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ABSTRACT 

 

The moisture effect on the work of adhesion of asphalt binder and mineral 

aggregates was investigated using molecular dynamic simulation. The implemented 

asphalt model, based on the OPLS-AA force field, was validated in terms of 

thermodynamic properties such as density and elastic properties (Young’s modulus and 

Poisson’s ratio). The density was about 2% below the experimental value of 1,005 kg/m3 

at ambient temperature. Two methods were used to obtain the Young’s modulus: the 

Theodorou and Suter method and the stress-strain method. The latter one was successful 

in predicting a Young’s modulus that is compatible with the values measured at the 

nanoscale (1,384 ± 595 MPa) using the Atomic Force Microscope and a Poisson’s ratio of 

0.4. The Theodorou and Suter method did not yield the same success. Simulation 

successfully demonstrated the effect of temperature on the Young’s modulus, which 

decreased from 1,505 MPa to 1,024 MPa when temperature changed from 25 to 75°C. The 

Poisson’s ratio was found to be constant at all temperatures. 

Two mineral structures were constructed in this work, the {101̅4} calcite and the 

{001} α-quartz represented by an optimized force field and CLAYFF, respectively. 

Calculations were successful in predicting that at 25, 50 and 75C and at a dry basis, the 

developed asphalt binder has a higher affinity to bond with calcite than quartz. It was also 

found that the work of adhesion for both structures was not affected by temperature. In 

addition, the Lennard-Jones interactions mostly contributed to the work of adhesion 

(80%). Calcite’s work of adhesion decreased by around 41% after adding water compared 
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to a decrease of 21% for the case of adding water to quartz, which makes the former more 

susceptible to moisture damage. However, the asphalt still favored the calcite surface over 

quartz, which is evident by comparing the absolute values of the work of adhesion. 

Therefore, it is expected that the damage will start at the quartz surface before it does in 

the calcite surface. 
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1. INTRODUCTION  

In most countries, paved roads are covered with asphalt surfaces. The so-called 

Hot Mix Asphalts (HMAs) are obtained by liquefying the asphalt binder at elevated 

temperatures and mixing it with mineral aggregates.1 Several mix design methods were 

developed and adopted throughout the years, based on the volumetric properties of the 

mixture. These mix designs are used to determine the required proportion of the binder 

and aggregate to ensure that the mixture meets the desired properties and achieves optimal 

performance, i.e. can sustain a wide range of traffic load and environmental conditions 

while in service.2  

Even with the use of sophisticated mechanical tests to measure mixture properties 

during the design stage, pavements may still fail because of the lack of understanding of 

the effects of interactions at the nano- and micro-scales on macroscopic performance. 

Permanent deformation, also known as rutting, is one of the major distresses in pavements, 

which occurs because the mixture cannot withstand applied shear stresses. Rutting 

becomes more pronounced during hot weathers when asphalt binder loses some of its 

shear strength and ability to bond the mineral aggregate structure.1 Repeated traffic load 

over long periods might also cause the mix to crack, which is known as fatigue damage. 

Similarly, in very cold regions, low temperatures are responsible for pavement cracking.3 

It is primarily linked to the properties of the asphalt binder at low temperatures. Another 

important distress is stripping, or moisture-induced damage. The aggregate-asphalt binder 

adhesive force is weakened due to the presence of moisture/water at the interface. The 

exact behavior depends on a variety of factors including the characteristics of both the 
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asphalt binder and aggregate, traffic loading, environment, and the use of additives.1 To 

overcome moisture damage one can use antistripping agents. However, their use is not 

always effective and may result in other problems such as cracking and reduction of 

fatigue life.3 Therefore, to minimize moisture damage, one needs to understand the 

fundamentals of aggregate-asphalt adhesion i.e. the affinity of dissimilar components or 

surfaces to adhere to one another due to chemical and physical forces such as covalent 

bonding, hydrogen bonding, polar, electrostatic and van der Waals forces. 

Experimental efforts have already succeeded in quantifying moisture sensitivity of 

HMAs based on the different mechanical properties of the mix before and after 

introducing moisture into it. In an attempt to provide a more profound explanation, Bhasin 

et al.4 were able to quantify moisture sensitivity experimentally by drawing a relation 

between the cohesive and adhesive forces of HMAs and the surface free energies of 

asphalt binders and aggregates. They concluded that the appropriate selection of material 

based on surface free energies should ensure a more resistant mix to moisture damage and 

reduces the effects of stripping on pavement performance.4 However, experimental studies 

were not able to identify the fundamental mechanisms contributing to moisture failure of 

HMAs. To this respect, the use of modeling tools offers a reliable approach, 

complimentary and in combination to the experimental work, for improving our 

understanding on the fundamental aspects in the field. 

Molecular Dynamics (MD) simulation is a powerful modeling technique for 

studying phenomena taking place in chemical, biological and physical systems at the 

atomistic level. MD simulations, like all relevant computational techniques, can serve as 
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computer experiments to generate results that can be used to test theories.5 In some cases, 

especially when actual experiments are not feasible, MD simulations are the only resort to 

test the quality of a theory.5 Typical results obtained from MD simulations are dynamic 

properties as well as fundamental thermophysical properties. In the context of our work, 

MD was used to investigate the binder’s properties such as its density, Young’s modulus, 

Poisson’s ratio and cohesive energy density at the nano-scale. MD was also used to study 

the physical effect of moisture on the adhesion forces developed between asphalt binders 

and aggregates in a range of conditions. This thesis aims at gaining a better understanding 

of the properties of asphalt binders and their adhesion with mineral aggregates in the 

presence and absence of water by mean of molecular modeling techniques and MD in 

particular.  

1.1. Motivation for this Work 

With its growing infrastructure, which is part of the country’s economic 

development and vision 2030, Qatar is building new roads as part of a bigger project. 

Qatar imports asphalt binders and aggregates for construction of asphalt pavements. The 

sources of these raw material vary, which causes inconsistency in material properties and 

less reliability of the predictions of pavement performance. In addition, Qatar is known 

for its hot and humid weather making the roads susceptible to moisture damage. 

An MD study offers an in-depth analysis, at the atomistic level, on the 

compatibility between asphalt binders and mineral aggregates, based on moisture effects. 

It would help determine the best fit in terms of adhesion and resistance to moisture damage 

leading to better pavement performance. 
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1.2. Aim and Objectives 

The aim of this thesis is to use MD simulation to investigate the effect of moisture on 

the adhesion of asphalt binders and aggregates. The various objectives associated with this 

goal are summarized below: 

1. Validation of the all-atom Optimized Parameters for Liquid Simulations6-8 (OPLS-

AA) as a force field for the prediction of physical properties of a broad range of 

hydrocarbons (i.e., n-alkanes, aromatics, polyaromatics, etc.); 

2. Development of an asphalt model based on Derek and Greenfield9’s proposed 

structures that agree with the experimental SARA fractions; 

3. Construction of a fully equilibrated and relaxed system in terms of the potential 

energy, pressure, cohesive energy density and autocorrelation function;  

4. Validation of the model against experimental properties such as density, Young’s 

modulus and Poisson’s ratio; 

5. Comparison of molecular simulation results generated from this work against 

experimental data available in the literature; 

6. Development of a molecular framework that can guide accurate design of asphalt 

binders and aggregates with optimum mechanical properties in real life 

applications. 
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2. LITERATURE REVIEW 

 

2.1. Asphalt Binders 

Asphalt binders are the byproduct of crude oil distillation.1 Depending on the type 

of crude and the specification requirements, these asphalt binders can be either directly 

precipitated by vacuum fractionation or produced by solvent deasphalting, solvent 

extraction and continuous air blowing.1 In general, at ambient temperatures, the asphalt 

binder is a black and highly viscous semisolid material.1 Its complex structure makes it 

nearly impossible to identify the exact chemical formula of its components and the 

composition. Nevertheless, it is widely accepted that hydrocarbons, are at the core of the 

asphalt binder chemistry. These hydrocarbons can be grouped, based on the carbon atoms 

links, into aliphatic/paraffinic structures of straight or branched chains, aromatic structures 

of unsaturated rings, and naphthenic structures of saturated rings.1 In addition to hydrogen 

and carbon, heteroatoms such as sulfur, nitrogen and oxygen are found in asphalt 

molecules but in small percentages and attach to carbon covalently. These heteroatoms 

cause an asymmetric electron distribution within a molecule creating dipole moments.1 

Due to the electrical imbalance, electropositive and electronegative polar groups emerge.  

The electrostatic interactions between the different polar groups along with the Van der 

Waal’s interactions between the non-polar groups influence the physical properties of 

asphalt binders1 which will eventually affect the properties of HMAs.   

The simplest compositional model suggests that asphalt binders are made up of 

asphaltenes, resins and oils.1 Asphaltenes, being the most complex and polar constituents 
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of binders, are precipitated in nonpolar solvents such as n-heptane and n-pentane. They 

tend to associate and form conglomerates due to their high polarity.1 Resins on the other 

hand, are soluble in n-pentane. They play an important role increasing the homogeneity of 

the mixture by dispersing the asphaltenes.1 Oils are usually paraffinic, saturated 

hydrocarbons with no heteroatoms, and are soluble in most solvents.1 Moreover, oxidation 

processes cause changes in the structures of resins and oils yielding more asphaltenes.1 

Hence, the polarity of the molecules will increase causing a higher level of association in 

the mixture. The outcome would be a shift in the properties and performance of asphalt 

binders. Several analytical procedures have been developed to separate the 

aforementioned components of asphalt binders. However, the generic fractions/classes 

obtained out of these separations were still complex mixtures.1  

A widely used procedure is the selective adsorption-desorption method developed 

by Corbett10-11, which is based on solubility differences. Figure 1 demonstrates the 

selective adsorption-desorption procedure. First, asphaltenes are precipitated by n-

heptane. Then, the n-heptane solution along with the soluble fractions are introduced into 

an alumina-based chromatographic column where they are adsorbed.1 Finally, the 

different fractions are sequentially desorbed using solvents of increasing polarity such as 

n-heptane, benzene, a mixture of methanol and benzene and trichloroethylene. The 

procedure yields four distinct classes: Asphaltenes (A), Saturates (S), Naphthene 

Aromatics (NA) and Polar Aromatics (PA)/Resins (R). 
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Figure 1: Selective adsorption-desorption procedure to characterize asphalt 

binders.1 

 

The same earlier discussion holds for asphaltenes. Saturates are paraffinic 

compounds that might contain sulfur in some cases. Naphthene Aromatics are condensed 

nonaromatic and aromatic ring systems that may contain heteroatoms. Polar Aromatics 

resemble the naphthene aromatics but with a higher percentage of aromatic ring systems. 

Each class plays a major role in the physical, chemical and rheological properties of the 

asphalt binder.1 Consequently, one needs to construct a realistic asphalt model in MD that 

predicts well these properties. To this respect, Derek and Greenfield9 developed 

representative molecular models of asphalt components based on previously identified 
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compounds in petroleum and geochemistry studies. These components were classified into 

the four different generic asphalt classes based on their Hansen solubility parameters, size 

and functional groups.9 The molecular structures of these components are illustrated 

below. The proposed structures will be at the core of the asphalt model we aim at 

developing. 

 

Figure 2: Saturates, (S1) - squalane (SQU) (S2) - hopane (HOP).9 

 

 

 

Figure 3: Naphthene Aromatics, (NA1) - perhydrophenanthrene-naphthalene 

(PHP) (NA2) - dioctyl-cyclohexane-naphthalene (DOC).9 
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Figure 4: Polar Aromatics, (PA1) - quinolinohopane (QLH) (PA2) - pyridinohopane 

(PYH) (PA3) - thio-isorenieratane (TIR) (PA4) - benzobisbenzothiophene (BBT) 

(PA5) - trimethylbenzene-oxane (TBO).9 

 

 

Figure 5: Asphaltenes, (A1) - asphaltene-phenol (MOA) (A2) - asphaltene-pyrrole 

(MOB) (A3) - asphaltene-thiophene (MOC).9 
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2.2. Aggregates 

Aggregates used in road pavement are mainly obtained from naturally occurring 

geological formations, known as rocks. These natural rocks are classified into three 

groups: igneous, sedimentary and metamorphic based on their formation mechanism and 

origin.1 In addition, other artificial aggregates are produced for specific applications1, i.e. 

to enhance HMA performance.  

The physical properties of aggregates are of high importance for road construction. 

Aggregates must possess specific characteristics to be suitable for use in HMA. First, 

aggregates are required to be hard and tough to resist crushing and degradation during 

production, and disintegration when in service due to traffic loads.1 Also, they should be 

durable to resist the effects of weathering and aging.1 In addition, aggregates should be 

properly graded and consist of cubical particles with low porosity to attain higher internal 

friction resulting in higher mechanical stability.1 Moreover, the cleaner and rougher the 

surface of the aggregates the better. They will form stronger bonds with asphalt binders.1 

Finally, aggregates must have hydrophobic surfaces to repel water and prevent moisture 

damage and stripping.1  

The chemical properties of aggregates such as wetting, adhesion and stripping are 

mainly affected by the mineral’s composition and structure.12 Most aggregates include a 

combination of minerals such as quartz, plagioclase, muscovite, calcite, dolomite, illites 

and others.12 These minerals play a decisive role in the adhesion of asphalt binders and 

aggregates.12 Therefore, determining the mineral composition of aggregates helps 

identifying the HMA’s stripping resistance. In 2013, Al-Ansary and Iyengar13 published 
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a study on the physicochemical properties of aggregates used in construction activities in 

Qatar. In this thesis, we focus on local limestone; the quantitative analysis of which shows 

that it comprises of 34.15% calcite (CaCO3), 10.77 % quartz (SiO2) and 55.08% dolomite 

(CaMg(CO3)2).
13 The stripping resistance of each mineral is different as each of them has 

a different susceptibility to moisture. Nevertheless, damage will start at the weakest link. 

2.3. MD Studies of Asphalts 

Asphalt systems have been widely studied by means of MD simulations during 

recent years. In 2007, and after developing the first set of representative asphalt molecular 

models, Zhang and Greenfield14 studied the glass transition behavior by analyzing 

thermodynamic properties such as density, isothermal compressibility and thermal 

expansion coefficient of modeled asphalts. They also studied the orientation of asphalt 

molecules within the mixture with respect to temperature and distance between 

neighboring molecules.15 They modeled the asphalt as a three-component mixture. N-

docosane and 1,7-dimethylnaphthalene represented the saturates and naphthene aromatics 

respectively. The asphaltenes were represented by either one of the two molecules 

previously studied in published literature.14 These different molecules are shown in Figure 

6. The OPLS-AA forcefield was used to represent the atomic structures explicitly. A 

combination of Metropolis Monte Carlo (MC) and MD simulations was implemented to 

estimate the properties of interest. It was suggested that the glass-transition temperature 

(Tg) lies between 25 and 85°C.14 In addition, the two asphaltenes were found to orient 

themselves differently with respect to temperature. At low temperatures, asphaltene1 
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molecules were almost parallel, whereas asphaltene2 molecules were packed in a T-

shaped orientation. At higher temperatures, the opposite was true.15 

 

Figure 6: Three-component asphalt model. (M1) - n-docosane (M2) - 1,7-

dimethylnaphthalene (M3) - asphaltene1 (M4) - asphaltene2.14 

 

Four years later, Tarefder and Arisa16 determined the change in density and glass-

transition temperature of asphaltenes and resins due to aging. In their study, they used a 

modified version of the asphaltene2 molecule developed by Zhang and Greenfield14 and 

two resin molecules taken from Venezuelan crude oil. The different molecules are 

displayed in Figure 7. The DREIDING forcefield was used to represent the atomic 

structures. The results showed that at oxidation levels higher than 20%, the 𝑇𝑔 falls below 

-5°C for asphaltenes. For resins, the study was inconclusive as the relation between the 

oxidation level and the 𝑇𝑔 couldn’t be generalized.16 Following his studies of the effect of 

aging on density and transitional temperature, Tarefder, along with Pan17, investigated the 
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changes in intermolecular interactions, density, bulk modulus and zero shear viscosity of 

model asphalt systems due to oxidation.  

 

Figure 7: Tarefder’s molecular models. (M1) - modified asphaltene2 (chain 

encircled in red was removed) (M2) - resin1 (M3) - resin2.16 

 

They used the asphalt model developed by Derek and Greenfield as a basis9 and 

implemented the DREIDING forcefield. Then, they added carbonyl groups to account for 

the oxidative changes in the chemical structure of all the molecules. It turned out that 

oxidized asphalt has a higher bulk modulus, density and viscosity than virgin asphalt. 

Therefore, virgin asphalt deformed faster and more than the oxidized asphalt under 

different stress rates. In addition, both types of asphalt, virgin and aged, were more 

susceptible to failure under tensile stresses than under compressive stresses.17  
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Wang et al.18, in 2015, were the first to investigate the interactions of the four 

classes of asphalts identified by Corbett. They used some of the molecules from the Derek 

and Greenfield9 model and added new molecules in an attempt to provide a better 

representation of the binders at hand. They implemented the Condensed-phase Optimized 

Molecular Potentials for Atomistic Simulation Studies (COMPASS) forcefield in a 

combination of MC and MD simulations. They concluded that asphaltenes must be at the 

core to form bee-like structures and saturates must provide a good dispersion medium.18 

Two years later, Guo et al.19, in 2017, studied the diffusion of the four classes of 

asphalt components in mineral aggregate surfaces. They focused on five main mineral 

components: SiO2, Al2O3, CaO, MgO and Fe2O3. The forcefield parameters were obtained 

by implementing COMPASS. The team found that the diffusion speed increases with 

increasing molecular weight. This is true when the interfacial interaction between asphalts 

and aggregates is weak. The fastest average diffusion was recorded for Al2O3. Diffusion 

is further increased for all components with increasing temperature and CaO showed the 

highest temperature sensitivity.19 

In 2016, Sun et al.20 assessed the glass-transition temperature and densities of 

asphalt binders in an attempt to understand the self-healing performance of these binders. 

For that purpose, they used the three-component asphalt model developed by Zhang and 

Greenfield14 along with the COMPASS forcefield. The study concluded that the modified 

asphalt binder showed a higher potential for self-healing due to the presence of additives.20  

In 2017, Xu and Wang21 studied the oxidative aging effect on asphalt binder 

properties such as density, surface energy, viscosity, and cohesive energy density using 
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the 12-component system developed by Derek and Greenfield9. COMPASSII, which is an 

extension to the COMPASS forcefield, was implemented in this study. It was found that 

oxidative aging introduces changes to the asphalt properties. It increases the density, 

cohesive energy and viscosity but reduces surface free energy. It also weakens the ability 

of asphaltenes to aggregate. In addition, aging causes less resistance to moisture damage.21  

In 2016, Yao et al.22 studied the physicochemical properties of asphalt such as 

density, glass transition temperature, bulk modulus and viscosity using a three-component 

asphalt model. In this study, the Amber Cornell Extension Force Field was implemented. 

The forcefield was obtained by inserting the General Amber Force Field (GAFF) 

parameters into the Amber Cornell Force Field. The results showed that this force field 

offers improved results compared to OPLS-AA used by Zhang and Greenfield14.22 

To this point, researchers were interested in studying the physical and chemical 

properties of asphalt binders. Xu and Wang23 were the first, in 2016, to investigate the 

cohesion and adhesion properties of asphalt concrete with calcite and quartz by calculating 

the cohesive energy density and surface free energy. In this second paper, they revert to 

the use of the three-component asphalt model14 but kept on implementing COMPASSII. 

It was shown that the cohesive energy of asphalt binders is mostly affected by Van der 

Waals forces. Moreover, the adhesion between asphalts and aggregates depends on the 

type of aggregate mineral.23 In a later attempt, in 2017, Wang et al.24 studied the asphalt-

aggregate interface adhesion strength with moisture effects by also using the same asphalt 

model. However, a different forcefield was implemented this time: Consistent Valence 

Force Field (CVFF). 
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It was concluded that moisture significantly decreases the adhesion between the asphalt 

binder and quartz. At higher temperatures, the adhesion strength decreases, irrespective of 

water content. Though, beyond a certain water loading, the adhesion reaches a plateau.24 

 In most of the computational work done on asphalt systems, researchers used a 

three-component model that underrepresents and oversimplifies the asphalt binder actual 

structure. Their main focus was to obtain thermodynamic and elastic properties such as 

density, glass transition temperature, cohesive energy density, elastic modulus and bulk 

modulus for virgin and aged asphalts. These studies did not offer fundamental 

clarifications on the effects of interactions at the nano- and micro-scales on macroscopic 

performance. Hence, the understanding of distresses still relies on experimental efforts. In 

this work, we will: 

1. Use an improved asphalt model that consists of 12 components;  

2. Offer a robust protocol to equilibrate and relax asphalt structures; 

3. Use thermodynamic and elastic properties such as density, cohesive energy 

density, Young’s modulus and Poisson’s ratio as means to validate the asphalt 

model, not as the final outcome of the research; 

4. Answer fundamental questions on the effects of moisture on the adhesion between 

asphalt binders and mineral aggregates at the atomistic level in an attempt to 

minimize stripping. 
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3. METHODOLOGY 

“A journey of a thousand miles begins with a single step”. After completing the 

literature review in the previous section, a number of calculation protocols and workflows 

that were used in order to achieve the objectives set for this thesis are outlined here. 

3.1. Force Field 

In this section, the various force fields examined in this thesis are presented. The 

corresponding non-bonded and bonded parameters are provided in Appendix A. 

OPLS-AA is a general force field developed mainly for proteins and provides an 

explicit atom description.6 Bonds can stretch, bond angles can bend and dihedral angles 

are able to rotate. In this force field, the bond stretching and bond angle bending 

parameters were taken from the Assisted Model Building with Energy Refinement all-

atom (AMBER) force field.6 Nonbonded parameters were fitted to reproduce the heat of 

vaporization and the density for a group of pure organic liquids.6 The torsional parameters 

were derived from ab initio calculations for around 50 organic molecules and ions.6 The 

functional forms describing the energy modes of the force field are discussed below. 

The Coulomb and Lennard-Jones 12-6 terms represent the non-bonded intra- and inter-

molecular interactions between molecules A and B as shown in eq. 1: 

 𝐸𝐴𝐵 = ∑ ∑[
𝑞𝑖𝑞𝑗𝑒2

𝑟𝑖𝑗
+ 4𝜖𝑖𝑗 (

𝜎𝑖𝑗
12

𝑟𝑖𝑗
12 −

𝜎𝑖𝑗
6

𝑟𝑖𝑗
6 )]𝑓𝑖𝑗

𝑗𝑖

 (1) 

where 𝑖 and 𝑗 represent atoms in A and B respectively, 𝑞 is the atomic charge and 𝑒 is the 

elementary charge of a proton. The distance between two atoms is represented by 𝑟, 𝜖 is 

the well depth and measure how strongly two atoms attract, 𝜎 is the distance at which the 
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intermolecular potential between two atoms is zero and 𝑓 is a dimensionless scaling factor. 

It is always set to 1 except for 1,4-intramolecular interactions where it takes the value of 

0.5.6 The geometric combining rules, eq. 2, are used to obtain interatomic 𝜎 and 𝜖 values.6 

 𝜎𝑖𝑗 = √𝜎𝑖𝜎𝑗  ; 𝜖𝑖𝑗 = √𝜖𝑖𝜖𝑗 (2) 

The bond stretching and angle-bending potential energy, 𝐸𝑏𝑜𝑛𝑑 𝑎𝑛𝑑 𝐸𝑎𝑛𝑔𝑙𝑒 respectively, 

are shown in eqs. 3 and 4: 

 𝐸𝑏𝑜𝑛𝑑 = ∑ 𝐾𝑟(𝑟 − 𝑟𝑒𝑞)2

𝑏𝑜𝑛𝑑𝑠

 (3) 

 𝐸𝑎𝑛𝑔𝑙𝑒 = ∑ 𝐾𝜃(𝜃 − 𝜃𝑒𝑞)2

𝑎𝑛𝑔𝑙𝑒𝑠

 
(4) 

where 𝐾𝑟 and 𝐾𝜃 characterize the bond length and angle stiffness respectively, 𝑟𝑒𝑞 is the 

equilibrium bond length and 𝜃𝑒𝑞 is the equilibrium bond angle.6 

Finally, the torsional energy is represented by eq. 5: 

𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = ∑
𝑉1

2
[1 + cos(𝜑 + 𝑓1)]

𝑡𝑜𝑟𝑠𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒𝑠

+
𝑉2

2
[1 − cos(2𝜑 + 𝑓2)] +

𝑉3

2
[1 + cos(𝜑 + 𝑓3)] 

(5) 

where 𝜑 is the torsional angle, 𝑉1, 𝑉2 𝑎𝑛𝑑 𝑉3 are the coefficients in the Fourier series and 

𝑓1, 𝑓2 𝑎𝑛𝑑 𝑓3 are phase angles.6 

On the other hand, Transferable Potentials for Phase Equilibria - United Atoms 

(TraPPE-UA)25-31 is a specific force field parametrized to cover a number of molecules at 

a time and provides an implicit atomistic description.25 In all its versions, bonds are not 

free to stretch; hence, bond lengths are fixed.25 However, angles are allowed to bend and 
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rotate.25 The angle bending energetics are represented by eq. 6, which is similar to eq. 5 

in the case of OPLS-AA:  

 𝐸𝑏𝑒𝑛𝑑 = ∑ 0.5𝐾𝜃(𝜃 − 𝜃𝑒𝑞)2

𝑎𝑛𝑔𝑙𝑒𝑠

 (6) 

Nonbonded interactions are usually represented by the Lennard-Jones 12-6 potential 

because the united atoms in our case have a zero charge as shown in eq. 7: 

 𝐸𝐴𝐵 = ∑ ∑ 4𝜖𝑖𝑗 (
𝜎𝑖𝑗

12

𝑟𝑖𝑗
12 −

𝜎𝑖𝑗
6

𝑟𝑖𝑗
6 )

𝑗𝑖

 (7) 

The Lorentz-Berthelot combining rule, eq. 8, is used to obtain interatomic 𝜎 and 𝜖 

values.26 

 𝜎𝑖𝑗 = 0.5(𝜎𝑖 + 𝜎𝑗) ; 𝜖𝑖𝑗 = √𝜖𝑖𝜖𝑗 (8) 

The torsional potential takes different forms, depending on the type of molecules it is 

representing. Eq. 9 illustrates the torsional potential function for branched alkanes.26 

𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = ∑ 𝑐0 + 𝑐1[1 + cos(𝜑)] + 𝑐2[1 − cos(2𝜑)]

𝑡𝑜𝑟𝑠𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒𝑠

+ 𝑐3[1 + cos(3𝜑)] 

(9) 

where 𝜑 is the torsional angle and 𝑐𝑖 is the coefficient in the Fourier series.26 

In this work, to validate the use of either force fields, one is interested in the density 

of the asphalt binder building blocks: n-pentane, n-dodecane, 2-methylpentane, 

cyclopentane, cyclohexane, benzene, naphthalene, oxane, phenol, pyrrole, pyridine and 

thiophene, in addition to the dihedral angle distributions and radial distribution functions. 

These molecules were chosen because they form molecular asphalt structures.   
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In the case of OPLS-AA, the aforementioned molecular structures were 

constructed using the LigParGen web server32, which was developed to provide OPLS-

AA force field parameters for organic molecules using different CM1A charge models. 

The CM1A charge model developed by Cramer et al.33-38 is based on detailed quantum 

mechanical calculations and is compatible with OPLS-AA. The force field parameters 

were assigned by applying the 1.14*CM1A-LBCC model, which offers an improved 

charge distribution over the 1.14*CM1A by applying localized bond charge corrections.39 

In the case of TraPPE-UA, bond lengths and angles were used to draw initial 2-D 

structures for nonplanar molecules as shown in Figure 8. The first atom is fixed at the 

origin. Then, the coordinates of all other atoms are obtained by applying Pythagoras 

theorem. For planar molecules such as benzene27, the virtual site approach was 

implemented to restrain all atoms to fixed positions. First, the moment of inertia of the 

ring shown in Figure 9 was calculated. 

 

Figure 8: Skeletal structure of pentane 

 

 

Figure 9: A scheme illustrating the virtual site approach for benzene 
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Second, atoms A1 and A4 were taken as the reference and the mass of the group of atoms 

A2, A3, A5 and A6 was calculated. Then, the virtual site having the same mass as the 

group of atoms was inserted such that to preserve the inertia of the ring. Finally, atoms 

A2, A3, A5 and A6 were projected into the plane formed by the basis and the virtual site. 

The force field parameters were obtained from the literature26, 40. 

At this point, the task was to equilibrate and relax the created structures. A general 

protocol was developed and applied: 

1. Initially, cubic cells of low density were built in 3-D periodic boundary conditions 

2. A 2 nanosecond (ns) isotropic41 NPT simulation at the required conditions of 

temperature and pressure was carried out for each structure 

3. The density was calculated from the last 0.5 ns, after the systems had reached 

equilibrium in terms of potential energy and density 

For both force fields, the leapfrog algorithm41 was used to integrate the Newton’s 

equations of motion. A time constant of 1 femtosecond (fs) was assigned. The temperature 

and pressure were coupled with the Berendsen thermostat41 and Berendsen barostat41 

respectively with a time constant of 1 picosecond (ps). The compressibility of the system 

was imposed at 0.00009 bar-1. The energy and pressure corrections41 were implemented 

to account for the changes in the system taking place beyond the cut-off. The cut-off radius 

was set at 1.5 nanometer (nm) for OPLS-AA and 1.4 nm for TraPPE-UA for the van der 

Waals and the Coulombic interactions. The Particle Mesh Ewald (PME)41 was used to 

describe the electrostatic interactions for OPLS-AA; whereas, the cut-off scheme41 was 

used to describe the Coulombic interactions for TraPPE-UA. 
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3.2. Asphalt Molecular Structure 

In this research, 11 out of the 12 proposed molecular structures shown in Figure 2-

Figure 5 were constructed using the LigParGen server. The asphaltene-pyrrole was an 

exception to the automated assignment due to the limitation of the server implementation 

that supports no more than nine fused rings in the molecular structure. In this case, the 

bonded and nonbonded parameters were deduced from similar structures: asphaltene-

phenol, asphaltene-thiophene and pyridine; while the charges derived by Derek and 

Greenfield9 were implemented. The generated molecular structures were used to develop 

two different asphalt models, AS1 and AS2, based on the experimental SARA analysis of 

a low-density asphalt binder (WL)42 used for road pavement in Qatar. The SARA analysis 

is shown in Table 1. 

Table 1: SARA experimental analysis of WL asphalt binder42 

Class Saturates Aromatics Resins Asphaltenes 

SARAexp wt. % 27.43 50.36 12.42 9.80 

 

To create the models, one needs to specify their composition, i.e. the number of 

constituent molecules from each class. First, the contribution of a pure component’s 

molecular weight to the class average molecular weight ( 𝑀𝑊𝑖  ) was defined by specifying 

the fractions (𝑥𝑖,𝑗) of pure components within each class (eq. 10). Second, the total mass 

of the model was obtained from the experimental density of WL and the desired final 

volume of the simulation box (eq. 11). The final volume was obtained after creating and 

equilibrating a test model. Third, using the SARA experimental fractions for each class 

(𝑆𝐴𝑅𝐴𝑖), the corresponding masses, 𝑚𝑖 were calculated (eq. 12). Then, based on  𝑀𝑊𝑖  
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and 𝑚𝑖, the total number of molecules within each class, 𝑁𝑖 was specified (eq. 13). Finally, 

the number of molecules of the pure component was calculated based on their fractions 

(𝑥𝑖,𝑗) and the number of molecules ( 𝑁𝑖) of the corresponding class (eq. 14). The listed 

general steps are summarized by the equations below. 

Step 1 𝑀𝑊𝑖
̅̅ ̅̅ ̅̅ =  ∑ 𝑥𝑖,𝑗𝑀𝑊𝑖,𝑗

𝑘

𝑗=1

 (10) 

Step 2 𝑚𝑡𝑜𝑡𝑎𝑙 =  𝜌𝑒𝑥𝑝 × 𝑉𝑓𝑖𝑛𝑎𝑙 (11) 

Step 3 𝑚𝑖 =  𝑆𝐴𝑅𝐴𝑖 × 𝑚𝑡𝑜𝑡𝑎𝑙 (12) 

Step 4 𝑁𝑖 =  (𝑚𝑖/𝑀𝑊𝑖
̅̅ ̅̅ ̅̅ ) × 𝑁𝐴 × 1000 (13) 

Step 5 𝑁𝑖,𝑗 =  𝑥𝑖,𝑗𝑁𝑖 (14) 

 

where subscript j indicates the type of molecule, the subscript i indicates the class, k 

indicates the number of molecules in a class, 𝑆𝐴𝑅𝐴𝑖  indicates the experimental class 

weight fraction, 𝜌𝑒𝑥𝑝 = 1005
𝑘𝑔

𝑚3 , 𝑁𝐴 is Avogadro’s number and 𝑉𝑓𝑖𝑛𝑎𝑙 = 2.16 ×

10−25 𝑚3 being the expected final volume of the simulation box at 25°C. 

3.3. Simulation Methods 

In this work, MD and Metropolis MC molecular simulation techniques were 

applied to evaluate the systems’ behavior and measure the targeted properties. All MD 

simulations were performed using the 2016 version of GROningen Machine for Chemical 

Simulations (GROMACS)41. The MC simulations were accomplished by using the Monte 

Carlo for Complex Chemical Systems (MCCCS) Towhee code43. 
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3.3.1. Structure Equilibration 

The initial task was to equilibrate and relax the created structures. It is crucial to have 

a well-equilibrated system in terms of density, potential energy and pressure. A specific 

and robust protocol was developed and applied: 

1. Initially, cubic cells of low density were built applying 3-D periodic conditions. 

Eight different configurations of each cell were randomly generated by means of 

the "gmx insert-molecules”41 GROMACS functionality; 

2. A 25 ns isotropic NPT simulation at 25°C was carried on for each configuration 

maintaining the shape of the cell, while equilibrating the density; 

3. The isotropic NPT simulation was followed by an annealing process. The 

temperature was raised gradually by increments of 25°C from 25 to 150°C, then 

by increments of 100°C from 150°C to 950°C and then brought back the same way; 

4. The different configurations underwent another 25 ns NPT simulation at 25, 50, 

75, 100, 125 and 150°C. However, in this case, anisotropic barostating41 was 

applied, where the three box dimensions were decoupled resulting in orthorhombic 

simulation cells.     

In the second, third and fourth steps, the velocity Verlet scheme algorithm41 was 

applied along with a time step of 1 fs. The cut-of radius was set at 1.5 nanometer (nm) for 

the van der Waals and the Coulombic interactions. The Particle Mesh Ewald (PME) was 

used to describe the electrostatic interactions. The temperature and pressure were coupled 

with the v-rescale thermostat41 and Berendsen barostat respectively with a time constant 
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of 1 ps. The compressibility of the system was imposed at 0.00009 bar-1. Finally, the 

energy and pressure corrections were implemented.     

3.3.2. Cohesive Energy Density Calculations 

The cohesive energy density is defined as “the energy required to break all 

intermolecular physical links in a unit volume of the material”44. In order to calculate the 

cohesive energy density for each structure, the Lennard-Jones and electrostatic 

contributions per molecule were added and then divided by the volume.  Calculations were 

repeated for all configurations to obtain the average cohesive energy density at each 

temperature. 

3.3.3. Mechanical Property Calculations 

The next step is to calculate the Young’s modulus (E) and the Poisson ratio of the 

system at 25, 50 and 75°C. The former is a measure of the strength of interatomic forces 

of materials and it describes its relative stiffness.45 While the latter is defined as “the ratio 

of transverse contraction (or expansion) strain to longitudinal extension strain in the 

direction of stretching force”46. At a specific temperature and for a given configuration, 

these mechanical properties can be obtained by either applying the Theodorou and Suter 

method or conducting the stress-strain simulation method. 

1. The Theodorou and Suter47 method is applied usually for glassy structures 

satisfying the requirements of mechanical equilibrium. The entropic contributions 

to the mechanical properties are neglected compared to the potential energy 

effects.48 In this method, one starts by applying a uniform hydrostatic compression 

(in 3-D) followed by uniaxial tension in each direction (x, y and z). The degree of 
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deformation is limited to 1% change by volume. Therefore, the applied 

deformations range from -1% to 1% by an increment of 0.1%. After each 

deformation, the local potential energy is minimized and recorded. Two algorithms 

are used sequentially to minimize the energy: the steepest descent41 with 5,000 

steps and a tolerance of 10-1 followed by the conjugate gradient41 with 100,000 

steps and a tolerance of 10-4. It follows that for the hydrostatic compression and 

the uniaxial tension in the three directions (x, y and z); the average minimized 

potential energy over the eight configurations is fitted to a second-degree 

polynomial in the volume fractional change (ε) as shown in eqs. 15 and 16. In both 

equations, the first term represents the initial potential energy of the non-deformed 

system, whereas the second and third terms represent the internal pressure and 

deformation contribution to the potential energy respectively. Using these 

equations, one can compute the lamé constants (μ and λ) and deduce the elastic 

modulus (E) and Poisson ratio (ν) from eqs. 17 and 18 respectively, where: 

For hydrostatic compression, the expression of the potential energy is as follows 

 𝑈 = 𝑈0 − 𝑉0 (−𝑃 +
𝛼𝑝𝑇

𝜅𝑇
)

0

𝜀 +
1

2
𝑉0 (

2

3
𝜇 + 𝜆) 𝜀2 (15) 

For uniaxial tension, the expression of the potential energy is as follows 

 𝑈 = 𝑈0 + 𝑉0(𝜏11 + 𝜌0𝑐𝐸𝑇𝛾11)𝜀 +
1

2
𝑉0(2𝜇 + 𝜆)𝜀2 (16) 

The elastic modulus and Poisson ratio are expressed as follows 
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 𝐸 = 𝜇
3𝜆 + 2𝜇

𝜆 + 𝜇
 (17) 

 𝜈 =
𝜆

2(𝜆 + 𝜇)
 (18) 

2. In the Stress-Strain method22, a continuous uniaxial tension in the x-direction with 

a deformation of 2.5% for the eight configurations is initiated. Then, the stress (σ) 

- which is the pressure of the system in the specified direction - is plotted versus 

the strain (εx), which is the fractional elongation in the main axis.  Then curves are 

smoothened by applying the adjacent-averaging over 500 points. Finally, the 

smoothed curves are averaged, and the elastic modulus is obtained by linearly 

fitting the smoothed average: 

  𝜎 = 𝐸 (19) 

In order to calculate the Poisson ratio, the side length is plotted against time for 

the y and z directions. The plots are smoothened by applying the adjacent-

averaging over 50 points. Then, the Poisson ratio in each direction and for all the 

configurations is calculated by applying the following formula: 

 𝜈𝑦,𝑧 =  −𝜀𝑦,𝑧/𝜀𝑥 (20) 

where the strain (𝜀𝑥,𝑦,𝑧) is obtained by subtracting the final length from the initial 

one using the smoothened values. Finally, the average Poisson ratio is computed 

by averaging over all configurations and over all directions. This protocol is 

repeated in the other two directions to obtain the elastic modulus and the Poisson 

ratio. In conducting the stress-strain experiment, the temperature and pressure of 
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the system were coupled with the Nose-Hoover thermostat41 and Parrinello 

Rahman barostat41 respectively. 

3.3.4. Moisture Effect on Adhesion 

The final step is to study the effect of moisture on the adhesion between the asphalt 

binder and the different minerals, calcite and quartz. “The work of adhesion is defined as 

the free energy changes or reversible work done, to separate unit areas of two different 

surfaces from contact to infinity”.49 Three force fields, Xiao et. al.50, CLAYFF51 and 

TIP3P52, were used to represent calcite, quartz and water respectively. 

A new transferable force field was developed by Xiao et. al.50 to study the physical 

and mechanical properties of organic-inorganic complex systems. The force field was 

primarily developed for aragonite. However, it could be successfully transferred and 

implemented with other CaCO3 polymorphs.50 In their approach, they decided to use the 

Lennard-Jones 12-6 potentials to describe the van der Waals interactions rather than the 

Buckingham potentials. The C-O bonds were constrained and were not allowed to stretch. 

However, the O-C-O angles were free to bend and rotate in the plane. The overall potential 

function of the developed force field is shown in eq. 21:   

𝑉𝑡𝑜𝑡𝑎𝑙 = ∑ ∑ [
𝑞𝑖𝑞𝑗𝑒2

𝑟𝑖𝑗
+ (

𝑐(12)

𝑟𝑖𝑗
12 −

𝑐(6)

𝑟𝑖𝑗
6 )]𝑗𝑖 + ∑

1

2
𝐾𝜃(𝜃 − 120)𝑎𝑛𝑔𝑙𝑒 +

 ∑ 𝐾𝜑(1 − cos(2𝜑))𝑝𝑙𝑎𝑛𝑒    

(21) 

where 𝑖 and 𝑗 represent the atoms in the calcite structure, 𝑞 is the atomic charge and 𝑒 is 

the elementary charge of a proton. The distance between two atoms is represented by 𝑟, 
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𝑐(12) 𝑎𝑛𝑑 𝑐(6) are the Lennard-Jones parameter. The angle and torsion energy terms are 

𝐾𝜃 and 𝐾𝜑 respectively, with 𝜃 𝑎𝑛𝑑 𝜑 being the bend and torsion angles respectively.  

The geometric combining rules, eq. 22, are used to obtain interatomic Lennard-Jones 

parameters.50  

 𝑐𝑖𝑗
(12)

= √𝑐𝑖
(12)

𝑐𝑗
(12)

 ; 𝑐𝑖𝑗
(6)

= √𝑐𝑖
(6)

𝑐𝑗
(6)

 (22) 

The water-mineral Lennard-Jones cross-terms where derived by utilizing the TIP3P52 

water model and the monohydrocalcite structure. Whereas, the protein-mineral cross-

terms can be obtained by applying the geometric combination rules between OPLS-AA 

and the newly developed force field atomwise parameters.50  

CLAYFF51 is a general force field developed mainly for simulating hydrated and 

multicomponent mineral systems such as α-quartz with aqueous solutions. Interatomic 

Lennard-Jones 12-6 potential parameters for metal-oxygen interactions were optimized 

using spectroscopic and crystallographic data of different hydrated compounds.51 The O-

O and O-H interaction potentials were derived from the SPC53 flexible water model.51 The 

electrostatic interactions are described by the Coulombic energy in eq. 23. The van der 

Waals interactions are described by the Lennard-Jones 12-6 potential (eq. 24). 

 𝐸𝑐𝑜𝑢𝑙𝑜𝑚𝑏 = ∑ ∑
𝑞𝑖𝑞𝑗𝑒2

𝑟𝑖𝑗
𝑗𝑖

 (23) 

 
𝐸𝑉𝐷𝑊 = ∑ ∑ 𝐷0,𝑖𝑗 (

𝑅0,𝑖𝑗
12

𝑟𝑖𝑗
12 − 2

𝑅0,𝑖𝑗
6

𝑟𝑖𝑗
6 )

𝑗𝑖

 
(24) 
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where 𝑖 and 𝑗 represent the atoms in the quartz structure, 𝑞 is the atomic charge and 𝑒 is 

the elementary charge of a proton. The distance between two atoms is represented by 𝑟, 

𝐷0 𝑎𝑛𝑑 𝑅0 are the empirical parameters derived from the fittings. The Lorentz-Berthelot 

combining rule, eq. 25, is used to obtain interatomic values.51 The interactions of the 

quartz with and with asphalt molecules are derived by using the geometric combining rule. 

 𝑅0,𝑖𝑗 = 0.5(𝑅0,𝑖 + 𝑅0,𝑗) ; 𝐷0,𝑖𝑗 = √𝐷0,𝑖𝐷0,𝑗 (25) 

Hydroxyl bonds are free to stretch, just like in the SPC water model. The stretch energy is 

described by simple harmonics in eq. 3. An improvement of the CLAYFF force field is 

that it incorporates an angle bending term that considers the metal-oxygen-hydrogen 

vibrations. The bend energy is described in eq. 4. 

Liquid water at ambient conditions will be described by the TIP3P52 force field. 

The rigid water monomer is represented by three interaction sites, one oxygen and two 

hydrogens bearing negative and positive charges respectively.52 The TIP3P was obtained 

by improving the energy and density of liquid water for the TIPS model. Water molecules 

in this model are rigid. Therefore, the potential function for the TIP3P water model 

involves only Lennard-Jones and Coulombic interactions as shown in eq. 26.   

 𝐸𝐴𝐵 = ∑ ∑ [
𝑞𝑖𝑞𝑗𝑒2

𝑟𝑖𝑗
+ (

𝑐(12)

𝑟𝑂𝑂
12 −

𝑐(6)

𝑟𝑂𝑂
6 )]

𝑗𝑖

 (26) 

where 𝑖 and 𝑗 represent the atoms in the quartz structure, 𝑞 is the atomic charge and 𝑒 is 

the elementary charge of a proton, 𝑟𝑂𝑂 is the equilibrium distance between the oxygen 

atoms of water molecules A and B and  𝑐(12) 𝑎𝑛𝑑 𝑐(6) are the Lennard-Jones parameters. 

The approach for calculating the adhesion energy is as follows: 
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1. The mineral structures were generated by forming the bulk and then cleaving the 

corresponding surface. Asphalt structures were built as orthorhombic cells having 

different x, y and z dimensions as their corresponding minerals; 

2. These asphalt structures were equilibrated by applying steps 2 and 3 in the 

structure equilibration section. However, the system was allowed to move in the 

z- direction only keeping the x and y dimensions constant; 

3. The complex asphalt-mineral system was put together and further relaxed by 

applying a 15 ns NPT simulation. This time, the system underwent a semiisotropic 

pressure coupling41, where the x and y directions were coupled together and 

decoupled from the z-direction; 

4. The work of adhesion was calculated on a dry basis at 25, 50 and 75C, using the 

Lennard-Jones and electrostatic interactions; 

5. The chemical potential of water, in the bulk, was calculated at 25°C using a Grand 

Canonical Monte Carlo (GCMC) simulation. Then this chemical potential was 

used to predict the water loading of each complex structure; 

6. The water is added to the complex system that would undergo a 5 ns NPT to further 

relax and distribute the water molecules; 

7. The work of adhesion on a wet basis was finally calculated at 25, 50 and 75C. 
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4. RESULTS AND DISCUSSION 

 

4.1. Force Field Validation 

4.1.1. Density 

The asphalt binder building blocks can be grouped into linear and branched alkanes 

(n-pentane, n-dodecane and 2-methylpentane) cycloalkanes (cyclopentane and 

cyclohexane), benzene, naphthalene and hetero-molecules (oxane, phenol, pyrrole, 

pyridine and thiophene). Four different conditions of temperature and pressure were 

chosen to be simulated for each component based on the available experimental data found 

in the literature. Figure 10 illustrates the initial and final structures of n-dodecane at 25C.  

 

Figure 10: Equilibration process of n-dodecane at 25C 
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Simulations were conducted for all components using OPLS-AA. However, only 

seven molecules were simulated using TraPPE-UA: n-pentane, 2-methylpentane, n-

dodecane, cyclopentane, cyclohexane, benzene and oxane. For the rest of the components, 

the density was obtained from other simulation work in the literature. Figures 11 and 12 

illustrate the calculated density of 2-methylpentane and benzene respectively using OPLS-

AA and TraPPE-UA in comparison to experimental data. Refer to Appendix B for the 

complete set of conditions and results. 

 

Figure 11: Density of 2-methylpentane using OPLS-AA and TraPPE-UA 
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Figure 12: Density of benzene using OPLS-AA and TraPPE-UA 
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3. TraPPE-UA predicts more accurately the density of benzene and naphthalene. This 

force field predicts density values within 0.5% of the experimental values. 

Whereas, the latter has deviations in the order of 4% for benzene and 7% for 

naphthalene. The temperature in this set of simulations ranges from 25 to 427°C; 

4. In the case of oxane, where the temperature ranges from 20 to 50°C, and OPLS-

AA predicts better the density compared to TraPPE-UA; 

5. For the rest of the hetero-molecules, the deviation from experimental values is high 

especially for OPLS-AA. It reaches 17% for thiophene, 22% for pyrrole and 15% 

for pyridine where the temperature ranges from 100 to 300°C. 

4.1.2. Structural Analysis 

In the asphalt molecules shown in Figures 2-5, fused rings form the bulk of the 

structures, whereas, linear and branched chains are attached to the edges. Due to the 

hindrance effects, the fused rings will remain planar and only the linear chains will be free 

to move. Therefore, the radial distribution function and the dihedral angle distribution of 

n-pentane, which can accurately represent the peripherals, will be studied at ambient 

conditions. The respective plots are shown in Figures 13 and 14. The atomic diameter for 

both force fields is around 0.36 nm, below which the g(r) is zero. This is due to the strong 

repulsive forces between atoms. The first peak occurs at 0.6 nm, with the g(r) being equal 

to 1.4, i.e. on average, each molecule is surrounded by 1.4 molecules at this distance. The 

g(r) approaches a value of 1 at a distance of 1.05 nm and beyond. This indicates that 

beyond this distance, the fluid exhibits mean field behavior. 
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Figure 13: Radial distribution function of n-pentane at ambient conditions 

 

 

Figure 14: Dihedral angle distribution of n-pentane at ambient conditions 
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The C-C-C-C dihedral angle distributions of n-pentane using both OPLS-AA and TraPPE-

UA show a large peak at 180 corresponding to the trans conformation and two smaller 

peaks at around 70 and 290, 60 and 300 respectively corresponding to the gauche 

conformations (with local energy minima). The trans population is closer to the 

experimental value (70.7%)54 for TraPPE-UA (71.3%) compared to OPLS-AA (64.6%). 

Overall, TraPPE-UA predicts more accurately the density of the 12 different 

components because the force field is parametrized for each group of molecules 

differently. Whereas, OPLS-AA is a general force field that is parametrized for a general 

set of molecules and ions. The error in the density obtained by OPLS-AA show a general 

trend: It increases when the temperature is higher than 100°C and when we go from 

alkanes to benzene and naphthalene to 5-ring hetero-molecules such as pyridine, thiophene 

and pyrrole. In addition, TraPPE-UA predicts more accurately the structural properties of 

alkanes than OPLS-AA does. Despite the results obtained, it is impossible to build the 

complex structures of the asphalt model using TraPPE-UA because the fused rings should 

be kept planar and their parameters must be optimized. Therefore, we will rely on OPLS-

AA to simulate our asphalt model in the rest of this thesis. In addition, the temperature 

will be kept within 150°C because we already proved that the force field works better at 

lower temperatures.  

4.2. Asphalt Molecular Structure 

To create AS1, the arithmetic 𝑀𝑊 was used. The mole fractions for the various 

components within each class were equal. However, a more complex approach was used 

to construct the AS2 model. More emphasis was given to components of high molecular 
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weight, i.e. higher mole fractions were assigned to higher molecular weight molecules. 

Table 2 summarizes the exact composition of the developed asphalt models, AS1 and AS2. 

Table 2: Composition of the AS1 and AS2 models 

Class Acronym 
𝑀𝑊𝑖,𝑗 

(kg/kmol) 

𝑥𝑗 𝑀𝑊𝑖
̅̅ ̅̅ ̅̅  (kg/kmol) 𝑁𝑖,𝑗 

AS1 AS2 AS1 AS2 AS1 AS2 

Saturates 
HOP 482.9 0.5 0.92 

452.9 478.1 
40 69 

SQU 422.8 0.5 0.08 40 6 

Aromatics 
DOC 406.7 0.5 0.07 

435.7 460.7 
76 10 

PHP 464.7 0.5 0.93 76 133 

Resins 

QLH 553.9 0.2 0.125 

467.2 506.9 

7 4 

TIR 573.0 0.2 0.500 7 16 

BBT 290.4 0.2 0.125 7 4 

PYH 503.9 0.2 0.125 7 4 

TBO 414.7 0.2 0.125 7 4 

Asphaltenes 

MOA 574.9 0.33 0.1875 

723.5 795.6 

6 3 

MOB 888.4 0.33 0.6250 6 10 

MOC 707.1 0.33 0.1875 6 3 

 

The SARA weight fractions of the two model asphalts, AS1 and AS2 compare well 

to the experimental values as shown in Table 3. The weight fractions of both models are 

within 1% from the experimental values. In addition, the elemental composition of 

asphaltic models is another important aspect. Carbon is the most abundant element in 

asphalt binders (79-88 wt. %), followed by hydrogen (7-13 wt. %).55 Traces of 

heteroatoms (up to 8 wt. %) are also found in binders.55 The elemental composition of 

both asphalt models is shown in Table 4.  
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Table 3: SARA weight fraction comparison 

Class 
SARAexp 

wt. % 

SARAAS1 

wt. % 

AS1  

% absolute error 

SARAAS2 

wt. % 

AS2  

% absolute error 

Saturates 27.43 27.48 0.19 27.44 0.03 

Aromatics 50.36 50.24 0.24 50.41 0.10 

Resins 12.42 12.40 0.14 12.41 0.07 

Asphaltenes 9.80 9.88 0.80 9.74 0.60 

 

Table 4: Asphalt models’ elemental composition 

Asphalt 

Model 

Weight Percent H/C 

ratio C H O N S 

AS1 87.78 11.19 0.16 0.21  0.66 1.52 

AS2 88.43 10.63 0.09 0.19 0.66 1.43 

 

The carbon content, being around 88%, is at the higher experimental limit; whereas, the 

heteroatoms content of approximately 1% is at the lower limit. The SARA analysis and 

elemental composition of both models, AS1 and AS2, are similar. Therefore, we need 

another property such as density to differentiate between the models. 

4.3. Equilibration Analysis 

Eight different initial configurations were randomly generated for each model. The 

AS1 and AS2 initial structures were cubic cells of 285 and 266 molecules and a density 

of 0.219 and 0.217 g/cm3 respectively. After applying the equilibration protocol, one needs 

to inspect if the system is well equilibrated in terms of density, potential energy and 

pressure and well relaxed in terms of structural properties such as the autocorrelation 

function for the end-to-end distance of the different molecules. Figures 15 and 16 show 
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the final equilibrated structures of one of the configurations for models AS1 and AS2 

respectively at 25C for illustrative purposes. The different colors represent different 

molecules.  

 

Figure 15: AS1 equilibrated structure at 25C 
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Figure 16: AS2 equilibrated structure at 25C 

 

4.3.1. Density 

The average density at 25°C was calculated and compared to the experimental 

value of 1005 kg/m3.42 It was found that the density of AS1 is 963 (± 2) kg/m3 and that of 

AS2 is 988 (±1) kg/m3. The relative error percent is higher for AS1 than AS2 (4.2% > 

1.7%). Therefore, we will choose the AS2 asphalt model to be used in this research. The 
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evolution of the density with time was recorded for the eight different configurations at 

25, 50, 75, 100, 125 and 150°C. The running averages at 25, 50 and 75°C were plotted. 

The three temperatures are of interest because the mechanical properties will be later 

studied at these same temperatures.  

 

Figure 17: Density equilibration profile at 25°C 
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Figure 18: Density equilibration profile at 50°C 

 

 

Figure 19: Density equilibration profile at 75°C 
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By inspecting the running averages in Figure 17-Figure 19, one can see that at 25°C, the 

eight different configurations have not reached equilibrium yet after 25 ns. Hence, the 

density was not yet equilibrated. On the other hand, at 50 and 75°C, the density 

equilibration profiles show a smooth plateau after a 22.5 ns and 20 ns respectively. 

4.3.2. Potential Energy 

Many terms contribute to the potential energy of the system: Lennard-Jones 

potential, Coulombic interactions, bonds, angles and dihedrals.41 A constant potential 

energy with time indicates that the sum of the aforementioned inter- and intramolecular 

interactions is fluctuating around an average value, hence the system has reached 

equilibrium. The evolution of the potential energy with time was recorded for the eight 

different configurations at 25, 50, 75, 100, 125 and 150°C. The running averages at 25, 50 

and 75°C for the last 2 ns were plotted against time in Figures 20-22. 

 

Figure 20: Potential energy equilibration profile at 25°C 
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Figure 21: Potential energy equilibration profile at 50°C 

 

 

Figure 22: Potential energy equilibration profile at 75°C 
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These potential energy graphs are in good agreement with the density profiles. It is obvious 

that the potential energy at 25°C is still decreasing. At 50 and 75°C, the potential energy 

has reached equilibrium, and this is shown by the plateaus formed after a 25 ns run. 

4.3.3. Pressure 

Our aim was to equilibrate the system at ambient pressure, 1.013 bar. However, 

the obtained pressures could reach up to 30 bars as shown in Figures 23-25. The pressure 

values are expected to be high especially when using the Berendsen barostat. This barostat 

is only used for equilibration purposes not for obtaining exact values.41 This is shown by 

the results obtained. The pressure of the system at all temperatures and for all 

configurations is equilibrated. 

 

Figure 23: Pressure equilibration profile at 25°C 
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Figure 24: Pressure equilibration profile at 50°C 

 

 

Figure 25: Pressure equilibration profile at 75°C 
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In an attempt to equilibrate the systems at 25°C and reduce the pressures, two extra 

steps were introduced to the general equilibration protocol. The system underwent another 

annealing round followed by a 15 ns NPT simulation. In the latter, the six components of 

the pressure tensor were decoupled. 

 

Figure 26: Density extended equilibration profile at 25°C 
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Figure 27: Potential energy extended equilibration profile at 25°C 

 

 

Figure 28: Pressure extended equilibration profile at 25°C 
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After the system has been equilibrated at 25°C, the average density was calculated at each 

temperature to obtain the density variation with respect to temperature. 

 

Figure 29: Density profile with respect to temperature 
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However, this shift was minimal. If one ought to visualize the structures, one cannot see 

the difference. 

4.3.4. Autocorrelation Function 

The autocorrelation function for the end-to-end distance indicates whether a 

structure is relaxed or not. The developed asphalt model is comprised of linear molecules 

such as squalane, bulky molecules such as asphaltenes and other molecules that share both 

characteristics. Figure 30 shows the autocorrelation function of squalane and asphaltene-

B for the 1st and 2nd steps of the equilibration process.  

 

Figure 30: Autocorrelation function of squalane and asphaltene-B 

 

The 1st equilibration step was carried out at 25C, a temperature at which the molecules 

don’t move and are not relaxed as shown above. Therefore, implementing an annealing 
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procedure right after, would totally relax the structures. The autocorrelation function 

goes to zero for both types of molecules. 

4.3.5. Cohesive Energy Density 

We were able to obtain the cohesive energy density as a function of temperature. 

The negative values indicate that attraction forces are greater than the repulsive forces. It 

can be inferred from Figure 31 that the absolute value of cohesive energy density of the 

system decreases with increasing temperature. This indicates that at higher temperatures, 

the attraction forces are becoming weaker. This could be because the simulation box 

becomes bigger in volume at higher temperatures and the molecules are further apart. 

 

Figure 31: Cohesive energy density profile with respect to temperature 

 

 

 

-200

-195

-190

-185

-180

-175

-170

-165

20 40 60 80 100 120 140 160

C
o

h
es

iv
e 

En
er

gy
 D

en
si

ty
 (

kJ
/m

o
l.n

m
3
)

Temperature (°C)



 

53 

 

4.4. Mechanical Properties 

At 25°C, the Theodorou and Suter and the stress-strain methods were applied on 

both types of structures, orthorhombic and triclinic in an attempt to compare the results 

based on the structures and the methods. The hydrostatic compression and uniaxial tension 

fits from the Theodorou and Suter method for both structures are shown in Figures 32-39.  

 

Figure 32: Hydrostatic compression of the orthorhombic structure 
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increases within the strain range of -0.01 and -0.008, then decreases for only one value 

and then increases again. Overall, in the orthorhombic structure, the majority of the 

configurations show minor fluctuations with the exception of C2 and C4. In Figure 33, the 

potential energy of all configurations fluctuates. In the triclinic structure, the majority of 

the configurations show major fluctuations with the exception of C3 and C8. 

 

Figure 33: Hydrostatic compression for the triclinic structure 
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systems, and especially in the triclinic case, the potential energy could not be minimized 

in response to the deformation within the number of steps assigned.  

 

Figure 34: Uniaxial tension in the x-direction of the orthorhombic structure 
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Figure 35: Uniaxial tension in the y-direction of the orthorhombic structure 

 

 

Figure 36: Uniaxial tension in the z-direction of the orthorhombic structure 
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Figure 37: Uniaxial tension in the x-direction of the triclinic structure 

 

 

Figure 38: Uniaxial tension in the y-direction of the triclinic structure 
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Figure 39: Uniaxial tension in the z-direction of the triclinic structure 

 

The mechanical properties will be derived by plotting the average potential energy with 

respect to strain over all configurations as shown in Figures 40 and 41. 
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Figure 40: Average plots for the orthorhombic structure 

 

 

Figure 41: Average plots for the triclinic structure 

 

The mechanical properties deduced from these plots are represented in Table 5.  
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Table 5: Mechanical properties for the Theodorou and Suter method 

Direction 
Orthorhombic Triclinic 

E (MPa) ν E (MPa) ν 

X -12 0.50 1924 0.39 

Y 2544 0.34 1372 0.42 

Z 2083 0.37 2626 0.34 

Average 1593 0.40 1985 0.38 

 

The elastic modulus show large deviations between the different directions that 

could be due to the relatively small size of the system or the use of a nonsufficient number 

of configurations.48 The molecular distribution of these small systems vary considerably 

in different directions. Therefore, the response to the stress in different directions is 

expected to be different. The statistical nature of the systems produced could be overcome 

by increasing the number of configurations. As a conclusion, the Theodorou and Suter 

method is highly dependent on the minimization of the potential energy of the system. 

The same analysis was implemented using the stress-strain method. Figure 42 is 

an example on how this method works. A 2.5% continuous strain has been applied on 

configuration 1 of an orthorhombic structure in the x-direction. The black points represent 

the instantaneous pressure in the x-direction, which is equivalent to the stress. By applying 

the adjacent-averaging over 500 points, we obtain the red curve.  
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Figure 42: Configuration 1 orthorhombic x-direction stress-strain experiment 

 

This adjacent-averaging was repeated for the seven other configurations to obtain the rest 

of the smoothened curves. The average over the eight smoothened curves is plotted as 

shown in Figure 43 and then fitted to a straight line, the slope of which represents the 

Young’s modulus in the x-direction. The same procedure was applied in the other two 

directions to obtain the average Young’s modulus for the orthorhombic structure.  
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Figure 43: Average stress-strain in the x-direction for an orthorhombic structure 

 

The instantaneous y and z dimensions were plotted against time and smoothened 

by applying the adjacent-averaging over 50 points as shown in Figures 44 and 45. Then 

the Poisson ratios in the y and z directions were obtained for configuration 1. The same 

procedure was repeated for the other configurations to get the average Poisson ratio when 

the stress is applied in the x-direction. In order to calculate the average Poisson ratios 

when the stress is applied in the y and z directions, the x and z dimensions and the x and 

y dimensions were used respectively. 
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Figure 44: Y-dimension profile with respect to time 

 

Figure 45: Z-dimension profile with respect to time 
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The same steps were repeated to obtain the average Young modulus for the triclinic 

structure.  The results are presented in Table 6. 

Table 6: Mechanical properties for the stress-strain method 

Direction 
Orthorhombic Triclinic 

E (MPa) ν E (MPa) ν 

X 1565 0.40 1416 0.41 

Y 1500 0.40 1478 0.40 

Z 1449 0.40 1570 0.39 

Average 1505 0.40 1488 0.40 

 

Compared to the Theodorou and Suter method, the results of the stress-strain 

experiment are more accurate. The difference in the Young modulus between the different 

directions is much lower. Despite the fact that both the orthorhombic and triclinic 

structures yielded similar results, the mechanical properties at 50 and 75°C will be 

predicted using the orthorhombic structure. The results are shown in Table 7.  

Table 7: Mechanical properties for the stress-strain experiment at 50 and 75°C 

Direction 
50°C 75°C 

E (MPa) ν E (MPa) ν 

X 1257 0.39 956 0.42 

Y 1506 0.43 1079 0.42 

Z 1267 0.40 1036 0.40 

Average 1343 0.41 1024 0.41 

 

The Young modulus is in good agreement with the experimental value of the WL asphalt 

binder: 1384 (± 595) MPa that was obtained at the nanoscale by Atomic Force Microscopy 

(AFM). Discrepancies could be due to the surface morphology of the experimental sample 
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that cannot be modeled using MD or to the experimental sweeping frequency that is 

different than the strain frequency used in MD. Researchers also calculated the bulk 

modulus of model asphalts using MD simulations at ambient conditions and obtained 

values comparable to this work (1100 MPa22, 1600 MPa14 and 730 MPa17). The 

discrepancies in this case could be due to the different asphalt models and force fields 

used. From the stress-strain method, we were able to plot the Young’s modulus profile 

against temperature as shown in Figure 46. It is evident that the Young modulus decreases 

with increasing temperature. Despite the fact that we see a change in the slope at 50°C, 

nothing can be inferred from the plot regarding the phase change because we are only 

using three data points. 

 

Figure 46: Young’s modulus profile with respect to temperature 
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4.5. Adhesion and Moisture Effects 

In the previous sections, the AS2 model was validated against the experimental 

density and Young’s modulus of the WL binder.  In this section, the moisture effects on 

the adhesion between the AS2 asphalt model and two minerals, calcite and quartz, will be 

evaluated at 25, 50 and 75°C. 

4.5.1. Mineral Structures 

In order to set up the simulations, there is a need to create realistic calcite and 

quartz structures.  

4.5.1.1. Calcite 

In the case of calcite, the {101̅4} structure, shown in Figure 47, was employed for 

being the most stable and neutral surface.57 The carbon atom is attached to the oxygen 

atoms (red) to form a carbonate group. Then the carbonate groups are bound by the 

calcium atoms (blue). The structure has the following dimensions: 4.99 × 4.856 ×

2.424 𝑛𝑚. 

 

Figure 47: Calcite {𝟏𝟎�̅�𝟒} structure 
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4.5.1.2. α-Quartz 

At ambient conditions of temperature and pressure, α-quartz is the most stable 

silica polymorph58 and the {001} hydroxylated surface is its most stable surface.59 The 

structure shown in Figure 48 has the following dimensions: 4.913 × 5.106 × 2.414 𝑛𝑚. 

The tetrahedral silicon (yellow) is attached to the bridging oxygen atoms (red) in the bulk 

of the structure. At the upper and bottom surfaces, where the structure was cleaved, the 

hydroxyl oxygen is attached to hydrogen (white). 

 

Figure 48: The α-quartz  {𝟎𝟎𝟏} structure 

 

4.5.2. Adhesion on a Dry Basis 

Asphalt-calcite and asphalt-quartz complex configurations were developed and 

equilibrated in terms of density and potential energy. Then, the work of adhesion, which 

is the energy of adhesion per surface area, was calculated by summing up the Coulombic 
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and Lennard-Jones energies between the asphalt and calcite and quartz respectively then 

dividing the sum by the surface area at the interface for the three different temperatures. 

Table 8 summarizes our findings. 

 

Table 8: Work of adhesion at 25, 50 and 75C on a dry basis 

Temperature (C) 
Work of adhesion (kJ/mol.nm2) 

Asphalt-Calcite Asphalt-Quartz 

25 -195 -112 

50 -197 -104 

75 -190 -107 

 

First, the negative values indicate that attractive forces exist between the asphalt 

structure and both minerals. Second, the work of adhesion was not affected by the 

temperature increase for either of the minerals. The discrepancies shown in the table are 

due to the poor statistics; we only used one configuration per temperature.  Finally, the 

obtained results indicate that our asphalt has a higher affinity to bond with calcite than 

quartz on a dry basis. In their work, Xu and Wang23 were able to identify the same trend, 

which was experimentally validated. Minerals of basic nature such as calcite have a 

stronger adhesion bond with asphalt binders compared to minerals of acidic nature such 

as quartz60. It is worth nothing that around 80% of this adhesion comes from the Lennard-

Jones interactions. The rest, which is 20%, is a result of the Coulombic interactions.  
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4.5.3. Adhesion on a Wet Basis 

The asphalt-calcite and asphalt-quartz complex structures were successfully 

loaded with 438 and 289 water molecules respectively. Figure 49 illustrates the loaded 

complex structures at 25C. After equilibrating the complex structures in the presence of 

water, the number density profile of water in the z-direction for both complex structures 

were processed at the three different temperatures as shown in Figures 50 and 51. 

 

Figure 49: Complex structures with water at 25C: (A) - calcite, (B) – quartz 

 

The high peaks at the beginning and end of each graph correspond to the number of water 

molecules at the interface; whereas, the peaks in the middle describe the number of water 

molecules incorporated in the asphalt structure. In the case of calcite, the number of water 

molecules at the interface increases significantly with increasing temperature. However, 
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this is not the case for quartz. The number of water molecules at the interface was 

approximately the same.  

When the temperature is increased, the volume of the asphalt structure increases 

allowing for more void space. In addition, the kinetic energy of the water molecules 

increases. Hence, water molecules can diffuse much easier towards the interface, if and 

only if, the attraction forces between water and the mineral are higher than those of water-

water and water-asphalt. The results show that this is true in the case of calcite only. 

Therefore, water favors the surface of calcite over quartz. 

 

Figure 50: Asphalt-Calcite water number density profile in the z-direction 
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Figure 51: Asphalt-Quartz water number density profile in the z-direction 

Table 9 summarizes the results obtained on a wet basis. 

Table 9: Work of adhesion at 25, 50 and 75C on a wet basis 

Temperature (C) 
Work of adhesion (kJ/mol.nm2) 

Asphalt-Calcite Asphalt-Quartz 

25 -128 -90 

50 -115 -85 

75 -104 -80 

 

First, we can see that the effect of temperature on calcite is more pronounced 

compared to quartz. When the temperature increases from 25 to 75C, the work of 

adhesion decreases by 19% for calcite and 11% for quartz. This was already established 

in our previous discussion. In the case of calcite, more water diffuses to the interface at 

higher temperatures compared to quartz. Second, the work of adhesion on a wet basis has 

dropped by 41% and 21% for calcite and quartz respectively compared to the work of 
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adhesion on a dry basis. These results are in good agreement with our findings that water 

favors the calcite surface over quartz. Finally, even with the higher drop, calcite still has 

a higher bonding energy to the asphalt binder in the presence of water for all temperatures. 

Based on these calculations, one can assume that in real life application, the damage will 

start at the quartz surface. It was already proven experimentally that quartz show a 

detrimental behavior in presence of moisture61. 

The MD simulations conducted had multiple shortcomings: 

• Experimentally, the presence of contaminants and aggregate’s surface 

texture play an important role in the adhesion work. Computationally, these 

two factors were not accounted for. Therefore, different aggregate surfaces 

must be used, and contaminants should be added to the complex system; 

• The water content for both aggregates was different, which would affect 

the adhesion forces at the interface. This could be overcome by normalizing 

the number of water molecules adsorbed at the interface; 

• The acid-base reactions taking place at the interface and the hydrogen 

bonding that might occur between the hydroxyl groups in quartz and water 

were not accounted for because of the limitations of the Xiao et.al. and 

CLAYFF force fields. A force field that accounts explicitly for chemical 

reactions may be more preferable; 

• Two different force fields were used for calcite and quartz. The use of one 

common force field would yield a more accurate comparison. However, 

such a force field does not exist in the literature. 
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5. CONCLUSIONS 

 

MD simulations were used to study the effect of moisture on the adhesion forces 

between a developed model asphalt and mineral structures such as calcite and quartz at 

the nanoscale. The asphalt model was equilibrated and relaxed by applying a new protocol 

developed in this study. Simulation data were validated against experimental density and 

Young’s modulus measurements obtained at ambient conditions. The following 

conclusions emerged from this work: 

1. TraPPE-UA predicted the densities of small organic molecules in a range of 

temperatures and reproduced the structural properties of pentane more accurately 

than OPLS-AA. However, the general nature of the latter gives it an advantage 

over TraPPE-UA, that cannot be used to represent asphalt molecules without being 

further optimized; 

2. The developed asphalt model agreed with the experimental SARA fractions 

(within 1%), elemental compositions (within the range) and density (within 1.7%); 

3. Due to the nature of the system and the presence of bulky molecules, a new 

approach was implemented in order to equilibrate the structures in terms of 

density, potential energy and pressure and relax the different molecules. It took 3 

steps (2 equilibration and annealing) and around 60 ns to accomplish this goal. 

This procedure can be further optimized to reduce the time needed; 

4. The Theodorou and Suter method failed to predict the Young’s modulus in both 

orthorhombic and triclinic structures of the asphalt structure. Whereas, the stress-
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strain method predicted the Young’s modulus within the experimental range for 

both types of structures. It is recommended to use the stress-strain method for 

complex multi-component systems; 

5. The work of adhesion, on a dry basis, between the asphalt binder and calcite was 

higher than that of quartz at 25, 50 and 75C. Experimentally, asphalts adhere to 

alkaline surfaces stronger than acidic ones. It was also deduced that the 

temperature does not affect the work of adhesion on a dry basis. In addition, the 

Lennard-Jones interactions were accounted for at least 80% of the total work of 

adhesion; 

6. The effect of the temperature on asphalt adhesion with calcite in the presence of 

moisture was more pronounced than the adhesion with quartz. It was also found 

that calcite is more susceptible to moisture damage after a decrease of 41% in the 

work of adhesion after adding water compared to 21% for quartz. However, the 

asphalt-calcite complex system was still favored over the asphalt-quartz because 

of the higher absolute value of the work of adhesion. Therefore, for engineering 

applications, it is predicted that damage will start at the weakest link, which is the 

quartz. 

The method developed in this work can be used in the future to guide the 

design of improved asphalt - mineral structures with superior mechanical 

properties in real life applications. 

 In future work, research should take advantage of the equilibration 

process. The thermodynamic and elastic properties can be always used to validate 
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asphalt models. However, when it comes to calculating the work of adhesion, there 

are important factors that should be taken into consideration such as the 

morphology of the mineral structures, i.e. the effect of the mineral surface, water 

diffusion in the asphalt structure and water adsorption at the mineral surface and 

the force fields used to describe asphalts, minerals and water.        
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APPENDIX A1 

 

Table 10: Nonbonded parameters for the OPLS-AA force field6 

Atom Type Description 
Molecular 

Weight (u) 
σ (nm) ε (kJ/mol) 

opls-SSA aromatic S 36.0600 0.360 1.485320 

opls-OOA aromatic O 15.9990 0.312 0.711280 

opls-OOO aliphatic O 15.9990 0.290 0.585760 

opls-NNA aromatic N 14.0070 0.325 0.711280 

opls-CCN aromatic C 12.0110 0.375 0.439320 

opls-CCA aromatic C 12.0110 0.355 0.292880 

opls-CAA aromatic C 12.0110 0.350 0.347200 

opls-CCC aliphatic C 12.0110 0.350 0.276144 

opls-HHH aliphatic H 1.0080 0.250 0.125520 

opls-HHA aromatic H 1.0080 0.242 0.125520 

opls-HHO H attached to O 1.0080 0.000 0.000000 

opls-HHN H attached to N 1.0080 0.000 0.000000 

 

Table 11: Nonbonded parameters for the CLAYFF force field51 

Atom 

Type 
Description 

Molecular 

Weight (u) 
Charge (e) R0 (Å) D0 (kcal/mol) 

st tetrahedral silicon 28.0855 2.1000 3.7064 1.8405 × 10−6 

ob bridging oxygen 15.9990 -1.0500 3.5532 0.1554 

oh hydroxyl oxygen 15.9990 -0.9500 3.5532 0.1554 

ho hydroxyl hydrogen 1.0080 0.4250 0.0000 0.0000 

 

                                                 

1 All bonded parameters can be found in the literature papers mentioned in Appendix A 
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Table 12: Nonbonded parameters for TIP3P force field52 

Atom 

Type 
Description 

Molecular 

Weight (u) 

Charge 

(e) 

C12 

(kJ/mol.nm12) 

C6 

(kJ/mol.nm6) 

Ow water oxygen 15.9990 -0.830 2.44 × 10−6 2.49 × 10−3 

Hw water hydrogen 1.0080 0.415 0 0 

 

Table 13: Atomwise nonbonded parameters for Xiao et.al. force field50 

Atom 

Type 
Description 

Molecular 

Weight (u) 

Charge 

(e) 

C12 

(kJ/mol.nm12) 

C6 

(kJ/mol.nm6) 

Ca calcium 40.0780 1.668 2.52 × 10−7 1.42 × 10−3 

Cm calcite carbon 12.0110 0.999 1.44 × 10−5 4.61 × 10−3 

Om calcite oxygen 15.9990 -0.889 1.77 × 10−6 2.03 × 10−3 

 

Table 14: Pairwise nonbonded parameters for the Xiao et.al. force field50 

Atom 

Type 1 

Atom 

Type 2 

C12 

(kJ/mol.nm12) 

C6 

(kJ/mol.nm6) 

Ca Om 9.49 × 10−7 0 

Cm Cm 4.61 × 10−6 1.43 × 10−2 

Cm Om 9.04 × 10−10 3.08 × 10−4 

Om Om 5.94 × 10−7 5.21 × 10−5 

Ca Ow 8.85 × 10−7 2.00 × 10−3 

Cm Ow 5.91 × 10−6 3.39 × 10−3 

Om Ow 2.07 × 10−6 2.25 × 10−3 

Om Hw 7.98 × 10−9 9.65 × 10−7 
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APPENDIX B 

 

Table 15: Density data for linear and branched alkanes 
 pentane  

 P (bar) 2 

NIST  T (K) 298.15 308.15 318.15 328.15 

 Exp. (kg/m3) 620.96 610.64 600.64 590.02 

Simu. (kg/m3) 
OPLS-AA 617.48 605.59 592.48 579.25 This 

Work TraPPE 623.28 612.96 602.55 591.75 

Error (%) 
OPLS-AA 0.56% 0.83% 1.36% 1.83%  

TraPPE 0.37% 0.38% 0.32% 0.29%  

       

 2,methylpentane  

 P (bar) 1.013 

NIST  T (K) 298.15 308.15 318.15 328.15 

 Exp. (kg/m3) 648.6 639.33 629.88 620.21 

Simu. (kg/m3) 
OPLS-AA 658.72 647.43 636.2 624.94 This 

Work TraPPE 654.08 644.49 634.47 624.66 

Error (%) 
OPLS-AA 1.56% 1.27% 1.00% 0.76%  

TraPPE 0.84% 0.81% 0.73% 0.72%  

       

 dodecane  

 P (bar) 1.013 

NIST  T (K) 298.15 308.15 318.15 328.15 

 Exp. (kg/m3) 745.73 738.34 730.95 723.56 

Simu. (kg/m3) 
OPLS-AA 749.05 740.35 730.56 722.87 This 

Work TraPPE 755.03 747.33 740.45 732.9 

Error (%) 
OPLS-AA 0.45% 0.27% 0.05% 0.10%  

TraPPE 1.25% 1.22% 1.30% 1.29%  
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Table 16: Density data for cyclic alkanes 
 cyclopentane  

 P (bar) 1.013 

PAPER62  T (K) 283.15 288.15 293.15 298.15 

 Exp. (kg/m3) 754.76 749.85 744.9 739.92 

Simu. (kg/m3) 
OPLS-AA 740.05 735.16 728.66 723.16 This 

Work TraPPE 729.77 721.05 712.64 706 

Error (%) 
OPLS-AA 1.95% 1.96% 2.18% 2.27%  

TraPPE 3.31% 3.84% 4.33% 4.58%  

       

 cyclohexane  

 P (bar) 1.013 

NIST  T (K) 298.15 308.15 318.15 328.15 

 Exp. (kg/m3) 773.89 764.37 754.78 745.08 

Simu. (kg/m3) 
OPLS-AA 764.32 752.92 742.73 730.15 This 

Work TraPPE 794.96 785.49 775.49 767.3 

Error (%) 
OPLS-AA 1.24% 1.50% 1.60% 2.00%  

TraPPE 2.72% 2.76% 2.74% 2.98%  

 

Table 17: Density data for benzene 
 benzene  

 P (bar) 1.013 

NIST  T (K) 298.15 308.15 318.15 328.15 

 Exp. (kg/m3) 873.67 863.08 852.33 841.44 

Simu. (kg/m3) 
OPLS-AA 905.86 895.93 883.39 871.07 

This Work 
TraPPE 867.88 858.28 847.74 838.16 

Error (%) 
OPLS-AA 3.68% 3.81% 3.64% 3.52%  

TraPPE 0.66% 0.56% 0.54% 0.39%  
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Table 18: Density data for naphthalene 
 naphthalene  

 P (bar) 3.26 7.16 13.82 24.51 PHB63 

 T (K) 550 600 650 700 
PAPER27 

 Exp. (kg/m3) 771 718 655 572 

Simu. (kg/m3) 
OPLS-AA 829.65 771.53 704.53 609.55 This Work 

TraPPE 769 721 655 570 PAPER27 

Error (%) 
OPLS-AA 7.61% 7.46% 7.56% 6.56%  

TraPPE 0.26% 0.42% 0.00% 0.35%  

 

Table 19: Density data for hetero-molecules 1 
 oxane  

 P (bar) 1.013 

PAPER64  T (K) 293.15 303.15 313.15 323.15 

 Exp. (kg/m3) 884.27 874.07 863.76 853.46 

Simu. (kg/m3) 
OPLS-AA 889.18 876.56 867.2 855.24 

This Work 
TraPPE 920.16 907.78 899.83 890.43 

Error (%) 
OPLS-AA 0.56% 0.28% 0.40% 0.21%  

TraPPE 4.06% 3.86% 4.18% 4.33%  

       

 thiophene  

 P (bar) 2.7 7.85 18.17 30.74 PHB 

 T (K) 393.15 443.15 493.15 530.15 PAPER31 

 Exp. (kg/m3) 938.13 864.34 777.03 694.93 PHB 

Simu. (kg/m3) 
OPLS-AA 1012.15 945.37 874.58 812.12 This work 

TraPPE 936.52 872.92 798.41 734.36 PAPER31 

Error (%) 
OPLS-AA 7.89% 9.37% 12.55% 16.86%  

TraPPE 0.17% 0.99% 2.75% 5.67%  
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Table 20: Density data for hetero-molecules 2 

 pyrrole  

 P (bar) 0.3409 2.739 13.35 31.71 

PAPER65  T (K) 370 440 520 580 

 Exp. (kg/m3) 899 828 730 633 

Simu. (kg/m3) 
OPLS-AA 1026.93 957.99 865.1 775.12 This Work 

TraPPE 900.6 827.4 736.6 638.2 PAPER65 

Error (%) 
OPLS-AA 14.23% 15.70% 18.51% 22.45%  

TraPPE 0.18% 0.07% 0.90% 0.82%  

       

 pyridine  

 P (bar) 1.33 6.54 16.42 33.36 PAPER65 

 T (K) 398.1 468.1 523.1 575.1 PAPER66 

 Exp. (kg/m3) 873.47 792.47 717.61 622.07 PAPER65 

Simu. (kg/m3) 
OPLS-AA 931.39 853.21 789.02 716.17 This Work 

TraPPE 874.8 784.3 709.1 594.1 PAPER66 

Error (%) 
OPLS-AA 6.63% 7.66% 9.95% 15.13%  

TraPPE 0.15% 1.03% 1.19% 4.50%  

       

 phenol  

 P (bar) 1.92 6.61 17.23 34.12 PHB 

 T (K) 480 540 600 650 PAPER67 

 Exp. (kg/m3) 899.85 830.67 747.94 655.83 PHB 

Simu. (kg/m3) 
OPLS-AA 928.55 853.86 760.28 664.21 This Work 

TraPPE 888.55 813.26 720.21 613.6 PAPER67 

Error (%) 
OPLS-AA 3.19% 2.79% 1.65% 1.28%  

TraPPE 1.26% 2.10% 3.71% 6.44%  

 

 

 


