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ABSTRACT 

The interfacial adhesion between oxidised bitumen and mineral surfaces at dry and wet 

conditions was investigated using molecular dynamics (MD) simulations. Molecular models 

were built for virgin and oxidised bitumen components including saturate, aromatic, resin and 

asphaltenes. The bitumen models and four representative mineral substrates (namely quartz, 

calcite, albite and microcline) were employed to construct bitumen-mineral interface systems. 

These models were validated by the experimental results and MD simulations reported in the 

literature. The hardening mechanism of the aged bitumen was analysed by comparing the 

density, cohesive energy density and fraction of free volume between the virgin and oxidised 

bitumen. Work of adhesion was computed to quantify the adhesive bonding property of the 

bitumen-mineral interface systems for the virgin, lightly oxidised and heavily oxidised 

bitumen models under dry and wet conditions. Results show that the oxidised products 

(carbonyl and sulfoxide) strengthen the intermolecular bonding, resulting in molecular 
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aggregation and physical hardening of the aged bitumen. When bitumen becomes oxidised at 

the dry condition, the interfacial adhesion of bitumen-acidic minerals (quartz) is dominated by 

van der Waals interaction which decreases due to the increased bitumen-quartz intermolecular 

distance caused by the aggregated bitumen molecules during aging. In comparison, the 

interfacial adhesion of bitumen-strong alkali minerals (albite and microcline) is dominated by 

electrostatic energy which increases due to higher polarity introduced by the oxidised 

products. For the bitumen-weak alkali mineral (calcite), the interfacial adhesion is attributed 

to both electrostatic energy and van der Waals energy, where compared to the virgin bitumen, 

the electrostatic energy becomes lower for the lightly-oxidised bitumen due to the increased 

bitumen-mineral distance but becomes higher for the heavily-oxidised bitumen due to higher 

polarity. At wet condition, water is the dominating factor that affects (weakens) the interfacial 

adhesion between the bitumen and the acidic minerals (quartz), and the oxidative aging of 

bitumen is the major factor that affects (strengthens) the interfacial adhesion between the 

bitumen and the strongly alkaline minerals (albite and microcline). For the weak alkali 

minerals such as calcite, both water and bitumen aging can significantly affect the interfacial 

adhesion. 

Keywords 

Bitumen aging; interfacial adhesion; oxidised bitumen; mineral surfaces, molecular dynamics; 

water damage 
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1. Introduction 

Bitumen is an important organic material for industrial applications, which is the refinery 

residues from petroleum (crude oil). As an adhesive and thermoplastic material, bitumen has 

been widely used for road pavement construction [1] and water-proofing coatings. In addition, 

it can also be used as an electrically conductive material when mixed with graphite particles 

[2]. Bitumen’s durability is significantly affected by oxidative aging where bitumen 

molecules react with atmospheric oxygen [3]. The oxidative aging can cause chemical 

changes of the bitumen including the formation of carbonyl and sulfoxide, which have a 

considerable impact on the physical and mechanical properties of the bituminous materials, 

such as viscoelastic properties, cohesive and adhesive bond strengths, and fracture properties 

[4,5].  

A number of experimental studies have been performed to understand the bitumen aging at 

the micro and macro dimensions in the pavement engineering applications. Rheological tests 

were developed to characterize and quantify the aging behaviour of the bitumen [6-9]. 

Recently, the aging effects of bitumen on the rheology [10,11], intrinsic healing [12], and 

surface energy and bonding property [13] were also evaluated using a variety of material 

characterisation technologies including Dynamic Shear Rheometer (DSR), Fourier Transform 

Infrared Spectroscopy (FTIR) and Atomic Force Microscopy (AFM) tests. It has been 

recognised that the oxidation causes the hardening of the bitumen, leading to a higher 

cracking susceptibility of the asphalt pavements [14]. While these experimental studies were 

commendable, they have not fully addressed the oxidative aging effects on the 

thermodynamic properties (such as intermolecular energies, interactions and cohesion) of 

bitumen at the atomistic and molecular scales. Aged bitumen with the introduction of oxygen 

atoms differs from virgin bitumen in terms of chemical composition that links closely to 

thermophysical behaviours of bitumen [15,16]. 
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Molecular dynamics (MD) simulation is advantageous over the traditional laboratory-based 

methods in understanding the nanostructure and properties of the bitumen at the molecular 

scale [17]. Several studies using MD simulation have been carried out to investigate the 

physical property changes of the bitumen from the perspectives of chemical compositional or 

molecular structural changes due to the oxidative aging. Tarefder and Arisa [18] determined 

the changes in thermodynamic properties of asphaltene and resin in bitumen before and after 

oxidative aging based on the defined molecule structures [19,20]. Pan et al. [21] used the 3-

component model bitumen system [22] to explore the molecular-scale processes of bitumen 

oxidation in the quantum chemistry (QC)-based environment and analysed the hardening 

mechanisms of bitumen’s oxidation. Recently, Li and Greenfield [23,24] developed three 12-

component model bitumen systems to represent the AAA-1, AAK-1 and AAM-1 bitumens 

used by the Strategic Highway Research Program (SHRP) and analysed the properties of the 

model bitumens using molecular simulation such as viscosity, relaxation time and dynamics. 

Pan and Tarefder [25] investigated the density, bulk modulus, viscosity and mechanical 

property changes of the 12-component AAA-1 model bitumen system before and after 

oxidative aging at room temperature (298 K). Xu and Wang [26] used the 12-component 

AAA-1 model bitumen system to analyse the intermolecular interactions of virgin and aged 

bitumen and to study the aging effects on self-healing and moisture damage of bitumen due to 

oxidation. 

However, limited work has been focused on the effects of bitumen’s oxidative aging on the 

adhesion of the bitumen-mineral interface at the molecular scale, particularly when the 

minerals are different and water are present. The authors’ previous studies have found that the 

interfacial adhesion between the bitumen and aggregate played a critical role in determining 

the viscoelastic characteristics and cracking performance of the asphalt mixtures [27-31]. The 

interfacial interaction between bitumen and mineral surfaces has been investigated using 
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atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) to improve the 

interfacial adhesion performance of asphalt mixture [32,33]. MD simulations have been used 

to quantify the adhesion properties and debonding behaviours between a virgin (unaged) 

bitumen and four different minerals [34]. It was found that the bitumen-mineral interfacial 

adhesion is primarily attributed to van der Waals force for neutral minerals (quartz) and to 

electrostatic interaction for alkali minerals (calcite, albite and microcline). This interfacial 

adhesion strength was greater for the alkali minerals than that of the neutral minerals. The 

adhesion would be significantly reduced when water presents. The authors’ previous study 

used the virgin bitumen, thus it is unknow how the oxidative aging of the bitumen will alter 

the aforementioned findings. Therefore, there is a need for understanding the changes of the 

bitumen-mineral adhesion at the molecular scale when the bitumen becomes oxidatively aged 

to different levels, which is investigated in the study. 

The main objective of this study is to investigate the interfacial adhesion between oxidised 

bitumen and mineral surfaces using molecular dynamics (MD) simulation method. Molecular 

models of virgin and oxidised bitumen were constructed based on saturate, aromatic, resin 

and asphaltene (SARA) four fractions. The bitumen models together with four different 

mineral substrates (quartz, calcite, albite and microcline) were employed to build bitumen-

mineral interface systems. The molecular models were validated by the laboratory results 

from the experiments or simulations reported in the literature. The hardening mechanism of 

aged bitumen was analysed using the molecular models of the virgin and oxidised bitumen. 

The adhesive bond energy of the bitumen-mineral interface systems was quantified by the 

work of adhesion and the effects of oxidative aging on the bitumen-mineral adhesion were 

investigated at dry and wet conditions. 
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2. Modelling of virgin and oxidised bitumen components 

Bitumen is a chemical mixture composed of a wide variety of hydrocarbons with the 

heteroatoms such as oxygen, sulphur and nitrogen atoms, which leads to the chemical 

complexity of the bitumen. Modern separation techniques divide bitumen into different 

fractions according to their similarity in terms of polar and molecular characteristics. Based 

on the concept of four fractions proposed by American Society for Testing and Materials 

(ASTM) D4124-09, a bitumen can be separated into saturates, aromatics, resins and 

asphaltenes (SARA) four components.  

Asphaltenes act as the viscosity-building agents in bitumen and are the largest and most polar 

component fraction in the bitumen system. They consist of the condensed aromatic and 

naphthenic molecules with a trace amount of heteroatoms (O, S and N) [35]. Three different 

types of asphaltenes (asphaltene-phenol, asphaltene-pyrrole and asphaltene-thiophene) are 

used to represent asphaltene fraction in the bitumen system. These asphaltene molecular 

structures modelled the laboratory measurements and calculations, thus being capable of 

representing the true asphaltenes [36,37]. The molecular structures of the virgin asphaltene 

fraction are shown in Fig. 1(a). Resins (polar aromatics) are the second polar fraction in 

bitumen and act as the stabilizer for the asphaltenes [38]. Heteroatoms such as oxygen, 

sulphur and nitrogen are also found in rein molecules composed of polar aromatic rings and 

long non-polar paraffinic groups. Fig. 2(a) shows the five different molecules 

(quinolinohopane, thioisorenieratane, benzobisbenzothiophene, pyridinohopane and 

trimethylbenzene-oxane) used to represent the virgin resin fraction. These molecular models 

were selected based on the analyses of petroleum found in sedimentary rock deposits in the 

geochemistry studies [39-43]. Aromatics (naphthene aromatics) are the softening component 

in bitumen and have the minimal polarity in the bitumen system. They are hydrocarbons 

structures with light molecular weights. Fig. 3(a) illustrates the molecular models of the 
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virgin aromatic fraction, which are named as perhydrophenanthrene-naphthalene (PHPN) and 

dioctyl-cyclohexane-naphthalene (DOCHN), respectively. PHPN was proposed as a main 

aromatic compound [44] and DOCHN was shown as another common naphthene aromatic 

structure on the basis of the n-d-M method [45]. Saturates consist of the normal, branched and 

cyclic alkanes, which rarely change with time due to the lack of polar chemical functional 

groups. Squalane and hopane shown in Fig. 4 are selected as representative saturate fraction, 

which is consistent with the findings from the direct separation and quantitative determination 

of n- and iso-alkanes in neat SHRP (Strategic Highway Research Program) bitumen using 

urea adduction and high temperature gas chromatography (HTGC) by Netzel and Rovani [46]. 

The specific selections of these molecular models for asphaltenes, resins, aromatics and 

saturates were reported and explained in detail by previous experimental and simulation 

studies [23]. 

Bitumen composition changes when it is exposed to atmospheric oxygen. New chemical 

functional groups are formed in bitumen, which is responsible for the increase of the viscosity 

[3]. Extensive experimental studies have been conducted to investigate the mechanism of 

bitumen aging due to oxidation. It was found that there are two types of the readily oxidizable 

locations in bitumen. One is the carbon atom adjacent to an aromatic ring. The hydrogen atom 

attached to the benzylic carbon atom is displaced by oxygen to form a ketone. The other is 

sulphide that reacts with oxygen to form sulfoxide. The sulfoxides formed at sulphur atoms 

and ketones formed at benzylic carbon atoms have been identified as the major oxidation 

products [15, 47]. 

Asphaltene and resin contain the chemically functional groups of oxygen, sulphur and 

nitrogen atoms, which results in their high polarity. Therefore, they have strong interaction 

and are highly reactive with the electronegative oxygen. King and Corbett showed that 

aromatic was slightly oxidized and saturate were relatively inert to the reaction with oxygen 
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due to the lack of sensitive functional groups [48]. Based on the oxidation mechanism 

discussed above, the ketones and sulfoxides were added to the possible oxidizable sites of the 

12-component bitumen model to build the oxidised bitumen molecular models due to aging. 

Figs. 1(b)-3(b) show the molecular structures of the oxidised asphaltene, resin and aromatic 

fractions in the aged bitumen, respectively [25]. The saturate fraction has been assumed to 

remain unchanged during the oxidative aging. It is noted that the saturate volatilization is also 

one of the mechanisms causing aging in bitumen in addition to oxidation. The study of 

volatilization was not considered in this study due to the following reasons: (a) Volatilization 

mainly occurs during the mixing and compaction of asphalt mixtures at high temperatures 

such as 150 ℃ or even higher. This contributes to the short-term aging rather than the long-

term aging. The research scope of this study was focused on the long-term aging mechanism 

involving the formation of ketone and sulfoxide functional groups due to oxidation in bitumen. 

(b) Volatilization is a time-dependent process. It is still a numerical challenge to study a time-

dependent process such as volatilization taking more than seconds in classical MD 

simulations. Thus the authors decided to focus the study on the long-term aging of bitumen 

due to oxidation, which is also the primary contributor for the bitumen’s aging. The short-

term aging mechanisms including volatilization will be investigated by the laboratory study in 

the future. 
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Fig. 1. Molecular structures of asphaltene fraction (AS-1, asphaltene-phenol; AS-2, asphaltene-pyrrole; AS-3, 

asphaltene-thiophene). (a) Virgin asphaltene molecules [23]. (b) Oxidised asphaltene molecules [25]. (Carbon 

atoms are grey, hydrogen atoms are white, oxygen atoms are red, sulphur atoms are yellow, and blue is nitrogen). 
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Fig. 2. Molecular structures of resin fraction (RE-1, quinolinohopane; RE-2, thioisorenieratane; RE-3, 

benzobisbenzothiophene; RE-4, pyridinohopane; RE-5, trimethylbenzene-oxane). (a) Virgin resin molecules [23]. 

(b) Oxidised resin molecules [25]. 

 

 

Fig. 3. Molecular structures of aromatic fraction (AR-1, PHPN; AR-2, DOCHN). (a) Virgin aromatic molecules 

[23]. (b) Oxidised aromatic molecules [25]. 
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Fig. 4. Molecular structures of saturate fraction (SA-1, squalane; SA-2, hopane) [23].  

 

3. Molecular dynamics (MD) simulation method 

3.1 Virgin and oxidised model bitumen systems 

Based on the molecular models of the virgin and oxidised bitumen components presented in 

Section 2, the virgin and aged model bitumen systems were constructed in this section. The 

SHRP AAA-1 model bitumen system developed by Li and Greenfield [23] is chosen for this 

study, which has been demonstrated to have the similar or equivalent chemical and 

mechanical properties and performance to a real bitumen. The number of each type of the 

component molecules in the virgin and aged model bitumen systems can be seen in Table 1. 

To build the virgin model bitumen system, all these molecules of the virgin bitumen were put 

into a cubic simulation box to form a bulk bitumen model. The initial density of the box was 

set as 0.1 g/cm
3
 to ensure the random distribution of the molecules. A geometry optimization 

process for 5000 iterations was first conducted to minimize the system energy. The system 

was then subjected to molecular dynamic (MD) equilibration under the NPT ensemble (in 

which the number of particles, pressure, and temperature were controlled unchanged) for 100 

ps with 1.0 fs time step to obtain a stable system volume. The MD simulation was performed 

at a temperature of 298 K and a pressure of 1.0 atm. After which, NVT ensemble (where the 

number of particles, system volume, and temperature were controlled unchanged) at 298 K 

SA-1                                   SA-2 
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was used to further equilibrate the system for 100 ps to generate an equilibrated model 

bitumen system with stable volume and energy fluctuation. 

For the aged model bitumen systems, two oxidation levels, namely lightly-oxidised bitumen 

(LOB) and heavily-oxidised bitumen (HOB), are considered in this study by assigning a 

different number of the oxidised molecules in a model bitumen system, as shown in Table 1. 

The number of the oxidised molecules in the lightly-oxidised bitumen is half of that in the 

heavily-oxidised bitumen. This method has been employed to model the aging of bitumen at 

different oxidation levels in the previous studies [17,25]. The aged model bitumen systems 

were built following the same procedure as the virgin model bitumen system above. Fig. 5 

shows the final structures of the model bitumen systems at different oxidation levels.  

Table 1 Molecular compositions of the SHRP AAA-1 model bitumen system at different oxidation levels used 

for MD simulations. 

 

Label 

 

Molecules in model 

Molecular 

formula 

Number of molecules 

VB
a
 LOB

b
 HOB

c
 

SA-1 Saturate Squalane C30H62  4 4 4 

SA-2 Hopane C29H50  4 4 4 

AR-1 Aromatic 

(Naphthene 

aromatic) 

PHPN C35H44  11 6 0 

OAR-1 Oxidised PHPN C35H36O4 0 5 11 

AR-2 DOCHN C30H46  13 7 0 

OAR-2 Oxidised DOCHN C30H42O2 0 6 13 

RE-1 Resin 

(Polar 

aromatic) 

Quinolinohopane C40H59N  4 2 0 

ORE-1 Oxidised Quinolinohopane C40H55NO2 0 2 4 

RE-2 Thioisorenieratane C40H60S  4 2 0 

ORE-2 Oxidised Thioisorenieratane C40H56SO3 0 2 4 

RE-3 Benzobisbenzothiophene C18H10S2  15 8 0 

ORE-3 Oxidised Benzobisbenzothiophene C18H10S2O2 0 7 15 

RE-4 Pyridinohopane C36H57N  4 2 0 
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ORE-4 Oxidised Pyridinohopane C36H53NO2 0 2 4 

RE-5 Trimethybenzene-oxane C29H50O  5 3 0 

ORE-5 Oxidised Trimethybenzene-oxane C29H48O2 0 2 5 

AS-1 Asphaltene Asphaltene-phenol C42H50O 3 2 0 

OAS-1 Oxidised Asphaltene-phenol C42H46O5 0 1 3 

AS-2 Asphaltene-pyrrole C66H81N 2 1 0 

OAS-2 Oxidised Asphaltene-pyrrole C66H67NO7 0 1 2 

AS-3 Asphaltene-thiophene C51H62S 3 2 0 

OAS-3 Oxidised Asphaltene-thiophene C51H54SO5 0 1 3 

a VB, virgin bitumen. The number of each molecule in VB is based on the Li and Greenfield’s work [23];  

b LOB, the lightly-oxidised bitumen; 

c HOB, the heavily-oxidised bitumen. 

 

 

Fig. 5. Model bitumen systems built for MD simulations. (a) Virgin model bitumen system. (b) Lightly-oxidised 

model bitumen system. (c) Heavily-oxidised model bitumen system.  

3.2 Construction of the bitumen-mineral interface systems 

In order to construct the bitumen-mineral interface system models, the mineral substrate and 

bitumen layer models are first prepared following the method described in the authors’ 

previous work [34].  

Quartz, calcite, albite and microcline are selected to build the mineral substrate models. The 

four types of minerals commonly exist in the aggregates such as granite, limestone and basalt 

used for constructing asphalt concrete. To model the mineral substrate, the crystal unit cell 

(a)                                                        (b)                                              (c)  
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was firstly cleaved along the Miller plane (100) to expose the corresponding surface and then 

this surface was extended to create an orthogonal mineral supercell with the periodic 

boundary condition in all three dimensions. The basis for selecting Miller plane (100) is built 

upon an evaluation the effects of different Miller planes on the interfacial adhesion simulation 

results. Three Miller planes (100), (010) and (001) of a mineral (using quartz as an example) 

were used and the results obtained from the three Miller planes showed a minor difference, 

indicating that the use of Miller plane would have little effect on the qualitative analysis of the 

interfacial adhesion. Since the Miller plane (100) makes the interface model with the 

minimum lattice mismatch for the four minerals, the Miller plane (100) was therefore selected 

in the study. The details of four mineral substrates are shown in Table 2. 

The bitumen layer was built with the same width and length as the mineral substrate. The 

layer model was subjected to a geometry optimization followed by an MD simulation of 100 

ps with NVT ensemble to equilibrate the system. 

Table 2 Details of four mineral substrates used for MD simulations. 

Minerals  Chemical formula Lattice parameters of unit cell Supercell size (Å × Å × Å) 

Quartz SiO2 

 

a=b=4.910 Å, c=5.402 Å 

α=β=90°, γ=120° 

39.28 × 37.81 × 20.36 

Calcite CaCO3 

 

a=b=4.990 Å, c=17.061 Å 

α=β=90°, γ=120° 

34.93 × 34.12 × 23.65 

Albite NaAlSi3O8 

 

a=8.115 Å, b=12.762 Å, c=7.158 Å 

α=94.218°, β=116.803°, γ=87.707° 

38.29 × 35.79 × 22.10 

Microcline KAlSi3O8 a=8.573 Å, b=12.962 Å, c=7.219 Å 

α=90.567°, β=115.917°, γ=87.750° 

38.89 × 36.10 × 23.89 

 

Once the developed bitumen layer and mineral substrate models were obtained, the bitumen-

mineral interface system models could be constructed. The bitumen layer was firstly 

combined with the mineral substrate and then a vacuum layer of 30 Å was placed over the top 
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surface of the bitumen layer in order to avoid interaction across the mirror image in the z-

direction. For the wet interface model, a layer containing 200 water molecules was added at 

the bitumen-mineral interface to form a bitumen-water-mineral interface system. The dry and 

wet interface systems for the heavily-oxidised bitumen with albite substrate are illustrated in 

Figs. 6(a) and (b). After a geometry optimization process, the interface systems were 

subjected to dynamics equilibration with NVT ensemble for 100 ps to reach the stable state. 

The simulation time was selected as 500 ps for the bitumen-mineral interface system, which is 

demonstrated to be sufficiently long to reach an equilibration. As shown in Fig. 6(c), a stable 

energy system (including potential energy and non-bond energy) has been reached after the 

first 100 ps. In this study, an additional 400 ps simulation under the NVT ensemble was 

performed on all bitumen-mineral interface systems for the subsequent trajectory analysis and 

calculations. To support our assertion, a MD study with a longer simulation time (1.2 ns) was 

performed, in which the bitumen/albite interface model was used as an example. It was also 

found that the work of adhesion (1328.73 mJ/m
2
) obtained from 1.2 ns simulation coincides 

with the result (1257.25 mJ/m
2
) using 500 ps as the simulation time. Therefore, the simulation 

time (500 ps) used is reasonable considering the balance between the accuracy of simulation 

results and the computational time consumed. 

(a) 

 

 

 

 

 

 

 

 

 

(b) 

(c) 
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Fig. 6. Interface systems between a heavily-oxidised bitumen and an albite substrate. (a) The heavily-oxidised 

bitumen-albite model. (b) The heavily-oxidised bitumen-water-albite model. (c) The convergence of energies 

during the simulation for the virgin bitumen-albite model. 

3.3 Force field and simulation parameters 

In MD simulations, the interatomic interactions are characterised by force field that defines 

the interatomic potential. The Condensed-phase Optimized Molecular Potentials for Atomistic 

Simulation Studies (COMPASS) force field is adopted in this study, which is an ab initio 

force field and is able to predict dynamics of organics, inorganics and their interface systems. 

The COMPASS force field has a broad coverage in covalent molecules including most 

common organics (polymers), more importantly, it has an extended coverage for the inorganic 

materials (metals, metal oxides, and metal halides using various non-covalent models). The 

combination of force field parameters for organics and inorganics makes the COMPASS force 

field possible to study the interfacial interaction in the mixed systems. The COMPASS force 

field parameters have been validated using various calculation methods [49] and it has been 

successfully applied for the study of the bitumen-mineral interfacial systems [34, 50, 51].   

The potential energy (E) in the COMPASS force field is comprised of valence (or bonded) 

interactions (Eval) and non-bonded interactions (Enb), as expressed in Eq. (1) [49]. 
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E = Eval + Enb                                                            (1) 

The valence interactions (Eval) are contributed by covalent bonds between atoms, while the 

non-bonded interactions (Enb) include Coulomb electrostatic (EQ) and van der Waals (EvdW) 

terms, as shown in Eq. (2) [52]. 

Enb = EQ + EvdW                                                          (2) 

The electrostatic interactions describe the Coulombic forces between two charged atoms. The 

electrostatic energy (EQ) is calculated using the Coulombic function 

i j

Q

ij ij

q q
E

r
                                                        (3) 

where rij is the distance between atoms i and j, and qi and qj are the atomic charges, 

respectively. 

The van der Waals interactions describe the van der Waals forces between two atoms, which 

are the sum of the intra and inter molecular attractive or repulsive interactions. The van der 

Waals energy (EvdW) is calculated using the Lennard-Jones (LJ) 9-6 potential 

9 6
0 0

2 3
ij ij

vdW ij

ij ij ij

r r
E

r r

    
             

                                        (4) 

where rij is the distance between atoms i and j, 
0

ijr  and 
ij  denote the LJ-9-6 parameters 

(constant) for the ij atom pair, respectively. 

In this study, all these simulations were performed at 298 K with a time step of 1 fs. Ewald 

summation method was applied for the electrostatic interactions, and atom-based summation 

with a cut-off distance of 15.5 Å was used for the van der Waals interactions.  Nose-Hoover-

Langevin (NHL) thermostat and Andersen barostat were applied to control the temperature 

and pressure, respectively. These simulation parameters were extensively tested and 
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successfully applied for MD simulation studies of bituminous materials [26,34]. 

4. Characterisation of the bitumen-mineral interfacial adhesion 

To quantify the adhesion between bitumen and mineral, the adhesive bond energy of the 

bitumen-mineral interface systems is characterised by the work of adhesion. It is defined as 

the energy required to separate a unit area of the bitumen-mineral interface into a bitumen 

surface and a mineral surface. The work of adhesion (WBM) is expressed as [50,34] 

WBM = ∆EBM / A                                                              (5) 

∆EBM = EB + EM – EBM                                                        (6) 

where ∆EBM is the interaction energy between bitumen and mineral in the bitumen-mineral 

system; EB, EM, and EBM represent the potential energies of the bitumen layer, mineral 

substrate, and bitumen-mineral system at a thermodynamic equilibrium, respectively; and A is 

the interface contact area between bitumen and mineral.  

Note that these parameters in Eqs. (5) and (6) are calculated based on the bitumen-mineral 

models and the bitumen-water-mineral models at the equilibrium state in order to determine 

the work of adhesion between bitumen and mineral at dry and wet conditions, respectively. 

5. Results and discussion 

5.1 Model validation and hardening mechanism of aged bitumen 

To validate the molecular simulation method and analyse the hardening mechanisms of 

bitumen due to oxidative aging at the molecular level, the thermophysical properties of virgin 

and aged bitumen were calculated including density, cohesive energy density (CED), and 

fraction of free volume (FFV). 

The density of the bulk bitumen model at different oxidation levels was calculated at the 
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temperature of 298 K (25℃) based on MD simulations. Fig. 7 shows the bitumen density 

changes due to oxidative aging. The bitumen density became higher after oxidative aging, 

where the density was 1.016 g/cm
3
 for the lightly-oxidised bitumen and 1.048 g/cm

3
 for the 

heavily-oxidised bitumen and the density was 0.981 g/cm
3
 for the virgin bitumen. This trend 

is in good agreement with Pan and Tarefder’s results [25] as well as the experimental results 

for the virgin and aged PG 58-28 bitumen [53]. It can also be seen from Fig. 7 that the density 

change for simulation results before and after oxidative aging was greater than that of the 

experimental results. This is because the loss of volatile components due to the volatilisation 

during the aging process was not considered in the simulation. 

 

Fig. 7. Density of bulk bitumen model at different oxidation levels. (Note Pan’s results [25] for lightly-oxidised 

bitumen and the experimental results [53] for heavily-oxidised bitumen are not available.)  

Cohesive energy density (CED) is used to calculate the cohesive energy per unit volume to 

evaluate the intermolecular bonding strength of a bulk bitumen model. The cohesive energy is 

attributed to the non-bonded interactions including van der Waals and electrostatic 

interactions. Fig. 8 shows the calculated CED for the bulk bitumen model at different 

oxidation levels including the van der Waals and electrostatic components. It was found that 

the CED value increased with the increasing oxidation level and the majority of the CED 

resulted from Van der Waals interaction. This indicates that the intermolecular bonding in 
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oxidised bitumen is stronger than that in the virgin bitumen. This is mainly due to that, when 

the oxygen atoms are introduced to bitumen, both the molecular weight and the polarity of the 

oxidised bitumen became higher than that of the virgin bitumen, which results in a greater van 

der Waals and electrostatic intermolecular interactions in the bulk bitumen model. 

 

Fig. 8. Cohesive energy density (CED) of bulk bitumen model at different oxidation levels including two 

components, namely van der Waals and electrostatic intermolecular interactions.  

The fraction of free volume (FFV) is used as a measure of the volume that has not been 

occupied by the molecules and to determine the percentage of volume available in a bulk 

bitumen model. Fig. 9 shows the calculated FFV of the bulk bitumen model at different 

oxidation levels. The FFV value for the oxidised bitumen (approximately 37.5% for both the 

lightly-oxidised bitumen and the heavily-oxidised bitumen) was lower than that of virgin 

bitumen (38.2%). This means that the oxidised bitumen is agglomerate further than the virgin 

bitumen due to a higher molecular weight and polarity of the oxidised bitumen system. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Virgin Lightly-oxidised Heavily-oxidised

C
E

D
 (

1
0

8
 J

/m
3
) 

Oxidation level 

Total van der Waals Electrostatic

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

   

21 

 

 

Fig. 9. Fraction of free volume (FFV) of the bulk bitumen model at different oxidation levels.  

The lower FFV for the oxidised bitumen is consistent with the higher density and CED, which 

demonstrates a stronger intermolecular bonding in the oxidised bitumen system that leads to a 

further shrinkage of the bitumen system when oxygen is present in the material. The analysis 

of the thermophysical properties of the virgin and aged bitumen from the molecular 

perspective explains the physical hardening happened during the oxidative aging which was 

recognised through a number of experimental studies at the macroscopic level [14]. This also 

demonstrates the molecular simulation method is suitable for describing the aging behaviours 

of the bitumen due to oxidation and can be further applied for the investigation of the aged 

bitumen-mineral interface behaviours.  

5.2 Molecular structure of bitumen on the mineral surfaces 

Bitumen is regarded as a colloidal structure where asphaltene is dispersed in the maltene 

composed of resins, aromatics and saturates [38,54]. Fig. 10 illustrates the nanostructures of 

bitumen at the heavily-oxidised bitumen-quartz interface and the heavily-oxidised bitumen-

water-quartz interface obtained from the last frame of simulation trajectories, respectively. It 

can be observed that within the interfacial systems, asphaltene molecules (in blue colour) 

were dispersed in the maltene medium. Asphaltenes tended to form the nano-aggregation 

structures without a continuous network. This type of structure is also referred to bitumen sol-
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gel structure, which has been reported in prior experimental and simulation studies [38,54].  

        

(a)                                             (b) 

Fig. 10. Nanostructures of bitumen at (a) heavily-oxidised bitumen-quartz interface and (b) heavily-oxidised 

bitumen-water-quartz interface obtained from MD simulations. The asphaltene molecules (in blue colour) were 

dispersed in the maltene medium composed of resins, aromatics and saturates. 

To characterise the molecular arrangement and mobility of bitumen on the mineral surfaces, 

the radial distribution function (RDF) and mean squared displacement (MSD) of the 

asphaltenes were analysed, respectively. RDF describes the probability of finding a particle at 

a radial distance r away from a reference particle in a system of particles. In this study, the 

intermolecular distance was calculated based on the asphaltene molecule’s centre of mass. 

The trajectory obtained from the last 200 ps of MD simulations under NVT ensemble was 

applied for RDF analysis. Fig. 11 shows the RDFs of asphaltene-asphaltene pair in the 

bitumen-microcline interfacial models at different oxidation levels. Radial distances 

corresponding to the first peak value of RDF curves for asphaltene-asphaltene pair in bulk 

bitumen model and four interfacial models at different oxidation levels were summarised in 

Table 3. In bulk bitumen models, the first peak value of RDF for the virgin bitumen occurred 

around 10-11 Å, while the distance became smaller for the heavily-oxidised bitumen (8-9 Å) 
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and the lightly-oxidised bitumen (4-5 Å). This indicates that the oxidative aging strengthened 

the bitumen’s aggregation due to the higher molecular polarity, which is consistent with the 

finding in Section 5.1. In the interfacial models, it can be found from Table 3 that the mineral 

surfaces had a significant influence on the nano-aggregation structure of the bitumen, 

especially under the oxidation conditions. The aggregation of the bitumen on the quartz 

surface was consistent with that of the bulk bitumen because of the very weak interaction 

between quartz and bitumen. The aggregation of the oxidised bitumen on the calcite surface 

was weakened since calcite attracted a part of the oxidised bitumen from the bulk bitumen 

due to the slightly strong electrostatic interaction. While for albite and microcline the very 

strong electrostatic interaction with bitumen has significantly strengthened the aggregation of 

the oxidised bitumen through attracting all the bitumen molecules to their surfaces, 

demonstrated by the reduced first peak position when the bitumen became oxidised. 

 

Fig. 11. RDFs of asphaltene-asphaltene pair in bitumen-microcline interfacial model at different oxidation levels.  

Table 3 First peak positions of RDF curves for asphaltene-asphaltene pair in bulk bitumen model and four 

interfacial models at different oxidation levels. 
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Bulk Bitumen Model 10-11 Å 4-5 Å 8-9 Å 

Bitumen-Quartz Model 9-10 Å 6-7 Å 10 Å 

Bitumen-Calcite Model 9-10 Å 9 Å 11-12 Å 

Bitumen-Albite Model 10-11 Å 11-12 Å 8 Å 

Bitumen-Microcline Model 10 Å 8 Å 7-8 Å 

 

MSD is used to study the molecular mobility of bitumen on the mineral surfaces over time 

that is associated with the interaction between bitumen and minerals. In this study, MSD of 

bitumen was measured based on the asphaltene molecule’s centre of mass. A higher slope of 

MSD curves means a greater mobility of molecules. Fig. 12 illustrates the MSDs of 

asphaltenes in bitumen-microcline interfacial model at different oxidation levels. Table 4 

shows the slopes of MSD curves for asphaltenes in bulk bitumen model and four interfacial 

models at different oxidation levels. It can be seen that in all these models except for the 

bitumen-calcite model, the mobility of the oxidised bitumen was smaller than that of the 

virgin bitumen, which means that the oxidative aging slowed down the mobility of the 

bitumen molecules. This is because the oxidised bitumen had an enhanced aggregation due to 

oxidation as well as a larger molecular weight with the introduction of the oxygen atoms. It is 

noted that the lightly-oxidised bitumen on the calcite surface had a greater molecular mobility 

since calcite caused the weak aggregation of the lightly-oxidised bitumen that has been shown 

in Table 3. It was also found from Table 4 that the bitumen molecules on different mineral 

surfaces exhibits distinctive molecular mobility. The mobility of the bitumen on the quartz 

and calcite surfaces was faster than that on the albite and microcline surfaces as the strong 

attraction between bitumen and alkaline minerals (albite and microcline) constrained the 

mobility of the bitumen molecules. 
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Fig. 12. MSDs of asphaltenes in bitumen-microcline interfacial model at different oxidation levels. 

Table 4 Slopes of MSD curves for asphaltenes in bulk bitumen model and four interfacial models at different 

oxidation levels. 

Models  Virgin  Lightly-oxidised  Heavily-oxidised 

Bulk Bitumen Model 0.0052 0.0013 0.0050 

Bitumen-Quartz Model 0.0124 0.0014 0.0092 

Bitumen-Calcite Model 0.0049 0.0139 0.0057 

Bitumen-Albite Model 0.0034 0.0031 0.0006 

Bitumen-Microcline Model 0.0025 0.0020 0.0014 

 

5.3 Effect of oxidative aging on work of adhesion at dry condition 

To quantify the adhesion between the bitumen (at different oxidation levels) and the different 

minerals at the dry condition, the work of adhesion of the bitumen-mineral interface systems 

was calculated based on the MD simulation results. Figs. 13 and 15-17 illustrate the work of 

adhesion for the bitumen-quartz, bitumen-calcite, bitumen-albite and bitumen-microcline 

interface models at the dry condition and at different oxidative aging levels of the bitumen. 

It’s noted that, based on Eqs. (1) and (2), the total energy of a molecular system equals the 
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summation of valence energy and non-bonded energy, where the non-bonded energy is 

composed of van der Waals and electrostatic interaction energy. It was found that total energy 

equalled to the non-bond energy for all of the four bitumen-mineral interface systems, which 

indicates that the interfacial adhesion between bitumen and mineral purely results from the 

non-bond interaction and the valence energy does not contribute to the total energy of the 

bitumen-mineral system. This is consistent with the previous finding that the bitumen-mineral 

adhesion is attributed to non-bond interaction energy [34]. 

The work of adhesion of the bitumen-quartz model at the dry condition and at different 

oxidation levels of the bitumen is shown in Fig. 13. It was found that the work of adhesion 

(WBM-dry) decreased with the increase of the oxidation level, which indicates that the bitumen 

aging weakens the interfacial adhesion between the bitumen and the quartz. This is in 

agreement with the experimental finding from Yi et al. [13] who found that the aging of 

bitumen weakened the bonding performance between bitumen and granite (in which quartz is 

the major component). The negative effect of aging is due to the decreased van der Waals 

energy after aging, where the van der Waals is the primary component of the adhesion 

between the bitumen and the quartz as the electrostatic energy contributes little to the total 

energy, as indicated in Fig.13.  
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Fig. 13. Work of adhesion for bitumen-quartz interface model at the dry condition and different oxidation levels. 

(Note, based on Eqs. (1) and (2), total energy = valence energy + non-bonded energy, and non-bonded energy = 

van der Waals + electrostatic energy.) 

The decreased van der Waals energy is fundamentally caused by the increased distance 

between the bitumen and quartz molecules when the bitumen becomes aged. In Fig. 14(a), the 

centre-to-centre distance between the bitumen mass and the quartz matrix was computed. It 

was found that the centre-to-centre distance of the bitumen-quartz models increased from 

30.65 Å (10
-10

 m) for the virgin bitumen to 31.15 Å and 34.34 Å for the lightly-oxidised 

bitumen and the heavily-oxidised bitumen, respectively. According to Eq. (4), a greater 

distance between atoms leads to a lower van der Waals energy. Thus the van der Waals 

energy between bitumen and quartz is reduced when the bitumen becomes more severely aged. 

Furthermore, the increased centre-to-centre distance between bitumen and quartz at a higher 

oxidation level is believed due to the stronger aggregation of the oxidised bitumen molecules, 

resulting from higher polarity and molecular weight when the oxygen atoms are introduced 

into the bitumen. In sum, the severer agglomeration of the oxidised bitumen caused by more 

polar carbonyl and sulfoxide functional groups leads to a greater distance between the mass 

centre of the bitumen and quartz, which decreases the van der Waals interaction and 

eventually weakens the work of adhesion of the bitumen-quartz model at the dry condition. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

   

28 

 

 

Fig. 14. Centre-to-centre distance (Å or 10
−10 

m) between bitumen mass and mineral matrix for (a) bitumen-

quartz interface model and (b) bitumen-calcite interface model at different oxidation levels.  

Fig. 15 shows the work of adhesion of the bitumen-calcite interface model at the dry 

condition and at different oxidation levels. The work of adhesion (WBM-dry) first decreased 

from 57.13 mJ/m
2
 for the virgin interface model to 34.97 mJ/m

2
 for the lightly-oxidised 

interface model but then increased to 61.08 mJ/m
2
 for the heavily-oxidised interface model. 

This change results from the combined aging-induced changes of the van der Waals energy 

and the electrostatic energy that both contribute to the adhesion between the bitumen and the 

calcite, as shown in Fig. 15. Cucalon et al. [55] also found that, compared to the virgin 

bitumen, the long-term aged bitumen using a Pressure Aging Vessel test (PAV) has a higher 

adhesive bond energy with limestone (in which calcite is the main component). The results in 

Figure 12 verifies the findings of Cucalon et al [55] from the molecular modelling 

perspective. 

The van der Waals energy is inversely proportional to the distance between atoms according 

to Eq. (4). It can be seen from Fig. 14(b) that the centre-to-centre distance between the 
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bitumen mass and calcite matrix has increased from 39.04 Å for the virgin bitumen-calcite 

model to 43.46 Å for the lightly-oxidised bitumen-calcite model and 45.62 Å for the heavily-

oxidised bitumen-calcite model, respectively. This leads to a constant decrease of the van der 

Waals energy with the increasing oxidation level in the bitumen-calcite interface system, 

which is consistent with the findings for the bitumen-quartz interface system as shown in Fig. 

13. 

However, the electrostatic energy is inversely proportional to the distance between the atoms 

and directly proportional to the atomic charges according to Eq. (3). When the bitumen 

becomes more severely aged, the greater bitumen-calcite distance (due to more aggregation of 

bitumen molecules) causes a lower electrostatic energy and the higher atomic charges (due to 

more oxygen atoms and higher polarity) results in a higher electrostatic energy. Fig. 15 shows 

that the electrostatic energy of the bitumen-calcite interface system decreased when the 

bitumen became lightly-oxidised and then increased when the bitumen was heavily-oxidised. 

Thus it may be concluded that the centre-to-centre distance is the dominating factor for 

determining the electrostatic energy of the lightly-oxidised bitumen-calcite interface system, 

whereas the atomic charge is the dominating factor for determining the electrostatic energy of 

the heavily-oxidised bitumen-calcite interface system. 

Fig. 15 also indicates that the electrostatic energy is the primary contributor and the van der 

Waals energy is the secondary contributor for the non-bonded energy (that is the same as the 

total energy). Thus the change of the work of adhesion for the bitumen-calcite model is 

dominantly determined by and follows the same trend as the electrostatic energy, which 

decreases when bitumen is lightly-oxidised and then increases when the bitumen becomes 

heavily-oxidised. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

   

30 

 

 

Fig. 15. Work of adhesion for bitumen-calcite interface model at dry condition and different oxidation levels. 

(Note, based on Eqs. (1) and (2), total energy = valence energy + non-bonded energy, and non-bonded energy = 

van der Waals + electrostatic energy.) 

The work of adhesion values of the bitumen-albite model and the bitumen-microcline model 

at the dry condition and at different oxidation levels are shown in Figs. 16 and 17, 

respectively. It was found that the work of adhesion (WBM-dry) significantly increased with the 

increase of the oxidation level, which indicates that the oxidation of bitumen is able to 

strengthen the adhesion for the bitumen-albite interface and the bitumen-microcline interface. 

This is because of the considerable increase of the electrostatic energy that contributes to the 

primary interfacial adhesion in the bitumen-albite model and the bitumen-microcline model, 

as shown in Figs. 16 and 17. The strong electrostatic interaction for the oxidised bitumen-

albite or bitumen-microcline interface system is caused by the very strong electrostatic 

attraction between the negatively charged oxidised bitumen due to the introduction of oxygen 

atoms during aging and the positively charged alkaline minerals (albite and microcline). It is 

noted that the van der Waal energy is a very minor contributor to the total energy as shown in 

Figs. 16 and 17. Thus the work of adhesion is primarily dominated by the electrostatic energy 

for the bitumen-albite or bitumen-microcline interface system.  
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Fig. 16. Work of adhesion for bitumen-albite interface model at the dry condition and different oxidation levels. 

(Note, based on Eqs. (1) and (2), total energy = valence energy + non-bonded energy, and non-bonded energy = 

van der Waals + electrostatic energy.) 

 

Fig. 17. Work of adhesion for bitumen-microcline interface model at the dry condition and different oxidation 

levels. (Note, based on Eqs. (1) and (2), total energy = valence energy + non-bonded energy, and non-bonded 

energy = van der Waals + electrostatic energy.) 

As observed above, the variation of the work of adhesion for the four bitumen-mineral models 

at dry condition is significantly distinct when bitumen becomes more severely aged (decrease 

for the bitumen-quartz model, decrease and then increase for the bitumen-calcite model, and 
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increase for the bitumen-albite model and the bitumen-microcline model). The difference 

results from the different chemical properties of the minerals. Quartz is an acidic mineral, 

having a rather weak or negligible electrostatic interaction with the acidic bitumen, while 

albite and microcline are the strongly alkaline minerals, having a considerably strong 

electrostatic interaction with the oxidised bitumen containing more polar molecules. Calcite 

presents weakly alkaline, having a relatively weak electrostatic interaction with the acidic 

bitumen. The previous experimental studies [56] and molecular simulation results [34] have 

shown that a mineral with an alkaline nature has a stronger electrostatic adhesion with the 

weakly acidic bitumen than an acidic mineral. Therefore, it can be concluded that the effect of 

bitumen oxidative aging on the bitumen-mineral interfacial adhesion strongly depends on the 

mineral types. 

5.4 Effect of oxidative aging on work of adhesion at wet condition 

To study the effect of water on the oxidised bitumen-mineral adhesion, the work of adhesion 

of the four bitumen-mineral interface systems at wet condition and different oxidation levels 

was also calculated based on the MD simulation results and was compared with the work of 

adhesion at dry condition, as shown in Figs. 18-21. 

The work of adhesion of the bitumen-quartz model at dry and wet conditions with different 

oxidation levels is shown in Fig. 18. It can be seen that the work of adhesion at wet condition 

had little change with the oxidation level, which indicates that the oxidative aging has a very 

weak or none influence on the bitumen-quartz interfacial adhesion at the wet condition. This 

is because the already very low van der Waals interaction (serving as the major contributor to 

the bitumen-quartz adhesion) at wet condition cannot be further reduced by the stronger 

aggregation of the oxidised bitumen at the aging condition. Fig. 18 also shows that the work 

of adhesion was much smaller at the wet condition as compared to that at the dry condition. 
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This is because the presence of water molecules has separated the bitumen from the quartz 

and increased the distance between the bitumen molecules and the quartz atoms, leading to 

the very weak van der Waals interaction according to Eq. (4).  

 

Fig. 18. Work of adhesion of bitumen-quartz model at dry and wet conditions and different oxidation levels.  

Fig. 19 shows the work of adhesion of the bitumen-calcite model at dry and wet conditions 

with different oxidation levels. It was found that the work of adhesion for the oxidised 

bitumen-calcite model was slightly greater than that of the virgin model at the wet condition, 

which indicates that the oxidation of bitumen has made the bitumen-calcite adhesion stronger 

at the wet condition. This is because of the increase of the electrostatic interaction between 

bitumen and calcite. This explains the findings from Cucalon et al. [55] that the resistance of 

the interfacial bonding between bitumen and limestone to moisture damage improves when 

the bitumen becomes aged. Fig. 19 also shows that the work of adhesion at wet condition was 

always smaller than that at dry condition since the presence of water molecules makes the 

bitumen-calcite van der Waals interaction weaker. This means that water tends to weaken the 

adhesion between bitumen and calcite, which remains consistent with the bitumen-quartz 

model. 
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Fig. 19. Work of adhesion of the bitumen-calcite model at dry and wet conditions and different oxidation levels.  

The work of adhesion values of the bitumen-albite model and the bitumen-microcline model 

at dry and wet conditions and different oxidation levels are shown in Figs. 20 and 21, 

respectively. It was found that the work of adhesion at both dry and wet conditions 

significantly increased with the increase of oxidation level, which indicates that the oxidative 

aging has been able to strengthen the interfacial adhesion for the bitumen-albite model and the 

bitumen-microcline model, regardless the effect of water. This results from the considerable 

increase of the electrostatic interaction which is the major contributor to the interfacial 

adhesion of the bitumen-albite model and the bitumen-microcline model. From Fig. 20 and 21, 

it can be seen that the work of adhesion at wet condition was very close to and consistent with 

that at dry condition. This differs from the case of the bitumen-quartz model and the bitumen-

calcite model where the work of adhesion at wet condition was always weaker than that at the 

dry condition, as shown in Figs. 18 and 19. This difference is mainly caused by the much 

stronger electrostatic interaction at the bitumen-albite interface and the bitumen-microcline 

interface, resulting from the stronger attraction between the highly alkaline minerals (albite 

and microcline) and the oxidised bitumen with the high polarity due to oxidative aging.  
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Fig. 20. Work of adhesion of the bitumen-albite model at dry and wet conditions and different oxidation levels.  

 

Fig. 21. Work of adhesion of the bitumen-microcline model at dry and wet conditions and different oxidation 

levels.  

5.5 Combined effect of oxidative aging and water on bitumen-mineral interfacial adhesion 

To clearly describe the combined effects of oxidative aging and water on the bitumen-mineral 

adhesion at wet condition, the sensitivity of adhesion to oxidative aging (SO) and the 

sensitivity of adhesion to water (SW) are proposed using the work of adhesion. The sensitivity 

of adhesion to oxidative aging (SO) at wet condition is defined as the difference of the work of 

adhesion before and after oxidative aging divided by the work of adhesion before oxidative 

aging, as shown in Eq. (7). The sensitivity of adhesion to water (SW) is calculated as the ratio 

of the change of the work of adhesion from dry to wet conditions as compared to the work of 
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adhesion at dry condition, as expressed in Eq. (8). A higher absolute value of the sensitivity of 

adhesion (SO or SW) means a greater effect of oxidative aging or water on the bitumen-mineral 

adhesion. A positive (or negative) value of the sensitivity of adhesion (S) indicates the 

strengthening (or weakening) effect.  

SO-H = (WBM-H - WBM-V) / WBM-V   or SO-L = (WBM-L - WBM-V) / WBM-V                     (7) 

SW = (WBM-wet - WBM-dry) / WBM-dry                                       (8) 

where WBM-H, WBM-L, and WBM-V are the work of adhesion between bitumen and mineral at 

wet condition for heavily-oxidised, lightly-oxidised and virgin bitumens, respectively; and 

WBM-dry and WBM-wet are the work of adhesion between bitumen and mineral at dry and wet 

conditions, respectively. 

Fig. 22 shows the sensitivity of adhesion to the oxidative aging (SO-H and SO-L) and water (SW) 

for quartz (acidic), calcite (weak alkali) and albite (strong alkali) minerals. It can be seen that 

the sensitivity of the bitumen-mineral adhesion to the oxidative aging becomes higher and the 

absolute sensitivity of the bitumen-mineral adhesion to water becomes lower when the 

mineral changes from acidic to weak alkali and to strong alkali types.  

This is fundamentally due to that, for the acidic minerals, van der Waals energy is the major 

contributor for bitumen-mineral adhesion which can be significantly reduced by water 

through increasing the distance between the bitumen and the acidic minerals. In this case, the 

electrostatic energy of the acidic mineral with the acidic bitumen is so weak that the increase 

of the polarity of the bitumen due to aging will not alter the overall adhesion between the 

bitumen and the acidic minerals. Therefore, the adhesion of the acidic minerals (such as 

quartz) with bitumen is more susceptible to the water but much less sensitive to the bitumen 

aging.  

For the strong alkali minerals, the electrostatic energy is much higher than the van der Waals 
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energy and becomes the dominating contributor to the bitumen-mineral adhesion. The 

electrostatic energy becomes even higher when the bitumen is aged due to higher polarity of 

the oxidised bitumen. However, the van der Waals is so minor for the adhesion between 

bitumen and the strong alkali minerals that the decrease of the wan der Waals due to water 

cannot alter the adhesion significantly. Thus the adhesion of the strong alkali minerals (such 

as albite and microcline) with bitumen is more susceptible to bitumen aging but less sensitive 

to water. 

For the weak alkali minerals, both the van der Waals and the electrostatic energy contribute to 

the adhesion with bitumen. The van der Waal energy can be significantly reduced by water 

due to greater distance and the electrostatic energy can be dramatically increased by bitumen 

aging due to higher polarity. Thus the adhesion of the weak alkali mineral (such as calcite) 

with bitumen is susceptible to both bitumen aging and the water.  

 

Fig. 22. Sensitivity of adhesion to oxidative aging (SO-H and SO-L) and water (SW) for quartz (acidic), calcite 

(weak alkali) and albite (strong alkali) minerals.  

6. Summary and conclusions 

A study has been conducted to discover the interfacial adhesion mechanism between oxidised 
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bitumen and mineral surfaces at dry and wet conditions using molecular dynamics simulation 

method. Based on the results, the main conclusions are as follows: 

(1) The oxidised functional groups (i.e., carbonyl and sulfoxide) in bitumen due to oxidative 

aging strengthens the intermolecular bonding of the bitumen including van der Waals and 

electrostatic interactions, which results in the aggregation of bitumen molecules and physical 

hardening of the aged bitumen. This is revealed by the increase of density and cohesive 

energy density and the decrease of the fraction of free volume, when the bitumen becomes 

oxidative aging. 

(2) When bitumen becomes more severely aged at dry condition, the adhesive bond energy 

consistently decreases for bitumen-quartz (an acidic mineral) interface, decreases first and 

then increases for the bitumen-calcite (a weak alkali mineral) interface, and constantly 

increases for the bitumen-albite or microcline (strong alkali minerals) interfaces.  

(3) The interfacial adhesion of bitumen-acidic minerals (e.g., quartz) at dry condition is 

dominated by van der Waals interaction which decreases when bitumen becomes aged. This is 

due to the increased bitumen-quartz distance caused by the aggregated bitumen molecules. In 

comparison, the interfacial adhesion of bitumen-strong alkali minerals (e.g., albite and 

microcline) is dominated by electrostatic energy which increases during aging. This results 

from the higher polarity introduced by the oxidised products including carbonyl and sulfoxide 

in an aged bitumen. 

(4) The interfacial adhesion of bitumen-weak alkali mineral (calcite) at dry condition is 

attributed primarily to electrostatic energy and secondarily to van der Waals energy. The 

electrostatic energy between aged bitumen and the weak alkali mineral decreases due to the 

increased bitumen-mineral distance when the bitumen is lightly-oxidised and increases due to 

the higher bitumen polarity when the bitumen is heavily-oxidised.  
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(5) For the bitumen-mineral interfacial adhesion at wet condition, water is the dominating 

factor that affects (weakens) the interfacial adhesion between the bitumen and the acidic 

minerals such as quartz. While the oxidative aging of bitumen is the major factor that affects 

(strengthens) the interfacial adhesion between the bitumen and the strongly alkaline minerals 

(i.e., albite and microcline). For the weak alkali minerals such as calcite, both water and 

bitumen aging can significantly affect the interfacial adhesion.  

The research findings provide a fundamental understanding of the interfacial adhesion 

between oxidised bitumen and mineral surfaces at dry and wet conditions from the 

perspective of molecular modelling. The results can potentially be used for guiding the paring 

and selections of the virgin and aged bitumen (such as reclaimed asphalt binder) with 

different minerals for optimal performance of asphalt mixtures. Further work will be focused 

on studying the effect of bitumens aging on the cohesive and interfacial adhesive debonding 

under various loading conditions for the asphalt materials. 
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Highlights 

Paper “Molecular dynamics investigation of interfacial adhesion between oxidised bitumen and mineral surfaces” 

 Van der Waals forces dominate interfacial interaction of bitumen with acidic minerals. 

 Electrostatic forces dominate interfacial interaction of bitumen with alkali minerals.  

 Oxidation causes molecular aggregation and higher polarity of the bitumen. 

 Water weakens while oxidation strengths bitumen-mineral interfacial adhesion. 

 Coupled effect of water and oxidation on adhesion depends on mineral’s acid-base. 
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