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Abstract

:

The adhesion between bitumen and mineral composition plays a vital role for the performance of asphalt mixtures. This study compares the adhesion of limestone, dolomite, and granodiorite to bitumen and evaluates the effects of different mineral components on adhesion. Three kinds of aggregates were tested through rolling-bottle tests. Afterwards, the respective fillers were integrated into asphalt mastic in a 1.6:1 mass ratio with bitumen and were subjected to frequency scan tests separately. A modified Luis Ibrarra-A model, K. Ziegel-B model, and K-B-G model were used to evaluate the bitumen–filler interactions based on the rheology of the asphalt mastic. In addition, the interface behavior between eight mineral components from these fillers/aggregates and bitumen were investigated by molecular dynamics (MD) simulations. The work of the adhesion and molecule concentration profiles were obtained from MD simulations. The results showed that the limestone and dolomite had better interfacial adhesion to the bitumen than the granodiorite. The calcium oxide and titanium oxide had the highest potential adsorption effect on the bitumen. Moreover, the high calcium oxide content contributed to better bitumen adhesion with the limestone and dolomite than with the granodiorite, which was further confirmed by additional molecule concentration profile analysis. This research contributes to the in-depth understanding of the effect of different chemical properties on the performance of asphalt mastic and the selection of suitable mineral components to improve the bitumen–filler/aggregate interface and asphalt mixture performance in general.
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1. Introduction


Asphalt mixtures consist of bitumen, coarse aggregates, fine aggregates, fillers, and air voids. The performance of asphalt mixtures is not only influenced by the properties of these individual materials but also relates to the interaction between them [1]. The interfacial interaction between bitumen and aggregate/filler directly affects the performance of the asphalt mixture.



Adhesion tests between bitumen and aggregates, including static immersion tests, boiling water tests, and rolling-bottle tests that are applied in Germany, can quantitatively evaluate the adhesion between bitumen and aggregates [2,3,4,5]. These tests involve the creation of interface failure by artificially setting up a water environment.



However, there exists no uniform evaluation standard for interfacial adhesion between bitumen and filler material. Numerous studies have shown that although mineral fillers account for a small volume of asphalt mixtures, the surface area of the mineral fillers accounts for more than 90% of the total specific surface area of the mineral aggregate in asphalt mixtures [6]. Therefore, the interfacial interaction between mineral fillers and bitumen plays a vital role for the performance of asphalt mixtures.



At present, research on the interaction between mineral filler and bitumen is still in its initial stages. However, researchers have reached a consensus that the interaction between bitumen and fillers is a complex physical and chemical process [7]. Since the existing test methods cannot directly characterize the adhesion interface between bitumen and filler, most of the early studies have been limited to investigations into the effect of a filler’s physical properties on the performance of an asphalt mastic and asphalt mixture. With the development of testing techniques, the primary methods for studying the bitumen–filler interface have been surface free energy methods, micro/nano-characterization techniques, as well as dynamic mechanical analysis [8,9,10]. Physical and chemical processes acting on the surface are mainly used for the testing of the surface energy to calculate the adhesion work. Although the adhesion work obtained by this method can accurately characterize the bond state between bitumen and mineral filler, the estimated adhesion work differs significantly from the actual asphalt mastic properties due to certain voids in the fillers.



Thanks to modern material testing techniques, the surface morphology of filler and bitumen can be directly observed by scanning electron microscopy and atomic force microscopy [11]. Guo et al. investigated the effect of filler and bitumen grade surface conditions on the interfacial bonding effect using atomic force microscopy [12]. Ying et al. looked at the change in the binder strength before and after aging using microscopic atomic force microscopy and macroscopic bonding performance tests [13]. Zhao et al. used a rigid, conical quartz indenter to study the indenter’s adhesion to bitumen at different indentation depths. These studies have contributed significantly to the understanding of the bitumen–filler interface [14]. In addition, the method of using the rheological data of asphalt mastic to evaluate the interfacial interaction between bitumen and filler has also been widely studied with sample equipment [15,16]. Guo et al. used a dynamic shear rheometer (DSR) to measure different mineral properties and proposed the K-B-G index to evaluate the strength of interactions based on the complex modulus. Liu et al. compared the variation in three filler–bitumen adhesion properties with temperature change using ΔG, K-B-G, L-A-δ, and K-B-δ indices [17,18]. Mrinali studied the rheology of waste-ceramic-powder–bitumen mastic, which did not make use of limestone, by applying the DSR and the 2S2P1D model [19]. All these studies have shown that the interaction between filler and asphalt can be plausibly demonstrated with the help of rheological properties.



The experimental method characterizes the interfacial interaction between bitumen and filler at the macroscopic and fine scales. However, further investigation on the bitumen–filler interfacial interaction process at the nanoscale appears to be inadequate. To bridge the gap between macroscopic properties and microscopic molecular behavior, molecular dynamics (MD) have been widely used to study asphalt mastics in recent years [20,2122]. MD simulation aims to investigate the structure and performance of a molecular system by computing the motion of the constituent atoms, following classical mechanics. Currently, MD is considered as an effective tool for studying the interfacial interaction between bitumen and fillers [23]. Fan et al. used MD to establish the interface between fillers of different mineral compositions and bitumen. They found that aggregates with higher nepheline, chlorite, pyroxene, and olivine minerals were more likely to exhibit better moisture damage resistance [24]. Cui et al. evaluated the regeneration effect of rejuvenators on bitumen with different levels of deterioration. The results showed that the rejuvenator could effectively improve the rutting and water damage resistance of bitumen [25]. Fini et al. investigated the preferential surface adsorption of bio-based rejuvenators on silica substrates by modeling the MD of different rejuvenators [26]. Guo et al. used Fourier transform infrared spectrometry, 1H-nuclear magnetic resonance, gel permeation chromatography, and elemental analysis to establish a bitumen fraction model based on the real component model of bitumen. The enrichment of bitumen components on the surface of different aggregates was also studied by building a four-component model for bitumen [27,28].



In conclusion, the aforementioned studies lack an investigation into the effect of chemical composition on bitumen adhesion. It makes sense to combine the microscopic MD method with macroscopic tests for multiscale studies. The object of this study was to investigate the effect of the chemical compositions of different aggregates/fillers on the adhesion properties of bitumen at the macroscopic and microscopic molecular scales. To achieve this, rolling-bottle tests of three kinds of aggregates, the rheological properties of the asphalt mastic, and MD modeling of the interfaces between different oxides and bitumen were developed. In addition, the interfacial interaction indices Luis Ibrarra-A, K. Ziegel-B, and K-B-G parameters were investigated considering the specific surface area correction. Figure 1 shows the research flowchart of this study.




2. Materials and Tests


2.1. Materials


B50/70 bitumen from Nynas Corporation was used as the binder in the experiment by the authors [28]. The penetration of bitumen is 52 (0.1 mm) at 25 °C. The softening point of the bitumen is 51.4 °C.



Limestone, dolomite, and granodiorite were selected as the varying mineral aggregates and fillers in this study. Limestone aggregate and filler are commonly used in laboratory studies. The dolomite and granodiorite aggregates and fillers were obtained from local producers in Germany. The fillers were accumulated by crushing the aggregates. Table 1 shows the physical properties of the fillers [29]. The specific surface area is the filler’s total surface area per unit of mass, which was obtained by the Brunauer–Emmett–Teller (BET) test. The pore volume equates to the filler’s air volume per unit of mass. The average pore size is the average pore diameter of the fillers. Table 2 shows their oxide compositions obtained through X-ray fluorescence (XRF) testing using the PAN Analytical PW4400 spectrometer [29].



To mimic SMA 11S, which is the most commonly used asphalt mixture in Germany, the binder–filler mass ratio was decided as 1:1.6. This ratio was deduced from the middle value according to the German code (Forschungsgesellschaft für Straßen und Verkehrswesen [FGSV], 2007) [30]. Due to the different densities of the three kinds of fillers and the same bitumen, the ratio translated into the volumetric base was 0.3704, 0.3596, and 0.3687, respectively. The virgin bitumen and three kinds of fillers were blended in mixers at a temperature of 150 °C and a speed of 60 r/min for 15 min.




2.2. Rolling-Bottle Test


In Germany, methods for the evaluation of adhesion between asphalt and aggregate have been widely developed and validated. In this study, a rolling-bottle test was conducted on 3 kinds of aggregates and 50/70 bitumen according to the German standard EN 12697-11 [31].



For this research, limestone, dolomite, and granodiorite were selected. A total of 510 g of cleaned and dried aggregates with a particle size of 8 to 11 mm were mixed with 16 g of bitumen. The fully coated aggregates were cooled to room temperature and then added to a glass bottle along with a glass rod and deionized water. The rotational speed was set to 60 rpm, and the bottles were put in the machine at a temperature of 15 to 25 °C. After 6 h, the process was stopped, and the percentage of covered aggregates was estimated, afterwards, the aggregates and water were filled back into the bottle and the test was continued. After a further 18 h (24 h in total), the test was finished, and the results were estimated again. The percentage of covered aggregates was estimated by two independent persons for each time step. All estimates were rounded to the nearest 5%. Figure 2 shows the rolling-bottle machine and samples.




2.3. Frequency Sweep Test


To determine the linear viscoelastic (LVE) limit, strain sweep tests for the virgin bitumen and four kinds of asphalt mastics were performed at −10 °C, 0 °C, 10 °C, 30 °C, 50 °C, 60 °C, and 70 °C under frequencies ranging from 0.0159 to 47.7 Hz and a shear strain ranging from 0.02% to 1.5%. The limit of LVE was set at 95% of the initial value. The following frequency sweep tests were strictly performed with this limit of LVE. Figure 3 shows the DSR device used in this study.



Due to the extensive range of temperature measurements, the frequency sweep test of each asphalt mastic and virgin bitumen had to be divided into two sections to meet the optimal test interval of the instrument. The first part used the 8 mm diameter parallel plate with a 2 mm thickness to perform the test under the angular strain ranging from 0.4% to 0.8% in a temperature range from −10 °C to 30 °C. The second part used the 25 mm diameter parallel plate with a 1 mm thickness to perform the test under an angular strain ranging from 0.75% to 1.5% in a temperature range from 30 °C to 70 °C.





3. Bitumen–Filler Interaction Model


The addition of mineral fillers is a crucial reason for the change in the rheological properties of asphalt mastic. The interaction between the mineral fillers and the bitumen interface causes a change in the macroscopic properties of asphalt mastic from a microscopic standpoint [32]. Due to the simplicity of operation, the indirect evaluation of the bitumen–filler interface interaction based on rheology has become a popular method for evaluating the interface interaction.



Bitumen is a viscoelastic material that exhibits hysteresis in response to loads [33]. The phase angle δ and complex modulus G* are commonly used to express the degree of hysteresis. The chemical properties of the mineral fillers significantly affect the rheological properties of asphalt mastic, changing the phase angle δ and complex modulus G*. Therefore, the adhesion of bitumen to mineral fillers can be indirectly evaluated by analyzing the phase angle δ and complex modulus G*.



The mechanical response of a completely elastic material is generated almost simultaneously with loading, and the phase angle δ is 0; however, the phase angle δ of downright viscous material is π/2. The complex modulus G* is the ratio calculated from a dynamic oscillation measurement by dividing the absolute value of the peak-to-peak shear stress by the absolute value of the peak-to-peak shear strain. In this study, three kinds of bitumen–filler interaction parameters based on phase angle δ and complex modulus G* were chosen to evaluate the adhesion between the bitumen and mineral filler.



3.1. Luis Ibrarra-A Model


The Luis Ibrarra-A model was designed to assess the interface energy loss of the composite materials. In this model, tan δ reflects the mechanical loss of the composite interface. Further, the mechanical loss of the composite interface can characterize the interaction between the bitumen and mineral filler. Virgin bitumen was considered as the matrix phase, the mineral filler was regarded as the reinforcing phase, and the mechanical loss occurred at the bitumen–filler interface during application. The parameter A was calculated by Equation (1) [15]. The smaller the value of parameter A, the better the adhesion between the bitumen and mineral filler.


   A =      tan  ⁡    δ   c         1 − φ     tan  ⁡    δ   m       − 1  



(1)




where A is Luis Ibrarra-A, i.e., the interfacial interaction parameter between the filler and bitumen; δc is the phase angle of the asphalt mastic (rad); δm is the phase angle of virgin bitumen (rad); and φ is the volume fraction of the filler in the asphalt mastic.




3.2. K. Ziegel-B Model


The K. Ziegel-B model is created by calculating the phase angles δ of virgin bitumen and asphalt mastic after adding the mineral filler. Ziegel argues that the effective bitumen volume fraction needs to be adjusted for the actual volume fraction during the dispersion of the mineral filler in the bitumen, as the mineral filler adsorbs a certain amount of bitumen to form a structural bitumen layer [18]. This correction considers the complicated physical and chemical interactions between bitumen and mineral filler. Equation (2) was used to calculate parameter B. The greater the parameter B value, the stronger the interaction between the mineral filler and bitumen.


   B =      tan  ⁡    δ   m     /   tan  ⁡    δ   c     − 1    / φ   



(2)




where B is K. Ziegel-B, i.e., the interfacial interaction parameter between filler and bitumen; δc is the phase angle of the asphalt mastic (rad); δm is the phase angle of the virgin bitumen (rad); and φ is the volume fraction of the filler in the asphalt mastic.




3.3. K-B-G Model


Guo et al. proposed an indirect interface interaction evaluation based on the classical LVE theory model and the modified Palierne emulsion model. The initial calculation is shown in Equation (3). This model is calculated using the complex modulus G* of the virgin bitumen and the asphalt mastic after adding the mineral filler.


    G   *     ω   =   G   m   *     ω        1 + 1.5 φ  ·   K − B − G     1 − φ ·   K − B − G        



(3)




where G*(ω) is the complex modulus of the asphalt mastic (Pa); Gm*(ω) is the complex modulus of the virgin bitumen (Pa); φ is the volume fraction of the filler; and the K-B-G parameter is the interaction parameter of the bitumen and filler.



The K-B-G parameter is also a correction for the volume fraction of the filler. When the volume fraction of the filler in asphalt mastic is φ, the actual effective volume fraction of the filler is changed due to the interaction between bitumen and filler to form a structural bitumen layer on the surface of the filler. Equation (3) is further simplified to obtain Equation (4) [34].


   C =        G   c   *       G   m   *     − 1      1.5 +      G   c   *       G   m   *       · φ    



(4)




where C is the interfacial interaction parameter between the filler and bitumen; Gc* is the complex modulus of the asphalt mastic; Gm* is the complex modulus of the virgin bitumen; and φ is the volume fraction of the filler. A more considerable C value indicates a more significant bitumen–filler interaction, i.e., the larger the K-B-G parameter, the better the adhesion between the bitumen and mineral filler.




3.4. Modified Interaction Model


The three bitumen–filler interaction models are all based on rheology. The bitumen–filler interactions are not only affected by the chemical properties of the fillers but also affected by the morphology of the filler’s surface. The influence of the filler surface morphology on the interaction with bitumen has been confirmed by numerous studies [35,3637]. Mineral fillers with a higher specific surface area have a much larger contact area with bitumen than those with a smaller specific surface area. Even if the chemical composition is less adherent to the bitumen, the larger contact area results in better interaction. Since this study focused on the effect of the chemical properties of the fillers on the adhesion, the impact of the surface properties needed to be excluded in the evaluation process. The results of the three models mentioned above were modified through the specific surface area per unit volume.



The Luis Ibrarra-A model results were multiplied by the specific surface area, and the K. Ziegle-B and K-B-G parameter models were divided by the specific surface area. The modified Luis Ibrarra-A, K. Ziegle-B, and K-B-G parameter models are shown in Equations (5)–(7).


   A =        tan  ⁡    δ   c         1 − φ     tan  ⁡    δ   m       − 1    · S   



(5)






   B =      tan  ⁡    δ   m     /   tan  ⁡    δ   c     − 1   /   φ  · S     



(6)






   C =        G   c   *       G   m   *     − 1      1.5 +      G   c   *       G   m   *        · φ · S     



(7)




where A is Luis Ibrarra-A, B is K. Ziegel-B, and C is the K-B-G parameter, i.e., the interfacial interaction parameters between the filler and bitumen; and S is the specific surface area of the filler.





4. Bitumen–Mineral Composition MD Modeling


4.1. Molecular Model of Bitumen


In the molecular simulation process, a representative molecular model is first developed, and then a representative force field is selected to describe the interactions between these molecules. Afterwards, the model is geometrically optimized to achieve energy minimization. Further, kinetic equilibrium is performed to simulate the actual material conditions. Finally, the energy, molecular trajectories, velocities, etc., of the model system are collected to obtain the results.



Bitumen, a by-product of the petroleum refining process, is a complex hydrocarbon composed of various organic compounds [38]. Due to its highly complex composition, it is difficult to comprehensively analyze and quantify its specific chemical composition with the existing research tools. However, previous studies have shown that using an average molecular model of bitumen based on experimental data for MD analysis instead of actual bitumen material is an effective tool [39]. In early studies, nuclear magnetic resonance was used to analyze bitumen components separated by alkane precipitation. The asphaltene, naphthene aromatic, and saturate from the results were used to model the molecular dynamics, which is the three-component model currently used by many other researchers [40,41]. In addition, the ASTM standard D4124-09 categorizes virgin bitumen as being composed of asphaltene, aromatic, resin, and saturate. Guo et al. proposed the four-component model based on Fourier transform infrared spectrometer and 1H-nuclear magnetic resonance tests [27,42]. The 12-component bitumen model proposed and verified by Greenfield et al. has also been widely used for MD due to its reliability and universality [43].



In this study, the 12-component bitumen model proposed by Greenfield et al. was used to present the virgin bitumen. To construct the bitumen model in the Materials Studio software, an AAA-1 virgin bitumen model was chosen. Figure 4 illustrates the AAA-1 in the 12-component model of the virgin bitumen. Table 3 shows the properties of each component. The size of the confined bitumen model was 37.7 Å × 37.7 Å × 37.7 Å.



After the virgin bitumen model was built, a further geometry optimization of 500 ps was performed. A periodic boundary condition with a cut-off radius of 15.5 Å was set under the COMPASS force field. The optimized bitumen model was warmed up at 450 K using the NVT ensemble to simulate the bitumen mixing and construction process. Then, the NPT ensemble was used to simulate the normal use of pavement at a simulated temperature of 293.15 K and a pressure of 1 atm. The simulation time was 300 ps for both processes. The stabilized model of virgin bitumen is shown in Figure 5.



To further validate the reliability of the model, solubility was chosen to compare the experimental values with the simulated values. Solubility is a critical indicator to evaluate the degree of the interaction between molecules in a liquid. It can be calculated in a molecular model by the square root of the cohesion energy density, as shown in Equation (8).


   Δ =   CED  =     ∆ E    V     



(8)




where δ is the solubility of the bitumen model; CED is the cohesive energy density; ∆E is the cohesive energy; and V is the volume.



Table 4 compares the simulated values with the results of the three-molecule model from another study. The error amounted to 2.8–3.4%. It can therefore be stated that the model was reliable.




4.2. Molecular Modeling of Mineral Fillers


In this study, limestone, dolomite, and granodiorite were selected for comparison. Since the three kinds of fillers were composed mainly of eight oxides, the MD simulations were carried out using these eight oxide models and the virgin bitumen model. Since SiO2 was primarily present in the quartz crystals in the fillers, the quartz model was used to replace the SiO2 in the molecular models [29]. The remaining seven types of metal oxides were modeled using the metal oxide model. After the cleave surface and supercell progress, the height of the filler model in the z-direction was ensured to be 20 Å, and the lengths in the x and y directions were about 37.7 Å for a better combination.




4.3. Molecular Modeling of Mastic Interface


The bitumen–filler interface model was built by adding the virgin bitumen model to the filler component model. To break the periodicity of the bitumen in direct contact with the periodic filler component model, a 70 Å vacuum layer was created above the bitumen model. The established interface model is shown in Figure 6.



Before the structure of the models was able to reach the minimum energy state, the built interface models did not present an accurate interface model. Therefore, further geometric optimization was needed to achieve energy minimization. The mineral portions of the interface models were fixed before the energy minimization and MD simulation. The optimized system was then used in dynamics simulations for 300 ps under an NVT ensemble at 293 K. During the dynamics simulations, the COMPASS force field described the interactions between the atoms. The first 100 ps of the simulation brought the system to a balanced state. The latter 200 ps of the equilibrium state was used to collect the data. During the MD simulations, the trajectories of the molecules were noted every 5000 steps.





5. Results and Discussion


5.1. Aggregate Adhesion from the Rolling-Bottle Method


The performance of the limestone after 6 and 24 h of testing by the rolling-bottle method is shown in Figure 7. After the limestone was tested by the rolling-bottle method, the bitumen on the surface appeared to be significantly dislodged.



The bitumen coverage after the 6 h and 24 h rolling-bottle test is shown in Figure 8. The limestone exhibited the best adhesion to the asphalt. After the 6 h test, the coverage of the limestone was 87%, while that of the granodiorite was only 47%. After the 24 h test, the limestone still retained a 63% coverage, while the granodiorite retained only 17%. The interfacial adhesion of the limestone was better than that of the dolomite and granodiorite. The granodiorite showed the worst interfacial adhesion. The dolomite lay in the middle of the limestone and granodiorite in terms of performance. This was mainly due to the high content of calcareous oxides in the limestone and dolomite compared to the granodiorite. In addition, the large amount of SiO2 in the granodiorite led to insufficient interfacial adhesion with the bitumen.



Since the filler used in this study had the same chemical composition as the aggregate, and their particle sizes were the same, it may be supposed that the limestone filler had better adhesion to the bitumen compared to the dolomite and granodiorite. In the following, the adhesion of the three kinds of fillers to the bitumen is further investigated.




5.2. Interfacial Adhesion Evaluation Based on Rheology


Adding fillers to bitumen will significantly change the rheological properties of the asphalt mastic. Frequency scans using DSR can accurately describe the changes in the rheological properties of asphalt mastic. Figure 9 shows the complex modulus and phase angle master curves of the limestone, dolomite, and granodiorite asphalt mastics. The reference temperature was 20 °C. It can be seen from the main curve that it was difficult to distinguish the effect of the different types of fillers with the same doping amount on the asphalt mastic. Therefore, it was necessary to further work on the evaluation index.



Since the experimental sample of the granodiorite had a much higher specific surface area than the limestone and dolomite, as shown in Table 1, the direct rheological test results were influenced by the surface morphology of the fillers. Therefore, three modified interaction models were used to evaluate the effect of the chemical interaction on the adhesion, as shown in Equations (5)–(7).



The modified interaction results are shown in Figure 10. As mentioned before, a smaller Luis Ibrarra-A, higher K. Ziegel-B, and larger K-G-B indicate stronger interactions between the mineral filler and the bitumen. The modified results showed that the limestone interacted more strongly with the bitumen than the dolomite and granodiorite. Stronger interactions mean better adhesion. Dolomite adhered slightly less to the virgin bitumen than the limestone but much better than the granodiorite. This was primarily due to the large number of calcium oxides inside the dolomite and limestone [24]. All three model results showed the adhesion between the three kinds of fillers and bitumen in good detail. The following MD simulations will be further discussed from the molecular scale.




5.3. Interfacial Adhesion Evaluation Based on Molecular Dynamics


5.3.1. Binding Energy


For the interface between bitumen and mineral filler, the work of adhesion is a well-recognized evaluation value, which is defined as the work needed to separate the bitumen from the surface of the filler [47]. The work of adhesion can be obtained by calculating the interaction energy between the bitumen and filler. The value can be calculated through Equation (9). The work of the adhesion value means that additional energy is required to break the bond state between the bitumen and the mineral filler. The more considerable the absolute value of the work of adhesion is, the better the bonding state between bitumen and mineral filler, which means more energy is required to destroy the bonding state between them.


    W   adhesion   =   ∆   E    inter _ aag        A   Interface     =       E   bitumen   +   E   filler     − E   total       A    



(9)




where ∆Einter_aag is the interfacial binding energy between bitumen and filler; AInterface is the interfacial contact area; and Etotal, Ebitumen, and Efiller are the potential energy of the interface, bitumen, and filler, respectively. After the system reached equilibrium, the trajectories of the bitumen molecules in each interface model were extracted, and the potential energy was calculated and then averaged.



Figure 11 indicates the work of adhesion between the virgin bitumen and all eight types of oxides. Eight kinds of interfaces between the oxides and bitumen had significant differences in terms of the work of adhesion. The interface between the quartz and virgin bitumen had the lowest work of adhesion among the eight oxides. Similar results have been confirmed in another study [48]. In comparison, the work of adhesion of the TiO2–bitumen and CaO–bitumen systems had the highest values. The large discrepancy in the results indicated a huge difference in the adhesion ability between the different oxides [49].



Since the components of each kind of mineral filler were already clarified, the filler’s work of adhesion was considered as the weighted average of the individual components’ work of adhesion. The work of adhesion of the fillers can be calculated through Equation (10). According to the mineral composition of the filler, the work of adhesion of the different mineral fillers is demonstrated in Figure 12. The work of adhesion of “others” in the mineral composition table, which constituted a tiny part of the mineral composition, was taken as the average work of the adhesion value of the other eight oxides.


    W    adh _ Filler    =  ∑  A     · W    adh _ oxide     



(10)




where Wadh_Filler is the work of adhesion of the filler; A is the assigned weight applied to each oxide component; and Wadh_oxide is the work of adhesion of each oxide–bitumen interface.



It can be seen from Figure 12 that the limestone had the highest work of adhesion compared to the dolomite and granodiorite. This means that more energy was needed to separate the limestone and virgin bitumen interface [50]. Therefore, the limestone filler had the best adhesion with the virgin bitumen among the three kinds of fillers. These results were mainly due to the high calcium oxide content in the limestone and dolomite and the high SiO2 content in the granodiorite. Due to the low work of adhesion between the SiO2 and the bitumen interface, the granodiorite had the worst adhesion with the bitumen.




5.3.2. Concentration Profile


As the energy minimization proceeded, the structure of the bitumen model changed continuously. To monitor the structural change, the concentration profiles of the bitumen layer before and after the adsorption over the mineral surface were computed. The concentration profile of the bitumen layer change indicated the absorption of bitumen over the mineral filler [22,51].



This study calculated the atomic density by projection parallel to the mineral surface. The atom density value is a dimensionless unit. The atom density of the bitumen in the z-direction is defined as the ratio of the actual number of atoms in the parallel projection to the number of atoms in the parallel projection when the atoms are equally dispersed throughout the system. For example, an atom density value of 3 means that there are three times as many atoms in the parallel projection, as all atoms are evenly distributed throughout the system. In order to facilitate the comparison of the different mineral fillers on the structure of the bitumen model, the starting point was moved to the surface of the mineral filler. Figure 13 depicts the adsorption configuration of the bitumen on the SiO2 surface in the initial and equilibrium states.



The grey dashed curve in Figure 13 represents the atom density distribution of the bulk bitumen in the initial state. At this time, the molecular density of the bitumen molecules model was still in a relatively uniform distribution state. The red solid curve shows the atomic density distribution of the bitumen molecules model after the equilibrium state. The bitumen atoms were significantly closer to the mineral filler’s surface after the equilibration than in the initial state. This was due to the adhesion behavior between the bitumen and the mineral filler. At the same time, the spacing of the distribution of the bitumen molecules model was reduced from 63.4 Å to 50.1 Å, which means that the bitumen molecules were more compact after the equilibrium in a limited space. More molecules were close to the filler surface. The change in the density of the bitumen molecular model was essentially due to the continuous change in the molecular structure within the bitumen. This is a complex process and is influenced by many factors, such as intermolecular van der Waals forces, etc. Studies have shown that minerals have different attraction capacities for different bitumen components. Among them, asphaltenes have the most robust polarity. Their concentration peaks are closer to the surface of the mineral components than those of resin, aromatics, or saturates [28,52].



As shown in Figure 14, the adsorption of each oxide to the bitumen varied greatly. For CaO and TiO2, there was a clear peak in atomic density within 5 Å. In contrast, the molecular density in the SiO2 interface model was much flatter. For Fe2O3 and SiO2, there was a transparent decreasing gradient away from the mineral fillers. There was a strong interaction between the oxide and bitumen, leading to the rearrangement of the bitumen molecules. The accumulation of bitumen molecules forming π–π bonds on the mineral surface also contributed to the peak atomic density [53].



The results showed that the CaO and TiO2, in combination with the other oxides made the aggregation and rotation of the bitumen molecules more significant. The Al2O3, MgO, and K2O had slightly weaker forces on the bitumen molecules. The interactions of the SiO2 and Fe2O3 with the bitumen were the weakest. There was a direct relationship between the strength of the interaction force of the oxides and bitumen molecules and the resulting adhesion [54]. The results were consistent with the respective adhesion work. It was therefore concluded that the concentration profile can be used as a qualitative method to evaluate the adhesion of bitumen and filler.






6. Conclusions and Outlook


The present study aimed to investigate the effect of chemical compositions on the adhesion between mineral aggregate/filler and bitumen. Limestone, dolomite, and granodiorite were tested by the rolling-bottle method. Then, MD models and three kinds of bitumen–filler interaction models (Luis Ibrarra-A, K. Ziegel-B, and the K-B-G parameter) were developed to further analyze the molecular and rheological properties. All in all, the following conclusions were drawn:




	
The limestone and dolomite aggregates and fillers had more significant interfacial interaction with the bitumen than the granodiorite.



	
The titanium oxide and calcium oxide had the most robust adhesion to the bitumen in the filler compositions. Since the calcium oxide content within the limestone and dolomite far exceeded that of the titanium oxide, their adhesions were mainly attributed to their calcium oxide content. In addition, the SiO2 has the worst adhesion to the bitumen. The large amount of SiO2 within the granodiorite led to its poor adhesion to the bitumen.



	
The filler specific surface area cannot be neglected in the three interaction models. The modified parameter of the specific surface area per unit volume more effectively reflected the influence of the chemical composition of the mineral fillers on the adhesion.








This paper investigated the effect of aggregate/filler chemical components on adhesive properties. The study was thereby complicated by the close relation of this interaction to the aggregate and filler’s surface morphology and roughness. Therefore, the future study of filler morphology and roughness seems of great importance. In addition, the anisotropy caused by the fracturing of the filler surface needs to be further taken into account. Meanwhile, the structural characteristics of bitumen molecules on the surface of different filler components are still to be quantified in MD simulations, such as peak concentrations.
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Figure 1. Research flowchart. 
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Figure 2. The rolling-bottle machine and samples. 
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Figure 3. The dynamic shear rheometer (DSR). 
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Figure 4. The 12-component model of virgin bitumen. 
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Figure 5. Stabilized model of virgin bitumen. 
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Figure 6. Interface of bitumen and quartz. 






Figure 6. Interface of bitumen and quartz.



[image: Buildings 13 01207 g006]







[image: Buildings 13 01207 g007 550] 





Figure 7. The limestone (a) after rolling for 0 h, (b) 6 h, and (c) 24 h in the bottle. 
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Figure 8. The coverage of three kinds of aggregates after the rolling-bottle test. 
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Figure 9. Three asphalt mastic master curves: (a) complex modulus; and (b) phase angle. 
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Figure 10. The modified bitumen–filler interaction parameters. 
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Figure 11. The work of adhesion between virgin bitumen and eight kinds of components of fillers. 
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Figure 12. The work of adhesion of different mineral fillers. 
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Figure 13. Adsorption configuration of bitumen on SiO2 surface: (a) initial tate; and (b) equilibrated State. 
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Figure 14. Adsorption configuration of bitumen on the oxide surface. 
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Table 1. Physical properties of the fillers.
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	Filler
	Specific Surface Area (m2/g)
	Pore Volume (mL/g)
	Average Pore Size (nm)
	Density (g/cm3)





	Limestone
	4.1904
	0.0168
	16.04
	2.72



	Dolomite
	6.4282
	0.0202
	12.57
	2.85



	Granodiorite
	18.4665
	0.0411
	8.9
	2.74
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Table 2. Oxide composition of the fillers investigated in (%).
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	Filler Name
	Na2O
	MgO
	Al2O3
	SiO2
	K2O
	CaO
	TiO2
	Fe2O3
	Others





	Limestone
	0.18
	2.02
	1.29
	1.94
	0.19
	92.97
	0.12
	0.82
	0.46



	Dolomite
	0.27
	26.02
	2.26
	5.23
	0.61
	61.97
	0.07
	1.91
	1.60



	Granodiorite
	3.22
	2.44
	18.09
	61.70
	3.42
	2.73
	1.04
	6.35
	0.58
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Table 3. Detailed compositions of the virgin 12-component bitumen model.
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	Molecular Components
	Molecular Formula
	No. of Molecules
	Molecular Mass (g/mol)
	Mass Ratio (%)





	Squalane
	C30H62
	4
	422.8
	5.2



	Hopane
	C35H62
	4
	482.9
	5.9



	PHPN
	C35H44
	11
	464.7
	15.7



	DOCHN
	C30H46
	13
	406.7
	16.2



	Quinolinohopane
	C40H59N
	4
	553.9
	6.8



	Thioisorenieratane
	C40H60S
	4
	573.0
	7.0



	Trimethylbenzeneoxane
	C29H50O
	5
	414.7
	6.4



	Pvridinohopane
	C36H57N
	4
	503.9
	6.2



	Benzobisbenzothiophene
	C18H10S2
	15
	290.4
	13.4



	Asphaltene-phenol
	C42H54O
	3
	574.9
	5.3



	Asphaltene-pyrrole
	C66H81N
	2
	888.4
	5.5



	Asphaltene-thiophene
	C51H62S
	3
	707.1
	6.5
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Table 4. Comparison of solubility.
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Simulation Result

	
Reference Result

	
Error






	
Solubility (J/cm3)0.5

	
17.720

	
18.236 [44]

	
2.8%




	
18.33 [45]

	
3.4%




	
18.32 [46]

	
3.4%
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