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Asphalt pavement has been widely used in the world. As themain components of asphalt pavement, the asphalt binder is crucial to
the service performance and life of the road. In the past decades, numerous studies were conducted on technical performance,
aging, andmodification of the asphalt binder.With the development of modern technology, it was discovered that themicroscopic
properties, aging mechanism, and modification mechanism of the asphalt binder affect the macroscopic performance of asphalt
pavement significantly. As a new emerging powerful numerical tool, themolecular dynamics (MD) simulation has been developed
to study the asphalt binder material from a micro perspective. Based on the previous studies, some average asphalt binder models,
fractional asphalt binder models, aged asphalt binder models, and modifier models were proposed by many researchers, which
have made remarkable progress in asphalt studies; the microproperties, aging mechanism, and modification mechanism of the
asphalt binder can also be analyzed using the MD simulation. Overall, the state-of-the-art review provides a comprehensive view
for the readers to better understand the development, establishment, and application of the asphalt molecular model.

1. Background and Introduction

With the rapid development of modern transportation in the
world, the asphalt pavement structure has become one of the
most preferred structures of highways due to its advantages
for comfortable driving and fast traffic opening [1]. Since the
asphalt binder is the main bonding material for the road, its
properties are crucial to the service performance and service
life of the pavement, that is, the quality of the pavement in
service life depends largely on the quality of the asphalt
binder [2, 3]. So far, many scholars have studied the tech-
nical performance of asphalt [4–20], including aging re-
sistance [21–25], adhesion property [26–28] self-healing
behavior [29–32], fatigue-resistance performance [33–39],

modified improvement [40–47], and so on. However, most
of these investigations are based on the macroscale exper-
iments including the penetration test, ductility test, soft-
ening point test, DSR, and BBR. In a recent investigation on
asphalt microproperties, it was discovered that the micro-
scopic properties of asphalt significantly affect the macro-
scopic properties. Because the asphalt microproperties have
a strong relationship with the chemical composition, which
is considered to be the main reason for its microscopic
properties, it has attracted the attention of many scholars.
Since the asphalt binder itself is a by-product of the petrol
industry, there exists more than a million chemical com-
positions in the asphalt binder. .erefore, it is necessary to
simplify and separate the asphalt binder into a few fractions
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for the basic investigation. .e mainstream method separates
the asphalt binder into aliphatics, naphthene aromatics, polar
aromatics, and asphaltenes according to different polarities
created by Corbett [48]. With this method, the chemical
properties of each fraction can be studied, and some chemical
structures are proposed to explain the mechanism of prop-
erties of the asphalt binder at a molecular scale.

However, the chemical composition separation can only
study the asphalt binder from static state and cannot dy-
namically describe the chemical structure, whereas a mo-
lecular dynamics (MD) simulation can reflect the
thermodynamic behaviors of asphalt molecules and has
therefore been developed. .e MD simulation was firstly
employed in biology in terms of protein molecules and
nutrition; then it was developed by the field of petroleum to
study the properties of petroleum; later, in the asphalt in-
dustry, the MD simulation was also developed to solve many
problems at microscale [49, 50]. Greenfield has made sig-
nificant contributions in this area [51–53]. .e research
progress is shown in Figure 1.

MD simulation is conducted at microscale to analyze the
main physical andmechanical properties of the asphalt binder
based on the molecular interaction and local dynamics of
particles. Some research studies in terms of MD application
were investigated by us: the effect of wasting cooking oil on
the macro- and microproperties of the asphalt binder,
nanocracking under external loading conditions in the asphalt
binder, and hardening effect on asphalt binder during the
aging process as well as the effect of paraffin on the micro-
properties of the asphalt binder [49, 54–58]. In this study, we
would like to describe the development status and some
applications of this technology; some specific research of
asphalt binder models is also described in this paper. .e
main properties of the binder including density, glass tran-
sition temperature, diffusion coefficient, adhesion, self-
healing behavior, and so on can be calculated. .e objec-
tive of this paper is to introduce the state-of-the-art research
process on the molecular models of the asphalt binder, as well
as the applications of MD simulation, based on which further
research on the asphalt microscopic properties investigation
atmicroscale is expected to be conducted. A schematic view of
the MD simulation in the asphalt binder is shown in Figure 2.

2. Chemistry and Structure of Asphalt Binder
and Fractions

2.1. Asphalt Binder Molecular Structure. To investigate the
asphalt binder from a microscopic perspective, Jennings et
al. [59] built eight average molecular structures for the core
asphalt binders in the Strategic Highway Research Program
(SHRP) (Figure 3). .e physical properties of those core
asphalt binders have been investigated by Pauli et al. [60],
and an alicyclic sheet molecule was recommended to rep-
resent the asphalt binder. Based on their research results, the
physical properties of those real asphalts were studied by the
corresponding average models.

However, the asphalt binder consists of millions of kinds
of original components [61]. To study the components in the
asphalt binder in depth, the asphalt binder was separated

into aliphatics, naphthene aromatics, polar aromatics, and
asphaltenes according to the Corbett method [48], which is
a mainstream method in the field of crude oil. .e four
fractions have their own unique properties.

2.2. Chemical Composition. Based on previous research, the
chemical structure of each fraction in the asphalt binder was
investigated, and then reasonable microscopic structures for
different asphalt binders were created to represent the as-
phalt binder accurately.

2.2.1. Aliphatics. At room temperature, aliphatics form
a light-coloured liquid [48]. By means of the Fourier
transform infrared spectroscopy (FTIR), it is known that
there are different kinds of branching structures and some
aliphatic chains in the aliphatics structure, almost all atoms
and aromatic rings are nonpolar, and the average molar
mass of aliphatics is 600 g/mol approximately [62].

.e aliphatics is the fraction with the least polarity, and
compared with the other fractions, the chemical properties
of aliphatics is the most stable [63, 64]; oxidation or de-
hydrogenation reactions are difficult to carry out [65] be-
cause there is only a few polar atoms or aromatic rings on
aliphatics [62]. In terms of chemical structure, n-docosane
(n-C22H46) was chosen as a representative aliphatics by
Kowalewski et al. [66]. Later, an aliphatic structure squalane
was obtained from animal sources and plant; it can also be
found in petroleum [67, 68]. In addition, another aliphatic
structure hopane was derived from crude oils and bio-
degraded oil shales commonly, which were constituents of
bacterial cell membranes [69]. .ese typical molecular
structures for aliphatics are shown in Figure 4.

2.2.2. Naphthene Aromatics. At room temperature, naph-
thene aromatics are liquid with the colour yellow to red [48].
Compared with the aliphatics, naphthene aromatics behave
more viscous at the room temperature. .ere are very few
aliphatics with lightly condensed aromatic rings on their
carbon skeleton, and the average molar mass of the fraction is
about 800 g/mol [62]. In addition, previous research demon-
strates that some naphthene aromatics have negative impacts
on human health, such as impaired lung function in asthmatics,
and is even the cause of cancer in laboratory animals [70].

.e glass transition temperature (Tg) of naphthene ar-
omatics is around −20°C, which is consistent with that of the
bitumen parent; hence, at the same temperature, naphthene
aromatics have a higher viscosity than the aliphatics due to
its Tg [71, 72].

Some aromatic, naphthenic, and paraffinic compounds are
in naphthene aromatics component [73]. 1,7-Dimethylnaph-
thalene was selected to represent naphthene aromatics [74].
.e alkane/aromatic ratio of 1,7-dimethylnaphthalene is 16.7 :
83.3, which is different from the overall 58 : 42 balance [74].
.ere are some side chains and aromatic rings on the 1,7-
dimethylnaphthalene, the number of which can make 1,7-
dimethylnaphthalene intermediate between aliphatics and
asphaltenes. Later, another structure of naphthene aromatics
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called perhydrophenanthrene-naphthalene (PHPN) was pro-
posed by Lira-Galeana and Hammami, which contained ar-
omatic rings joined with naphthenic rings [75]. Simanzhenkov
and Idem found that dioctyl-cyclohexane-naphthalene
(DOCHN) can represent an average naphthene aromatic
structure by means of n-d-M method; the DOCHN structure
was consistent with the mass ratio of carbons on aromatics,
naphthenes, and paraffins in crude oils, and its rationality was
validated using some parameters, such as the measurements
of refractive index, density, and molecular weight of the
fraction [76]. So, naphthene aromatics can be represented by
three kinds of molecular structures, which are shown in
Figure 5.

2.2.3. Polar Aromatics. Polar aromatics form black-coloured
solid at normal temperature [48], themolarmass of them is less
than asphaltenes, but their composition is close [77]. .e glass
transition temperature of polar aromatics is still not confirmed
[71, 72]..e typical structure of polar aromatics contains fused
aromatic rings with 2–4 fused rings [62]. .ey are important
for the stability of asphalt binder, because in asphalt binder,
polar aromatics are a stabilizer for the asphaltenes [78].

Koots and Speight found that the composition of polar
aromatics and asphaltenes were similar [77]. Pieri found that
the polarity of polar aromatics could be larger than that of
asphaltenes sometimes, although having less condensed aro-
matic rings [62]. Average polar aromatics molecule structures
were built by Murgich et al. to analyze molecular recognition
[79]. .ese structures derived from fresh water lacustrine
source rocks were identified by Oldenburg et al. by means of
gas chromatography-mass spectrometry (GC-MS) [69].
Koopmans et al. studied the alkylsulfide fraction of sedi-
mentary rock samples and extracted a polar aromatics com-
ponent thio-isorenieratane by means of gas chromatography

(GC) [80]; later, they identified another polar aromatics
component trimethylbenzene-oxane in shale rocks using GC
[81]. .en, benzobisbenzothiophene was identified in organic
extractions from sedimentary rocks using GC-MC methods.
Lira-Galeana and Hammami [75, 82] built average polar ar-
omatics molecule structures containing two organic groups
connected by sulfur elements. .ese typical molecular
structures for polar aromatics are shown in Figure 6.

2.2.4. Asphaltenes. At room temperature, fraction asphal-
tenes are black powder [48]. .ey do not have any thermal
transition up to 200°C [71]. Asphaltenes are defined as the
fraction which is an insoluble part in n-heptane but soluble
in toluene [84]. So a colloid model was proposed for the
asphalt binder, in which asphaltenes are covered with polar
aromatics and suspended in naphthene aromatics and an
aliphatic medium [85]. .e asphaltenes are crucial for the
technical properties of the asphalt binder, so they are by far
the most studied fraction in asphalt binders [86]. .eir
average molar mass is about 800–3500 g/mol [87, 88].
Furthermore, Van Hamme et al. found that there were many
aromatic rings and aggregates in hydrocarbon solvents in
asphaltenes [89]. Brandt et al. predicted that asphaltenes
could stack in some solvents using thermodynamic mod-
eling, and the maximum number of aggregated asphaltenes
molecules was five [90].

Pacheco-Sánchez et al. found that the number of
asphaltenes aggregation decreased as temperature increased
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Figure 1: Asphalt research from macrolevel to microlevel.
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Figure 2: Schematic view of MD simulation in asphalt binder.
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Figure 3: Average molecule for each of the SHRP binders [59]: (a) AAA-1, (b) AAB-1, (c)AAC-1, (d) AAD-1, (e) AAF-1, (f ) AAG-1, (g)
AAK-1, and (h) AAM-1.
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[91] and mostly the characteristics of crude oil determine the
aggregate orientation [92]. Yen et al. investigated the structure
of asphaltenes and found that the interlayer distance between
aggregated asphaltenes molecules was 3.5–3.8 Å using X-ray
diffraction (1 Å� 10−1 nm) [93].

Murgich et al. built an average chemical molecule
structure for asphaltenes to investigate the mechanism of
asphaltenes aggregation [79]. Artok et al. built several
asphaltenes chemical structures containing a moderate-size
aromatic core with small branches based on experimental
data [94]. Groenzin and Mullins [95] recommended more
models with smaller aromatic core and much longer alkane
side branches for asphaltene structures by means of fluo-
rescence measurements.

Yen assumed that the asphaltenes were composed of
extensive condensation of aromatic rings [96]. Afterwards,
Groenzin and Mullins proposed a kind of this structure with
lower molecular molar weight based on spectroscopic
studies. Compared with the structures proposed earlier [56],

this molecular structure was closer to the true asphaltenes.
Siskin et al. investigated different asphaltenes from different
production areas and their chemical properties and then
proposed six average molecular structures for asphaltenes
[97]. Some typical asphaltene models are shown in Figure 7.

3. Molecular Model

3.1. Creation of Fractional Asphalt Binder Model. Based on
the chemical structures of each fraction, some chemical
models of the asphalt binder are proposed.

3.1.1. 6ree-Component Asphalt Binder Model. In the field
of asphalt binder materials, two asphalt binder models were
created by Zhang and Greenfield to investigate the prop-
erties of asphalt binders [100–102], one of which contained 5
asphaltenes proposed by Artok et al. [94], 27 1,7-dime-
thylnaphthalene, and 41 n-C22 molecules, and the other of
which consisted of 5 asphaltenes proposed by Groenzin and

(a) (b) (c)

Figure 5: Typical molecular structures for naphthene aromatics [37, 38].

(a) (b)

(c)

Figure 4: Typical molecular structures for aliphatics [33–35].
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Mullins [95], 30 1,7-dimethylnaphthalene, and 45 n-C22
molecules. .e two asphalt binder models consist of 21%
asphaltenes and 59–60% aliphatics, which is consistent with
the content of the total C/H ratio reported for a real asphalt
[74, 103].

.ese asphalt binder models have been used in some
research: the effect of fractions on the micromechanical
behaviors of the asphalt binder [49], the influence of SBS
modifier onmolecular agglomeration behavior of the asphalt
binder using the radial distribution function data [104], the
micromechanism of self-healing behavior of the asphalt
binder using the morphology of the molecules in the asphalt
binder [105], and the interactive response between the as-
phalt binder and different aggregate [106].

.ese asphalt binder models were the first molecular
model for the asphalt binder, which helped researchers solve
a lot of mechanism problems from a micro perspective, and
the models had landmark meaning. However, only three
fractions exist in the model; there are possibilities for
improvement.

3.1.2. Twelve-Component Asphalt Binder Model. With the
development of molecular simulation technology, more
accurate asphalt binder models were established. Li and
Greenfield [99] created three kinds of asphalt binder systems
(AAA-1, AAK-1, and AAM-1) with 12 chemical compo-
nents according to the ratio of the four fractions, mass
percentage of element of carbon, hydrogen, oxygen, nitrogen
and sulfur, atomic H/C ratio, and aromatic and aliphatic
percentage of carbon and hydrogen, and they are the widely
used asphalt binder models. Compared with the previous
asphalt binder models, these models with 12 components are
more reasonable and closer to the nature of the real asphalt
binder. .e only disadvantage is that these models cannot
represent the other kinds of asphalt binder.

.e twelve-component asphalt binder model was used
for some scientific issue: the cohesive and adhesive prop-
erties of asphalt binder, including the adhesion between
asphalt binder and aggregate; the influence of moisture on
their adhesive property [107]; the mechanical performance
and modified modification of the asphalt binder with

(a) (b)

(c) (d)

(e) (f )

Figure 6: Typical molecular structures for polar aromatics [35, 40, 42, 43, 83].
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different waste cooking oil contents [57]; and the oxidative
aging effect of asphalt binder, including the influence of
aging on the self-healing behavior and moisture damage
behavior of asphalt [108].

3.1.3. Aged Asphalt Binder Model. Based on the asphalt
binder models mentioned above, some aged asphalt binder
models were proposed. Generally, the aged asphalt binder
model can be divided into two ways to characterize it. .e
first approach is to adjust the proportion of asphaltenes
structures [109], which is consistent with the increases of
asphaltenes content after aging. However, it is not taken into
account that some oxidation reaction occurs during the
aging procedure. So another approach has been proposed by
Yao et al. [110] and Xu and Wang [108]. Yao added a car-
boxylic acid group on the asphaltenes molecule to represent
aged asphaltenes. Xu and Wang added some oxygen atoms
on the asphaltenes, naphthene aromatics, and polar aro-
matics molecular structures, and the molecular structure of
aliphatics remained unchanged, because the content of polar
atoms and aromatic rings was too small [108].

3.2.CreationofModifierModel. In recent years, the modified
asphalt binder has been used widely in the pavement area
due to its excellent technical performance. So it is necessary
to investigate the modifier for the asphalt binder.

3.2.1. Polymer. Currently, the simulated modifier in the
asphalt binder is SBS, graphene, and carbon nanotubes. Ding
et al. studied two kinds of SBSmodifiers in the asphalt binder
and based on the radial distribution function (RDF) data to
analyze the impact of these two kinds of SBS on the mo-
lecular agglomeration state of asphalt binders [104].

Zhang and Greenfield [101] investigated the effects of
polystyrene modification on properties and the micro-
structure of asphalt system models because polystyrene is
part of the common modifier SBS.

3.2.2. Graphene and Carbon Nanotubes. Yao et al. compared
the two models of the asphalt binder with exfoliated graphite
nanoplatelets (xGNP) and control asphalt binder by means
of MD simulation to study the physical and thermal
properties of the xGNP-modified asphalt binder [110].

A comparative study was employed to study the effects of
graphene and carbon nanotubes (CNTs) on the mechanical
and thermal properties of the asphalt binder using molecular
simulations, and in experiments by Zhou et al. they found
that the excess graphene in modified asphalt remained as
aggregated particles, while most carbon nanotubes were
dispersed in modified asphalt [111].

3.2.3. Rejuvenator. .e effect of different rejuvenators on
recycled asphalt mixtures was investigated using MD sim-
ulation by Ding et al. [109], and they found that the in-
terdiffusion rate between asphalt binders at different aging
stages could be accelerated to the maximum rate when

adding a rejuvenator into the aged binder, which can im-
prove the efficiency of recycling.

Xiao et al. investigated the diffusion behavior of two
different rejuvenators in an aged asphalt binder at the
molecular scale. Meanwhile, dynamic shear rheometer
(DSR) was employed to determine the recovery influence of
aged bitumen resulting from rejuvenators [112]. .e test
results validated the accuracy of the model simulation results
and indicated that the aging state of asphalt binders greatly
influenced the rejuvenating effect [113].

Some typical molecular structures for modifier are
shown in Figure 8.

4. Applications

4.1. Nanocracking Behavior. Fatigue damage is the main
distress in asphalt pavement; it influences the fatigue life of
pavement significantly [114–119], and the fatigue damage
gradually generates with the appearance and development of
macro- and microcracks under the loading of vehicle and
temperature [120]. In order to study the fundamental asphalt
binder material properties for the crack, a pair of big
enough-opposing forces is applied on the molecular
boundaries, then the molecules are pulled by an external
force, and a crack appearance can be observed. .e stress
state of the molecules in an asphalt binder model can be
observed with theMD simulation; in addition, the process of
molecules being pulled apart can also be observed by some
visual software. Hou et al. studied the initiation and
propagation of crack in asphalt binder applying tension
force on the molecular boundaries, and they found that the
natural distribution of atoms at microscale would affect the
intrinsic defects and further influence initiation and prop-
agation of crack in the asphalt binder [58]. Nishimura and
Miyazaki have used the MD simulation of a-Fe to investigate
the mechanical behaviors under cyclic loading from a micro
perspective. .ey made a crack on the boundary of a 2D
material, then cyclic loading was applied to the system 12
times, and generation of several vacancies around the crack
tip and the crack propagation under cyclic loading were
observed [121]. Shang and Kitamura studied the onset of
fracture at the free edges of bimaterial interfaces; crack
initiation at interface edge models with different contact
angle were created to clarify the relationship between crack
initiation, contact angle, and maximum stresses [122]. .is
investigation is meaningful for the research of adhesion
between the aggregate and asphalt binder.

4.2. Tire-Aggregate Friction. .e tire-pavement friction is
a complicated mechanism affected by a variety of factors
composed of tire type, pavement surface macrotexture and
microtexture, wet and dry conditions, and vehicle speed.
Adhesion and hysteresis are primary frictional force com-
ponents for tire-pavement friction, which are critical to
roadway safety. Many numerical approaches have been used
to analyze the pavement friction including the finite element
method [123–125], discrete element method [126, 127], and
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boundary element method [128, 129], at macro-, micro-, and
nanoscales. Most of the previous studies on the mechanisms
focus on the macro friction behavior based on continuum
mechanics. However, the traditional friction analysis cannot
reveal the mechanism of tire friction on pavement fully at
macro scale.

Recently, some studies have been conducted on the tire
friction behavior on pavement at nanoscale [130]. .e
molecular dynamics method was used to simulate the
friction process between the diamond matrix and amor-
phous carbon probes by Mo et al. [131]. Grierson et al. used
the atomic force microscope (AFM) test to study the

(a) (b)

(c) (d)

(e) (f )

Figure 7: Typical molecular structures for asphaltenes [94, 95, 98, 99].
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adhesion and friction properties at nanoscale [132]. It is
found that the friction force has a linear relationship with
contact area at the nanoscale. .e friction force changes
from nonlinear to linear with the decrease of the adhesion
between the contacting surfaces [133, 134]. .e tribometer,
a sophisticated device, is used to clarify the friction co-
efficient (μT) from the nano-, micro-, and macroscopic
texture of a surface [112]. Hou et al. applied the MD sim-
ulation to study the microscopic friction of tire on the as-
phalt pavement, where the MD simulation was conducted
under different environments [135]..ere are still someMD
simulations about the friction proposed for the other ma-
terial, and these MD simulations are meaningful to review,
because these studies can provide some new methodologies
for the tire-pavement friction in terms of MD simulation.
For example, Shimizu et al. created two molecular models to
represent the slider of AFM and specimen, and the friction
during the test and the major influencing factors were in-
vestigated using MD simulation combining the constitutive
model [136].

5. Conclusion

.e above review explains that the microscale properties of
the asphalt binder significantly affect the macroscale
properties with the fast development of technology. .e
chemical properties of each fraction are therefore studied,
and some chemical structures are proposed to study the
mechanism of properties of the asphalt binder at molecular
scale. Later, the molecular dynamics (MD) simulation was
developed because the MD simulation can reflect the

thermodynamics behaviors of asphalt molecules in a dy-
namic process. MD simulation is a kind of an effective
research tool that explores the properties of asphalt binder
material from a microscopic perspective.

Using the molecular structure of the asphalt binder and
aggregate, the interaction energy between them can be
characterized. It is known that the aggregate mineral in-
fluences the work of adhesion obviously. It is also employed
to explore the influence of water on the adhesion behavior
from a micro perspective; some research shows that the
interface between the asphalt binder and calcite is suscep-
tible due to moisture damage at small moisture content.

.e model of aged the asphalt binder is created by
changing the ratio of each fraction, adding some functional
groups, or adding some oxygen elements. .en the asphalt
binder is studied before and after aging at a molecular scale
based on the aged asphalt binder model; meanwhile, the
aging mechanism can be also investigated. Based on some
microstudy on aging of the asphalt binder, it is seen that
there are two reasons for the decrease of molecular diffusion
of aged asphalt: on the one hand, the molecular size of
asphaltene, resin, and aromatic decreases; on the other hand,
free volume space for saturate reduces.

In terms of mechanism of crack, applying some tension
on different asphalt binder models, it is found that the atoms
distribution at microscale would influence the intrinsic
defects of the asphalt binder, and the crack initiation and
propagation would be further affected in the asphalt binder.

.e modifier is also an important research region of the
asphalt MD simulation. .e influence law of different
modifiers on physical parameters, such as the density and

(a) (b)

(c) (d)

Figure 8: Typical molecular structures for modifier [104, 109–111]: (a) SBS, (b) CNT, (c) graphene, and (d) rejuvenator.
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glass transition temperature of the asphalt binder can be
investigated, and the modification characteristics of different
modifiers on asphalt performance and their respective
modification mechanisms can be further researched. In
terms of rejuvenator, its diffusion behavior in the asphalt
binders at different aging states can be studied to guide the
use of regenerative agents.

As the supercomputer can be used in the future, the
model size and the time scale would be increased obviously.
In this case, the simulation process will be closer to the
macro test, and the simulation result will be closer to the test
results.
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[5] M. Oeser and B. Möller, “3D constitutive model for asphalt
pavements,” International Journal of Pavement Engineering,
vol. 5, no. 3, pp. 153–161, 2004.

[6] S. Zhao, J. Liu, P. Li, and T. Burritt, “Asphalt binder adaption
for climatic conditions in cold regions: Alaska experience,”
Journal of Materials in Civil Engineering, vol. 29, no. 1, article
4016184, 2016.

[7] L. Wang, Y. Hou, L. Zhang, and G. Liu, “A combined static-
and-dynamics mechanics analysis on the bridge deck
pavement,” Journal of Cleaner Production, vol. 166,
pp. 209–220, 2017.

[8] Y. Hou, W. Sun, L. Wang, Y. Huang, and M. Guo, “A multi-
scale approach of mode I crack in ettringite,” Road Materials
and Pavement Design, vol. 18, no. 3, pp. 33–42, 2017.

[9] H. R. Zhu, L. Sun, and Y. T. Zhu, “Viscoelastic-viscoplastic
damage constitutive model based on thermodynamics for
asphalt mixtures,” China Journal of Highway and Transport,
vol. 40, no. 3, pp. 81–100, 2013.

[10] H. Xu, F. Chen, X. Yao, and Y. Tan, “Micro-scale moisture
distribution and hydrologically active pores in partially
saturated asphalt mixtures by X-ray computed tomography,”
Construction and Building Materials, vol. 160, pp. 653–667,
2018.

[11] H. Xu, W. Guo, and Y. Tan, “Internal structure evolution of
asphalt mixtures during freeze-thaw cycles,” Materials and
Design, vol. 86, pp. 436–446, 2015.

[12] H. Xu, J. Zhou, Q. Dong, and Y. Tan, “Characterization of
moisture vapor diffusion in fine aggregate mixtures using
Fickian and non-Fickian models,” Materials and Design,
vol. 124, pp. 108–120, 2017.

[13] P. Liu, D. Wang, and M. Oeser, “Application of semi-
analytical finite element method coupled with infinite ele-
ment for analysis of asphalt pavement structural response,”
Journal of Traffic and Transportation Engineering, vol. 2,
no. 1, pp. 48–58, 2015.

[14] E. Hesami, D. Jelagin, N. Kringos, and B. Birgisson, “An
empirical framework for determining asphalt mastic vis-
cosity as a function of mineral filler concentration,” Con-
struction and Building Materials, vol. 35, pp. 23–29, 2012.

[15] A. H. De Bondt and A. P. Scarpas, “Design of (reinforced)
asphaltic overlays,” in Proceedings of the 8th International
Conference on Asphalt Pavements, Seatle, WC, USA, August
1997.

[16] A. Collop, A. Scarpas, C. Kasbergen, and A. De Bondt,
“Development and finite element implementation of stress-
dependent elastoviscoplastic constitutivemodel with damage
for asphalt,” Transportation Research Record: Journal of the
Transportation Research Board, vol. 1832, no. 1, pp. 96–104,
2003.

[17] D. Wang, X. Chen, C. Yin, M. Oeser, and B. Steinauer,
“Influence of different polishing conditions on the skid re-
sistance development of asphalt surface,” Wear, vol. 308,
no. 1-2, pp. 71–78, 2013.

[18] E. Kassem, L. G. Cucalon, E. Masad, and D. Little, “Effect of
warmmix additives on the interfacial bonding characteristics
of asphalt binders,” International Journal of Pavement En-
gineering, pp. 1–14, 2016.

[19] B. Huang, X. Chen, X. Shu, E. Masad, and E. Mahmoud,
“Effects of coarse aggregate angularity and asphalt binder on
laboratory-measured permanent deformation properties of
HMA,” International Journal of Pavement Engineering,
vol. 10, no. 1, pp. 19–28, 2009.

[20] J. Liu, S. Zhao, L. Li, P. Li, and S. Saboundjian, “Low
temperature cracking analysis of asphalt binders and mix-
tures,” Cold Regions Science and Technology, vol. 141,
pp. 78–85, 2017.

[21] T. A. N. Yi-qiu, W. Jia-ni, F. Zhong-liang, Z. Xing-ye, and
X. U. Hui-ning, “Ultraviolet aging mechanism of asphalt
binder,” China Journal of Highway and Transport, vol. 21,
no. 1, pp. 19–24, 2008.

[22] F. Zhang, J. Yu, and S. Wu, “Influence of ageing on rheology
of SBR/sulfur-modified asphalts,” Polymer Engineering and
Science, vol. 52, no. 1, pp. 71–79, 2012.

[23] P. E. Yuhong Wang, Y. Wen, K. Zhao, D. Chong, and
A. S. T. Wong, “Evolution and locational variation of asphalt

10 Advances in Civil Engineering



binder aging in long-life hot-mix asphalt pavements,”
Construction and Building Materials, vol. 68, pp. 172–182,
2014.

[24] Y. Wang, Y. Wen, K. Zhao, D. Chong, and J. Wei, “Con-
nections between the rheological and chemical properties of
long-term aged asphalt binders,” Journal of Materials in Civil
Engineering, vol. 27, no. 9, article 04014248, 2015.

[25] R. K. Dong and L. J. Sun, “Low temperature susceptibility
indexes of asphalt binder with different aging degree,” China
Journal of Highway and Transport, vol. 19, no. 4, pp. 34–39,
2006.

[26] M. Guo, Y. Tan, L. Wang, and Y. Hou, “A state-of-the-art
review on interfacial behavior between asphalt binder and
mineral aggregate,” Frontiers of Structural and Civil Engi-
neering, vol. 12, no. 2, pp. 1–12, 2017.

[27] W. Sun, Y. Liu, D. S. Lane, H. Nair, and L. Wang, “Ex-
perimental investigation of the relationship between mineral
content and aggregate morphological characteristics using
the improved FTI system and XRD method,” Construction
and Building Materials, vol. 155, pp. 981–991, 2017.

[28] M. Guo, Y. Tan, L. Wang, and Y. Wang, “Improvement of
evaluation indicator of interfacial interaction between as-
phalt binder and mineral fillers,” Construction and Building
Materials, vol. 151, no. 200, pp. 236–245, 2017.

[29] S. Shen, H. M. Chiu, and H. Huang, “Characterization of
fatigue and healing in asphalt binders,” Journal of Materials
in Civil Engineering, vol. 22, no. 9, pp. 846–852, 2010.

[30] X. Luo and R. L. Lytton, “Characterization of healing of
asphalt mixtures using creep and step-loading recovery test,”
Journal of Testing and Evaluation, vol. 44, no. 6, article
20150135, 2015.

[31] X. Luo, R. Luo, and R. L. Lytton, “Mechanistic modeling of
healing in asphalt mixtures using internal stress,” In-
ternational Journal of Solids and Structures, vol. 60-61,
pp. 35–47, 2015.

[32] D. X. Cheng, D. Little, R. Lytton, and J. Holste, “Surface
energy measurement of asphalt and its application to pre-
dicting fatigue and healing in asphalt mixtures,” Trans-
portation Research Record: Journal of the Transportation
Research Board, vol. 1810, no. 1, pp. 44–53, 2002.

[33] L. Shan, Y. Tan, S. Underwood, and Y. R. Kim, “Application
of thixotropy to analyze fatigue and healing characteristics of
asphalt binder,” Transportation Research Record: Journal of
the Transportation Research Board, vol. 2179, no. 1, pp. 85–
92, 2010.

[34] L. Shan, Y. Tan, B. S. Underwood, and Y. R. Kim, “Separation
of thixotropy from fatigue process of asphalt binder,”
Transportation Research Record: Journal of the Trans-
portation Research Board, vol. 2207, no. 1, pp. 89–98, 2011.

[35] C. Wang, C. Castorena, J. Zhang, and Y. R. Kim, “Unified
failure criterion for asphalt binder under cyclic fatigue
loading,” RoadMaterials and Pavement Design, vol. 16, no. 2,
pp. 125–148, 2015.

[36] C. Wang, H. Zhang, C. Castorena, J. Zhang, and Y. R. Kim,
“Identifying fatigue failure in asphalt binder time sweep
tests,” Construction and Building Materials, vol. 121,
pp. 535–546, 2016.

[37] H. U. Bahia, H. Zhai, K. Bonnetti, and S. Kose, “Non-linear
viscoelastic and fatigue properties of asphalt binders,”
Journal of Association of Asphalt Paving Technologists,
vol. 68, 1998.

[38] X. Luo, R. Luo, and R. L. Lytton, “Characterization of fatigue
damage in asphalt mixtures using pseudostrain energy,”

Journal of Materials in Civil Engineering, vol. 25, no. 2,
pp. 208–218, 2012.

[39] X. Luo, F. Gu, and R. L. Lytton, “Mechanistic composition-
specific fatigue life of asphalt pavements,” Journal of Engi-
neering Mechanics, vol. 143, no. 12, article 04017136, 2017.

[40] R. Zhang, H. Wang, Z. You, X. Jiang, and X. Yang, “Opti-
mization of bio-asphalt using bio-oil and distilled water,”
Journal of Cleaner Production, vol. 165, pp. 281–289, 2017.

[41] J. Gao, H. Wang, Z. You, and M. R. M. Hasan, “Research on
properties of bio-asphalt binders based on time and fre-
quency sweep test,” Construction and Building Materials,
vol. 160, pp. 786–793, 2018.

[42] R. Roque, B. Birgisson, C. Drakos, and G. Sholar, “Guidelines
for use of modified binders,” Final report 4910-4504-964-12,
University of Florida, Gainesville, FL, USA, 2005.

[43] H. U. Bahia, D. I. Hanson,M. Zeng, H. Zhai, M. A. Khatri, and
R. M. Anderson, “Characterization of modified asphalt
binders in superpave mix design,” NHCR Report 459, Na-
tional Cooperative Highway Research Program, Washington,
DC, USA, 2001.

[44] J. Wei, Z. Liu, and Y. Zhang, “Rheological properties of
amorphous poly alpha olefin (APAO) modified asphalt
binders,”Construction and BuildingMaterials, vol. 48, no. 19,
pp. 533–539, 2013.

[45] J. Wei, Y. Li, F. Dong, H. Feng, and Y. Zhang, “Study on the
amorphous poly alpha olefin (APAO) modified asphalt
binders,” Construction and Building Materials, vol. 66, no. 1,
pp. 105–112, 2014.

[46] H. Yu, Z. Leng, and Z. Gao, “.ermal analysis on the
component interaction of asphalt binders modified with
crumb rubber and warm mix additives,” Construction and
Building Materials, vol. 125, pp. 168–174, 2016.

[47] Z. Leng, A. Gamez, and I. L. Al-Qadi, “Mechanical property
characterization of warm-mix asphalt prepared with
chemical additives,” Journal of Materials in Civil Engineering,
vol. 26, no. 2, pp. 304–311, 2014.

[48] L. W. Corbett, “Composition of asphalt based on generic
fractionation, using solvent deasphaltening, elution-
adsorption chromatography, and densimetric characteriza-
tion,” Analytical Chemistry, vol. 41, no. 4, pp. 576–579, 1969.

[49] Y. Hou, L. Wang, D. Wang, M. Guo, P. Liu, and J. Yu,
“Characterization of bitumen micro-mechanical behaviors
using AFM, phase dynamics theory and MD simulation,”
Materials, vol. 10, no. 2, 2017.

[50] M. Guo, Y. Tan, L. Wang, and Y. Hou, “Diffusion of
asphaltene, resin, aromatic and saturate components of as-
phalt on mineral aggregates surface: molecular dynamics
simulation,” Road Materials and Pavement Design, vol. 18,
no. 3, pp. 149–158, 2017.

[51] L. Zhang and M. L. Greenfield, “Rotational relaxation times
of individual compounds within simulations of molecular
asphalt models,” Journal of Chemical Physics, vol. 132, no. 18,
article 184502, 2010.

[52] D. D. Li and M. L. Greenfield, “Viscosity, relaxation time,
and dynamics within a model asphalt of larger molecules,”
Journal of Chemical Physics, vol. 140, no. 3, article 034507,
2014.

[53] L. Zhang and M. L. Greendfield, “Molecular orientation in
model asphalts using molecular simulation,” Energy and
Fuels, vol. 21, no. 2, pp. 1102–1111, 2007.

[54] X. Qu, D. Wang, Y. Hou, M. Oeser, and L. Wang, “Appli-
cation on self-healing behavior of six-fraction molecular
model of asphalt binder,” Journal of Materials in Civil
Engineering, 2018.

Advances in Civil Engineering 11



[55] X. Qu, Q. Liu, M. Guo, D.Wang, andM. Oeser, “Study on the
effect of aging on physical properties of asphalt binder from
a microscale perspective,” Construction and Building Ma-
terials, vol. 187, pp. 718–729, 2018.

[56] X. Qu, D. Wang, Y. Hou, M. Oeser, and L. Wang, “Influence
of paraffin on the microproperties of asphalt binder using
MD simulation,” Journal of Materials in Civil Engineering,
vol. 30, no. 8, article 04018191, 2018.

[57] X. Qu, Q. Liu, C. Wang, D. Wang, and M. Oeser, “Effect of
co-production of renewable biomaterials on the performance
of asphalt binder in macro and micro perspectives,” Mate-
rials, vol. 11, no. 2, p. 244, 2018.

[58] Y. Hou, L. Wang, D. Wang, X. Qu, and J. Wu, “Using
a molecular dynamics simulation to investigate asphalt
nano-cracking under external loading conditions,” Applied
Science, vol. 7, no. 8, p. 770, 2017.

[59] P. W. Jennings, J. A. S. Pribanic, M. A. Desando et al.,
“Binder characterization and evaluation by nuclear magnetic
resonance spectroscopy,” SHRP-A-335, Montana State
University, Bozeman, MT, USA, 1993.

[60] A. T. Pauli, W. Grimes, S. C. Huang, and R. E. Robertson,
“Surface energy studies of SHRP asphalts by AFM,” Amer-
ican Chemical Society, Division of Petroleum Chemistry,
vol. 48, no. 1, pp. 14–18, 2003.

[61] I. A. Wiehe and K. S. Liang, “Asphaltenes, resins, and other
petroleummacromolecules,” Fluid Phase Equilibria, vol. 117,
no. 1-2, pp. 201–210, 1996.

[62] N. Pieri, “Etude du vieillissement simulé et in situ des
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cyclised and aromatised diagenetic products of β-carotene in
the Green River Shale,”Organic Geochemistry, vol. 26, no. 7-8,
pp. 451–466, 1997.

[82] L. Marynowski, M. J. Rospondek, R. M. Z. Reckendorf, and
B. R. T. Simoneit, “Phenyldibenzofurans and phenyl-
dibenzothiophenes in marine sedimentary rocks and hy-
drothermal petroleum,” Organic Geochemistry, vol. 33, no. 7,
pp. 701–714, 2002.

[83] H. Zhu and L. Sun, “A viscoelastic–viscoplastic damage
constitutive model for asphalt mixtures based on thermo-
dynamics,” International Journal of Plasticity, vol. 40, no. 1,
pp. 81–100, 2013.

[84] ASTM, Standard Test Method for n-Heptane Insolubles;
D3279, ASTM, West Conshohocken, PA, USA, 2012.

[85] D. N. Little, S. Prapnnachari, A. Letton, and Y. R. Kim,
Investigation of the Microstructural Mechanism of Relaxation
and Fracture Healing in Asphalt, Texas Transportation Inst
College Station, 1993.

[86] J. Branthaver, J. Petersen, and R. Robertson, “Binder char-
acterization and evaluation: volume 2: chemistry,” SHRP
report A-367, National Research Council, Washington, DC,
USA, 1993.

[87] J. G. Speight, 6e Chemistry and Technology of Petroleum,
CRC press, Boca Raton, FL, USA, 2014.

[88] J. G. Speight and H. Plancher, “Molecular models for pe-
troleum asphaltenes and implications for asphalt science and
technology,” in Proceedings of the International Symposium
on the Chemistry of Bitumens, Rome, Italy, June 1991.

12 Advances in Civil Engineering



[89] J. D. Van Hamme, A. Singh, and O. P. Ward, “Recent ad-
vances in petroleum microbiology,” Microbiology and Mo-
lecular Biology Reviews: MMBR, vol. 67, no. 4, pp. 503–549,
2003.

[90] H. C. A. Brandt, E. M. Hendriks, M. A. J. Michels, and
F. Visser, “.ermodynamic modeling of asphaltene stack-
ing,” Journal of Physical Chemistry, vol. 99, no. 26,
pp. 10430–10432, 1995.

[91] J. H. Pacheco-Sánchez, I. P. Zaragoza, and J. M. Mart́ınez-
Magadán, “Asphaltene aggregation under vacuum at dif-
ferent temperatures by molecular dynamics,” Energy and
Fuels, vol. 17, no. 5, pp. 1346–1355, 2003.

[92] J. H. Pacheco-Sánchez, F. Álvarez-Ramı́rez, and
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