanced the stiffness modulus and
indirect tensile strength of SMA.
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Figure 20. Network visualization of PET fibers.

5.4.2. Tire Textile Fibers

Tire textile fibers represent 10–15% of end-of-life tire weight. End-of-life tires have
become a major environmental challenge due to the annual constant increase in these
wastes. As a result, utilizing tire textiles as reinforcement materials in asphalt mixes
is a successful approach in terms of decreasing the quantities of end-of-life tires [185].
Figure 21 summarizes the influential studies utilizing tire textile fibers in asphalt mixes. As
seen in the figure, the number of clusters is 3, while the links number is 9. The documents
of Landi, Bocci, and Valdés-Vidal represents the significant clusters. However, the number
of citations for the document of Landi, Bocci, Valdés-Vidal, and Calabi-Floody was 50, 15, 3,
and 0, respectively. Landi et al. [141,142] confirmed that the addition of 0.3% end-of-life
tires to a porous asphalt mix significantly improved the fatigue life of the asphalt mix.
Bocci et al. [185] concluded that reinforcing hot mix asphalt with 1–2.5 mm long tire textile
fibers at a content of 0.3% by mix weight enhanced the fatigue cracking resistance of the
asphalt mix. However, the stiffness modulus and indirect tensile strength of the reinforced
asphalt mix were almost similar to the control mix. Additionally, the authors stated that
a filler with a content of 2% should be added due to the decrease in the compactability of
the reinforced asphalt mix. Valdés-Vidal et al. [186] studied amending a binder with tire
textile fibers at different percentages of 2–8% in 3% increments by bitumen weight. The
researchers found that adding fibers at the percentages of 2% and 5% significantly enhanced
the stiffness modulus, permeant deformation, and cracking resistance at intermediate and
low temperatures of the asphalt mix. Furthermore, the authors noted that the addition of
fibers requires a higher compaction level to achieve the required density. Calabi-Floody
et al. [187] detected that adding 0.5% tire textile fibers as a bitumen modifier decreased the
permanent deformation of the binder. In addition, the researchers confirmed that there was
no negative impact on the performance of the binder at low temperatures.

Figure 21. Network visualization of tire textile fibers.
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5.4.3. Metallic Fibers

Metallic fibers are common waste materials produced from waste tires. Lately, the
use of metallic fibers in asphalt mixes has increased as a contribution towards sustainable
practices. In accordance with the outputs of citation analysis, the network map of the
significant studies using metallic fibers in asphalt mixes is shown in Figure 22. As seen in the
figure, the document of González and Norambuena-Contrera showed the highest number
of citations. However, the citations for document of González and Norambuena-Contrera
were 56 and 45, respectively. González et al. [188] assessed the performance of hot mix
asphalt incorporating amended bitumen with different proportions of metallic fibers of 1.5,
2.5, and 3.5% by bitumen volume. The findings of the study demonstrated that the higher
the dosage of fiber, the higher the air void content, clustering, and electrical conductivity.
Additionally, the authors stated that fibers decreased the stiffness modulus and indirect
tensile strength, while the tensile strength ratio was above 80%. In another study conducted
by González et al. [189], the feasible use of reclaimed asphalt pavement (RAP) in an asphalt
mix modified with metallic fibers by the wet process was assessed. The study findings
illustrated that the integration of RAP increased the stiffness modulus and tensile strength
of the mix, while metallic fibers improved cracking healing through microwave heating.
Similarly, Norambuena-Contrera et al. [109] concluded that the incorporation of metallic
fibers increased air voids and thermal conductivity, while the distribution of fibers was not
uniform. Table 3 summarizes the findings of the review studies.

Figure 22. Network visualization of metallic fibers.

153



Polymers 2023, 15, 1004

T
a

b
le

3
.

Su
m

m
ar

y
of

fin
di

ng
s.

C
it

a
ti

o
n

s
F

ib
e
r

C
o

n
te

n
t

(w
t%

)
L

e
n

g
th

(m
m

)
P

e
n

e
tr

a
ti

o
n

(%
)

S
o

ft
e
n

in
g

P
o

in
t

(%
)

V
is

co
si

ty
(%

)
D

u
ct

il
it

y
(%

)
R

u
tt

in
g

(%
)

F
a
ti

g
u

e
(%

)
S

h
e
a
r

S
tr

e
n

g
th

(%
)

Fi
be

r-
m

od
ifi

ed
bi

tu
m

en

[6
0]

Po
ly

es
te

r
5

6
39

3
90

↑
[6

0]
Ba

sa
lt

7
6

39
4

28
5

↑
[1

60
]

Ba
sa

lt
3

6
12

11
90

[9
6]

G
la

ss
1

(v
l%

)
6

89
40

50
0

20
[1

30
]

PA
N

3
6

8
[1

33
]

PA
N

1
6

[1
35

]
C

er
am

ic
3

20
50

20
33

69
0

55
35

[1
54

]
C

ar
bo

n
2.

75
0.

15
33

5
16

40
0

8
[1

26
]

A
ra

m
id

2
2

10
33

∼ =
3

[1
54

]
Pa

lm
0.

75
<0

.5
8

58
8

90
0

5
[6

0]
Li

gn
in

3
<3

77
32

9
31

0
[1

60
]

Li
gn

in
3

<3
∼ =

60
10

[1
62

]
C

oc
on

ut
6

2.
5

50
[9

6]
ce

llu
lo

se
1

(v
l%

)
13

31
40

0
30

Fi
be

r-
m

od
ifi

ed
de

ns
e

as
ph

al
tm

ix

C
it

at
io

ns
Fi

be
r

C
on

te
nt

(w
t%

)
Le

ng
th

(m
m

)
St

ab
ili

ty
(%

)
TS

R
(%

)
R

ut
ti

ng
(%

)
Fa

tig
ue

(%
)

Lo
w

te
m

pe
ra

tu
re

(%
)

Fr
ac

tu
re

en
er

gy
(%

)
[6

1]
po

ly
pr

op
yl

en
e

0.
5

(v
l%

)
6

13
50

40
60

(−
10

◦ C
)

[6
4]

Po
ly

es
te

r
0.

25
8

37
(−

18
◦ C

)
23

(2
5
◦ C

)
[9

4]
Po

ly
es

te
r

0.
4

25
15

∼ =
[6

9]
Po

ly
es

te
r

0.
40

12
28

(0
◦ C

)
[6

1]
Po

ly
es

te
r

1
(v

l%
)

6
15

4
30

32
(−

10
◦ C

)
[7

0]
Po

ly
es

te
r

0.
3

6
13

10
28

[7
4]

Ba
sa

lt
0.

5
6

30
0

(−
10

◦ C
)

35
0

(−
10

◦ C
)

[8
4]

Ba
sa

lt
0.

4
9

40
(−

20
◦ C

)
[7

0]
Ba

sa
lt

0.
3

6
12

23
33

[7
4]

G
la

ss
0.

5
6

60
( −

10
◦ C

)
21

0
(−

10
◦ C

)
[8

7]
G

la
ss

0.
12

12
10

(−
15

◦ C
)

50
(0

◦ C
)

[9
1]

G
la

ss
0.

3
12

12
19

(−
10

◦ C
)

[9
4]

G
la

ss
0.

4
36

90
20

(1
0
◦ C

)
[1

11
]

C
ar

bo
n

0.
3

4
20

(−
10

◦ C
)

[6
1]

C
ar

bo
n

1
(v

l%
)

6
∼ =

40
∼ =

15
(−

10
◦ C

)
[7

4]
St

ee
l

0.
5

6
40

(−
10

◦ C
)

90
(−

10
◦ C

)

[1
22

]
po

ly
pr

op
yl

en
e-

ar
am

id
0.

3
19

26
(−

15
◦ C

)
7

(1
5
◦ C

)

[1
22

]
PA

N
0.

3
4

22
(−

15
◦ C

)
13

(1
5
◦ C

)
[1

23
]

PA
N

0.
2

6
↓

79
[1

38
]

C
er

am
ic

0.
4

2–
4

18
6

23
10

(−
10

◦ C
)

[1
45

]
Ba

m
bo

o
0.

2
6

9
10

30
22

(−
10

◦ C
)

[1
46

]
Ba

m
bo

o
0.

35
<6

16
9

67
12

(−
10

◦ C
)

[9
1]

Li
gn

in
0.

3
1.

1
6

20
(−

10
◦ C

)
[7

0]
Li

gn
in

0.
3

<5
32

0
15

19
[1

46
]

Li
gn

in
0.

4
<5

14
7

58
1.

09
(−

10
◦ C

)
[1

61
]

C
oc

on
ut

0.
4

10
15

[1
66

]
Si

sa
l

0.
3

10
13

12

154



Polymers 2023, 15, 1004

T
a

b
le

3
.

C
on

t.

C
it

a
ti

o
n

s
F

ib
e
r

C
o

n
te

n
t

(w
t%

)
L

e
n

g
th

(m
m

)
P

e
n

e
tr

a
ti

o
n

(%
)

S
o

ft
e
n

in
g

P
o

in
t

(%
)

V
is

co
si

ty
(%

)
D

u
ct

il
it

y
(%

)
R

u
tt

in
g

(%
)

F
a
ti

g
u

e
(%

)
S

h
e
a
r

S
tr

e
n

g
th

(%
)

[1
11

,1
69

]
K

en
af

0.
3

8
1.

15
(−

15
◦ C

)
[1

70
]

K
en

af
0.

3
30

3
13

50
↑

[1
79

]
PE

T
0.

5
20

↑
↑

[1
80

]
PE

T
0.

5
10

[1
85

]
Ti

re
te

xt
ile

0.
3

1–
2.

5
↑

↑
Fi

be
r-

m
od

ifi
ed

st
on

e
m

as
ti

c
as

ph
al

t

C
it

at
io

ns
Fi

be
r

C
on

te
nt

(w
t%

)
Le

ng
th

(m
m

)
St

ab
ili

ty
(%

)
St

iff
ne

ss
m

od
ul

us
(%

)
IT

S
(%

)
T

SR
(%

)
R

ut
ti

ng
(%

)
Lo

w
te

m
pe

ra
tu

re
(%

)
D

ra
in

do
w

n

[1
58

]
Ba

sa
lt

0.
4

6
25

10
( −

10
◦ C

)
[1

47
]

Ba
m

bo
o

0.
4

<6
11

6
11

(−
10

◦ C
)

[1
52

]
Pa

lm
0.

3
5–

25
18

30
23

12
↓

[1
67

]
C

oc
on

ut
0.

3
0.

1–
1.

5
38

88
[1

67
]

Si
sa

l
35

86
[1

66
]

Si
sa

l
0.

3
10

16
16

9
↓

[1
71

]
K

en
af

0.
2

10
7

∼ =
↓

[1
15

]
Ju

te
0.

5
7.

5
19

1.
5

↓
[1

15
]

C
ar

bo
n

0.
5

7.
5

30
2.

1
↓

[1
78

]
Ba

na
na

0.
3

20
↓

50
2.

2
↑

↓
Fi

be
r-

m
od

ifi
ed

po
ro

us
as

ph
al

tm
ix

C
it

at
io

ns
Fi

be
r

C
on

te
nt

(w
t%

)
Le

ng
th

(m
m

)
C

an
ta

br
o

(%
)

St
iff

ne
ss

m
od

ul
us

(%
)

A
ir

vo
id

s/
pe

rm
ea

bi
lit

y
IT

S/
T

SR
R

ut
ti

ng
(%

)
Fa

ti
gu

e
(%

)
D

ra
in

do
w

n
[6

2]
Po

ly
es

te
r

0.
3

6
50

0
↓

2
↑

↓
[7

3]
Ba

sa
lt

0.
2

24
18

↓
16

/0
.9

[7
9]

Ba
sa

lt
0.

3
9

85
30

/2
52

40
↓

[6
2]

Ba
sa

lt
0.

15
6

50
0

∼ =
20

0
↑

↓
[7

3]
G

la
ss

0.
2

12
22

7
↓

43
/5

↓
[6

2]
PA

N
0.

15
6

49
0

↓
60

↑
↓

[1
25

]
A

ra
m

id
0.

05
12

7
↓

5/
0.

7
[6

2]
Li

gn
in

0.
3

<6
95

↓
20

0
↑

↓
[1

64
,1

65
]

C
oc

on
ut

0.
3

-
↓

12
↓

↑I
nc

re
as

e
of

th
e

pa
ra

m
et

er
;↓

de
cr

ea
se

of
th

e
pa

ra
m

et
er

;∼ =
re

su
lt

s
si

m
ila

r
to

co
nt

ro
l.

155



Polymers 2023, 15, 1004

5.5. Effect of Adding Fibers on the Volumetric Properties of Asphalt Mix

Based on the previous studies, Table 4 demonstrates the impact of fibers on the
volumetric properties of an asphalt mix. As can be seen in the table, the addition of fibers
decreases the specific gravity of the asphalt mix as compared to the control mix. The
higher the content of fibers, the lower the density of the asphalt mix. This is attributed to
the lightweight fibers. Furthermore, it is observed in the table that introducing fibers to
an asphalt mix at the optimum bitumen content of the control mix notably increases the
air void content (AV) due to the absorption property of some fibers. The increase in the
absorption rate of fibers results in higher air void content. Thus, the addition of bitumen is
required to meet the specification of air void content. Furthermore, the voids in mineral
aggregates (VMA) refer to the volume of unabsorbed bitumen by aggregates and air void
content in an asphalt mix. VMA is a critical property because it has a direct effect on the
performance of an asphalt mix. The higher the VMA content, the thicker the film thickness,
and the better the resistance to aging and moisture susceptibility. Moreover, it is displayed
in Table 4 that the incorporation of fibers in an asphalt mix results in a higher VMA content
as compared to an unreinforced mix. The higher the content of fibers, the higher the VMA.
This is attributed to the slight reduction in the specific gravity of asphalt mixes integrated
with fibers and the increase in bitumen content. Furthermore, voids filled with asphalt
(VFA) refer to the voids filled with a binder in the compacted sample. VFA depends on
VMA and AV, and as the percentage of VMA increases and the percentage of AV decreases,
the percentage of VFA increases [67,86,124,146].

Table 4. Influence of adding fibers on the volumetric properties of asphalt mix.

Fiber
Fiber

Content (%)
Bitumen

Content (%)
AV (%) VMA (%) VFA (%)

Gmb
(g/cm3)

Control [86] 0 5.6 3.3 16.80 80.35 2.593

Basalt
0.15 5.80 3.70 17.60 78.98 2.573
0.30 6.20 3.80 19.20 80.20 2.537

Glass
0.15 5.60 3.70 17.10 78.36 2.584
0.30 6.20 3.40 18.50 81.62 2.560

Carbon
0.15 5.60 3.70 17.10 78.36 2.584
0.30 6.40 3.60 19.30 81.35 2.541

Control [145] 0 4.85 4.30 15.00 71.70 -
Lignin 0.30 5.10 4.30 16.00 72.70 -

Polyester 0.20 4.90 4.20 15.20 72.40 -
Bamboo 0.30 5.30 4.00 15.90 74.80 -

Control [123] 0 5.50 4.00 14.90 73.80 2.337

PAN
0.30 5.50 6.43 - - 2.270
0.30 6.00 5.25 - - 2.130

PET
0.30 5.50 6.81 - - 2.300
0.30 6.00 4.79 - - 2.310

Control [67] 0 4.90 4.00 16.00 75.00 2.560
PVA 0.30 5.10 4.00 16.20 75.30 2.539

Acrylic 0.30 5.20 4.00 16.53 75.80 2.536
Polyester 0.30 5.20 4.00 16.13 75.20 2.541

6. Research Gaps and Recommendations

The use of natural and synthetic fibers in asphalt applications is increasing remarkably,
in particular in the last five years. However, there are gaps in the research literature that
need to be addressed. There is a lack of information that describes the performance of
reinforced asphalt mixtures subjected to long-term aging. Additionally, the biodegrad-
ability of natural fibers and its impact on the performance of asphalt mixtures are not
addressed. Furthermore, the period of natural fibers’ decomposition in asphalt mixtures
is not evaluated in the research literature. The effect of the adsorption of bitumen oil and
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light components by fibers on the aging resistance of asphalt mixes is not addressed well.
The behavior and performance of elastic materials depend on the type of applied load
stress/strain. Accordingly, the elastic and ductile behavior of a fiber-modified asphalt mix
under different strains and stress levels is not addressed well. The low-temperature perfor-
mance of SMA and porous asphalt mix incorporated with natural fibers is not highlighted
well. Furthermore, the influence of coarser/finer gradation of dense asphalt mixtures on
the performance of fiber-modified asphalt mixes needs to be assessed.

In accordance with the gaps mentioned above, the following recommendations
are proposed.

• The performance of fiber-reinforced asphalt mixes subjected to long-term aging should
be evaluated.

• The decomposition period of natural fibers in asphalt mixtures should be identified.
• The influence of load type stress/strain on the performance of reinforced asphalt mixes

should be assessed.
• The low-temperature performance of fiber-modified SMA/porous asphalt mix should

be highlighted.
• The gradation impact on the performance of asphalt mixes incorporated with fibers

should be investigated.
• The integration of natural and synthetic fibers in asphalt mixtures should be evaluated.
• Effect of short-term aging and long-term aging on the thermal degradation of fiber-

modified bitumen should be studied.
• Performance of asphalt mix incorporated natural fibers with treated surface should

be highlighted.
• The addition of natural/synthetic fibers to polymer-modified bitumen should be assessed.

7. Conclusions

This paper aimed to review the most influential studies using synthetic, natural, and
waste fibers in asphalt mixes. The conclusions can be stated as follows:

• Based on the annual publications, there is a growing interest in the incorporation of
natural and waste fibers in asphalt mixes.

• Modifying bitumen with basalt, carbon, polyester, cellulose, lignin, PAN, polypropy-
lene, palm, and coconut significantly enhanced the physical and rheological properties
of the base binder.

• The most used dosage and length of fibers in asphalt mixes are 0.3% by aggregates/
mix weight and 6 mm, while a proportion of 5% by bitumen weight is used for
modifying bitumen.

• The incorporation of fibers in asphalt mixes remarkably improved the low-temperature
and high-temperature performance of asphalt mixes.

• Introducing carbon and steel fibers enhances the conductive property of asphalt mixes.
• Utilizing natural fibers in SMA and porous asphalt mixes notably reduces drain down

and improves the mechanical performance of asphalt mixes. However, adding fibers
to porous asphalt mixes decreases the air void content and permeability.

• Adding fibers into asphalt mixes incorporated with reclaimed asphalt pavement
significantly improves the performance of asphalt mixes.

• Introducing fibers to asphalt mixes has a significant impact on the volumetric proper-
ties of the mixes in terms of bitumen content, density, VMA, and VFA.
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Abstract: Calcium alginate capsules containing rejuvenators represent a promising method for asphalt
concrete premaintenance, but their healing capacities under lower temperature conditions are still
unknown. This paper investigated the healing performance of asphalt concrete containing calcium
alginate capsules at low service temperatures. The Ca-alginate capsules were synthesized, and
their morphology, compressive strength, thermal resistance, and relative oil content were evaluated.
Besides, evaluations for the healing of asphalt concrete and the rejuvenator-release ratio of the
capsules were determined via fracture-healing-refracture testing and Fourier-transform infrared
spectrum experiments. Meanwhile, the glass transition temperature and rheological property of
asphalt binder after compressive loading under different temperatures were explored via a differential
scanning calorimeter and dynamic shear rheometer. The results showed that the capsules had good
thermal resistance and mechanical strength. The capsules released less oil under −15, −10, and
−5 ◦C than at 20 ◦C, and the healing ratios of the asphalt concrete with the capsules at −15, −10,
and −5 ◦C were obviously lower than that at 20 ◦C. The released rejuvenator from the capsules
could decrease the complex modulus and glass transition temperature of the asphalt binder. When
compared with low service temperatures, the asphalt binder containing the capsules and serving at
a high temperature has a better softening effect and low-temperature performance due to more oil
being released.

Keywords: calcium alginate capsules; asphalt concrete; selfhealing level; low service temperature

1. Introduction

Asphalt mixtures represent the leading surfacing material for roads and bridges due to
excellent pavement performance. Different asphalt modification technologies were devel-
oped to enhance the road performance and service life of asphalt pavement [1]. Nonetheless,
under the combined actions of cold temperature [2], ultraviolet radiation exposure [3],
water erosion [4], and repetitive vehicle loading [5], microcracks will inevitably occur on
asphalt concrete during its service life. Without effective treatment for the pavement, the
microcrack will fatally evolve into macrocracking, which will lead to the failure of the
concrete structure and, thus, shorten the lifetime of the asphalt pavement.

In order to keep asphalt pavement in a good serviceable condition, road agencies usually
take maintenance measures regarding pavement. The current crack repair treatments can extend
the service life of asphalt pavements to some extent, but these are conducted on pavements
passively after the occurrence of structural damage, which requires considerable raw materials
and imposes an additional burden on the environment [6–8]. Therefore, there is an urgent need
for sustainable treatments in pavement maintenance in a carbon-neutral context.
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Asphalt, as a natural healing material, can recover its original properties spontaneously
by molecular diffusion during rest time or under elevated thermal conditions [9–11]. In this
respect, the self-healing potential of asphalt can be considered as an eco-sustainable solution
strategy to conserve natural resources and relieve environmental pressure. However, in
practice, the self-healing capacity of asphalt is weak due to cryogenic conditions and
inevitable aging. Therefore, improving the self-healing capacity of asphalt is necessary.
In recent years, the rejuvenator encapsulation method, which aims to enhance asphalt
healing ability, has drawn researchers’ attention. It can enhance the microcrack repair
ability of asphalt concrete and regenerate the aging asphalt binder in place due to the timely
replenishment of the healing agent, which represents a hopeful premaintenance approach
for asphalt pavements in the future [12,13].

The capsules with different asphalt rejuvenators are the common form of encapsulation
to boost the auth-healing capability of asphalt [14,15]. The core-shell microcapsule (μm
size) [16,17] and muti-chamber capsule (mm size) [18–20] are the primary storage mediums
for asphalt rejuvenators. The microcapsules with a rejuvenator showed excellent healing
enhancement for asphalt binders in fracture recovery tests [16,21]. However, asphalt
concrete with microcapsules cannot effectively enhance the healing ratio of the crack due to
limited rejuvenator content and an unsustainable release mode. The muti-chamber calcium
alginate capsules showed obvious gradual rejuvenator release potential and provided a
sustainable healing capability for asphalt concrete under external cyclic loading [22–24].
Hence, incorporating calcium alginate capsules containing a rejuvenator into asphalt
concrete will be an ideal treatment strategy for sustainable asphalt pavement.

It is remarkable that the current self-healing experiments on asphalt mixtures mixed
with Ca alginate capsules are performed at an idealized temperature condition. The healing
capability of asphalt concrete containing capsules depends to a large extent on the capillary
flow of the rejuvenator in the microcrack zone, which is closely related to environmental
temperature. In order to obtain high healing levels, most of the relevant research tested
the healing capacities of the specimens at a moderate test temperature (20 ◦C) [25–32]. The
temperature for capsule activation (healing agent released from Ca alginate capsules via
the external compressive loading) was set at 20 ◦C. Besides, the temperature of healing
process was also set at 20 ◦C. In general, the test temperature does not match the ambient
temperature of the actual road. The ambient temperature of asphalt pavement cannot
always maintain 20 ◦C in the actual service environment. The fluctuation of the service
temperature has an impact on the healing of asphalt concrete. In cold conditions, the
capillary flow speed of the healing agent is slow around the microcrack zone, which
decreases the healing rate of asphalt concrete.

Regarding the extent of information available to our knowledge, research concerning
the low service temperature (low induction release temperature of the rejuvenator and
low healing temperature of the test asphalt mixture specimen) of Calcium alginate cap-
sules embedded in bituminous concrete has yet not been conducted. Even though cracks
usually occur in asphalt concrete during a cold period, there are few studies that focus
on the crack-healing ratio of bituminous concrete with capsules under low-temperature
service conditions. Therefore, this paper focused on the self-healing performance of asphalt
concrete with Ca alginate capsules under simulative low-temperature service conditions.
Firstly, the Ca alginate capsules were synthesized based on the hole-coagulation bath
technique. Secondly, the performance experiments were performed to assess the main prop-
erties of the prepared capsules. Thirdly, the healing ratios of the bituminous concrete mixed
with capsules under simulative low service conditions were evaluated by the three-point-
bending (3PB) testing and cyclic loading–healing testing. Besides, the rejuvenator release
ratios of the capsules within the bituminous concrete were determined by Fourier trans-
form infrared spectroscopy (FTIR). Finally, the glass transition temperature and rheological
property of the asphalt binder after loadings under different temperatures were explored
via a differential scanning calorimeter and a dynamic shear rheometer, respectively.
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2. Materials and Experimental Methods

2.1. Raw Materials

The synthetic ingredients of the Ca alginate capsules include sodium alginate (SA),
calcium chloride (CaCl2), and Tween-80, which were provided by Shanghai Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China), and the sunflower oil (healing agent)
was provided by Arowana Group Co., Ltd. (Shanghai, China). In this study, the density,
penetration, and softening point of virgin asphalt (#70) were 1.034 g/cm3, 68 (0.1 mm,
25 ◦C), and 48.4 ◦C respectively. The density, viscosity, and flash point of the sunflower oil
were 0.935 g/cm−3, 0.285 pa·s, and 230 ◦C, respectively. Sunflower oil can supply light
component for aged asphalt and help it restore its original property. Besides, sunflower
oil has a distinct peak at 1745 cm−1, while virgin asphalt has no absorption peak between
1700–1750 cm−1 [23,31,33]. Therefore, according to FTIR spectra, this characteristic peak can
be used to evaluate the healing agent release ratio of the capsules in bituminous concrete
after cyclic loading.

2.2. Fabrication of Ca alginate Capsules

The Ca alginate capsules were synthesized at room temperature, and the specific process
is shown in Figure 1. The process is divided into four steps: (1) add SA powder to room
temperature water and stir for 5 min to form a 2.25 wt% homogeneous SA solution. (2) Add
Tween-80 and rejuvenator to the SA solution and shear at 5000 r/min for 15 min to obtain a
homogeneous sodium alginate-oil (SA-O) emulsion. The fixed water–oil ratio and surfactant
dosage were 1:10 and 5% (oil mass), respectively. (3) Pour the finished emulsion into a custom
funnel and instill it into a CaCl2 solution (3.0 wt%); this is then kept for 12 h to ensure the
complete reaction of the alginate chain with Ca2+. (4) Remove the wet capsule, rinse it with
water, and leave it in a tray at a moderate temperature for 48 h to obtain a dry capsule.

Figure 1. Preparation procedure of Calcium alginate capsules.

2.3. Characterization of Ca Alginate Capsules

The characterization tests were performed on the prepared capsules to determine
their basic properties. (1) The microstructure inside the capsules was obtained by scanning
electron microscopy (Zeiss, Gemini 300, Jena, Germany). The sample preparation process
was as follows: (a) the upper and lower parts of the capsules were cut with a blade to
obtain a thin section with a thickness of 1 mm; (b) the oil adhered to the surface of the
thin section was removed by oil-absorbing paper; (c) the capsule slices were dispersed
on conductive carbon adhesive tapes; (d) the sample was sprayed with gold for 30 s.
(2) The compression strength of the Ca alginate capsules was determined by the uniaxial
compression test (electric compression test machine, ZQ-990, Wuhan, China). Given that
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the temperature has impaction on the mechanical strength [27,34,35], hence three types of
capsules were kept at −15 ◦C (4 h), 25 ◦C (4 h) and 160 ◦C (2 h), respectively, before the
test. The capsules were compressively loaded at loading rate with 0.5 mm/min until the
occurrence of yield point. In this work, the yield strength was selected as the mechanical
strength of capsules. (3) A simultaneous thermal analyzer (STA449F3) with a heating rate
of 10 ◦C/min was used to determine the thermal sensitivity of the capsules. The whole test
was conducted under nitrogen atmosphere protection with a heating range of 40−1000 ◦C.
The relative revertant content of capsules was calculated through the remained masses of
the blank capsule and rejuvenator.

2.4. Preparation of Asphalt Concrete Mixed with Ca alginate Capsules

A dense asphalt mixture [24,36] was selected in this work, and the relevant gradation
(AC-13) is presented in Figure 2. The Ca alginate capsules were placed into the bituminous
concrete at the end of the mixing procedure, and the weight of the capsules was 0.5% over
the total mass of the mixtures. After the mixing procedure, standard rutting noncapsule
and capsule asphalt concrete plates were prepared via rutting-slab-forming equipment.
Finally, asphalt mix beams (98 mm × 45 mm × 50 mm) were cut from the bituminous
concrete slabs, and a notch (10 mm × 4 mm) was cut in the middle zone.

Figure 2. Gradation curve of the asphalt mixture. Reprinted with permission from Ref [36]. 2021, Elsevier.

2.5. Healing Evaluation of Bituminous Concrete with Ca Alginate Capsules

As illustrated in Figure 3, the fracture-cyclic loading-healing-refracture test was di-
vided into four steps: (1) to obtain the initial bending strength, 3PB tests were performed
sequentially on the asphalt mixture beams with and without capsules. The trial temperature
was set as −20 ◦C, and the load conduction rate was set as 0.5 mm/min. (2) The cracked
beam was placed into a steel mold, and the ballast pressure (0.7 MPa) was uniformly dis-
persed by placing steel plates on the beam. The loading cycles were set to 0, 16,000, 32,000,
48,000, and 64,000 to simulate actual vehicle tire loading on the capsules within an asphalt
road for a period of 1 year, 2 years, and 4 years, respectively [37]. The test temperatures
were set to −15, −10, −5, and 20 ◦C, respectively. The low-temperature service conditions
(−15 ◦C, −10 ◦C, and −5 ◦C) were selected by a combination of average temperature
data from the cold regions of China and the temperature limit range of the laboratory
test apparatus. A service temperature of 20 ◦C was chosen to maintain consistency with
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the healing temperatures mentioned in the existing literature and to serve as an ambient
temperature reference group for comparative studies of the healing of asphalt concrete
under low-temperature service conditions. External loading was used to cause the capsule
to release the encapsulated rejuvenator. (3) After the completion of cyclic loading, the
beams in the steel molds were put in thermostats at −15, −10, −5, and 20 ◦C, respectively,
and left to rest for 96 h to recover their strength. (4) At the end of the healing period, the
3PB test (as described in step 1) was conducted on the healed beams again.

Figure 3. The fracture-healing-refracture test procedure for a bituminous concrete beam.

The healing rate of above tested bituminous concrete was determined by the strength
restoration rate (HIS). As shown in Equation (1), the HIS was defined as the specific value
between the beam’s flexural strength after the rest period (F2) and the initial flexural
strength (F1). In this trial, three specimens were tested in each group of tests to obtain the
average healing rate.

HIS =
F2

F1
(1)

2.6. Quantification of the Healing Agent Released from the Capsules at Different Service Temperatures

In this work, the chemical evaluation of the healing agents released by the capsules
in the asphalt mixtures was performed by FTIR spectroscopy (Thermo Fisher Scientific,
Nicolet 6700, Waltham, CT, USA). Sunflower oil has a peak at 1745 cm−1 with a peak
area lined with the oil content in asphalt, while asphalt has no peak in this characteristic
range [23,33]. Figure 4a shows the infrared spectra of the oil and asphalt used in this study.
Thus, an area of 1745 cm−1 can be used to determine the release ratio of the healing agent
inside the capsule after compression loading.

The samples of asphalt containing rejuvenator (0, 2, 4, 6, and 8% of asphalt mass) were
prepared by mixing oil with asphalt and stirring at 120 ◦C for 40 min. The prepared asphalt
samples were subjected to FTIR tests to obtain the relationship between the 1745 cm−1 area
and the sunflower oil content in the asphalt binder. Rao et al. found that the peak index in
equation (2) could be used to determine the rejuvenator content in the asphalt binder [38].

Figure 4b presents the correlation curve between I1745cm
−1 and the oil content of

asphalt. In this work, Origin software was used to find the relationship between the peak
area index and the healing agent content of the asphalt, and the linear fitting equation of
the peak area index and oil content was derived.

I1745cm−1=
The peak area of 1745cm−1

ΣArea of spectral bands between 2000 and 600 cm−1 (2)

After the cyclic loading-healing procedure, the trial beams were put in an oven and
heated at 70 ◦C for 30 min, and the capsules inside the asphalt mix were removed by hand.
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The loose asphalt mixtures were dissolved in trichloroethylene for 48 h, and then the extracted
supernatant was put in a fuming cabinet for 24 h to allow the solvent to evaporate. We
added 0.1 g of asphalt into a centrifuge tube and dissolved the asphalt with 2 mL CS2. The
prepared asphalt oil was poured onto KBr wafers and dried to form a layer of asphalt. The
FTIR experiments were conducted within a mid-infrared wave number (400~4000 cm−1). The
resolution and total scan period were set as 4 cm−1 and 64, respectively.

Figure 4. (a) Infrared spectra of virgin asphalt and sunflower oil and (b) the standard curve between
I1745cm−1 and the rejuvenator content within the virgin asphalt.

2.7. Differential Scanning Calorimetry (DSC) Test of the Extracted Asphalt Binders

It has been confirmed that the addition of the rejuvenator into the asphalt binder
decreases its glass transition temperature and reduces the modulus of asphalt at a low
temperature [39–43]. Hence, the DSC test was performed on different extracted asphalt
binders after 64,000 cycles of loading under different test temperatures (−15, −10, −5, and
20 ◦C) via a TA instrument (TA-DSC2500, New Castle, PA, USA) to determine their glass
transition temperatures (Tg). The specific test conditions were as follows: (1) temperature
range: −50~160 ◦C; (2) heating ratio: 10 ◦C/min; (3) protect atmosphere: N2 (flow rate:
50 mL/min). In this work, according to the midpoint method (as presented in Figure 5),
the Tg of asphalt binder was obtained.

Figure 5. The curve of the glass transition temperature of the asphalt binder.
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2.8. Rheological Property Testing of the Extracted Asphalt Binders

In order to characterize the rheological performance of the extracted asphalt binders
after compressive loading under different temperatures, temperature scan tests were per-
formed by a dynamic shear rheometer (DSR) (Smart Pavement 102) provided by Anton
Paar Instruments, Ltd. After 64,000 cycles of compressive loading under different test
temperature (−15, −10, −5, and 20 ◦C), the extracted asphalt binder was selected as test
samples. The temperature of the DSR test was from −15 ◦C to 20 ◦C. The strain was 0.5%,
and the frequency was 10 rad/s. The diameter of the rotor was 8 mm.

3. Results and Discussion

3.1. Basic Property of the Polymer Capsules

Figure 6 presents the morphology and interior structure of the calcium alginate cap-
sules. As can be observed from Figure 6a, the capsules showed near sphere shape, and the
average diameter was 1.7 mm. Hence, the capsules can be put into bituminous mixtures as
part of the fine aggregates. Besides, as can be observed from Figure 6b–d, the capsule pre-
sented a multicavity inter structure. The healing agent droplets were stored in disjunctive
cavities with different sizes and shapes. The unique storage mode may make the capsule
release its inner healing agent gradually under the action of external loading.

Figure 6. (a) Appearance of calcium alginate capsules and (b–d) the interior structure of the capsules
with different magnification times.

The mass losses of the rejuvenator, the blank Ca alginate capsules (without the healing
agent) and the Ca alginate capsules containing the healing agent are presented in Figure 7.
As shown in Figure 7a, the healing agent (sunflower oil) starts to volatilize at 345 ◦C and is
completely volatilized at 498 ◦C. Hence, the remaining mass of the oil capsules and blank
capsules in this temperature interval (345~498 ◦C) can be used to obtain the capsules’ actual
healing agent content. Figure 7b shows the retained mass of the blank Ca alginate capsules,
and their residual mass at 345 ◦C and 498 ◦C were 50.1% and 40.9%, respectively. Figure 7c
presents the retained mass of the Ca alginate capsules with the healing agent. From 100 ◦C
to 180 ◦C, the residual mass of the capsule decreased stably due to the vaporization of
the moisture and the destruction of the minor glycosidic bonds that exist in the alginate
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chains. It is noteworthy that the mass loss of the capsules with the rejuvenator was 4.3% at
200 ◦C (above the fabrication temperature of asphalt mixtures); the capsules have favorable
thermal stability at the asphalt mixture production temperature. Besides, the residual
masses of the capsules at 345 ◦C and 498 ◦C were 86.2% and 17.1%, respectively. Hence, the
relative healing agent content of the capsules can be calculated based on formulas (3) and
(4). The relative rejuvenator content of the capsules was 58.5%.

ε + (α1 − α2)(1 − ε) = β1 − β2 (3)

ε =
β1 − β2 + α2 − α1

1 + α2 − α1
(4)

where ε is the relative healing agent content in the capsule (%), α1 and α2 are the retained
mass of the blank capsules without the healing agent at 345 ◦C and 498 ◦C, respectively,
and β1 and β2 are the retained mass of the capsules with the healing agent at 345 ◦C and
498 ◦C, respectively.

Figure 7. The mass loss of different materials. (a) Healing agent, (b) blank Ca alginate capsule
without the healing agent, and (c) Ca alginate capsule containing the healing agent.

The capsules (mm size) are designed to be added to bituminous mixtures as part of
the fine aggregates. Therefore, the Ca alginate capsules must withstand the mechanical
action created in the production period of the asphalt concrete. Practice has shown that
the mechanical strength of the capsules used for bituminous mixtures must be greater
than 10 N [33,34]. Figure 8 presents the compressive strength of the capsules after specific
temperature treatment. The mechanical strength of capsules after different treatments (0,
25, and 160 ◦C) were 14.9 N, 12.6 N, and 10.2 N, respectively. Lowering the temperature
reduces the ability of the calcium alginate molecule chains to move, thus reducing the
deformability of the calcium alginate capsules; hence, the capsule has higher strength at
lower temperatures. The calcium alginate capsules softened with the increase in tempera-
ture, decreasing the compressive strength slightly [27]. The strength of the capsules under
160 ◦C was still above 10 N, which implied that the capsule could survive the production
of asphalt concrete.
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Figure 8. Compressive strength of the Ca alginate capsules.

3.2. Oil Release Assessment of the Capsules in Asphalt Concrete after Cyclic Loading at Different
Service Temperatures

The oil released by the capsules can soften the asphalt and reduce its viscosity, which
enhances the flow ability of asphalt and, thus, improves its crack repair efficiency. Therefore,
the healing rate of asphalt concrete is closely dependent on the oil release rate of the capsules
presented in the bituminous mixtures. Figure 9 shows the oil release ratio of the capsules
in the specimen beams after cyclic loading at different service temperatures. When no
external loading was applied on the asphalt concrete beams, the oil release ratios of the
capsules after the constant healing period at −15, −10, −5, and 20 ◦C were 4.9, 5.1, 4.8,
and 5.4%, respectively. It could be seen that there were no differences between the oil
release ratios, which implied that the service temperature had no influence on the release
of the oil in the capsules within the bituminous mixtures without the action of external
loading. The premature leakage of oil from the asphalt concrete during the production
period was the result of a combination of thermal and mechanical action. Under specific
service temperatures, the capsules’ oil release ratio rose with the loading cycles, which
implied that the oil release of the capsule needed to be triggered by external loading and
that the capsule could gradually let out the encapsulated oil under cyclic loading. The
capsule’s own gradual release pattern is based on the unique multi-chamber. The oil was
stored in the separated chambers, and the capsule gradually released the healing agent by
elastic contraction–expansion under cyclic loading [13,27].

After loading with specific cycles, the oil release ratio of the capsules at 20 ◦C was
obviously higher than that of the capsules at low temperatures ( −15, −10, and −5 ◦C).
The oil release ratio of capsules improved with the increase in service temperature (loading
applied temperature and healing temperature). For instance, after compression loading with
64,000 cycles, the capsule oil release ratios at 15, −10, −5, and 20 ◦C reached 18.2, 21.9, 25.3,
and 57.1%, respectively. This interesting phenomenon was consistent with the result reported
by Al-Mansoori [44]. The stiffness of the bituminous mixture beams improved with the
reduction in test temperature, with the deformation resistance becoming stronger, which
made the capsules in the test beams subject to mild compaction. Besides, the strength of the
capsules increased with a reduction in temperature, which was proven by the mechanical
strength results of the capsules under different temperatures, as shown in Figure 8. Under
constant loading cycles, the capsule became stiffer with the reduction in temperature and,
thus, more difficult to deform, which made the capsule release less of the rejuvenator.
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Figure 9. Oil release ratios of Ca alginate capsules within asphalt concrete after loading at different
service temperatures.

It was clear that the release of the rejuvenator from the capsules was triggered by the
external loading. For pavement areas that cannot be reached by traffic loads, microwave
heating can be used to actively induce the release of the healing agent in the capsule at the
right time to accelerate the crack healing of asphalt concrete [36].

3.3. Selfhealing Performance of Asphalt Concrete Beams under Different Service Temperatures

Figures 10 and 11 present the healing ratios of the bituminous mixture beams with
and without the capsules after cyclic loading at different service temperatures. As can be
seen from Figure 10, the fractured specimen beams without capsules could not obtain any
strength recovery after different cycles of loading under −15, −10, and −5 ◦C, respectively.
The reason is that the asphalt was rigid at low temperatures, and the asphalt around the
crack zone failed to flow and diffuse; hence, the fractured beams were hard to heal. The
weak healing ability of the noncapsule bituminous mixture at a low temperature was also
confirmed by the literature [44,45]. When the test temperature was 20 ◦C, the noncapsule
beams had partial strength restoration stemming from the inherent healing property of
asphalt at moderate temperatures. Besides, the selfhealing ratios of the noncapsule beams
improved slightly with the increase in the loading cycles. The healing ratios of the non-
capsule beams were 33.9, 36.1, 37.4, and 40.2%, respectively, after 0, 16,000, 32,000, and
64,000 cycles of loading. The cyclic loading caused the gradual compaction of the aggregate
inside the asphalt mixture beam, which caused a slight width reduction between the two
surfaces and improved the strength restoration rate of the nonencapsulated beam.

It can be observed from Figure 10 that with zero cyclic loadings applied to the asphalt
concrete containing the capsules, the level of healing was 0% at −15, −10, and −5 ◦C,
respectively. Although there was a tiny amount of rejuvenator in asphalt mixture beams, the
viscosity of the asphalt was still high (hard to flow). When cyclic loading was performed on
the beams with the capsules, they all gained partial strength recovery at low temperatures.
The healing ratios all increased with the loading cycles but were still in a low range. When
compared to the healing ratios of the non-capsule asphalt beams, it could be inferred that
the released healing agent may aid in the recovery of strength at low temperatures after
cyclic loading. Due to the limitation of the low temperature, the viscosity reduction effect
for the rejuvenator (sunflower oil) was limited. Besides, when the cyclic loading was fixed,
the healing ratio of the asphalt concrete beams with capsules all improved with the increase
in service temperature. For example, after 64,000 cycles of loading, the healing rates of the
asphalt concrete beams with capsules were 9.3, 11.8, and 16.6% at −15, −10, and −5 ◦C,
respectively. When the loading cycles equaled 64000, the oil release rates of the capsules at
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−15, −10, and −5 ◦C were 18.2, 21.9, and 25.3%, respectively. The oil released and service
temperature jointly affected the healing capability of the asphalt concrete beams with the
capsules, and a higher oil release ratio and service temperature gave the beams higher
healing ratios.

Figure 10. Healing ratio of non-capsule asphalt concrete beams after compression loading at different
service temperatures.

Figure 11. Healing ratio of capsule asphalt concrete beams after compression loading at different
service temperatures.

When the trial temperature was 20 ◦C, the healing rates of the capsule beams were
all significantly higher than those of the beams at low temperatures. The healing ratio of
capsule beams improved significantly with the increase in loading cycles. After 0, 16,000,
32,000, and 64,000 cycles of loading, the strength recovery rates of the capsule concrete
beams were 36.8, 51.6, 58.4, and 69.2%, respectively, which were higher than those of the
noncapsule concrete beams. The improvement in the level of healing was attributed to
the collective action of more of the rejuvenator being released and an enhanced healing
temperature. In the previous literature [22,23,27,29,33,46,47], when the test temperature
was 20 ◦C, the asphalt concrete with the calcium alginate capsules all obtained higher
healing ratios than plain asphalt concrete (without capsules).

177



Polymers 2022, 15, 199

3.4. Analysis of the Glass Transition Temperature (Tg) of Asphalt with Oil

According to the mechanical state within various temperature ranges, the asphalt
binder (as a temperature-sensitive material) can be classified into three states: the glassy
state, the viscoelastic state, and the Newtonian liquid state [48,49]. The transition from
the glassy to the viscoelastic state is defined as the glass transition, where the temperature
at this point is considered the glass transition temperature (Tg). From the point of view
of molecular motion, the glass transition of macromolecules corresponds to the critical
states of the onset and freezing of chain segment motions. When the temperature exceeds
the Tg, the molecular chain segments in the asphalt begin to show signs of activity, and
the molecular chain conformation changes by rotating within the single bond around the
main chain, which results in a rapid increase in deformation and a dramatic decrease in the
modulus [39,50].

The Tg of the asphalt binders from the mixture beams after loading with 64,000 cycles
at different service conditions are presented in Figure 12. The Tg of the asphalt binders
with oil was apparently reduced when compared with the asphalt binder without oil. This
implied that the release of oil from the capsules could improve the possibility of molecular
motions and, thus, decrease the Tg of the asphalt. Besides, the healing agent release ratio
increased with the rise in the simulated service temperature, and thus, the Tg of the asphalt
decreased due to the rejuvenation effect of the healing agent, which is consistent with other
literature [41,51]. Hence, when compared with a mild temperature (20 ◦C), the regeneration
effect of the healing agent on the asphalt binder under low temperatures (−15, −10, and
−5 ◦C) is less pronounced.

Figure 12. The glass transition temperatures of asphalt after loading with 64,000 cycles under different
service temperatures.

3.5. Rheological Property of the Asphalt Binder Containing Oil at Simulated Low-Service Temperatures

Figures 13 and 14 present the complex modulus (G*) and phase angel (δ) of the asphalt
binder after 64,000 cycles of compressive loading at different temperatures (capsule activation
temperature and healing temperature), respectively. The G* and δ of the asphalt with and
without oil all decreased and increased, respectively, with temperature due to the viscoelastic
transition of the asphalt binder. When compared to the asphalt without oil, the complex
modulus of the asphalt with oil apparently decreased at specific test temperatures. In contrast,
the phase angel of the asphalt with oil apparently increased at specific test temperatures. This
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indicated that the release of oil could change the rheological property of the asphalt binder.
When the sunflower oil consists of soft molecules flowing into the asphalt, it could increase
the flexible chain ratio of the asphalt and, thus, decrease the complex modulus. Hence, the
asphalt with added oil can has better flow ability than the asphalt without oil under the same
service temperature, thus having a lower G* and higher δ.

Figure 13. Complex modulus of asphalt binder after loading with 64,000 cycles under different
service temperature conditions.

Figure 14. Phase angel of asphalt binder after loading with 64,000 cycles under different service
temperature conditions.

Besides, with a rise in test temperature (from −15 to 20 ◦C), the G* of the asphalt
binder decreased, while the phase angel of the asphalt binder increased. The oil release
ratios of the capsules after loading with 64,000 cycles at −15, −10, −5, and 20 ◦C were 18.2,
21.9, 25.3, and 57.1%, respectively. A higher oil release ratio led to a lower G* and higher
δ in the asphalt binder, which indicated that the asphalt binder had better flow ability
when servicing at 20 ◦C than the asphalt binder servicing at low temperatures (−15, −10,
and −5 ◦C). Therefore, when compared with low service temperatures, the asphalt binder
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within the asphalt concrete containing capsules and serving at a high temperature will have
a better softening effect and low-temperature performance due to more oil being released.

4. Conclusions

In this work, Ca alginate capsules containing oil were prepared. Evaluation tests were
conducted on the capsules to determine their morphological structure, thermal stability,
and mechanical resistance. The glass transition temperature and rheological properties of
the asphalt binder with and without oil were explored. Besides, the healing release ratio
and the level of healing of the capsules in asphalt concrete after loadings under a stimulated
low temperature were evaluated. The conclusions are as follows:

(1) The Ca alginate capsules with a mutichamber structure own good thermal stability
and compression strength and stratify the production process requirements of asphalt
mixtures in a laboratory;

(2) The oil release ratio of the capsules in the asphalt mixture beams increased with the
loading cycles. Nevertheless, after loading with specific cycles, the capsules under
low-temperature conditions (−15, −10, and −5 ◦C) had a lower oil release ratio than
the capsules at 20 ◦C;

(3) The release of the oil into the asphalt reduced its complex modulus and increased its
phase angle at low service temperatures. Besides, the oil released reduced the glass
transition temperature of the asphalt binder and thus enhanced the probability of
molecule motion within the asphalt under low temperatures;

(4) The fractured asphalt mixture beams without capsules did not retain any strength
recovery at −15, −10, and −5 ◦C, owing to their reduced inherent healing ability
under low temperatures. The incorporation of sunflower oil capsules into the asphalt
concrete improved its healing level slightly under low temperatures due to the viscos-
ity reduction effect of the oil. Besides, the healing ratios of the asphalt concrete beams
with the capsules under 20 ◦C were higher than the beam specimens at −15, −10, and
−5 ◦C, respectively.

The asphalt mixture beams with the sunflower oil capsules obtained partial strength
recovery (<20%) under a low temperature, and the low healing ability of the asphalt fails to
heal the cracks within the asphalt concrete under low-temperature conditions. As asphalt
cracking is prone to appear under low temperatures, it is essential to improve the healing
ratio of cracked asphalt concrete under low temperatures. Considering the temperature-
sensitive properties of asphalt and the viscosity reduction effect of the rejuvenator, the
application of the joint action of thermally induced healing and rejuvenator-induced heal-
ing may be a promising external healing enhancement strategy for asphalt pavement in
cold regions. Microwave absorbing materials can be introduced into asphalt concrete to
stimulate heat generation through external microwave heating to promote the flow and
diffusion of the rejuvenator, which is expected to solve the problem of the poor healing
performance of asphalt concrete under low temperature conditions.
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Abstract: The use of waste tires to prepare rubberized asphalt has been a hot trend in recent years,
and the characteristics of adhesion between rubberized asphalt and aggregates are important factors
affecting the performance of asphalt pavement. However, there is a lack of uniform results on the
adhesion characteristics of rubberized asphalt. Therefore, crumb-rubber-modified asphalt (CRMA)
with 15%, 20%, and 25% rubber contents was prepared in this work, and the basic rheological
parameters and cohesive energy of the rubberized asphalt were characterized by DSR. The adhesion
properties between rubberized asphalt and aggregates were characterized based on macroscopic
binder bond strength (BBS), surface free energy (SFE) theory, and nanoscale atomic force microscopy
(AFM) tests. The results show that crumb rubber (CR) can improve the high-temperature elastic
properties of asphalt; secondly, CR can have a negative impact on the maximum tensile strength of
asphalt and aggregates. CR can improve the SFE parameter of asphalt. The work of adhesion of
rubberized asphalt and limestone is the highest, followed by basalt and, finally, granite. Finally, CR
can cause the catanaphase in asphalt to gradually break down and become smaller, and the adhesion
of rubberized asphalt can be reduced. Overall, CR can reduce the adhesion performance of asphalt,
and this work provides a reference for the application of rubberized asphalt.

Keywords: rubberized asphalt; adhesion characteristics; binder bond strength (BBS); surface free
energy (SFE); atomic force microscope (AFM)

1. Introduction

With the continuous increase in car ownership, the disposal of waste tires has become
a pressing issue for scholars from all over the world [1]. The crumb rubber (CR) prepared by
recycling and reprocessing waste tires can be used as a modifier in asphalt binders [2,3]. CR
powder can not only improve various properties of asphalt binders, but also significantly
improve the environmental problems caused by waste tires [3]. As a typical solid waste
product, CR powder improves the sustainability of road development. CR powder has
great potential in the research of road materials and related fields because of its huge
output, excellent performance, and environmental protection advantages [4–7].

The properties of CR-powder-modified asphalt are affected by many factors, including
the particle size of the CR powder, the type of CR powder molding, the CR content,
the type of blending, the pretreatment process, etc. Xiao Feipeng et al. focused on the
plasma treatment of CR powder, and the internal de-crosslinking process of the CR powder
improved the compatibility between the CR powder and asphalt [8,9]. The compatibility
of CR powder and asphalt can also be enhanced by using CR powder desulfurized by
microwaves, or by adding waste oil containing more light components in the process of CR
powder modification of asphalt, and the rheological properties of crumb-rubber-modified
asphalt (CRMA) can be improved [10,11]. The particle size of CR powder can affect the
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rheological properties of CRMA, and larger CR powder particles can help to enhance the
fatigue performance of CRMA [12]. Some scholars have used graphene/carbon black
composite materials and CR powder to create composite-modified asphalt, and the results
show that the rutting resistance and healing properties of this composite-modified asphalt
were improved [13]. In addition, the blending compatibility of CRMA and waste plastics
and the aging resistance of CRMA have also been research hotspots in recent years [14,15].

Asphalt pavement is repeatedly affected by traffic loads and the environment during
its use. Especially in a moisture-immersed state, the adhesion between the asphalt and
aggregate may fail. The aggregate can fall off and the performance of the asphalt pavement
will be seriously deteriorated [16–18]. This situation not only increases the cost of road
maintenance, but also causes security risks [19]. However, the results of research on the
moisture damage resistance of CRMA are inconsistent. Through static contact angle studies,
Zahid Hossain et al. found that the incorporation of CR powder can improve the surface
energy of the binder, improve the viscosity of the binder, and reduce the penetration value of
the binder, showing a positive effect on resistance to moisture damage [20]. M.N. Partl et al.
used CR powder to prepare an open-graded asphalt mixture and conducted a coaxial
shear test (CAST), and the study found that compared with traditional porous or semi-
porous asphalt mixtures, the moisture sensitivity of the CRMA mixture was reduced [21].
However, there are also different viewpoints. Quan Lv et al. studied the pull-off tensile
strength of CRMA, polymer-modified asphalt, and matrix asphalt and basalt slabs on a
large scale through binder bond strength (BBS) tests, on the basis of controlling the asphalt
film thickness [22–25]. It was found that the polymer and CR powder adversely affected
the pull-off tensile strength of the asphalt aggregates.

In addition to the common water boiling test, water immersion test, surface free
energy theory, and BBS test, atomic force microscopy (AFM) for nanoscale research has
also developed rapidly in recent years. The microstructural characteristics of asphalt
surfaces show multinomial heterogeneity at the nanoscale, and the nanoscale properties
of asphalt have always been the focus of academic research [26–28]. AFM is a powerful
tool for evaluating the microstructure of asphalt. In 1996, L. Loeber et al. first used AFM
to discover the bee structure of the asphalt surface [29]. The bee structure is also called
catanaphase in the later research classification, which is temperature-reversible [28]. The
chemical composition of the catanaphase was initially thought to be mainly asphaltenes,
but increasing evidence suggests that interactions between wax crystals and other chemical
constituents in asphalt lead to the formation of the catanaphase [30]. AFM is often used to
evaluate asphalt’s modification effects, degree of aging, and adhesion [31–33].

The loss of adhesive bonds and the fracture of cohesive bonds under the action of
water are the main causes of moisture damage [34]. Common adhesion theories include
chemical reaction, surface energy, molecular orientation, and mechanical adhesion [35].
When the deformation exceeds the influence of mechanical interlocking and surface molec-
ular orientation, cohesive bond failure occurs [36]. Conventional adhesive strength tests
such as the pneumatic adhesion tensile testing instrument (PATTI) and BBS have certain
limitations and have been continuously improved [23]. The compression pull-off test has
been developed and proven to be excellent [37]. Considering the complexity of adhesion
and the diversity of test methods, the adhesion mechanism of crumb-rubber-modified
asphalt needs to be further explored.

In this work, the rheological parameters of asphalt binder and base asphalt were
characterized for three CR powder contents. The pull-off tensile strength between asphalt
with di and limestone, basalt, and granite slabs was tested, and the effect of crumb rubber
powder on the BBS was analyzed. Secondly, the SFE parameters of asphalt binders with
different crumb rubber powder contents were studied, and the work of adhesion between
different asphalt binders and three aggregates was calculated. In addition, the changes
in the catanaphase and the adhesion force were used to analyze the influence of the
modification of the CR powder on the adhesion and its mechanism of action via AFM.
Finally, the effects of CR powder on the adhesion between the binders and aggregates were
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compared and analyzed from the perspectives of macroscopic strength, surface free energy
theory, and nanomechanical properties. The results of this research can help to understand
the effect of CR powder on the moisture damage resistance of the mixture, so as to ensure
the long-term durable use of the pavement.

2. Materials and Methods

2.1. Materials

The base asphalt was used in this work, and its properties were tested according to the
“Standard Test Methods of Asphalt and Bituminous Mixtures for Highway Engineering”
(JTG E20-2011) [38], as shown in Table 1. The CR powder used in this work was 80 mesh,
its relative density was 1.128, its water content was 0.49%, and its metal content and sieve
residue were 0.02% and 4.27%, respectively. Distilled water, ethylene glycol, and glycerol
were used to measure the contact angles of asphalt with different rubber powder contents
and aggregates, and the surface energies of the three liquids are shown in Table 2 [39].
The detailed parameters can be found in Section 2.3.3. The chemical composition of the
aggregates is shown in Table 3.

Table 1. Properties of the original asphalt.

Properties Test Results Test Methods

Penetration (25 ◦C, 100 g, 5 s; 0.1 mm) 92 T0604
Ductility (15 ◦C, 5 cm/min; cm) >100 T0605

Softening point (◦C) 46.5 T0606
Density (g/cm3) 1.023 T0603

Solubility (%) 99.71 T0607
Flash point (◦C) 295 T0611

Table 2. Surface free energy parameters of the test liquids.

Type γd (mJ/m2) γp (mJ/m2) γ (mJ/m2)

Distilled water 21.8 51.0 72.8
Ethylene glycol 29.3 19.0 48.3

Glycerol 34.0 30.0 64.0

Table 3. Chemical components of the aggregates.

Type SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O K2O P2O5 MnO Ignition Loss

Limestone 19.31 9.5 13.2 24.17 4.34 1.96 1.07 1.28 0.94 0.29 23.62
Basalt 47.32 15.0 16.36 8.21 3.76 1.44 2.13 0.44 0.21 0.17 1.94

Granite 72.05 12.81 2.13 0.75 0.11 0.07 2.81 4.63 0.04 0.02 2.88

2.2. Preparation of Rubberized Asphalt Binder

The asphalt was heated and melted, and then CR powder with a mass of 15%, 20%,
or 25% of the asphalt was added. The asphalt was then sheared at 4000 rpm for 60 min at
180 ◦C, followed by low-speed stirring for 30 min (800 rpm) [23]. The base asphalt was
named 90#, and the three rubberized asphalts were named CR-15, CR-20, and CR-25.

2.3. Methodology
2.3.1. Dynamic Shear Rheometer (DSR) Test

The Anton Paar SmartPave 102 DSR was used to test the rheological parameters of
the different asphalts. The test adopted a temperature sweep; the temperature range was
from 46 ◦C to 82 ◦C. The test was performed once at an interval of 6 ◦C; the frequency
was 10 rad/s, and the strain was controlled to 1.5% to ensure that the asphalt’s rheological
behavior was within the linear viscoelastic (LVE) range [40,41]. Three replicate experiments
were performed on the same sample to eliminate accidental errors.
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2.3.2. Binder Bond Strength (BBS) Test

The BBS test is conducted based on AASHTO TP-91 [42], and a American Defelsko
Positest AT-A adhesion tester was used to evaluate the binder bond strength of different
kinds of asphalt. The diameter of the stub was 20 mm and the tensile strength loading rate
was 0.7 MPa/s. The thickness of the asphalt film was maintained by the crumb rubber
gasket at 0.8 mm [23]. At this time, in addition to adhesion failure, cohesive ductile damage
still interfered. The aggregates’ base materials were limestone, basalt, or granite, as shown
in Figure 1. Prior to the test, each specimen was subjected to 48 h of moisture conditioning
in a 40 ◦C water bath. In water conditioning, 15 h of conditioning can affect the bond
strength and failure mode. As a result, most samples exhibited an adhesive failure. The
peak tensile strength was recorded to quantitatively evaluate the adhesion properties
between the different asphalts and aggregates [25]. Pull-off tensile strength (POTS) is the
maximum tensile strength of the stub pulling away from the aggregates in the BBS test.

 
Figure 1. The process of the BBS test.

2.3.3. Surface Free Energy (SFE) Theory

The surface energy consists of two parts: the dispersion component and the polar
component. The expression is shown in Equation (1).

γ = γd + γp (1)

where γ is the surface free energy (mJ/m2), γd is the dispersive component (mJ/m2), and
γp is the polarity component (mJ/m2).

Wa = 2γ (2)

The cohesion energy or cohesive bond energy (Wa) is defined as the value of the energy
needed to create two new surfaces with unit areas [43,44]. A higher value of cohesion
energy implies a higher level of energy needed for propagating a crack and fracturing the
material into two new surfaces [45].

The surface energy of asphalt can be calculated using Equations (3)–(5), which can be
obtained from Young’s equation and surface energy theory [46].

γl cos θ = γs − γsl (3)
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γsl = γs + γl − 2
√

γsdγl
d − 2

√
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√
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√
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where γs, γl , and γsl are the surface free energy of the solid, liquid, and solid–liquid
phases, respectively (mJ/m2); γl

d and γl
p express the dispersion component and polar

component of the surface energy of the liquid phase, respectively (mJ/m2); γs
p and γs

d are
the dispersion component and polar component of the solid (asphalt) phase, respectively
(mJ/m2); θ is the angle connecting the solid–liquid interface; and γb is the surface free
energy of the aggregate (mJ/m2).

In Equation (5), (1+cos θ)γl

2
√

γl
d

can be regarded as the y coordinate and
√

γl
p

γl
d can be

regarded as the x coordinate. The measured contact angle and the surface energy data
of the three liquids can be substituted into the x and y coordinates for linear fitting. The
square of the slope of the fitting line is the polar component of the solid surface energy. The
square of the fitting intercept is the dispersion component of the surface energy. The sum
of the two is the total surface energy.

The work of adhesion is used to evaluate the difficulty of water penetrating the asphalt
film into the binder–aggregate interface of the asphalt mixture, and the work of adhesion
for asphalt–aggregate systems can be calculated as shown in Equation (6):

Was = γl(1 + cos θ) (6)

where Was is the work of adhesion between the asphalt and the solid (limestone) (mJ/m2).
In the actual measurement, the actual heating temperature, drop height, and droplet

size of the asphalt are difficult to control, so Equation (7) can be used to calculate the
asphalt–aggregate adhesion work.

Was = 2
(√

γsdγad +
√

γs pγa p
)

(7)

where γs
d and γs

p express the dispersion component and polar component of the surface
energy of the solid (limestone) phase, respectively (mJ/m2), while γa

p and γa
d are the

dispersion component and polar component of the asphalt, respectively (mJ/m2).

2.3.4. Contact Angle Test of Asphalt Samples

The surface free energy of asphalts with different rubber powder contents was tested
by using a German DataPhysics dynamic surface tensiometer, as shown in Figure 2. A glass
slide with a flat asphalt film was formed by the Wilhelmy hanging plate method, and the
contact angle of the asphalt was measured [39]. The surface free energy of the asphalt was
quantified using two liquids with known surface energies that are insoluble in asphalt and
do not chemically react with asphalt. The test was conducted at a temperature of 25 ◦C, and
each set of experiments was run in parallel with three times to rule out accidental errors.

2.3.5. Contact Angle Test of Aggregates

The contact angle of the aggregates was tested based on the static contact angle,
and three probe solutions of distilled water, ethylene glycol, and glycerol were also used.
The surface free energy parameters of the aggregates were calculated according to the
abovementioned surface energy theory. Before the aggregate contact angle test, 200-mesh,
400-mesh, and 1000-mesh sandpapers were used to preliminarily grind one side of the
aggregate slices to avoid contact angle lag caused by the rough surface of the aggregates.
In this test, a JC000D1 contact angle tester was used for testing, and the experimental
temperature was 25 ◦C. After the contact angle test and calculation, the SFE parameters of
the three aggregates were obtained.
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Figure 2. Dynamic surface tensiometer.

2.3.6. Atomic Force Microscopy (AFM)

Microscopic images and nanomechanical characterizations of the four asphalt surfaces
were obtained using a Bruker Dimension Icon Atomic Force Microscope (AFM), as shown in
Figure 3a. The selected probe cantilever was a TAP300-G with a thickness of 4 μm, a width
of 30 μm, a length of 125 μm, a nominal spring constant of 40 N/m, and a nominal resonance
frequency of 300 kHz. The probe was uncoated, and the probe tip was made of monolithic
silicon. The scanning frequency of the probe was set to 1.0 Hz, and different kinds of asphalt
surfaces were scanned in tapping mode to obtain 20 μm × 20 μm topographic images
and force curves of the asphalt surfaces [47]. Typically, three primary microstructures
developed on the asphalt surface at around room temperature after annealing of asphalt
from its melting temperature. The wrinkled areas were named the catanaphase (bee
structures), the islands around the wrinkled domains were called the periphase, and the
paraphase was the smoother phase neighboring the periphase, as shown in Figure 3b. The
AFM images were analyzed by using the software Nanoscope Analysis 1.9 to quantitatively
calculate the roughness of the samples. The adhesion force was determined from the
measured force curve, as shown in Figure 3c.

2.3.7. Cohesive and Adhesive

As shown in Figure 4, the cohesion energy or cohesive bond energy is defined as the
value of the energy needed to create two new surfaces with unit areas [43]. The amount of
energy required for deboning the binder–aggregate interface of the asphalt is called the
adhesion energy (or adhesive bond energy) [43,44].
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Figure 3. Operational principles of AFM: (a) operational principle of AFM; (b) schematic diagram of
the three phases; (c) schematic force curve.

Figure 4. Cohesive and adhesive bond failure.

3. Results and Discussion

3.1. Analyses of Rheological Parameters

The rheological parameters of the four different binders under temperature sweep are
shown in Figure 5. From Figure 5a, it can be seen that the phase angle of the base asphalt
is relatively high, at 80–90◦ in the tested temperature range, while the phase angle of the
rubberized asphalt is relatively low. The phase angle of CR-15 is within 60–80◦, and it is
greatly affected by temperature changes. The phase angle of CR-20 and CR-25 does not
change much over the tested temperature range, within 50–60◦. Unlike the base asphalt
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and CR-15, the phase angle of CR-20 and CR-25 decreases slightly within 76–82 ◦C. In
general, the crumb rubber powder can reduce the phase angle of the binder.

 
Figure 5. Results of the DSR test: (a) δ, (b) G*, and (c) G*/sin δ.

Figure 5b shows the variation in the complex shear modulus for the different binders.
It can be intuitively found from the figure that the complex shear modulus of the rubberized
asphalt is several times that of the base asphalt at the same test temperature, and the gap
is further expanded at high temperatures. Similar to the change in the phase angle, the
complex shear moduli of CR-20 and CR-25 are similar, which indicates that 20% CR powder
content can achieve a relatively stable CRMA system. The addition of CR powder can
improve the complex shear modulus.

Figure 5c shows the variation in the rutting factor of different binders. The rutting
factor can reflect the ability of the asphalt binder to resist permanent deformation at high
temperatures. The variation in the rutting factor of the four binders is essentially the same
as the variation trend of the complex shear modulus. In general, the rubberized asphalt
improves the high-temperature rheological properties of the binder.

3.2. Pull-Off Tensile Strength (POTS) Analyses

The results of the POTS between the different rubberized asphalts and limestone,
basalt, and granite are shown in Figure 6. It can be clearly seen from the figure that the CR
powder can have a negative impact on the adhesion between the asphalt binder and the
aggregate. Comparing the adhesion between the three kinds of rubberized asphalt and
limestone, it can be found that the POTS of CR-15, CR-20, and CR-25 decreases by 42.1%,
52.6%, and 56.1%, respectively, compared with the base asphalt.

The addition of more CR powder has a greater negative impact on the adhesion
performance of the asphalt binder, and similar results can also be found in SBS-modified
asphalt [25]. The reason for these results is that additives such as CR powder can have
a negative impact on the homogeneity of the asphalt. The CR powder is not inherently
sticky, so it does not improve adhesion in the rubberized asphalt–binder system during
POTS test. In addition, the CR powder has certain volume characteristics that are blended
in physical form in the rubberized asphalt. The CR powder occupies a certain contact area
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at the interface between the rubberized asphalt and the aggregate, and the adhesion force
brought by this part of the contact area is lower than the adhesion force between the asphalt
and the aggregate, so the adhesion performance between the rubberized asphalt and the
aggregate deteriorates [23].

 
Figure 6. BBS test results of different rubberized asphalts.

There are also obvious differences in the adhesion between rubberized asphalt and
different aggregates. It can be seen from the Figure 6 that the adhesion between rubberized
asphalt and limestone is the best, followed by basalt, while the adhesion with granite
is relatively poor. Taking CR-20 as an example, its POTS with granite is 1.64 MPa, and
its POTS with basalt is 8.5% higher than that with granite, reaching 1.78 MPa, while its
POTS with limestone is 13.4% higher than that with granite, reaching 1.86 MPa. The above
results are caused by the differences in the properties of the different lithological aggregates,
including the differences in the surface texture and composition of the aggregates [16].

3.3. Surface Free Energy (SFE) Analyses

Figure 7 shows the calculation results of the SFE parameters of the four different
asphalts. The polar components of the four asphalts are all much smaller than the dispersion
components. Overall, the polar component decreases with the increase in dosage. The
dispersive component and total SFE of the asphalts with the higher crumb rubber powder
contents are higher. The total surface energy of the four asphalts is between 23 mJ/m2 and
27 mJ/m2. Surface energy theory states that the surface energy of a substance in a stable
state is low. As shown in Equation (2), asphalt with a higher surface energy has higher
cohesive energy. Based on the SFE parameters of the base asphalt and the three kinds of
rubberized asphalt, 90# ≈ CR-15 < CR-20 ≈ CR-25.

The polar components of these four asphalts are 1.66, 1.667, 0.321, and 0.0968, respec-
tively, and the change rule is a decreasing trend. Some scholars believe that the rubberized
asphalt has a negative impact on the smooth glass slide, and samples with rough surfaces
can easily lead to inaccurate test results [25]. In this work, the dynamic contact angle test
method was used to continuously test the asphalt slides to avoid the uncertainty of a single
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static contact angle. With the increase in rubber powder content, the polar component
decreases, the dispersion component increases, and the cohesive energy increases. There-
fore, it is recommended to use the dynamic contact angle to test the SFE parameters of
rubberized asphalt.

Figure 7. SFE parameters of different rubberized asphalts.

From the SFE parameters of three kinds of aggregates, as shown in Table 4, it can be
seen that the surface energy of limestone is greater than that of basalt, while the surface en-
ergy of granite is the lowest. The maximum polar component of limestone is 21.37 mJ/m2,
and the minimum polar component of granite is 16.91 mJ/m2. Figure 8 shows the calcula-
tion results of the work of adhesion between the different asphalts and the three aggregates.
The four kinds of asphalt have the strongest adhesion to limestone, followed by basalt,
and the worst adhesion to granite. Taking the base asphalt as an example, the work of
adhesion of base asphalt to limestone, basalt, and granite is 51.031 mJ/m2, 49.291 mJ/m2,
and 44.917 mJ/m2, respectively. As an acidic substance, the adhesion of asphalt to the
aggregate is greatly affected by the acidity and alkalinity of the aggregate. The adhesion
between alkaline aggregates and asphalt is better than that of acidic aggregates [48].

Table 4. Surface free energy parameters of the three aggregates.

Type γd (mJ/m2) γp (mJ/m2) γ (mJ/m2)

Limestone 17.43 21.41 38.64
Basalt 16.22 19.71 35.93

Granite 13.28 16.71 30.17

In addition, from the perspective of asphalt, the addition of CR powder can reduce the
work of adhesion between the rubberized asphalt and the aggregate, thereby weakening
the adhesion performance. Taking the work of adhesion between the different asphalts
and basalt as an example, the work of adhesion between the base asphalt and basalt was
49.29 mJ/m2, while the work of adhesion between CR-15, CR-20, and CR-25 and basalt
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was 48.75 mJ/m2, 46.38 mJ/m2, and 44.25 mJ/m2, respectively. The adhesion of CR-15,
CR-20, and CR-25 to basalt was 1.10%, 5.91%, and 10.22% lower than that of base asphalt,
respectively. The reason for this is also because the crumb rubber powder, which does not
have adhesive properties, occupies a certain area of the adhesive interface between the
asphalt and the aggregate.

Figure 8. Work of adhesion of different rubberized asphalts.

3.4. Micromorphological Analyses

The modification with crumb rubber particles absorbed the light components of the
asphalt and swelled, forming a uniform interconnection network in the asphalt system [49].
Rubber powder modification has a mainly physical effect [50]. The asphalt–rubber interac-
tion stages can be divided into three steps, as shown in Figure 9 [51,52].

Figure 9. The asphalt–rubber interaction stages.
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Stage 0—initial configuration: Rubber particles are immersed in the fluid asphalt.
Stage 1—swelling phase: Rubber particles start swelling by absorbing the light frac-

tions of bitumen and form a gel layer adjacent to the bitumen–rubber interface.
Stage 2—post-swelling and beginning of degradation: The swelling of the rubber

particles continues. Meanwhile, chemical degradation takes place through the breakup of
the crosslinked network and polymer chains. Swollen rubber particles are split into smaller
ones due to the destruction of the network structure.

Stage 3—degradation and complete dissolution: The degradation of the rubber par-
ticles continues progressing until they are completely dissolved into the bitumen matrix,
which produces a homogeneous binder.

Regarding the microstructure of rubberized asphalt, some scholars believe that the
dispersion of CR powder after absorbing the light components hinders the aggregation of
asphaltenes, resulting in a reduction in the catanaphase and difficulty in identification [53].
However, there is evidence that an increase in the oil content can actually reduce the
catanaphase [54]. Some studies suggest that asphaltenes do not play a decisive role in the
formation of the catanaphase [28,55]. Thus, the reduction in light oil adsorption is related to
the relevance of the reduced catanaphase is questionable. The investigation of the effect of
crumb rubber on the microstructure using atomic force microscopy–infrared spectroscopy
(AFM-IR) indicated that the main chemical change takes place in the paraphase [27], but
that chemical change is not the main mechanism of rubber modification. Therefore, the
nanomorphological changes in crumb-rubber-modified asphalt still tend to be physical
changes caused by the unbalanced stress between phases.

Figure 10 shows the AFM images of different crumb rubber powder dosages. The
catanaphase has obvious characteristic changes. The CR powder can be clearly seen in the
three-dimensional image with the CR powder dosage of 25%. The change in the apparent
structure may be more due to the change in the interfacial tension caused by the floating
and agglomeration of the micro-rubber powder [56]. When the dosage is 15% and 20%, the
catanaphase is broken; the details can be seen in Figure 10.

The common roughness indices are Sa, Sq, and SZ, which are shown in Table 5 [57].

Table 5. Three-dimensional (3D) roughness parameters used in this study.

Parameter Describe Formula

Sa Roughness average Sa = 1
A
�
A
|Z(x, y)|dxdy

Sq Root-mean-square roughness Sa =
√

1
A
�
A
|Z(x, y)|dxdy

SZ Maximum height of the roughness SZ = Sp − SV
Sp Maximum roughness peak height Zmax
SV Maximum roughness valley depth Zmin

As shown in Figure 11, it can be seen that the three indicators are consistent for the
roughness changes with different dosages of CR powder. The smaller the roughness value,
the smaller the difference between phases and the more stable the microstructural proper-
ties [58]. As shown in Figure 11, the roughness value is the highest and the microscopic
morphology is the most unstable when the rubber powder content is 25%. The roughness
value increases continuously with the increase in the rubber powder content. This shows
that the content of rubber powder particles will continuously destroy the apparent mor-
phology of the asphalt and reduce the stability of its microscopic properties. The roughness
values did not change significantly at low rubber powder contents.
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Figure 10. AFM diagrams of different rubberized asphalts.

 

Figure 11. Roughness at different crumb rubber dosages.
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The schematic diagram of the scatter of morphological changes in the catanaphase is
shown in Figure 12. The area is the area of the catanaphase, and the aspect is the ratio of the
major and minor axes of the catanaphase. With the increase in the amount of CR powder,
the slender catanaphase of the base asphalt becomes more dispersed when the amount of
CR powder is 15%, and the length of the catanaphase also decreases. When the dosage is
20%, the original large catanaphase is broken into several smaller sections of catanaphase
by the crumb rubber powder. When the dosage reaches 25%, the catanaphase effectively
does not exist, and even if the catanaphase exists, it is blurred and counted in order to have
a certain contrast, and it can actually be considered to be non-existent.

 

Figure 12. Morphological transformation of the catanaphase.

As shown in Figure 13, the adhesive force shows a trend of first increasing and then
decreasing with the increase in the CR powder content. Because the probe itself will be
affected by van der Waals forces, the rubber forms a gel structure to improve the cohesion
by absorbing the light components. The cohesion of the rubber-modified asphalt interferes
with the test results, such that the adhesion of the rubber-modified asphalt is greater than
that of the original asphalt. However, the comparison rule of rubber-modified asphalt is
consistent with the previous test, indicating that atomic force microscopy is more suitable
for the comparison of two-phase systems. When the dosage is higher, the CR microparticles
can aggregate on the surface of the asphalt, destroying the surface tension. The stability of
microscopic properties decreases, leading to a decrease in adhesion. In this process, the
catanaphase is squeezed and broken by the continuously aggregated microgel powder
particles until it completely disappears. The change trend of the catanaphase change
coefficient Tb (as shown in Equation (8)) is consistent with the change in the adhesive force,
indicating that the microstructure is strongly related to the performance, and the change in
the catanaphase can be used to evaluate the modification effect of the CR powder.

Tb = n × As
3 (8)

where n is the number of small catanaphase, and As is the average aspect of the catanaphase.
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Figure 13. Adhesion force and catanaphase shape parameters.

4. Conclusions

In this work, the adhesion characteristics of the original asphalt and three kinds of
rubberized asphalt were studied. The rheological properties of the different asphalts were
characterized by DSR, while the adhesion characteristics of the rubberized asphalts were
analyzed from three perspectives by BBS tests, contact angle tests, and AFM. The following
conclusions can be drawn:

1. The incorporation of CR can improve the complex shear modulus and reduce the
phase angle of the asphalt. CR can significantly improve the stiffness, modulus, and
cohesive energy of asphalt, thereby improving the high-temperature elastic properties
of asphalt, which is also an important prerequisite for its wide application.

2. According to the BBS test results, CR has a negative effect on the pull-off tensile strength
of asphalt and aggregates. CR itself does not have adhesive performance and can
occupy part of the contact area at the interface between the asphalt and the aggregate,
resulting in a deterioration in the adhesive properties of the rubberized asphalt.

3. CR can improve the SFE parameters of asphalt, and the changes in the total surface
energy and dispersion components are significantly affected by the changes in CR
content. The work of adhesion between asphalt and limestone is the highest, followed
by basalt and, finally, granite, due to the differences in chemical composition between
the different aggregates.

4. The large catanaphase of asphalt with higher CR contents is continuously broken with
the increase in dosage. The roughness value increases with the increase in the dosage.
CR-25 had the highest roughness value and the worst microscopic properties. The
roughness values did not change significantly at low rubber powder contents.

5. The adhesion deteriorates with the increase in CR content. AFM is more suitable for the
comparison of two-phase systems. The change factor of the catanaphase is consistent
with the change trend of the adhesion force, and the microscopic morphology has a
strong correlation with the change in the adhesion performance.
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5. Further Study

In this work, a variety of test methods were used to evaluate the polymerization
energy and adhesion energy of modified asphalt with different rubber powder contents,
and the relationships between different test indices and cohesive energy and adhesion
energy were explored. However, this work did not consider the effect of aggregate texture
on adhesion performance, and it also did not explore the role of moisture. The evaluation
of the adhesion properties of rubber powder still needs further verification.
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Abstract: This study evaluated the effect of two encapsulation methods (i.e., dropping funnel and
syringe pump), two concentrations of the alginate-based encapsulating material (2%, and 3%),
and three oils as bitumen rejuvenators (virgin sunflower oil, waste cooking oil, and virgin engine
oil) on the morphological, physical, chemical, thermal, and mechanical properties of encapsulated
rejuvenators for asphalt self-healing purposes. A general factorial design 2 × 2 × 3 was proposed to
design 12 different Ca-alginate capsules. Significant differences on the morphological, physical, and
mechanical properties of the capsules were analysed by three-way ANOVA and Tukey HSD Post Hoc
analyses. The effect of the type of oil on the self-healing capacity of cracked bitumen samples was also
evaluated. The main results showed that the design parameters and their interactions significantly
affected the morphological, physical, and mechanical properties of the capsules. Capsules synthesised
via syringe pump method, with virgin cooking oil and 2% alginate was the most appropriate for
asphalt self-healing purposes since its uniform morphology, encapsulation efficiency up to 80%,
thermal degradation below 5% wt., and compressive strength above the reference asphalt compaction
load of 10 N. Finally, the healing tests showed that virgin cooking oil can be potentially used as a
rejuvenator to promote asphalt crack-healing.
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1. Introduction

Asphalt pavements are commonly used for the construction of roads around the world.
When exposed to rest periods, asphalt pavement has the potential to restore its stiffness and
strength by closing the micro-cracks that occur when the pavement is subjected to traffic
loads [1]. This property is known as self-healing ability, and it is conferred by the bitumen
fraction in the asphalt mixture (about 5%wt.) [2–4]. Nonetheless, the natural self-healing
in bitumen is a slow process due to low ambient temperature and asphalt ageing, while
the ageing of asphalt is catalysed by several factors during the service life of the asphalt
pavement [5,6]. Consequently, the mechanical properties of the asphalt pavement are
affected, becoming more prone to temperature cracking and fatigue cracking, shortening
the durability of pavement [7].

Traditionally, cracking of asphalt pavement caused by asphalt ageing has been treated
using petroleum-based rejuvenators, via superficial application [8]. They consist of soft-
ening additives with a high proportion of organic components that aid in restoring the
asphaltene/maltene ratio and the thermomechanical and rheological properties of the aged
bitumen [9]. Nonetheless, the superficial application of rejuvenators on a pavement layer of
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40–80 mm thickness [10] penetrated only 5 to 10 mm of a dense surface layer and no more
than 20 mm of a porous surface layer [11]. To overcome this inefficiency, the incorporation
of encapsulated bitumen rejuvenators into asphalt pavement have been developed over the
past years, turning this topic into an emerging field of study [12]. The healing mechanism
of the encapsulated rejuvenators is based on the rejuvenation of the aged binder [13]. The
process is as follows: once a microcrack appears, the encapsulating material is broken by
the fracture energy at the tip of the crack [14], resulting in the activation of the capsule;
then, the bitumen rejuvenator is released, diffusing and permeating into the aged asphalt
binder along the cracked surface; finally, the bitumen is softened, accelerating the healing
process and reconstituting the aged asphalt binder’s chemical composition [15].

Different morphologies of encapsulated rejuvenators such as microcapsules [16], hol-
low fibres [17], saturated porous aggregates [18], and more recently, biobased spore mi-
crocapsules [19] have been developed for asphalt self-healing. In particular, spherical
microcapsules with polynuclear internal structure have been widely studied, where dif-
ferent encapsulation methods, encapsulating materials, and bitumen rejuvenators have
been proposed [12]. In reference to the encapsulation methods, dropping funnel [20] and
syringe pressure pump [21] devices have commonly been used. In these methods, an
oil-in-water emulsion (O/W), consisting of a disperse (oil droplets) and a continuous (en-
capsulating solution) phase, is extruded and precipitated in the form of droplets into a
hardening solution (typically calcium chloride), resulting in the formation of capsules via
ionic gelation principle. Among the encapsulating materials, sodium alginate biopolymer
has lately become the most-used material because of its nontoxic, stable, and biodegrad-
able properties [22]. Additionally, bitumen rejuvenators coming from (i) natural sources,
e.g., sunflower [23] and rapeseed oil [24]; (ii) the automotive industry, e.g., virgin engine
oil [25]; and the valorisation of waste from (iii) industrial sources such as pyrolytic oil
from end-of-life tyres [26] and waste engine oil [20]; and (iv) natural sources such as waste
vegetable oils [27] and bio-oils [21] have been successfully encapsulated for asphalt crack
self-healing purposes.

The effectiveness of different encapsulated rejuvenators as bitumen healing agents has
been proven in different bituminous materials with some promising results. Sun et al. [28]
synthesised microcapsules based on an in situ polymerisation principle, using a light-oil as
rejuvenator and melamine–urea–formaldehyde as the encapsulating agent. They concluded
that bitumen with 5% wt. of microcapsules reached a strength–recovery ratio of up to 85%,
enhancing the healing efficiency of asphalt binder. Xu et al. [29] synthesised capsules based
on ionic gelation principle, using a commercial rejuvenator and polyethylene-alt-maleic–
anhydride as the encapsulating agent. They showed that asphalt mortars with 2.6% wt.
of capsules reached healing index up to 40%, indicating that the encapsulated asphalt
rejuvenator can be released upon cracking and rejuvenate the aged material. Norambuena-
Contreras et al. [30] synthesised capsules based on the ionic gelation principle, using
sunflower oil as rejuvenator and Ca–alginate as the encapsulating agent. They showed that
asphalt mixtures with 0.5% wt. of capsules reached a healing level up to 53%, being an
effective additive for rejuvenating the aged matrix of asphalt materials.

Most encapsulated rejuvenators are synthesised under the one-factor-at-a-time ap-
proach. A drawback of this approach is that it does not consider the interactions that
could exist between the capsules’ design parameters. Such interactions can simultane-
ously affect the physical and mechanical properties of the capsules to ensure their integrity
when incorporated into bituminous materials. Thus, this approach can hardly respond
questions such as (1) “Which is the appropriate encapsulation method for the synthesis
of homogeneous-sized capsules for healing purposes?”; and (2) “What are the type and
concentrations of the capsule components that optimise their physical, thermal, and me-
chanical performance?” This study proposes using a factorial approach to respond to these
questions, providing a better understanding of how the main design parameters and their
interactions affect the synthesis and the properties of the capsules. The main objective
of this study is to evaluate the main and combined effect of the encapsulation method,
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alginate biopolymer concentration, and oil type on the morphological, physical, thermal,
and mechanical properties of encapsulated rejuvenators for asphalt self-healing purposes.
A general factorial design was performed considering two encapsulation methods, two
alginate concentrations, and three types of oils to synthesise encapsulated rejuvenators at
laboratory scale.

2. Materials and Methods

2.1. Materials

Polynuclear calcium–alginate capsules containing different oils were prepared in
this study. Low-viscosity sodium alginate powder (Mannuronic/Guluronic ratio of 0.92,
density 1.02 g/cm3, viscosity ≤ 300 mPa·s in a 2% w/w solution), provided by Buchi (Flawil,
Switzerland) and calcium–chloride dihydrate (CaCl2·2H2O) at 77% purity, provided by
Winkler (Concepción, Chile) were used to form the polymeric matrix of the capsules. On
the other hand, virgin cooking oil (VCO) from commercial sunflower oil; waste cooking
oil (WCO) from recycled sunflower oil after one-cycle frying at 180 ◦C; and a commercial
synthetic virgin engine oil (VEO)—code SAE 10W-40—were encapsulated as bitumen
rejuvenating agents. The main properties of each oil are shown in Table 1.

Table 1. Physical properties of the oil used as bitumen rejuvenators.

Type of Oil Density (g/cm3) Viscosity at 20 ◦C (cP) pH at 25 ◦C

VCO 0.85 70 5.3–5.5
WCO 0.83 89 4.4–4.6
VEO 0.73 274 7.9–8.1

2.2. FTIR-ATR Test of the Encapsulated Oils

Rejuvenating oils, i.e., VCO, WCO and VEO, were chemically analysed by attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR). The analyses were per-
formed in a single-reflection Golden GateTM accessory (Specac, Orpington, UK) equipped
with a diamond crystal. The IR spectra of oils were recorded over 32 scans in the range
of 4000 cm−1 to 600 cm−1, with a resolution of 4 cm−1 using a Nicolet iS20 Spectrometer
equipped with a DTGS detector and CaF2 windows (Thermo Fisher Scientific, Waltham,
MA, USA). The comparison and analysis of spectra were performed after signal processing,
i.e., baseline, ATR correction for Diamond crystal, peak identification, and normalisation
(anorm) according to the procedure presented by Hofko et al. [31]. Second-derivative spectra
(Savitzky–Golay algorithm) were calculated to resolve the overlapping peaks and remove
of the effects of baseline drifts.

2.3. Synthesis and Characterisation of the O/W Emulsions

Synthesis of the oil-based emulsions consisted of the following two steps: (S1) Based
on the previous research literature on encapsulated rejuvenators [12], two types of sodium
alginate solutions in concentrations of 2% w/w (viscosity of 205.0 cP @ 20 ◦C) and 3%
w/w (viscosity of 602.1 cP @ 20 ◦C) of deionised water were prepared under continuous
agitation using a mechanical stirrer (Scilogex, Model OS40-Pro-LB Pro, Rocky Hill, CO,
USA) at 700 rpm for 30 min at room temperature. (S2) After this, VCO, WCO, and VEO
were incorporated dropwise into each solution at a fixed biopolymer: oil mass ratio of
1:5, while stirring at 700 rpm for 40 min under mechanical agitation. In total, six O/W
emulsions were prepared and labelled as X-Y, with X being the type of oil (VCO, WCO, and
VEO) and Y the alginate concentration, i.e., 2% or 3%. Thus, an emulsion synthesised with
VEO and 2% alginate concentration was labelled as VEO-2.

The viscosity of each emulsion was measured using a rotational viscometer (Fungilab,
Model Smart Series, Barcelona, Spain). The physical stability of the emulsions (i.e., the
tendency of the emulsion component to be physically separated over time), was charac-
terised by the creaming index (CI), based on the method proposed by McClements [32] and
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recently applied by Norambuena-Contreras et al. [27]. CI was determined at: 0 h, 1 h, 2 h,
3 h, 6 h, 12 h, 24 h, 26 h, 28 h, and 30 h. Finally, representative values of viscosity and CI at
each time were determined as the average of three measurements.

2.4. Synthesis and Characterisation of the Alginate-Based Capsules

The synthesis of polynuclear capsules was based on the ionic gelation principle of
sodium alginate in the presence of calcium ions. For that, two encapsulation methods were
compared: the dropping funnel (M1) and the microfluidic pressure pump (M2), based on
the parameters established by Norambuena-Contreras et al. [21], see Figure 1a.

Figure 1. Scheme of the synthesis of the capsules under (a) dropping funnel and syringe pump
methods. (b) Extrusion and releasing of an oil-in-water emulsion droplet. (c) Ca2+ migration and
reaction with the alginate biopolymer by ionic gelation principle, forming the well-known Ca–alginate
egg-box complex. As a result, the oil is encapsulated in the biopolymeric internal structure.

First, a hardening solution consisting of 5% w/w of calcium chloride (CaCl2) into
deionised water was prepared. Then, each emulsion design was poured into different
recipients depending on the method: a 500 mL glass separatory funnel with internal
diameter of 5.85 mm for M1, and a 60 mL syringe connected to a hollow steel needle of
internal diameter of 1.2 mm for M2. For M1 the dropping mechanism depended on gravity
and the viscosity of each emulsion, while for M2, the dropping mechanism depended on
the flow rate (2 mL/min) provided by an automatic syringe pump (New Era NE-1010,
Farmingdale, NY, USA), see Figure 1b.

For both methods, the emulsions were dropped into the CaCl2 hardening bath at
20 ◦C in constant agitation at 250 rpm using a magnetic stirrer. At this stage, the Ca2+

ions presenting in the calcium chloride solution reacted with the alginate-based emulsion
by ionic gelation principle forming the well-known Ca–alginate egg-box complex, see
Figure 1c, resulting in the encapsulation of the oil. Once the encapsulation process was
finished, the capsules were maintained in the hardening bath for 30 min. Then, the capsules
were filtered, rinsed with 300 mL of deionised water, and oven-dried for 24 h at 30 ◦C.

Finally, the capsules were placed into a glass vial and stored in a freezer at −18◦C,
preventing the oxidation of the oils. In total, 12 different designs of Ca–alginate capsules
were synthesised and identified as X-Y-Z, with X being the type of oil encapsulated (VCO,
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WCO, or VEO), Y representing the alginate concentration (2% or 3%), and Z referencing
the encapsulation method (M1 or M2). For example, capsules synthesised with VEO, 2%
alginate concentration, using the syringe pump method is labelled as VEO-2-M2.

The morphology of the capsules was characterised by their size and shape. The size
was statistically evaluated as the diameter of 100 randomly selected capsules using an
optical microscope (Leica EZ4, Wetzlar, Germany) with 35× magnification and the image
processing software ImageJ®. The shape of each capsule design was also evaluated by the
sphericity factor (SF) as specified by Alpízar-Reyes et al. [19], where SF values below 0.05
indicate particles tending to a spherical shape, while values closer to 1 indicate particles
with an elongated morphology. The encapsulation efficiency (E.E), i.e., the proportion
between the encapsulated oil and the total oil to synthesise the capsules, was determined
in this study based on the method described by Concha et al. [25].

The relative density of the capsules was measured following method B of the ASTM
D792-13 [33]. Thermogravimetric analysis (TGA) tests were carried out for each design of
capsule and their components. For this, a thermogravimetric analyser (NETZSCH, STA
409 PC, Wittelsbacherstraße, Germany) was used. An amount of ~25 mg was placed in a
ceramic cap and heated from ambient temperature to 600 ◦C at a rate of 10 ◦C/min. All the
tests were performed under a constant N2 (99.9995%, Airliquide, Santiago, Chile) flow of
50 mL/min, ensuring an inert atmosphere during the test.

The mechanical characterisation of each capsule design was performed by compres-
sive strength and micro-indentation under conditions previously tested by Norambuena-
Contreras et al [21]. Compressive tests were performed under ASTM D695-02a [34] using a
Universal Testing Machine (Test Resources, Shakopee, MN, USA) equipped with parallel
plates and a 1 kN load cell, and operated a at a speed of 0.2 mm/min. The hardness was
measured on each capsule design using an HV-1000A Microhardness Tester (Russell Fraser
Sales Pty Ltd., Kirrawee, New South Wales, Australia) equipped with a Vickers indenter
probe. Representative compression and hardness values were obtained as the average of 10
and 5 measurements, respectively.

2.5. Self-Healing Efficiency of the Oils as Bitumen Rejuvenators

The self-healing efficiency of each oil was quantified in cracked bitumen samples by
fluorescence microscopy. For each of the oils, a thin film bitumen sample with dimensions
20 × 20 × 0.5 mm3 was prepared on a glass petri dish using masking tape and a metallic
spatula. A 200 μm-width microcrack was made in the centre of the sample using a blade
feeler gauge. Then, using a hollow needle, a drop of ~2 mg of each oil was dropped on the
microcrack simulating the release of the rejuvenator from the capsule. The crack closure
was recorded periodically every 1 min until its closure using an inverted fluorescence
microscope (ICOE IV 5100 FL, Ningbo, China) with phase contrast and a magnification
up to 400×. The representative crack width at each time was quantified as the average
of 8 measurements along the crack’s width using image processing software ImageJ®

Fiji distribution, version 1.52 p (MPI-CBG, Dresden, Germany). Finally, the self-healing
efficiency of each oil was calculated as the relationship between the average crack width at
a specific time measured in μm, and the initial crack width measured in μm.

2.6. Statistical Analysis

The simultaneous effect of the type of oil, the alginate concentration, and the synthesis
method on the morphological, physical, and mechanical properties of the capsules was
evaluated. A general factorial design 2 × 2 × 3 was proposed for the design of the capsules,
consisting of 2 levels of alginate concentrations (2% and 3%), 2 levels associated with the
synthesis method (M1-dropping funnel and M2-syringe pump), and 3 levels associated
with the type of oil (VCO, WCO, and VEO). Analysis of variance (ANOVA) was used
to evaluate the statistically significant effect of the main and combined factors (α = 0.05).
Tukey HSD Post-Hoc test was conducted to evaluate pairwise mean comparisons with
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a significance of α = 0.05. All the statistical analyses were performed using the software
OriginPro 2022, version 9.95-2022b (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion

3.1. Effect of the Oil Type and Alginate Concentration on the Physical Properties of the Emulsions

Table 2 shows the average results of the viscosity for the different O/W emulsions. It
can be noticed that the viscosity values were significantly affected by the type of oil and
the alginate concentration. In particular, the higher the viscosity of the oil (see Table 1) and
the alginate concentration, the higher the viscosity of the O/W emulsion was.

Table 2. Average results of viscosity values of the O/W emulsions measured @20 ◦C, in cP.

VCO-2 VCO-3 WCO-2 WCO-3 VEO-2 VEO-3

245.5 ± 7.2 824.1 ± 9.2 270.0 ± 9.3 940.0 ± 7.7 291.1 ± 11.3 1053.0 ± 8.4

The viscosity of the O/W emulsion is a crucial parameter during the encapsulation
process, since it can affect the release frequency of the droplets from each encapsulation
device, influencing the morphology of the capsules, e.g., their size and shape. In particular,
it is hypothesised that the extrusion of highly viscous emulsions retards the release of
the outgoing droplets from each encapsulation device, resulting in bigger and elongated
Ca–alginate capsules. This hypothesis is evaluated in Section 3.2.

Another important factor to evaluate in the O/W emulsions is their physical stability
during the encapsulation process, i.e., the disperse phase (oil) should be homogeneously
distributed into the continuous phase (alginate solution). Thus, the physical stability of the
emulsions was estimated by analysing the creaming index (CI) values over time (Figure 2a).
Results indicate that CI increased with time, suggesting that after a certain period the
emulsion components in all the formulations were separated. It was found that emulsions
with the same alginate concentration present similar creaming behaviour, suggesting an
increase in the stability with the increase of alginate content in the mixture, regardless the
nature of the oil.

For O/W emulsions containing 2% of alginate, the increase in the CI with time can
be characterised in two stages: A first stage, from 0 to 3 h, where the CI of the VCO-2,
WCO-2, and VEO-2 emulsions sharply increased up to values of 81.14%, 75.2%, and 84.85%,
respectively. This indicated an early and fast tendency of the O/W emulsions to be creamed.
Then, from 3 to 30 h, there was a quasi-stationary stage with CI values of 84.57%, 83.05%,
and 89.14% at 30 h for the VCO-2, WCO-2, and VEO-2 based emulsions, respectively. In
contrast, emulsions synthesised with 3% of alginate presented a CI increase defined by four
stages: A first stage, from 0 to 6 h was identified, where the CI reached values of 13.71%,
10.8%, and 12.85% for the VCO-3, WCO-3, and VEO-3 emulsions, respectively. Then, for
the following three stages (6–12 h; 12–28 h; 28–30 h), the CI was increased with time, but at
a lower rate at each stage. At the end, the VCO-3, WCO-3, and VEO-3 emulsions presented
CI values of 75.71%, 82.85%, and 76.57%, respectively. Based on the previous analysis,
the synthesis of O/W emulsions based on 3% alginate were physically more stable when
compared with those based on 2% alginate.

The influence of the alginate concentration on emulsion stability can be explained by
several factors. Mainly, the creaming effect involves the coalescence and ascension of larger
oil droplets (i.e., disperse phase) to the top of the emulsion over time, as represented in
Figure 2b. Since alginate acts as a weighting agent on an O/W emulsion, the higher the
alginate concentration in the emulsion, the more difficult the coalescence and ascension
of the larger oil droplets to the top of the emulsion. This phenomenon is attributed to
the increase in the viscosity of the emulsion, reducing the movement of the oil droplets
to coalescence. To prove this point, Figure 2c shows fluorescence microscopy images for
the VCO-2 and VCO-3 emulsions taken from the top of the emulsion at 0 h, 3 h, 6 h,
12 h, and 24 h. Figure 2d,e shows the statistical distribution of the droplet size. Since
CI was more affected by the alginate concentration than by the type of oil, fluorescence
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microscopy images of VCO with different alginate concentrations well-represents the
creaming phenomenon in all the O/W emulsions. From these images, the increase of the
oil droplet size over time can be noticed.

Figure 2. (a) Average results of creaming index evaluated at different times for the different O/W
emulsions; (b) schematical representation of the creaming process occurring in the O/W emulsions
over time; (c) examples of fluorescence microscopy images for the VCO-2 and VCO-3 emulsions
showing the oil droplet growing over time; and statistical distribution of the oil droplet size over
time for the case of (d) VCO-2 and (e) VCO-3 emulsions.

Nonetheless, VCO-3 emulsion presented droplet sizes significantly lower than VCO-2.
As example, for the VCO-2 emulsion, the oil droplet size increased from 63.97 μm to
110.58 μm after 24 h, representing an increase of ~73% with respect to the initial size. For
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the same period of time (24 h), the representative droplet size for the VCO-3 emulsion
increased from 57.73 μm to 65.37 μm, representing an increase of ~13% with respect to the
initial size. Finally, based on the previous analysis, it can be concluded that the compo-
nent of the O/W emulsions mainly contributing to their physical stability is the alginate
concentration. Additionally, for a successful synthesis of the capsules, the encapsulation
should take place once the freshly O/W emulsions are prepared, reducing the occurrence
of creaming phenomenon.

3.2. Morphological and Physical Properties of the Biocapsules

Figure 3 shows optical microscopy images and the histograms of the size of each type
of capsule fitted to a normal distribution. It can be noticed that the size of the capsules
was influenced by the synthesis method, the type of oil, and the concentration of the
alginate biopolymer. In particular, (i) capsules synthesised using M1 resulted in bigger
sizes than using M2; (ii) capsules with 2% alginate resulted in smaller sizes than those with
3% alginate; and (iii) the VEO capsules presented the biggest sizes followed by the VCO
and WCO capsules. As an example, the VEO-3-M1 and the WCO-2-M2 capsules presented
the biggest and the smallest sizes with values of 3.95 mm and 1.62 mm, respectively.

Figure 3. Statistical distribution of the size of each type of capsule fitted to a normal distribution:
(a) VCO-2-M1 and M2; (b) WCO-2-M1 and M2; (c) VEO-2-M1 and M2; (d) VCO-3-M1 and M2;
(e) WCO-3-M1 and M2; (f) VEO-3-M1 and M2.

In particular, Figure 4a represents the size of the capsules through boxplots, where
the effect of the encapsulation method on the size of the capsules can be clearly noticed by
identifying two groups: capsules synthesised using M1, and capsules synthesised using
M2. Moreover, from this Figure we noticed that M1 capsules presented more dispersion
on their size when compared to M2 capsules. This can be attributed to the fact that M2
was an extrusion-controlled process, where a constant pressure was applied during the
extrusion of O/W emulsions to form the capsule, while for M1 the extrusion mechanism
was gravity-based, meaning low control of the release of the O/W emulsion droplets during
the extrusion process. Thus, the encapsulation method M2 results in capsules with a more
uniform size than M1, and so, a similar shape is expected for M2-type capsules.
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Figure 4. Box plot graphs for (a) the size and (b) sphericity factor of the different capsule designs.

To prove the previous hypothesis, Figure 4b shows the average SF results of the
capsules. From this Figure, capsules synthesised using M1 tended to SF values over
0.05, indicating a more elongated morphology, while capsules synthesised under M2
presented lower dispersion of data with SF values closer to 0.05, indicating that this
encapsulation process resulted in capsules with more regular spherical morphology. The
alginate concentration and the type of oil also influenced the morphology of the capsules.
Thus, capsules synthesised with highly viscous oils and higher concentrations of alginate
resulted in more elongated morphologies. Finally, considering that the capsules are added
as an additive to asphalt mixtures, bigger sizes with elongated morphology could affect the
physical properties of the asphalt mixture more significantly than smaller sizes and regular
spherical morphology. Thus, capsules based on VCO or WCO, 2% alginate and method M2
are recommended for addition in asphalt mixtures.

Otherwise, Figure 5a shows the average results of encapsulation efficiency for each
capsule design. It is observed that the capsules presented E.E values ranging from 85.88%
(VEO-2-M1) to 97.03% (VCO-3-M2). Overall, the effect of the type of oil on the efficiency can
be noticed, observing that VEO capsules presented the lower E.E values when compared to
VCO and WCO capsules. This can be attributed to the flow properties, associated with the
viscosity of the capsules’ components. As characterised in Sections 2.1 and 2.3, the viscosity
of the VCO and the WCO was lower than the 2% and 3% alginate solutions, respectively.
On the contrary, VEO viscosity was higher than the 2% alginate solution, but lower than
the 3% alginate solution. This means that for the extrusion process (using M1 or M2) of
an O/W emulsion based on 2% alginate, both VCO and WCO will flow more easily than
the alginate solution, increasing their E.E values when compared with the VEO. For the
extrusion of the O/W emulsion based on 3% alginate, all the oils will flow more easily than
the alginate solution, resulting in E.E values higher than for the 2% solution.

In contrast, Figure 5b demonstrates that VEO capsules presented lower density values
than the VCO and WCO capsules. Moreover, the increase in the alginate concentration leads
to an increment in the density of VCO and WCO capsules, while the VEO capsules exhibited
the opposite behaviour being their densities reduced with higher alginate concentrations.
These differences in density are ascribed to a combined effect of the sizes and volume of
capsules, and to the density of confined oils. According to the data in Figure 4a, the capsule
VEO-3-M1 has nearly double the volume (32.3 mm3) of capsule WCO-3-M1 (13.7 mm3). For
the same capsule designs, Figure 5a shows that the VEO-3-M1 and the WCO-3-M1 capsules
presented similar E.E values, 93.34% (SD: 2.17%) and 92.87% (SD: 0.8%). Nonetheless, as
seen in Table 1, density of VEO is lower than that of WCO. In consequence, the density of

209



Polymers 2022, 14, 5418

VEO-3-M1 capsules is lower than those of WCO-3-M1. From this analysis, it can be noted
that the variation in the size of the capsules is higher than that of the E.E. This means that
differences in the density of the capsules can be mainly explained by significative changes
in their volume.

Figure 5. Average results of (a) encapsulation efficiency and (b) relative density of each capsule.

To evaluate if the differences evidenced in the morphological (size, sphericity) and
physical (density and encapsulation efficiency) properties of the capsules are statistically
significant, Table 3 resumes the ANOVA p-value results for the main factors (type of
oil, alginate concentration, and synthesis method) and their combinations. These results
show that significant differences were found on the morphological and physical properties.
Particularly, since the type of oil comprises three levels, significant differences detected
by ANOVA can be associated with up to three different pairwise means comparisons
(VCO-WCO, VCO-VEO, WCO-VEO). Tukey HSD test revealed that the three pairwise
means comparisons were significantly different for each of the morphological and physical
properties. Therefore, the effect of VCO, WCO, and VEO on the capsule’s size can be treated
as three independent groups. In a similar way, each level of the alginate concentration (2%,
3%) and the encapsulation method (M1, M2) can be treated as independent groups.

Table 3. ANOVA p-values showing the effect of the main studied factors and their interactions on
the morphological and physical properties of the capsules.

Variables Size Sphericity Density Encapsulation Efficiency

A <0.001 (1) <0.001 (1) <0.001 (1) <0.001 (1)

B <0.001 <0.001 <0.001 <0.001
C <0.001 <0.001 0.0012 <0.001

A * B <0.001 0.0028 <0.001 <0.001
A * C <0.001 <0.001 0.0029 <0.001
B * C <0.001 0.0725 0.0016 0.0160

A * B * C <0.001 <0.001 <0.001 <0.001
Notes: A: oil type (VCO, WCO, VEO); B: alginate concentration (2%, 3%); C: encapsulation method (M1, M2).
(1): significant differences for VCO-WCO, VCO-VEO, and WCO-VEO by Tukey HSD mean comparisons.

In terms of the interactions between the main factors, Table 3 revealed the presence
of significantly different double and triple interactions, excepting the double interaction
between the alginate concentration and the encapsulation method for the measure of
sphericity. Graphically, Figure 4a,b and Figure 5a,b present the Tukey HSD analysis for
pairwise mean comparison represented by letters. Thus, mean values that do not share
a letter can be considered significantly different (p-value < 0.05). As an example of the
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morphological properties of the capsules, Figure 4a shows that the measure of their size
was categorised in 10 groups (represented as single letters from A to J), meaning that
the size of 10 from the 12 capsule designs can be considered as significantly different.
Accordingly, from this Figure, it can be stated that VEO-3-M1 design presented the biggest
size, while capsule designs VCO-2-M2 and WCO-2-M2 presented the smaller size values.
As an example of the physical properties of the capsules, Figure 5a revealed that their E.E
values can be categorised in six groups (A–F). Particularly, VEO-2-M1 is individualised as
one single group (F), resulting in the lowest E.E value.

Based on the previous analysis, it can be concluded that the type of oil, alginate con-
centration, and encapsulation method, as well as their interactions significantly influenced
on the morphology and physical properties of the capsules. In particular, the combined
effect of M2 and 2% alginate for each of the oils produced capsules with (i) the smallest and
uniform sizes, (ii) regular spherical morphology, and (iii) high encapsulation efficiencies. A
similar effect was observed for capsules synthesised using M2 and 3% alginate. Accord-
ingly, M2 could be considered as a potential encapsulation method for the synthesis of
homogeneous-sized capsules. To reduce the effect of the capsule addition on the physical
properties of the asphalt mixture, capsules based on VCO or WCO, 2% of alginate, and
method M2 are recommended for their incorporation in asphalt mixtures. Nonetheless, to
select an appropriate alginate concentration and type of oil, thermal–mechanical stability
of the capsules and the rejuvenating effect of each oil on cracked bitumen will be analysed
within the next sections.

3.3. Thermal–Chemical Characterisation of the Capsules and Their Components

Figure 6 shows the results from the FTIR-ATR characterisation of the rejuvenators used
for the encapsulation process. The identification and assignment of spectral bands shown in
Figure 6a were represented according to the literature reports [35–37] and considering the
nature of the rejuvenating liquids. The spectral information gathered from the bioderived
oils (i.e., VCO and WCO) were similar, indicating a negligible effect of the oxidation during
one cycle of frying for VCO.

 
Figure 6. (a) FTIR-ATR infrared spectra of VCO, WCO, VEO, and (b) second derivative of spectra for
VCO, WCO, VEO.

Both VCO and WCO presented multiple signals between 1090 cm−1 and 1460 cm−1,
ascribed to C–H bending vibration in aliphatic hydrocarbons, and C–O stretching vibrations
commonly found in ethers (see Figure 6b). The signal at 720 cm−1 was found in the three
oils, and it is typical of weak C–H asymmetric bending in alkyl chains (CH2 and CH3). In
addition, the presence of methylene moieties (CH2) in the saturated fatty acid backbone in
VCO and WCO was confirmed by the C–H in-plane deformation band at 1377 cm−1, and
the C–H symmetric and asymmetric stretching bands at 2852 and 2920 cm−1, respectively.
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A distinctive sharp signal was found for VCO and WCO at 1743 cm−1. This band is ascribed
to the stretching in carbonyl groups (C=O) corresponding to carboxylic acid or triglycerides
present in these oils as witnessed before by Goh et al. [37]. In the case of the synthetic
VEO, the bands located at 2852 and 2920 cm−1 can be associated with the C–H stretching
in alkyl chains (CH2) [35], while the peaks at 1460 and 1377 cm−1 correspond to the C–H
bending vibrations in methyl groups typical of synthetic engine oils. As previously stated
by Norambuena-Contreras et al. [27], the similarities in intensity, position and nature
of functional groups identified in VCO and compared with WCO suggest that WCO is
thermally stable, which supports its use as a prospective encapsulated rejuvenating agent
in asphalt materials usually manufactured at a temperature >150 ◦C.

Otherwise, Figure 7 shows the TGA-DTG curves for (a) VCO, WCO, VEO, and capsules
with, and without, the oils synthesised with (b) 2% and (c) 3% of alginate. As previously
recommended by Norambuena-Contreras et al. [30], capsules should be directly added
during the asphalt mixing process at a temperature around 150 ◦C (Tam). In consequence, it
is expected that the capsules as well as their components are thermally stable at this mixing
temperature. As seen in Figure 6a, the three oils proposed here as asphalt rejuvenators
presented high thermal stability, showing no thermal degradation at Tam. In fact, these oils
started to degrade at temperatures higher than Tam, with a characteristic single DTG peak
identified at temperatures between 200 ◦C and 450 ◦C for the WCO and between 320 ◦C
and 500 ◦C for both VCO and VEO. Although both VCO and WCO come from sunflower,
the shifting on the thermal degradation peak of WCO can be attributed to its previous
physical–chemical oxidation during cooking. Overall, the single degradation step of VCO
and WCO was attributed to the decomposition of volatiles associated to polyunsaturated
(linoleic acid) and monounsaturated (oleic acid) fatty acids [38]. From the previous analysis,
it is concluded that VCO, WCO, and VEO can be potentially considered as thermally stable
rejuvenators for asphalt applications. However, their thermal performance must be proven
when encapsulated in the biopolymeric matrix of alginate.

 
Figure 7. TGA-DTG curves for: (a) the VCO, WCO, and VEO; alginate matrix and capsules synthe-
sised with (b) 2% and (c) 3% of alginate.

In reference to the encapsulation of the oil in the biopolymeric matrix of alginate,
Figure 7b,c show that the TGA curves were quite similar regardless the alginate con-
centration in the capsules. Regarding the alginate-hollow capsule, its TG behaviour is
characterised by two noticeable degradation steps: (i) from 150 ◦C to 250 ◦C, related to
moisture evaporation and the chemical dehydration of the biopolymer; and (ii) from 260 ◦C
to 350 ◦C, associated with the fracture of glycosidic bonds, decarboxylation and decar-
bonylation, releasing H2O, CO2, and other light compounds [39]. When encapsulating the
oils into the alginate biopolymer, Figure 7b,c also show a similar tendency of the capsules
with 2% and 3% of alginate when comparing the TGA curves based on the type of oil.
Thus, the alginate concentration had no apparent influence on the thermal decomposition
of the capsules. Nonetheless, due to the higher thermal stability of the oils, the capsules
were significantly degraded at temperatures higher than their respective empty alginate
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matrices. The particularly earlier thermal degradation for the VEO capsule at ~210 ◦C can
be explained to its low amount of encapsulated oil when compared to VCO and WCO
capsules, as demonstrated by the E.E values in Section 2.2. Hence, the enhancement of the
thermal stability by effect of the VEO was reduced.

Finally, TGA tests demonstrated that the biopolymeric capsules with VCO, WCO,
and VEO can be thermally stable additives for their incorporation to hot mix asphalt
(i.e., manufacturing temperatures >150 ◦C). In particular, capsules based on VCO and
2% alginate could be an optimal design due to: (i) the higher thermal stability of the oil,
and (ii) the lower thermal degradation at Tam. Moreover, since the alginate concentration
had no effect on the thermal stability of the capsules, capsule designs with lower alginate
concentration could potentially reduce the associated cost of production. Nonetheless, the
decision of the appropriate capsule should also consider additional aspects such as the
mechanical performance of the capsules and healing capacity of the oil once released from
the capsule.

3.4. Mechanical Stability of the Biocapsules by Compression and Microindentation Tests

In reference to the effect of the main factors studied on the maximum compression load
(Ccap) resisted by each capsule design (Figure 8a,b) shows: (i) a similar tendency of Ccap
when comparing the capsules based on the type of encapsulated oil, so the compression
curves of the capsules can only be represented depending on the alginate concentration
and the encapsulation method as shown in Figure 8b. (ii) Moreover, capsules based on 3%
of alginate presented Ccap values higher than those with 2% of alginate, and (iii) capsules
synthesised using M1 presented Ccap values higher than those using M2. In consequence,
the combination of the factors M1 and 3% of alginate resulted in the highest Ccap values.
This result can be attributed to the bigger size reached by M1 capsules, distributing the
compressive force on a bigger surface than the M2 capsules, and the potential increase of
crosslinking reactions between the alginate and the Ca2+ ions, producing a strengthening
effect on the multicavity structure of the capsule. Based on the previous analysis and
supported by Norambuena-Contreras et al. [21], it can be concluded that Ccap mainly
depended on the synthesis method and the concentration of alginate used to produce
the capsules.

Additionally, since the alginate-based capsules are added during the mixing process of
asphalt, they should be strong enough to resist the compaction load of the asphalt mixture
referenced in 10 N as stated by Ruiz-Riancho et al. in previous research [23]. Figure 8a
shows that all the capsules presented values over this limit indicating their suitability to
resist the compaction process and to be later activated during the operation of the road by
effect of traffic loads. Nonetheless, it should be considered that Ccap values far from the
previous compaction load reported could difficult the opportune activation of the capsules,
reducing the release of the oil on the cracked-aged bitumen. Accordingly, capsules based
on M2 and 2% or 3% of alginate could be more appropriate for resisting the compaction
process, while being susceptible to the activation process.

Similarly, Figure 9a indicates that, like in the compressive tests, the synthesis method
and the alginate concentration mainly affected the hardness of the capsules, but in a
different way. Particularly, capsules synthesised using method M2 presented hardness
values higher than those synthesised using M1. Moreover, the addition of 3% of alginate
resulted in higher values of hardness than the capsules with 2% of alginate, also reported
in [21]. Thus, the combined effect of M2 and 3% alginate resulted in capsules with the
highest Vickers hardness, with an average value of 16.58 MPa (SD: 5.1 MPa) while capsule
designs based on M2, and 2% alginate presented an average value of 11.88 MPa (SD:
0.75 MPa). As reference, synthetic polymers used for encapsulation applications present
Vickers hardness value around 400 MPa.
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Figure 8. (a) Representation of the compressive test carried out on each capsule design; (b) aver-
age results of the maximum compressive load resisted by each capsule design; (c) representative
compressive load curves for the capsules depending on the alginate concentration and used method.

Figure 9. Average results of (a) Vickers hardness and (b) associated maximum indentation depth.

In contrast, biopolymers used for encapsulations purposes such as polylactic acid,
chitin, and chitosan have been stated in 30 MPa, 57 MPa, and 45 MPa, respectively [40].
Therefore, the use of encapsulating soft materials with lower hardness values, such as
alginate, could facilitate oil release from the capsule through its breakage or deformation.
This behaviour is precisely what is required in a polynuclear capsule with asphalt self-
healing purposes, i.e., that is mechanically resistant to the manufacturing processes of
asphalt mixtures, but with the ability to be susceptible to the mechanical activation by the
effect of the stress concentration trigger on the surface of the capsule.
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The overall hardness values of the capsules are in line with their indentation depth
as shown in Figure 9b, i.e., the higher the hardness, the lower the indentation depth, so
the capsule offered more resistance to be penetrated by the indenter. As an example, the
WCO-3-M2 capsule presented the highest average hardness and the lowest indentation
depth, being 20.53 MPa (SD: 5.92 MPa) and 43.63 μm (SD: 6.45 μm), respectively. In contrast,
the VEO-3-M1 capsule presented the lowest hardness and the highest indentation depth,
with values of 6.21 MPa (SD: 2.6 MPa) and 81.50 μm (SD: 6.45 μm), respectively.

Differences in hardness values can be partially attributed to the relative densities
of each capsule and to a consequence of their microstructures, see Figure 5b. Thus, the
denser the capsule, the lower the indentation depth and so the higher the hardness of
the capsule. With this antecedent, it is hypothesised that denser capsules based on 3%
of alginate mechanically reinforced their biopolymeric microstructure than those with
2% of alginate, being able to better resist the indentation load. Thus, in relation to the
raw materials constituting the capsules, it can be concluded that the alginate was mainly
responsible of the compressive strength and hardness of the capsules. Thus, based on the
previous recommendation on the use of capsules based on M2 and 2% or 3% of alginate, it
can be concluded that capsules synthesised using M2, and 2% of alginate are recommended
to activate a capsule for self-healing of crack-aged asphalt mixtures.

Table 4 resumes the ANOVA p-value results for the main factors affecting the mechan-
ical performance of the capsules (type of oil, alginate concentration, and synthesis method)
and their combinations. Results indicate that the type of oil had no significant effect on the
compression resistance of the capsules, while for the Vickers hardness and the indentation
depth, the type of oil led to significant differences. For this test, the Tukey HSD analysis
revealed significant differences in the VCO-VEO and WCO-VEO pairwise mean compar-
isons. For each level of the alginate concentration (2%, 3%) and the encapsulation method
(M1, M2) the three mechanical variables presented significant differences, excepting the
effect of the alginate concentration for the Vickers depth (p-value > 0.05).

Table 4. ANOVA p-values showing the effect of the main studied factors and their interactions on
the mechanical properties of the capsules.

Variables Compressive Load Vickers Hardness Vickers Depth

A 0.8838 0.0141 0.0039
B <0.001 0.0013 0.0575
C <0.001 <0.001 <0.001

A * B 0.5128 <0.001 0.0026
A * C 0.0238 0.1800 0.4046
B * C <0.001 0.1501 0.1767

A * B * C 0.0159 0.5225 0.3859
Notes: A: oil type (VCO, WCO, VEO); B: alginate concentration (2%, 3%); C: encapsulation method (M1, M2).

Additionally, Table 4 shows that the detection of the double and triple interactions
between variables was different for the mechanical variables evaluated. In reference to
the compressive load, Table 4 revealed that only the interaction between the type of oil
and the alginate concentration had no significant effect (A * B interaction). In the case
of the Vickers hardness and Vickers depth, significant differences were only detected for
the interaction between the type of oil and the alginate concentration (A * B interaction).
Figures 7a and 8a,b present the Tukey HSD analysis for pairwise mean comparison repre-
sented by letters. Based on the recommendation on the use of capsules based on 2% or
3% alginate and the synthesis method M2, Tukey HSD analysis revealed that the pairwise
mean comparison of 2-M2 and 3-M2 double interactions was significantly different for
compression and hardness. This result confirms the selection of the capsule design based
on 2% alginate and the synthesis method M2 to facilitate the activation of the capsule.
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3.5. Healing Capacities of Types of Oils as Asphalt Rejuvenators

Figure 10a–c shows the microscopy fluorescence images of the microcrack closure in
bitumen samples by the effect of the rejuvenating oils at 0 min, 20 min, 40 min, and 80 min.
From these images, it can be seen that the crack closure was affected by the type of oil used
as asphalt rejuvenator, since the crack width over time was not uniform. For a time of
80 min, the μ-crack was completely closed when VCO was used as the rejuvenator. At this
time, the bitumen samples with WCO and VEO presented μ-cracks width values of 2.57 μm
and 92.62 μm, respectively, suggesting that oil viscosities play a role in this process (Table 1).
This behaviour suggests that the more viscous the oil, the lower its diffusion capacity into
the cracked zone, resulting in a retardation of its softening effect on the aged bitumen.

 

Figure 10. Fluorescence microscopy images for (a) VCO, (b) WCO, and (c) VEO asphalt rejuvenators
on asphalt film samples at 0 min, 20 min, 40 min, and 80 min. Results of crack width and healing
efficiency of bitumen samples rejuvenated with (d) VCO, (e) WCO, and (f) VEO over time.

To prove the previous hypothesis, Figure 10d–f show the crack width and the healing
efficiency curves of bitumen samples with (d) VCO, (e) WCO, and (f) VEO recorded every
1 min until the complete closure of the crack was attained. Overall, shorter times required
to close the μ-crack mean a better healing performance of the oil. The complete crack
closure of the bitumen samples by effect of VCO and WCO took 78 and 81 min, respectively.
Those times were considerably lower than that of the VEO, requiring a time of 135 min
for complete crack closure. Based on this analysis, VCO could be more appropriate as an
encapsulated rejuvenator for asphalt self-healing purposes.

Nonetheless, Figure 10d–f also show that the μ-crack closure over time was not
uniform for the different oils used. The variability of the μ-crack closure over time can be
grouped by five different intervals characterised as a linear relationship between the crack
width and time. Since each of these intervals took place in different periods of time, a rate
of crack closure (|Rc|) was calculated for comparison purposes, as depicted in Equation (1):

|Rate o f crack − closure (Rc)| =
cw f − cwi

tw f − twi
(1)
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where cwi and cwf are the initial and final crack width values for each interval, in μm,
respectively, and twi and twf are the associated initial and final times, in min.

Table 5 summarises the |Rc| values for each bitumen sample. Overall, |Rc| values
allow to identify (i) changes in the healing performance of each oil, quantifying them and
(ii) the time periods where each of the oils are more efficient to heal the cracked bitumen
(e.g., at the beginning or the end of the healing process). In consequence, the higher the
|Rc| value, the faster the difussion of the oil and so the more effective the healing process.
From Table 5, it was noticed that all the samples presented quite similar crack closure rates
during the first 10 min. This means that the oils, during the first interval, presented an
initial softening effect on the bitumen in direct contact with them. In this initial stage, the
viscosity of the oils was not a determinant factor, since all the oils reduced the initial crack
from 200 μm to 150 μm in a period of 10 min (crack closure rate around −5 μm/min).

Table 5. Results of |Rc| values in μm/min for each interval and rejuvenated bitumen.

Sample Interval 1 Interval 2 Interval 3 Interval 4 Interval 5

Bitumen–VCO 5.62 0.78 1.59 3.12 4.42
Bitumen–WCO 5.09 0.87 4.96 0.37 1.06
Bitumen–VEO 5.25 0.79 1.95 0.54 1.63

During the second interval, the crack closure rate was significantly reduced to a quasi-
stationary state. This meant that the oils were diffused into the bitumen surrounding
the microcrack to close it. Thus, from the second interval, the viscosity of each oil is a
determinant factor for the crack’s closure over time. For instance, Table 5 shows that, for
each oil, the |Rc| values were quite similar with values varying between 0.78 μm/min and
0.87 μm/min. Nonetheless, this quasi-stationary condition was maintained for B–VCO and
B–WCO for 6 min, while during 14 min for the B–VEO. Hence, the higher the viscosity of
the oil, the longer the duration of the quasi-stationary state.

From the second interval to the final one, the B–VCO sample increased its crack-closure
rate from 0.87 μm/min to a maximum value of 4.42 μm/min following a linear tendency,
while for B–WCO and B–VEO samples, the crack closure rate was quite irregular with
alternating values. This indicates a more consistent softening effect of VCO, constantly
diffusing into the bitumen surrounding the μ-crack over time. Based on these results, it
can be concluded that VCO and WCO showed better healing performance than VEO. In
particular, the shorter time taken by VCO to close the initial 200 μ-crack and its better
performance during the crack-healing process indicate its potential use as an effective
rejuvenator to be encapsulated for asphalt self-healing purposes.

4. Conclusions

In this paper, a factorial approach was used to evaluate the effect of the capsules’
design parameters on the physical, thermal, and mechanical properties of enhanced en-
capsulated rejuvenators for asphalt self-healing. The main findings revealed that using an
extrusion-controlled method, such as a syringe pump, was the best for producing homo-
geneously sized capsules. Capsules synthesised with lower alginate concentrations and
VCO as rejuvenator meet appropriate thermal and mechanical stability criteria for their
incorporation into bituminous materials. The design parameters and their interactions also
affected the properties of the biobased capsules and their components, concluding that:

• Variations in the physical stability of an O/W emulsion were mainly explained by
changes in the alginate concentration reduced the creaming rate with time. Creaming
was not affected when varying the type of oil.

• It was concluded that to avoid any potential phase separation of the emulsion compo-
nents, it is recommended that the encapsulation process take place once prepared the
O/W emulsions.
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• The use of the syringe pump method and low alginate concentrations produced
capsules with the smallest and uniform sizes (1.60–1.68 mm), regular spherical mor-
phology and high encapsulation efficiencies, up to 94%.

• Encapsulation efficiency of the capsules was affected by the viscosity of the capsule’s
components. Overall, high encapsulation efficiencies were reached when the viscosity
of the oil was lower than the alginate solution (e.g., VCO-based capsules).

• Thermal stability of the capsules mainly depended on the type of oil used as rejuve-
nator. Capsules based on VCO presented the best thermal stability with mass losses
below 5% at the temperature of asphalt mixing (150 ◦C) as seen by TGA test.

• FTIR-ATR results showed that the spectral information gathered from the bioderived
oils (VCO and WCO) was similar, indicating a negligible effect of the oxidation during
one cycle of frying for VCO.

• Capsule design based on the syringe pump method (M2) and 2% alginate showed
compressive strength and hardness values of 10 N and 12 MPa, respectively, potentially
surviving the compaction process of bituminous materials and its later activation under
traffic loads.

• Healing tests on cracked bitumen samples revealed the use of VCO reduced the time
to close a 200 microcrack with better performance during the crack-healing process,
indicating its potential use as an effective rejuvenator for asphalt self-healing.

• Finally, the synthesis of capsules under the syringe pump method, using virgin cooking
oil (VCO) and 2% alginate, as an effective encapsulated additive to improve the self-
healing properties of bituminous materials is recommended.

Finally, the interactions of the capsules’ design parameters discovered in this study
open new research on the use of factorial designs to synthesise more capsules for asphalt
self-healing focused on: (i) the optimisation of the design parameters of the capsules such
as the concentration of CaCl2 and the concentration of the encapsulated oil, (ii) the study
on the proper amount of oil to rejuvenate long-term aged bitumen based on rheological
tests and its equivalent dosage in capsules, and (iii) the effect of the content of optimised
capsules on the physical, mechanical, and healing properties of bituminous materials.
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Abstract: To solve the problem that waste oil residues cannot be utilized and to reuse the aged asphalt,
suitable modifiers were selected to compound the aged asphalt with waste oil residues to study
its performance. SBS/REOB modified-rejuvenated asphalt was prepared by a high-speed shearing
mechanism with aged asphalt, Recycled Engine Oil Bottom (REOB), Styrenic Block Copolymers (SBS)
modifier, and stabilizer. The effects of SBS content, REOB content, shear time, and shear rate on the
conventional physical properties of asphalt were studied by orthogonal grey correlation analysis,
and the optimum preparation scheme of SBS/REOB modified-rejuvenated asphalt was determined.
The high and low temperature rheological properties of SBS/REOB modified-rejuvenated asphalt
were studied using the Multiple Stress Creep Recover (MSCR) test and bending beam rheological
(BBR) test. The mechanism of SBS/REOB on the modification and regeneration of aged asphalt was
explored through four component tests and Fourier transforms infrared spectroscopy. The results
show that the optimum preparation scheme is 4.5% SBS dosage, 9% REOB dosage, 50~60 min shear
time, and 4500 r/min shear rate. The addition of SBS improves the elastic recovery performance and
high temperature deformation resistance of REOB rejuvenated asphalt. At the same time, the S-value
decreases and the m-value increases, which significantly improves the low temperature cracking
resistance of REOB rejuvenated asphalt. The addition of REOB achieves component blending and
regeneration of aged asphalt by supplementing the light components. After the addition of SBS
absorbs the light component and swelling reaction occurs, the whole modification-regeneration
process is mainly physical co-mixing and co-compatibility.

Keywords: recycled engine oil bottom; SBS modifier; rheological properties; the modification-rejuvenation
mechanism

1. Introduction

Asphalt regeneration refers to coordinating the components and improving the per-
formance of aged asphalt by using new asphalt or regenerant with appropriate viscosity
and cooperating with specific preparation methods. The performance indicators of rejuve-
nated asphalt at each stage are closely related to the dosage and type of regenerant [1–3].
Incorporating pellet with reclaimed asphalt pavement (RAP) is beneficial in improving the
sustainability and cost-efficiency of the asphalt mixtures industry [4]. Some regenerant may
induce some differences in one or more of the situations by encouraging the characteristics
of asphalt [5]. Based on the principle of creative reuse of waste materials, domestic and
foreign experts and scholars began to focus on researching and developing waste oil-based
products as regenerating agents [6–8].

As early as 1992, Herrington [9] conducted a study using waste automotive motor
oil residues that had undergone reduced pressure distillation as a stabilizing regenerant
for road asphalt. Ackbarali D.S et al. [10] comparatively studied the mixture performance
of waste motor oil rejuvenated asphalt and normal emulsified asphalt and found that
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the former has better road performance. Zhang Yan, Chen Meizhu et al. [11] studied
the regeneration effect of waste engine oil and waste soybean oil on aged asphalt from
macro and micro perspectives comparatively. The results showed that the optimal blending
amounts of waste engine oil and waste soybean oil were 5% and 6%, respectively. The
regeneration effect of waste engine oil was better than that of waste soybean oil.

Generally, 70–80% of recycled engine oil (REO) can be effectively rejuvenated by the
aforementioned processes. However, the remaining residue (accounting for 20–30%) cannot
be effectively recycled due to the presence of many impurities; this residue is ultimately
called recycled engine oil bottom (REOB). Miaozhang Yu [12] compared the performance
and content of each component of three REOB and regulated regenerants to verify the
theoretical feasibility of REOB as a regenerant. Li Jin [13–16] et al. used REOB as an
asphalt regenerant and investigated the high and low temperature performance of REOB
rejuvenated asphalt using asphalt conventional performance test, dynamic shear rheology
(DSR) test, and asphalt bending creep stiffness (BBR) test, and found that 7% of REOB
could achieve complete regeneration of the three major indexes of aged asphalt, but the
low temperature performance recovery was insufficient compared to the original sample
base asphalt. It is usually challenging to return aged asphalt regeneration to the level
of performance of the new base asphalt, while the use of composite modification can
be more targeted to improve and optimize the asphalt performance within a controlled
range, improving its road performance [17–19]. The further modification of the rejuvenated
asphalt has also been an important research direction in the field of composite modified
asphalt in recent years.

In summary, the use of suitable modifiers with REOB regenerator on the aged asphalt
composite modification-regeneration, its environmental protection, and asphalt perfor-
mance optimization has an important double significance—to achieve the “waste” into
“treasure”. In this paper, an orthogonal test was designed to determine the preparation
scheme of SBS/REOB modified-rejuvenated asphalt, and then to investigate its conven-
tional properties, rheological properties, and microstructural composition to evaluate the
improvement effect of SBS/REOB on the properties of aged asphalt.

2. Materials and Methods

2.1. Raw Materials
2.1.1. Base Asphalt

The 70# A-grade road petroleum asphalt produced by Santobo Petrochemical Co.,
Ltd. (Binzhou, China), aged in the laboratory, as the raw asphalt for preparing SBS/REOB
modified-rejuvenated asphalt. Based on the requirements of the <<Standard Test Methods
of Bitumen and Bituminous Mixtures for Highway Engineering>>, the properties of the
original base asphalt were measured as shown in Table 1.

Table 1. Performance index of 70# base asphalt.

Test Project Test Results Standard Indicators

Needle penetration 100 g, 5 s, 25 ◦C/0.1 mm 73.2 60–80
Insertion index PI −1.1 −1.5~1.0

Softening point/◦C 49.7 ≥46
60 ◦C dynamic viscosity/Pa·s 271 ≥180

Viscosity (135 ◦C) /Pa·s 0.266
10 ◦C degrees/cm 73.0 ≥25
15 ◦C degrees/cm >100 ≥100

Flash point (COC)/◦C 280 ≥260
TFOT (Thin Film)
Oven Test) after

163 ◦C, 5 h

Quality change/% −0.255 ≤±0.8
Residual penetration ratio (25 ◦C) 68.3 ≥61
Residual penetration ratio (25 ◦C) 10.6 ≥6
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2.1.2. REOB Regenerant

The REOB selected for this test came from a waste engine oil treatment plant in
Zibo, Shandong Province, China, whose primary treatment process was: waste engine oil
filtration-thin film distillation-sugar aldehyde refining-white clay process. From the physi-
cal and chemical properties in Table 2, the REOB meets the specification of a conventional
RA-1 regenerant.

Table 2. Physicochemical properties of REOB.

Inspection Items R-1 RA-1 Regenerant

Density/(g/cm3) 0.911 The measured
Flash point/◦C 258 ≥220

Aromatic content/% 83.1 The measured
Saturation fraction content/% 4.6 ≤30

TFOT post Viscosity ratio 1.29 ≤3
Quality change /% −1.89 −4~4

2.1.3. SBS Modifier

The modifier was adopted from SBS1401 (YH-792), a thermoplastic styrene-butadiene
rubber produced by Yueyang Baling Petrochemical (Yueyang, China), which is linear SBS
with an S/B block ratio of 40/60.

2.1.4. Stabilizer

The active ingredient of the asphalt stabilizer used was sulfur, with a content of 99.9%
or more, a moisture content of 0.02%, a melting point of 120 ◦C, and an 80-mesh sieve
margin of 0.1%.

2.1.5. Preparation of the Aged Asphalt Binders

Aged asphalt preparation method: we selected 40 cm × 30 cm × 4.8 cm stainless
steel plates, 600 g of new asphalt was poured into each plate. The asphalt had a plate
thickness of about 0.5 cm, and was put into the 163 ◦C oven heating insulation for 48 h, and
stirred every 2 h to ensure that the material is uniformly heated to prevent the occurrence
of surface-crusting phenomenon. The performance test results are shown in Table 3.

Table 3. Comparison of asphalt performance indexes under different aging methods.

Test Project 48 h Oven Aging PAV 5 Years of Recycling Asphalt 10 Years of Recycling Asphalt

Penetration (25 ◦C)/mm 22.0 26.6 24.6 17.6
Softening point/◦C 67.6 62.3 64.9 76.6

Ductility (10 ◦C, 5 cm/min)/cm 0.2 1.7 2.1 brittle break
Viscosity (135 ◦C) /Pa·s 2.247 1.967 2.118 2.763

Table 3 showed that the 48 h oven-aged asphalt was more heavily aged than PAV-
aged asphalt, and the performance of “48 h oven” aged asphalt was between “5 years
of service” and “10 years of service” compared to the extracted and rejuvenated asphalt.
The performance of “48 h oven” aged asphalt was between that of “5 years’ service” and
“10 years’ service” recovered asphalt.

2.2. Design of Orthogonal Test

We set three levels, respectively, designed a L9(34) orthogonal test, as shown in Table 4,
and prepared 9 groups of SBS/REOB modified-rejuvenated asphalt under different conditions.
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Table 4. Orthogonal test design scheme.

Test Group Horizontal
Combinations

Test Factor

A B C D

REOB Dosage /% SBS Dosage /% Shearing Time/min Shear Rate /(r/min)

1 A1B1C1D1 1 (11) 1 (3.5) 1 (40) 1 (3500)
2 A1B2C2D2 1 (11) 2 (4.0) 2 (50) 2 (4500)
3 A1B3C3D3 1 (11) 3 (4.5) 3 (60) 3 (5500)
4 A2B1C3D2 2 (9) 1 (3.5) 2 (50) 3 (5500)
5 A2B2C3D1 2 (9) 2 (4.0) 3 (60) 1 (3500)
6 A2B3C1D2 2 (9) 3 (4.5) 1 (40) 2 (4500)
7 A3B1C3D2 3 (7) 1 (3.5) 3 (60) 2 (4500)
8 A3B2C1D3 3 (7) 2 (4.0) 1 (40) 3 (5500)
9 A3B3C2D1 3 (7) 3 (4.5) 2 (50) 1 (3500)

2.3. Preparation Process

(a) REOB was added to the thermally aged asphalt, and a specific mass fraction of REOB
(factor A) was dispersed into the asphalt at 150 ◦C using a mixer at 2500 r/min for
20 min.

(b) Set the shear speed to 3000 r/min and add the required SBS (factor B) within 5 min.
Control the temperature to 190 ◦C.

(c) After shearing at a certain speed (factor D) for a certain time (factor C), add 6% stabilizer
of SBS dosage, and then stir at a low speed of 1000 r/min for 10 min to remove air
bubbles.

(d) Dissolution development at 160 ◦C for 1 h.

2.4. Experimental Method
2.4.1. Routine Performance Test

Nine groups of modified-rejuvenated asphalt were tested for penetration, softening
point, ductility, and elastic recovery rate under the orthogonal test scheme. The results
were analyzed to obtain the optimal dosing values of SBS and REOB as well as the optimal
shear time and shear rate.

2.4.2. High-Temperature Rheological Property Test

The Multiple Stress Creep Recovery test (MSCR) used the delayed elastic recovery
performance of asphalt under applied stress to evaluate the high-temperature performance
of the binder, and the cumulative strain of asphalt had a good correlation with the high-
temperature performance of asphalt [20–22].

Referring to the American Association of State Highway and Transportation Officials
(AASHTO) test protocol, MSCR tests were conducted using a dynamic shear rheometer
(DSR) on SBS/REOB modified-rejuvenated asphalt and SBS modified asphalt and REOB-
rejuvenated asphalt with the same admixture dose under optimal preparation conditions.
The test temperature was set at 64 ◦C. According to the loading stress, the test was divided
into two stages of 0.1 kPa and 3.2 kPa stress loading, and each step was loaded in the form
of 10 cycles, 10 s/cycle (loading lasts 1 s, unloading lasts 9 s) to obtain the creep recovery
rate R and irrecoverable creep flexibility Jnr for each asphalt [23,24].

2.4.3. Low-Temperature Rheological Property Test

Standard size 101.6 mm × 12.7 mm × 6.4 mm beam specimens of PAV aged asphalt
was prepared and tested by Bending Beam Rheometer (BBR) at −6 ◦C, −12 ◦C, and −18 ◦C
for the bending creep modulus S and slope m of the creep curve.

Among the S and m results of the 8th, 15 s, 30 s, 60 s, 120 s and 240 s automatically
tested by the computer, the test result at 60 s was taken as the final value.
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2.4.4. Microscopic Test

The four components of asphalt were tested and analyzed using rod-thin-layer chro-
matography/hydrogen flame ionization detection (TLC-FID) and the functional group
changes were analyzed using infrared spectroscopy to reveal the modification-regeneration
mechanism of SBS/REOB on aged asphalt [25,26].

3. Results and Discussion

3.1. Determination of the Best Preparation Conditions

The sample preparation and sample performance tests were carried out in groups
according to the orthogonal design, and the physical property test results of each group of
asphalt samples are shown in Table 5.

Table 5. Results of the orthogonal test.

Test Group Penetration/mm Softening Point/◦C Ductility/cm Elastic Recovery/%

1 84 57.5 23.9 81
2 80.2 61.2 25.2 84
3 63.8 63.9 29.3 83
4 78.3 55.7 26.5 79
5 76 62.3 27.2 88
6 64.5 63.7 33.4 86
7 76.9 58.3 26.8 77
8 79.1 64.1 29.8 89
9 62.7 65.2 30.5 81

Based on the experimental results, the data were processed using grey correlation
analysis with the following procedure:

(a) The matrix sequences are listed in Table 5 Orthogonal test results. Here, the mean
value of each group of indicators is taken as the reference sequence, i.e., X0 = (62.10,
63.40, 58.75, 60.38, 64.03, 61.15, 59.75, 66.10, 58.35).

(b) Dimensionless treatment of the index series
(c) Solving the difference series with two polar differences
(d) Calculate the correlation coefficient, degree, and proportion of factors.
(e) Results processing: A weighted average score is given to each indicator factor based

on obtaining the proportion of each factor. We call this method the grey correlation
composite scoring method.

Let the difference between the maximum value and the minimum value of the test
result of each test index be h, bij = the proportion of each factor/h, the score value is
Fi = ∑4

j=1 bij × test index value. Since the smaller the penetration index value is, the better
the viscosity is, the value of this index was taken as negative in the scoring calculation here.

The obtained scoring results are processed for polar difference calculation, and the
method is called the gray correlation polar difference method. The obtained scores and the
results of the polar difference calculation are shown in Table 6.
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Table 6. Gray correlation composite score and extreme difference analysis results.

Horizontal
Combinations

Test Factor

Rating FiA B C D

REOB Dosage /% SBS Dosage/% Shearing Time/min Shear Rate/(r/min)

A1B1C1D1 1 (11) 1 (3.5) 1 (40) 1 (3500) 313.73
A1B2C2D2 1 (11) 2 (4.0) 2 (50) 2 (4500) 338.18
A1B3C3D3 1 (11) 3 (4.5) 3 (60) 3 (5500) 370.38
A2B1C3D2 2 (9) 1 (3.5) 2 (50) 3 (5500) 408.58
A2B2C3D1 2 (9) 2 (4.0) 3 (60) 1 (3500) 459.61
A2B3C1D2 2 (9) 3 (4.5) 1 (40) 2 (4500) 489.21
A3B1C3D2 3 (7) 1 (3.5) 3 (60) 2 (4500) 409.39
A3B2C1D3 3 (7) 2 (4.0) 1 (40) 3 (5500) 470.65
A3B3C2D1 3 (7) 3 (4.5) 2 (50) 1 (3500) 475.26

K1 340.76 377.23 425.53 416.20
Factor

Priorities
A > B > C > D

K2 452.77 423.81 407.34 412.26
K3 451.77 444.95 413.13 417.54

Range R 111.70 67.72 17.19 4.28
Optimum A2 B3 C1 D3

(f) Analysis of results.

REOB content was the most important factor affecting the performance of asphalt
samples, followed by SBS content, which had the greatest influence on the penetration
index. The shear time and shear rate mainly affected the elastic recovery performance of
materials and had the least influence on the softening point index. The degree of influence
of each factor on the product effect is REOB dosage > SBS dosage > shear time > shear rate.

Based on the evaluation principle that the higher the overall score is, the better the
product performance, the highest score of 489.21 was obtained for the A2-B3-C1-D2 solution,
i.e., ”9% REOB, 4.5% SBS dosage, 50 min shear at 4500 r/min” was the preferred preparation
condition. The results of the grey correlation ANOVA showed that the preferred solution
was A2-B3-C1-D3, i.e., “9% REOB, 4.5% SBS dosage, shear at 4500 r/min for 60 min”.
The difference between them only lies in the shearing time, so the optimal preparation
condition is recommended as “9% mass fraction of REOB + 4.5% SBS, shearing 50~60 min
at 4500 r/min”.

3.2. High-Temperature Rheological Properties

The SBS/REOB modified-rejuvenated asphalt under two processes was selected as the
main object of the study. The MSCR test was carried out in comparison with the as-built
base asphalt, aged asphalt, and SBS modified asphalt. Figures 1 and 2 show the MSCR test
results for each asphalt at 0.1 kPa and 3.2 kPa stress levels, respectively.

From Figures 1 and 2, it can be seen that the strains generated by 9% REOB + aged
asphalt were at the highest level of all stress levels. The peak strains at 0.1 kPa and 3.2 kPa
were 12 and 15 times higher than those of SBS modified asphalt, which shows that the SBS
modification of REOB rejuvenated asphalt can effectively improve its stability performance
under externally applied loads. The difference between the strain values of SBS/REOB
modified-rejuvenated asphalt and REOB modified asphalt becomes more prominent as the
load becomes stronger, i.e., the resistance to load deformation of the modified-rejuvenated
asphalt is more prominent at high stress levels. From the comparison of the strain values
generated by the three SBS modified asphalts, 4.5% SBS + 9% REOB + 50 min + aged asphalt
produced the smallest strain value and was better than 4.5% SBS + base asphalt, which had
the best high temperature resistance to deformation.
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(a) (b) 

Figure 1. MSCR test results at 0.1 kPa stress level: (a) Test results of each asphalt; (b) Test results of
aged asphalt, 4.5% SBS + 9% REOB + 50 min + aged asphalt, 4.5% SBS + 9% REOB + 60 min + aged
asphalt and 4.5% SBS + base asphalt.

 
(a) (b) 

Figure 2. MSCR test results at 3.2 kPa stress level: (a) Test results of each asphalt; (b) Test results of
aged asphalt, 4.5% SBS + 9% REOB + 50 min + aged asphalt, 4.5% SBS + 9% REOB + 60 min + aged
asphalt, and 4.5% SBS + base asphalt.

Additionally, creep recovery rate R, % and irrecoverable creep flexibility Jnr, kPa−1

are usually used to evaluate the high-temperature creep recovery performance of asphalt
to reflect the high temperature anti-rutting performance. Practical pavement applications
with a comparative index of stress sensitivity Jnr,diff at 3.2 kPa versus 0.1 kPa.

Table 7 gives the creep recovery rates R0.1, R3.2, and irrecoverable creep flexibility Jnr, 0.1,
Jnr, 3.2 for the above four asphalt bonds at 0.1 kPa and 3.2 kPa stress levels, respectively,
according to the results plotted in Figures 3 and 4.

Table 7. Calculated results of MSCR tests for each asphalt at different stress levels.

Number Asphalt Type R0.1/% R3.2/%
Jnr,0.1/
kPa−1

Jnr,3.2/
kPa−1 Jnr,diff/%

B Base asphalt 9.26 1.57 5.085 6.811 33.94
A Aged asphalt 0.93 0.30 0.278 0.310 11.51

9R + A 9% REOB + aged asphalt 3.94 0.57 5.909 7.788 31.80
4.5S + 9R + 50 + A 4.5% SBS + 9% REOB + 50 min + aged asphalt 67.34 59.65 0.375 0.466 24.27
4.5S + 9R + 60 + A 4.5% SBS + 9% REOB + 60 min + aged asphalt 66.22 59.46 0.270 0.342 26.67

4.5S + B 4.5% SBS + base asphalt 71.71 63.92 0.249 0.302 21.28
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Figure 3. Comparison of R for different asphalt types in the Figure.

Figure 4. Comparison of Jnr for different asphalt types.

Figure 3 combined with Table 7 test results shows that the R of 9% REOB + aged
asphalt under all stress levels is more than 1 times higher than that of aged asphalt but
cannot recover to the level of base asphalt. Under 0.1 kPa stress level, the modified-aged
asphalt R value can be more than 50%, compared to REOB rejuvenated asphalt creep
recovery performance improved by more than 16 times. Overall, 3.2kPa under the R
reached more than 30%, and 4.5S + 9R + 50 + A can achieve 4.5S + B of its R value of 93.3%.
This indicates that SBS makes the REOB rejuvenated asphalt binder in the proportion of
elasticity increases, so that the state of the binder is more elastomeric, SBS on rejuvenated
asphalt “elasticity” effect is obvious, so the elastic recovery performance is improved, but its
“elasticity” ability is limited, and cannot fully reach the level of ordinary SBS-modified asphalt.
The sensitivity of different materials to high stress is different, and the base asphalt and 9%
REOB rejuvenated asphalt have the highest R0.1:R3.2 values, 5.9 and 10.1, respectively, while
the R0.1:R3.2 of modified-rejuvenated asphalt is not more than 2, more “high temperature”,
“heavy load”, under the resistance of deformation, with 4.5S + 9R + 50 + A best.

As can be seen from Figure 4, the Jnr values of modified-rejuvenated asphalt are
significantly lower than those of base asphalt and rejuvenated asphalt. At a high stress
level of 3.2 kPa, the Jnr values of 4.5S + 9R + 50 + A and 4.5S + 9R + 60 + A decreased by
94.0% and 95.6%, respectively, compared with those of REOB rejuvenated asphalt, which
shows that the Jnr values of 4.5S + 9R + 60 + A modified-rejuvenated asphalt are the best.
This result indicates that the 4.5S + 9R + 60 + A modified-rejuvenated asphalt has the
best high temperature deformation resistance. In addition to the aged asphalt, the Jnr,diff
values of 4.5S + B were the smallest, 4.5S + 9R + 50 + A was the second smallest, less
than 25%, and the Jnr,diff values of B and 9R + A were more than 30%, indicating that the
modified-rejuvenated asphalt materials prepared under this process are less sensitive to
stress changes, which is closely related to the good stability of SBS modifier. The Jnr,diff
value of asphalt binder has excellent stress sensitivity at less than 75%, which can make
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the asphalt pavement have better rutting resistance, and the materials prepared by the
modification-rejuvenated process in this study all meet this requirement.

The differences between R and Jnr values of modified-rejuvenated asphalt obtained
at different shear times are small, with 4.5S + 9R + 50 + A showing more excellent elastic
recovery performance and stress sensitivity, and 4.5S + 9R + 60 + A having more advantages
in high temperature deformation resistance.

3.3. Low-Temperature Rheological Properties

The US SHRP specification states that for PAV-aged asphalt, the stiffness modulus
value should be less than 300 MPa at 60 s loading and the creep rate m should be not less
than 0.30. From the BBR test results of each asphalt at different temperatures in Figure 5,
it can be seen that the S and m values of the aged asphalt at −12 ◦C are far above this
specification, so the aging asphalt is not continued to be tested at lower temperatures.
Therefore, the test is not continued at lower temperatures.

 
(a) (b) 

Figure 5. BBR test results of each asphalt at different temperatures: (a) Modulus of rigidity; (b) Creep rate.

As shown in Figure 5, comparing the S-value results of different materials at each
temperature, it can be seen that the S-value of 9% REOB rejuvenated asphalt 9R + A
is significantly lower and the m-value is significantly higher than that of aged asphalt,
indicating that the use of REOB on aged recycled can improve the low-temperature per-
formance of asphalt, but does not reach the low-temperature performance level of base
asphalt B. SBS/REOB modified-rejuvenated asphalt S-value and lower than B with 9R + A,
m-value increased, indicating that modified-rejuvenated asphalt relative to rejuvenated
asphalt low-temperature performance to obtain further improvement, and better than the
base asphalt.

At −12 ◦C and −18 ◦C test temperatures, the S and m values of the two modified-
rejuvenated asphalt 4.5S + 9R + 50 + A and 4.5S + 9R + 60 + A prepared at different shear
times can be basically achieved to the level of ordinary SBS modified asphalt 4.5S + B.
At −24 ◦C, the m of 4.5S + 9R + 60 + A cannot meet the SHRP specification, and its low
temperature cracking resistance is not as good as 4.5S + 9R + 50 + A. The reason is that
the excessive shear time leads to different degrees of aggregation of SBS particles, which
destroys the composition of the SBS modified asphalt network structure, or excessive shear
makes the SBS polymer chain break, and the asphalt has partially aged. Therefore, from the
viewpoint of low temperature performance, 50 min is recommended as the optimal shear
time for SBS/REOB modified-rejuvenated asphalt preparation.
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3.4. Micro-Mechanism Analysis
3.4.1. Four Components

Aged asphalt, 70# base asphalt, 9% REOB rejuvenated asphalt, 4.5% SBS modified
asphalt, and 4.5% SBS + 9% REOB modified-rejuvenated asphalt were selected for four-
component analysis, and the results are shown in Figure 6.

Figure 6. Percentage of four components of different types of asphalt.

(1) As shown in Figure 6, compared with the base asphalt, the change amounts of
asphaltenes resins, aromatics, and saturates in the aged asphalt are 7.6, 21.3, −22.2, and
−7.7, respectively, which means that the saturates and aromatics of light components
are reduced, and the asphaltene and resins of a recombinant fraction are significantly
increased, and component migration occurs. The change of four groups of rejuvenated
asphalt compared with aging asphalt is −7.4, −22.6, 20.3, 8.7, the light component
increases, and aging asphalt light component loss, which indicates that the high
proportion of aromatics contained in REOB can supplement the asphalt in the aging
process of the lack of aromatics part, so that the light component content increased, the
recombination fraction decreased, to achieve asphalt regeneration, the regeneration
has restored the composition of the asphalt components that had changed during the
aging process, which resulted in macroscopic performance recovery.

Based on the blending component theory, assuming that REOB regenerates the aged
asphalt and its mechanism is pure component blending, the content of each component of
the rejuvenated asphalt should satisfy the calculation result of Equation (1).

P = maPa + mrPr, (1)

where P is the proportion of a component in REOB rejuvenated asphalt (%); Pa is the
proportion of a component in aged asphalt (%); Pr is the proportion of a component in
REOB (%); ma is the blending ratio of aged asphalt in rejuvenated asphalt; mr is the
blending ratio of REOB in rejuvenated asphalt.

The results of the measured and calculated values of the four components of 9% REOB
rejuvenated asphalt are shown in Table 8.

Table 8. Calculated results of the four components of 9% REOB.

Object Asphaltenes/% Resins/% Aromatics/% Saturates/%

Aged asphalt 20.0 33.1 37.8 9.1
REOB 3.6 8.7 83.1 4.6

9% REOB
Measured value 12.6 11.5 58.1 17.8

Calculated values 18.6 31.1 41.5 8.7
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Comparing the measured values with the theoretical calculated values, it is found that
there are apparent differences between them. Therefore, the regeneration process is not
a pure component reconciliation theory, and there are physical or chemical reactions and
migration among the four components that cannot be ignored.

(2) The SBS modification of base asphalt and REOB asphalt also caused the redistribu-
tion of the components in asphalt. The proportion of each component is reduced
in the light component and increased in the recombination component, in which
the light component is mostly aromatics and a small part of saturates, which cor-
responds to the macroscopic properties of ductility, softening point increase, and
penetration decrease, further verifying from the microscopic chemical components
that the modified-renewed asphalt is improved by SBS absorption of light component
swelling reaction. The same amount of SBS is used in the modified-rejuvenated as-
phalt, which is less migratory than the directly modified asphalt, indicating that it is
more difficult to modify the rejuvenated asphalt, so its performance improvement is
limited.

3.4.2. Infrared Spectrum

The transmittance-wave number infrared absorption spectra (FTIR) plots of the regen-
erant REOB with modified asphalt, rejuvenated asphalt, and modified-rejuvenated asphalt
with base asphalt are given in Figures 7 and 8, respectively.

Figure 7. IR spectrum of REOB.

Figure 8. Infrared spectra of different types of asphalt.

From Figure 7, it can be seen that the REOB showed sharp strong absorption peaks
at 2929.7 cm−1 and 2856.3 cm−1, which were generated by CH2 asymmetric vibration
and symmetric vibration, respectively, indicating that the regenerant contains non-polar
methylene; the asymmetric bending vibration peak of CH3 appeared at 1439.6 cm−1, and
the generation of these characteristic peaks indicates that the REOB contains a higher
proportion of saturated hydrocarbons. A strong absorption peak appears at 703 cm−1

in the fingerprint area, resulting from the vibration of the outer C=H bending surface
of the aromatic ring, indicating that the REOB contains light components of aromatic
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hydrocarbons. In summary, it can be inferred that REOB mainly comprises alkanes and
saturated hydrocarbons such as cycloalkanes and aromatic compounds.

Figure 8 shows that the positions of the peaks appearing in different asphalt are
generally consistent, and there are differences in the intensity of the absorption peaks. The
four asphalts have broad and weak absorption peaks at 3444.7 cm−1, which are considered
to be generated by N-H bonding vibrations or O-H bonding vibrations in alcohols and
phenols. The absorption peaks at 2927.8 cm−1 and 2854.5 cm−1 are generated by methylene
CH2 vibrations, while 1461.9 cm−1 and 1384.8 cm−1 show characteristic absorption peaks
generated by methyl CH3 bending vibrations. 4.5S + 9R + 50 + A modified-rejuvenated
asphalt has a characteristic peak at 866.0 cm−1 caused by =C-H-bonds on the benzene ring,
which indicates the presence of benzene ring aromatic hydrocarbons in the tested material.

Both 4.5S + B and 4.5S + 9R + 50 + A show distinct SBS characteristic peaks at
966.3 cm−1 and 696.5 cm−1, generated by C=C bond distortion and C-H bond vibration
in the benzene ring, respectively, where the C=C bond is present in the polybutadiene of
SBS and the C-H bond is present in the polystyrene segment. This result indicates that
the modified-rejuvenated asphalt obtained is consistent with the conventional modified
asphalt in terms of composition.

9R + A and 4.5S + 9R + 50 + A have more substantial aromatic absorption peaks at
866.0 cm−1 than B and 4.5S + B. In comparison, B and 4.5S + B have higher intensity alkyl
absorption peaks, which means that 9% REOB can replenish the lost saturates, aromatics,
and other components in the aging asphalt, i.e., the mutual migration and transformation
of functional groups, which is eventually reflected in the recovery of asphalt properties.
However, there is a limit to the regeneration ability.

In summary, the composition of the chemical components of asphalt mainly includes
alkanes, cycloalkanes, aromatic compounds and heteroatomic derivatives, etc. The compo-
sition of REOB regenerant is similar to that of REOB, thus proving the regeneration effect
of REOB on aging asphalt from the perspective of the composition. However, the results of
the four-component analysis do not exclude a weak chemical reaction. The IR spectrum of
the asphalt modified with SBS for REOB, i.e., 4.5% SBS + 9% REOB, shows only the new
characteristic peaks of SBS, which is a simple superposition of SBS modifier and REOB
rejuvenated asphalt, and the process involves physical co-mixing and co-compatibility.

4. Conclusions

(1) The degree of influence of SBS/REOB modified-rejuvenated asphalt performance using
grey correlation analysis is ranked as: REOB dosage > SBS dosage > shear time > shear rate.
The recommended vital preparation parameters are “9% REOB + 4.5% SBS dosage,
shear at 4500 r/min for 50 min~60 min”.

(2) The addition of SBS modifier helps to improve the creep recovery rate R and reduce
the irrecoverable creep flexibility Jnr and Jnr, diff of REOB rejuvenated asphalt, so that
the obtained SBS/REOB modified-rejuvenated asphalt has higher elastic recovery
performance, higher temperature deformation resistance, and lower stress sensitivity.
SBS/REOB modified-rejuvenated asphalt has a lower S value and higher m value than
REOB rejuvenated asphalt, which has better low-temperature ductility and flexibility.

(3) The four-component and FTIR tests show that the regeneration of aged asphalt by
REOB is a non-complete component reconciliation, and the presence and location of
the characteristic peaks of modified-rejuvenated asphalt is a simple superposition of
SBS modifier and REOB rejuvenated asphalt. The modification-regeneration mecha-
nism of SBS/REOB on aged asphalt is physically dominated, accompanied by weak
chemical reactions.
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Abstract: This paper selected three kinds of AC-20 hot-mix recycled asphalt mixtures with high RAP
content (30%, 40%, and 50%). It obtains a mixture of different degrees of miscibility by changing RAP
preheating temperatures and mixing temperatures. The calculation formula of the degree of blending
(DOB) of RAP asphalt interface recycling is proposed. The DSR test quantitatively characterized
the DOB mixture’s low temperature, and fatigue properties were tested by beam bending test and
four-point bending fatigue test. The prediction models of the recycled mixture’s low temperature and
fatigue properties were proposed. The RAP preheating temperature is the most critical factor that
dominates both transfers of RAP asphalt to the surface of new aggregate and the effective blending
of old and new asphalt. DOB has a significant great influence on low-temperature performance and
fatigue performance. The DOB of recycled asphalt can be improved by adjusting and optimizing
the process parameters of plant hot recycled mixture to effectively improve the recycled mixture’s
low-temperature crack resistance and fatigue lifetime. The optimal RAP dosage and mixing process
of required performance can be obtained based on the prediction models to save experimental time
and cost.

Keywords: hot recycled asphalt mixture; RAP; degree of blending (DOB); low-temperature performance;
fatigue lifetime; prediction model

1. Introduction

Hot central plant recycling refers to a maintenance technology, which treats the waste
materials of maintenance pavement by milling, recycling, crushing, filing, and so on. It
then adds them to the new asphalt mixture in proportion to remix, pave, and compact into
the asphalt pavement [1,2]. The hot central plant recycling technology has advantages,
such as controllable quality, mature technology, etc., which are widely applied in road
engineering [3,4]. It is a maintenance technology with a relatively wide application range
and good performance of recycled pavement in all recycling methods [5].

In the hot mix recycled asphalt mixture, the old asphalt wrapped outside the RAP
material will be miscible with the added new asphalt in the mixing process, and the degree
of miscibility between the two determines the content and properties of effective asphalt in
the mixture, thus affecting the pavement performance of the mixture [6]. In the National
Cooperative Highway Research Program [7] report, the degree of miscibility between old
and new asphalts is defined as completely insoluble (black stone state), partially soluble,
and completely soluble. The most acceptable and innovative theory about the miscibility of
old and new asphalt is the “partially miscible” theory [8,9]. The core idea of this theory is
that in all the old asphalt wrapped on the surface of RAP old aggregate during the process
of mixing, transportation, paving, and rolling of recycled asphalt mixture, only the outer
part of the old asphalt which is far away from the surface of the old aggregate is blended
with the new asphalt. In contrast, the inner layer of the old asphalt which is close to the
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surface of the old aggregate is still a part of the old aggregate. The inner layer of the old
asphalt plays a role, together with the old aggregate, as the skeleton of the recycled mixture,
without participating in the mixing of the old and new asphalt, that is, the partial miscible
state [10]. Many studies have shown that when RAP content is too high, the two will be
in a partially mixed state [7]. Therefore, quantitatively characterizing the mixing state of
old and new asphalts in recycled mixture under high RAP blending ratio is the primary
key issue to proposing the design method of hot recycled asphalt mixture with high RAP
content [11].

Currently, the evaluation indexes of the interfacial blending degree are mostly the
conventional performance indexes of the asphalt obtained by extraction test and rotary
evaporation test [12,13], such as penetration, softening point, low-temperature flexibility,
rheological properties of Brookfield, viscosity, and so on. The test results collected by
testing these conventional performance indexes are often relatively discrete, which further
indirectly results in the calculated value of the degree of blending (DOB) seriously deviating
from the actual value so as not to facilitate quantitative characterization. The creep stiffness
modulus S and the curvature of the m value measured by the low-temperature bending
beam rheometer (BBR) are not very sensitive under low-temperature test conditions, but
the changing range of test results is extremely limited [14], which thereby results in the
accuracy of the final test results being difficult to be effectively guaranteed. Due to the
small amount of asphalt required for the dynamic shear rheological test (DSR) and the
relatively high accuracy of the data collected from the test [9,15], it can be considered for
the calculation of the degree of blending (DOB) of interface recycling.

In highway maintenance engineering, the proportion of used materials in the plant-
mixed hot recycled mixture is generally not more than 30% [16,17]. The high content
of recycled asphalt pavement will cause a serious decline in some road performance,
especially the low-temperature crack resistance and durability of the mixture. The low-
temperature crack disease is more likely to occur at the early stage of pavement, and
then with the repeated fatigue of load, cracks gradually expand to form larger cracks [18],
which overweighs the economic benefits obtained from saving materials [19]. Therefore,
in order to improve the low-temperature cracking resistance of recycled asphalt mixture,
reduce the occurrence of low-temperature cracks in the recycled pavement, improve the
using quality of hot recycled asphalt pavement, and prolong the service life of the road, it
is necessary to research the low-temperature cracking resistance of hot recycled asphalt
pavement [20,21]. In addition, in the preparation of recycled mixture with high RAP content,
the change of mixing process will largely affect the mixing state of old and new asphalt
in the recycled mixture, thus affecting the road performance of the recycled mixture. At
present, there is little research on the influence of interface regeneration and fusion degree
of old and new asphalt on road performance of hot recycled asphalt mixture, especially the
influence of interface regeneration and fusion degree on low-temperature performance and
fatigue life of recycled mixture under high content. Therefore, it is another crucial problem
to put forward the design standard of high RAP content recycled asphalt mixture road
performance to evaluate the influence of different mixing states of new and old asphalt on
road performance.

Given the above two fundamental problems, this paper proposes a mathematical
calculation method to characterize the interface degree of blending (DOB) by designing
a three-factor and three-level test scheme and calculating the DOB under different RAP
content, RAP preheating temperature, and mixing temperatures. The influence of various
factors on the interface DOB is analyzed. The low-temperature and fatigue performance of
recycled mixture under different mixing processes are studied, and the prediction formulas
are proposed. This provides a scientific basis for improving the design method of high RAP
content hot recycled asphalt mixture and the promotion and application of plant mixing
hot recycling technology on the highway.
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2. Materials and Methods

2.1. Materials
2.1.1. Asphalt

The new asphalt used in this paper during the experimental research is Sinopec
Donghai brand SBS-modified asphalt, of which the brand number is I-D. The selected RAP
is SBS modified asphalt mixture milled from the municipal roads in Nanchang City. As
stipulated in “Technical Specifications for Construction of Highway Asphalt Pavement”
(JTG F40-2004), conventional properties of SBS-modified asphalt are tested. Due to the
severe aging of old asphalt, the viscosity test at 60 ◦C cannot be carried out, so the viscosity
at 135 ◦C on it is tested instead. The quality test results and technical indexes of the
conventional properties of SBS-modified asphalt are shown in Table 1.

Table 1. Test results of conventional indexes of new and old asphalt.

Categories of Materials 25 ◦C Penetration (0.1 mm) 5 ◦C Ductility (cm) Softening Point (◦C) 135 ◦C Viscosity (Pa·s)

Old asphalt 26.9 brittleness 87.2 16.8
New asphalt 58.6 27 73.5 2.9

SBS modified asphalt (I-D)
Standard requirements 40~60 ≥20 ≥60 <3

2.1.2. Aggregate and Filler

Limestone is selected as the new aggregate, and the properties of the new and old
aggregates are tested according to “Test Methods of Aggregate for Highway Engineering”
(JTG E42-2005). The technical indexes are shown in Table 2.

Table 2. Conventional technical indexes of new and old aggregates.

Categories of Materials Crushed Value (%)
Apparent Density

(g·cm−3)
Water Absorption

(%)
Water Washing Treatment

<0.075 mm (%)
Flat and Elongated

Particle Content (%)

Old aggregate 16.7 2.715 1.2 0.8 5.5
New aggregate 16 2.713 0.474 0.71 9.7

Standard requirements ≤26 ≥2.6 ≤2 <5 ≤15

2.1.3. Regenerant

In this paper, combined with practical engineering experience, the RA series thermal
regeneration agent is selected, and the dosage of the regeneration agent is 8% of the weight
of the total binder required for the mixture. According to the “Technical specification
for highway asphalt pavement regeneration” (JTG F41-2008), the performance of the
regeneration agent is tested, and the results are shown in Table 3.

Table 3. Property indexes of regenerant.

Categories of
Materials

60 ◦C Viscosity
(mPa·s)

Flashpoint (◦C)
Saturates
Content

(%)

Aromatics
Content

(%)

Viscosity
Contrast before
and after Thin
Film Oven Test

(%)

Quality
Changes before
and after Thin
Film Oven Test

(%)

Density
(g·cm−3)

Regenerant 372.4 263 22.8 42.98 2.48 −3.17 1.013

Standard
requirements 176~900 ≥220 ≤30 measured ≤3 ≤4, ≥−4 measured

2.1.4. Mineral Gradation

In this paper, the recycled mixture with each RAP content (30%, 40%, and 50%) is
graded with the same mineral aggregate. On the one hand, the influence caused by different
gradations is excluded. In addition, the content of old asphalt in RAP materials is guaran-
teed to be a single variable, which is convenient for the comparative analysis of various
properties of the recycled mixture. Relying on the actual needs of the project, according
to the mineral grading range of the targeted AC-20 asphalt mixture, and combined with
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practical engineering experience, the synthetic gradation of minerals is determined, and
gradations are as shown in Figure 1.

Figure 1. Mineral gradation curves.

2.2. Methods
2.2.1. DOB Theory

In this paper, based on the “partial miscible” theory, in consideration of the change of
complex shear modulus before and after the blending of old and new asphalts, and aiming
at the problem that the degree of interaction and blending on the interface among old RAP
asphalt, new asphalt, and regenerant cannot be quantitatively characterized in the recycling
process, the evaluation indexes of interfacial recycling and blending of RAP asphalt, i.e.,
Degree of Blending (DOB), is adopted. The specific formula is shown in Equation (1).

DOB =
Gnew − Gold

Gold − Gdesign
(1)

In the Equation, Gnew refers to the complex shear modulus of asphalt wrapped on the
surface of new aggregate; Gold refers to the complex shear modulus of asphalt wrapped on
the surface of old aggregate; Gdesign refers to the complex shear modulus of asphalt in the
recycled mixture.

2.2.2. DOB Test

To avoid the unfavorable situation that the residual cohesion of RAP fines is too large
to form a large-size particle cluster, which cannot effectively distinguish RAP and new
aggregates, 4.75 mm is used as the dividing sieve. The RAP fines with particle size below
4.75 mm are selected for the old aggregate, and the new coarse aggregate with a particle
size above 9.5 mm is selected for the new aggregate. This prevents the residual cohesive
force of RAP fine particles from being too large to form false aggregates with large particle
sizes, thus the unfavorable conditions that RAP fine particles and new aggregates cannot
be effectively separated are avoided. The DOB test scheme is shown in Figure 2. RAP
heating time is 2 h, new asphalt heating temperature is 165 ◦C, the new aggregate heating
temperature is 180 ◦C, and stirring time is 3 min.
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0-4.75mmRAP fine 
aggregate

New coarse aggregate 
above 9.5 mm

New asphalt and 
regeneration agent

Hot recycled mixture

Separation of RAP fines and coarse 
aggregates after cooling

Extraction test of RAP fine and coarse 
aggregate

Calculation of DOB by DSR test

Figure 2. Diagram of DOB test scheme.

Trichloroethylene solution is used to carry out the extraction and rotary evaporation
tests of recycled asphalt wrapped on the surface of new and old aggregates, respectively.
Then, the DSR test is carried out on the extracted asphalt and the asphalt in the recycled
mixture to obtain the complex shear moduli Gnew, Gold, and Gdesign of three kinds of asphalt.

The RT-DSR 200 series dynamic shear rheometer is used in the test, and the strain
control mode is adopted. The test temperature is 64 ◦C, and the loading frequency is 10 Hz.
The asphalt sample is applied by sinusoidal dynamic shear strain with a strain of 12%. The
thickness of the asphalt sample is 2 mm, and the main shaft is 8 mm.

The 100% DOB recycled asphalt mixture is prepared to completely extract the old
asphalt from the RAP material to be mixed, so that the old asphalt in RAP is wholly
separated from the old aggregate, and then the recycled agent, new asphalt, and new
aggregate are added to remix. The preheating temperature of RAP is 120 ◦C, the mixing
temperature is 165 ◦C, and other mixing parameters are unchanged. At this point, the new
and old asphalt in the mixture are thoroughly mixed.

2.2.3. Beam Bending Test

According to “Standard Test Methods of Bitumen and Bituminous Mixtures for High-
way Engineering” (JTJ052-2000), the rut plate of 300 mm × 300 mm × 50 mm is formed
by using the wheel rolling method, and then cut into the prismatic beam specimens
of 250 mm × 30 mm × 35 mm. The flexural–tensile failure strain and the beam flexural–
tensile strength are tested is tested by using UTM-25 equipment at the test temperature of
−10 ◦C and the loading rate of 50 mm/min.

2.2.4. Four-Point Bending Fatigue Test

According to the “Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering” (JTJ052-2000), the specimens were first formed by a shear com-
paction instrument, and then cut into 380 mm × 63.5 mm × 50 mm middle beam specimens.
Then, three strain levels of 200 με, 400 με, and 600 με were used. The test temperature was
15 ◦C, the loading frequency was 10 Hz, and the continuous sinusoidal loading mode was
applied. Finally, the four-point bending fatigue test was carried out by UTM-25.
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3. Results and Discussion

3.1. DOB

Recycled asphalt mixture contains a certain proportion of RAP, and hot recycling
conditions mainly include RAP content, RAP preheating temperature, and RAP mixing
temperature. The difference in the performance of recycled mixture under different re-
cycling conditions is mainly caused by the difference in the blending degree of old and
new asphalt. The RAP preheating temperature, the mixing temperature, and the content
will affect the blending of old and new asphalt in recycled asphalt mixture. Appropriate
recycling conditions can improve the blending degree of old and new asphalt to improve
the performance of the recycled asphalt mixture.

In order to quickly select the construction parameters with high degree of fusion
between new and old asphalt from various horizontal combinations, this paper uses three
factors and three levels of orthogonal tests to test RAP asphalt interface recycling mixture.
The table of factors and levels is shown in Table 4.

Table 4. Factors and levels of orthogonal test.

Levels

Factors RAP Content
(%)

RAP Preheating
Temperature (◦C)

Mixing
Temperature (◦C)

Level 1 30 100 150
Level 2 40 120 165
Level 3 50 140 180

The DOB is calculated and analyzed according to the DSR test results, and the table of
DOB test results is then obtained (see Table 5). The DOB results are statistically analyzed,
and the average values and the range table of DOB under various hot recycling conditions
are then obtained (see Table 6). The trend diagram of DOB results, as shown in Figure 2, is
obtained according to factors and levels in Table 6.

Table 5. DOB test results.

RAP Content
(%)

RAP Preheating
Temperature

(◦C)

Mixing Temperature
(◦C)

DOB (%)

30 100 150 68.7
30 120 165 85.1
30 140 180 91.9
40 100 165 62.4
40 120 180 76.7
40 140 150 86.7
50 100 180 36.1
50 120 150 54.3
50 140 165 74.8

Table 6. Range analysis results.

Analysis Value

Factors

RAP Content
(%)

RAP Preheating
Temperature

(◦C)

Mixing Temperature
(◦C)

K1 81.9 56.6 69.1
K2 75.3 72.0 74.2
K3 55.1 83.6 68.9
R 26.8 27 5.3
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From Table 6, it can be determined that among the three factors affecting the degree
of blending of RAP asphalt interface recycling, the range value under the factor of the
RAP content is 26.8, the range value under the factor of the RAP preheating temperature
is 27, and the range value under the factor of the RAP mixing temperature is 5.3, which
indicates that the RAP preheating temperature has the most significant influence on the
degree of blending of RAP asphalt interface recycling. The influence of various factors on
the degree of blending of RAP asphalt interface recycling from the highest to the least is
RAP preheating temperature > RAP content > mixing temperature, fully showing that the
RAP preheating temperature is the most essential factor leading to the effective blending of
old and new asphalt.

It can be seen from Figure 3 that DOB continues to decrease with the increase of
RAP content, indicating that if the RAP content is higher, then the older asphalt in the
mixture cannot be thoroughly mixed with new asphalt and regenerant, which reduces
the cementation between asphalt and aggregate. The reasons lie in the fact that with the
increase of RAP content in the recycled mixture, during the whole mixing stage of hot
central plant recycling, the old asphalt wrapped on the surface of RAP old mineral material
is forced to absorb more material energy required in freeing itself from the bondage of the
residual cohesion of the original old mineral material. Therefore, under the same mixing
process for the recycled asphalt mixture with different RAP contents, the proportion that
effectively activates the old asphalt wrapped on the RAP mineral materials will inevitably
vary to varying degrees, further directly leading to the difference in the DOB calculation
results. Therefore, the effective recycling rate of the old asphalt decreases instead. An
appropriate increase in the mixing temperature can increase the DOB, but if it continues
to increase, it will decrease the DOB. The greater the RAP preheating temperature is, the
greater the DOB is. However, the excessively high RAP preheating temperature and mixing
temperature will aggravate the secondary aging of old asphalt and also lead to the loss
of volatilization by heating regenerant. The excessively high heating temperature of new
aggregate may also deteriorate the mechanical properties of the new aggregate itself.
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Figure 3. Levels and DOB results changing trend.

In the laboratory, during the mixing and actual production process of the hot recycled
mixture, it is necessary to add a certain amount of new asphalt. Then, the old and new
asphalt and regenerant (if necessary) infiltrate, diffuse, invade, interact, and blend to form
blending recycled asphalt, and finally achieve the purpose of effectively recycling aging
asphalt. In order to activate the old asphalt in RAP old material to the maximum extent as
much as possible and effectively improve the degree of blending of RAP asphalt interface
recycling, the preheating temperature of RAP should be appropriately increased, and the
mixing temperature should be reasonably increased under the appropriate RAP content.
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3.2. Low-Temperature Performance of RAP Mixture

The beam bending test of recycled asphalt mixture produced under preset mixing
process parameters is carried out using the universal testing machine. The test results are
shown in Table 7.

Table 7. Test results of the low-temperature beam bending test.

RAP Content
(%)

RAP
Preheating

Temperature
(◦C)

Mixing
Temperature

(◦C)

DOB
(%)

Maximum
Flexural–Tensile

Strain
(με)

Flexural–Tensile
Strength

(MPa)

30 100 150 68.7 2915 8.65
30 120 165 85.1 3207 8.71
30 140 180 91.9 3359 8.66
30 120 165 100 3235 8.64
40 100 165 62.4 2568 9.49
40 120 180 76.7 2880 9.15
40 140 150 86.7 2798 9.07
40 120 165 100 3269 8.75
50 100 180 36.1 2086 9.71
50 120 150 54.3 1673 9.42
50 140 165 74.8 2288 9.59
50 120 165 100 3098 8.35

According to the test results in Table 7, the variation of maximum flexural-tensile
strain and flexural-tensile strength of recycled mixture with the variation of DOB under
different RAP contents are plotted, as shown in Figures 4 and 5.
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Figure 4. Variation of maximum flexural–tensile strain with the variation of DOB under different
RAP contents.
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Figure 5. Variation of flexural–tensile strength with the variation of DOB under different RAP contents.

From Table 7 and Figure 4, it can be determined that in the low-temperature beam test
of the recycled mixture under three RAP contents, i.e., 30%, 40%, and 50%, the overall trend
of the maximum flexural–tensile strain of the mixture increases by varying degrees with
the increase of DOB. The higher the RAP content, the greater the maximum flexural–tensile
strain’s growth rate. The reasons lie in the fact that when the miscibility state of old and
new asphalt increases, the old asphalt in the recycled mixture is continuously stripped
off from the surface of the old aggregate and then transformed into free asphalt. After
being miscible with the new asphalt and regenerant, the old asphalt can restore to the new
asphalt’s performance standard to enhance the mixture’s overall tenacity, so it shows the
phenomenon that the maximum flexural–tensile strain constantly increases. The test results
indicate that the maximum flexural–tensile strains of the recycled mixture with 30% and
40% RAP contents are greater than the lower limit of the maximum flexural–tensile strain
(2500 με) specified in the current asphalt pavement regeneration technical specification for
the winter cool zone, that is, all the low-temperature cracking resistance performance of the
recycled mixture is qualified. It indicates that compared with the ordinary hot mix asphalt
mixture, the hot central plant recycled mixture with high RAP content (the content of the
old material is not more than 40%) can also serve the actual engineering projects. However,
the maximum flexural–tensile strains do not meet the specification requirements for three
kinds of the recycled mixture under the partial blending states of 50% RAP content. The
reasons lie in the fact that under the long-term effect of load and environment, asphalt of
RAP material becomes brittle and hard with reduced plasticity and is likely to fracture
under low-temperature conditions.

It can be seen from Figure 5 that the flexural–tensile strength of recycled mixture
shows a decreasing trend in varying degrees with the increase of the degree of blending
(DOB) of RAP asphalt interface recycling. Specifically, with the gradual increase of RAP
content, the decreasing amplitude of the flexural–tensile strength is more prominent. The
reason is that with the continuous increase of free asphalt, the plasticity of the overall
asphalt in the recycled mixture increases, which leads to a decrease in the overall strength
of the mixture. Therefore, the flexural–tensile strength thereof decreases with the increase
of the miscibility state.

By observing the curve ends in Figures 4 and 5, it is not difficult to find that when
the degree of blending (DOB) of RAP asphalt interface recycling reaches the situation of
complete blending, the maximum flexural–tensile strain and flexural–tensile strength of
recycled mixture under different RAP contents tend to be basically consistent. The reason
is that the degree of blending (DOB) of RAP asphalt interface recycling in the recycled

243



Polymers 2022, 14, 4520

mixture gradually increases under the combined effect of more excellent mixing process
parameters and other factors, which results in that a larger proportion of aging asphalt in
the RAP is heated and softened. Then, it gradually freed itself from the bondage of RAP
mineral under the effect of mechanical stirring, transformed into active asphalt, and then
further produced a greater degree of blending effect with new asphalt and regenerant (if
necessary), which promotes the engineering performance of aging asphalt to be closer to the
level of original asphalt and further strengthens the overall tenacity of the recycled mixture.
Therefore, the maximum flexural–tensile strain of recycled mixture shows a continuously
increasing trend. On the contrary, the proportion of active asphalt in the recycled asphalt
mixture gradually increases, resulting in the plastic physical characteristics of its structural
asphalt film being further strengthened, so that decay of the strength characteristics of
the recycled mixture deteriorated. Finally, the flexural–tensile strain decreases with the
increased degree of blending (DOB) of RAP asphalt interface recycling.

In summary, with the increase of DOB, the low-temperature performance of the
mixture is improved. According to the requirements of the current specifications, any
RAP content below 40% can meet the low-temperature performance requirements of the
mixture. Therefore, given the situation that the RAP content is greater than 40%, it can be
considered to take specific technical measures to adjust and optimize the mixing process
parameters of hot central plant recycling, to promote the degree of blending (DOB) of
RAP asphalt interface recycling to a certain extent. At this time, a slight increase in the
degree of blending (DOB) of the old and new asphalt interface recycling can also play
a significant role in recovering and improving the performance of the low-temperature
cracking resistance of the recycled mixture.

3.3. Fatigue Performance of RAP Mixture

For the recycled asphalt mixture produced under preset mixing process parameters,
the four-point bending fatigue test was carried out by using the UTM-25 servo-hydraulic
multifunctional material test system. The test results are shown in Table 8. The strain
modes are 200, 400, and 600 με, respectively. According to the test results in Table 8, the
changes in fatigue life of recycled mixture with DOB under different RAP contents are
plotted, as shown in Figure 6.

Table 8. Test results of the four-point bending fatigue test.

RAP Content
(%)

RAP
Preheating

Temperature
(◦C)

Mixing
Temperature

(◦C)

DOB
(%)

200 με Fatigue
Lifetime
(Times)

400 με Fatigue
Lifetime
(Times)

600 με Fatigue
Lifetime
(Times)

30 100 150 68.7 354,216 90,349 8573
30 120 165 85.1 363,048 94,817 9894
30 140 180 91.9 366,499 98,006 10,917
30 120 165 100 380,437 99,854 11,425
40 100 165 62.4 232,458 61,063 4919
40 120 180 76.7 236,661 66,205 6094
40 140 150 86.7 238,978 67,946 6144
40 120 165 100 345,267 81,766 6627
50 100 180 36.1 96,527 29,559 926
50 120 150 54.3 91,389 29,737 1414
50 140 165 74.8 96,944 31,749 3482
50 120 165 100 235,818 57,510 3695
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Figure 6. Variation of fatigue lifetimes with the variation of DOB under different RAP contents.

It can be seen from Table 8 that under the same strain conditions, the fatigue times of
each recycled mixture gradually increase with the increase of the mixing state of old and
new asphalts. With the increase of RAP preheating temperature and mixing temperature,
the fatigue times of the mixture also increase. Especially when the RAP content reaches
50%, the fatigue times of the mixture increase obviously, indicating that increasing the RAP
preheating temperature and mixing temperature can improve the fatigue lifetimes of the
recycled mixture. This is because the increase in the mixing state increases the content of
free asphalt in the mixture and improves the adhesion of asphalt to aggregate, indicating
that the increase in the mixing state of old and new asphalt has improved the fatigue
lifetimes of the mixture.

It can also be seen from Figure 6 that when the RAP content is higher, the fatigue
number of the mixture decreases more obviously, indicating that the effect of RAP content
on the fatigue lifetimes of the recycled mixture is more obvious. The fatigue number of the
50% RAP content mixture at 200 με is significantly lower than that of 30% RAP content,
and the greater the strain, the more obvious the decrease. This is because the increase in
RAP content leads to an increase in the content of old asphalt mixed with new asphalt,
which reduces the adhesion of asphalt mortar and reduces the toughness of the recycled
mixture, thus affecting the fatigue performance of the mixture significantly.

In summary, for the recycled mixture with high RAP content, the mixing state of old
and new asphalts in the mixture can be improved as much as possible by changing the
mixing process to improve the fatigue performance of the recycled mixture.
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3.4. Prediction of Low-Temperature and Fatigue Performance of RAP Mixture
3.4.1. Flexural–Tensile Strength

It can be determined from Table 7 that RAP preheating temperature, mixing temperature,
and content influence the low-temperature performance of recycled mixture (excluding
three groups of data with 100% DOB). This section takes RAP content, the RAP preheating
temperature, and mixing temperature as independent variables to analyze the change of
flexural–tensile strength of recycled mixture under three factors. From the experimental data,
RAP preheating temperature, mixing temperature, and RAP content have no clear linear law
on flexural strength, but the interaction of three factors has an impact on flexural strength.
Therefore, nonlinear fitting is considered to predict the bending strength. After many attempts,
the bending strength is fitted by the Levenberg Marquardt method through Matlab software.
The model after multiple fittings is shown in Formula (2).

Y1 = 19.707 − 71.273x1
−1.02 − 10.007x2

0.061

x30.082 (2)

In the formula, Y1 refers to flexural–tensile strength, MPa; x1 refers to RAP content, %;
x2 refers to RAP preheating temperature, ◦C; x3 refers to mixing temperature, ◦C.

The model correlation coefficient R2 = 0.951, indicating that the prediction model can
well reflect the changing trend of the flexural–tensile strength of recycled mixture under
different RAP contents and different construction technologies. It can be determined from
Formula (2) that the higher the RAP content and the mixing temperature are, the greater
the flexural–tensile strength of the recycled mixture is. The higher the RAP preheating
temperature, the smaller the compressive strength, but the overall effect is relatively weak.

3.4.2. Maximum Flexural–Tensile Strain

This section takes RAP content, RAP preheating temperature, and mixing temperature
as independent variables to analyze the change of maximum flexural–tensile strain of the
recycled mixture under the influence of three factors. Since the three factors have no clear
linear influence rules on the maximum flexural–tensile strain, the nonlinear model is also
used for fitting. The model after multiple fittings is shown in Formula (3).

Y2 = 1831.5 − 0.0034x1
3.306 + 3.2833 × 10−9x2

5.144 + 2.52x3
1.236 (3)

In the formula, Y2 refers to flexural-tensile strength, με; x1 refers to RAP content, %; x2
refers to RAP preheating temperature, ◦C; x3 refers to mixing temperature, ◦C.

The correlation coefficient of the model R2 = 0.973 indicates that the prediction model
can well reflect the changing trend of the maximum flexural–tensile strain of recycled
mixture under different RAP contents and different construction technologies. It can be
determined from Formula (3) that the higher the RAP preheating temperature and the
mixing temperature are, the larger the maximum flexural–tensile strain of the recycled
mixture is.

3.4.3. Fatigue Lifetime

In this section, the change of fatigue life of the recycled mixture under 200 με, 400 με, and
600 με strains was analyzed under the influence of three factors, including RAP content, RAP
preheating temperature, and mixing temperature. The nonlinear model is used for fitting, and
the model after multiple fitting is shown in Formulas (4)–(6). Formulas (4)–(6) are fatigue life
prediction models under the strain of 200 με, 400 με, and 600 με, respectively.

L200 = 52490 − 1558.4x1
1.477 + 3087.605x2

0.259x3
0.376 (4)

L400 = 119540 − 153.46x1
1.683 + 161.97x2

0.974 + 0.033x3
2.32 (5)
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L600 = 15220 − 835.53x1
0.841 + 7.179x2

1.348 + 115.96x3
0.721 (6)

In these formulas, L refers to fatigue lifetime, times; x1 refers to RAP content, %; x2
refers to RAP preheating temperature, ◦C; x3 refers to mixing temperature, ◦C.

The correlation coefficients R2 of models (4)–(6) are 0.999, 0.999, and 0.994, respectively,
indicating that these three fatigue prediction models can well reflect the variation trend of
fatigue life of the recycled mixture under different RAP contents and different construction
technologies. These prediction models will be different due to different materials such as
asphalt, RAP, and regenerant. However, the test and prediction methods are similar, and
factors such as mixing time and mixing temperature can also be included in the model in
the follow-up study.

According to these prediction models, in practical engineering applications, if the
RAP content is determined, the bending tensile strength, bending tensile strain, and
fatigue lifetime change diagrams can be plotted at the RAP preheating temperature and
mixing temperature. Based on this diagram, the most suitable RAP preheating and mixing
temperature can be obtained by comprehensively considering the economic cost and actual
performance, thus saving much test time and cost.

4. Conclusions

In this paper, an experimental scheme of three factors and three levels is designed,
and a mathematical calculation method to characterize the interface regeneration and
fusion degree is proposed. The interface regeneration and fusion degree were analyzed
under different RAP content, preheating, and mixing temperatures. Through the beam
bending and four-point bending tests, the low-temperature and fatigue performance of
recycled asphalt mixture under different conditions is evaluated, and its low-temperature
and fatigue performance are predicted. The main conclusions are as follows.

(1) The influence on the DOB of RAP asphalt interface recycling from the highest to the
least is in the order of RAP preheating temperature > RAP content > mixing temperature.
The RAP preheating temperature is the most critical factor that dominates the effective
blending of old and new asphalt. In order to activate the old asphalt in RAP old materials to
the maximum extent possible and effectively improve the degree of blending of RAP asphalt
interface recycling, the RAP preheating temperature should be appropriately increased, and
the mixing temperature should be reasonably increased under the appropriate RAP content.

(2) The overall trend of the maximum flexural–tensile strain of recycled mixture is that
it increases to varying degrees with the increase of DOB. In contrast, the flexural-tensile
strength decreases with increased RAP asphalt interface DOB. When the RAP asphalt
interface DOB reaches the complete fusion situation, the recycled mixture’s maximum
flexural strain and flexural strength under different RAP content are basically consistent.
Under the same strain condition, the fatigue lifetime of each recycled mixture increases
gradually with the increase of the mixing state of old and new asphalt. The influence of RAP
content on the fatigue lifetime of the recycled mixture is relatively apparent, and the greater
the strain is, the more pronounced the reduction is. With the increase of RAP preheating
temperature and mixing temperature, the fatigue lifetime of the mixture increases.

(3) For the recycled mixture with high RAP content, it can be considered to take
specific technical measures to adjust and optimize the process parameters of plant mixing
the hot recycled mixture, and improve the DOB of RAP asphalt, to improve the low-
temperature performance and fatigue performance of recycled mixture. According to
the low-temperature performance and fatigue performance prediction model, in practical
engineering applications, if the RAP content is determined, the bending tensile strength,
bending tensile strain, and fatigue life change diagram can be drawn by RAP preheating
temperature and mixing temperature. According to the diagram, the economic cost and
actual performance can be comprehensively considered to obtain the most suitable RAP
preheating temperature and mixing temperature to save much test time and cost.

247



Polymers 2022, 14, 4520

Author Contributions: J.W. is responsible for data curation, formal analysis, writing—original draft,
and writing—review and editing. H.S. is responsible for methodology and writing—review and
editing. L.W. is responsible for methodology. J.Y. is responsible for conceptualization. S.W. is
responsible for data curation. All authors discussed and contributed to the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This research did not require ethical approval.

Data Availability Statement: Data is contained within this article.

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

References

1. Kim, S.; Sholar, G.A.; Byron, T.; Kim, J. Performance of Polymer-Modified Asphalt Mixture with Reclaimed Asphalt Pavement.
Transp. Res. Rec. J. Transp. Res. Board 2009, 2126, 109–114. [CrossRef]

2. Yang, L.Y.; Tan, Y.Q.; Liu, H.; Li, E.G. Research and Application of Warm Recycled Asphalt Mixture. Adv. Mater. Res. 2012,
446–449, 2412–2417. [CrossRef]

3. Jamshidi, A.; White, G. Evaluation of Performance and Challenges of Use of Waste Materials in Pavement Construction: A Critical
Review. Appl. Sci. 2019, 10, 226. [CrossRef]

4. Martišius, M. Reclaimed Asphalt Usage: Handling, Processing, Management and Future Trends in Lithuania. In Proceedings of
the 5th International Symposium on Asphalt Pavements & Environment (APE), Padua, Italy, 11–13 September 2019; pp. 294–302.

5. Montañez, J.; Caro, S.; Carrizosa, D.; Calvo, A.; Sánchez, X. Variability of the mechanical properties of Reclaimed Asphalt
Pavement (RAP) obtained from different sources. Constr. Build. Mater. 2020, 230, 116968. [CrossRef]

6. Yan, Y.; Roque, R.; Hernando, D.; Chun, S. Cracking performance characterisation of asphalt mixtures containing reclaimed
asphalt pavement with hybrid binder. Road Mater. Pavement Des. 2017, 20, 347–366. [CrossRef]

7. Al-Qadi, I.L.; Elseifi, M.; Carpenter, S.H. Reclaimed Asphalt Pavement—A Literature Review; Research Report FHWA-ICT-07-001;
Illinois Center for Transportation: Champaign, IL, USA, 2007; Available online: http://hdl.handle.net/2142/46007 (accessed on
14 July 2022).

8. Jeong, K.-D.; Lee, S.-J.; Kim, K.W. Laboratory evaluation of flexible pavement materials containing waste polyethylene (WPE)
film. Constr. Build. Mater. 2011, 25, 1890–1894. [CrossRef]

9. Zhang, Q.; Goh, S.W.; You, Z.P. Study on Dynamic Modulus of Waste Plastic Modified Asphalt Mixture Using Waste Plastic Bag
Chips. Adv. Mater. Res. 2011, 261–263, 824–828. [CrossRef]

10. Bressi, S.; Cavalli, M.C.; Partl, M.N.; Tebaldi, G.; Dumont, A.G.; Poulikakos, L.D. Particle clustering phenomena in hot asphalt
mixtures with high content of reclaimed asphalt pavements. Constr. Build. Mater. 2015, 100, 207–217. [CrossRef]
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Abstract: The present research is carried out to inspect the influence of nano-OvPOSS (octavinyl
oligomeric silsesquioxane) with different particle sizes on styrene-butadiene-styrene (SBS) modified
asphalt through the method of molecular dynamics simulation. This nanomaterial is investigated
for the first time to be used in asphalt modification. With the construction of modified asphalt
simulation models and the analysis of their mixing energy, radius of gyration (Rg), radial distribution
function (RDF), ratio of free volume (RFV), heat capacity, bulk modulus, and shear modulus, this
study elucidates the influence of nano-OvPOSS on the compatibility between SBS and asphalt, on the
structure of SBS as well as that of asphalt molecules and on the temperature stability and mechanical
properties of SBS modified asphalt. The results show that nano-OvPOSS not only is compatible with
SBS as well as with asphalt, but also is able to improve the compatibility between SBS and asphalt.
Nano-OvPOSS is able to reinforce the tractility of branched chains of SBS and make SBS easier to
wrap the surrounding asphalt molecules. The free movement space of molecules in the SBS modified
asphalt system also shrinks. Moreover, the addition of nano-OvPOSS into SBS modified asphalt
results in higher heat capacity, bulk modulus, and shear modulus of modified asphalt. All of these
effects contribute to a more stable colloidal structure as well as more desirable temperature stability
and deformation resistance of the modified asphalt system. The overall results of the study show
that nano-OvPOSS can be used as a viable modifier to better the performance of conventional SBS
modified asphalt.

Keywords: nano-OvPOSS; SBS; modified asphalt; compatibility; structure; mechanical properties

1. Introduction

Polymer modifiers are widely used to improve the properties of asphalt to obtain
low-temperature crack resistance, high-temperature rutting resistance, and fatigue resis-
tance [1–4]. Styrene-butadiene-styrene (SBS), a kind of thermoplastic elastomer, is univer-
sally employed as an asphalt modifier. SBS modified asphalt is characterized as neither
being viscous when heated nor being fragile when cooled, which is of great plasticity and
property of aging resistance [5–7]. It has been found that the properties of the modified
asphalt are closely related to the amount of SBS, considering that it has a close relation
with the microstructure of the SBS modified asphalt. With a small amount, SBS disperses
evenly in the asphalt in the form of dispersion medium. As the amount increases, cross-
linked SBS networks are synthesized, forming the ideal microstructure of polymer-modified
asphalt—the interlock network structure—thereby improving the mechanical and rheologi-
cal properties of asphalt. The amount of SBS added into the asphalt is normally lower than
10% [8–10].

Generally, SBS modified asphalt still needs some improvements. Due to the relatively
large difference in solubility and density between SBS and asphalt, this type of system
is thermodynamically unstable and a phase separation (SBS-rich phase and asphalt-rich
phase) is prone to occur under the influence of gravitational fields [11,12]. Meanwhile,
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its susceptibility to degradation and aging under the influence of sunlight, oxygen, and
heat significantly also minimizes its positive effect on asphalt [13–15]. To meet all-round
requirements of asphalt modifier, the composite modification method is carried out in
which nanomaterial is added with polymer to modify asphalt, which not only makes
good use of the skeleton structure of nanomaterial, but also gives full play to polymer’s
advantages [16].

Various studies conducted previously have provided positive proof that the addition
of nanomaterials to SBS modified asphalt is able to better the performance of SBS modified
asphalt. Han et al. [17–20] researched nano-montmorillonite/SBS composites modified as-
phalt and discovered that the addition of nano-montmorillonite improves the properties of
SBS in high or low temperature and effectively prevents the dissociation situation and at the
same time refines the ageing resistance of asphalt. Yet, these studies have only investigated
macroscopic properties without the exploring modification mechanism from the molecular
level. In 2005, Ouyang et al. [21] studied SBS/Kaolin clay composites modified asphalt
and found that Kaolin clay can efficaciously adjust the density difference between SBS and
asphalt so that the gathering trend of the SBS particles is slowed. However, as is mentioned
in their study, Kaolin clay plays an insignificant role in improving the mechanical properties
of asphalt. In 2016, Rezaei et al. [22] discovered that the dynamic shear modulus and rutting
resistance factor of compound modified asphalt become prominently higher because of
the addition of nano-SiO2/SBS. However, this research was limited to only studying the
rheological properties of the influence of nano-SiO2/SBS on asphalt. In 2020, Su et al. [23]
used the molecular dynamics method to study nano-ZnO/SBS compound modified asphalt
and found that the addition of nano-ZnO ameliorates the property of SBS modified asphalt
in high temperature as well as the shear-resistant property of SBS modified asphalt. What
is worth mentioning is that these studies all adopted the kind of nanomaterial that is either
metal oxide material or non-metal oxide material, which in fact is unfavorably compatible
with asphalt and easy to aggregate in the asphalt system. Thus, despite the fact that the
performance of modified asphalt is improved, some negative situations such as the less
desired compatibility of nanomaterial with asphalt and the aggregation of nanomaterial in
asphalt systems are very likely to occur at the same time.

To offset such deficiency, POSS (polyhedral oligomeric silsesquioxane), a kind of
organic-inorganic nanohybrid material possessing both the properties of organic and
inorganic materials, was explored as an asphalt modifier in this study in an attempt to
avoid the occurrence of the above-mentioned unfavorable situations and at the same time
better the performance of modified asphalt on the whole. This kind of nanomaterial was
inspected for the first time in the field of asphalt modification.

POSS was first synthesized in 1946 by Scott [24]. Afterwards, many kinds of POSS
were prepared and utilized, such as OvPOSS, CpPOSS, and CyPOSS [25–30]. Composed
of silicon and oxygen and with a cage-like skeleton structure whose surface is covered
by organic groups, POSS is easy to functionalize by changing the organic groups, which
bolsters up its miscibility with asphalt and allows for extra convenience of its incorporation
into polymer through blending. Moreover, after the hybrid reaction between the polymer
and POSS, the properties of the oxidation resistance, flame retardancy, and aging resistance
of the polymer are consolidated [31–34].

Nano-OvPOSS (octavinyl oligomeric silsesquioxane), containing a vinyl group that is
also a common organic group in SBS, was selected as the study object in this research owing
to its similarity in structure with SBS so that the reciprocal effect between nano-OvPOSS and
SBS in the modified asphalt system can be smoothed [9,28,31]. The effect of nano-OvPOSS
on the compatibility, structure, and properties of SBS modified asphalt was investigated us-
ing the molecular dynamics (MD) simulation method presenting corresponding molecular
models of asphalt materials on the basis of experimental data. The MD method is based on
Newton’s law and predicts the macroscopic performance of materials by calculating the
intra- and intermolecular interactions. Properties derived from the simulation algorithm
are similar to those of real asphalt. In this study, the structure-property relationship in the
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organic-inorganic asphalt blends was analyzed by MD simulation which is intended to
bridge the microscopic mechanism and macroscopic properties of materials in the field of
asphalt modifier research.

In a nutshell, through MD simulation method, a series of modified asphalt models
were constructed and the mixing energy, radius of gyration (Rg), radial distribution function
(RDF), ratio of free volume (RFV), the heat capacity, the bulk modulus, and shear modulus
were utilized in this research to analyze the compatibility, molecular structure, temperature
stability, and mechanical properties of modified asphalt system, with the intention of
gaining a brief glimpse of the application of nano-OvPOSS in modified asphalt system.

2. Simulation Models

2.1. Molecular Model of Matrix Asphalt

This study underwent a separation test to obtain the proportion of the four components
of the asphalt simulation model. The PG 64-16 matrix asphalt, which is common in the
construction of asphalt pavement in China, was used for the separation test. The physical
properties of matrix asphalt are shown in Table 1. According to ASTM D4124 standard,
the separation test was carried out, and the four components of asphalt were defined as
asphaltene, resin, saturate, and aromatic. The separation test results are listed in Table 2.

Table 1. Physical properties of PG64-16 matrix asphalt.

Properties Test Results Test Standard

Penetration (0.1 mm) (25 ◦C, 100 g, 5 s) 73.3 ASTM D5-06
Softening point (◦C) 47.5 ASTM D36-06

Ductility (cm) (5 cm/min, 10 ◦C) 67.2 ASTM D113-07

Table 2. Separation test results of PG64-16 matrix asphalt.

Parameter Asphaltene Resin Saturate Aromatic

Weight (g) 0.074 0.278 0.222 0.386
Percent (%) 7.71 28.96 23.13 40.20

The four components of asphalt model were constructed with reference to the results
conducted by Hansen et al. [35]. From the separation test results of matrix asphalt, the ratio
of each molecule in asphalt simulation system was calculated, as is listed in Table 3. The
four components of matrix asphalt and the constructed matrix asphalt simulation model
are shown in Figure 1.

Table 3. The information about molecular models of four asphalt components.

Name
Chemical
Formula

Number of
Molecules

Number of
Atoms

Content (%)

Asphaltene C64H52S2 2 236 7.34
Resin C41H54S 12 1152 28.81

Saturate C22H46 18 1224 23.17
Aromatic C24H28 31 1612 40.68
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Figure 1. Molecular structure models of four asphalt components and matrix asphalt (carbon atoms
are gray, sulfur atoms are yellow, and hydrogen atoms are white).

2.2. Molecular Model of Nano-OvPOSS

Using the cluster building tool, nanoclusters with three different sphere diameters
were built, that are 5 Å, 7 Å, and 9 Å. The sphere diameters of nanoclusters are referred to
as the size of nanoclusters in this research. The parameters of OvPOSS are listed in Table 4.
The constructed nano-OvPOSS nanoclusters with three kinds of diameters are shown in
Figure 2.

Table 4. The parameters of OvPOSS.

Parameter Results

Molecular formula C16H24O12Si8
Molecular weight 633
Density (g/cm3) 1.22

Melting point (◦C) >350
Flash point (◦C) 148.4

Toxicity Non-toxic

 

Figure 2. OvPOSS nanoclusters with different sizes: (a) 5 Å; (b) 7 Å; (c) 9 Å (silicon atoms are orange
and oxygen atoms are red).

2.3. Molecular Model of Linear SBS

The linear SBS, derived from styrene and 1,3-butadienem (Figure 3), was used in this
research, whose molecular formula and molecular model are shown in Figures 4 and 5.
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Figure 3. Monomer molecular models: (a) styrene; (b) 1,3-butadiene.

Figure 4. Molecular formula of linear SBS.

 

Figure 5. Molecular model of linear SBS.

2.4. Molecular Model of Nano-OvPOSS/SBS Modified Asphalt

The nano-OvPOSS/SBS modified asphalt models with different nano-OvPOSS diame-
ters were constructed by Amorphous cell module, as is shown in Figure 6. In most of SBS
modified asphalt experiments, the dosage of SBS was often chosen to be around 5% [4–6,36].
In this research, the dosage of SBS was chosen to be 4.699%, which was able to ensure the
successful building of the OvPOSS/SBS modified asphalt model with one SBS molecule.
Through several trials, it was found that if two SBS molecules were added to build the
OvPOSS/SBS modified asphalt model, the content of SBS turned out to be 8.975%, which is
much more than the commonly used dosage (5%). Meanwhile, the dosage of nano-OvPOSS
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was chosen to be 9.054% to meet the least amount requirement for the model construction
of nano-OvPOSS/SBS modified asphalt. Detailed information is shown in Table 5.

 

Figure 6. Nano-OvPOSS/SBS modified asphalt models with different nano-OvPOSS diameters:
(a) 5 Å nano-OvPOSS; (b) 7 Å nano-OvPOSS; (c) 9 Å nano-OvPOSS.

Table 5. Detailed information of modified nano-OvPOSS/SBS asphalt system.

Name Chemical Formula Content (%)

Asphaltene C64H52S2 6.331
Resin C41H54S 24.842

Saturate C22H46 19.992
Aromatic C24H28 35.082
OvPOSS C16H24O12Si8 9.054

SBS C100H112 4.699

3. MD Simulation Theory and Method

3.1. Simulation Task
3.1.1. Mixing Energy

According to the Flory–Huggins model, the expression of free energy of mixing of a
binary system can be expressed as Equations (1) and (2):

ΔG
RT

=
φb
nb

lnφb +
φs

ns
lnφs + xφbφs (1)

x =
Emix
kBT

(2)

where ΔG is the free energy of mixing; R is the gas constant; T is the temperature; φi is the
volume fraction of i; ni is the degree of polymerization of i; Emix is the mixing energy; x is
the interaction parameter; and kB is the Boltzmann constant.

In the traditional Flory–Huggins model, each component occupies a lattice site. For a
lattice with coordination number Z, the mixing energy is calculated by Equation (3):

Emix =
1
2

Z(Ebs + Esb − Ebb − Ess) (3)

where Eij is the binding energy between a unit of component i and a unit of component j.

3.1.2. Rg

Rg is used to reflect the changes of the shape of polymer molecular. The expression of
Rg is shown in Equation (4).

Rg =

(
∑ r2m
∑ m

) 1
2

(4)
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where r is the distance; m is the molecular mass.

3.1.3. RDF

RDF can be calculated by the ratio of regional density to the average density of the
system, the expression of RDF is shown in Equation (5).

g(r) =
dN

ρ4πr2dr
(5)

where g(r) is the RDF; N is the total number of atoms; ρ is the density of system; r is the
distance.

3.1.4. RFV

Free volume is the unoccupied space between molecules. RFV is the parameter to
express the percentage of the volume not occupied by molecules, which can be calculated
by Equation (6).

RFV =
Vf

Vf + Vo
× 100% (6)

where Vf is the free volume; Vo is the occupied volume.

3.2. Simulation Method

The asphalt models with three dimensional periodic conditions were built according to
related parameters by the Amorphous cell tool. The geometry optimization was employed
to optimize the structure of model, and then the dynamic process for 2000 ps was employed
to ensure a stable asphalt molecular configuration. To obtain the true global potential
energy minimum configuration, the anneal process was used to overcome the migration
energy barrier in the modified asphalt system. In this process, the prepared asphalt models
were initially heated up to 500 K and then cooled to 298 K, and this anneal process was
carried out four times for a total of 2000 ps. After these relaxation procedures, the geometry
optimization was conducted for a second time, then the molecular dynamic process with the
NPT ensemble for 1000 ps at 298 K was followed. This molecular dynamic process generated
various equilibrium models to be used for subsequent studies. The time step is 1.0 fs. The
COMPASS force field [37,38] was adopted to describe the atomistic interactions. The
temperature and pressure of the molecular dynamic system were controlled by Nose [39]
thermostat and Berendsen [40] barostat separately, and the decay constant of temperature
control method and pressure control method were both 0.1 ps.

3.3. Model Validation

The accuracy of simulation models and methods can be verified through two important
indicators—density and energy. Thus, these two indicators of SBS modified asphalt system
and nano-OvPOSS/SBS modified asphalt systems were studied. Figure 7 shows the density
and the energy of the four asphalt systems as a function of simulation time. The density
and the energy of the four systems can be seen in this study to have reached the equilibrium
state within 1000 ps. The dynamic results of the last 600 ps (400–1000 ps) were chosen as
the data reference for subsequent calculation, during which time the density profile and the
energy profile were able to reach a stable state. It can be seen that the separate addition of
the three kinds of nano-OvPOSS increased the density of the SBS modified asphalt system
and decreased the total energy of the SBS modified asphalt system.
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Figure 7. Model validation parameters: (a) density; (b) energy.

4. Results and Discussion

4.1. Compatibility Analysis

The eight vinyl groups of nano-OvPOSS endow this nanomaterial with distinctive
potential to be compatible with polymer. This can be supported by the molecular dynamics
method that simulates the probability distribution of the mixing energy of SBS with nano-
OvPOSS of three different particle sizes, the mixing energy of four asphalt components with
nano-OvPOSS of three different particle sizes, and the effect of nano-OvPOSS on the mixing
energy of SBS with asphalt. The compatibility analysis is based on the Flory–Huggins
model [41–45]. Details are as the following.

4.1.1. The Compatibility of Nano-OvPOSS with SBS

Nano-OvPOSS was used as the screen and SBS as the base. The probability distribu-
tions of mixing energy of SBS with nano-OvPOSS (5 Å, 7 Å, and 9 Å) were calculated by
using Blends tool, as is shown in Figure 8. For further clarification, study of the mixing
energy of SBS with traditional nanomaterials of SiO2, ZnO, and TiO2 (4.4 Å) was cited in
this part to facilitate the comparison, which is shown in Figure 9.

 

Figure 8. The probability distribution of mixing energy of nano-OvPOSS with SBS: (a) 5 Å nano-
OvPOSS; (b) 7 Å nano-OvPOSS; (c) 9 Å nano-OvPOSS.

 

Figure 9. The probability distribution of mixing energy of traditional nanomaterials with SBS: (a) SiO2;
(b) ZnO; (c) TiO2.

256



Polymers 2022, 14, 4121

It can be seen that the curves of Ebb (base–base), Ebs (base–screen), and Ess (screen–
screen) of SBS with nano-OvPOSS (5 Å, 7 Å, and 9 Å) in Figure 8 are very similar to
each other. In contrast, the curves of that of SBS with SiO2, ZnO, and TiO2 (4.4 Å) in the
three respective pictures in Figure 9 are obviously different from each other. Generally,
the similarity of the curves of Ebb, Ebs, and Ess reflects the degree of the compatibility of
two materials. It is usually accepted that the more similar the probability distributions
of Ebb, Ebs, and Ess of two materials are, the better the compatibility of the two materials
is. Therefore, the above simulation results show that nano-OvPOSS has desirable compat-
ibility with SBS while SiO2, ZnO, and TiO2 do not. Obviously, nano-OvPOSS, which is
organic-inorganic, outperforms traditional nanomaterials SiO2, ZnO, and TiO2, which are
metal oxide or non-metal oxide, in its compatibility with SBS. This demonstration of poor
compatibility of SBS with SiO2, ZnO, and TiO2 is ascribed to their total difference from
polymer (SBS) in the structure and composition, while nano-OvPOSS is endowed with
desired performance of compatibility thanks to its similar structure and composition with
polymer (SBS) in accordance with the similar dissolve mutually theory.

4.1.2. The Compatibility of Nano-OvPOSS with Four Asphalt Components

Nano-OvPOSS was used as the screen, and four asphalt components as the base. The
probability distributions of mixing energy of nano-OvPOSS (5 Å, 7 Å, and 9 Å) with the
four asphalt components were calculated as is shown in Figure 10. Figure 10a represents
the probability distribution of mixing energy of asphaltene with 5 Å nano-OvPOSS, 7 Å
nano-OvPOSS, and 9 Å nano-OvPOSS; subsequently, Figure 10b–d show the probability
distribution of mixing energy of resin with 5 Å nano-OvPOSS, 7 Å nano-OvPOSS, and
9 Å nano-OvPOSS, the probability distribution of mixing energy of saturate with 5 Å
nano-OvPOSS, 7 Å nano-OvPOSS, and 9 Å nano-OvPOSS, and the probability distribution
of mixing energy of aromatic with 5 Å nano-OvPOSS, 7 Å nano-OvPOSS, and 9 Å nano-
OvPOSS, respectively.

In comparison with Figure 9, each of the twelve pictures of Figure 10 shows obvious
similarity of Ebb, Ebs, and Ess with each other, which means 5 Å nano-OvPOSS, 7 Å nano-
OvPOSS, and 9 Å nano-OvPOSS are favorably compatible with the four components of
asphalt.

As is shown in the four pictures of 5 Å nano-OvPOSS with asphaltene, resin, saturate,
and aromatic, the three curves of Ebb, Ebs, and Ess in each picture express the most favorable
similarity with each other, which are compared with the respective four pictures of 7 Å
nano-OvPOSS with asphaltene, resin, saturate, and aromatic as well as with the respective
four pictures of 9 Å nano-OvPOSS with asphaltene, resin, saturate, and aromatic. It can be
concluded that 5 Å nano-OvPOSS has the most favorable compatibility with asphaltene,
resin, saturate, and aromatic when compared with 7 Å nano-OvPOSS and 9 Å nano-
OvPOSS.

Meanwhile, Figure 10a,d express clear variation from similarity to difference of the
three curves of Ebb, Ebs, and Ess with the particle size of nano-OvPOSS increasing from
5 Å to 9 Å. Conclusions can be drawn that the compatibility between nano-OvPOSS and
asphaltene as well as the compatibility between nano-OvPOSS and aromatic are influenced
to a large extent by the particle size of nano-OvPOSS. The smaller the particle size of
nano-OvPOSS is, the better the compatibility with asphaltene and aromatic is.
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Figure 10. The probability distribution of mixing energy of nano-OvPOSS (5 Å OvPOSS, 7 Å OvPOSS,
and 9 Å OvPOSS) with four asphalt components: (a) asphaltene; (b) resin; (c) saturate; (d) aromatic.

4.1.3. The Effect of Nano-OvPOSS on the Compatibility of SBS Modified Asphalt

The asphalt blends were used as the screen and SBS as the base. Figure 11a shows the proba-
bility distribution of mixing energy of matrix asphalt/SBS without nano-OvPOSS; Figure 11b–d
show the probability distribution of mixing energy of 5 Å nano-OvPOSS/asphalt/SBS, 7 Å
nano-OvPOSS/asphalt/SBS, and 9 Å nano-OvPOSS/asphalt/SBS, respectively. As can be seen
from Figure 11a, the probability distribution curves of Ebb, Ebs, and Ess of matrix asphalt/SBS
are very similar to each other, which signifies that SBS has good compatibility with asphalt.
The similarity of the curves of Ebb, Ebs, and Ess of 5 Å nano-OvPOSS/asphalt/SBS can also be
found in Figure 11b. Such similarity indicates the compatibility between SBS and asphalt
are not changed by the addition of nano-OvPOSS and 5 Å nano-OvPOSS/asphalt/SBS are
compatible with each other. The same conclusion can also be drawn from Figure 11c that
7 Å nano-OvPOSS/asphalt/SBS are compatible with each other and from Figure 11d that
9 Å nano-OvPOSS/asphalt/SBS are compatible with each other.
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Figure 11. The probability distribution of mixing energy of SBS with asphalt blends: (a) matrix
asphalt/SBS; (b) 5 Å nano-OvPOSS/asphalt/SBS; (c) 7 Å nano-OvPOSS/asphalt/SBS; (d) 9 Å nano-
OvPOSS/asphalt/SBS.

The quantitative analysis of the effect of nano-OvPOSS on the compatibility of SBS
modified asphalt can be taken from Figure 12 which expresses the compatibility indicator
Emix of modified asphalt. If the absolute value of Emix is the smallest, the compatibility
of two materials is the best. It can be seen from Figure 12 that the absolute value of Emix
of 5 Å nano-OvPOSS/asphalt/SBS is the lowest and that of SBS/asphalt is the highest.
Moreover, as the particle size of nano-OvPOSS becomes larger, the absolute values of Emix
of (5 Å, 7 Å, and 9 Å) nano-OvPOSS/SBS/asphalt increase sequentially. The results show
that nano-OvPOSS is able to improve the compatibility between SBS and asphalt, thus
easing off the phase separation and guaranteeing SBS modified asphalt a more stable state.
Moreover, 5 Å nano-OvPOSS displays the best performance in improving the compatibility
between SBS and asphalt.

 

Figure 12. Compatibility indicator Emix of modified asphalt.

The eight ethylene organic branches of nano-OvPOSS are capable of interacting with
the active groups of polymers, which is why nano-OvPOSS is able to improve the compat-
ibility between SBS and asphalt. It is well accepted that the outstanding performance of
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nanomaterial, such as their large specific surface area and high strain resistance, attributes
to their unique small size [46–48]. It is also accepted that the smaller the size of nanoma-
terial, the larger their specific surface area will be. Therefore, the smallest particle size of
nano-OvPOSS in this study, 5 Å nano-OvPOSS, has the largest contact range with polymer
molecules, which gives it the best compatibility between SBS and asphalt compared with
7 Å nano-OvPOSS and 9 Å nano-OvPOSS.

The validation of the favorable compatibility between the organically processed nano-
materials and asphalt has actually been confirmed previously by several related experi-
ments. In 2020, Fanourakis et al. [49] found that the solubility of the organically treated
oxide MoO3 in organic matter was improved, and its aggregation behavior was signif-
icantly reduced. In 2020, Zhang et al. [50,51] used a high-temperature storage stability
test to estimate the compatibility between nanomaterial and asphalt. They found that
after organic modification, the ΔS were further reduced to 0.5 ◦C in ODBA-REC (octadecyl
dimethyl benzyl ammonium chloride-rectorite) modified asphalt since the benzyl chain
in ODBA increases the adsorption effect of asphalt molecules on individual REC layers,
thereby contributing to the desired compatibility between the ODBA-REC and asphalt. In
this study, that nano-OvPOSS is viable in improving the compatibility with asphalt not only
can be confirmed by the MD studies stated and analyzed above, but also can be drawn from
its structural advantages. Basically, the structural equivalence guarantees the compatibility
of different materials. Nano-OvPOSS is capable of displaying desired compatibility with
SBS as well as with asphalt because it possesses both the properties of organic material and
those of inorganic material as an organic-inorganic nano-hybrid material. Furthermore, it
can improve the compatibility between SBS and asphalt in the meantime. Consequently,
nano-OvPOSS outperforms the traditionally used nanomaterials such as SiO2, ZnO, and
TiO2 as an ideal asphalt modifier when taking the promotion of the compatibility with
polymer into account.

4.2. Influence of Nano-OvPOSS on the Structure of SBS Modified Asphalt
4.2.1. Influence of Nano-OvPOSS on Rg of SBS

Rg is often used to characterize the dynamic trajectory of flexible systems for molecular
systems. A small Rg indicates the polymer is relatively compact, meaning throughout its
trajectory the polymer spends most of its time as a folded structure. Figures 13 and 14
present respectively the changes of Rg and structures of SBS before and after the addition
of nano-OvPOSS with different particle sizes into SBS modified asphalt. As is shown,
without nano-OvPOSS, the Rg peak position of SBS is 7.28 Å and the width of Rg peak is
0.33 Å. With the separate addition of nano-OvPOSS with three different particle sizes, the
Rg peak position of SBS shifts to 7.15 Å, 6.91 Å, and 7.20 Å. It reveals that the addition
of nano-OvPOSS leads to the collapse of SBS molecule and increases the compactness
of SBS. It is also notable that the 7 Å nano-OvPOSS has a more discernible effect on the
compactness of SBS.

On the one hand, the SBS chain collapses in a crowded environment after the addition
of nano-OvPOSS; on the other hand, the different shapes of the crowded particles bring out
the different structures of SBS after the collapse [52], as is shown in Figure 14. Notably, the
Rg peak width of SBS is narrowed to 0.31 Å, 0.26 Å, and 0.29 Å, respectively. The decrease of
the peak width indicates that SBS branched chain reinforces its tractility and becomes easier
to wrap the surrounding asphalt molecules after the addition of nano-OvPOSS, which
promotes its attraction of the surrounding asphalt molecular [23].
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Figure 13. Rg of SBS in different modified asphalt systems.

 

Figure 14. Structure of SBS in different modified asphalt systems: (a) SBS modified asphalt; (b) 5 Å
nano-OvPOSS/SBS modified asphalt; (c) 7 Å nano-OvPOSS/SBS modified asphalt; (d) 9 Å nano-
OvPOSS/SBS modified asphalt.

4.2.2. Influence of Nano-OvPOSS on RDF of SBS Modified Asphalt

The RDF is a measure of the relative probability of finding a particle at a distance r
from a reference particle, and it mainly characterizes the packing state of atoms and the
distance between atoms. To study the influence of nano-OvPOSS on RDF of atoms in SBS
modified asphalt system, a carbon atom and hydrogen atom were selected as reference and
selection for research. Figure 15 shows the RDF of atoms in a SBS modified asphalt system
before and after the addition of nano-OvPOSS (5 Å, 7 Å, and 9 Å).
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Figure 15. RDF of atoms in four modified asphalt systems: (a) SBS modified asphalt; (b) 5 Å Ov-
POSS/SBS modified asphalt; (c) 7 Å OvPOSS/SBS modified asphalt; (d) 9 Å OvPOSS/SBS modified
asphalt.

According to Figure 15, before the addition of nano-OvPOSS, the curve of RDF has
the first peak at 1.11 Å, representing the distance between carbon atom and hydrogen
atom in the system; the second peak of the curve of RDF is at 1.41 Å, representing the
distance between carbon atoms in the system; the third peak of the curve of RDF is at 1.77 Å,
representing the distance between hydrogen atoms in the system. After adding 5 Å, 7 Å,
and 9 Å nano-OvPOSS separately, the positions of the first peak, second peak, and third
peak of the curve of RDF remain unchanged, which means the addition of nano-OvPOSS
has no influence on the chemical structure of SBS modified asphalt system. On the other
hand, before the addition of nano-OvPOSS, the intensity of the first peak, second peak, and
third peak of SBS modified asphalt system is 20.51%, 11.67%, and 3.29%, respectively. With
the addition of 5 Å nano-OvPOSS, the intensity increases to 21.70%, 12.24%, and 3.44%
respectively; with the addition of 7 Å nano-OvPOSS, the intensity increases to 21.52%,
12.09%, and 3.35%; with the addition of 9 Å nano-OvPOSS, the intensity increases to 21.67%,
12.17%, and 3.41%. These increments suggest that the atomic packing density of C-H,
C-C, and H-H is enhanced because of the addition of nano-OvPOSS. Among them, 5 Å
nano-OvPOSS results in the most prominent effect in enhancing the atomic packing density.
Such strengthened interaction between atoms in asphalt molecules is basically derived
from the interaction of the eight vinyl groups of nano-OvPOSS with asphalt molecules.

4.2.3. Influence of Nano-OvPOSS on RFV of SBS Modified Asphalt

Free volume theory has been applied to predict the variation of viscosity and diffusivity
of polymeric materials [53,54]. If the free volume fraction of asphalt reduces, its fluidity
declines and thus its viscosity becomes higher, which in turn fortifies the deformation
resistance of asphalt. Figure 16 describes the RFV of modified asphalt system in which
the value of nano-OvPOSS/SBS modified asphalt of different nano-OvPOSS particle sizes
(5 Å, 7 Å, and 9 Å) decreases by 3.39%, 5.85%, and 3.13% after the addition of nano-
OvPOSS. This indicates that the free movement space of molecules in the modified asphalt
system shrinks and the fluidity is hindered, so the addition of nano-OvPOSS increases the
viscosity and enhances the deformation resistance of asphalt. This beneficial influence of
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nano-OvPOSS also derives from its unique structure of eight vinyl groups as an organic-
inorganic nanohybrid material, because of which nano-OvPOSS reinforces its combination
with molecules in asphalt system, boosts the non-bonding interactions between molecules,
and then constructs a stable structural asphalt system. Notably, the 7 Å nano-OvPOSS
performs better in reducing the RFV than 5 Å nano-OvPOSS and 9 Å nano-OvPOSS.

Figure 16. RFV of modified asphalt systems.

4.3. The Effect of Nano-OvPOSS on the Temperature Stability of SBS Modified Asphalt

Heat capacity is defined as the amount of heat energy required to raise the temperature
of a given quantity of matter by one degree Celsius. The larger the heat capacity, the more
heat it absorbs. Therefore, the laws of thermodynamics are used to design new processes for
reactions that would have high efficiency. In this study, the isochoric specific heat capacity
(Cv) of modified asphalt systems was simulated at room temperature. The simulation
results of Cv are shown in Figure 17. It can be seen that the results of the Cv of the three
nano-OvPOSS/SBS modified asphalt systems are basically the same (because of the same
addition content of nano-OvPOSS), and all are obviously higher than that of SBS modified
asphalt. This simulation result shows that the nano-OvPOSS improves the Cv of SBS
modified asphalt, which suggests nano-OvPOSS/SBS modified asphalt system has better
temperature stability. That is to say, the addition of nano-OvPOSS is able to alleviate the
thermodynamic instability of SBS modified asphalt, which is mainly because the inorganic
body of nano-OvPOSS is capable of absorbing more heat.

 

Figure 17. The isochoric specific heat capacity of modified asphalt.

4.4. The Effect of Nano-OvPOSS on the Mechanical Properties of SBS Modified Asphalt

The bulk modulus and shear modulus were simulated to investigate the effect of
nano-OvPOSS on the mechanical properties of SBS modified asphalt. The results are shown
in Figure 18. As can be seen, compared with SBS modified asphalt, the bulk modulus of
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nano-OvPOSS/SBS modified asphalt with different nano-OvPOSS particle size (5 Å, 7 Å,
and 9 Å) increases by 30.15%, 47.11%, and 50.57%, respectively, and the shear modulus of
these asphalt blends increases by 32.58%, 49.15%, and 57.11%, respectively. Thus, nano-
OvPOSS has a positive effect on the two moduli of SBS modified asphalt. Such increment
helps to equip asphalt with better mechanical properties and exceptional ability to resist
deformation, thereby bringing out the desired performance in asphalt pavement. These
simulation results are in agreement with laboratory test results [36]. In addition, the
maximum values of bulk modulus and shear modulus of nano-OvPOSS/SBS modified
asphalt are both obtained when the particle size of nano-OvPOSS is 9 Å. Therefore, the
combination of 9 Å nano-OvPOSS and SBS in modifying asphalt is able to acquire the best
deformation resistance ability of asphalt.

Figure 18. Physical modulus of different modified asphalt systems.

5. Conclusions

In this research, the influence of nano-OvPOSS with different particle sizes on SBS
modified asphalt was inspected through the MD method. Conclusions are the following.

• Nano-OvPOSS is compatible with SBS as well as with four asphalt components, and
is also able to improve the compatibility between SBS and asphalt. This is because
the eight ethylene organic branches of nano-OvPOSS are capable of interacting with
the active groups of polymers. Furthermore, 5 Å nano-OvPOSS has better ability to
improve the compatibility between SBS and asphalt than 7 Å nano-OvPOSS and 9 Å
nano-OvPOSS since it has the larger contact range with polymer molecules.

• The addition of nano-OvPOSS enhances the inter atomic bonding strength of asphalt
component molecules. Meanwhile, it can reinforce the tractility of branched chains
of SBS and make SBS easier to wrap and adsorb the surrounding asphalt molecules.
Moreover, the free movement space of molecules in the SBS modified asphalt system
declines. All of these effects result in a more stable colloidal structure of asphalt.

• The improvement of the Cv of SBS modified asphalt suggests that nano-OvPOSS/SBS
modified asphalt system has better temperature stability. The reason why the addition
of nano-OvPOSS is able to alleviate the thermodynamic instability of SBS modified
asphalt is that the inorganic body of nano-OvPOSS is capable of absorbing more heat.

• The nano-OvPOSS modifier has a positive effect on bulk modulus and shear modulus
of SBS modified asphalt, which renders better mechanical properties and deformation
resistance of SBS modified asphalt in asphalt pavement.

• The overall results of the study prove the feasibility of nano-OvPOSS as an ideal
asphalt modifier to attain a well-rounded performance of conventional SBS modified
asphalt. As a functional material, POSS is capable of changing its eight substituents
to realize more functions, one of which is nano-OvPOSS. Hence, the complexity and
diversity of the structures of POSS allow for quite a few possibilities of its application in
the field of modified asphalt. It is earnestly anticipated that more and more modifiers
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taking the advantage of POSS can be explicitly explored by many a researcher in the
near future.
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Abstract: This paper aims to study the interaction mechanism of waste tire/plastic modified asphalt
from the microscopic perspective of molecules. Based on BIOVIA Materials Studio, a classic four-
component asphalt model consisting of asphaltene (C149H177N3O2S2), resin (C59H85NOS), aromatic
(C46H50S), and saturate (C22H46) was constructed. Waste tires are represented by natural rubber
(NR), which uses cis-1, 4-polyisoprene as a repeating unit. In contrast, waste plastics are characterized
by polyethylene (PE), whose optimum degree of polymerization is determined by the difference
in solubility parameters. Then, the above molecular models are changed to a stable equilibrium
state through the molecular dynamics process. Finally, the interaction process is analyzed and
inferred using the indexes of radial distribution function, diffusion coefficient, and concentration
distribution; further, the interaction mechanism is revealed. The results show that the optimal degree
of polymerization of PE is 12, so the solubility parameter between PE and NR-modified asphalt is
the lowest at 0.14 (J/cm3) 1/2. These models are in agreement with the characteristics of amorphous
materials with the structures ordered in the short-range and long-range disordered. For NR-modified
asphalt, the saturate moves fastest, and its diffusion coefficient reaches 0.0201, followed by that of
the aromatic (0.0039). However, the molecule of NR ranks the slowest in the NR-modified asphalt.
After the addition of PE, the diffusion coefficient of resin increased most significantly from 0.0020
to 0.0127. NR, PE, and asphaltene have a particular attraction with the lightweight components,
thus changing to a more stable spatial structure. Therefore, using NR and PE-modified asphalt can
change the interaction between asphalt molecules to form a more stable system. This method not
only reduces the large waste disposal task but also provides a reference for the application of polymer
materials in modified asphalt.

Keywords: asphalt pavements; modified asphalt; functional polymer; cis-1, 4-polyisoprene; polyethy-
lene; molecular dynamics; microscopic mechanism

1. Introduction

Petroleum asphalt is an essential raw material in road engineering, especially in
asphalt pavements, which are used widely. At present, petroleum is gradually becoming
exhausted, so asphalt, a by-product of petroleum, will also face the problem of exhaustion.
Against this background, it is indispensable and crucial to lower the consumption of asphalt
in road engineering and decrease dependence on petroleum. In addition, the deteriorating
environment and traffic conditions put higher requirements on the performance of asphalt
pavements. Therefore, the modification of asphalt to reduce cost and improve performance
is one of the leading research directions for researchers, which is very significant. The use
of modified asphalt has recently increased, and its application scope and applications are
becoming broader [1–5].

Polymers 2022, 14, 4087. https://doi.org/10.3390/polym14194087 https://www.mdpi.com/journal/polymers
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There are many kinds of materials that can be used as modifiers, and the current
research mainly includes the following aspects. Some researchers use biomaterials as modi-
fiers to prepare bio-asphalt [6–8], such as beans [9], waste cooking oil [10,11], biochar [12,13],
and so on. Forestry resources and animal excreta are liquefied and separated to prepare
modifiers. In addition, in the process of biomass raw materials processing to produce bio-
based materials (furfural, furfuryl alcohol, dimethylfuran, biodiesel, etc.), the remaining
polymer carbohydrates can also be used to create bio-asphalt. Some researchers use soil as
a modifier, such as nano clay [14], diatomite [15,16], organically modified bentonite [17,18]
and so on. Take bentonite as an example. Its electron microscope diagram is shown in
Figure 1, where (a) represents the original bentonite and (b) represents the nano-bentonite,
which shows a clear layered structure and good continuity. Bentonite itself belongs to the
octahedral structure. If added to the asphalt, it can fill the pores between the micelle and
micelle and further increase the anti-skid resistance of asphalt. Fibers are also adopted
as modifiers, such as polyester [19,20], lignin [21,22], basalt fibers [23,24] and so on [25].
This kind of modifier can enhance the cohesion between aggregate particles so that the
asphalt pavement can adapt to high wear requirements, increased skid resistance, and other
sections. Guo [26,27], Zheng [28], and some other researchers [29,30] used waste tires as raw
materials to prepare rubber-modified asphalt and conducted research. Some researchers
use plastics as modifiers, such as polyethylene, polyurethane, polypropylene, etc. [4,31,32].
Some nano-modifiers are carbon nanotubes, graphene, and other nanomaterials, but the
cost is high.

 

Figure 1. The SEM images of (a) BT and (b) OBT.

It should be noted that as asphalt modifiers, waste tires and plastics have a signifi-
cant negative influence on the ecological environment [33]. Waste tires and plastics are
non-biodegradable substances, which brings difficulties to waste management [27]. If
incinerated, a lot of smoke and other harmful substances will be produced, which will
significantly impact the air, soil, rivers, and other environments. However, waste plastics
and rubber have good reuse value as asphalt modifiers and can improve asphalt per-
formance [28]. Generally speaking, plastic polymers can significantly enhance asphalt
performance at high temperatures. In contrast, rubber polymers can upgrade the defor-
mation resistance of asphalt at low temperatures, such as styrene-butadiene rubber (SBR).
Therefore, the use of the two as asphalt modifiers simultaneously becomes one of the best
choices for the recycling and reuse of waste material. At present, only one kind of modified
agent is doped separately. Still, there are few studies on adding two types of waste materials
simultaneously. Hence, it is not easy to give full play to the synergistic effect of the two
and improve the high- and low-temperature performance of asphalt simultaneously.
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It is a much more cost-effective and scientific to perform research using molecular
dynamics. The traditional test has a long test cycle and a high cost. In addition, many
conventional experiments only describe and compare the experimental results, which
fails to explain some empirical phenomena in depth. Molecular dynamics, on the other
hand, refers to the study of microscopic phenomena from the perspective of molecules or
atoms. Currently, many researchers are studying the molecular dynamics of asphalt, such
as the modification mechanism of modifiers [34]. For example, Hu et al. [35] studied the
interaction mechanism between styrene-butadiene-styrene (SBS) and asphalt to explain the
formation and separation mechanism of an SBS-modified asphalt two-phase structure from
a microscopic perspective.

The purpose of this paper is to study the molecular interaction mechanism after two
modifiers simultaneously using molecular dynamics. In this paper, the original asphalt and
rubber-modified asphalt models were built from the perspective of molecular dynamics.
Then, plastic was added to create a plastic/rubber asphalt model, and the influence of
plastic molecules on rubber asphalt was analyzed. Among the models, the classical four-
component molecular model was taken to represent asphalt, and rubber is expressed by
natural rubber molecules composed of polyisoprene. Additionally, plastics are represented
by polyethylene molecules, the optimal polymerization degree of which is measured by
solubility parameters. After the molecular dynamics process, all the above models reach a
state of equilibrium and stability. The radial distribution function (RDF) was used to verify
the molecular model, and the mean square displacement (MSD) and diffusion coefficient
were used to study the diffusion of molecules in modified asphalt. Finally, concentration
distribution was taken to study the spatial distribution of different molecules.

2. Simulation

2.1. Model of Asphalt

Bitumen is a highly complex mixture of hydrocarbons of different molecular weights
and their derivatives of non-metallic components (oxygen, nitrogen, sulfur, etc.). Petroleum
bitumen, a vital type of bitumen, is widely used in road engineering. From a scientific re-
search perspective, the parts of petroleum asphalt with some common characteristics, such
as similar chemical composition and physical properties, are divided into the same group,
called components. The American Society for Testing and Materials (ASTM) D4124-09 has
proposed and recommended a four-component analysis method. This method divides
petroleum asphalt into asphaltene, aromatic, resin, and saturate.

The simplified model adopted in this study consists of four representative molecules,
and this method has been widely used because of its simplicity, convenience, and con-
formity with the actual situation [36]. The four representative molecules are asphaltene
(C149H177N3O2S2), resin (C59H85NOS), aromatic (C46H50S), and saturate (C22H46), as
shown in Figure 2. The proportion of the four representative molecules in this model is
calculated according to the mass ratio and molecular weight of each component in asphalt,
in line with previous studies [36,37], as shown in Table 1.

Table 1. Specific information about the asphalt model.

Components
Molecular
Formula

Number
Ratio

Relative
Molecular Mass

Mass
Fraction (%)

NumAtoms

Asphaltene C149H177N3O2S2 1 2106.19 19.734 333
Resin C59H85NOS 3 856.395 24.071 147

Saturate C22H46 5 310.610 14.551 68
Aromatic C46H50S 7 634.966 41.645 97
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Figure 2. Models of representative molecules in bitumen. (a) asphaltene; (b) resin; (c) saturate;
(d) aromatic.

2.2. Models of Rubber

Rubber powder mainly comes from waste tires, and its composition is complicated.
The three most common types of rubber are NR (natural rubber), BR (cis-polybutadiene
rubber), and SBR (styrene-butadiene rubber). Since natural rubber is the most widely used,
it was selected as the research object in this study.

Natural rubber mainly comprises cis-1, 4-polyisoprene, accounting for more than
97% and 2–3% of the 3- and 4-bonded structure. Therefore, when building the molecular
model of rubber, NR was regarded as a homopolymer, which was polymerized from the
isoprene mentioned above. The relative molecular weight range of NRs is relatively wide,
generally between 30,000 and 30 million, because of the different degrees of polymerization.
The degree of polymerization affects the results of the experiments and leads to different
simulation costs, so a proper selection is needed. Referring to previous studies [29,38], the
degree of polymerization selected in this paper is 16, and the number of repeating units is
set at 16. The molecular chain for NR is shown in Figure 3.

2.3. Models of PE

Polyethylene, short for PE, is a thermoplastic resin prepared by the polymerization
of ethylene, including ethylene and a small amount of α-olefin copolymer. The degree of
polymerization, a key factor, affects the molecular weight and the amount of simulation,
and it is also closely related to the solubility parameters. The independent variables of
the polymerization degree for polyethylene used in this article are 6, 12, 18, 24, 30, 36,
42, 48, 54, 60, 66, 72, 78, 84, 90, 96, 102, 108, 114, 120, and there are 20 different degrees
of polymerization in total. Firstly, the degree of polymerization is closely related to the
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amount of simulation calculations because the degree of polymerization is a direct factor
affecting the molecular weight; the greater the degree of polymerization, and the greater the
molecular weight, the larger the amount of simulation calculations. Secondly, the solubility
parameters of polyethylene with different degrees of polymerization are different. If the
difference in the solubility parameters is less than 1.3~2.1 (J/cm3) 1/2, the two materials are
compatible. The smaller the difference is, the more easily the two are compatible. Therefore,
in this paper, the solubility parameter difference is selected to evaluate the solubilization
effect of PE on rubber-modified asphalt.

 

Figure 3. The molecular chain for NR.

2.4. Models of the Mixture

The simulation software used in this study is the BIOVIA Materials Studio, an inte-
grated computer simulation platform involving quantum mechanics, molecular dynamics,
and mesoscopic dynamics. Its function is to reveal the interaction mechanism of substances
or predict the properties of materials from the microscopic perspective of molecules or
atoms; therefore, it is widely used in various research fields.

The basic principles of molecular dynamics simulation were introduced. A system
with N particles and the description of classical mechanics depends on 3N degrees of
freedom (q, p) ≡ {qi, pi|i = 1 (1) N}. The position q ≡ {qi|i = 1 (1) N}, momentum
P ≡ {pi|i = 1(1)N}. qi is the position of the particle No. i and pi is the linear momentum.
(q, p) determines the system’s state, and each microscopic state is a phase point in phase
space.

In molecular dynamics studies, the laws of Newtonian mechanics are usually adopted,
as shown in the related literature [39].

dvi
dt

=
Fi (t)

mi
= − 1

mi
∇iU ∀i = 1(1)N (1)
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dri (t)
dt

= vi (t) ∀i = 1(1)N (2)

where, ri and vi are the position and velocity of particle No. i, respectively. The bond action,
similarly to the quantum effect in the above equation, is reflected in the potential energy U.
The potential energy U, which depends on the position of all of the nuclei, can be calculated
precisely by quantum chemistry or approximated by force-field methods.

Formula (1) and (2) are a set of 3N differential equations, which should be solved
by the numerical integration method of differential equations. Therefore, the position
{ri(t)} and velocity {vi(t)} of the system at each moment can be solved by the integration
algorithm. In this case, the trajectory of all the nuclei of the system is given, that is, the
time evolution of the system. Then, the change of all system properties with time can
be obtained.

COMPASS is a powerful force field that supports the atomic level simulation of
condensed matter materials, short for “Condensed-Phase Optimized Molecular Potential
for Atomistic Simulation Study.” It is the first ab initio force field parameterized and
verified by condensed matter properties and various ab initio and empirical data of isolated
molecules. Therefore, the structure, conformation, vibration, and thermophysical properties
of different molecules in isolated or condensed systems could be accurately predicted for a
wide range of temperatures and pressures by this field [40–44].

The specific steps of building a stable model are as follows.

1. The establishment of initial polymer model.
2. Geometric optimization.
3. The simulation of annealing.
4. In this procedure, the pressure (1.01 × 10−4 Gpa) and temperature of the system

remain constant [45].
5. NVT+NPT dynamics simulation.
6. At ambient temperature and standard atmospheric pressure, 50 ps of MD simulation

was performed to bring the model closer to its natural state [46,47]. Taking the original
asphalt model as an example, after the above steps were performed, parameters such
as the energy, density, and others for the system reached a stable state, as shown
in Figure 4. For example, the density of the original asphalt model increased and
stabilized at about 1.0, which coincided with the actual situation.

7. The calculation and analysis of parameters.
8. After the molecular dynamic simulation, parameters related to this study were ana-

lyzed and calculated, such as the solubility parameters and radial distribution func-
tion, etc., according to the stable model generated at the end of the simulation process.

The specific composition of the two modified asphalt models, including NR-modified
asphalt and PE-modified asphalt, is shown in Tables 2 and 3. Both the original asphalt
model and the modified asphalt model obey the above steps. In the NR-modified asphalt,
one NR molecule was included, and its content was 9.28%. The original asphalt model and
NR-modified asphalt model in an equilibrium state are shown in Figure 5.

In PE/NR-modified asphalt, the degree of polymerization of the PE molecule should
first be determined. In this study, different molecular models were constructed for PE
molecules with varying degrees of polymerization, and the kinetic simulation process was
performed according to the steps mentioned above. The equilibrium model was finally
obtained, as shown in Figure 5.
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Table 2. NR-modified asphalt model.

Serial
Number

Representative
Molecule

Chemical
Composition

Molecule
Number

Relative
Molecular Mass

Mass
Fraction

1 Asphaltene C149H177N3O2S2 1 2106.190 17.90%
2 Resin C59H85NOS 3 856.395 21.84%
3 Saturate C22H46 5 310.610 13.20%
4 Aromatic C46H50S 7 634.966 37.78%
5 NR C80 H130 1 1091.920 9.28%

Table 3. PE/NR-modified asphalt model.

Serial
Number

Representative
Molecule

Chemical
Composition

Molecule
Number

Relative
Molecular Mass

Mass
Fraction

1 Asphaltene C149H177N3O2S2 1 2106.190 17.40%
2 Resin C59H85NOS 3 856.395 21.23%
3 Saturate C22H46 5 310.610 12.83%
4 Aromatic C46H50S 7 634.966 36.72%
5 NR C80 H130 1 1091.920 9.02%
6 PE C24H50 1 338.664 2.80%

Figure 4. Dynamic equilibrium process.
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Figure 5. Models (a) original asphalt; (b) NR-modified asphalt; (c) PE/NR-modified asphalt.

3. Results and Discussion

3.1. Solubility Parameters

Molecular models of PE with different degrees of polymerization are shown in Figure 6.
The solubility parameters were used to evaluate the compatibility between polyethylene
with different degrees of polymerization and NR-modified asphalt. If the solubility param-
eters for two polymer materials become closer, the blending effect is better [42]. In this
study, solubility parameters were adopted to evaluate the compatibility between different
polymers, primarily to determine the degree of polymerization of PE molecules. Its value
is the square root of the cohesive energy density, as shown in the following Formula (3):

δ =
√

CED =

√
ΔE
V

(3)

where ΔE represents cohesive energy and V represents volume.
If the action of the hydrogen bond is ignored, the intermolecular interaction force

mainly consists of a van der Waals force and electrostatic force; the CED is composed
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of the van der Waals cohesive energy density (CEDv) and electrostatic cohesive energy
density (CEDe).

 

Figure 6. PE molecular model with different degrees of polymerization (a) 6 (b) 12 (c) 24 (d) 30 (e) 42 (f) 78.

Then, the related cohesive energy index is obtained and used to estimate the solubility
parameter. The solubility parameters of the PE additives with individual degrees of
polymerization are shown in Table 4, while that of the NR-modified asphalt is 17.23. The
difference between the two is shown in Figure 7. According to the principle of similarity-
compatibility, when the degree of polymerization is 12, the difference between the two is
the smallest, which is 0.14 < 1.3~2.1 (J/cm3) 1/2. Therefore, the optimum polymerization
degree of the PE molecule in this paper is 12.

Table 4. Solubility parameters of different PE molecules.

Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Polymerization degree 6 12 18 24 30 36 42 48 54 60 66 72 78 84
Solubility parameter 17.85 17.09 16.66 15.66 14.33 15.56 14.99 15.71 15.47 16.08 14.70 15.92 15.79 15.02

A PE molecular chain with a polymerization degree of 12 was adopted to establish
a modified asphalt model. After the steps of dynamics simulation mentioned above
were performed, the balanced model of PE/NR modified asphalt was finally obtained for
subsequent analysis and calculation.

3.2. Radial Distribution Function

RDF, an essential indicator in molecular dynamics, can be employed to verify the
correctness of molecular models.

The radial distribution function (RDF) can be applied to analyze the interaction and
microscopic distribution of particles [39,43,44]. The radial distribution function is the
spatial probability distribution of particle B approaching the center of particle A, which
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is in the r to r + dr shell. It can also be understood as the ratio of the number density of
particle B to the mean density of particle B in this region.

g(r) =
dN
ρV

(4)

dN is the number of particles B in the shell r to r + dr; ρ is the numerical density of
particle B.

V is the volume of the spherical shell, centered on atom A, with the radius R and the
thickness dr. The formula is as follows:

V =
4
3

π (r + dr) 3 − 4
3

πr3 = 4πr2dr + 4πrdr2 +
4
3

πdr3 ≈ 4πr2dr (5)

For the RDF of amorphous crystals, there are a few peaks with different heights and
sharpness at close distances, but the peak height decreases rapidly with an increase in
space. At long distances, the radial distribution function tends to be evenly distributed,
g (r) = 1.

The RDF of the crystal still maintains a sharp peak shape at a long distance, indicating
that the crystal has a long-range ordered structure, whereas the amorphous crystal has a
short-range ordered structure and a long-range disorder structure.

Figure 7. The difference in the solubility parameter.

3.3. Diffusion Coefficient

The diffusion coefficient can represent the molecular movement rate and is employed
to study the changes of diverse molecular movements in NR-modified asphalt systems
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with and without PE. According to Einstein’s law [48], if the simulation time is long, the
slope of the curve of mean square displacement (MSD) to time is six times the diffusion
coefficient; thus, the diffusion coefficient of particles can be gained, as shown in formula (6).
In molecular dynamics calculation, molecules move continuously from the initial position,
and the position of each moment is different. If r (t) represents the position of particle i at
time t, MSD represents the average square of displacement. The formula of the diffusion
coefficient is shown in formula (6).

D = lim
t→∞

MSD (t)
6t

= lim
t→∞

|r(t)− r(0)|2
6t

(6)

To analyze the movement of various molecules in NR-modified asphalt, the MSD
results of different molecules were obtained through molecular dynamics calculation, as
shown in Figure 8. According to the functional relationship between the diffusion coefficient
and MSD, the diffusion coefficient is obtained, as shown in Figure 9. The analysis shows
that the saturate has the fastest movement speed, which is much higher than other types
of molecules, and its diffusion coefficient reaches 0.0201. This phenomenon is most likely
related to its negligible molecular weight. Aromatic ranks second, at about 0.0039.

Figure 8. MSD for modified asphalt (a) NR-modified asphalt; (b) PE/NR-modified asphalt.

In addition, the molecular movement velocity of asphaltene, resin, and rubber are
roughly similar, showing that their diffusion coefficients are about 0.0018, likely connected
with the higher molecular weight and unique shapes to some extent.

For the NR-modified asphalt system, the diffusion coefficient of NR is the lowest.
More specifically, the long-chain shape of NR and its poor compatibility with the polar
components of asphalt may be the main reasons restricting the movement of NR. Therefore,
NR is the slowest molecule in the NR-modified asphalt system, with a diffusion coefficient
of 0.00171. However, NR attracts non-polar components in asphalt (aromatic and saturate),
which results in a more aromatic and saturated distribution around NR molecules. Some
light components are attracted by NR molecules and transferred to the vicinity of NR
molecules, so it could be noted that the light components have the highest diffusion
coefficients, which are 0.0201 and 0.0039, respectively, in NR-modified asphalt.
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Figure 9. Diffusion coefficient of each component in NR modified asphalt and PE/NR modified asphalt.

As shown in Figure 9, the movement of molecules changed significantly due to the
addition of PE. The diffusion coefficient of resin molecules increased dramatically from
0.0020 to 0.0127. This may be because there is a specific force between the PE and resin,
thus accelerating the movement of resin molecules. According to the colloid theory for
asphalt, resins attach molecules in asphalt to form micelles. In this study, the transfer of
resin molecules caused the asphaltene molecules to lose part of the constraint, resulting in
a slight increase in the diffusion coefficient of asphaltene from 0.00173 to 0.0043. Because
of the rearrangement and combination of the dispersed phase, it is inevitable to promote
the corresponding transfer of light components, including saturate and aromatic, that is,
the corresponding increase of diffusion coefficient; for example, the diffusion coefficient of
saturate increases from 0.0201 to 0.0239, and that of the aromatic component increases from
0.0039 to 0.0058.

In the statistical data analysis, the Pearson correlation coefficient is adopted to reflect
the linear correlation of two random variables. For NR-modified asphalt and PE/NR-
modified asphalt, MSD increased with time. Linear fitting was performed, and the Pearson
correlation coefficient was analyzed. For NR-modified asphalt, the Pearson correlation
coefficient of asphaltene and resin was 0.67805 and 0.82105, respectively, as shown in
Table 5. Meanwhile, the PE/ NR modified asphalt coefficient is above 90%, 0.94514, and
0.99194, respectively, as shown in Table 6.
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Table 5. Data analysis of MSD for NR-modified asphalt.

Equation y=a+b∗x

Plot asphaltene resin saturate aromatic NR
Weight No Weighting

Intercept 1.68015 ± 0.14844 1.55818 ± 0.1093 2.44376 ± 0.15638 1.38694 ± 0.02799 2.007 ± 0.06071
Slope 0.01035 ± 0.0029 0.01188 ± 0.00213 0.12047 ± 0.00305 0.02361 ± 5.46305E-4 0.01028 ± 0.00118

Residual Sum of
Squares 1.28424 0.69631 1.42537 0.04566 0.21482

Pearson’s r 0.67805 0.82105 0.99522 0.99601 0.91308
R-Square (COD) 0.45975 0.67412 0.99046 0.99204 0.83371

Adj. R-Square 0.42373 0.65239 0.98983 0.9915 0.82263

Table 6. MSD data analysis for PE/NR modified asphalt.

Equation y=a+b∗x

Plot asphaltene resin saturate aromatic NR
Weight No Weighting

Intercept 1.61155 ± 0.11877 1.75603 ± 0.12832 2.74225 ± 0.25882 1.53794 ± 0.05243 2.10403 ± 0.06517
Slope 0.02598 ± 0.00232 0.07596 ± 0.0025 0.14313 ± 0.00505 0.03484 ± 0.00102 0.0455 ± 0.00127

Residual Sum of
Squares 0.82214 0.95978 3.90458 0.1602 0.24752

Pearson’s r 0.94514 0.99194 0.99079 0.99359 0.99419
R-Square (COD) 0.89329 0.98395 0.98166 0.98722 0.98842

Adj. R-Square 0.88618 0.98288 0.98044 0.98637 0.98764

3.4. Concentration Distribution

Concentration distribution, an important indicator, can show how concentration varies
with position in a region at a given time. This parameter can be acquired through the Forcite
Analysis module in Materials Studio. The spatial distribution of each molecule in the NR
modified asphalt in three different directions (100,010,001) and the spatial distribution of
each molecule in the PE/NR modified asphalt were evaluated, and the interaction between
each molecule was further analyzed and predicted. In the concentration distribution curve
of a molecule, the peak represents the location at which the molecule is most abundant.

As shown in Figure 10a–c, the four components of asphalt basically follow the colloid
structure theory to form a blend with an ordered arrangement. After careful analysis,
the following specific rules can be found. Firstly, it might be suggested that there is
adsorption between the asphaltene, NR molecules, and the light components. Specifically,
the concentration curve peak of asphaltene is surrounded by the concentration curve
peak of saturate because the saturate is adsorbed around by asphaltene, and the mutual
attraction between the two is considerable. Again, it is surrounded by a peak of aromatic.
Both indicate adsorption between the asphaltene and light components. At the same time,
the concentration curve peak of NR was also surrounded by the concentration curve peak
of the light component, indicating that the light component was also adsorbed around the
NR molecule. Second, the peak of the NR concentration curve is far away from that of
resin, as shown in Figure 10b, which may be closely related to the incompatibility between
the NR and resin, thus preventing them from coexisting in the same position. Similarly,
the same rule can be found in the relationship between NR and asphaltene, which is more
pronounced. As shown in Figure 10a, the concentration curves of the two have apparent
peaks, and the distance between the two peaks is greater, indicating that there is probably
a more vigorous competition for light components and incompatibility between NR and
asphaltene. This is consistent with a previous study [49]. NR has the highest binding
strength to aromatic and saturate, followed by resins, and has the lowest binding capacity
to asphaltenes.
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Figure 10. Concentration distribution of each component for NR-modified asphalt and PE/NR-
modified asphalt. (The relative concentration of NR-modified asphalt in different directions, including
(a) 1 0 0, (b) 0 1 0, and (c) 0 0 1; The relative concentration of PE/NR-modified asphalt in different
directions includes (d) 1 0 0, (e) 0 1 0, and (f) 0 0 1).

Figure 10d–f shows the concentration distribution curve of PE/ NR-modified asphalt.
It could be predicted from this group diagram that the addition of PE changes the colloid
structure composition of asphalt. As shown in Figure 10d, both the PE concentration curve
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and that of asphaltene have evident peak values, and the peaks of them are far away. It
could be the case that the PE molecule has a specific repulsive force with asphaltene. It
can also be seen from Figure 10d that the concentration curve of the PE molecule overlaps
with that of the saturate to a certain extent, and the saturation fraction is found near the
periphery of the peak, which might be related to the intense attraction between the two. It
is likely that the adsorption of the saturate could make the PE molecule move and form a
more stable system. Therefore, PE molecules tend to further promote the formation of a
new balanced and stable system by changing the interaction between the original system.

4. Conclusions

In this paper, two types of polymer materials, PE (polyethylene) and NR (cis-1,
4-polyisoprene), were used as modifiers to study the interaction mechanism in the two
modified asphalts. Specifically, the interaction of molecules in the original asphalt and
NR-modified asphalt was analyzed before and after the addition of PE. The change of the
interaction can help the modified asphalt to become a more stable in structure and thus
have better storage performance, which has a reference value for changing the molecular
agglomeration phenomenon. On the other hand, the reuse of PE and NR, two typical
wastes, is of great significance for the protection of the ecological environment.

The specific conclusions are as follows.

1. The optimal degree of polymerization of PE in this study model is 12. In this case,
the solubility parameter between PE and NR-modified asphalt is the smallest at
0.14 < 1.3~2.1 (J/cm3) 1/2.

2. The three models in the paper are typical amorphous substances with structures of
short-range order and long-range disorder. According to the RDF diagram, when
r = 1.11, the g (r) functions for the three models all have sharp peaks, which are 11.76,
11.74, and 11.8, respectively.

3. In NR-modified asphalt, the diffusion coefficient of saturate is the largest, at far higher
than that of other types of molecules, and its value reaches 0.0201. In addition, the
molecular velocity of asphaltenes, resins, and rubbers are about the same, showing
that their diffusion coefficients are about 0.0018. NR is the slowest molecule.

4. In PE/NR-modified asphalt, the movement of molecules changed significantly. The
diffusion coefficient of resin molecules increased considerably from 0.0020 to 0.0127.
The most noticeable feature is a specific adsorption phenomenon between the PE
molecule and light components.
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Abstract: This research is aimed at investigating the mechanical behavior of the bitumen by the
addition of high-density polyethylene (HDPE) and low-density polyethylene (LDPE) obtained from
waste plastic bottles and bags. Polymers (HDPE and LDPE) with percentages of 0%, 2%, 4%, and
6% in shredded form by weight of bitumen were used to evaluate the spectroscopic, structural,
morphological, and rheological properties of polymer-modified binders. The rheological properties
for different factors; viscosity (ἠ) from Rotational Viscometer (RV), rutting factor G*/Sin (δ), fatigue
characteristics G*. Sin (δ), for the modified binder from dynamic shear rheometer (DSR), Short and
long-term aging from rolling thin film oven (RTFO), and pressure aging vessel (PAV) was determined.
The thermal characteristics, grain size, and texture of polymers for both LDPE and HDPE were
found using bending beam rheometer (BBR) and X-ray diffraction (XRD), respectively. Fourier
transform infrared (FTIR) analysis revealed the presence of polymer contents in the modified binder.
Scanning electron microscopy (SEM) images revealed the presence of HDPE and LDPE particles on
the surface of the binder. Creep Rate (m) and Stiffness (S) analysis in relationship with temperature
showed a deduction in stress rate relaxation. Results have revealed the best rutting resistance for
6% HDPE. It also showed an improvement of 95.27% in G*/Sin (δ) which increased the performance
of the bituminous mix. Similarly, the addition of 4% LDPE resulted in maximum dynamic viscosity
irrespective of the temperatures. Moreover, fatigue resistance has shown a significant change with
the HDPE and LDPE. The festinating features of waste plastic modified binder make it important to
be used in the new construction of roads to address the high viscosity and mixing problems produced
by plastic waste and to improve the performance of flexible pavements all over the world.

Keywords: waste polyethylene; spectroscopic analysis; morphological analysis; XRD; creep analy-
sis; SEM

1. Introduction

The heavy traffic and loading over time adversely affect the rheological performance
of the flexible pavements. The upper part of the flexible pavements is mainly composed
of bitumen, aggregates, and filler materials to bear the stresses imposed by adverse traffic
conditions. Bitumen as a binding material is made up of hydrocarbons and has a strong
influence on the performance of asphalt pavements [1].

The rheological properties of bitumen can enhance the structural and functional
performance of asphalt pavements [2]. Material characterization is one of the major factors
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affecting pavement design. Supposing the materials are unable to provide better resistance
to fatigue and permanent deformation; in this case, distress may likely occur in asphalt
pavements, which may affect the structural and functional properties of asphalt pavements.
When the performance of the pavement reaches a level where the desired function of the
pavement is no longer available, or the pavement is not optimally providing, the desired
service is termed as failure. In flexible pavements, three major types of distress cause
failure in the structure, i.e., rutting, fatigue cracking, and to an extent, thermal cracking [3].
For the last 40 years, researchers have been putting their efforts to modify bitumen by
employing the addition of polymers to enhance its physical and rheological properties [4].
For developing countries such as Pakistan, the addition of waste plastic in bituminous
materials is one of the easiest available resources to strengthen the bitumen and reduce
the environmental hazards produced by these wastes. According to the Environmental
Protection Agency (EPA), Pakistan has produced 3.9 million tonnes of plastic waste during
the year 2020, in which 70 percent (2.6 million tonnes) was mismanaged. According to the
EPA, this amount of plastic waste may be tripled by 2040 [5].

The modified bitumen obtained from waste plastic is used as either elastomers or
plastomers [6,7]. The rheological properties and viscosity function can be highly influenced
by the addition of elastomers and plastomers from 2% to 6% by the weight of bitumen [8].
The process of adding bitumen with different polymers is termed a wet process [9]. De-
pending on the nature, size, the type of equipment used for mixing, and the shape of
polymers [10], several properties such as resistance to permanent deformation, resistance
to moisture-related distresses, fatigue life, and the achievement of high stiffness at a high
temperature, can be improved by adding waste plastics [11–14]. By substituting the HDPE
and LDPE, the thinner pavement cross-sections can be developed more efficiently due to
their mechanical strength and chemical compatibility with the original binder [15].

The addition of nano-silica from 1% to 6% by weight of bitumen in the polymer-
modified binder has improved its viscoelastic properties and the rutting factor G*/Sin (δ)
and fatigue characteristics G*.Sin (δ) [16]. Styrene–butadiene–styrene (SBS) polymer modi-
fied asphalt mixtures and analysis of strain distribution showed that SBS polymer modified
bitumen is improving the stress levels within the asphalt mastic [17–20]. The low percent-
age of SBS revealed the dispersion of polymers particles in a continuous phase of bitumen,
as the original binder has swollen the small polymer’s globules. As a result, compatible
fractions are spread in the homogenous form in a continuous phase of bitumen [17]. In
another investigation of adding 2% to 6% nano-silica in polymer-modified bitumen, results
showed a delay in the aging of bitumen. The rutting and fatigue parameters were improved
along with the viscoelastic properties of a polymer-modified binder [21,22]. Aging and
regeneration can change the microstructural performance and morphological performance
of bitumen [23–25]. The microstructures investigations of SBS polymer modified binder
in addition to Montmorillonite (MMT) using X-ray diffraction (XRD) and FTIR indicated
that the softening point and aging index have decreased due to the addition of Na+. The
introduction of Na+ in SBS polymer-modified binder has created a phase-separated struc-
ture [26]. The surface properties of polymer-modified bitumen were determined using
scanning electron microscopy and AT-FTIR. The contact angle showed a decrease from
107.7◦ to 4.7◦ while the oxygen atomic percentage was increased from 7.12% to 13.15%,
respectively. This exhibits the chemical interaction of the polymer-modified binders. Chem-
ical capabilities in terms of oxidation in aged bitumen can be seen without the evolution of
interactions [27].

Although the addition of nano-silica and SBS has its advantages in polymer modifica-
tion there is still a lack of research on the affinity of polymers with bitumen. At a low strain
level, there is no slippage of polymer chains or change in morphological properties but at a
higher strain and higher cyclic loads, the research question still remains uncertain [28].

Another study for investigating the physical and rheological properties of asphalt
binders was done by introducing the nanoparticles of aluminum oxide (Al2O3) by weight
of 3%, 5%, and 7% bitumen. The addition of 5% aluminum oxide by weight of bitumen,
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reduced the phase angle (δ), and the complex shear modulus (G*) was increased, respec-
tively [29]. However, the bond between nanoparticles and bitumen still needs further
investigation in terms of morphological analysis.

Although extensive research has been conducted so far on polymer-modified bitumen,
there is a need for improvement in the polymer in terms of its rheology, morphology, and
creep assessment [30]. Recently, researchers have reported some critical issues with using
polymers as modifiers utilizing the wet process. These issues include the mixing problems
related to high viscosity at the higher temperature, the affinity of polymers with bitumen,
and the high cost of its modification [9]. Due to the ample amount of plastic waste available
in Pakistan, this research uses two waste plastics, i.e., HDPE obtained from waste bottles
and LDPE obtained from waste plastic bags in shredded form, intending to investigate the
above critical issues.

The morphological properties of neat binders have been compared with HDPE and
LDPE modified binders in order to predict the bond linkage between neat binders and
polymers. The performance of a neat and modified binder has been investigated in the
Section 2.4.2 rheological investigation section. Dynamic Viscosity measurements have dis-
cussed the high viscosity and mixing issues of adding polymers during high temperatures.
The comparison of the stiffness for neat and modified binders has been discussed in creep
analysis. The schematic representation of the study has been shown in Figure 1.

 
Figure 1. A schematic presentation of the critical issues observed in the current literature.

2. Materials and Methods

2.1. Materials

The fundamental materials used in this research work were bitumen, high-density
polyethylene (HDPE), and low-density polyethylene (LDPE) obtained from a local depos-
itory in Peshawar Pakistan. The waste plastic bottles and bags were first washed, dried,
and shredded to pass through sieve No.4 [30]. The performance and penetration grade of
bitumen was PG 58-22 and grade 60/70, respectively, obtained from Attock Oil Refinery
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Limited (ARL), Pakistan. Table 1 represents the physical properties of the asphalt binder,
while the physical properties of HDPE and LDPE used in this investigation are presented
in Table 2.

Table 1. The physical properties of bitumen PG 58-22.

Test Type Standard Result

Ductility @ 25 ◦C, ASTM D 113 75
Flash point Test (◦C) AASHTO T 48-96 250
Fire Point Test (◦C) AASHTO T 48-96 271
Penetration @ 25 ◦C ASTM D 5-97 67

Specific gravity (g/cm3) AASHTO T 228 1.017
Softening point (◦C) ASTM D 36-95 43
Loss on heating (%) AASHTO T 47 0.011

Table 2. The physical properties of polymers.

Parameters Specifications HDPE LDPE

Density (g/cm3) ASTM D 792 0.037 0.033
Absorption (%) ASTM D 570 0 <0.01

Tensile Strength (psi) ASTM D 638 4400 1900
Yield (%) ASTM D 638 900 710

Melting Temp. (◦C) ASTM D 3418 125 110
Flexural modulus (psi) ASTM D 790 20,000 -

2.2. Performance Grade Testing

Performance grade (PG) of conventional and HDPE and LDPE modified bitumen was
determined by following AASHTO M 320 specifications, as is presented in Table 3.

Table 3. Low- and high-performance grade testing of HDPE and LDPE modified bitumen.

Bitumen
+

LDPE

Bitumen
+

HDPE

High Low

PGPerformance

Original RTFO * BBR

ARL + 0% LDPE ARL + 0% HDPE 58 58 −12 58–22
ARL + 2% LPDE ARL + 2% HPDE 64 64 −12 64–22
ARL + 4% LDPE ARL + 4% HDPE 70 70 −12 70–22
ARL + 6% LDPE ARL + 6% HDPE 76 70 −12 70–22

* Rolling Thin Film Oven (RTFO), Bending Beam Rheometer (BBR), Attock Refinery Limited (ARL), High-Density
Polyethylene (HDPE). Low-Density Polyethylene (LDPE).

2.3. Preparation of PE Modified Bitumen

The HDPE and LDPE were mixed separately with bitumen in an agitator at 3000 rpm
after applying the heat treatment (163 ◦C for 1 h in an oven). The HDPE and LDPE were
mixed separately with different percentages of 2%, 4%, and 6% by weight of bitumen. The
mixture was reheated at 163 ◦C after the addition of the modifier for 10 min.

2.4. Testing Procedures
2.4.1. SEM, FTIR, and XRD Analysis

As the chemistry of the polymers is quite different from that of bitumen, the interaction
of HDPE and LDPE with bitumen was determined using different characterization tools.
The FTIR spectroscopy was done to identify the functional group in neat and polymer-
modified binders. The specifications followed for high- and low-density polyethylene
were AASHTO T 302–15. The chemical bonding of HDPE and LDPE with bitumen was
investigated by FTIR (Perkin Elmer L1600). This test was performed in the wavenumber
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range (4000–400) cm−1 by using the KBr technique. For performing the FTIR, the testing
temperature was 25 degrees Celsius. The bond concentration or the identification of the
functional group can be identified by the intensity of the peak spectra in FTIR [31]. The
polymer’s interaction with the neat bitumen enhances the morphological properties of the
HDPE and LDPE modified binder and needs to be understood using scanning electron
microscopy (SEM-JEOL JSM 5910).

The XRD analysis of neat bitumen and modified binder has been studied to examine
their structural features. The crystalline features of the materials were studied by using
a dedicated software, Bruker AXS, D8 advance. X-ray diffraction (XRD) was used to
investigate the diffraction patterns, grain size, and texture of the modified bitumen. The
X-Ray Diffraction, abbreviated commonly as XRD, is a non-destructive research tool used
for the study of crystalline material structure. It studies the structure of the crystal used
to classify the crystalline phases contained in a substance and thus discloses information
about the chemical composition of the material [32].

2.4.2. Rheological Investigation

The rheological assessments were carried out to determine the viscosities, rutting
resistance along with short- and long-term aging of HDPE and LDPE modified asphalt
binders using the dynamic shear rheometer (DSR AASHTO T 315). All tests were performed
at different temperatures (58 ◦C, 64 ◦C, 70 ◦C, and 76 ◦C) following the specifications of
(AASHTO T 240-09) for short-term aging RTFO-aged and (ASTM D 6521) for long-term
aging PAV-aged, the rutting factor G*/Sin (δ) and fatigue characteristics G*Sin (δ) of original
and polymers modified binders were determined. The frequency of testing samples was
10 rad/s according to the standard specifications. According to the (AASHTO T-315),
the temperature was maintained at 58 ◦C, 64 ◦C, 70 ◦C, and 76 ◦C for rutting resistance
determination. The original samples for G*/Sin (δ) were tested from a minimum value
of 1.0 KPa and RTFO aged binder samples at a minimum value of 2.2 KPa at maximum
temperature. However, the minimum value of G*. Sin (δ) was 5000 KPa. Schematics of
rheological investigations of neat and modified bitumen are depicted in Figure 2 [33–35].

Figure 2. The schematics of rheological investigations of neat and modified bitumen.

2.4.3. Short-Term and Long-Term Aging of a Binder

The Rolling Thin Film Oven Test (RTFO) was performed to discover the short-term
aging of bitumen according to the standard specifications of AASHTO T-240. The total
duration of the test was 85 min and the temperature was 163 ◦C in the RTFO bottle [34].
The volatile particles involved in bitumen cause short-term aging. For long-term aging,
the sample was put into the plates and Pressure Aging Vessel (PAV) for 20 h. The PAV can
predict the binder up to 10 years of its service life. Further physical testing was performed
by storing the binder in cans.
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2.4.4. Dynamic Viscosity Test

The rotational viscometer (RVDV-111) was used to find out the dynamic viscosity of
original and modified samples. The percentages of polymer-modified bitumen were from
2% to 6% by weight of bitumen. According to the specifications of AASHTO T-316, the
high temperature for the viscosity test was from 135 ◦C to 165 ◦C. The changing interval of
temperature was 10 ◦C, respectively. The rotational speed of the cylindrical spindle was
20 rpm [36].

2.4.5. Bending Beam Rheometer Tests for Creep

The low-temperature cracking or thermal cracking was measured by BBR. According
to the specifications of AASHTO T-313 at three different temperatures of 0 ◦C, −6 ◦C, and
−12 ◦C, the BBR test was performed. The length, thickness, and width of the beams of
bitumen were 127 mm, 6.4 mm, and 12.7 mm, respectively. The temperature was constantly
maintained for 60 min. After the preloading conditions, a 100 g load was applied to the
rectangular beam at a constant rate for measuring the deflection at the center [37]. The
loading time was from 8 to 240 s to discover the creep stiffness (S) and creep rate (m).
Schematics for creep rate (m) and creep stiffness (S) are shown in Figure 3.

 
Figure 3. The schematics of creep stiffness (S) and creep rate (m) analysis.

3. Results and Discussions

3.1. Scanning Electron Microscopy

The scanning electron microscopy (SEM) of controlled and HDPE and LDPE modified
bitumen is shown in Figure 4. The micro-cracks that appeared on the surface of a neat
binder can be seen in Figure 4a. This crack growth may be increased under the cyclic
loading imposed by the heavy traffic and will cause severe microstructural disorder in
flexible pavements [25]. As the molecular chains of the 6%, HDPE interacts with the
neat binder as shown in Figure 4b; the surface of the modified bitumen became smooth
and showed no appearance of micro-cracks on the surface. The continuous matrix of
polymers, with the addition of 6% by weight of bitumen, is clearly visible in Figure 4b.
The packed surface of HDPE-modified bitumen without micro-cracks may provide better
resistance against rutting and fatigue characteristics caused by the heavy loading in flexible
pavements. As depicted in Figure 4c, some of the micro-cracks still appeared with the same
amount of LDPE (6%) added by the weight of bitumen. With the addition of 6%, LDPE the
discontinuous matrix of LDPE is observed. Similarly, phase dispersion of bitumen can be
seen when the percentage of LDPE is greater than 6%.
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Figure 4. SEM images: (a) Neat Binder; (b) HDPE modified bitumen; (c) LDPE modified bitumen.

3.2. Fourier Transform Infrared (FTIR) Analysis

The FTIR analysis for neat bitumen, HDPE, and LDPE modified bitumen is presented
in Figure 5 below. The HDPE and LDPE modified bitumen showed the emergence of peaks
and the presence of OH groups shown in Figure 5. Other peaks developed were due to
the absorption of HDPE and LDPE in bitumen. The overtones around 2000–1800 cm−1

can be clearly seen in Figure 5, which confirms the presence of aromatic carbons. The
C-H stretching of organic compounds represented in the range of the peaks in Figure 5
is between 2850–3000 cm−1 [32–38]. Values for the other peaks in Figure 5 are between
3000 cm−1 and 1500 cm−1, proving the presence of polar groups. The polar group is
relatively responsible for creating a stronger bond between a neat binder and dispersed
polymer [39]. The bending of the C-H group can be seen at 1570 cm−1. It can also be noted
in the figure that the neat HDPE act as apolar or production of alkene or olefin with a highly
crystalline structure. An alkene or olefin is a type of unsaturated molecule that contains
one carbon to carbon double bond. As compared to the HDPE, the LDPE is less apolar and
has a less crystalline structure. Due to the high crystallinity found inside the polymers,
there will be a sufficient amount of improvement in the blended mix of polymers with neat
bitumen [40].
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Figure 5. An FTIR analysis of neat, HDPE, and LDPE modified bitumen.

3.3. X-Rays Diffraction (XRD) Analysis

As can be seen in Figure 6, the black line represents the neat bitumen that is not
crystallized. The peak 2θ degree for HDPE in addition to bitumen was 26.71◦ on a scale
of 0 to 60 with a scan speed of 2 deg/min with an intensity of 5000 (a.u). The LDPE in
addition to bitumen 25.20◦ with an intensity of 4189 (a.u). As can be seen from Figure 6, at
the lower angle the modified bitumen shows a semi-crystalline phase. As the percentage of
absorption increases the crystalline phase also increases. Previous research has reported
the crystalline behavior of LDPE at 4% by weight of bitumen showed a significant decrease
in permanent deformation, fatigue, and thermal crack resistance at high, intermediate, and
low temperatures [41]. Another research confirmed that the highly crystalline bitumen-
modified mixture can improve the thermal stability of the mixture which has a direct effect
on the rheological properties of the asphalt mixture [42]. The degree of crystallinity for
HDPE is more as compared to the LDPE but at a higher temperature in the wet mixing
process, the HDPE has a high viscosity and mixing issues with the neat binder. From the
conducted XRD on neat and modified bitumen, it can be concluded that the crystalline
structure of the polymers and their modification enhance a key characterization of the
chemical properties of the modified bitumen. Through the addition of polymers, there is
an improvement in the elastic properties of a modified binder. As a result, it will provide
better resistance to permanent deformation.
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Figure 6. An XRD analysis of neat, HDPE, and LDPE modified bitumen.

4. Rheological Performance Analysis

From 2% to 6% addition of HDPE and LDPE, the rheological performance of neat
binder, i.e., PG 58–22 has been compared. Figure 7a,b depicted the rheological performance
of the unaged binder. The temperatures 58, 64, 70, and 76 ◦C were used for finding the
rutting factor i.e., G*/Sin (δ). The addition of HDPE and LDPE depicted the increase in
G*/Sin (δ). As a result, the rutting factor was increased with the addition of 2%, 4%, and
6% HDPE and LDPE. The phase angle (θ) for the temperature of 58, 64, 70, and 76 ◦C was
determined using DSR.

 

    (a)                                                        (b) 

Figure 7. (a) A comparison between HDPE modified bitumen and G*/Sin (δ) in unaged bi tumen,
(b) comparison between LDPE modified bitumen and G*/Sin (δ) in unaged bitumen.
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The rutting resistance as compared to the neat binder was increased with the addition
of HDPE and LDPE. High values of rutting parameters, i.e., G*/Sin (δ) may decrease the
chances of rutting in asphalt, also summarized by previous research [43,44]. As compared
to the original binder after the addition of polymers in Figure 7a, the values of 480, 940,
and 1970 Pa showed 13.8%, 26.8%, and 56.2% improvement in rutting resistance. The
temperature was maintained at 64 ◦C for adding HDPE from 2 to 6% in the bitumen.
Figure 7b depicts the results of LDPE, and it can be noted that the values 500, 1100,
and 2250 Pa showed 19.23%, 42.3%, and 86.5% improvement in rutting resistance. After
conducting the short-term aging test, Table 4 shows the values obtained from RTFO residues
reused in DSR for different phase angles. As the percentage of polymers increases the values
of phase angle decrease. Moreover, after the conduction of the Long-term aging test, Table 5
showed the values obtained from PAV residues reused in DSR for different phase angles at
25 ◦C. Figure 8a,b depicted the results for long-term aging after the addition of HDPE and
LDPE. It can also be noted that according to Table 5 the percentage of polymers increases
the phase angle decreases, which shows an increase in elastic properties of the bitumen.

Table 4. RTFO of HDPE and LDPE modified bitumen (PG 58-22).

Bitumen + Polymer Temperature (◦C) Phase Angle (θ) G*/Sin δ (kPa)

PG + 0% 25 55.32 4000
PG + 2% HDPE 25 54.20 5900
PG + 4% HDPE 25 51.12 7503
PG +6% HDPE 25 49.59 11,200
PG + 2% LDPE 25 53.88 4700
PG + 4% LDPE 25 52.47 5620
PG +6% LDPE 25 54.97 9700

Table 5. RTFO of HDPE and LDPE modified bitumen (PG 58-22).

Bitumen + Polymer Temp (◦C) Phase Angle (θ) G*/Sinδ (kPa)

PG + 0% 58 86.28 2000
PG + 2% HDPE 58 85.23 6203
PG + 4% HDPE 58 83.28 7500
PG + 6% HDPE 58 82.21 3200
PG + 2% LDPE 58 84.70 2400
PG + 4% LDPE 58 85.78 1550
PG + 6% LDPE 58 85.90 1950

The phase angle of pure polymer content is less than the neat binder, irrespective of
the temperature conditions. Irrespective of the temperature change, the reduction of phase
angle is due to the rich phase of the polymer that behaves like an elastic filler in a neat
binder matrix [45]. This shows that the polymer’s addition improves the high-temperature
performance of asphalt mortar. A decrease in phase angle (θ) was observed with the usage
of the polymers, as the phase angle is acting as a lag between the applied shear stress and
resulting in the shear strain. The lesser the phase angle, the more asphalt mortar can resist
permanent deformation, as shown in Tables 4 and 5, respectively.
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(a) (b) 

Figure 8. (a) An analysis of G*/Sin (δ) and temperature with HDPE modified bitumen for long-
term aging, (b) an analysis of G*/Sin (δ) and temperature with LDPE modified bitumen for long-
term aging.

5. Dynamic Viscosity Analysis

The results of viscosity for HDPE and LDPE are shown in Figure 9a,b, respectively. The
increase in the viscosity values showed a marked difference with the addition of polymers.
The maximum dynamic viscosity is obtained by adding 2% of HDPE at all the temperatures,
as shown in Figure 9a. The percentage of Dynamic viscosity increases at a temperature of
135, 145 155, and 165 ◦C was 9.67%, 15.8%, 25%, and 18.1%, respectively. The maximum
dynamic viscosity is obtained by adding 4% of LDPE at all the temperatures, as shown in
Figure 9b. The percentage of Dynamic viscosity increases at temperatures of 135.0, 145.0,
155.0 and 165.0 ◦C was 5.90%, 21.80%, 5.0% and 18.10%, respectively [36].

  
(a) (b) 

Figure 9. (a) The relation of dynamic viscosity with temperature for HDPE modified bitumen,
(b) relation of dynamic viscosity with temperature for LDPE modified bitumen.
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6. Creep Rate and Creep Stiffness Analysis

By applying the loading time of 60 s for HDPE and LDPE modified bitumen, creep
rate (m) and creep stiffness (S) were found using the software as depicted in Figures 10 and 11.
The range for (m) should be greater than 0.300 while the (S) should below 300 MPa [46].
The relation between temperature and creep rate (m) for HDPE and LDPE can be seen in
Figure 10a,b. The trend of the graph was decreasing at −6 ◦C for LDPE, but the HDPE was
according to the desired criterion.

  
(a) (b) 

Figure 10. (a) An analysis of creep rate (m) and temperature with HDPE-modified bitumen, (b) anal-
ysis of creep rate (m) and temperature with LDPE modified bitumen.

  
(a) (b) 

Figure 11. (a) An analysis of creep stiffness (S) and temperature with HDPE-modified bitumen,
(b) analysis of creep stiffness (S) and temperature with LDPE-modified bitumen.

Figure 11a,b represented the relationship between S and temperature for HDPE and
LDPE, respectively. The polymer-modified bitumen becomes stiffer at low temperatures.
At low temperatures, adding both HDPE and LDPE at 6% has shown higher creep stiffness
values than the original binder, i.e., 185 MPa [47]. The values of S have a relationship with
thermal stress, which is developed in pavements that undergo shrinkage. Hence, there
could be thermal cracking in the pavement structure. The stress rate has a relationship with
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the (m) values; whenever it decreases, the relaxation in the stress rate also decreases. So, it
can be concluded that for long-term pavement performance Low (S) values and Higher (m)
values are required.

7. Summarized Conclusions

This research was conducted to assess the morphological, rheological and dynamic
viscosity, and creep characteristics of waste HDPE and LDPE modified asphalt binders.
The major conclusions drawn from this investigation are summarized as follows:

• This study concluded that the induction of both the HDPE and LDPE decreased the
phase angle (θ) which shows that the asphalt mortar is more resistant to permanent
deformation. The high-temperature viscosity of the asphalt binder increased, and
a marginal increase was noticed when 2.0% HDPE, and 4.0% LDPE were used in
the mix.

• The decreased viscosity facilitates the bituminous mix during mixing and compaction.
This could be due to a decrease in sphere particles, which gives a micro bearing effect
due to the reduction of sphere particles. On the other hand, the effect of spherical
particles on the rutting parameter showed that the greater the rutting parameter would
be the rutting susceptibility. The 4.0% LDPE with greater sphere particles and less
viscosity than HDPE can be utilized for road construction.

• The addition of 2% HDPE and 4% LDPE by weight of bitumen showed improvement
in rutting resistance of 13.8% and 42.3%, respectively. These percentages also reported
the maximum dynamic viscosity measurements, i.e., 21.80% at 145 ◦C. However,
increasing the percentage of polymers can result in high viscosity and may have a
mixing issue on plant-level modified bitumen preparation.

• The trend of the graph for creep rate (m) was decreasing at −6 ◦C for LDPE but the
trend of HDPE was according to the desired criterion. For the modified bitumen, the
Creep stress (S) and its relationship with the temperature showed a decreasing trend,
which shows relaxation in stress rate, also decreases.

• The FTIR peaks showed the addition of HDPE and LDPE. The polymers modified
bitumen by HDPE and LDPE showed the emergence of peaks. As compared to
the HDPE, the LDPE is less apolar and has a less crystalline structure. Due to the
high crystallinity found inside the polymers, there will be a sufficient amount of
improvement in the blended mix of polymers with neat bitumen.

• By the addition of 6% LDPE, the discontinuous matrix of LDPE is observed. However,
it can be concluded that by increasing the percentage of LDPE from 6% the morpho-
logical improvement, along with phase dispersion of bitumen can be observed.

• By the X-Rays diffraction, the degree of crystallinity for HDPE is more as compared to
the LDPE but at a higher temperature in the wet mixing process the HDPE has a high
viscosity and the mixing issues with the neat binder.

• The above study recommended the use of waste plastics obtained from waste plastic
bottles and bags for the under-construction asphalt pavements in order to improve
the bearing capacity of the wearing surface, especially the under-construction projects
all over the world, like the China–Pakistan Economic Corridor (CPEC).

• For the high viscosity issues and mixing problem using a wet mixing process, this
research concluded that at a high temperature the waste LDPE proved to be the
better modifier as compared to the HDPE, but there is a still a need for further stud-
ies on microstructural, morphological and dynamic viscosity of HDPE and LDPE
modified binders.
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Abstract: Sprinkled snow melting salt (SMS) exerts a snow melting effect and also has a negative
impact on the asphalt pavement and the environment. Salt storage pavement technology can alleviate
these two problems. However, non-alkaline SMSs may have the risk of affecting asphalt mastic
properties and further affecting the mechanical properties of asphalt pavements. Therefore, the
general properties and rheological properties of two styrene-butadiene-styrene-modified asphalts
with and without high elastic polymer were studied after adding SMS. The asphalt mastic without a
high elastic agent is defined as the SBS group, and the other group is the HEA group. Our results show
that the HEA group shows a lower penetration and a higher softening point, ductility, and viscosity
than the SBS group. The more the SMS, the more the reduction effect of the general performance.
The elastic recovery of asphalt mastic decreases with the content of SMS. SMS has no obvious effect
on the ratio of the viscous and elastic composition of asphalt mastic. The creep of asphalt mastic
increases with the content of SMS. The high elastic polymer can significantly reduce the creep, and
even the strain of HEA100 is smaller than that of SBS00. SMS increases the creep stiffness and reduces
the creep rate at low temperature. Although SMS increases the potential of asphalt pavement to
melt ice and snow, it also reduces the high-temperature rutting resistance and low-temperature crack
resistance of asphalt mastic. Salt storage pavement materials can be used in combination with high
elastic polymers to reduce the negative effects brought by SMSs.

Keywords: road engineering; salt storage pavement; salt storage asphalt mastic; high elastic polymer;
rheological properties

1. Introduction

Economic development is inseparable from the support of transportation. As one of
the two most widely used types of pavements, asphalt pavement has the characteristics of
driving comfort and low noise. In winter, however, snowfall or standing water can easily
lead to icy roads. The icing on the road reduces the friction between the pavement and
the tires, further causing brake failure. The icing of the asphalt road brings a huge safety
hazard to traffic. Ensuring the safety and smoothness of traffic in ice and snow weather has
always attracted the attention of road practitioners.

To keep traffic safe in winter, researchers have tried a variety of strategies to clear snow
and ice from roads. In general, these strategies can be roughly divided into two types, one is
the external snow removal method, and the other is the internal snow removal method [1].
The external ice and snow removal method adopts the traditional ice and snow removal
technology, which mainly involves manual ice and snow removal, mechanical ice and snow
removal, and spreading snow melting agents. Internal ice and snow removal methods
mainly include the thermal snow melting method [2], the elastic deicing method [3], the
suppress freeze method [4], and the conductive concrete method [5]. These three methods
of the traditional ice and snow melting methods are generally used in synergy to improve
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the efficiency of ice and snow removal. However, the large-scale distribution of SMS is
labor-intensive, especially in less mechanized areas. In addition, the amount of SMS is
difficult to control, which leads to the waste of SMS on the one hand, and the surge of
maintenance costs on the other hand [6]. Regardless of the cost, the high-concentration
salt solution formed by the ice and snow melting water combined with the SMS will not
only have an irreversible impact on pavement materials but also harm the soil, causing
soil salinization and endangering the ecological environment. Furthermore, is that this
top-down ice-melting strategy has difficulty solving the freezing between the pavement
and the ice. The distribution of SMS needs to be combined with the weather forecast;
otherwise, traffic jams will still occur even if snow removal machinery is used [7]. To
reduce the impact of traditional ice and snow melting technology on the pavement and
the environment, researchers have gradually turned their attention to the more promising
internal ice and snow removal method, that is, active ice and snow removal technology [8].

The thermal ice melting and conductive concrete technology in the active ice and snow
removal technology belong to the energy conversion ice and snow melting technology.
Thermal self-melting technology is widely used in heating cable ice melting technology [9]
and heat pipe ice melting technology [10]. The conductive concrete technology mainly adds
conductive substances such as graphite [11], carbon fiber [12], and steel fiber [13] to the
pavement material, and then increases the temperature of the pavement through resistance
heat dissipation to melt ice and snow. These two types of energy-converting ice and snow
melting technologies have remarkable effects, but they have not been widely used due to
the disadvantages of the required large investment and high energy consumption. The
elastic de-icing and snow pavement is to add elastic material to the mixture to break the
icing of the pavement through the elastic deformation of the pavement. Elastic de-icing
is theoretically feasible, but the effect is limited in practical application [14]. The freeze-
inhibiting pavement to remove ice and snow is to achieve the purpose of removing ice and
snow by inhibiting the formation of ice on the pavement surface. Specific practices include
the use of superhydrophobic surface coatings to reduce ice adhesion and accumulation [15],
and the use of rough surface structures to inhibit ice formation [16]. The method of
inhibiting the formation of ice layers reduces the possibility of pavement surface freezing
from the root, but it has the characteristics of high cost and poor wear resistance.

The traditional method of de-icing and snow removal is effective, but there are prob-
lems such as untimely de-icing, environmental pollution, and large labor consumption. In
active ice and snow removal technology, the energy conversion type of ice and snow melt-
ing technology has high energy consumption and high cost. Resilient pavement de-icing
increases pavement flexibility and may increase vehicle fuel consumption. The pavement
technology to inhibit freezing is still immature and insufficiently popularized. In view of
the various problems existing in the above-mentioned ice and snow melting technology,
salt storage pavement ice and snow removal technology came into being [17–19]. This tech-
nology adds slow-release salt storage materials to pavement materials in the form of fillers.
The formation of ice is delayed or inhibited for a period of time by the gradual migration
of salts to the pavement surface through the compression of vehicle tires, vibration, and
the action of water. Salt storage pavement has great potential in the field of ice and snow
melting due to its timely removal of ice and snow, controlled amount of SMS, reasonable
construction cost, and the same construction method as traditional pavement [20].

In the research on salt storage pavement, Tan [21] studied the performance of a
salt storage asphalt mixture to remove ice and snow and pointed out that the adhesion
between the salt storage asphalt mixture and ice decreased. The adhesive force between
the open-graded asphalt mixture and the ice is greater than that of the densely-graded
asphalt mixture, and the adhesive force increases with the nominal maximum particle size.
The salt storage asphalt mixture has good road performance, and its high-temperature
performance and low-temperature performance are improved compared with ordinary
asphalt mixture. Although moisture resistance is slightly decreased, it still meets the
specification requirements. In the following year, Tan [22] developed a four-component
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slow-release complex salt filler. The carrier of the filler was optimized and the production
process was determined according to the slow-release degree of the filler. The test of
melting ice and snow shows that the pavement material mixed with slow-release complex
salt filler has good de-icing and snow performance at the local temperature of −10 to 0 ◦C,
and can reduce the adhesion of snow to the pavement at −20 to −10 ◦C. Yu [23] prepared
a high-elasticity salt storage asphalt mixture using high-elasticity modified asphalt, and
its high-temperature stability and low-temperature crack resistance were better than the
SBS-modified asphalt mixture and salt storage asphalt mixture. The ice-breaking rate of
high elastic salt storage asphalt mixture is 42% higher than that of ordinary SBS asphalt
mixture, and it has the potential to remove an ice layer with 12 mm thickness. Guo [24]
observed the microscopic morphology of the snow melting agent and studied the effect
of the agent on the moisture resistance of the asphalt mixture. The porous structure on
the surface of the de-icer is helpful for the release of NaCl, the main anti-condensation
component. SMS can lower the freezing point to −2 ◦C. The salt solution in which the
de-icing agent is dissolved is more likely to wet the aggregate, which reduces the moisture
resistance of the asphalt mixture under the dual action of the dynamic water pressure and
the salt solution. Wu [25] compared the storage and slow-release performance of six kinds
of salt storage carriers for SMS and pointed out that the salt-storage carrier had little effect
on the slow-release effect of SMS. The smaller the mass ratio of the salt storage carrier to
the SMS, the better the snow melting effect of the pavement, but the worse the moisture
resistance of the pavement at the same time. Considering the snow melting performance
and mechanical properties of the asphalt mixture comprehensively, it is recommended that
the mass ratio of SMS and carrier be 3.5:1.

At present, most of the research on salt storage pavement focuses on the performance
of the asphalt mixture or melting ice and snow, which promotes the development of salt
storage pavement technology to a certain extent. In salt storage pavement materials, SMS
is mainly dispersed in asphalt, which makes SMS and asphalt generally exist in the form
of asphalt mastic. Asphalt mastic is an important component of the asphalt mixture, and
its performance directly affects the service of pavement [26–29]. However, there are few
reports on the effect of SMS on the performance of asphalt mastic. Therefore, this paper
uses two different modified asphalts, namely, SBS modified asphalt and HEA, to explore
the effect of asphalt and SMS on the performance of asphalt mastic through traditional
performance tests, temperature sweep tests, multiple stress creep and recovery tests, and
bending beam rheological tests. This work can provide a reference for the research and
application of salt storage asphalt pavement materials.

2. Materials and Methods

2.1. Materials
2.1.1. Asphalt

The asphalt used in this study is SBS I-D, and its basic properties are shown in Table 1.

Table 1. Basic technical indexes of SBS I-D asphalt.

Indexes Unit Test Result Standard Test Method

Penetration (100 g, 5 s, 25 ◦C) 0.1 mm 54 40–60 T0604-2011
Ductility (5 ◦C, 5 cm/min) cm 31 ≥20 T0605-2011

Softening Point ◦C 80 ≥60 T0606-2011
Dynamic viscosity (135 ◦C) Pa·s 1.773 ≤3 T0620-2011

Elastic recovery (25 ◦C) % 90 ≥75 T0662-2000
Residues after TFOT

Mass change % −0.213 ±1.0 T0609-2011
Penetration ratio (25 ◦C) % 70.5 ≥65 T0604-2011

Ductility (5 ◦C, 5 cm/min) cm 16 ≥15 T0605-2011
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2.1.2. Modifier

The mechanical properties of salt storage asphalt mixtures are often lost to varying
degrees due to the addition of slow-release salt-storage materials, especially the loss of
moisture resistance. Therefore, high elastic asphalt (HEA) was selected to improve the
performance of the salt storage asphalt mixture. HEA is a modified asphalt made by adding
plasticizers and cross-linking agents to SBS-modified asphalt. Compared with SBS modified
asphalt, HEA has a higher elastic recovery rate, ductility, and softening point due to the
addition of the high elastic agent, so HEA asphalt mixture also has better high-temperature
performance, low-temperature performance, and fatigue performance.

The high elastic agent used in this paper is TAFPACK-Super (TPS), and the appearance
is orange-yellow transparent particles as shown in Figure 1. The main component of TPS is
thermoplastic rubber, which is made with auxiliary component adhesive resin, and then
mixed with other stabilizers. The basic properties of TPS are shown in Table 2.

Figure 1. TPS modifier, Icebane, and limestone filler.

Table 2. Basic properties of TPS.

Particle Size/mm Color Relative Density
Water Absorption

Rate/%
Melting Point/◦C

2–4 Yellow 0.96 <1 170

2.1.3. Filler

There are two kinds of fillers used in this paper, one is limestone filler and the other is
SMS filler. The basic properties of limestone fillers are shown in Table 3. The SMS filler is
Icebane, new ecological SMS, whose main chemical components include silicon dioxide,
sodium chloride, calcium oxide, magnesium oxide, etc. Icebane is more than half of the
effective snowmelt composition, and the chloride salts are adsorbed in the porous structure.
In the rain and snow environment, the active ingredients can be gradually released to
achieve the snow melting effect. The basic properties of Icebane are shown in Table 4. The
comparison between Icebane and ordinary limestone filler is shown in Figure 1. The white
powder particles on the left are Icebane, and the powder on the right is limestone filler.

Table 3. Basic properties of limestone fillers.

Indexes Test Result Standard Test Method

Moisture content (%) 0.2 ≤1.0 T0103-1993
Apparent relative density 2.762 ≥2.5 T0352-2000

Gross bulk relative density 2.667 / T0352-2000
Hydrophilic coefficient 0.73 <1 T0353-2000

Plasticity index (%) 2.7 <4 T0354-2000
Appearance Qualified No agglomeration T0355-2000
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Table 4. Basic properties of Icebane.

Indexes Test Result Standard Test Method

Appearance White powder No agglomeration T0355-2000
Moisture content (%) 0.2 ≤0.5 T0103-1993

Apparent relative density 2.170 / T0352-2000
Gross bulk relative density 2.136 / T0352-2000

Salt content (%) 56 50 ± 10 /
pH 8.3 8–8.5 /

2.2. Preparation of Modified Asphalt and Asphalt Mastic
2.2.1. Preparation of HEA

A small amount of TPS high-elasticity modifier was added to the SBS modified asphalt
at 175 ◦C several times. To better control the temperature and avoid asphalt aging, oil bath
heating equipment is used to control the temperature throughout the process. Agitation
was performed using an asphalt shearing machine at a shear rate of 2000 rpm. The addition
ratio of high elastic agent and asphalt is 8:92. After the TPS was added to the SBS asphalt,
it was kept at 2000 rpm for 10 min to make the modifier completely dissolve into the SBS
modified asphalt. After that, the asphalt temperature was raised to 180 ◦C, and the asphalt
was sheared for 35 min under the shearing speed of 3000 rpm to ensure a sufficient reaction
between TPS and asphalt. The basic indicators of the HEA are shown in Table 5.

Table 5. Basic indicators of HEA.

Indexes Unit Test Result Standard Test Method

Penetration (100 g, 5 s, 25 ◦C) 0.1 mm 49 40–60 T0604-2011
Ductility (5 ◦C, 5 cm/min) cm 55 ≥20 T0605-2011

Softening Point ◦C 94 ≥60 T0606-2011
Dynamic viscosity (135 ◦C) Pa·s 1.861 ≤3 T0620-2011

Elastic recovery (25 ◦C) % 98 ≥75 T0662-2000
Residues after TFOT

Mass change % −0.13 ±1.0 T0609-2011
Penetration ratio (25 ◦C) % 76.6 ≥65 T0604-2011

Ductility (5 ◦C, 5 cm/min) cm 31 ≥15 T0605-2011

2.2.2. Preparation of Salt Storage Asphalt Mastic

The amount of filler in the mixture is small. To maintain long-term snowmelt perfor-
mance, a higher filler to asphalt ratio is required. However, an excessively large filler-to-
asphalt ratio will lead to a reduction in free asphalt in the mastic, and the surface of some
fillers cannot be covered by free asphalt. Some studies have pointed out that when the filler
and asphalt ratio is 1.2:1, the mechanical properties of asphalt mastic can be maintained
at a good level. Therefore, asphalt mastic was prepared with a filler to asphalt ratio of
1.2:1 [30]. In addition, the density of limestone filler is slightly higher than that of Icebane.
If the SMS is added in an equal mass, the volume of the SMS should be greater than that of
the limestone filler of equal mass. Therefore, Icebane is added to the asphalt matrix in the
form of equal volume replacement to prepare salt storage asphalt mastic.

Due to the difference in density between asphalt and filler, the two are prone to
segregation, which affects the performance of asphalt mastic. To this end, the glass rod is
used for continuous stirring to ensure the uniformity of the asphalt mastic. The preparation
process is detailed as follows:
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(1) Both the limestone filler and the salt storage material were passed through a 0.075 mm
sieve, and the bottom part of the sieve was taken for testing. The two fillers were
placed in a dry and ventilated place, and the fillers were dried and ground before the
test to avoid agglomeration affecting the accuracy of the test.

(2) The pitch was heated to 175 ◦C to ensure that the pitch was picked out by the glass
rod drips in the form of droplets. The asphalt, preheated to the same temperature as
the asphalt in portions, was added. The glass rod was kept agitated to prevent the
filler from sticking to the container walls. The heating temperature and stirring time
were strictly controlled to avoid asphalt aging.

(3) The different types of asphalt mastics were named SBS00, SBS50, HEA50, SBS75,
HEA75, SBS100, and HEA100 according to the proportion of Icebane replacing lime-
stone filler. For example, SBS00 means that the replacement rate of limestone filler is
0%, and the base asphalt is SBS-modified asphalt.

2.3. Testing Methods
2.3.1. Testing of Three Major Indicators: Penetration, Softening Point, and Ductility

To compare the effects of asphalt and SMS on the basic properties of asphalt mastic, the
penetration, softening point, and ductility of salt storage asphalt mastic were tested with
regard to the “Standard Test Methods of asphalt and Bituminous Mixtures for Highway
Engineering (JTG E20-2011)” [31]. Penetration reflects the consistency and hardness of
asphalt. Generally speaking, the smaller the penetration, the better the high-temperature
rheological resistance of asphalt. The softening point also reflects the high-temperature
resistance of asphalt. The higher the softening point, the stronger the thermal storage
capacity of the asphalt and the better the thermal stability. Ductility reflects the low-
temperature deformation properties of asphalt; that is, the plastic properties of asphalt.
The higher the ductility, the better the plasticity of the asphalt and the better the low-
temperature crack resistance. Sample information is shown in Table 6.

Table 6. Samples information.

Tests Specimens Replication

Penetration test SBS00, SBS50, SBS100, HEA50, HEA100 4

Softening point test SBS00, SBS50, SBS100, HEA50, HEA100 4

Ductility test SBS00, SBS50, SBS100, HEA50, HEA100 4

Brookfield viscosity test SBS00, SBS50, SBS100, HEA50, HEA100 3

Temperature sweep test SBS00, SBS50, SBS100, HEA50, HEA100 3

Multiple stress creep and recovery test SBS00, SBS50, SBS100, HEA50, HEA100 3

Bending beam rheological test SBS00, SBS50, SBS100, HEA50, HEA100 3

2.3.2. Brookfield Viscosity Test

The viscosity-temperature characteristics of asphalt mastic not only affect the mixing
and compaction process of the mixture but are also closely related to the high and low-
temperature performance and durability of the mixture. For the salt storage asphalt mixture,
the selection of the engineering mixing temperature and the rolling temperature should
refer to the viscosity of the asphalt mastic. If the viscosity of the asphalt mastic formed
by Icebane and asphalt is not fully studied, it will increase the difficulty of mixing and
compacting the asphalt mixture. For example, the poor adhesion between Icebane and
asphalt will increase the fluidity of the mixture, cause leakage during the transportation
and paving stages of the mixture, and endanger the flatness after compaction. Therefore,
to explore the advantages and disadvantages of salt storage asphalt mixture and ordinary
mixture, it is necessary to study the viscosity–temperature characteristics of asphalt mastic.
Referring to the specification [31], a 28# rotor was selected to test the Brookfield viscosity of
asphalt mastic with different substitution rates of SMS.
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2.3.3. Temperature Sweep Test

By studying the viscoelastic properties of salt storage asphalt mastic, the effect of SMS
on the performance of salt storage asphalt mixture can be further understood. The SHRP
specification uses dynamic shear rheological testing as a measure of asphalt performance.
The mechanical properties of the salt storage asphalt mastic are analyzed by the complex
modulus, phase angle, and other indicators, to make a more scientific and reasonable
evaluation of the characteristics of the mixture. In this paper, the DHR-1 dynamic shear
rheometer produced by TA company in the United States is used for testing. During the test,
it should be noted that the distance between the upper and lower parallel plate fixtures is
selected to be 1 mm, which is suitable for the test above 30 ◦C, and the size of the matching
parallel plate is selected to be 25 mm [32,33].

When the temperature sweep test was performed on the salt storage asphalt mastic,
the temperature sweep range of was set to 40–80 ◦C. The temperature interval was 5 ◦C, the
strain was set to 10%, and the angular frequency parameter was set to 10 rad/s. The storage
modulus G’, complex modulus G*, phase angle δ, rutting factor G*/sinδ, and Z are used as
indicators to evaluate the high-temperature performance of salt storage asphalt mastic.

2.3.4. Multiple Stress Creep and Recovery Test

For modified asphalt, simply using the temperature sweep test to evaluate the high-
temperature performance is insufficient [29]. AASHTO TP70 proposes to use multiple
stress creep and recovery tests to evaluate the high-temperature performance of asphalt.
Therefore, according to the repeated creep test procedure, repeated loading tests were
carried out on the asphalt mastic under two stress levels of 0.1 and 3.2 kPa at 58, 64, and
70 ◦C, to simulate the repeated creep effect of light and heavy traffic loads on the asphalt
pavement. In each loading cycle, the loading time is 1 s and the recovery time is 9 s. The
repetitions for each test are 10 times and the total time is 200 s.

As two indicators for evaluating the repeated creep characteristics of asphalt, the creep
recovery rate R and the non-recoverable creep compliance Jnr are calculated according
to Equation (1) and Equation (2), respectively. The higher the creep recovery rate, the
smaller the non-recoverable creep compliance, indicating that the asphalt has sufficient
deformation recovery ability under repeated stress.

R =
γp − γnr

γp − γ0
× 100% (1)

Jnr =
γnr − γ0

τ
(2)

where γ0 is the initial strain; γp is the peak strain; γnr is the irrecoverable strain; and τ is
the creep stress.

2.3.5. Bending Beam Rheological Test

In the SHRP program of the United States, it is proposed to use the bending beam
rheological test to evaluate the low-temperature cracking resistance of asphalt. Two param-
eters, the modulus of creep stiffness S and the creep slope m, can be obtained through the
bending beam rheological test. The smaller the stiffness modulus and the larger the creep
rate, the better flexibility and low-temperature crack resistance of the asphalt. This test
method is more accurate and is also widely used for the performance grading of asphalt.
Since the asphalt pavement will be affected by the coupling of traffic load and temperature
during the service period, the stiffness modulus of the asphalt will increase after aging,
and the asphalt pavement will be more prone to cracks. Test pieces with standard dimen-
sions of 102 × 12.5 × 6.25 mm3 were made by pouring asphalt mastic into a special mold.
The specimens were then placed in anhydrous ethanol at the specified temperature for
incubation. The test temperature is selected as −24, −18, and −12 ◦C. During the test, the
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mid-span load of the trabecular was 980 mN and the duration was 240 s. The creep stiffness
S(t) can be calculated by Equation (3).

S(t) =
PL3

4bh3δ(t)
(3)

where L is the distance between the fulcrums, m; P is the applied load, kN; h is the thickness
of the specimen, m; b is the width of the specimen, m; δ(t) is the maximum deflection, m;
and S(t) is the Creep stiffness at time t, MPa.

3. Results and Discussion

3.1. Penetration, Softening Point, and Ductility

Penetration, softening point, and ductility are used to characterize the basic properties
of asphalt. Generally speaking, the greater the penetration, the smaller the asphalt con-
sistency, the weaker its rutting resistance, and the better the low-temperature toughness.
The higher the softening point, the more resistance of the asphalt to high temperatures.
The higher the ductility, the less likely the asphalt will break at low temperatures. With
the help of these three indicators, the performance of salt storage asphalt mastic is pre-
liminarily evaluated. Figure 2 shows the penetration, softening point, and ductility of the
asphalt mastics of the HEA group and the SBS group. Overall, the HEA asphalt mastic
has smaller penetration, and a higher softening point and ductility than the SBS asphalt
mastic, indicating that the HEA group has excellent low-temperature and high-temperature
performance. This may be because the high elastic modifier TPS forms an inter-crosslinked
network structure in the asphalt. This network structure binds the thermal motion of
asphalt molecules at room temperature and high temperature and increases the tough-
ness of asphalt at low temperature [34–36]. Therefore, the asphalt mastic of the HEA
group has better high-temperature and low-temperature performance than that of the SBS
group [14,37].

Figure 2. Basic properties of asphalt mastic.

Figure 2 shows the effect of SMS on penetration, softening point, and ductility of
asphalt mastic. In terms of penetration, in both the SBS group and the HEA group of salt
storage asphalt mastic, the penetration increased with the replacement amount of SMS.
This indicates that the addition of SMS softened the asphalt mastic. The SMS replaces the
limestone filler with the equal volume replacement method. The particle size of the SMS
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is generally larger than that of the limestone filler, so the number of SMS particles may
be less than that of the limestone filler. SMS filler is coarser, the proportion of structural
asphalt in asphalt mastic decreases, and the proportion of free asphalt increases [20,38,39].
Smaller salt particles can enhance asphalt mastic performance [37]. Therefore, as the
content of SMS increases, the penetration also gradually increases. Differences in the
properties of the two fillers may also be responsible for the increased penetration. The
main component of SMS is chloride salt, which has weaker interaction with asphalt than
limestone fillers [14,40,41]. In addition, the poor adhesion of SMS to asphalt changes the
continuous state of asphalt, and the reduced viscosity of asphalt mastic may also be the
reason for the increased penetration [42,43]. In terms of softening point, the replacement
amount of SMS increased, and the softening point of the two groups of salt storage asphalt
mastics decreased. The decrease in softening point indicates that the heat required for
asphalt mastic to obtain flow deformation ability decreases; that is, the energy required for
asphalt molecules to overcome intermolecular forces decreases [36,44]. The reduction in
the interaction between filler and asphalt due to the reduction in structural asphalt can also
be explained as the lowering of the softening point. In terms of ductility, the ductility of
the salt-storing asphalt mastic in the SBS group and the HEA group has a decreasing trend
with the increase in the SMS content, but the decrease is not obvious. When the content of
SMS increases, the content of free asphalt increases, and the low-temperature ductility of
asphalt mastic should increase. However, the ductility is reduced here, probably because
the reduction in structural asphalt leads to a reduction in the asphalt bond strength. The
reduction in the ductility of asphalt by SMS was also demonstrated in the literature [45].
The salt-storing asphalt mastic is in a discontinuous state, and the shrinkage coefficients
of SMS and asphalt are different. The higher the content of SMS, the worse the interface
continuity of the asphalt mastic, the worse the activity of the mastic, and the lower the
ductility [45,46].

From the three basic index results of penetration, softening point, and ductility, it can
be preliminarily concluded that HEA has better high-temperature and low-temperature
performance than SBS-modified asphalt. SMS has adverse effects on the high-temperature
and low-temperature properties of asphalt mastic. The basic performance of HEA100 is
slightly better than that of SBS00 without SMS, so adding TPS can make up for the negative
impact of SMS on asphalt mastic to a certain extent. Nevertheless, based on these three
indicators, the performance of asphalt mastic can only be preliminarily evaluated. The
influence of asphalt type and SMS on the performance of asphalt mastic requires further
research on viscosity and rheological properties.

3.2. Brookfield Viscosity

In Figure 3, the viscosity of asphalt mastic shows a decreasing trend with temperature.
For example, at 135 ◦C, the viscosity of HEA100 is 3.15, 7.28, and 11.94 times that of 155, 175,
and 195 ◦C, respectively. This is because the increase in temperature accelerates the thermal
motion of the asphalt molecules in the asphalt mastic, making the asphalt flow more
easily [36,47]. Nonetheless, the higher the temperature, the smaller the viscosity difference
between the individual asphalt mastics. The asphalt mastic of the HEA group showed
higher viscosity than that of the SBS group at all four temperatures. This may be because
the interaction of TPS and SBS-modified asphalt increases the content of macromolecules,
making it difficult for HEA mastic to flow [47]. Furthermore, the network structure formed
after TPS swelling hinders the thermal motion of asphalt molecules [34–36]. Whether it is
HEA group or SBS group salt storage asphalt mastic, the higher the replacement rate of
Icebane, the lower the viscosity of the asphalt mastic. Taking the HEA group as an example,
when the content of Icebane in HEA is 75% and 100%, their viscosity at 135 ◦C is 4.47% and
11.32% lower than that of HEA50, respectively. The decrease in viscosity with the content of
SMS may be because the bond between SMS and asphalt is weaker than that of limestone
fillers [14,40,41]. Furthermore, the reduction in structural asphalt may also be one of the
factors leading to the reduction in asphalt viscosity [19,20,39]. In a word, there are two
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rules for the viscosity of salt storage asphalt mastic, one is that the viscosity of the HEA
group is higher than that of the SBS group, and the other is that limestone filler contributes
more to asphalt viscosity than Icebane.

Figure 3. The viscosity of asphalt mastic at different temperatures.

3.3. Analysis of Temperature Sweep Test Results
3.3.1. Storage Modulus, Phase Angle, Complex Modulus, and Rutting Factor

As shown in Figure 4, the storage modulus of asphalt mastic shows a decreasing trend
with increasing temperature. This is because the plasticity of the asphalt increases and
the elastic properties decrease as the temperature increases [44,47]. The storage modulus
of asphalt mastic becomes larger after aging because the light components are gradually
transformed into resins and asphaltenes after asphalt aging [36,44]. The heavy component
has a larger molecular weight, small molecular distance, strong interaction force, and
good elastic recovery performance [36,44,47,48]. Overall, low temperature and aging will
increase the elastic components in asphalt, which is conducive to the elastic recovery of
mastic. In addition, the content of Icebane also affects the elastic component in the asphalt.
The higher the replacement rate of SMS, the worse the elastic recovery of asphalt mastic,
which was confirmed in both the SBS group and the HEA group. This may be because the
increase in SMS reduces the structural asphalt in asphalt mastic, while structural asphalt
is beneficial to improving the elastic recovery performance of asphalt mastic [20,39]. The
storage modulus of the asphalt mastic in the HEA group was higher than that of the SBS
group. This is because TPS directly increases the elastic component in SBS-modified asphalt
as a high elastic agent. In addition, the storage modulus of HEA100 with the highest
content of SMS in the HEA group was even higher than that of SBS00 without SMS. This
indicates that the performance of the asphalt could compensate for the unfavorable effect
of the SMS filler on the elastic deformation capacity of the mastic.
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Figure 4. Storage modulus: (a) Before TFOT; (b) After TFOT.

Figure 5 shows the phase angle of the asphalt mastic before and after aging as a
function of temperature. As an index of asphalt viscoelasticity, the phase angle can reflect
the proportion of viscoelastic components in asphalt [36]. As the temperature increases, the
phase angle of the asphalt mastic increases gradually, because as the temperature increases,
the viscous component in the asphalt increases, while the elastic component decreases [49].
Since TPS increases the elastic component in the SBS-modified asphalt, the phase angle of
the HEA asphalt mastic is much smaller than that of the SBS group [50]. The phase angle
decreases slightly after the asphalt is aged, mainly because the asphalt becomes brittle and
hard after aging, the elastic component increases, and the viscous component decreases. As
for the influence of the SMS on the phase angle, since the phase angle curves of different
amounts of SMS in the two groups of asphalt mastic intersect with each other, the influence
of the content of Icebane on the viscoelastic component proportion of asphalt mastic is
relatively complex [49,51,52].

Figure 5. Phase angle: (a) Before TFOT; (b) After TFOT.

Figures 6 and 7 are the changes in the complex modulus and rutting factor with tem-
perature before and after the aging of asphalt mastic, respectively. These two indicators
can be used to measure the rheology of asphalt mastic at high temperatures [36,53]. The
complex modulus and rutting factor have similar trends, so the high-temperature perfor-
mance of salt storage asphalt mastic is analyzed by taking the rutting factor as an example.
It can be seen from Figure 7 that with the increase in temperature, the rutting factor shows
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a decreasing trend, which indicates the ability of asphalt to resist high-temperature rutting
decreases. This is because the intermolecular force weakens at high temperatures and the
molecular motion of asphalt accelerates [36,49]. After aging, the rutting factor increases,
and aging contributes to improved high-temperature performance [44,49,54]. Regardless
of the test temperature, the order of rutting factors from high to low is HEA50, HEA100,
SBS00, SBS50, and SBS100. Therefore, the high-temperature performance of salt storage
asphalt mastic before and after aging will be affected by the asphalt type and the Icebane
content. The inclusion of TPS in HEA can increase the rutting resistance of the asphalt
mastic, while the higher the SMS content, the smaller the deformation resistance. The
high-temperature rheological properties of salt-storing asphalt mastic are consistent with
Sections 3.1 and 3.2.

Figure 6. Complex modulus: (a) Before TFOT; (b) After TFOT.

Figure 7. Rutting factor: (a) Before TFOT; (b) After TFOT.

3.3.2. Viscoelastic Index Z

Similar to the rutting factor, the viscoelastic index Z [Z=sinδ·(1-cosδ)/log(G*)] can also
reflect the rutting resistance of asphalt mastic [36,55]. The smaller the Z value, the stronger
the high-temperature performance of asphalt mastic. Figure 8 shows the viscoelastic index
Z of the salt storage asphalt mastic before and after aging. The index Z of the asphalt mastic
in the HEA group and the SBS group increases with the temperature, the viscosity of the
mastic decreases, and the mastic gradually changes to a viscous-fluid state [47]. Under the
same amount of SMS, the Z value of the HEA group was always lower than that of the
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SBS group. This shows that the high elastic agent increases the rutting resistance of the
asphalt mastic. The Z value increases with the content of SMS, which reflects that SMS
has a hindering effect on the high-temperature performance of salt-storing asphalt mastic.
Comparing the Z values of SBS00 and HEA100, it can be concluded that the improvement
effect of the high elastic agent on the high-temperature performance of asphalt mastic is
much higher than the negative effect of SMS on the high-temperature performance. This
analysis is consistent with the previous analysis. The Z value of the aged asphalt mastic
becomes smaller because the asphalt becomes hard and brittle after aging [36,56].

Figure 8. Viscoelastic index Z: (a) Before TFOT; (b) After TFOT.

3.4. Analysis of MSCR Test Results
3.4.1. Accumulated Strain

Rutting is the accumulation of pavement deformation under repeated traffic loads.
The cumulative strain of asphalt mastic can also characterize the service performance of
the pavement. The higher the value, the worse the rutting resistance of the pavement [57].
The strain of asphalt mastic under cyclic loading is shown in Figure 9. The higher the
temperature, the higher the strain of the asphalt mastic. The elevated temperature enhances
the thermal motion of the asphalt molecules, while the elastic component in the asphalt
mastic gradually transforms into the viscous component [36]. Short-term aging will make
the asphalt mastic hard and brittle, thereby reducing the strain of the mastic. In addition,
with the increase in the amount of SMS, the strain of asphalt mastic under load also increases
gradually. The interaction between SMS and asphalt is weak, and the addition of SMS may
increase the free asphalt content in asphalt mastic, so SMS promotes the deformation of
asphalt mastic compared to limestone filler [20,40,41]. Under each stress condition, the
order of strain from high to low is SBS100 > SBS50 > SBS00 > HEA100 > HEA50. The
cumulative strain of the HEA group was smaller than that of the SBS group. The high
elastic properties of HEA can well reduce the strain of mastic under creep conditions,
which may be due to the network structure formed after the swelling of the high elastic
modifier in the asphalt, which limits the deformation of the asphalt mastic [36]. Except for
Figure 9d, the cumulative deformation of HEA100 is always lower than that of SBS00. Even
in Figure 8b, the cumulative strain of HEA100 is not higher than that of SBS00. Therefore,
the use of SMS in combination with high elastic agents not only provides snow melting
potential to the pavement but also improves the rutting resistance.
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Figure 9. Strain curve: (a) 58 ◦C before TFOT; (b) 64 ◦C before TFOT; (c) 70 ◦C before TFOT; (d) 58 ◦C
after TFOT; (e) 64 ◦C after TFOT; (f) 70 ◦C after TFOT.

3.4.2. Creep Compliance and Creep Recovery

Creep compliance reflects the high-temperature deformation capacity. The higher
the value, the easier it is for the asphalt mastic to creep at high temperatures. The creep
compliance of different salt storage asphalt mastics before and after aging is shown in
Figure 10. In Figure 9a, the creep compliance increases with temperature because high
temperature reduces the viscosity of the mastic and enhances the mobility of asphalt
molecules [36]. The creep compliance of the HEA group is lower than that of the SBS group,
indicating that HEA is more resistant to high-temperature creep. The creep compliance
increases with the content of SMS, so SMS is not beneficial to the creep resistance of
asphalt mastic. This may be due to the reduction in structural asphalt in asphalt mastic
by SMSs [20,39]. Although limestone filler can give salt storage asphalt mastic better high-
temperature performance, with the help of the high elastic agent, the creep compliance of
HEA100 without limestone filler is still stronger than SBS00 without SMS. The influence of
asphalt type on the high-temperature performance of the mastic is higher than that of SMS.
The trend of creep compliance in Figure 9b–d is similar to that in Figure 9a. Comparing
the four subplots in Figure 9, it can be seen that the aging effect can reduce the creep
compliance, which is due to the reduction in light components in the aged asphalt mastic
and the hardening of the asphalt mastic [36,56]. In addition, increasing the stress level
will increase the creep compliance of the asphalt mastic, which is related to the increase
in the cumulative deformation of the asphalt mastic caused by increasing the stress in
Figure 9. Both increasing stress and increasing temperature will increase creep compliance,
indicating that the effect of high load and high temperature has the same effect on the creep
of asphalt mastic [57]. This equivalent effect is also confirmed in Figure 11.
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Figure 10. Creep compliance: (a) 0.1 kPa before TFOT; (b) 0.1 kPa after TFOT; (c) 3.2 kPa before TFOT;
(d) 3.2 kPa after TFOT.

Creep recovery is the opposite of creep compliance and reflects the ability to resist
high-temperature deformation. The higher the value, the better the deformation resistance
of asphalt mastic [58]. The creep recovery of different types of salt storage asphalt mastics
before and after aging is shown in Figure 11. In Figure 11a, the increase in temperature
will lead to a decrease in the recovery of asphalt mastics, indicating that the increasing
temperature will increase the viscous component of asphalt and reduce the elastic com-
ponent, so the deformation recovery ability will decrease accordingly. The recovery rate
of HEA50 and HEA100 salt storage asphalt mastics is much higher than other types of
mastics. The recovery rate of the two groups of asphalt mastics decreased with the content
of SMS, which was opposite to the creep compliance, but the reason was the same. The
recovery rate of HEA100 was higher than that of SBS00. After aging, the R3.2 index of
HEA50 and HEA100 were 30.7% and 29.4% higher than that of SBS00 at 70 ◦C, respectively.
Comparing Figure 11a–d, it is found that when the stress level increases from 0.1 to 3.2 kPa,
the recovery rate decreases, indicating that the asphalt material can only exert a good elastic
recovery ability within a certain external load [58]. So, this may be one of the reasons for
limiting overloading. After aging, the recovery rate of all types of asphalt mastic increased
significantly, because aging resulted in the transformation of light components into resins
or asphaltenes. The heavy components have strong intermolecular forces, strong resistance
to deformation, and good recovery performance [36].
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Figure 11. Recovery rate: (a) 0.1 kPa before TFOT; (b) 0.1 kPa after TFOT; (c) 3.2 kPa before TFOT;
(d) 3.2 kPa after TFOT.

3.5. Analysis of BBR Test Results
3.5.1. Creep Stiffness and Creep Rate

Creep stiffness can reflect the creep resistance of asphalt mastic at low temperature.
The creep stiffness of different salt storage asphalt mastics is shown in Figure 11a. The creep
stiffness increases with the decrease in temperature, which is due to the hardening and
brittleness of the asphalt mastic [57]. For example, the creep stiffness of HEA100 increased
by 181.4% after the temperature was lowered from −12 to −18 ◦C. After the temperature
was decreased from −18 to −24 ◦C, the creep stiffness increased by 99.2%. Comparing
the creep stiffness of the HEA group and the SBS group, the creep stiffness of the HEA
group is smaller than that of the SBS group. This shows that TPS not only increases the
high-temperature performance of asphalt mastic but also improves the low-temperature
performance [14,17,50]. The improvement in low-temperature performance may be due
to the reinforcement and toughening effect of TPS in asphalt, which is consistent with the
change in ductility. In addition, the creep stiffness was also affected by the SMS and the
creep stiffness increased with the SMS content. As mentioned earlier, SMS increases the free
asphalt content in the bituminous mastic. Generally speaking, as the free asphalt content
increases, the asphalt mastic has a stronger low-temperature deformation ability and lower
creep stiffness [59]. In this case, however, the creep stiffness increases with the SMS content.
This may be because the SMS is distributed in the asphalt in a point-like manner, and with
the increase in SMS, the interfacial phase increases, which causes the asphalt to become
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hard and brittle [40,60]. HEA decreased creep stiffness and SMS increased creep stiffness.
Overall, the effect of HEA is more significant, which may be the reason why the creep
compliance of HEA100 is lower than that of SBS00.

The creep rate reflects the ability of asphalt mastic to generate creep. The larger the
value, the better the low-temperature deformation ability of asphalt mastic, and the less
likely brittle fracture occurs [44,49,61]. The creep rates of different asphalt mastics are
shown in Figure 12b. The creep rate of asphalt mastic increases with temperature, which
is opposite to the trend of creep stiffness [57]. The m value of the HEA group was higher
than that of the SBS group, indicating that the low-temperature performance of the HEA
group was excellent. When the temperature is −12 ◦C, the effect of SMS content on creep
rate is opposite to the S value. However, when the temperature is −18 ◦C and −24 ◦C, the
effect of SMS on m is not obvious.

Figure 12. Low-temperature creep of asphalt mastic: (a) Creep stiffness. (b) Creep rate.

3.5.2. m/S

The S value is sensitive to the SMS, while the m value changes significantly with the
SMS content only at −12 ◦C. Other studies have pointed out that there is a contradiction
between the S value and the m value [36,47,62]. Using m/S can more accurately characterize
the performance of salt storage asphalt mastic at low temperature [36,63]. The larger the
m/S value, the better the flexibility of the asphalt mastic, which is beneficial to the low-
temperature performance. The m/S of different salt storage asphalt mastics is shown in
Figure 13. With the increase in the SMS content, the m/S value decreased, indicating that
SMS reduced the low-temperature performance of asphalt mastic. This is consistent with
the reduction in the ductility of asphalt mastic by SMS. As the temperature decreases, the
m/S value decreases significantly, and the brittleness of asphalt mastic gradually manifests.
The m/S value of HEA100 is also higher than that of SBS00, so although SMS has a negative
effect on low-temperature performance, this negative effect can be completely covered
by HEA.
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Figure 13. m/S of asphalt mastic.

4. Conclusions

The addition of slow-release SMS affects the performance of the salt storage asphalt
mixture. However, the slow-release SMS mainly exists in the form of asphalt mastic in
the asphalt mixture. Studying the effect of SMS on the performance of asphalt mastic has
potential significance for improving the mechanical properties of a salt-storing asphalt
mixture. For this reason, different types of salt storage asphalt mastic were prepared using
SBS-modified asphalt and HEA as the asphalt matrix. The effects of asphalt matrix and
SMS on the properties of asphalt mastic were analyzed through basic physical property
tests and rheological property tests. The main conclusions are as follows:

(1) The routine test of asphalt mastic points out that the performance of HEA asphalt
mastic is generally better than that of SBS. HEA asphalt mastic has lower penetration,
higher softening point, ductility, and viscosity. With the increase in SMS content, the
penetration of asphalt mastic increases, and the softening point and ductility decrease.
The higher the SMS content, the lower the viscosity of the asphalt mastic.

(2) The changes in the G′, G*, rutting factor, and Z show that the content of SMS in asphalt
will affect the stiffness and deformation properties of asphalt mastic. The higher the
replacement rate of SMS, the less conducive to the elastic recovery performance of
asphalt mastic. The phase angle is affected by SMS, but not significantly. The high-
temperature performance of the asphalt mastic of the HEA group is better than that
of the SBS group.

(3) MSCR results show that the addition of SMS increases the deformation of asphalt
mastic under load. Under each stress condition, the order of the various asphalt
mastic strains is SBS100 > SBS50 > SBS00 > HEA100 > HEA50. The high elasticity of
HEA can well reduce the creep of salt storage asphalt mastic. The gain effect of TPS
on creep recovery can compensate for the negative effect of SMS.

(4) The Jnr of the salt storage asphalt mastic increased with the content of SMS, while
the R was the opposite. Although SMS hinders the high-temperature performance of
asphalt mastic, HEA100 has better high-temperature performance than SBS00 with
the help of high elastic agent TPS. The addition of TPS can make up for the adverse
effect of SMS on the high-temperature performance of asphalt mastic.

(5) The creep stiffness increases with the content of SMS, and SMS reduces the creep
rate and m/S of asphalt mastic. The larger the content of SMS, the worse the low-
temperature crack resistance of the mastic. TPS can reduce the weakening effect of
SMS on the low-temperature toughness of asphalt mastic.
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Abstract: To evaluate the effects of the source and admixture of aged asphalt on the rheological
properties of reclaimed asphalt binders, the relative viscosity (Δη), relative rutting factor (ΔG*/sinδ),
and relative fatigue factor (ΔG*sinδ) were selected as evaluation indicators based on the Strategic
Highway Research Program (SHRP) tests to characterize the rheological properties of a reclaimed
asphalt binder under medium- and high-temperature conditions. The results of the study showed
that the viscosity, rutting factor, and fatigue factor of the reclaimed asphalt binder increased with
the addition of aged asphalt; however, the effect of the source and admixture of aged asphalt
could not be assessed. The relative viscosity, relative rutting factor, and relative fatigue factor are
sensitive to the source, admixture, temperature, and aging conditions, which shows the superiority
of these indicators. Moreover, the relative viscosity and relative rutting factor decreased linearly with
increasing temperature under high-temperature conditions, while the relative fatigue factor increased
linearly with increasing temperature under medium-temperature conditions. In addition, the linear
trends of the three indicators were independent of the source and admixture of aged asphalt. These
results indicate that the evaluation method used in this study can be used to assess the effects of
virgin asphalt and aged asphalt on the rheological properties of reclaimed asphalt binders, and has
the potential for application. The viscosity of recycled asphalt increases, and the rutting factor and
fatigue factor both increase. The high-temperature stability of reclaimed asphalt is improved, and the
fatigue crack resistance is weakened.

Keywords: road engineering; reclaimed asphalt binder; rheological properties; SHRP test;
variance analysis

1. Introduction

Reclaimed asphalt pavement (RAP) contains large amounts of aggregate and asphalt,
which are potentially usable resources [1–4]. The recycling of RAP contributes to reductions
in rock mining and aggregate production, with significant economic and environmental
benefits [5,6]. Studies [2,7] have shown that the application of reclaimed asphalt mixtures
in pavement subgrade construction can reduce greenhouse gas emissions by 20%, energy
consumption by 16%, hazardous waste by 11% (RAP may leach toxic substances such
as polycyclic aromatic hydrocarbons (PAHs) in the presence of rainwater in long-term
stockpiles), and whole-life costs by 21%.

Asphalt is a viscoelastic material with excellent rheological properties [8,9]. After
the blending of virgin and aged asphalt, the reclaimed asphalt binder becomes viscous
and produces a large variation in rheology compared to the virgin asphalt [10–12]. RAP
comes from a wide range of sources and has a very complex composition. Differences in the
asphalt, aggregates, oil-to-rock ratio, gradation, and even admixtures may lead to significant
differences in the rheology of the reclaimed asphalt binder or in the road performance of
the recycled mix [11,13]. Numerous studies and engineering experiences have shown that
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pavements paved with poorly rheological asphalt are prone to high-temperature rutting,
fatigue cracking, and other diseases [14,15]. In addition, the differences in the rheology of
reclaimed asphalt binder will also lead to differences in the construction temperature of
the mixture, which in turn will cause differences in the fuel required in the plant mix and
greenhouse gas emissions [13,16].

Therefore, to optimize the design of reclaimed asphalt mixtures, reduce the reclaimed
pavement issues, and prolong the service life, the rheological properties of reclaimed
asphalt binders need to be evaluated effectively. At present, there are few studies on this
subject, and the effects of different sources and admixtures of aged asphalt on the rheology
of reclaimed asphalt binders under different temperatures and aging conditions have
not been fully considered [10,17,18]. This study selects the Strategic Highway Research
Program (SHRP) asphalt test method to quantitatively evaluate the effects of the source and
admixture of aged asphalt on the high-temperature rheology of reclaimed asphalt binders
using the relative viscosity, relative rutting factor, and relative fatigue factor.

2. Materials and Method

2.1. Materials

This study uses the Abson method (ASTM D 1856) to reclaim asphalt from asphalt
mixtures. The asphalt mixture was extracted with a distillation device, and then the solvent
in the extraction liquid was removed. The recovered asphalt samples were denoted by A,
B, and C. The performance indexes are shown in Table 1. Asphalt with PG 90 was used for
the virgin asphalt and denoted by N. The performance indicators of the virgin asphalt are
shown in Table 2.

Table 1. The technical indicators of aged asphalt.

Category Penetration (25 ◦C/0.1 mm) Softening Point (◦C) Ductility (15 ◦C/cm) Viscosity (135 ◦C/Pa·s)

Test method T0604 T0606 T0605 T0625
A 27 73 3.2 2.99
B 31 71 4.6 2.67
C 35 67 6.5 2.23

Table 2. The technical indicators of virgin asphalt.

Indicators Test Results Specification

Penetration (25 ◦C/0.1 mm) 87 80~100
Softening point (◦C) 46.5 ≥44
Ductility (15 ◦C/cm) >100 ≥100

Viscosity (135 ◦C/Pa·s) 0.36 -

Residue after TFOT
Mass loss/% −0.48 ≤±0.8

penetration ratio (25 ◦C/%) 63.5 ≥57
Ductility (10 ◦C/cm) 12.9 ≥8

The aged and virgin asphalts were mixed uniformly at 135 ◦C, and the admixtures
of the aged asphalts were 15% and 30%, respectively. It is worth mentioning that the
admixture refers to the ratio of the mass of aged asphalt to the total mass of reclaimed
asphalt binder. The thin-film oven test (TFOT) and pressure aging vessel (PAV) were used
to simulate short-term aging and long-term aging, respectively. For the sake of simplicity,
the following abbreviations are used in this study: W for unaged, D for short-term aging,
and C for long-term aging. For example, A15W represents virgin asphalt mixed with 15%
of aged asphalt A, which was not aged; B30D represents virgin asphalt mixed with 30% of
aged asphalt B, which underwent short-term aging.
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2.2. Asphalt Viscosity Evaluation Test

The Brookfield rotational viscosity test (T0625) was used to investigate the effects of
the source and admixture of aged asphalt on the high-temperature rheology of reclaimed
asphalt binders. The viscosities of virgin asphalt and reclaimed asphalt binders were tested
under unaged and short-term aging conditions, respectively. Considering the temperature
range of 130–160 ◦C for asphalt production and application, the test temperatures were set
at 115 ◦C, 125 ◦C, 135 ◦C, 145 ◦C, 155 ◦C, and 165 ◦C.

2.3. Asphalt Viscoelasticity Evaluation Test

The rheological properties of virgin and reclaimed asphalt binders at high and medium
temperatures were investigated using dynamic shear rheometer (DSR) tests (T0628). The
test plate was a circular metal plate with a diameter of 25 mm. The test temperatures for
the unaged and short-term aged asphalts were 52 ◦C, 58 ◦C, 64 ◦C, 70 ◦C, 76 ◦C, and 82 ◦C,
and the test temperatures for long-term aged asphalt were 16 ◦C, 19 ◦C, 22 ◦C, 25 ◦C, 28 ◦C,
and 31 ◦C. It should be noted that the test temperatures refer to the American Association
of State Highway and Transportation Officials (AASHTO T315) regulations.

3. Results and Discussion

3.1. Asphalt Viscosity Evaluation Test Results and Analysis

The viscosities of the asphalts at each test temperature are listed in Table 3. Each
asphalt sample was tested 3 times in parallel. The test results satisfy the allowable error of
the repeatability test being 3.5% of the average value.

Table 3. Viscosity results of virgin and reclaimed asphalt binders.

Asphalt Types
Test Temperature (◦C)

115 125 135 145 155 165

NW, ND 0.93, 1.46 0.66, 1.03 0.38, 0.68 0.29, 0.44 0.23, 0.32 0.19, 0.27
A15W, A30W 1.33, 1.87 0.94, 1.29 0.52, 0.72 0.39, 0.53 0.31, 0.42 0.25, 0.33
B15W, B30W 1.29, 1.72 0.89, 1.19 0.56, 0.68 0.38, 0.52 0.30, 0.39 0.24, 0.31
C15W, C30W 1.23, 1.61 0.85, 1.12 0.48, 0.65 0.36, 0.45 0.28, 0.34 0.23, 0.28
A15D, A30D 2.07, 2.83 1.42, 1.99 0.92, 1.23 0.59, 0.76 0.43, 0.55 0.35, 0.46
B15D, B30D 1.97, 2.61 1.38, 1.83 0.89, 1.14 0.56, 0.71 0.40, 0.51 0.33, 0.41
C15D, C30D 1.91, 2.49 1.31, 1.71 0.83, 1.08 0.54, 0.67 0.39, 0.46 0.32, 0.38

The viscosities of the virgin and reclaimed asphalt binders decreased gradually with
increasing temperature, independent of whether they were aged or not. The viscosity of
the reclaimed asphalt was significantly greater than that of the virgin asphalt, while the
viscosity of the short-term aged asphalt was significantly greater than that of the virgin
reclaimed asphalt.

To evaluate the influence of the source and admixture of the aged asphalt on the
viscosity of the reclaimed asphalt, the relative viscosity Δη was used for the evaluation,
which mainly characterizes the influence of the relative viscosity of the reclaimed as-
phalt on its viscosity for every 1% increase in the content of aged asphalt, calculated as
Equation (1):

Δη =
ηmix.r − ηnew.r

x
(1)

where Δη is the dimensionless viscosity of the reclaimed asphalt, ηmix.r is the relative
viscosity of the reclaimed asphalt, ηmix.r = ηmix/ηnew, ηmix is the viscosity of the reclaimed
asphalt (Pa·s), ηnew is the viscosity of the virgin asphalt (Pa·s), ηnew.r is the relative viscosity
of the virgin asphalt, ηnew.r = 1, and x is the amount of aged asphalt blending.

The variance results for the Δη and viscosity η values of the reclaimed asphalt samples
at different test temperatures and under different aging conditions are listed in Table 4.
Usually, the significance level α = 0.05.
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Table 4. Analysis of variance results for reclaimed asphalt with Δη and η.

Category Sources of Aged Asphalt Admixture of Aged Asphalt Test Temperature Aging Conditions

Statistical probability
p-value (Δη) 3.9 × 10−5 0.004 3.3 × 10−7 0.039

Statistical probability
p-value (η) 0.851 0.100 2.9 × 10−4 0.013

As can be seen from Table 4, the statistical probability p-value of η is less than 0.05
only for the test temperature and aging conditions, indicating that there is no significant
difference in the effects of virgin asphalt and aged asphalt on the viscosity of reclaimed
asphalt based on the η index. For Δη , the p-values for all four influencing factors are less
than 0.05, indicating that assessing the viscoelasticity of reclaimed asphalt with Δη can
identify the differences in these four factors. Therefore, the high-temperature rheology of
the reclaimed asphalt is better assessed using Δη than the viscosity index.

The variation in relative viscosity Δη of the reclaimed asphalt versus temperature is
shown in Figure 1. As can be seen from Figure 1, the Δη of the reclaimed asphalt gradually
decreases with the increase in temperature, and after short-term aging the Δη also gradually
decreases. When the temperature is 135 ◦C, the Δη values of A15W, B15W, and C15W are
2.46, 2.11, and 1.75, respectively, indicating that the relative viscosity increases by 2.46,
2.11, and 1.75 for each 1% increase in the content of aged asphalt under this test condition.
However, under the same temperature conditions, the Δη of B30W is 2.63, which is not
the same as that of B15W, indicating that the viscosity of the reclaimed asphalt produces
inconsistent changes under different aged asphalt admixtures, even if the aged asphalt is
the same. Moreover, the different reclaimed asphalts at different test temperatures and
different aging conditions produced similar test results as described above.
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Figure 1. The results for the relative viscosity Δη versus temperature.

The regression analysis results show that the reclaimed asphalt Δη has a good linear
relationship with the test temperature (T). The regression equations are all Δη = aT + b
(a and b are the fitting parameters), as shown in Equations (2) and (3).

Δη =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

−0.0157T + 4.6776, R2 = 0.92, A15W
−0.0174T + 5.3464, R2 = 0.97, A30W
−0.0144T + 4.1637, R2 = 0.92, B15W
−0.0134T + 4.4118, R2 = 0.87, B30W
−0.0151T + 3.8304, R2 = 0.97, C15W
−0.02T + 4.8268, R2 = 0.88, C30W

(2)
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Δη =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

−0.0138T + 4.2984, R2 = 0.91, A15D
−0.018T + 5.209, R2 = 0.89, A30D
−0.0179T + 4.4458, R2 = 0.98, B15D
−0.0186T + 4.8137, R2 = 0.96, B30D
−0.0146T + 3.6383, R2 = 0.87, C15D
−0.0212T + 4.8106, R2 = 0.98, C30D

(3)

From Equations (2) and (3), it can be seen that the effects of virgin asphalt and aged
asphalt on the high-temperature rheology of the reclaimed asphalt can be characterized by
the slope and intercept in the linear relationship equation. For example, the slope of B30W
is −0.013, which is 23% and 33% smaller than for A30W and C30W, respectively. In addition,
the Δη of the reclaimed asphalt is always linearly related to the temperature, independent
of the source, the admixture of the aged asphalt, or whether it undergoes short-term aging.

3.2. Asphalt Rutting Factor Test Results and Analysis

The DSR test results of the asphalts under different test conditions are shown in
Figures 2–4.
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(a) G* of Virgin Asphalt (b) Phase angle of Virgin Asphalt 

Figure 2. The results of the complex modulus and phase angle versus temperature for the
unaged asphalt.
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Figure 3. The results of the complex modulus and phase angle versus temperature for the short-term
aged asphalt.
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Figure 4. The results of the complex modulus and phase angle versus temperature for the long-term
aged asphalt.

The complex modulus G* can describe the ability of the asphalt to resist deformation,
and the δ can reflect the proportional relationship between the elastic and viscous parts
of the asphalt. Generally speaking, the larger δ is, the more viscous the asphalt is. From
Figures 2–4, it can be seen that as the temperature increases, G* decreases and δ increases,
and the regularity is not related to the source of the aged asphalt, the admixture of the
aged asphalt, or whether it has been aged. The G* of the reclaimed asphalt is greater than
that of the virgin asphalt under each test temperature condition, and the δ of the reclaimed
asphalt is less than that of the virgin asphalt, whereby the lower the temperature the more
significant the result. In addition, the aged asphalt with the higher admixture content has
a larger G* and smaller δ.

Asphalt under the long-term coupling effects of heat, oxygen, light, water, and load
will experience serious aging, which will be manifested in the components as a decrease in
aromatic content, an increase in asphalt content, and a macroscopic increase in hardness.
From a viscoelastic point of view, the viscosity of asphalt decreases, the elasticity increases,
and the asphalt changes from the sol–gel state to the gel state, which leads to a higher G*
and lower δ.

Adding a different proportion of aged asphalt to the virgin asphalt can improve the
high-temperature performance of recycled asphalt; that is, the ability of the asphalt to resist
high-temperature deformation. This is manifested as an increase in G* and a decrease in
δ. According to the changes of G* and δ, it is considered that adding virgin asphalt to the
aged asphalt can restore the rheological properties of the aged asphalt mixture.

3.3. Asphalt Rutting Factor Evaluation Test Results and Analysis

The road rutting is the irrecoverable deformation of asphalt pavement under the
coupling effect of load and high temperature, which can be evaluated by using the rutting
factor (G*/sinδ). The variation curves of the G*/sinδ with temperature for the virgin and
reclaimed asphalts are shown in Figure 5.

As shown in Figure 5, the G*/sinδ values of the virgin and reclaimed asphalts grad-
ually decreased with the increase in temperature. The G*/sinδ of the reclaimed asphalt
was larger than that of the virgin asphalt. The nonlinear regression analysis showed that
the G*/sinδ had a good exponential relationship with the temperature, and the correlation
coefficients were all above 0.90.

In order to evaluate the effects of the source and admixture of the aged asphalt on
the rutting factor of the reclaimed asphalt, the dimensionless rutting factor ΔG*/sinδ was
evaluated, and the calculation can be found in Equation (4):

ΔG∗/ sinδ =
G ∗ / sin δmix.r − G ∗ / sin δnew.r

x
(4)
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where ΔG*/sinδ is the dimensionless rutting factor of the reclaimed asphalt, G*/sinδmix.r is
the relative rutting factor of the reclaimed asphalt, G*/sinδmix.r = (G*/sinδmix)/(G*/sinδnew),
G*/sinδmix is the rutting factor of the reclaimed asphalt, G*/sinδnew is the rutting fac-
tor of the virgin asphalt, G*/sinδnew.r is the relative rutting factor of the virgin asphalt,
G*/sinδnew.r = 1, and x is the amount of aged asphalt mixing.
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Figure 5. The results of the rutting factor versus temperature for unaged (a) and short-term aged
(b) asphalts.

The variance results for ΔG*/sinδ and G*/sinδ for reclaimed asphalt at different test tem-
peratures and under different aging conditions are shown in Table 5 with the significance
level of α = 0.05.

Table 5. Analysis of variance results for reclaimed asphalt ΔG*/sinδ and G*/sinδ.

Category Sources of Aged Asphalt Admixture of Aged Asphalt Test Temperature Aging Conditions

Statistical probability
p-value (ΔG*/sinδ) 0.001 0.029 5.10 × 10−7 0.031

Statistical probability
p-value (G*/sinδ) 0.533 0.056 1.35 × 10−5 0.068

As can be seen from Table 5, the statistical probability p-value of G*/sinδ is only
less than 0.05 under one test temperature, indicating that using G*/sinδ as an indicator
to evaluate the high-temperature stability of the reclaimed asphalt under different aging
conditions is unable to distinguish the difference between the virgin asphalt and aged
asphalt. The four p-values of ΔG*/sinδ are less than 0.05, indicating that using ΔG*/sinδ as
an indicator to evaluate the high-temperature performance of the reclaimed asphalt under
different temperature and aging conditions can distinguish the differences between virgin
asphalt and aged asphalt. Therefore, it is more reasonable to use ΔG*/sinδ as an indicator.

The variation in ΔG*/sinδ versus temperature for the reclaimed asphalt is shown in
Figure 6. It can be found that the ΔG*/sinδ of the reclaimed asphalt decreases gradually
with the increase in temperature. The ΔG*/sinδ values for A30W, B30W, and C30W at the
test temperature of 58 ◦C were 16.0, 11.8, and 9.2, respectively, indicating that the relative
rutting factors of the aged asphalt increased by 16.0, 11.8, and 9.2 for each 1% increase
in the admixture of aged asphalt. Under the same temperature conditions, the relative
rutting factor of A15W was 14.9, which was not the same as that of A30W, indicating that
every 1% increase in the admixture of aged asphalt produced inconsistent changes in the
high-temperature performance of the reclaimed asphalt, even if the aged asphalt was from
the same source. Different reclaimed asphalts at different test temperatures and different
aging conditions will produce similar test results as above, which are similar to the relative
viscosity test results.
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Figure 6. Variations of ΔG*/sinδ for reclaimed asphalt versus temperature.

The results of the regression analysis show that ΔG*/sinδ has a good linear relationship
with the test temperature (T). The regression equations are all ΔG*/sinδ = aT + b (a and b are
fitting parameters), as shown in Equations (5) and (6):

ΔG∗/ sinδ =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

−0.5518T + 44.855, R2 = 0.92, A15W
−0.4383T + 40.44, R2 = 0.92, A30W
−0.4957T + 39.797, R2 = 0.92, B15W
−0.3548T + 31.908, R2 = 0.91, B30W
−0.3799T + 29.819, R2 = 0.83, C15W
−0.2861T + 24.891, R2 = 0.92, C30W

(5)

ΔG∗/ sinδ =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

−0.4626T + 42.694, R2 = 0.95, A15D
−0.4702T + 46.508, R2 = 0.76, A30D
−0.5171T + 43.036, R2 = 0.93, B15D
−0.3696T + 35.064, R2 = 0.81, B30D
−0.4229T + 33.405, R2 = 0.87, C15D
−0.3281T + 30.029, R2 = 0.86, C30D

(6)

From Equations (5) and (6), it can be seen that the ΔG*/sinδ of the reclaimed asphalt is
always linearly related to the test temperature, independent of the source and admixture of
aged asphalt, and will not change after short-term aging.

3.4. Asphalt Fatigue Factor Evaluation Test Results and Analysis

An increase in rutting factor enhances the ability of the asphalt to resist permanent
deformation under high-temperature conditions; however, a high rutting factor can lead to
the asphalt being susceptible to cracking under low- and medium-temperature conditions.
Therefore, the fatigue factor G*sinδ was introduced to characterize the ability of the asphalt
to resist fatigue cracking under medium-temperature conditions after long-term aging. The
variation curves of G*sinδ values with temperature for virgin and reclaimed asphalts after
long-term aging are shown in Figure 7.

As can be seen from Figure 7, the G*sinδ gradually decreases as the temperature
increases, and the G*sinδ of the reclaimed asphalt is larger than that of the virgin asphalt.
The higher the amount of aged asphalt admixture, the larger the G*sinδ. The results of
the nonlinear regression analysis showed that the G*sinδ was exponentially related to the
temperature, and the correlation coefficients were all above 0.95.

Here, ΔG*sinδ was selected as the dimensionless fatigue factor indicator for the re-
claimed asphalt, and the effect of the relative fatigue factor of the reclaimed asphalt on its
resistance to fatigue cracking under medium-temperature conditions was evaluated.

The variance results for the reclaimed asphalt ΔG*sinδ and G*sinδ are shown in Table 6.
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Figure 7. Variation of ΔG*sinδ for asphalt versus temperature.

Table 6. Analysis of variance results for reclaimed asphalt ΔG*sinδ and G*sinδ.

Category
Sources of

Aged Asphalt
Admixture of
Aged Asphalt

Test Temperature

Statistical probability
p-value (ΔG*sinδ) 0.009 0.016 0.009

Statistical probability
p-value (G*sinδ) 0.524 0.003 2.87 × 10−3

As can be seen from Table 6, the effect of the aged asphalt admixture on the fatigue
resistance of reclaimed asphalt cannot be evaluated using G*sinδ as an indicator. The
three p-values of ΔG*sinδ are less than 0.05, indicating that the effects of the source and ad-
mixture on the rheological properties of the reclaimed asphalt can be assessed using ΔG*sinδ
as an indicator. Therefore, ΔG*sinδ is suitable for characterizing the mid-temperature rheol-
ogy of aged asphalt. The variation in ΔG*sinδ of the reclaimed asphalt versus temperature
is shown in Figure 8.
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Figure 8. Variation of ΔG*sinδ for reclaimed asphalt versus temperature.
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It can be seen that the ΔG*sinδ of the reclaimed asphalt increases gradually with the
increase in temperature. Even if the source of the aged asphalt is the same, the fatigue
resistance of the reclaimed asphalt will vary with every 1% increase in admixture. The
different reclaimed asphalts at different temperatures produced similar test results, as
described above, which were similar to the relative viscosity and relative rutting factor
test results.

The regression analysis showed that the linear relationship between the ΔG*sinδ and
temperature T is correlated well, and their regression equations are both ΔG*sinδ = aT + b
(a and b are fitting parameters), the calculation equation for which is shown in (7):

ΔG∗sinδ =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0.1657T + 6.8668, R2 = 0.67, A15C
0.823T − 4.9943, R2 = 0.88, A30C
0.1941T + 4.1691, R2 = 0.85, B15C
0.7204T − 5.2205, R2 = 0.89, B30C
0.1282T + 4.2875, R2 = 0.85, C15C
0.4313T − 0.9126, R2 = 0.83, C30C

(7)

From Equation (7), it can be seen that the effects of the source and admixture of the
aged asphalt on the fatigue resistance of the reclaimed asphalt can be similarly expressed
by the slope and intercept in the linear relationship equation.

4. Conclusions

The addition of the aged asphalt increases the viscosity, rutting factor, and fatigue fac-
tor of the reclaimed asphalt, indicating that the high-temperature stability of the reclaimed
asphalt is enhanced but the fatigue cracking resistance is attenuated.

The effect of the aged asphalt on the viscosity of the reclaimed asphalt can be evaluated
using Δη . The variance results showed that the value of Δη depends on the source and the
admixture of aged asphalt. At high temperatures, Δη decreases linearly with increasing
temperature, and its linear trend is independent of the source, the admixture, and whether
it has been aged or not.

The effect of the aged asphalt on the viscoelasticity of reclaimed asphalt can be eval-
uated using ΔG*/sinδ and ΔG*sinδ. The variance results showed that ΔG*/sinδ and ΔG*sinδ
depend on the source and admixture of aged asphalt. At high temperatures, ΔG*/sinδ
decreases linearly with increasing temperature, and at medium temperatures, ΔG*sinδ in-
creases linearly with increasing temperature; both linear trends are independent of the
source and admixture of aged asphalt.

Author Contributions: Conceptualization, T.L.; methodology, W.D.; software, Y.Q.; validation, J.Z.;
formal analysis, Q.L.; resources, J.W.; data curation, J.X.; writing—original draft preparation, R.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by [the basic scientific research of central institute: 2021-9045a].

Institutional Review Board Statement: Not applicable for studies not involving humans or animals.

Informed Consent Statement: Not applicable.

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

References

1. Ržek, L.; Turk, M.R.; Tušar, M. Increasing the rate of reclaimed asphalt in asphalt mixture by using alternative rejuvenator
produced by tire pyrolysis. Constr. Build. Mater. 2020, 232, 177177. [CrossRef]

2. Giani, M.I.; Dotelli, G.; Brandini, N.; Zampori, L. Comparative life cycle assessment of asphalt pavements using reclaimed asphalt,
warm mix technology and cold in-place recycling. Resour. Conserv. Recycl. 2015, 104, 224–238. [CrossRef]

3. Xing, C.; Jiang, W.; Li, M.; Wang, M.; Xiao, J.; Xu, Z. Application of atomic force microscopy in bitumen materials at the nanoscale:
A review. Constr. Build. Mater. 2022, 342, 128059. [CrossRef]

4. Guo, M.; Tan, Y.; Hou, Y.; Wang, L.; Wang, Y. Improvement of evaluation indicator of interfacial interaction between asphalt
binder and mineral fillers. Constr. Build. Mater. 2017, 151, 236–245. [CrossRef]

332



Polymers 2022, 14, 3623

5. Yu, C.; Hu, K.; Yang, Q.; Wang, D.; Zhang, W.; Chen, G.; Kapyelata, C. Analysis of the Storage Stability Property of Carbon
Nanotube/Recycled Polyethylene-Modified Asphalt Using Molecular Dynamics Simulations. Polymers 2021, 13, 1658. [CrossRef]
[PubMed]

6. Hu, K.; Yu, C.; Yang, Q.; Chen, Y.; Chen, G.; Ma, R. Multi–scale enhancement mechanisms of graphene oxide on styrene–
butadiene–styrene modified asphalt: An exploration from molecular dynamics simulations. Mater. Des. 2021, 208, 109901.
[CrossRef]

7. Karlsson, R.; Isacsson, U. Material-Related Aspects of Asphalt Recycling—State-of-the-Art. J. Mater. Civ. Eng. 2006, 18, 81–92.
[CrossRef]

8. Yu, C.H.; Hu, K.; Chen, G.X.; Chang, R.; Wang, Y. Molecular dynamics simulation and microscopic observation of compatibility
and interphase of composited polymer modified asphalt with carbon nanotubes. J. Zhejiang Univ. Sci. A 2021, 22, 528–546.
[CrossRef]

9. Yong, F.; Caihua, Y.; Kui, H.; Yujing, C.; Yu, L.; Taoli, Z. A study of the microscopic interaction mechanism of styrene–butadiene-
styrene modified asphalt based on density functional theory. Mol. Simul. 2021, 26, 1–12. [CrossRef]

10. Jamshidi, A.; Hamzah, M.O.; Shahadan, Z. Selection of reclaimed asphalt pavement sources and contents for asphalt mix
production based on asphalt binder rheological properties, fuel requirements and greenhouse gas emissions. J. Clean. Prod. 2012,
23, 20–27. [CrossRef]

11. Dony, A.; Colin, J.; Bruneau, D.; Drouadaine, I.; Navaro, J. Reclaimed asphalt concretes with high recycling rates: Changes in
reclaimed binder properties according to rejuvenating agent. Constr. Build. Mater. 2013, 41, 175–181. [CrossRef]

12. Yu, X.; Leng, Z.; Wang, Y.; Lin, S. Characterization of the effect of foaming water content on the performance of foamed crumb
rubber modified asphalt. Constr. Build. Mater. 2014, 67, 279–284. [CrossRef]

13. Suo, Z.; Yan, Q.; Ji, J.; Liu, X.; Chen, H.; Zhang, A. The aging behavior of reclaimed asphalt mixture with vegetable oil rejuvenators.
Constr. Build. Mater. 2021, 299, 123811. [CrossRef]

14. Gao, J.; Yang, J.; Yu, D.; Jiang, Y.; Ruan, K.; Tao, W.; Sun, C.; Luo, L. Reducing the variability of multi-source reclaimed asphalt
pavement materials: A practice in China. Constr. Build. Mater. 2021, 278, 122389. [CrossRef]

15. Rafiq, W.; Napiah, M.; Habib, N.Z.; Sutanto, M.H.; Alaloul, W.S.; Khan, M.I.; Musarat, M.A.; Memon, A.M. Modeling and design
optimization of reclaimed asphalt pavement containing crude palm oil using response surface methodology. Constr. Build. Mater.
2021, 291, 123288. [CrossRef]

16. Shirodkar, P.; Mehta, Y.; Nolan, A.; Sonpal, K.; Norton, A.; Tomlinson, C.; Dubois, E.; Sullivan, P.; Sauber, R. A study to determine
the degree of partial blending of reclaimed asphalt pavement (RAP) binder for high RAP hot mix asphalt. Constr. Build. Mater.
2011, 25, 150–155. [CrossRef]

17. MacEachern, M.; Sanchez, X.; Oh, W.T. Mechanical Properties of Aggregates for Roadbase Partially Replaced with Reclaimed
Asphalt Shingles. Int. J. Civ. Eng. 2020, 19, 233–243. [CrossRef]

18. Alrajfi, E.; Ashteyat, A.M.; Murad, Y.Z. Shear behaviour of RC beams made with natural, recycled aggregate concrete and
reclaimed asphalt aggregates under normal and elevated temperature. J. Build. Eng. 2021, 40, 102681. [CrossRef]

333





Citation: Teltayev, B.; Amirbayev, E.;

Radovskiy, B. Evaluating the Effect of

Polymer Modification on the Low-

Temperature Rheological Properties

of Asphalt Binder. Polymers 2022, 14,

2548. https://doi.org/10.3390/

polym14132548

Academic Editors: Wei Jiang,

Quantao Liu, Jose Norambuena-

Contreras and Yue Huang

Received: 16 May 2022

Accepted: 15 June 2022

Published: 22 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Evaluating the Effect of Polymer Modification on the
Low-Temperature Rheological Properties of Asphalt Binder

Bagdat Teltayev 1,*, Erik Amirbayev 1 and Boris Radovskiy 2

1 Kazakhstan Highway Research Institute, Almaty 050061, Kazakhstan; erik_neo@mail.ru
2 Radnat Consulting, Irvine, CA 90292, USA; b.radovskiy@att.net
* Correspondence: bagdatbt@yahoo.com; Tel.: +7-701-760-6701

Abstract: This paper investigates the viscoelastic properties of oxidized neat bitumen and three
polymer-modified binders at low temperatures. The earlier proposed interrelated expressions for
the relaxation modulus and for the creep compliance of bitumen binders are further developed. The
results of creep testing of the binders on a bending beam rheometer at the six temperatures from
−18 ◦C to −36 ◦C are presented. The results were analyzed using the equations developed for the
relaxation modulus and the relaxation time spectrum. Viscosities at the low temperatures of tested
binders were estimated. Approximate interrelations between the loss modulus and the relaxation
spectrum were presented. The method for the determination of the glass transition temperature of a
binder in terms of the relaxation time spectrum is proposed. The glass transition temperatures of
tested binders were determined by the proposed method and compared with ones determined by the
standard loss modulus-peak method.

Keywords: neat and polymer-modified bitumens; low temperatures; creep compliance; relaxation
modulus; relaxation time spectrum; glass transition temperature

1. Introduction

Bitumens are widely used in road paving because of their good adhesion to mineral
aggregates and their viscoelastic properties. In paving applications, the bitumen should
be resistant to climate and traffic loads, for which reason its rheological properties play
a key role. It has to be stiff enough at high temperatures to resist rutting at local pave-
ment temperature around 60 ◦C while it must remain soft and viscoelastic enough at low
temperatures (from −20 ◦C to −45 ◦C) to resist thermal cracking. Those requirements are
almost opposite, and most of the available neat bitumens would not provide all the needed
characteristics together because bitumen is brittle in cold winters and softens readily in hot
summers. Moreover, asphalt pavement at intermediate temperatures should be resistant
to fatigue cracking from tensile and shear stresses under the action of repeated loading
caused by traffic.

In order to enhance neat bitumen properties and widen the service temperature, bi-
tumens are often modified by the addition of polymers. Polymer modification improves
mechanical properties, decreases thermal susceptibility and permanent deformation (rut-
ting), and increases resistance to low-temperature cracking. The most commonly used
additives are copolymers, such as styrene butadiene styrene (SBS), ethylene vinyl acetate
(EVA), styrene- ethylene-butylene-styrene (SEBS). The wide use of this type of polymer for
modification is due to its thermoplastic nature at higher temperatures and its ability to form
networks upon cooling. Particularly, when SBS is blended with bitumen, the elastomeric
phase of the SBS copolymer absorbs the maltenes (oil fractions) from the bitumen and
swells up to nine times its initial volume [1]. At SBS concentrations 5–7% by mass, a con-
tinuous polymer network (phase) is formed throughout the modified binder, significantly
improving the bitumen properties at high and intermediate temperatures.

Polymers 2022, 14, 2548. https://doi.org/10.3390/polym14132548 https://www.mdpi.com/journal/polymers
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Until now, the researchers have not developed a convincing opinion on the positive and
significant effect of modifying bitumens with polymers at low temperatures. Lu et al. [2]
tested three bitumens blended with 6% SBS, EVA, SEBS, or EBA. They concluded that
the effect of modification on the low-temperature properties of bituminous binders was
small. Authors of [3,4] concluded that modified bitumens have better resistance to low
temperature cracking compared to the unmodified ones while Peng [5] found that at
−12 ◦C and −18 ◦C, the low-temperature stability of the modified bitumen is significantly
increased, although at −24 ◦C it is slightly reduced. Lu et al. in work [6] reported that
the glass transition temperature of a bitumen defined as the temperature of the peak loss
modulus is reduced by polymer modification; but the results of creep tests performed
using a BBR at temperatures of−15 ◦C, −20 ◦C, 25 ◦C, and −30 ◦C showed that polymer
modification does not give beneficial effect; in some cases, especially for the limiting
temperature at 0.3 m value, even adverse effect is found for polymer modification. In
work [7], dense asphalt concrete samples prepared with bitumens modified with various
amounts of SBS polymer were subjected to restrained cooling tests and at a standard cooling
rate of 10 ◦C/h, no significant effect of modification was noted.

Although considerable research was undertaken in this area, the polymer-modified bi-
tumen has still to be comprehensively characterized, due to the complex nature and interac-
tion of the bitumen and polymer system. The present work focuses on the low-temperature
rheological properties of the polymer-modified bitumen binders for road pavements.

The low-temperature transverse cracking of asphalt concrete pavements is major
pavement distress commonly observed in regions affected by cold weather. Thermal
cracking is induced by a rapid drop in temperature that tends to cause contraction and
results in tensile stresses that may eventually reach the tensile strength of the material
causing its fracture. The field performance data from test roads in Alberta, Manitoba, and
Ontario (Canada), and Pennsylvania (USA) indicated that the binder is mostly responsible
for the cold-weather cracking of asphalt pavements [8–12]. It became clear that only a
fundamental understanding based on sound theory such as binder rheology might provide
confidence for moving forward into a low-temperature cracking problem [13–20].

In a pioneering work, Monismith et al. [21] developed a calculation method for the
thermally induced stress in the longitudinal direction of asphalt pavement as in an infinite
viscoelastic beam. Boltzmann’s superposition principle and the constitutive equation for
linear viscoelastic material were applied to relate time-dependent stresses and strains. This
approach was then widely used to estimate the development of thermal stresses [12,22–28].
It turned out that the problem of tensile strength determination for the binder and asphalt
concrete was much more complicated, particularly including a ductile-to-brittle failure
domain related to the peak to the tensile strength vs. temperature curve [16,24,29–32].

For many years, researchers have attempted to develop tests that can be incorporated
into the binder pass/fail low-temperature specifications. Mandatory binder stiffness (S at
60 s < 300 MPa) and its slope (m value at 60 s, d log S/d log t = m > 0.30) at the designed
low pavement temperature were included in the standard specifications AASHTO M 320
and ASTM D 6816. Later proposed rheological low-temperature parameters include the
difference ΔT between TS=300 and Tm=0.30 [33]; stiffness at m-value = 0.3; Glover parameter
that is a combination of storage modulus and a real part of complex viscosity and serves as
a surrogate parameter for ductility [34]; Glover–Rowe parameter (G–R) which is the same
parameter expressed in other terms [35].

Bitumen contains up to several thousand individual chemical components ranging
from non-polar saturated alkanes to polar hetero-hydrocarbons [36]. Phenomenologically,
it, therefore, seems natural to view a bitumen as a continuum of molecules with a grad-
ual transition in molecular weight and polarity and with the corresponding continuous
spectrum of relaxation times. The change in bitumen binder properties associated with
the degree of packing does not occur instantaneously with change in temperature, but
requires the passage of time. As the temperature is reduced, then the time scale for these
rearrangements increases. In some temperature ranges, this time is of the order of the
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time scale of the experimental measurement, from minutes to hours. If the temperature is
reduced still further, this time scale is increased so much that no further change in order
can be observed over practical time scales. The temperature at which this transition occurs
is the glass transition temperature.

It was shown that the glass transition temperature of bitumen binders is a reasonable
predictor of the temperature close to which the asphalt pavement will thermally frac-
ture [12,37,38]. Since low-temperature cracking is widespread pavement distress, the ability
to determine bitumen binders is an important tool for asphalt researchers [18,29,39–45].
The objective of this paper is to increase the understanding of the low-temperature behavior
of bitumen binders, particularly to estimate the glass transition temperature in terms of the
relaxation time spectrum.

2. Theoretical Background

2.1. Linear Viscoelastic Rheological Characterization

To describe the rheological properties of binders we used the earlier proposed
model [24,46,47] that includes expressions for tensile relaxation modulus E(t) and for
the tensile creep compliance D(t):

E(t) = Eg

[
1 +

(
Egt
3η

)b
]−(1+1/b)

, (1)

D(t) =
1

Eg

[
1 +

(
Egt
3η

)β
]1/β

, (2)

β =

[
1
b
− ln(π)

ln(2)
+ 2

]−1

, (3)

where t is a time, s; Eg is tensile instantaneous modulus (tensile glassy modulus), Pa; η is
the steady-state shear viscosity, Pa·s; b is a constant (0 < b < 1) governing the shape and
width of the relaxation time spectrum.

The model [24,46,47] includes expressions (1) and (2) for tensile relaxation modulus
E(t) and for the tensile creep compliance D(t). The constant β in Equation (2) was shown
to be dependent on the thermal susceptibility of the bitumen binder based on SHELL
testing data for 46 bitumens [24]. Equations (2) and (3) were derived by means of linear
viscoelasticity in our monograph [46]. Expressions (1) and (2) for tensile relaxation modulus
and for the tensile creep compliance match each other (Figure 1).

Figure 1. The convolution product of relaxation modulus and creep compliance.

As it is seen, Equations (1) and (3) include three parameters and all of them have
physical meanings.

337



Polymers 2022, 14, 2548

The relaxation and creep functions E(t) and D(t) are connected by the relation in form
of the exact convolution integral [48]:

C(t) =
∫ t

0
E(ξ) D(t − ξ) dξ = t. (4)

The convolution product C(t) of Equation (4) was calculated using Equations (1) and (2)
at 3η/Eg = 0.01 s for b = 0.2, 0.3, and 0.4. The results plotted in Figure 1 numerically
confirm that the expressions (1) and (2) for relaxation modulus and creep compliance match
each other.

The mean relative deviation of the convolution product C(t) from the equality line
in Figure 1 is around 1.4% for the time scale of twelve logarithmic decades. Supposing
isotropy and incompressibility, Equations (1) and (2) for shear relaxation modulus G(t) and
for the shear creep compliance J(t) can be written in the forms:

G(t) = Gg

[
1 +

(
Ggt
η

)b
]−(1+1/b)

, (5)

J(t) =
1

Gg

[
1 +

(
Ggt
η

)β
]1/β

, (6)

where Gg is the shear glassy modulus, MPa.
Complex modulus in shear can be determined from creep compliance Equation (6)

using the Schwarzl and Struik method [49]:

|G∗|(ω) =
Gg

Γ(1 + m(ω))

[
1 +

(
Gg

ηω

)β
]− 1

β

, δ(ω) =
π

2
m(ω), (7)

where |G∗(ω)| is the norm of complex modulus; δ(ω) is phase angle; ω is the angular
frequency, rad/s; Γ(x) is the gamma function, and

m(ω) =
(Gg/ηω)β

1 + (Gg/ηω)β
. (8)

Here the Van der Poel-Koppelmann [13,50] conversion from time to frequency domain
t → 1/ω was applied to Equation (6) to derive Equation (7) using [49].

2.2. Spectrum of Relaxation Times

According to Bernstein’s theorem [51], every monotonic function can be written as a
sum of exponential decay functions exp(−t/τ). The relaxation modulus of a viscoelastic
liquid E(t) is a continuous, decreasing function and thus it can be expressed in form of the
integral transform [52]:

E(t) =
∞∫

0

H(τ) exp(−t/τ)
dτ

τ
=

∞∫
−∞

H(τ) exp(−t/τ)d ln τ, (9)

where H(τ) is the distribution function of relaxation times τ, shortly the relaxation–
time spectrum.
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If relaxation modulus E(t) is given, the spectrum H(τ) can be found from the integral
Equation (9) by inverting the Laplace transform. Applying the Widder’s inverse Laplace
transformation [53] leads to the following asymptotic formula for relaxation–time spectrum:

Hn(τ) =
(−1)n(nτ)n

(n − 1)! E(n)(nτ),

E(n)(nτ) =
[

dnE(t)
dtn

]
t=nτ,

(10)

where n is the degree of approximation (n = 1, 2, 3. . . ).
As n becomes infinite [53], the right side of Equation (10) tends to the exact relaxation–

time spectrum H(τ). The convergence rate depends on the relaxation modulus E(t).
Substituting Equation (1) to Equation (10) leads to the following expressions for the

first and second approximations of the spectrum:

H1(τ) =
Eg(1 + b)

(
Egτ
3η

)b

[
1 +

(
Egτ
3η

)b
]2+1/b

,

(11)

H2(τ) =

Eg(1 + b)
[
(2 + b)

(
2Egτ

3η

)b
+ 1 − b

](
2Egτ

3η

)b

[
1 +

(
2Egτ

3η

)b
]3+1/b . (12)

Figure 2 presents an example of calculated spectra for Eg = 2.460 × 109 Pa, b = 0.1914,
η = 4.247 × 106 Pa·s in the first, second and third approximations. The maximum spectrum
density in the first approximation is only 1.6% smaller than in the second and 1.8% smaller
than in the third approximation.

Figure 2. Comparison of calculated spectra.

Thus, the precision of simple first approximation Equation (11) is acceptable for our
purposes. Moreover, Equation (11) has three intriguing features associated with it. First,
analytically taking the integral one can obtain exactly

∞∫
0

H1(τ)

τ
dτ = Eg, (13)

as it follows from Equation (9) at t = 0. The area between the curve H1(τ) and axis ln τ
equals the instantaneous modulus, as it should.
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Secondly, analytically taking the integral one can obtain exactly

∞∫
0

H1(τ)dτ = 3η, (14)

as it should be [48]. The area between the curve H1(τ) and axis τ equals the elongational
viscosity ηe = 3η [54].

Thirdly, differentiation leads to

d log H1(τ)/d log τ =
1 + 2b

1 +
(

Egτ
3η

)b − 1 − b (15)

It follows from Equation (15) that at τ = 0 the slope d log H1(τ)/d log τ = b while
when τ → ∞ the slope d log H1(τ)/d log τ = −(1 + b). Obviously, the shape parameter
b is related to the slopes of the relaxation spectrum. The slope d log H1(τ)/d log τ = b de-
scribes the low-relaxation time wing of the spectrum while the slope
d log H1(τ)/d log τ = −(1 + b) corresponds to the high-relaxation time wing (Figure 3).

Figure 3. Spectrum and geometrical meaning of parameter b.

Spectrum density H1(τ) peaks at the modal relaxation time:

τm =
3η

Eg

(
b

1 + b

)1/b
, (16)

3. Materials and Methods

3.1. Binders

Four asphalt binders were tested. A neat bitumen of penetration grade BND 100/130
produced by direct oxidation from Siberian crude oil by Pavlodar petrochemical plant is
commonly used in Kazakhstan paving industry. The second binder was the base bitumen
BND 100/130 modified by the reactive ethylene terpolymer Elvaloy 4170 (Du Pont, NY,
USA) in the amount of 1.4% by weight. The third binder was the base bitumen modified by
the cationic bitumen emulsion of Butanol NS 198 (BASF, Ludwigshafen, Germany) in the
amount of 3% by weight. The fourth binder was the base bitumen compounded with a flux
(vacuum residue) from the same plant (flow time 82 s at 80 ◦C) in the amount of 20% by
weight and modified by the polymer SBS L 30-01 (Sibur Co., Moscow, Russia)in the amount
of 5% by weight.

Elvaloy 4170 is a chemically active copolymer of ethylene (71%) with butyl acrylate
(20%) and glycidyl methacrylate (9%). Butanol NS 198 is a cationic, high molecular weight
styrene butadiene dispersion designed for use in asphalt modification and waterproofing.
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The content of solid polymers in Butanol is 64%. SBS L 30-01 A represents a linear block for
copolymer of styrene (30%) and butadiene (70%). The molecular weights of the polymers
Elvaloy and Butanol are in the range of 60,000–80,000 and 80,000–90,000, respectively. The
structural formulas of SBS and Elvaloy polymers are shown in Figure 4.

Figure 4. The structural formulas of (a) SBS and (b) Elvaloy polymers.

3.2. Preparation of Compounded and Modified Binders

Modification of the bitumen with polymers Elvaloy and Butanol was carried out in
accordance with the normative documents of Kazakhstan [55] and [56], respectively. The
polymers Elvaloy and Butanol were gradually added to the heated neat bitumen at 170 ◦C
using a laboratory mixing device. Continuous mixing process of polymer–bitumen binders
lasted for two hours, the next twelve hours the Elvaloy modified binder was conditioned at
constant temperature of 170 ◦C.

Compounding of the base bitumen with the flux was performed by means of mixing
with the rate of 450–500 rotations per minute at the constant temperature of 120 ◦C for
30 min [57]. Then, the compounded bitumen was gradually heated up to 180 ◦C and
polymer SBS was gradually added. During the first two hours and next four hours, a
mixing rate was equal to 1200 and 1800 rotations per minute, respectively.

3.3. Conventional Properties of Binders

Conventional properties of the binders were defined in the Research Laboratory of
Kazakhstan Highway Research Institute according to the test specification ST PK 1373−2013
and they are presented in Table 1.

Table 1. Conventional properties of binders.

Property Standard Bitumen
Bitumen Modified by

Elvaloy Butanol Flux + SBS

Penetration, 25 ◦C (0.1 mm) ASTM D5 103 86 88 73
Penetration index PI EN 12591 −0.70 - - -

Ductility (cm), 25 ◦C (CM) ASTM D113 >150 32 63 70
Softening point (◦C) ASTM D36 45.0 62.5 62.0 76.5

Fraass breaking point (◦C) EN 12593 −26.4 −25.8 −25.4 −23.0
Flash point (◦C) ASTM D92 265 250 265 -

Dynamic viscosity, 60 ◦C (Pa·s) ASTM D2171 167 - - -
Kinematic viscosity, 135 ◦C (mm2/s) ASTM D445 394 - - -

Elastic recovery, 25 ◦C (%) ASTM D6084 - 87 81 98
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3.4. Rheological Testing

The binders were tested at low temperatures (−18 ◦C, −24 ◦C, −27 ◦C, −30 ◦C,
−33 ◦C, and −36 ◦C) on the ATS Bending Beam Rheometer (BBR) according to the standard
ASTM D 6648.

Prior to the rheological testing, the binders were aged using a Rolling Thin-Film Oven
(RTFO) according to the test specification ASTM D2872 to simulate the short-term aging
during asphalt mix manufacture. Then the binders were further aged in the Pressurized
Aging Vessel (PAV) to simulate the long-term aging (ASTM D6521).

The binder samples for the testing had a shape of a beam with dimensions
6.25 × 12.5 × 125 mm. The duration of specimen conditioning prior to the testing was
set to one hour. In the BBR creep test a constant load P = 0.98 N was applied at the midpoint
of the simply supported binder beam for 240 s. The mid-span deflection d(t) was constantly
recorded. The creep stiffness S(t) was automatically calculated from the equation:

S(t) =
PL3

4wh3 d(t)
, (17)

where L is the span of the beam (102 mm); w is the width of the beam (12.5 mm); h is the
height of the beam (6.25 mm); d(t) is maximum deflection of the beam at time t.

Only the observations at 8, 15, 30, 60, 120, and 240 s were employed in the present study.

4. Results and Discussion

4.1. Stiffness and Viscosity

As an example, the results of testing are shown in Figure 5 for the Elvaloy modified
bitumen binder.

Figure 5. Time-dependent stiffness at different temperatures for Elvaloy modified binder.

To produce a master curve at a selected reference temperature Tr, Equation (2) com-
bined with the Arrhenius time-temperature superposition function was used:

S(t) =
1

D(t)
= Eg

[
1 +

(
Egt
3η

)β
]−1/β

, (18)

η = ηr exp
[

ΔHa

R

(
1

273 + T
− 1

273 + Tr

)]
, (19)

where ηr is a viscosity at a reference temperature, Pa·s; ΔHa is the flow activation energy,
J/mol; R is the universal gas constant equal to 8.314 J/(mol·K).

The parameter β is related to b as before by Equation (3).
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Based on our previous study [24,46], the instantaneous tensile modulus was assumed
Eg = 2460 MPa for all tested binders. The reference temperature was selected close to the
midrange of testing temperatures Tr = −30 ◦C. Using the Mathcad software, a nonlinear
minimization algorithm was implemented to determine simultaneously the parameters ηr,
ΔHa, and b by minimizing the sum of squared deviations of data points from the master
curve S(t) Figure 6.

Figure 6. Master curve of stiffness as a function of time for the Elvaloy modified bitumen binder at
Tr = −30 ◦C.

The obtained values of the parameters are given in Table 2. Figure 7 shows the viscosity
as a function of temperature calculated using Equation (19).

Table 2. Values of the parameters for binders.

Binder η at Tr = −30 ◦C, MPa·s ΔHa, J/mol b

Bitumen 3.520 × 106 1.847 × 105 0.1418
Bitumen + Elvaloy 1.374 × 106 1.468 × 105 0.1412
Bitumen + Butanol 6.411 × 106 1.437 × 105 0.1452

Bitumen + Flux + SBS 8.143 × 106 1.833 × 105 0.1346

The slopes of the viscosity-temperature relationships to the temperature axis for the
binders modified by the polymers Elvaloy and Butanol are almost equal and they are
smaller than the slopes for the neat bitumen and the bitumen compounded by the flux
and modified by the polymer SBS. This indicates the lower temperature susceptibility of
the Elvaloy and Butanol-modified binders. In the range of the testing temperatures, the
Elvaloy-modified binder has the smallest viscosity while the Butanol-modified binder (at
temperatures higher than −27 ◦C) and the flux compounded and SBS-modified −27 ◦C)
have the greatest one. The ability to estimate the viscosity of a binder at subzero tempera-
tures indirectly from conventional BBR testing is a useful feature of the paper.
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Figure 7. Viscosity–temperature relationships for the binders.

4.2. Glass Transition Temperature in Terms of Loss Modulus

Several researchers have shown that the glass transition temperature Tg of a bitumen
binder is associated with the low-temperature cracking of a pavement [12,37,38]. The
transition to a glassy state increases the brittleness of the binder, reducing its ability for
stress relaxation and resulting in higher cracking susceptibility of an asphalt pavement.
Researchers measured the glass transition temperature of bitumen binders by using three
different techniques: dilatometry, calorimetry and rheological method-peak in the loss
modulus versus temperature.

The classic method for the determination of the glass transition temperature is dilatom-
etry. The temperature dependence upon cooling of the specific volume is determined by
a suitable technique, and the temperature at the change in slope is taken as Tg at a given
cooling rate [8,39–41]. Because of the need for precise measurements of small changes in
volume with decreasing temperature, the dilatometric method is a difficult procedure to
perform. Calorimetry was extensively employed, a peak in heat capacity being observed at
the temperature Tg, depending on the heating rate [29,42,43].

Last year, the rheological dynamic measurements were conducted to estimate the
glass transition temperature of bitumen binders. The data are collected over the tem-
perature range at constant frequency and the loss modulus G′′ (or E′′) peak temperature
is taken as Tg. The standard ASTM 1640 [58] recommends the testing frequency 1 Hz
(ω = 6.28 rad/s). This standard admits other frequencies but they should be reported.
Anderson and Marasteanu [41] used frequency 0.1 rad/s, Reinke and Engber [44] used
0.1–1.0 rad/s, Planche et al. [43] used 5 rad/s, Sun et al. used 10 rad/s [45]. Changing
the time scale by a factor of 10 will generally result in a shift of about 8 ◦C for a typical
amorphous material [58]. Anderson and Marasteanu [59] compared dilatometry, calorime-
try, and the peak in the G” and concluded that all methods give estimates of the glass
transition temperature that are in relatively good agreement, given the different nature of
the measurements and the time scale of the measurements.

In the present study, Tg is defined based on BBR testing as the temperature where the
tensile loss modulus E′′ peaks at frequency 1 rad/s. The tensile loss modulus E′′ can be
determined from tensile creep compliance D(t) using the Schwarzl and Struik method [49]
from the equation

E′′ (ω) =
Eg sin( π

2 mE(ω))
Γ(1+mE(ω))

[
1 +

(
Eg

3ηω

)β
]− 1

β

,

where

mE(ω) =
(Eg/3ηω)

β

1+(Eg/3ηω)
β .

(20)
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Loss modulus E′′ (ω) was calculated from Equation (20) using Equation (19) and the
parameters are shown in Table 2 at the frequency ω = 1 rad/s. When the loss modulus E′′

is plotted versus temperature, the resulting curve exhibits a peak value (Figure 8). The
temperature at this peak value can be interpreted as a glass transition temperature Tg. The
temperatures at which the calculated E′′ reached a maximum value were Tg = −45.4 ◦C
for the neat bitumen, Tg = −52 ◦C for the Elvaloy-modified binder, Tg = −46.3 ◦C for the
Butanol-modified binder and Tg = −46.2 ◦C for the flux-compounded and SBS-modified
binder. Changing the “testing” frequency by a factor of 10 results in a Tg shift of 5.5–7 ◦C.

Figure 8. Calculation of the glass transition temperatures for the tested binders using the loss
modulus peak method at frequency ω = 1 rad/s.

At low polymer concentration (not more than about 5%), the properties of the base
bitumen and the compatibility of polymer with bitumen are very important. Modification
with 3% Butanol primarily aims to improve the high-temperature properties of the bitumen
and does not show a positive effect at subzero temperatures compared with the base
neat bitumen in this study. Considerable improvement of high-temperature properties
(softening point from 45 ◦C up to 76.5 ◦C) of the base bitumen, keeping its low-temperature
properties, was achieved by means of compounding by flux and modifying by polymer
SBS. Modification with 1.4% Elvaloy, which is intended to enhance the high-temperature
properties as well, also improved the low-temperature properties. Modification with
Elvaloy lowered the temperature susceptibility, lowered the low-temperature viscosity
and reduced the glass transition temperature. Particularly, these results are important for
countries with a sharp-continental climate, including Kazakhstan, which is the ninth-largest
in the world where half of the territory requires the bitumen binder of Superpave grade
PG 58−40.

4.3. Glass Transition Temperature in Terms of Relaxation Time Spectrum
4.3.1. Interrelations between Loss Modulus and Relaxation Spectrum

To increase the understanding of the glass transition temperature of the binder it
would be of interest to express Tg in terms of the relaxation time spectrum. In the previous
section, the widely accepted definition of the glass transition temperature was used, which
consisted of taking the loss modulus (G′′) maximum as a function of temperature at a
given frequency ω. Loss modulus is related to the relaxation–time spectrum by an exact
equation [48].

G′′ (ω) =

∞∫
0

H(τ)

τ
· ωτ

1 + ω2τ2 dτ. (21)
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The kernel of the loss modulus function

f (τ) =
ωτ

1 + ω2τ2 , (22)

is a crude approximation to the Dirac delta function δD(τ). The function f (τ) reaches a
maximum at τ = 1/ω. Since the integral

∞∫
0

ωτ

1 + ω2τ2 dτ =
π

2

is not unity as it is for the delta function δD(τ), the function f (τ) must be multiplied by
2/π before being replaced by the delta function. Then

2
π

· ωτ

1 + ω2τ2 ≈ δ(1 − 1/ω). (23)

If Equation (23) is substituted into Equation (21), and using the sifting property of the
Dirac delta function yields the relation:

G′′ (ω) ≈ π

2
H
(

1
ω

)
. (24)

Applying the Van der Poel-Koppelmann conversion from the frequency domain to the
time domain ω → 1/τ leads to the equation:

H(τ) ≈ 2
π

G′′ (ω)|ω→1/τ . (25)

It follows from Equation (25) that a relaxation time spectrum H(τ) is approximately
proportional to a loss modulus function G′′ (ω). Their shapes are similar and their maxima
represent the concentration of the relaxation time spectrum or correspond to the relaxation
frequency spectrum in a certain region of the logarithmic τ or ω scales.

4.3.2. Glass Transition Temperature

Calculated spectrum densities at the modal relaxation time τm = 1/ωm = 1 s using
Equation (11) and the parameters given in Table 2 are presented in Figure 9. The curves in
Figures 8 and 9 look very similar with allowance for approximations in the derivation of
Equations (11) and (25).

For a given modal frequency, e.g., ωm = 1 rad/s, loss modulus G′′ (ω) at a certain
temperature has a maximum, e.g., Tg = −45.4 ◦C for bitumen (Figure 8). According to
time–temperature superposition principle, it equivalently means that for the constant
temperature −45.4 ◦C the loss modulus G′′ (ω) has a maximum at the modal frequency
ωm = 1 rad/s. Similarly, in the relaxation time domain, the relaxation time spectrum H(τ)
has a maximum at the modal relaxation time τm = 1/ωm [Equation (16)].

Substituting Equation (19) into Equation (16) leads to the relation:

τm =
3ηr

Eg

(
b

1 + b

)1/b
exp

[
ΔHa

R

(
1

273 + T
− 1

273 + Tr

)]
, (26)

where the modal relaxation time τm corresponds to the arbitrary temperature T.
The ratio of the modal relaxation time τmg at a temperature Tg to the modal relaxation

time τmr at a reference temperature Tr is

τmg

τmr
= exp

[
ΔHa

R

(
1

273 + Tg
− 1

273 + Tr

)]
, (27)
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It follows from (27) that the fixed τmg glass transition temperature Tg can be calculated
by equation:

Tg =

[
1

273 + Tr
+

R
ΔHa

ln
(

τmg

τmr

)]−1
− 273, (28)

where τmr is the modal relaxation time at a reference temperature Tr:

τmr =
3ηr

Eg

(
b

1 + b

)1/b
, (29)

For the fixed τmg = 1 s, using the parameters shown in Table 2, the calculated from Equa-
tion (28) glass transition temperature equals Tg = −45.8 ◦C for bitumen, Tg = −52.4 ◦C for
the Elvaloy-modified binder and Tg = −46.7 ◦C for the Butanol-modified binder, which al-
most coincides with Tg determined from the peak of loss modulus at frequency ω = 1 rad/s
(Figure 8). The calculated dependence of glass transition temperature on modal relaxation
time is presented for the tested binders in Figure 10.

Figure 9. Definition of the glass transition temperatures for the binders using relaxation spectrum
density at the modal relaxation time τm = 1 s.

The ability to estimate the glass transition temperature in terms of relaxation time
spectrum is important for understanding the behavior of binders at low temperatures. The
molecular mobility of liquids including bitumen binders expresses itself in a relaxation–
time spectrum. The broader the molecular weight distribution is the broader the relaxation
spectrum becomes [60,61]. When a liquid-cooled down, its volume reduces due to the
translational molecular readjustments rather than due to their oscillating motions. When a
temperature reaches the glass transition region, the speed of molecular adjustment becomes
slower and no further change in order can be observed over a given time scale. Physically,
the glass transition occurs at the temperature Tg when the root-mean-squared displacement
of the particle of average molecular weight becomes smaller than the average size of that
particle [62], on a given relaxation timescale (of the order of τ = 1 s, for example). Relaxation
at a temperature lower than Tg occurs mostly due to the oscillating motion of molecules.
Thus, the glass transition is the transformation of a disordered state with molecular mobility
to an immobilized state of a similar structure by means of decreasing temperature. The
transformation of liquid (e.g., a bitumen binder) is caused by a continuous increase in the
modal relaxation time up to the given scaling time. It can be the time scale of practical
observation or an experiment. Relating the bitumen binder properties or performance to
the particular scaling time value requires more research.
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Figure 10. Dependence of glass transition temperature on modal relaxation time.

It is known that the addition of a polymer to a bitumen increases its viscosity, and one
would expect a significant decrease in its low-temperature characteristics. However, the
results of this work showed that when the bitumen is modified with the given amounts of
selected polymers, a positive effect can be obtained. This can be explained by the lower
glass transition temperatures of the elastic parts of the polymers (butyl acrylate in Elvaloy,
butadiene in SBS and Butanol).

5. Conclusions

The main conclusions and findings based on the analysis presented in this paper are
as follows:

• An approximate interrelation between a loss modulus and a relaxation–time spectrum
was presented.

• The glass transition temperature of binders was calculated by the presented rheolog-
ical method in terms of the relaxation–time spectrum. Calculations by this method
showed that: (1) modification of bitumen with 3% Butanol NS 198 that primarily
aims to improve the high-temperature properties does not show a positive effect at
subzero temperatures compared with the base pure bitumen; modification of bitumen
with 1.4% Elvaloy 4170, which is primarily intended to enhance the high-temperature
properties, also improved the low-temperature properties; modification with Elvaloy
lowered the temperature susceptibility of binder, lowered the low-temperature viscos-
ity and lowered the glass transition temperature by about six degrees (from −45.4 ◦C
to −52.0 ◦C).

• The proposed model for stiffness modulus (Equation (1)) enables the estimation of the
viscosity of the binder at low temperature indirectly from conventional BBR testing.
Viscosity values at temperature −30 ◦C were 3.520 × 106 MPa·s for the oxidized
bitumen of penetration grade 100/130, 1.374 × 106 MPa·s for the bitumen modified
by the polymer Elvaloy, 6.411 × 106 MPa·s for the bitumen modified by the polymer
Butanol and 8.143 × 106 MPa·s for the bitumen compounded by flux and modified by
the polymer SBS. The temperature susceptibility of the Elvaloy- and Butanol-modified
binders was lower than for the neat bitumen and the flux compounded and SBS
modified bitumen.

• In order to determine the optimal content of polymers in bitumens, it is recommended
to continue the study of their rheological and other characteristics in the future by
varying the technological conditions of modification.
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