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Abstract

:

The diffusion between the virgin and aged asphalt binder in the recycled asphalt mixture is a crucial factor affecting its macro-mechanical performance. In this study, a combined model of the virgin-aged layered asphalt structure was assembled based on the molecular dynamics (MD) method. A four-component and twelve-category molecule were used to model the asphalt. The diffusion behaviors of the virgin and aged asphalt were characterized by mean square displacement (MSD), diffusion coefficient, relative concentration and cohesive energy density (CED). Results indicated that at the same temperature, the diffusion coefficient of the virgin asphalt was the largest, followed by the virgin-aged asphalt and the aged asphalt. As the temperature increased, the relative concentration on both sides of the virgin-aged asphalt overlapped to a certain extent. The covered lengths of the virgin asphalt were larger than those of the aged asphalt, indicating the diffusion between the virgin asphalt and aged asphalt was mainly manifested as the diffusion from the virgin asphalt to the aged asphalt. The development of CED and the fraction of free volume (FFV) indicated the mutual attractive interactions among the molecules in virgin and aged asphalt layers became strong and the cohesion properties inside the model became better.
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1. Introduction


By the end of 2020, the total mileage of highways in China was up to 5.19 million kilometers [1], 99% of which needs different levels of maintenance. A large amount of reclaimed asphalt pavements (RAP) would be inevitably generated in pavement maintenance. If no reasonable measure was taken, lots of lands would be occupied. RAP may become a major pollution source to air and water. Therefore, the reuse of RAP in road engineering is a necessary way for current sustainable development. In road engineering, RAP could be used in subgrade or subbase. Due to the existence of a binder film coating on the aggregate, RAP could be used in the preparation of new asphalt mixtures, in which RAP could provide both binder and high-quality aggregate, thus reducing the demand for new raw materials, reducing the cost and preserving natural resources.



Blending occurs between the aged binder in RAP and virgin binder under the effect of high temperatures during mixing and compaction. The blending issue attracts extensive concerns around ensuring the quality of asphalt mixtures with RAP. The blending efficiency is an indicator characterizing the content and uniformity of mixing. The blending between the virgin and aged binder is a very complicated physicochemical process. Inadequate blending would induce various distresses, such as cracking and moisture damage. In studying the blending efficiency between the virgin and aged binder, the staged extraction method is commonly used nowadays [2,3,4]. Using the staged extraction method, it was found that only a small percentage of RAP binder blended with the virgin binder, while other parts acted as a stiff layer coating on RAP aggregates. However, the validity of the stage extraction method is affected by many factors, such as washing time, temperature, solvent type, etc. [5]. Therefore, the adoption of the staged extraction method should be implemented with great caution. Some chemical techniques are generally used, combined with the staged extraction method, to understand the blending issue. Using Fourier Transform Infrared Spectroscopy (FTIR) and Gel Permeation Chromatography (GPC), Bowers et al., [2] found that the blending between the RAP binder and the virgin binder would occur in all layers of the RAP binder from the outside to the inside, although the blending was not uniform. Sreeram et al. [6] investigated the RAP binder mobilization and blending efficiency using the ATR-FRIR approach. Results indicated that the RAP mobilization was highly dependent on temperature; warm mix additives could help to increase the mobilization of RAP and its subsequent blending efficiency. Huang et al. [7] conducted FTIR and GPC tests to evaluate the effect of rejuvenators on bitumen’s chemical and rheological characteristics. It was reported that the sulfoxide index of FTIR and three GPC parameters (weight-average molecular weight, polydispersity, and large molecular size) could be used as reliable indices to characterize the rheological properties of rejuvenated bitumen.



The chemical techniques provide tools to investigate the interaction between the virgin and aged asphalt and the effect of various additives on bitumen. However, these techniques could not give a clear insight into the molecular interactions. The microscopic behaviors from the perspective of the molecular can provide insights into a better understanding of the macroscopic performance [8,9,10]. With the rapid development of computer technology, molecular simulation methods have been commonly used in various fields. Molecular dynamics (MD) is a computational method to simulate the interactions and behaviors of multiple molecules and the related atoms under given conditions based on the fundamental principles of statistical mechanics and thermodynamics [11]. Generally, the trajectories of atoms and molecules were generated from Newton’s equations of motion, where forces between particles and their potential energies are calculated using interatomic potentials or molecular mechanics force fields. The basic three elements of MD simulation can be concluded as force field, structure optimization and performance calculation. MD is a valuable tool to better understand the behaviors of asphalt and its mixtures from the microscopic perspective.



Asphalt is a major by-product extracted from crude oil. The components in asphalt are very complicated. A wealth of research shows that asphalt is composed of millions of different molecules [12,13,14], which present significant differences in physicochemical properties. To ensure the accuracy of MD simulations, the determination of the chemical composition and molecular structure is the first step. Zhang and Greenfield firstly regarded asphalt as a three-component mixture, including resin, saturate, and asphaltene [15]. Another component, aromatic, was introduced in the subsequent research [16,17,18,19]. With a deepening understanding of asphalt and the improvement at a computer level, more complicated asphalt models were generated, such as the 12-component asphalt molecular [20]. After establishing the asphalt model, the model accuracy is determined by verifying the parameters, such as density, viscosity, etc. Yao et al. used the Amber Cornell Extension Force Field to predict the physicochemical properties of asphalt [21]. The model contained three components: asphaltene, aromatic, and saturate. The density, viscosity and bulk modulus generated from MD modeling were close to the laboratory testing data.



Many researchers adopt the MD model of asphalt to simulate the mechanical properties of asphalt [10,22], the interaction between components [19], the diffusion behavior [16,23] and the effects of aging and modifiers on the asphalt behaviors [24]. The interfacial properties of asphalt/aggregate, including the mechanical effects of interfacial adhesion and moisture [25,26], were effectively predicted by MD simulation. Xu et al. developed a two-layered model to investigate the interaction between rejuvenator and RAP binder in the asphalt recycling process from the atomic scale [27]. Results showed that rejuvenator diffusion followed the Fickian equation. The rejuvenator could restore the thermodynamic properties and molecular structures to the virgin binder to a certain extent. Ding et al. investigated the diffusion between the virgin and aged asphalt binder [16]. Results indicated that the diffusion was affected by both the diffusion ability itself and the properties of the diffusion acceptor. On the other hand, the order of adding a rejuvenator was a critical factor affecting the diffusion of the virgin and aged binders. Cui et al. investigated the effect of water, temperature, and the rejuvenator on the aged asphalt [24]. Results indicated that compared to improving the crack resistance, the effect of rejuvenators in aged asphalt on weakening the rutting resistance was more pronounced. Under high temperatures, a low dosage of rejuvenator presented higher diffusion coefficients than that of high dosage. Temperature and water showed coupled adverse effects on the work of adhesion between the asphalt and aggregate.



Besides, the self-healing capability of asphalt binder was also evaluated based on MD simulations [28,29]. The indices-diffusion coefficient, activation energy, and pre-exponential factor et al. were put forward to evaluate the self-healing performance. The effects of the molecule structure (chain length and branching), temperature and modifying agent (SBS) were explored. In summary, MD can effectively predict the performance of asphalt, and the macroscopic behaviors can be correlated to microscopic mechanisms. This technique is helpful to understand the various behaviors of asphalt from the microscopic perspectives, including the influencing factors of adhesion, cohesion, diffusion and engineering prediction, etc. Although [16] investigated the diffusion behaviors between the virgin and aged binders, the diffusion was explored from the point of each component. The MD model contained only three parts, including asphaltene, resin, and oil. In [18], the diffusion behaviors between the rejuvenator and the aged binder showed that naphthene aromatics performed best for diffusion, while polar aromatic performed the worst. In this study, authors investigated the diffusion between the virgin and aged binders using a more complicated model, and the investigation was conducted from the point of the whole model. The force field in this study was COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies), which was also different from [16,23]. This is the novelty of this study.




2. Objective and Scope


This study aimed to explore the diffusion behaviors between the virgin and aged asphalt. To make a comprehensive analysis, a two-layered molecular system was built up to simulate the diffusion under different temperatures. Densities of the virgin and aged asphalt were obtained firstly to verify the accuracy of the model. The mean square displacement (MSD), diffusion coefficient, relative concentration, and cohesive energy density (CED) were obtained during the diffusion process. The effect of temperature on these parameters was explored.




3. Model Building


3.1. Virgin Asphalt


Asphalt is complicated in composition and can be regarded as a three-component structure or a four-component structure. In 1993, Jennings et al. developed eight models for standardized asphalt samples studied in the SHRP plan [30]. Within the eight models, the AAA-1 model is most commonly used and has an almost equivalent chemical and mechanical performance to that of real asphalt. Therefore, based on the AAA-1 model, a numerical model describing the molecular structure of asphalt was established using a four-component and twelve-category molecular system, as shown in Figure 1. The compositions of the asphalt model can be seen in Table 1.




3.2. Aged Asphalt


The aging of asphalt generally has two stages: the first stage is early aging or rapid aging. In this stage, the asphalt material has a fast-aging rate, and sulfoxide is the major oxidation; the second stage is the long-term aging or continuous aging stage, in which the asphalt material has a relatively slow aging rate, and the changes in material properties caused by aging are fairly gentle. In this stage, the ketone group is the main oxidation product in the asphalt binder [31]. The ratio of sulfoxide group and ketone group during asphalt aging is related to oxygen concentration, sulfur content, temperature, and other factors. Some experimental investigations also revealed that the ketones and sulfoxides were major functional groups formed after oxidation [31,32]. Therefore, when building an aged asphalt model, ketone and sulfoxide groups can be introduced into the virgin asphalt model, where oxidation may occur to form an aged asphalt model. At the same time, as saturated phenols are long-chain alkanes, the properties of alkanes are relatively stable, and their oxidation can be ignored. In the aging asphalt model, the saturates consistent with the virgin asphalt model are still used.



In this study, the aged asphalt model and the component ratio of each group adopt the data in [33,34]. The components of the aged asphalt can be seen in Figure 2.



The COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies) field [35,36] was used in this study. It is the first ab initio forcefield that enables accurate and simultaneous prediction of structural, conformational, vibrational, and thermophysical properties for molecules in isolation and condensed phases. This force field has been validated to make accurate predictions of various material properties. The total energy can be calculated using Equation (1).


   E  total   =  ∑   E b  ( b )   +  ∑   E θ    ( θ ) +  ∑   E φ  ( φ ) +    ∑   E   b , θ , φ      ( b , θ , φ ) +  ∑   E γ  ( γ )   +  E  vdw   +  E  coulomb    



(1)




where    ∑   E b  ( b )     is the covalent bond stretching energy terms;    ∑   E θ    ( θ )   is the bond angle bending energy terms;    ∑   E φ  ( φ )     is the torsion angle rotation energy terms of the polymer chain;    ∑   E   b , θ , φ      ( b , θ , φ )   is cross interactions included in the dynamic variations among the bond stretching, bending, and torsion angle rotation;    ∑   E γ  ( γ )     is the out-of-plane energy;    E  vdw     is the van der Waals force energy;    E  coulomb     is the Coulombic electrostatic force energy.    ∑   E b  ( b )    ,    ∑   E θ    ( θ )  ,    ∑   E φ  ( φ )     and    ∑   E   b , θ , φ      ( b , θ , φ )   can be directly obtained when a model was set up. The out-of-plane interaction, also called inversion interaction, is part of nearly all forcefields for covalent systems. The van der Waals energy is obtained after optimization in a condensed system.




3.3. Layered Diffusion Model of the Virgin-Aged Asphalt


Under given temperatures, diffusion would occur between the virgin and aged asphalt binder. A constant pressure ensemble (NPT) was selected to simulate the diffusion process. As the temperature increased, the asphalt molecules on both sides of the simulated interface can flow freely, diffuse and gradually merge (Figure 3). The Nose–Hoover method was used to control the system temperature. The inherent rheological properties of asphalt are the main reason for the spontaneous molecular diffusion and randomization behavior, and this behavior requires appropriate temperature and time to stimulate. When a relatively high temperature or a long time is reached, the molecules move faster or penetrate each other more fully. Therefore, the nano-view interface would show higher fusion efficiency and a better fusion effect. In this study, three temperatures were selected, including 110 °C (383.15 K), 140 °C (413.15 K), and 170 °C (443.15 K). The temperature of 170 °C is generally slightly higher than the mixing temperature. The diffusion simulation at this temperature can investigate the effect of mixing on the diffusion between the virgin and aged asphalt. The temperature of 140 °C can be regarded as the temperature at which paving is conducted. When establishing the MD model, cell relaxation on the virgin asphalt and aged asphalt models was performed at three temperatures firstly; then, the layered virgin-aged asphalt model was built; lastly, the geometric optimization of the layered model was performed for 5000 iterations to obtain the final analysis model. Figure 3 is the layered diffusion model at 383.15 K.





4. Results


4.1. Density Prediction


The virgin asphalt model and the aged asphalt model were developed firstly to calculate the densities. In the NPT ensemble at 300 K and 1 atm pressure, when the system was stable, the estimated densities were 0.984 and 1.055 g/cm3 for the virgin and aged asphalt, respectively, as shown in Table 2. The density of the aged asphalt was slightly higher than that of the virgin asphalt, which was due to the sulfoxide group and ketone group in the aged asphalt. The calculated density was consistent with the published data, indicating the model in this study is reasonable.




4.2. Mean Square Displacement (MSD) and Diffusion Coefficient


After establishing the virgin-aged asphalt layer model, some thermodynamic calculations were carried out to analyze the mutual diffusion behavior between the virgin and aged asphalt. MSD is the deviation of a particle’s position towards a referenced position over time. It can be calculated using Equation (2).


  M S D =  1 N    ∑  n = 1  N        x n  ( t ) −  x n  ( 0 )    2     



(2)




where N is the number of particles to be averaged, xn(0) is the referenced position of each particle and xn(t) is the specific position of a particle at time t.



The diffusion coefficient can be calculated using Equation (3).


  D =  1  6 N     lim   t → ∞    d  d t     ∑  n = 1  N        x n  ( t ) −  x n  ( 0 )    2     



(3)




where    d  d t     represents the slope of the MSD curve.



To explore the diffusion between the virgin and aged asphalt, we mainly studied the diffusion along the direction perpendicular to the interface, without considering the diffusion along with other directions. Due to the number of particles (N) being constant in the NPT ensemble, the slope of the curve between MSD and t is proportional to the diffusion coefficient. The greater the slope of the MSD curve, the greater the diffusion coefficient, and the stronger the molecular diffusion ability. The diffusion coefficient can be obtained from the MSD curve, which is 1/6 of the slope.



Figure 4 shows the diffusion between virgin and aged asphalt at 383.15 K. At 5 ps, the aged asphalt and virgin asphalt started to make contact, and the MSD was very large at this time. From 5 ps to 100 ps, the virgin and aged asphalt filled the original gap between the two layers. After 100 ps, the diffusion became stable. MD simulation under the NPT ensemble was conducted for 500 ps at each temperature.



MSDs of all the layers at different temperatures were plotted in Figure 5. It can be clearly observed that MSDs of the virgin asphalt were the largest, and the values of the aged asphalt were the lowest. Considering the entire asphalt model, the MSDs of the virgin-aged asphalt were between the values of the virgin and the aged asphalt. In these figures, linear fitting was conducted, and the slopes of the MSD curves can be derived. Thus, diffusion coefficients of all the layers were calculated and presented in Figure 6. It can be observed that no matter for the virgin asphalt, aged asphalt, or the entire model, the diffusion coefficient increased with the increasing temperature, which is consistent with our common sense. The diffusion coefficient of the aged asphalt layer was the smallest, while the diffusion coefficient of the virgin layer was the largest. This conclusion is consistent with previous findings [37,39]. Ding et al. also found that when the virgin asphalt and the aged asphalt diffused across the vacuum between them, the diffusion coefficient of the virgin binder was larger than that of the aged binder [40]. It was reported that after aging, the diffusion coefficients of all the four components in asphalt decreased, with the asphaltene and naphthene aromatic having the most considerable reduction [39]. Rad et al. prepared some samples of the two-layer binder, and adopted the Fick’s law and DSR test to investigate the diffusion between the aged and virgin binder [41]. Results showed that the increase in temperature or conditioning time could lead to the increment of the diffusion coefficient.




4.3. Relative Concentration


In the mixing of hot mix asphalt (HMA) with RAP, due to the inconsistent content of components in the virgin and aged asphalt, there exists a difference in the substance concentration between the virgin and aged asphalt. The substances in the high-concentration area are affected by the concentration gradient and gradually diffuse to the low-concentration area. Due to the free movement of the molecular, the local density would be different in different positions of the diffusion space. Relative concentration is the proportion of the local density to the bulk density. When there is nothing molecular in a zone, the relative concentration is zero. If the substance has adequate diffusion in a zone, the density in the zone is the same as the density of the entire system. The relative concentration can be calculated according to [42,43]


  R  C i  =    C i     C  b u l k      



(4)






   C i  =    N i     V i     



(5)




where RCi is the relative concentration of the slab i; Ci is the concentration of the slab i; Cbulk is the bulk concentration; Ni is the number of particles in the slab i; Vi is the volume of the slab i.



Figure 7 shows the relative concentrations at different temperatures. Figure 7a shows the relative concentration at the initial state, in which an original gap existed between the virgin and aged binder. The cell length at this time was 100 Å. Figure 7b,c and d present the relative concentrations at 500 ps under the temperatures of 383.15, 413.15, and 443.15 K, respectively. It can be observed that the cell lengths at 383.15, 413.15 and 443.15 K were 89.31, 89.42, and 92.98 Å, which were lower than the cell length at the initial state. The overlapping lengths at 383.15, 413.15, and 443.15 K were 40~50, 37~50, and 37~50.5 Å, indicating that after 500 ps’ simulation, significant diffusion existed, and a higher temperature could induce a larger overlap between the virgin and aged asphalt. It should be noted that at the two sides of the box, the virgin binder molecular could reach the boundary where the aged binder existed; the phenomenon was the same as the aged binder. This was ascribed to the fact that compared to other positions, the concentrations were lower at two sides; thus, molecular could easily reach the sides due to the low concentration gradients.



To differentiate the diffusion efficiencies of the aged and virgin binder, it needs to detect the change of the covered lengths of the aged and virgin binder. The covered length is defined as the major length, in which the asphalt molecular covered, which can be seen in Figure 7d. In Figure 8, the covered lengths of the virgin and aged asphalt were presented. It can be observed that the covered lengths of both the virgin and aged binder increased along with the increase in temperature, indicating temperature is a crucial factor affecting the diffusion. From 383.15 to 443.15 K, the covered length of the virgin asphalt increased by 14.6%, while the increase in the covered length of aged asphalt was 6.2%. This indicated that temperature promoted the diffusion of the virgin asphalt more obviously than it did to the aged asphalt. At the same temperature, the cover length of the virgin binder was larger than that of aged binder. Compared to the covered length of the aged binder, the covered length of the virgin binder increased by 0.77%, 6.4%, and 11.3% at 383.15 K, 413.15 K and 443.15 K, respectively. The diffusion between the virgin asphalt and aged asphalt was mainly manifested as the diffusion from the virgin asphalt to the aged asphalt.




4.4. Cohesive Energy Density and Fraction of Free Volume


The cohesive energy density (CED) measures the mutual attractiveness of molecules to assess intermolecular interaction inside an asphalt molecular model. Asphalt with a higher CED value would possess superior cohesive strength. CED can be obtained from Equations (6) and (7).


   E  coh   = −    E  inter     =    E  intra     −    E  total      



(6)






  C E D =    E  coh    V   



(7)




where    E  coh     is the cohesive energy,      E  intra       is the intermolecular energy in the model,      E  total       is the total energy in the system, V is the volume of the system.



The total volume (V) includes the free volume and the occupied volume. Free volume refers to the volume occupied by voids due to the irregular arrangement of molecular chains. The fraction of free volume (FFV) refers to the fraction of the free volume to the total volume. FFV can reflect the ability of the molecular chain to move freely to a certain extent. The lower the free volume of asphalt, the lower the molecular mobility, which would result in a phase transition from a viscoelastic state to a glass state [43].


  F F V =   V −  V O   V  =    V F   V   



(8)




where VO is the occupied volume, VF is the free volume.



CED and FFV reflect the macroscopic rheological properties and deformability of asphalt materials to a certain extent. In the actual mixing of HMA with RAP, it takes a certain amount of time for the virgin-aged asphalt to penetrate and diffuse each other. The degree of diffusion determines the performance of HMA with RAP. In this study, data of CED and FFV at 383.15 K for 500, 1000, 1500 and 2000 ps were derived and plotted in Figure 9. It can be observed that from 500 to 2000 ps, CED significantly increased, indicating the mutual attractive interactions among the molecules in the virgin and aged asphalt layers became strong, and the cohesion properties inside the model became better. FFV decreased from 38.7% to 37.7%, indicating the interactions between the aged and virgin binder become stronger and the internal cohesion became more pronounced. The development trends of FFV and CED both indicated a better diffusion was induced with the increase in time. On the other hand, it was reported that the CED of asphalt is in the range of 3.19 × 108 to 3.22 × 108 J·m3, and the results of this study were generally consistent with [17].





5. Conclusions


This study focused on evaluating the diffusion behaviors between virgin and aged asphalt. A two-layered model was set up to obtain various parameters to analyze the diffusion, including mean square displacement (MSD), diffusion coefficient, relative concentration, cohesive energy density, and the fraction of free volume. The results yielded the following conclusions:




	(1)

	
The densities of the virgin and aged asphalt were consistent with the published data, indicating the four-component and twelve-category molecules can be used to model asphalt effectively.




	(2)

	
No matter whether the virgin asphalt, aged asphalt, or the entire model, the diffusion coefficient increased with an increase in temperature. The diffusion coefficient of the aged asphalt layer was the smallest, while the diffusion coefficient of the virgin layer was the largest.




	(3)

	
During the diffusion process, significant diffusion between the virgin and aged asphalt existed, and a higher temperature could induce a larger overlap length. At the same temperature, the covered lengths of the virgin binder were larger than those of the aged binder, indicating the diffusion between the virgin and aged asphalt was mainly manifested as the diffusion from the virgin asphalt to the aged asphalt.




	(4)

	
During the diffusion, the fraction of free volume (FFV) gradually decreased from 38.7% to 37.7%, and the cohesive energy density (CED) increased from 3.10 × 108 to 3.26 × 108 J/m3, indicating as the mixing time increased, the interactions between the aged and virgin binder became stronger and the internal cohesion became more pronounced.
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Figure 1. Molecular structure model of the virgin asphalt (carbon atoms are grey; hydrogen atoms are white; oxygen atoms are red; sulphur atoms are yellow; and the blue one is nitrogen). 
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Figure 2. Molecular structure model of aged asphalt: (a) Asphaltenes; (b) Polar aromatics; (c) Naphthene aromatics (Oxygen atoms are red). 
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Figure 3. Molecular diffusion model of virgin and aged asphalt. 
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Figure 4. Diffusion between virgin and aged asphalt at 383.15 K: (a) t = 0; (b) t = 5 ps; (c) t = 100 ps. 
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Figure 5. MSD at different temperatures: (a) 383.15 K; (b) 413.15 K; (c) 443.15 K. 
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Figure 6. Diffusion coefficients at different layers. 
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Figure 7. Relative concentration at different temperatures: (a) initial state; (b) 383.15 K; (c) 413.15 K; (d) 443.15 K. 
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Figure 8. Covered lengths. 
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Figure 9. FFV and CED under different diffusion levels. 
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Table 1. Compositions of the asphalt model.
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Component

	
Number of Molecules

	
Chemical Formula

	
Proportion






	
Asphaltenes 1

	
3

	
C42H55O

	
17.3%




	
Asphaltenes 2

	
2

	
C66H81N




	
Asphaltenes 3

	
3

	
C51H62S




	
Naphthene aromatics 1

	
11

	
C35H44

	
31.9%




	
Naphthene aromatics 2

	
13

	
C30H46




	
Saturates 1

	
4

	
C30H62

	
11.1%




	
Saturates 2

	
4

	
C35H62




	
Polar aromatics 1

	
4

	
C40H59N

	
39.7%




	
Polar aromatics 2

	
4

	
C40H60S




	
Polar aromatics 3

	
4

	
C36H57N




	
Polar aromatics 4

	
5

	
C29H50O




	
Polar aromatics 5

	
15

	
C18H10S2
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Table 2. Densities at 300 K.






Table 2. Densities at 300 K.





	Asphalt Type
	Density (g/cm3)
	Published Data (g/cm3)





	Virgin asphalt
	0.984
	0.90–1.04 [37,38]



	Aged asphalt
	1.055
	1.061 [27]
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