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ARTICLE INFO ABSTRACT

Handling Editor: Dr Uday Vaidya Bitumen fatigue resistance is critical to determine the overall fatigue performance and service life of asphalt

pavements. However, the mechanisms responsible for fatigue damage of bitumen have previously not been well

Keywords: understood. Molecular dynamics (MD) simulation has recently emerged as a powerful computer-aided numerical

Bm_‘me“ technique to model the microscopic failure behaviours in materials. This study aims to use the MD method to

;angute datmage investigate the molecular origin of bitumen fatigue damage. The molecular models of the virgin and aged
anostructure

PEN70/100 bitumen were firstly constructed based on their saturate, aromatic, resin and asphaltene (SARA) four
fractions. An MD equilibrium was run on the developed bitumen models with the assigned interatomic poten-
tials. Following an MD-based tensile simulation, a strain-controlled fatigue simulation was performed to study
the nanostructure and damage behaviours of the virgin and aged bitumen under fatigue loading by calculating
the stress-strain response, potential energy, molecular structure and nanovoid volumes. Furthermore, a
rheometer measurement was also conducted to characterise the fatigue damage of the bitumen directly by a
crack length at the macroscale. Results indicate that the bitumen molecules become unfolded and tend to align
along the loading direction when fatigue loading was applied. The change in the molecular configuration helped
the molecular chains move closer together and thus contributed to the reduction of the intermolecular in-
teractions including the van der Waals and Coulombic energies. With the increasing load cycles, nanovoids were
formed and grew in the bitumen through molecular rearrangement and movement, leading to microscopic fa-
tigue damage of the bitumen. It was found that the aged bitumen produced more severe fatigue damage than the
virgin bitumen, which was indicated by the MD-based nanovoid volume at the molecular scale and the DSR-
based crack length at the macroscale. The findings from MD simulation provide a fundamental understanding
of the molecular origin of fatigue damage, that cannot be experimentally detected for bitumen materials.

MD simulation
Rheometer measurement

1. Introduction

Bitumen produced from petroleum (crude oil) is a complex visco-
elastic material. The bitumen commonly serves as a binder between
mineral aggregates in asphalt mixtures used for the construction and
maintenance of asphalt pavement. The inherent ability of the bitumen to
resist fatigue damage is critical to ensure fatigue performance and ser-
vice life of the asphalt mixture and pavement. Therefore, fatigue failure
of the bitumen has long been a major concern in the field of road
infrastructure and materials. Based on Dynamic Shear Rheometer (DSR)
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measurements, research efforts have been made in the past few decades
to characterise the fatigue performance of the bitumen [1]. To evaluate
the fatigue resistance of the bitumen, researchers have proposed several
fatigue parameters such as the fatigue factor |G*|-sin & used in the
Superpave Performance Grading (PG) system, dissipated energy ratio
(DER) [2-4], ratio of dissipated energy change (RDEC) [5-7] as well as
fatigue law based on the viscoelastic continuum damage (VECD) theory
[8-10]. Although these parameters are being used for fatigue charac-
terisation of the bitumen, the mechanisms leading to fatigue damage of
the bitumen are still not well known.
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To understand the underlying fatigue damage mechanisms, three key
questions have to be answered, namely (a) what the damage in the
bitumen looks like, (b) how the damage grows, and (c) when the damage
is initiated. Researchers have found that the damage of bitumen under a
DSR fatigue load is a circumferential crack that starts at the edge of the
bitumen sample and propagates toward its centre [11,12]. Using
viscoelastic damage mechanics, a DSR-based cracking (DSR-C) model
was developed in the authors’ previous study [13] to predict the fatigue
crack length in the bitumen. In the DSR-C model, the crack length can be
determined using the shear moduli and phase angles of the bitumen
measured by the DSR. The crack length provides a more efficient
parameter to directly evaluate the bitumen’s resistance to fatigue
damage. Following the crack length calculated by the DSR-C model, the
fatigue crack propagation of the bitumen was modelled using pseudo
J-integral Paris’ law in a separate work [14] to describe how the damage
grows. One of the important findings is that the model coefficients (A
and n) from the Paris’ law are fundamental material properties, which
are independent of loading frequency or strain amplitude. Furthermore,
a fatigue crack initiation criterion of the bitumen was developed based
on viscoelastic Griffith’s fracture mechanics to determine when the
damage is initiated [15]. It was found that there is edge flow damage at
the initial stage (around the first 1000 cycles) of bitumen fatigue
cracking. These works from the fundamental mechanical perspective
have addressed the three key questions mentioned above at the
macroscale. However, further studies at the microscale are still needed
to elucidate the microscopic mechanisms of fatigue damage initiation.

Failure mechanisms of the bitumen at the microscale have been
studied by several researchers. Harvey and Cebon [16] observed the
failure process of a viscoelastic film in a tension test based on a photo-
graphic technique. It was revealed that voids first became visible and
then began to nucleate at the fracture surface during testing. Poulikakos
et al. [17,18] investigated the time evolution of failure phenomena of a
micro-scale thin bitumen film under direct tension tests using video
recording and image processing techniques. The results showed the
failure stages during tensile mechanical loading included the formation
of striations, void nucleation and growth, filamentation and large
ductile flow before fracture. Sultana and Bhasin [19] studied the
rheology and mechanical properties of the bitumen with different
chemical compositions. It was found that the bitumen containing the
higher percentage of polar fractions had smaller and more frequent
cavities at the fracture surface. More recently, Hajj et al. [20] performed
real-time microscopic and rheometric observations of cavitation insta-
bility underlying micro-crack formation in a thin and confined film of
bitumen under a monotonic mechanical strain using dark field micro-
scopy. The formation and rapid growth of small cavities were observed
during testing. A three-stage model was proposed to characterise the
nucleation of the first cavity, subsequent cavities and the growth of
existing cavities. Based on such advanced photographic techniques,
these studies successfully revealed the microscopic mechanisms of the
bitumen failure under tensile loading. However, significant challenges
remain in the experimental detection of initial microscopic damage (i.e.,
micro-crack or nanovoids) inside the bitumen under fatigue loading due
to the limitations in the time and length scales.

With the recent development of high-performance computation,
computer-aided numerical techniques have been widely applied for the
microscopic modelling and simulations of bituminous materials
[21-24]. One of the most important computer-aided techniques is mo-
lecular dynamics (MD) simulation [25,26]. The MD-based computa-
tional approach has become a powerful tool to investigate the failure
behaviours of bitumen at the microscopic scale. Hou et al. [27,28] used
MD simulation to investigate the micromechanical behaviours of
bitumen under tensile loading. Du et al. [29] studied the deformation
behaviours of bitumen under nanoindentation. Sun and Wang [30]
simulated a tensile test to study the nano-crack formation in bitumen
with different SARA fractions. It was reported that the bitumen with a
higher density and more asphaltene exhibited greater resistance to crack
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initiation. The MD simulation has also been employed to study the
microscopic deformation and failure behaviours of bitumen with min-
eral aggregate in the pull-off test [31-35]. These studies demonstrate
that the MD simulation can be used to fundamentally interpret the
microscopic failure mechanisms of bitumen under external loading
through direct observation of molecular behaviours inside the material.
Therefore, it is desired to investigate the microscopic mechanisms of
fatigue damage in bitumen using the MD simulation to overcome the
difficulty of experimental observation.

The main objective of this study is to use an MD computational
approach to investigate the nanostructure and damage behaviours of the
bitumen under fatigue loading. The molecular models of the virgin and
aged PEN70/100 bitumen were firstly constructed based on their
experimental data in terms of their elements, functional groups, mo-
lecular weights, as well as their saturate, aromatic, resin and asphaltene
(SARA) four fractions. The interatomic potentials in the molecular
models were defined using a Condensed-phase Optimized Molecular
Potentials for Atomistic Simulation Studies (COMPASS) force field. The
molecular models were validated by comparing the predicted thermo-
dynamic properties with the experimental and reference data. After an
MD-based tensile simulation, a strain-controlled fatigue simulation was
performed at the temperature of 20 °C. Based on the simulation results,
the nanostructures and damage behaviours of the bitumen were studied
by calculating the stress-strain response, potential energy, molecular
structure and nanovoid volumes during fatigue loading. Furthermore,
the effects of ageing on the microscopic fatigue damage of the bitumen
were analysed using the proposed MD-based computational approach.
Finally, the fatigue damage of the virgin and aged bitumen at the
macroscale was also directly characterised by crack length based on the
rheometer measurements. The present innovative research addresses the
fatigue crack initiation problem of the bitumen at the microscale using a
molecular dynamics (MD) method and provides a fundamental under-
standing of the molecular origin of bitumen fatigue damage, which has
not been investigated in the past due to the challenges in the time and
length scales. This research work is focused on the microscopic fatigue
damage mechanism, which is completely different from the existing
studies that mainly involved the characterisation of the macroscopic
fatigue performance and the microscopic tensile failure.

2. Methodology
2.1. Materials

The bitumen used in this study is PEN70/100 bitumen from Total
Nederland NV. Table 1 presents its physical properties and chemical
composition. To investigate the ageing effect, the virgin bitumen was
subjected to a long-term ageing process in the laboratory. Following a
thin film oven test (TFOT) at 163 °C for 5 h, a pressure ageing vessel
(PAV) test was conducted for 20 h at a temperature of 100 °C and a
pressure of 2.1 MPa to prepare the aged bitumen.

Table 1
Physical properties and chemical composition of PEN 70/100 bitumen.
Properties Value
Penetration @ 25 °C (1/10 mm) 91
Softening point (°C) 48
Dynamic viscosity @ 135 °C (Pa-s) 0.8
Density @ 25 °C (g/cm®) 1.017
Chemical fractions (wt %) Saturate (S) 3.6
Aromatic (A) 53.3
Resin, (R) 30.3
Asphaltene (A) 12.8
Element composition (wt %) Carbon (C) 84.06
Hydrogen (H) 10.91
Oxygen (O) 0.62
Sulphur (S) 3.52
Nitrogen (N) 0.9
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2.2. Molecular models for virgin and aged bitumen

Bitumen is a mixture of various hydrocarbons with a complex
chemical composition. It can be divided into saturates (S), aromatics (A),
resins (R) and asphaltenes (A) four fractions based on its physical
properties and solubility. Li and Greenfield [36] have proposed 12 types
of molecules to represent SARA fractions in the bitumen. In this study,
the 12 types of molecules are adopted as the basis of molecular models
for virgin and aged PEN70,/100 bitumen.

Based on the FTIR results, it was found that the sulfoxide functional
groups that were not taken into consideration in Greenfield’s 12 types of
molecules exist in the virgin PEN70/100 bitumen [37]. Thus, the sulf-
oxide functional groups are supplemented in the benzobisbenzothio-
phere and the thioisorenieratane which are the only two molecules
containing sulphur atoms in the SARA fractions. Meanwhile, the other
ten molecules of SARA fractions remain the same as those in Greenfield’s
12 types of molecules. All the molecules of SARA fractions used for the
virgin PEN70/100 bitumen in this study are shown in Fig. 1.

The molecules used for the aged PEN70/100 bitumen can be deter-
mined by introducing the oxygen atoms to the molecular structures of
SARA fractions in the virgin bitumen based on the mechanism of
bitumen oxidative ageing. The ketones formed at benzylic carbon atoms
and sulfoxides formed at sulphur atoms were identified as the major
oxidation products in the molecules during the bitumen ageing [38-40].
The authors’ previous study [37] has proposed the oxidised molecules of
SARA fractions with different ageing levels. Four oxidised molecules
used for the aged PEN70/100 bitumen in this study are illustrated in
Fig. 1, including oxidised PHPN, oxidised thioisorenieratane, oxidised
benzobisbenzothiophene and oxidised asphaltene-thiophene.

Once the virgin and oxidised molecules of the SARA fractions are
determined, the molecular models of the virgin and aged PEN70/100
bitumen can be constructed based on their SARA mass fractions
measured by a thin-layer chromatography with flame ionization detec-
tion (TLC-FID) test. Table 2 presents the SARA fractions from the model
and experiment for the virgin and aged PEN70/100 bitumen amples.
The SARA fractions in the models agree well with the experimental
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results for both the virgin and aged bitumen. It also should be noted that
the amount of ketone and sulfoxide functional groups and the molecular
weight values in the molecular models of the virgin and aged bitumen
were verified by comparing with the experimental data obtained from
the attenuated total reflectance-Fourier-transform infrared (ATR-FTIR)
spectroscopy and gel permeation chromatography (GPC) tests in the
authors’ previous study [37].

2.3. Molecular dynamics (MD) equilibrium

2.3.1. MD method

Molecular dynamics (MD) method is a computer-aided numerical
technique to simulate the atomistic movements and interactions in a
classic many-body system based on Newton’s law of motions and sta-
tistical mechanics. Typically, an MD simulation involves the following
components [32]: (1) the potential function to determine the forces
among the atoms, (2) the classical mechanics to calculate the accelera-
tion and instantaneous velocity of atoms, (3) the integration algorithm
to solve for the trajectory and subsequently update the potential among
the atoms, and (4) the statistical mechanics to interpret the system
properties. Fig. 2 shows a calculation procedure in MD simulation.

This MD method calculates the motions of N atoms in a system as a
function of time. In classical statistical mechanics, the trajectories
including positions and velocities are computed by integrating Newton’s
second law, as described in Eq. (1). The initial atomic velocities are
assigned randomly by a Maxwell-Boltzmann distribution. Eq. (1) can be
integrated by several robust algorithms that require finite differencing
and a suitable time step [41]. The time step conserves the total Hamil-
tonian of the system.

&’ U
miatzz_TnEFi @

where m; is the mass of atom i, r; is the coordinate of atom i, U is the
interatomic potential, and F; is the internal force of atom i.

Asphaltene

Asphaltene-pyrrole

Asphaltene-thiophene

Quinolinohopane

? ?
/ o < & L
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Fig. 1. Molecules of SARA fractions used for the virgin and aged PEN70/100 bitumen in this study. Hydrogen atoms are white, carbon atoms are grey, oxygen atoms
are red, nitrogen atoms are blue, and yellow are sulphur atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Table 2

Chemical composition of molecular models for the virgin and aged bitumen.
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SARA fractions Molecules in model

Molecular formula

Virgin bitumen

Aged bitumen

NM® FWM" (Wt%) FWB® (wt%) NM® FWM" (Wt%) FWB® (wt%)
Saturate Squalane CsoHez 16 3.9 3.6 16 3.8 3.6
Hopane CssHe 8 8
Aromatic PHPN CasHas 160 52.3 53.3 96 43.7 43.9
Oxidised PHPN C35Hg20 0 48
DOCHN C30Has 168 136
Resin Quinolinohopane CaoHsoN 24 31.0 30.3 32 33.8 33.9
Thioisorenieratane C40He0SO 24 0
Oxidised thioisorenieratane C40Hs8S0> 0 24
Benzobisbenzothiophene C18H10S20 104 0
Oxidised benzobisbenzothiophene C18H10S202 0 104
Pyridinohopane C3eHsyN 24 32
Trimethybenzeneoxane CaoHs500 32 32
Asphaltene Asphaltene-phenol C42Hs40 16 12.7 12.8 24 18.8 18.6
Asphaltene-pyrrole CesHg1N 16 24
Asphaltene-thiophene Cs1Hg2S 16 0
Oxidised asphaltene-thiophene Cs51HgoSO2 0 24
2 NM, number of molecules.
b FWM, fraction weight in the model.
¢ FWB, fraction weight in experimental bitumen.
2.3.2. Force field
An essential input to MD simulations is the force field (interatomic
Start potential) that computes the forces among the atoms. In this study, the
interactions between the atoms in the molecular models of the virgin
and aged bitumen are described by the Condensed-phase Optimized
L. . L. Molecular Potentials for Atomistic Simulation Studies (COMPASS) force
Set |n|t|a| pa I'thlG pOSItIOﬂS field [42]. The COMPASS is a widely parameterised and validated force
field and has been applied for MD simulations of bitumen materials
I\ [43-45].
The total potential energy (E;q) in the COMPASS force field can be
Assi gn initial partide velocities divided into the valence energy (E,gence) and the non-bond energy
(Enon—pond)> as shown in Eq. (2).
L Eloml = Emlente + Enan—bond (2)
Calcul f h icl The valence term consists of the interaction energy caused by bond
alculate torce on eac partlc € (Ey), angle (E,), dihedral (E;) and improper (E;), as expressed in Eq. (3).
* Evience =Ep + E, + Eq + E; 3
U pdate pa rticle positions and The bond energy can be calculated by Eq. (4).
o
i) [\7) 4
velocities 2 E=Y Kby @
¢ @ n=2
I I 1 E . il . b
Calculate system properties (e.g. ’ = where by is the equilibrium bond distance and k, is the nth bond coef-

energy, temperature, pressure, etc.)

Save positions and velocities
& Output trajectory file

Fig. 2. Flow chart for calculation in MD simulations.

ficient.
The angle energy includes the angle, bond-bond, and bond-angle
terms, which can be obtained by Egs. (5)-(8).

E,=E'+E" 4 E™ (5)
4
E'="Ki(0—6,)" (6)
n=2
E” =K (b —by) (b — by) %)
E™ =k2(b — bo) (0 — 60) + K2 (b — by) (6 — 6y) 8)

where 6, is the equilibrium angle and k2, k? and k%@ are the coefficients
for the angle, bond-bond, and bond-angle terms, respectively.

The dihedral energy contains the dihedral angle, bond-torsion,
angle-torsion, and angle-angle-torsion terms, which are given by Egs.
(9)-(13).



Y. Gao et al.

Ed :Er + Ebt 4 Ear + Euu'r (9)
3
E'=) k[l —cos(np —g,)] 10)
n=1
3
E"=(b—bg) Y k' cosng an
n=1
3
E"=(0—00) ) k' cosng 12)
n=1
E“" = k(0 — 6,) (6 — 6,)cos ¢ (13

where ¢ is the torsional angle defined by the quadruplet of atoms and k
is the corresponding coefficient.

The angle energy involves the improper and angle-angle terms,
which are defined by Egs. (14)-(16).

E =E° +E“ 14)
EC=K(y —y)° (15)
E“ =k (60— 6,)(6 — 6,) (16)

where y, is the equilibrium out-of-plane angle.

The non-bond term is composed of van der Waals energy (E*™) and
electrostatic energy (E°®), as described in Eq. (17). The van der Waals
energy (E"®) is written in the form of a Lennard-Jones (LJ) 9-6 function
shown in Eq. (18), while the electrostatic energy (E) is represented by
a standard Coulombic interaction with partial atomic charges shown in
Eq. (19) [42].

Enon-pona = E"™ + E*' an
™\’ 2\ °

B =¢gl2(—) -3(— 1

-0

Eela‘:M (19)

Ty

where ¢ is the coefficient of well-depth energy, r is the distance between
atoms, 7° is the distance where the LJ potential is zero, and g; and gj are
the partial charges on atoms i and j, respectively.

Table 3 presents all the terms and their coefficients of interatomic
potentials used in the virgin and aged bitumen systems. The simulation
system contains 44,728 atoms for the virgin bitumen but 47,048 atoms
for the aged bitumen. All the types and their coefficients of bond, angle,
dihedral and improper in the systems were defined by the COMPASS
force field.

2.3.3. Model construction and dynamic equilibrium

The molecular models of the virgin and aged bitumen were built and
equilibrated by the following procedure of MD modelling and
simulations.

(1) The 3D atomic configuration of the individual molecules (see
Table 2) used for the bitumen models was created by using its
corresponding SMILES [46] notation. An energy minimization
step was followed to generate a relatively stable conformer.

(2) The individual molecules were homogeneously placed in an
elongated simulation box with a low density of 0.25 g/cm3 to
initialize the molecular positions in the bitumen models. The
molecules were distributed using a quasi-random Sobol distri-
bution method so that they were spread and rotated more evenly
and not overlapped.
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Table 3
Types and their coefficients of interatomic potentials in the bitumen system.

No  Terms Coefficients

1 b Bond

AN A

Eq. (4) bond bo, k8, kb, K3

Angle Eq. (6) angle
Eq. (7) bond-bond

0o, k§, k3, k§
K, o, by
ke, ke, b, By

[
5 Dihedral Eq. (10) dihedral ki, K, K, ¢4,
4 angle P25 P3
6 Eq. (11) bond- bo, k‘;f, kgf, kgf
torsion
7 Eq. (12) angle- 0o, k', kg, k%
torsion

8 Eq. (13) angle-
angle-torsion

9 Improper Eq. (15) improper k°, xo
10 X Eq. (16) angle- k<, 6o, 9’0
angle

van der Eq. (18) van der e r°

11
. ......... . Waals Waals

Eq. (19) N/A
Electrostatics

3 VW
Eq. (8) bond-angle

kadz, o, 9’0

Electrostatics

(3) The COMPASS force field types and charges were assigned to the
system. The particle positions in the system were optimized to
ensure that they accommodated lower energy configurations in
response to the newly assigned force field.

(4) The system was compressed by shortening the length of the box in
the z-direction until it reached its target density. Simulation de-
tails to determine the target density of the bitumen model can be
found in the authors’ previous work [37].

(5) An NPT (N, constant number of atoms; P, constant pressure; and
T, constant temperature) dynamics simulation with full periodic
boundary conditions was run for 500 ps (ps) at a temperature of
298 K and a pressure of 1 atm.

(6) An NVT dynamics simulation where the system volume (V) and
temperature (T) are controlled was performed for 5 ns (ns) to
further relax and equilibrate the bitumen system. The resulting
bitumen system was well mixed and its system properties such as
energy did not change further over time.

The equilibrated bitumen model has a size of 47 x 47 x 200 A in the
X, y, and z directions. Fig. 3 shows an equilibrated model of the virgin
bitumen. In this study, all the molecular dynamics simulations were run
using LAMMPS [47].

2.4. MD tensile simulations

Following the equilibration process mentioned in Section 2.3.3, a
tensile simulation was performed at the temperature of 293 K (i.e.,
20 °C) to determine the fracture strength of bitumen at the molecular
scale. Equibiaxial strain-controlled tensile loading was applied for an
equilibrated bitumen model by dilating the simulation box along the z-
direction at a constant strain rate of 10%/s. The strain rate was adopted
considering the balance between the accuracy of simulation results and
computational time cost. It should be noted that this strain rate has been
applied previously for MD simulations of both bitumen [30] and poly-
mer [48] materials. An isothermal NVT ensemble was used during the
tensile simulation.

The stress tensor of individual atoms in the bitumen system was
defined by Eq. (20) [49,50]. The first term represents the kinetic energy
contribution due to atomic motion, which is related to temperature. The
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Periodic

Fig. 3. An equilibrated model of the virgin bitumen used for the tensile and
fatigue simulations.

second term is the virial contribution associated with intramolecular
and intermolecular interactions, which is related to interatomic forces
governed by the force field described in Section 2.3.2. The per-atom
stress tensor is a stress*volume formulation. The total stress values of
the bitumen system in the loading (z) direction can be obtained by the
sum of the z components of the per-atom stress tensor for all atoms in the
system divided by the volume of the system. The strain of the bitumen
system in the loading (z) direction was calculated by the ratio between
the deformation/elongation and the original size of the simulation sys-
tem in the z dimension and recorded to obtain the stress-strain response
of the system.

Oup = — MVgVp — % Z (raFﬂ) (20)
1

N
n=
where @ and f take on x, y, or z for the components of the tensor, m is the
mass of the atom, v is the velocity of the atom, N is the number of atoms
for atomic interaction, r is the vector between the positions of two
atoms, and F is the interaction force between two atoms.

2.5. MD fatigue simulations

A strain-controlled fatigue simulation was conducted at a tempera-
ture of 293 K using an isothermal NVT ensemble, which includes two
major processes: (1) a quick tensile simulation and (2) a sinusoidally
oscillatory simulation. The equilibrated bitumen model was first sub-
jected to an equibiaxial tensile load with a strain rate of 10%/s to obtain
an initial mean strain. The mean strain must be less than the fracture
strain of the bitumen obtained from the tensile simulation shown in
Section 2.4. After that, fatigue loading was applied by sinusoidally
stretching and compressing the simulation box in the z-direction using
Eq. (21) [51]. A loading period of 1ps was chosen for the fatigue
simulation, based on its previous use for MD simulations of polymer
materials [52,53]. It should be noted that in MD simulations, the time
scale is in the nanosecond (ns) range. Due to the restriction of compu-
tational time cost, the simulation in this study was focused on low cycle
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(500 cycles) fatigue to investigate the essential mechanistic features at
the early (initiation) stage of fatigue damage in the bitumen.

2
L,=Ly+asin (%l) (21)

where L is the box length in the z-direction at any time t during the
fatigue simulation, Ly is the box length immediately after applying the
tensile mean strain, a is the amplitude, and T is the loading period.

In this study, MD simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) pro-
gramme [47]. A time step of 1 fs (fs) and a cut-off distance of 9.5 A were
applied for all the simulations. During the simulation, the temperature
of the system was controlled by the Nosé-Hoover thermostat. The atomic
trajectories of the simulation process were viewed using the visual-
isation tool OVITO [54]. A flowchart of the main MD modelling and
simulations in this study is shown in Fig. 4.

2.6. Dynamic shear rheometer (DSR) tests

The fatigue behaviours of bitumen at the macroscale were charac-
terised in the laboratory by using a dynamic shear rheometer (DSR) (TA-
HR1, TA Instruments Company, USA). Bitumen samples with a diameter
of 8 mm (2 mm in height) were prepared for the DSR-based fatigue tests.
Fig. 5 illustrates the main configuration of DSR testing. The fatigue tests
were conducted on the virgin and aged bitumen samples at an inter-
mediate temperature. Specifically, time sweep tests with a 5% strain
level were carried out at a temperature of 20 °C and a frequency of 10
Hz. The strain level has been used to evaluate the fatigue resistance of
bitumen modified anti-ageing compounds [55]. The complex shear
moduli and phase angles of the samples were recorded during the full
duration of the fatigue testing. Fig. 6 shows the results of the time sweep
tests for the virgin and aged bitumen. It is noted that the initial exper-
imental data for the first 50 cycles (5 s) were not used as the test machine
had not reached the steady state of the strain level (5%).

3. Results and discussion
3.1. Model validation

To validate the developed molecular models for the virgin and aged
bitumen, the thermodynamic properties of the bitumen models were
calculated and compared with the experimental and reference results,
including density, cohesive energy density (CED), and the solubility
parameter. The MD simulation details for predicting these thermody-
namic properties of the bitumen models can be found in the authors’
previous work [37]. Table 4 shows the predicted results for the virgin
and aged bitumen models. It is found that the predicted results are very
close to the experimental and reference data. Furthermore, the tensile
simulation results of the bitumen models in Section 3.2 exhibit a
non-linear behaviour, indicating the bitumen’s viscoelastic character-
istic. In addition, the stress-strain response of the bitumen system in one
loading cycle was analysed and shown in Fig. 7. A hysteresis loop can be
seen in the stress-strain curve, which indicates the rheological behaviour
of the bitumen. Therefore, the proposed bitumen models and MD sim-
ulations based on the COMPASS are able to describe the thermodynamic
properties of the bitumen and can be further applied for the investiga-
tion into the fatigue behaviours of bitumen at the molecular scale.

3.2. Tensile simulations

Fig. 8 presents the mechanical behaviours of the virgin and aged
bitumen under tensile loading. The stress-strain response in the tensile
simulation is depicted in Fig. 8(a). Fig. 8(b) shows snapshots capturing
the bitumen deformation corresponding to 5 points marked in the stress-
separation curves. Following a linear increase (from point A to point B),
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Fig. 6. Complex modulus and phase angle of the virgin and aged bitumen
obtained from time sweep tests.

the tensile stress exhibits a nonlinear increase (from point B to point C)
with the increasing strain until it reaches a peak value (the maximum
stress). With further stretched, nanovoids (cavities) can be observed in

the bitumen, as shown in Fig. 8(b). The stress shows a gradual decrease
(from point C to point D) and then drops sharply (from point D to point
E) until it approaches zero (or a very small value) in the end. It can be
seen from Fig. 8(a) that the virgin and aged bitumen experience the
same trend in terms of the stress-strain curves. However, before the peak
value, the stress-strain curve of the aged bitumen has a larger slope than
that of the virgin bitumen, which indicates a higher modulus (see Fig. 6).
This is because the physical hardening happens during oxidative ageing
due to the introduction of oxygen atoms, which has been reported by
previous experimental [38] and simulation [59] studies.

In the stress-strain curve, the maximum stress is defined as the
fracture strength and the corresponding strain is the fracture strain. It is
also seen in from Fig. 8(a) that the virgin and aged bitumen have nearly
the same fracture strength. However, the fracture strain (11.6%) of the
aged bitumen is slightly smaller than that (12.2%) of the virgin bitumen.
According to the results of tensile simulations, the strain levels that are
less than the fracture strains were selected for the following fatigue
simulations of the virgin and aged bitumen.

3.3. Fatigue damage characterisation based on MD simulations

3.3.1. Effect of strain levels

To investigate the effect of strain levels on the fatigue behaviours of
bitumen, different mean strains and amplitudes were applied in fatigue
simulations. The mean strains of 5%, 7%, and 10% with an amplitude of
2 A were used for the virgin bitumen model, which were smaller than the
fracture strain of bitumen shown in Fig. 8(a). Fig. 9(a) presents the stress
responses to three applied mean strains during fatigue simulations. It is
observed that the stress corresponding to the mean strain of 10% is
larger than that corresponding to the mean strain of 7% or 5%. This
indicates that the mean strain has a significant effect on the stress
response in the fatigue simulation. When a higher mean strain is applied,
the corresponding stress will be larger. This finding is consistent with the
previous study, in which Sahputra and Echtermeyer [52] reported that
the stress increased with the increasing mean strain level in terms of the
fatigue behaviour of amorphous polyethylene at the molecular scale.
Furthermore, it is observed from Fig. 9(a) that three mean strains have a
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Table 4
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Predicted thermodynamic properties for the virgin and aged bitumen models compared with the experimental and simulation results.

Property Virgin bitumen Aged bitumen Reference data
Simulation Experiment Simulation Experiment
Density @ 25 °C (g/cm®) 0.999 1.017 1.014 1.024 1.01-1.04 [56]
Density @ 60 °C (g/cm?) 0.984 0.996 1.003 1.003
Cohesive energy density (10® J/m?) 3.36 N/A 3.43 N/A 3.32, 3.59 [57]
Solubility parameter [(J/cm®)~*%] 18.33 N/A 18.52 N/A 18.19 [58]
140 120
- E € —=—Virgin bitumen
100 f
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8.0% 9.0% 10.0% 11.0% 12.0% (a) The stress-strain response in the tensile simulation.
Strain Virgin
Fig. 7. Stress-strain response of the bitumen system in one loading cycle.
similar stress response process with the load cycles in fatigue simula-
tions, although their stress levels were different. The stress gradually
decreases with the increasing load cycles at the beginning of the simu-
lation. This is due to the change of molecular structures (e.g., molecular |
. . . . A(0%) B(6%)  C(12.2%) D(18%)  E(20%)
rearrangement and nanovoid formation) in the bitumen model under
. . .. . . Aged
fatigue loading. After the stress reaches a minimum value, it remains
relatively stable with an increase in load cycles because of the lower
atomic local strain under the strain-controlled fatigue load mode.
In addition, three displacement amplitudes of 0 A (0% strain), 1 A
(0.5% strain) and 2 A (1% strain) with a mean strain of 10% were used in
fatigue simulations to study the effect of displacement amplitude. The
displacement amplitudes of 1 and 2 A correspond to 0.5 % and 1 % of the
A(0%) B(5%) C(11.6%) D(16.5%) E(18%)

simulation box length in the z-direction, respectively. The displacement
amplitude of 0 A means that no oscillatory load was applied to the
simulation model and the mean strain was kept at a constant level (10%)
during the simulation. Fig. 9(b) presents the stress responses to the
applied mean strain of 10% with three displacement amplitudes during
fatigue simulations. It can be seen that, for all three applied displace-
ment amplitudes, the stress first decreases gradually and then remains
stable with the increasing load cycles. When the displacement amplitude
is 0 [o\, the reduction of stress is known as stress relaxation, which in-
dicates the viscoelastic characteristic of bitumen. For the displacement
amplitudes of 1 and 2 A, the decreasing stress is caused by stress
relaxation, fatigue damage or both. Moreover, it is found from Fig. 9(b)
that the stress corresponding to the displacement amplitude of 2 Ais
smaller than that corresponding to the displacement amplitude of 1 or 0
A in the first 200 load cycles, which means that increasing the
displacement amplitude leads to more severe damage of bitumen.
However, the three displacement amplitudes have almost the same
stress in the last 300 cycles due to the lower atomic local strain in the
strain-controlled load mode.

In this study, considering the limitation of computation time cost, the
large strain of 10% with the displacement amplitude of 2 A was used for
fatigue simulations. A snapshot at the strain of 10% coloured by the
atomic local shear strain is presented in Fig. 8(c), where no nanovoids
have been formed yet and the significant local strain is not observed in
the bitumen.

(b) Snapshots capturing the bitumen deformation at different strain levels. Colour indicates the atomic
local shear strain.

Virgin Aged

LEY
I 0.0

(c) A snapshot of bitumen deformation at the strain of 10%.

Fig. 8. Mechanical behaviours of the virgin and aged bitumen under ten-
sile loading.

3.3.2. Potential energy

To understand the molecular behaviours leading to bitumen fatigue
damage, the potential energies in the simulation system were calculated
and analysed based on the force field equations shown in Section 2.3.2.
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Fig. 9. Stress response with load cycles.
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Fig. 10. Total potential energy in the bitumen during the fatigue simulations.

Fig. 10 presents the evolution in the total potential energy of the
bitumen system during fatigue simulations for a typical case: a mean
strain of 10 % with an amplitude of 2 A. It can be seen that the total
energy gradually decreases with the increasing load cycles, which
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demonstrates that the molecular structures in the bitumen change under
fatigue loading. As described in Section 2.3.2, the total potential energy
is related to the intramolecular interactions (i.e., bond, angle, dihedral
and improper) and the intermolecular interactions (i.e., van der Waals
and Coulombic).

Fig. 11 shows the individual potential energies contributing to total
potential energy in the bitumen during fatigue simulations. It is
observed from Fig. 11(a)-(d) that all the intramolecular potential en-
ergies caused by bond, angle, dihedral and improper have no significant
change in magnitudes during the whole simulation. The intermolecular
potential energies including van der Waals and Coulombic interactions
decrease with an increase in load cycles, as presented in Fig. 11(e) and
(f), which lead to the decreasing total potential energy in the simulation
system. This is because the intermolecular interactions produce weaker
forces compared to the intramolecular interactions binding the mono-
mers in the bitumen molecules. The decrease of intermolecular potential
energies was also found in the amorphous polyethylene [52] and epoxy
composites [60] under fatigue loading.

The intermolecular interactions (i.e., van der Waals and Coulombic
forces) are related to the distance between molecules, as shown in Eq.
(18) and (19). The negative values represent the attractive forces that
bind the molecules together in the bitumen system. It is found from
Fig. 11(e) and (f) that the magnitude of their potential energies shows an
increasing trend with the increasing number of load cycles. This in-
dicates a reduction of distance between bitumen molecules in the entire
simulation system due to molecular rearrangement in the bitumen under
fatigue loading. When the bitumen is subjected to a fatigue load, the
molecules in the bitumen align themselves in the load direction and get
closer to each other. This will be further proved by the molecular
structure analysis in the following section.

3.3.3. Molecular structure

To further study the molecular behaviours of bitumen under fatigue
loading, the molecular structure in the bitumen was analysed by using a
radius of gyration. The radius of gyration is defined as the root mean
square distance between the mass centre of the molecule and each atom
position in this molecule, as shown in Eq. (22). This parameter implies
the level of compaction or how folded or unfolded the molecular chains
are. Fig. 12 shows the radius of gyration along the loading direction in
the bitumen during the fatigue simulations. It can be seen that the radius
of gyration increases as the load cycles increase, especially in the first 50
load cycles, which indicates that the bitumen molecules become unfold
and tend to align along the loading direction when fatigue loading is
applied. The change in the molecular configuration helps the molecular
chains move closer together and thus contributes to the reduction of the
intermolecular interactions including the van der Waals and Coulombic
energies shown in Fig. 11(e) and (f). Based on small-angle neutron
scattering (SANS) data, it has been found that the radius of gyration of
polymer materials (e.g., a linear polyethylene film) increases along the
loading direction at room temperature [61].

1
R = MZ mi(r; = rem) (22)

where M is the total mass of the molecule, r; is the mass of atom i, ey, iS
the mass centre of the molecule, and the sum is over all atoms in the
molecule.

3.3.4. Formation and growth of nanovoids

In addition to the stress-strain response, potential energy and mo-
lecular structure, the molecular behaviours of bitumen during fatigue
simulation were further analysed to understand the damage mechanism
of bitumen under fatigue loading. Fig. 13 illustrates a sequence of
snapshots capturing the nanostructure of bitumen during the fatigue
simulation. It can be seen that small nanovoids first appeared in the
bitumen and then gradually grew with the increasing load cycles. These
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Fig. 11. Individual potential energy in the bitumen during the fatigue simulations.

nanovoids are the areas without any molecules, which are caused by the
movement and rearrangement of molecules in the model under fatigue
loading.

In Fig. 13, only nanovoids connected to both the front and back
surfaces can be viewed in the model. To quantify the nanovoids inside
the model, a surface mesh was established to reconstruct the geometric
boundaries of a set of bitumen atoms. The surface mesh divides space
into an atomistic solid and an open (empty) region shown in Fig. 14,
which facilitates the measurements of the surface area and the solid
volume in the bitumen’s nanostructure. Using the alpha-shape method

10

[62], a virtual probe sphere with a radius of 4 A is applied in this study to
create a closed surface mesh for the nanostructure of the bitumen.
Fig. 15 shows the established surface mesh for nanovoids in the bitumen
under fatigue loading.

Fig. 16 presents the evolution of nanovoids in the bitumen with the
increasing fatigue load cycles. It can be observed that the nanovoid size
gradually increases with the increasing load cycles. The evolution of
nanovoids resembles the increase of cavity size measured by using a
near-infrared dark field microscope [20]. Based on the established sur-
face mesh, the volume of nanovoids formed in the bitumen model was
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Fig. 13. A sequence of snapshots capturing the deformation and nanovoids of
bitumen under fatigue loading. Colour indicates the atomic local shear strain.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

400

calculated to quantify the nanostructure changes of bitumen due to fa-
tigue loading. Fig. 17 shows the nanovoid volume in the bitumen with
the load cycles during the fatigue simulations. It can be seen that the
nanovoid volume increases as the load cycle increases, which indicates
that the fatigue loading results in the formation and growth of nanovoids
through molecular rearrangement and movement in the bitumen. These
nanovoids at the molecular scale will grow and nucleate into small
microcracks and eventually cause fatigue damage (cracking) of bitumen
at the macroscale. This is considered one of the most important molec-
ular mechanisms leading to bitumen fatigue damage. The recently
published work from Hajj et al. [63] examined the cyclic behaviour of
bitumen under unidirectional loading. The fatigue damage behaviour of
bitumen subjected to high amplitude cyclic loading was investigated

11
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Fig. 15. Surface mesh for nanovoids in the bitumen under fatigue loading.

though observing its bulk microstructure using dark field optical mi-
croscopy. It was reported that the cavities could occur and grow in
bitumen during the initial stage of material failure, which serve as
nucleation sites for microcracks. Their observation of the cavitation is
consistent with the simulation results in this study.

3.3.5. Effect of ageing

To investigate the effect of ageing on the fatigue performance of
bitumen at the molecular scale, the proposed MD-based fatigue simu-
lations were performed on the aged bitumen to analyse its stress-strain
response, potential energy, molecular structure, and nanovoids
characteristics.

Fig. 18 shows the stress response for the aged bitumen under the
mean strain level of 10% with an amplitude of 2 A. The results of the
virgin bitumen are also presented in Fig. 18 to facilitate the comparison.
It can be seen that the stress of the aged bitumen gradually decreases
before the 300th load cycle and then remains stable in the last 200 cy-
cles. This decreasing trend is similar to that of the virgin bitumen.
However, in the first 300 cycles, the aged bitumen has higher stress
values than the virgin bitumen. This is because the modulus of the aged
bitumen is larger than that of the virgin bitumen (see Fig. 6) due to the
physical hardening that happens during oxidative ageing. The higher
stress is also observed for the aged bitumen in the tensile simulations
shown in Fig. 7 (a). As the load cycle increases, the stress of the aged
bitumen decreases until it reaches a relatively stable value at the 300th
cycle. Finally, the stress of the aged bitumen is nearly the same as that of
the virgin bitumen in the last 200 cycles. This demonstrates that the
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Fig. 18. Stress response for virgin and aged bitumen under the mean strain
level of 10% with the amplitude of 2 A.
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aged bitumen produces more severe damage than the virgin bitumen,
which can be further supported by their nanovoid volumes described
later.

Based on the force field equations shown in Section 2.3.2; the total
potential energy in the simulation system was calculated for the aged
bitumen under a fatigue load with a mean strain of 10 % and an
amplitude of 2 A, as presented in Fig. 19. It can be seen that the total
potential energy of the aged bitumen gradually decreases with an in-
crease in load cycles, which is similar to that of the virgin bitumen. The
decrease of total potential energy in the simulation system is caused by
the decreasing intermolecular interactions (i.e., van der Waals and
Coulombic) due to the molecular rearrangement in the aged bitumen
after fatigue loading is applied. Furthermore, the change in the molec-
ular structure of the aged bitumen during the fatigue simulation was
quantified by using the radius of gyration, as shown in Fig. 20. It is found
that the radius of gyration slightly increases with the increasing load
cycles. This result indicates that the aged bitumen molecules tend to
unfold and align along the loading direction under fatigue loading,
which makes the molecules get closer to each other. This molecular
movement contributes to the decrease of intermolecular interactions.
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Fig. 19. Total potential energy
simulations.

in the aged bitumen during the fatigue
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Fig. 20. Radius of gyration along the loading direction for the aged bitumen.

The nanostructure of the aged bitumen during the fatigue simula-
tions was captured to fundamentally analyse the material damage under
fatigue loading. Based on the nanostructure, the surface mesh was
created to quantify the nanovoids inside the aged bitumen model.
Fig. 21 shows the calculated nanovoid volume for the virgin and aged
bitumen with the load cycles during the fatigue simulations. It is found
that the nanovoid volume of the aged bitumen significantly increases in
the first 300 load cycles and then the rate of increase decreases in the last
200 cycles. This indicates that the damage happens and grows in the
aged bitumen due to molecular rearrangement and movement under
fatigue loading. It should be noted that a strain-controlled model was
applied for fatigue loading in this study. Therefore, with the increasing
of load cycles, the damage in the material causes a drop of the stress
shown in Fig. 18. When the stress decreases to a minimum value and
then remains stable, the increasing rate of the damage indicated by the
nanovoid volume will decelerate in the aged bitumen. Moreover, it can
be seen from Fig. 21 that the aged bitumen has a higher nanovoid vol-
ume than the virgin bitumen, which demonstrates that the fatigue
damage of the aged bitumen is more severe under the same fatigue
loading. This finding is also supported by the results of the stress-strain
response shown in Fig. 18, which will be further proved by the experi-
mental results from the following DSR-based fatigue tests.
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Fig. 21. Evolution of nanovoid volume in the virgin and aged bitumen under
fatigue loading.
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3.4. Fatigue damage characterisation based on DSR tests

The fatigue damage of the virgin and aged bitumen at the macroscale
was characterised by time sweep tests using a dynamic shear rheometer
(DSR). It has been found that the fatigue damage in the bitumen sample
is a circumferential ‘edge crack’ under a DSR-based fatigue load
[11-13]. Fig. 22(a) presents a typical crack surface morphology of a
bitumen sample. This type of crack starts at the periphery of a sample
and propagates towards the centre of the sample to generate a rough
crack surface with radial peaks and valleys. Fig. 22(b) shows a schematic
of the bitumen sample with a circumferential crack.

In this study, the fatigue crack of the virgin and aged bitumen was
quantified by using a DSR-based cracking (DSR-C) model. The DSR-C
model was developed based on damage mechanics in the authors’ pre-
vious work [13-15,64]. The fatigue crack length of bitumen in the
model was defined and calculated by shear moduli and phase angles of
the samples in the undamaged and damaged conditions, as described in
Eq. (23). The shear modulus (|Gy|) and the phase angle (5y) at the Nth
load cycle in the damaged condition were obtained from the time sweep
tests. The initial values in the tests were selected as the undamaged shear
modulus (|G(*) ) and the phase angle (5p). It should be noted that the
DSR-C model has been validated and applied for unmodified and
modified bitumen at different temperatures, frequencies and strain
levels in previous work [13].

|- ().

where c is the fatigue crack length in the bitumen sample; ry is the

(23)

original radius of the bitumen sample; |G5 and &y are the undamaged

shear modulus and phase angle, respectively; and |G;, and 6y are the
damaged shear modulus and phase angle at the Nth load cycle,
respectively.

Based on the DSR-C model shown in Eq. (23), the crack growth in the
bitumen sample was analysed during the fatigue testing. Fig. 23 shows
the crack growth curves of the virgin and aged bitumen under a DSR-
based fatigue load. The initial experimental data for the first 50 cycles
(5 s) were not used for the figure characterisation because the test ma-
chine had not reached the steady state of the strain level (5%). It can be
found that the crack length exhibits a significant increase at the initial
stage of the crack growth and then a relatively slow growth with the
increasing number of load cycles. This increasing trend of the crack
length at the macroscale is similar to that of the nanovoid volume at the
molecular scale shown in Fig. 21. It is also clear from Fig. 23 that the
virgin bitumen and the aged bitumen showed different fatigue crack
lengths when subjected to the same loading conditions. The aged
bitumen had a larger crack length compared to the virgin bitumen,
which means the bitumen is subjected to more severe fatigue damage
when undergoing oxidative ageing. This finding is consistent with that
of the MD-based fatigue simulations discussed in Section 3.3.5.

4. Conclusions

In this study, the molecular origin of bitumen fatigue damage was
investigated through molecular dynamics (MD) simulations. The mo-
lecular models were firstly constructed to represent virgin and aged
PEN70/100 bitumen. The strain-controlled MD-based fatigue simula-
tions with the COMPASS force field were then performed to study the
nanostructure and damage behaviours of the virgin and aged bitumen
under fatigue loading. The stress-strain response, potential energy,
molecular structure, and nanovoid volumes were calculated based on
simulation data. Furthermore, the rheometer measurements were con-
ducted to characterise the fatigue damage of the bitumen by using a
DSR-C model at the macroscale. The main findings from this study are as
follows.
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Fig. 22. Schematic of fatigue crack in the bitumen sample under a DSR-based fatigue load.
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Fig. 23. Crack growth for the virgin and aged bitumen under a DSR-based
fatigue load.

(1) The molecular models of original and worn bitumen were
developed based on their experimental data of elements, func-
tional groups, molecular weights as well as saturate, aromatic,
resin and asphaltene (SARA) fractions. The molecular dynamics
(MD) fatigue simulations were then performed to investigate the
nanostructures and damage behaviours of the original and worn
bitumen by evaluating the stress-strain response, potential en-
ergy, molecular structure and nanovoid volumes during fatigue
loading. The research results showed that the proposed compu-
tational approach based on MD simulations is capable of char-
acterising the fatigue behaviours of the original and worn
bitumen at the molecular scale.

Under tensile loading, the stress-strain curve of the aged bitumen
exhibited a larger slope than that of the virgin bitumen, indi-
cating a higher modulus. The developed MD model can be
applied to investigate the viscoelastic behaviour and microscopic
tensile failure (i.e. microcrack) of the bitumen by evaluating its
stress-strain response and nanostructure change.

(2

14

(3) The stress relaxation of the bitumen at the molecular scale was
found by MD simulations with a constant strain level, which
indicate the viscoelastic characteristic of bitumen. The stress of
the bitumen first decreased gradually and then remained stable
with the increasing load cycles under strain-controlled fatigue
loading.

(4) When fatigue loading was applied, the bitumen molecules
became unfolded and tend to align along the loading direction,
which was indicated by the decreasing non-bond potential energy
and the radius of gyration. The change in the molecular config-
uration helps the molecular chains move closer together and thus
contributes to the reduction of the intermolecular interactions
including the van der Waals and Coulombic energies.
Fatigue damage of bitumen at the molecular scale resulted from
nanovoid formation and growth through molecular rearrange-
ment and movement with the increasing fatigue load cycles. The
aged bitumen exhibited higher nanovoid volume than the virgin
bitumen, which is consistent with the findings from the DSR-
based crack length under fatigue loading.
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