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Abstract: Temperature and moisture impacts on unoxidized and oxidized asphalts’ thermodynamic and rheological properties were studied
using molecular dynamics (MD) simulations. Changes in asphalt property under different degrees of oxidation, temperature, and moisture
content were investigated regarding density, isothermal compressibility, bulk modulus, and zero-shear viscosity. MD simulation results show
that the density of asphalt before and after oxidation decreases at a similar rate with an increase in temperature. Bulk modulus (inverse of
isothermal compressibility) of asphalt before and after oxidation also decreases with an increase in temperature but with different trends.
Because of oxidative hardening, oxidized asphalt shows lower isothermal compressibility, but higher bulk modulus and zero-shear viscosity
compared with unoxidized asphalt. When moisture is added, such trends become opposite. Specifically, the zero-shear viscosity of the
oxidized asphalt becomes lower than that of the unoxidized asphalt above 5% moisture inclusion. This is true in the case of the density
of asphalt with moisture as well, but this finding is not significant. DOI: 10.1061/(ASCE)NM.2153-5477.0000139. © 2017 American
Society of Civil Engineers.
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Introduction

The chemical composition of asphalt as an organic pavement
material is complex because it contains various types of molecules,
from saturated hydrocarbons with no polarity to condensed aro-
matic ring systems with high polarity (Petersen 1984). Moreover,
the underlying chemical composition and chemical properties
directly determine the physical properties of asphalt (Greenfield
2011). Asphalt binders serve as an important part of a flexible pave-
ment, and changes in their chemical composition can be ascribable
to oxidative aging, variable temperatures, field moisture, etc. These
changes often adversely affect the performance and/or durability of
flexible pavement (Mannan et al. 2015).

Asphalt concrete durability depends on two major chemical
factors: (1) compatibility of intermolecular interactions; and (2) re-
sistance of the chemical composition to reacting with oxygen
(Petersen 1984). The latter is called oxidative aging, which causes
hardening of asphalt, leads to embrittlement of flexible pavement,
and eventually results in excessive pavement cracking (Petersen
2009). Moreover, asphalt is a thermoplastic material. Its physical
properties such as density, bulk modulus, viscosity, etc., change
with temperature variations. Physical-property changes can be

quite significant during asphalt and aggregate mixing, and optimum
compaction can also be attributed to rut and crack resistance of
asphalt pavements.

Moisture damage is also a major concern for asphalt pavements
(Ma et al. 2011; Hossain 2013). Moisture damage is caused by
water penetrating into the asphalt-aggregate system and results in
rheological property changes of the asphalt binder that shortens the
binder’s service life and debonds the asphalt from aggregates to
accelerate pavement distresses (Chindaprasirt et al. 2009).

This study aims to investigate the impacts of temperature and
moisture on asphalt before and after oxidative aging in molecular
scale using molecular dynamics (MD) simulation. For many years,
oxidative aging resulting from temperature and moisture effects
has been investigated separately by mesoscale laboratory tests. For
example, Superpave mix design suggests performing moisture-
conditioned and unconditioned test by doing indirect tensile tests
(IDTs). However, this type of test does not consider combined
effects of oxidative aging and moisture-induced damage. Very re-
cently, with the use advanced simulation techniques and sophisti-
cated laboratory equipment such as nanoindentation or atomic
force microscopy (AFM), the underlying causes of the combined
effects have been investigated. Specifically, MD simulation has
been used to understand the molecular-scale behavior of asphalt
under different conditions regarding physical, thermodynamic, and
rheological behavior before and after oxidative aging. Moreover,
MD simulation is very useful for studying how the external proper-
ties of asphalt change as a result of internal chemical composition
changes under different conditions such as temperature and mois-
ture content.

Several research studies on the properties of asphalt under
various conditions have been conducted using MD simulations.
Zhang and Greenfield (2007a, b) developed a preliminary asphalt
model for virgin/unoxidized asphalt binder and analyzed the prop-
erties of unoxidized asphalt model via MD simulations. Their stud-
ies included changes of density, thermal expansion coefficient, heat
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capacity, isothermal compressibility, bulk modulus, viscosity, re-
laxation time, and diffusion under different temperatures. Later,
they proposed a new asphalt model to represent the Strategic High-
way Research Program (SHRP) AAA-1 asphalt and studied the
polymer (polystyrene chain) effects on the microstructure and prop-
erties of the asphalt model (Greenfield and Zhang 2009; Zhang and
Greenfield 2008, 2010). Subsequently, Li and Greenfield (2014a, b)
improved the model asphalt systems for MD simulation including
all the four components in asphalt (saturates, aromatics, resins, and
asphaltenes) to represent the SHRP AAA-1, AAK-1, and AAM-1
asphalts, which are in good accord with laboratory testing results.
They further studied the properties of the revised SHRP AAA-1
asphalt model regarding viscosity change, relaxation time, and
dynamics behavior at different temperatures. Martín-Martínez
et al. (2015) later modified the asphaltene structures in Li and
Greenfield’s (2014a, b) asphalt model based on Clar sextet theory
to understand better the chemical structures of this class of materials.

Hansen et al. (2013) proposed a united-atom model of asphalt
with four components, also called the Cooee-bitumen model, in-
cluding saturated hydrocarbon, resinous oil, resin, and asphaltene.
They characterized the asphalt model regarding dynamical proper-
ties, relaxation time, stability of linear asphaltene nanoaggregates,
and rheology and molecular structure of the Cooee asphalt model
under shear in the non-Newtonian regime using nonequilibrium
MD simulations (Lemarchand et al. 2014, 2015). Chemical aging
of Cooee asphalt was also investigated by Lemarchand et al.
(2013). The oxidative aging reaction was demonstrated by a chemi-
cal reaction: 2 resins → 1 asphaltene, and the rheological and
dynamical properties of each composition were studied.

Tarefder and Arisa (2011) studied density and energy changes
of resin and asphaltene components in asphalt with and without
oxygen presence at different temperatures. Pan et al. (2012) studied
the potential chemical reactions between asphalt composition
and oxygen. The simulations were conducted in an ab initio quan-
tum chemistry–based environment, and X-ray photoelectron spec-
troscopy (XPS) validated the proposed quantum chemistry–based
models.

Nevertheless, none of those mentioned studies analyzed and
compared the physical, thermodynamic, and rheological changes
of asphalt before and after oxidative aging combined with moisture
using MD simulations, which this study does. Specifically, the den-
sity response of asphalt to different temperature has not been in-
vestigated comprehensively, which is essential for the compaction
of asphalt-aggregate mixtures to achieve optimum density during
paving construction. Also, the glass transition behavior of asphalt
can be interpreted by significant thermodynamic quantity changes
of asphalt, such as isothermal compressibility and bulk modulus
under certain temperature ranges. Moreover, the moisture effect on
asphalt binders before and after oxidation has not been investigated
comprehensively. This study compares the density and zero-shear
viscosity changes of asphalt before and after oxidative aging at dif-
ferent moisture contents.

Modeling of Asphalt Systems

The largest elements in asphalt are carbon and hydrogen atoms.
Heteroatoms such as sulfur, oxygen, nitrogen, etc., can also be
found in asphaltic molecules. According to different solubility
classes, asphalt can be physically divided through the selective
adsorption-desorption method into four fractions (Corbett 1969).
As shown in Fig. 1, asphalt possesses a colloidal structure with as-
phaltene micelles dispersed in maltenes (Lesueur 2009). Except for
the asphaltene fraction, maltenes can be separated into additional

three fractions: saturates, aromatics, and resins, with an increase in
polarity (Lu and Wang 2010; Petersen 1984).

Molecular Structures of Unoxidized Asphalt

This study uses Li and Greenfield’s (2014b) improved asphalt
system model developed for unoxidized asphalt. Molecular struc-
tures were developed according to the four fractions in the asphalt
system: saturates, aromatics, resins, and asphaltenes, as shown in
Figs. 2(a–d), respectively. However, other asphalt molecular struc-
tures are available in the literature (Al Halwachi et al. 2012).

Molecular Structures of Oxidized Asphalt

As organic materials, the properties and chemical reactions of
asphalts are determined by their underlying functional groups. With
oxygen presence, the sensitive functional groups in asphalt react
rapidly with the oxygen and form more polar and strongly interact-
ing chemical functional groups, resulting in increased viscosity and
changes in complex flow properties (Petersen 1984).

The oxidized products formed in asphalt are carbonyl com-
pounds (Petersen and Glaser 2011; Petersen 1984). The most sen-
sitive hydrocarbon moiety to oxygen existing in asphalt is benzylic
carbon, which is a carbon atom connected to a benzene ring.
Ketone is formed at the benzylic carbon by replacing the hydrogen
atom attached to it. Another major oxidative reaction is the for-
mation of sulfoxides if any sulfur atoms exist in the molecule.
Figs. 3(a and b) illustrate the formation of ketone and sulfoxide
during oxidation, respectively (Pan et al. 2012; Petersen 1984).

The molecular structures of asphalt after oxidation were devel-
oped according to the existing sensitive functional groups in the
unoxidized molecules of aromatic, resin, and asphaltene fractions
as shown in Figs. 4(a–c). Because there are no sensitive functional
groups in the saturate fraction, the molecular structures of the sat-
urate fraction remained the same after oxidation (Corbett and Merz
1975; Pan et al. 2012; Petersen 1984).

MD Simulation Method

Unoxidized and Oxidized Asphalt Systems Modeling

Before creating a simulation box for asphalt systems, a semiempir-
ical quantum chemistry program MOPAC was used for molecular
structure optimization to make the proposed molecular structures
closer to real molecules in terms of partial charges, missing param-
eter calculation, and molecular geometry optimization.

An asphalt system before oxidative aging was then created to
represent SHRPAAA-1 asphalt binder based on Li and Greenfield
(2014b), which is closest to a real asphalt binder when compared to

Fig. 1. Schematic diagram of the colloidal structure of asphalt

© ASCE 04017018-2 J. Nanomech. Micromech.

 J. Nanomech. Micromech., 2017, 7(4): 04017018 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

52
.9

0.
8.

18
5 

on
 1

1/
08

/2
1.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Fig. 2. Molecular structures in asphalt before oxidation: (a) saturates; (b) aromatics; (c) resins; (d) asphaltenes
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all the model asphalt systems proposed by Li and Greenfield
(2014b). Table 1 lists the composition of the asphalt system before
and after oxidation. It is observed that the percentage distributions
of the four fractions in the unoxidized asphalt system are in good
agreement with experimental data. It also can be seen that after
oxidative aging, the percentage of saturate fraction decreases, along
with increase percentages of resin and asphaltene fractions. This
indicates more polar fractions being formed in the asphalt after
oxidation. The initially condensed simulation box size for the
model asphalt system was 36 × 36 × 36 Å3.

All the molecules of unoxidized and oxidized asphalts were put
into their individual simulation box to represent an unoxidized as-
phalt system and oxidized asphalt system, respectively. The size
of the simulation box was large enough to contain all the asphalt
fractions. Amorphous asphalt systems were then built representing
realistic initial conformations of asphaltic molecules. Condensed
phases of both unoxidized and oxidized asphalt systems were
obtained first, along with energy minimization to remove all non-
bonded overlapping between different particles and spread rings by
a Monte Carlo minimization algorithm.

The oxidized asphalt system for simulation maintained the
same number of molecular structures as the unoxidized asphalt
system but was less condensed, with original dimensions of 36.3×
36.3 × 36.3 Å3. The creation procedures of both unoxidized and
oxidized asphalt systems were the same, and energy minimization
was completed for the two asphalt systems to remove nonbonded
overlapping.

Periodic boundary conditions were implemented in this study to
create the bulk state (gas, liquid, or solid) of asphalt systems before
and after oxidative aging. In a periodic boundary-condition model,
molecules are initially placed within a simulation box. The mole-
cules not only interact with their neighbors in the same simulation
box, but they also interact with images of molecules in neighboring
simulation boxes. Thus, during the simulation, a molecule can dif-
fuse to the edge of the simulation box and freely cross over into the
next box.

General MD Simulation Parameters

In this study, simulations were conducted in a DREIDING force
field under 101.325 kPa (1.0 atm) pressure, which defines the
potential intramolecule and intermolecule interactions in the MD
simulation systems (Fraaije et al. 2014; Mayo et al. 1990). The
smooth particle mesh Ewald (SPME) method was used for han-
dling long-range electrostatic and van der Waals interactions.

The temperature and pressure of the systems were controlled by a
Berendsen thermostat and barostat, respectively.

To investigate the effects of different cutoff radiuses on simu-
lation results, the simulation time step was set the same for all the
simulations. Two cutoff radiuses were considered: 7.5 and 17 Å.
The MD simulation systems of both unoxidized and oxidized as-
phalts were first relaxed using a canonical ensemble that consid-
ered number of particles N, volume V, and temperature T (thus
also called a NVT ensemble). The simulation time step was set at
0.1 femtosecond (fs) and with simulation duration of 20 picosecond
(ps) (200,000 running steps). An isothermal-isobaric ensemble
(which considers number of particles N, pressure P, and temper-
ature T to also be called a NPTensemble) was then used to simulate
the realistic asphalt systems and obtain densities of the asphalt sys-
tems. The simulation time step under the NPT ensemble was set at
0.5 fs with simulation duration of 500 ps (1 million running steps)
to guarantee the system could reach equilibrium.

Fig. 5 shows an equilibrium condition of the MD simulation.
Tables 2 and 3 provide numbers of atoms for unoxidized and oxi-
dized asphalt systems. The proportion of each type molecular is
fixed. If the system sizes need to be increased for further research,
researchers could increase the amount of each atom based on their
proportion in the asphalt system and then increase the dimension of
the simulation box to accommodate the higher amount of atoms.

Thermodynamic Properties of Unoxidized and
Oxidized Asphalt

Simulation Parameters

The simulation systems were first relaxed under a NVT ensemble
at −173°C (100.15 K), which maintained the N, V, and T values of
the systems as constant. Simulations ran for 20 ps with 200,000
running steps at a time step of 0.1 fs. Then, asphalt systems were
simulated under a NPT ensemble, which maintained N, P, and T
values of the systems as constant. The ensemble was used to gain
densities of the asphalt systems close to those of realistic asphalt
under a temperature range of −35 to 160°C (238.15–433.15 K),
with a temperature increment of 15°C. This temperature range cov-
ers the pavement conditions from cold winter to asphalt-aggregate
mixing temperatures. The simulation time step was set at 0.5 fs with
1 million running steps (500 ps). All the unoxidized and oxidized
simulation systems were converged after 600,000 running steps in
both energy and volume. Pan (2015) has provided examples of the
energy and volume changes over the simulation duration for both
unoxidized and oxidized asphalts.

Density

Fig. 5 shows one example of the density simulations for unoxidized
and oxidized asphalt systems at 25°C. It can be seen that all the
density reached equilibrium after 600,000 running steps. This is
also the same for all other MD simulations. The average density
changes of the unoxidized and oxidized asphalt systems at different
temperatures during the last 200,000 equilibrium running steps
under the NPT ensemble are shown in Fig. 6. It can be seen the
density of both unoxidized and oxidized asphalts decrease with an
increase in temperature. Oxidized asphalt has an approximately
60 kgm−3 higher density than the unoxidized asphalt at each tem-
perature point. Another observation from the simulations is that
compared with the density of unoxidized asphalt, the density of
oxidized asphalt decreases slightly more slowly with an increase
in temperature.

Fig. 3. Reactions with oxygen of most sensitive functional groups in
asphalt: (a) formation of ketone; (b) formation of sulfoxide
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Fig. 4. Molecular structures in asphalt after oxidation: (a) oxidized aromatics; (b) oxidized resins; (c) oxidized asphaltenes
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The simulation result of unoxidized asphalt system in this study
is further compared with Li and Greenfield’s (2014b) study regard-
ing density changes at different temperatures as shown in Fig. 6.
It can be seen that in both studies, the trends in the unoxidized
asphalt’s density changes at different temperatures are the same,
demonstrating that the density of asphalt decreases with an increase
in temperature. However, although the same unoxidized asphalt
system was used in this study as Li and Greenfield’s (2014a) pro-
posal, the simulation results are not the same as those shown in
Fig. 6. According to the linear fit results, the magnitude of slope for
density versus temperature equation in Li and Greenfield’s (2014b)

study is higher than the one in this study. This indicates that the
density of the modeled asphalt in Li and Greenfield’s (2014a, b)
study decreases more quickly with an increase in temperature than
the density change observed in this study. Different simulation
parameter might have caused the difference, or it could be attribut-
able to the force field selections in the two studies.

The higher density of oxidized asphalt is caused by the en-
hanced aggregation process resulting from the nanoaggregation of
the asphaltene fraction and decline in resin fraction and might be
caused by hardening of asphalt after oxidation (Lemarchand et al.
2013; Pan and Tarefder 2016). Later in this study, this is investi-
gated by the changes of isothermal compressibility and bulk modu-
lus, which are used to interpret glass transition behavior change of
asphalt caused by oxidation.

Isothermal Compressibility and Bulk Modulus

Isothermal compressibility, βT , measures the volume change of a
system based on the pressure changes at constant temperature. The
bulk modulus, K, is the inverse of the isothermal compressibility
and is used to measure the resistance of a material to uniform com-
pression. These two physical quantities have been calculated by
Tildesley and Allen (1987) as follows:

βT ¼ 1

K
¼ −V−1

�∂V
∂P

�
T
¼ 1

hVikBT
ðhV2i − hV2iÞ ð1Þ

where kB = Boltzmann constant; T = system temperature; V =
system volume; and P = system pressure. The simulation parameter

Table 1. Asphalt System Compositions before and after Oxidation

Asphalt fraction Molecule
Number in AAA-1

model system
Percentage of each

fraction before oxidationa
Percentage of each

fraction after oxidationa
Experimental data
before oxidationb

Saturates Squalane 4 10.7 9.9 10.6
Hopane 4

Aromatics PHPN 11 38.1 38.0 37.3
DOCHN 13

Resins Quinolinohopane 4 30.6 31.1 31.8
Pyridinohopane 4

Thioisorenieratane 4
Benzobisbenzothiophene 5
Trimethylbenzene-oxane 15

Asphaltene Asphaltene-pyrrole 2 16.5 16.9 16.2
Asphaltene-phenol 3

Asphaltene-thiophene 3
aFraction percentage is standardized to match the experimental data (data from Li and Greenfield 2014b).
bExperimental data are from Jones’s study (data from Jones 1993).

Fig. 5. Density simulation results of asphalt systems at 25°C

Table 2. Number of Atoms in Unoxidized Asphalt System

Asphalt
fraction Molecule

Number of
carbon atoms

Number of
hydrogen atoms

Number of
oxygen atoms

Number of
nitrogen atoms

Number of
sulfur atoms

Total number
of atoms

Saturates Hopane 35 62 0 0 0 97
Squalane 30 62 0 0 0 92

Aromatics DOCHN 30 46 0 0 0 76
PHPN 35 44 0 0 0 79

Resins Benzobisbenzothiophene 18 10 0 0 2 30
Pyridinohopane 36 57 0 1 0 94
Quinolinohopane 40 59 0 1 0 100
Thioisorenieratane 40 60 0 0 1 101

Trimethylbenzene-oxane 29 50 1 0 0 80
Asphaltenes Asphaltene-pyrrole 66 81 0 1 0 148

Asphaltene-phenol 42 54 1 0 0 97
Asphatene-thiophene 51 62 0 0 1 114

© ASCE 04017018-6 J. Nanomech. Micromech.
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selections and procedures are the same as previously mentioned,
and all the simulations reached equilibrium after 600,000 running
steps in volume (after 400,000 running steps in the NPT ensemble
with a simulation duration of 1 million running steps). For the last
600,000 simulation steps (300 ps), isothermal compressibility and
bulk modulus for both unoxidized and oxidized asphalt systems
were calculated. Larger temperature intervals were used for analy-
sis to avoid errors and noise affecting the calculation results for
a single temperature point. The volume fluctuations after equilib-
rium under −35, 40, 115, and 160°C (238.15, 313.15, 388.15, and
433.15 K) were selected for calculations.

All calculations were converged after 150 ps. One example of
the bulk modulus calculation for unoxidized and oxidized asphalt
systems under different simulation times at −35°C is shown in
Fig. 7. Fig. 8 shows the average values of bulk modulus at the last
50 ps simulation duration for different temperatures, respectively.
It is observed that the oxidized asphalt has lower isothermal com-
pressibility and higher bulk modulus compared with unoxidized
asphalt, which indicates that hardening happened after asphalt ox-
idation. Previous studies also showed an increase in elastic modulus
of asphalt binder caused by oxidation (Allen et al. 2013; Tarefder
and Faisal 2013). Moreover, the change trend of isothermal com-
pressibility or bulk modulus at different temperatures is different
between the unoxidized asphalt and oxidized asphalt, which indi-
cates glass transition behavior change of the asphalt after oxidation.
The isothermal compressibility of both unoxidized and oxidized
asphalt systems increases with an increase in temperature, whereas
bulk modulus shows the opposite trend.

Moisture Impacts on Asphalt before and after
Oxidative Aging

Simulation Parameters

Water molecules were added to the asphalt simulation boxes before
and after oxidation to analyze the impacts of moisture. Here, 1–10%
moisture content by mass of the simulation boxes was considered

Table 3. Number of Atoms in Oxidized Asphalt System

Asphalt
fraction Molecule

Number of
carbon atoms

Number of
hydrogen atoms

Number of
oxygen atoms

Number of
nitrogen atoms

Number of
sulfur atoms

Total number
of atoms

Saturates Hopane 35 62 0 0 0 97
Squalane 30 62 0 0 0 92

Aromatics DOCHN 30 42 2 0 0 74
PHPN 35 36 4 0 0 75

Resins Benzobisbenzothiophene 18 10 2 0 2 32
Pyridinohopane 36 53 2 1 0 92
Quinolinohopane 40 55 2 1 0 98
Thioisorenieratane 41 56 2 0 1 100

Trimethylbenzene-oxane 29 48 2 0 0 79
Asphaltenes Asphaltene-pyrrole 66 67 7 1 0 141

Asphaltene-phenol 42 46 5 0 0 93
Asphatene-thiophene 51 54 5 0 1 111

-65 -35 -5 25 55 85 115 145 175 205 235 265
800

840

880

920

960

1000

1040

1080

1120

1160
 Unoxidized Asphalt
 Oxidized Asphalt
 Li and Greenfield's Model (Unoxidized Asphalt)

Temperature (°C)

D
en

si
ty

 (
kg

 m
-3

)

y = 1018.64864 - 0.69724x
R2

adj
 = 0.98418

y =  993.41673 - 0.31472x
R2

adj
 = 0.95798

y = 1060.65632 - 0.28689x
R2

adj
 = 0.94174

Fig. 6. Density changes of unoxidized and oxidized asphalt systems at
different temperatures
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Fig. 7. Bulk modulus calculation result versus simulation time at
−35°C
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Fig. 8. Bulk modulus changes of asphalt before and after oxidation at
different temperatures
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with a content increment of 2.5%. Simulation temperature was set
at room temperature (25°C). Simulation procedures were the same
as the aforementioned density simulations. All simulations reached
equilibrium. The MD simulations for zero-shear viscosity calcula-
tions for 0 and 5% moisture contents were conducted with a NPT
ensemble after both unoxidized and oxidized asphalt systems
reached density equilibrium. The simulations were conducted at a
time step of 0.5 fs and run for 1 ns (2 million simulation steps).

Density Changes at Different Moisture Content

Fig. 9 shows the density changes of asphalt systems before and
after oxidation at different moisture contents. It is observed that
moisture content within 10% has an insignificant impact on the
density change of the asphalt systems. For both unoxidized and
oxidized asphalts, the density change from 0% moisture inclusion
to 10% moisture inclusion is within 15 kgm−3. However, the fluc-
tuation of density is more significant for the oxidized asphalt at
different moisture contents compared with that of the unoxidized
asphalt. Generally, for both the unoxidized and oxidized asphalts,
density initially increases with an increase in moisture content and
starts decreasing at a certain moisture content. The maximum den-
sity is at 1% moisture content for the unoxidized asphalt, but at 5%
moisture content for the oxidized asphalt. These indicate water has
a greater effect on oxidized asphalt regarding density changes.

Zero-Shear Viscosity Changes under Different Moisture
Content

The zero-shear viscosities of equilibrium asphalt systems were cal-
culated by the Green-Kubo approach (Gordon 2003) as follows:

η ¼ V
kBT

Z ∞
0

hPs
αβð0ÞPs

αβðtÞidt ð2Þ

where kB = Boltzmann constant; t = time; T = temperature; Ps
αβ =

instantaneous pressure tensor for off-diagonal element αβ; and V =
system volume. To better improve convergence of the calculation,
zero-shear viscosity was determined via averaging the three inde-
pendent off-diagonal pressure tensors (Gordon 2003).

There is no ensemble restriction on using the Green-Kubo
method for viscosity calculation according to the literature review
and this study. Zhang and Ely (2004) used both NPT and NVT en-
sembles to predict the viscosity of alkane and alcohol systems by

the Green-Kubo method and obtained good agreement with exper-
imental results. Lee (2007) revisited the Green-Kubo formula to
study the transport properties of liquid argon using both NPT and
NVT ensembles and concluded that the difference in viscosity cal-
culations under different ensembles was not significant. The same
conclusion is also obtained by this study. Pan (2015) provided a
comparison of off-diagonal pressure fluctuations under NPT and
NVT ensembles.

The viscosity changes of the unoxidized and oxidized asphalt
systems at 0 and 5% moisture contents over the simulation time
are shown in Fig. 10. Without any moisture inclusion, the viscosity
of unoxidized asphalt is considerably lower than that of the oxi-
dized asphalt, which is approximately 2.2 × 104 Pa · s lower than
that of the oxidized asphalt. This is consistent with Lemarchand
et al.’s (2013) research on the chemical aging of the Cooee asphalt
model, which concluded that an enhanced aggregation process after
asphalt aging resulted in a viscosity increase. To prove the simu-
lation duration lasted long enough to display stable values, standard
deviations of zero-shear viscosity changes at the last 100,000 sim-
ulation steps were calculated for both unoxidized and oxidized as-
phalt systems with a value of 1.2 and 5.3, respectively (Pan and
Tarefder 2016). The increase in viscosity with no moisture inclu-
sion indicates that asphalt is harder after oxidation. However, after
5% moisture inclusion, it can be seen from Fig. 10 that the viscosity
of unoxidized asphalt is higher than that of the oxidized asphalt,
with a difference of 1.0 × 103 Pa · s. The standard deviations for
the zero-shear viscosity changes in unoxidized and oxidized asphalt
at the last 100,000 simulation steps are 5.4 and 2.7, respectively.

Fig. 11 further compares viscosities between asphalt systems
with and without moisture inclusion. It can be seen that the zero-
shear viscosities of both unoxidized and oxidized asphalt systems
without moisture inclusion are much higher than those of the as-
phalt systems with moisture inclusion. Decreases in viscosity attrib-
utable to moisture inclusion has been shown by nanoindentation
testing (Hossain 2013). Moreover, although oxidized asphalt tends
to have a higher viscosity than unoxidized asphalt without moisture
inclusion, the viscosity of oxidized asphalt decreases rapidly and
finally becomes lower than that of unoxidized asphalt after 5%
moisture inclusion. This indicates that oxidized asphalt is more
susceptible to moisture regarding zero-shear viscosity changes. Pan
(2015) explained in detail about zero-shear viscosity test using a
dynamic shear rheometer (DSR).
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Fig. 9. Density changes of unoxidized and oxidized asphalts at differ-
ent moisture contents Fig. 10. Zero-shear viscosity calculation results of unoxidized and

oxidized asphalts versus simulation time with and without moisture
inclusion
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Conclusions

This study focused on how temperature and moisture impact unoxi-
dized and oxidized asphalt properties using MD simulations of
changes in density, isothermal compressibility, bulk modulus, and
zero-shear viscosity. Conclusions are as follows:
• Asphalt density is temperature-dependent. The density of as-

phalt systems before and after oxidative aging decreases with an
increase in temperature. Oxidized asphalt has a higher density
than unoxidized asphalt but this decreases slightly more slowly
than unoxidized asphalt. This might be caused by the hardening
of asphalt after oxidation;

• Isothermal compressibility and bulk modulus are also very
sensitive to temperature. Oxidized asphalt has a lower isother-
mal compressibility and higher bulk modulus than unoxidized
asphalt at different temperatures. This proves that asphalt un-
degoes hardening after asphalt oxidation. The various change
trends in isothermal compressibility and bulk modulus between
unoxidized and oxidized asphalts at different temperatures in-
dicates glass transition behavior changes after asphalt oxidation.
In sum, the isothermal compressibility of asphalt systems before
and after oxidative aging increases with an increase in tempera-
ture, whereas bulk modulus shows the opposite trend; and

• Moisture inclusion has greater adverse impacts on oxidized as-
phalt in terms of density and zero-shear viscosity changes. The
changes in density values for asphalt systems before and after
oxidative aging at different moisture contents are not significant.
However, moisture causes more density fluctuations in oxidized
asphalt. The zero-shear viscosities decrease with an increase in
moisture inclusion for both asphalt systems. Moreover, the zero-
shear viscosity of oxidized asphalt decreases more rapidly than
that of unoxidized asphalt as a result of moisture inclusion.
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Notation

The following symbols are used in this paper:
kB = Boltzmann constant;
P = pressure;

Psαβ = instantaneous value of the off-diagonal pressure tensor
element αβ;

t = time;
V = volume; and
η = zero-shear viscosity.
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