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SUMMARY: 23 

Graphene-modified asphalt nanocomposite has shown an advanced self-healing ability 24 

compared to pure asphalt. In this protocol, molecular dynamics simulations have been applied 25 

in order to understand the role of graphene in the self-healing process and to explore the self-26 

healing mechanism of asphalt components from the atomistic level. 27 

 28 

ABSTRACT: 29 

Graphene can improve the self-healing properties of asphalt with high durability. However, 30 

the self-healing behaviors of graphene-modified asphalt nanocomposite and the role of 31 

incorporated graphene are still unclear at this stage. In this study, the self-healing properties 32 

of pure asphalt and graphene-modified asphalt are investigated through molecular dynamics 33 

simulations. Asphalt bulk with two crack widths and locations for graphene is introduced, and 34 

the molecular interactions among asphalt components and the graphene sheet are analyzed. 35 

The results show that the location of graphene significantly affects the self-healing behaviors 36 

of asphalt. Graphene near the crack surface can greatly accelerate the self-healing process by 37 

interacting with the aromatic molecules through π-π stacking, while graphene at the top area 38 

of the crack tip has a minor impact on the process. The self-healing process of asphalt goes 39 

through the reorientation of asphaltene, polar aromatic, and naphthene aromatic molecules, 40 

and the bridging effect of saturate molecules between the crack surface. This in-depth 41 

understanding of the self-healing mechanism contributes to the knowledge of the 42 
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enhancement for self-healing properties, which will help to develop durable asphalt 43 

pavements. 44 

 45 

INTRODUCTION: 46 

Deterioration under daily vehicle loadings and variant environmental conditions and the aging 47 

of asphalt during service results in degradation or even structural failures, i.e., cracking and 48 

raveling, which can further weaken the durability of asphalt pavements. The inherent 49 

response of asphalt to repair micro-cracks and voids automatically helps it recover from 50 

damages and restore strength1. This self-healing capability can considerably extend the 51 

service life of asphalt, save costs on maintenance, and reduce the emission of greenhouse 52 

gases2,3. The self-healing behavior of asphalt generally depends on several influencing factors, 53 

including its chemical composition, the degree of damage, and environmental conditions4. 54 

The improved self-healing capability of asphalt that can fully heal damage within a short 55 

period is desired; this has attracted extensive research interest in better mechanical 56 

performance and durability for asphalt pavements within civil engineering. 57 

 58 

Novel methods to improve the self-healing capability of asphalt mainly include three 59 

approaches – inducing heating, encapsulation healing, and incorporating nanomaterials – 60 

which can be applied individually or simultaneously5,6. Inducing heating can significantly 61 

improve the mobility of asphalt and activate its self-healing for recovery7. The self-healing 62 

technology of asphalt by inducing heating can be ascribed to the assisted self-healing 63 

technique, which indicates that the self-healing properties of asphalt are improved by external 64 

stimuli. The objective of adding the steel wool fibers is to enhance the electrical conductivity 65 

and increase the healing capacity of the asphalt binder8. The approach to induce heat is to 66 

expose these electrically conductive fibers to the high-frequency alternating electromagnetic 67 

field, which can induce eddy currents, and the heat energy can diffuse into the asphalt binder 68 

by the conductive fibers9. The steel wool fibers are not just enhancing the electrical 69 

conductivity but also the thermal conductivity, which can both positively affect the self-70 

healing properties of asphalt. However, it is challenging to select the proper mixing time for 71 

fibers10. The length of fibers decreases with increased mixing time and influences thermal 72 

conductivity, while the decreased mixing time leads to clusters of fibers and impedes the 73 

mechanical properties of asphalt9. The encapsulation method can supply light components of 74 

aged asphalt such as aromatics and saturates and refresh the self-healing capability of 75 

asphalt11,12. However, this is a once-only treatment, and the healing materials cannot be 76 

replenished after the release. With the development of nanotechnology, nanomaterials have 77 

become promising modifiers for enhancing asphalt-based materials. Asphalt binders 78 

incorporated with nanomaterials present better thermal conductivity and mechanical 79 

properties13. Graphene with excellent mechanical performance and high thermal 80 

performance is regarded as an excellent candidate to improve the self-healing ability of 81 

asphalt14–17. The increased healing properties of graphene-modified asphalt can be attributed 82 

to the fact that graphene increases the capacity of the asphalt binder to be heated and 83 

produce heat transfer inside the asphalt binder, which means that graphene-modified asphalt 84 



can be heated more rapidly and reach up to higher temperature than pure asphalt18. The 85 

generated heat can be transferred throughout the graphene-modified asphalt at a faster 86 

speed than that through pure asphalt. The crack region of the asphalt binder can be influenced 87 

easily and healed faster by the heat flow with higher temperature and higher heating capacity. 88 

The self-healing reaction will begin if the energy that is equal to or larger than the healing 89 

activation energy exists at the crack surface of the asphalt19. Graphene can improve the 90 

thermal activation healing performance and accelerate the healing rate of asphalt19,20. Besides, 91 

graphene can save heating energy by up to 50% during the healing process, which can benefit 92 

energy efficiency and reduce maintenance costs21. As a microwave-absorbent material, 93 

graphene is reported to improve the healing ability of asphalt during the rest period of 94 

microwave heating22. It is expected that the addition of graphene into asphalt will improve 95 

not only the mechanical performance but also the self-healing and energy-saving capacity, 96 

which requires in-depth knowledge of the self-healing mechanism. 97 

 98 

Self-healing at the nanoscale is mainly due to the wetting and diffusion of asphalt molecules 99 

at the fractured faces23. As asphalt consists of various polar and non-polar molecules, its self-100 

healing capability is strongly related to molecular interactions and movements of the asphalt 101 

molecules of different components1. However, current research mainly relies on experimental 102 

techniques to quantify macroscopic mechanical properties, which causes missing information 103 

in the change of microstructures and the interactions between molecules in asphalt when 104 

trying to understand the healing mechanism. The reinforcing mechanism of graphene in the 105 

self-healing capability of asphalt is also unclear at this stage. Molecular dynamics (MD) 106 

simulations play an influential role in investigating molecular interactions and motions of 107 

nanocomposite systems, and link microstructural deformation with molecular interactions 108 

and movements24–31. MD simulations have become more and more popular for analyzing 109 

material behaviors that cannot be accessed easily by experiments32,33. Existing studies have 110 

shown the feasibility and availability of MD simulations in asphalt systems; the cohesion, 111 

adhesion, aging, and thermomechanical properties of asphalt and asphalt composites can be 112 

explored by MD simulations34–37. The self-healing behaviors of asphalt can also be predicted 113 

by MD simulations38–40. Therefore, it is believed that the investigation using MD simulations is 114 

an effective way to understand both the self-healing and reinforcing mechanisms. 115 

 116 

The objectives of this study are to investigate the self-healing behaviors of pure asphalt and 117 

graphene-modified asphalt nanocomposites and to understand the role of graphene in 118 

improving the healing capacity of asphalt through MD simulations. The self-healing 119 

simulations of pure asphalt and graphene-modified asphalt composites are carried out by 120 

introducing cracks into the initial structures. The self-healing capabilities are characterized by 121 

the contour of atom numbers, the reorientation and entanglements of molecules at the 122 

fractured face, and the mobility of asphalt components during the self-healing processes. By 123 

investigating the healing efficiency of graphene at different sites, the reinforcing mechanism 124 

of graphene contributing to the self-healing abilities of asphalt is unveiled, which can help 125 

with the monitoring of nanofillers in an optimal way and thus enable the life extension of 126 



asphalt pavements. An investigation of the self-healing capacity at the atomistic scale can 127 

provide an efficient way to develop advanced asphalt-based materials for future research. 128 

 129 

According to asphalt chemistry, asphalt consists of various types of hydrocarbons and non-130 

hydrocarbons with different polarity and shapes, which can mainly be divided into the four 131 

components of asphaltene, polar aromatics, naphthene aromatics, and saturates41,42. 132 

Asphaltene molecules are relatively larger and heavier than other molecules in asphalt, with 133 

a mean atomic mass of roughly 750 g/mol and a molecular diameter in the range of 10–20 Å. 134 

It has been widely accepted that asphaltene is composed of large aromatic cores that contain 135 

heteroatoms and are surrounded by different lengths of alkyl groups43. A modified asphaltene 136 

molecule is constructed, as shown in Figure 1a. The molecules of polar aromatics and 137 

naphthene aromatics are constructed based on the polarity and the element ratio of asphalt 138 

molecules, with benzobisbenzothiophene (C18H10S2) representing the polar aromatic 139 

molecule and 1,7-dimethylnaphthalene (C12H12) chosen as the representative naphthene 140 

aromatic molecule, as shown in Figure 1b–c. N-docosane (n-C22H46) is constructed as shown 141 

in Figure 1d. The parameters listed in Table 1 for asphalt molecules are selected and used to 142 

meet the desired criteria, including the elemental mass fraction, the atom ratio, and the 143 

aromatic/aliphatic ratio, of real asphalt from experiments41. The same mass ratio has been 144 

defined in our previous studies, and the other thermomechanical properties like density, glass 145 

transition temperature, and viscosity are in good agreement with experimental data of real 146 

asphalt36. The molecular structure of graphene applied in this study is shown in Figure 1e. The 147 

adopted graphene sheet in this study has no defect and no fold compared to that of the real 148 

case, while the real graphene sheet usually has several defects such as the atomic vacancies 149 

and Stone-Wales defects44, and some of the graphene sheets can be folded during the mixing 150 

process with the asphalt matrix45. These imperfect situations are not considered in this study, 151 

since we focus on the effect of the site of the graphene sheet on the self-healing properties 152 

and choose it as the only variable in this study. The variables of graphene sheets in terms of 153 

the defects and folded cases will be the focus of our future studies. The mass ratio of graphene 154 

to asphalt in this study is 4.75%, which is the normal situation (<5%) for graphene modified 155 

asphalt in the experiment46,47. 156 

 157 

[Place Figure 1 here] 158 

 159 

[Place Table 1 here] 160 

 161 

With respect to the protocol described below, two types of wedge-like cracks with different 162 

sizes are inserted into the middle of the asphalt model with a blunt crack tip and two parallel 163 

crack surfaces, while the middle-top area of the asphalt bulk remains intact. Two crack widths 164 

are chosen as 15 Å and 35 Å, as shown in Figure 2a–b. The reason for selecting 15 Å is that 165 

the crack width should be wider than the cutoff of 12 Å to avoid the early self-healing of 166 

asphalt molecules during the equilibrium process while investigating an extreme case for a 167 

small crack. The reason for selecting 35 Å is that the crack width should be wider than the 168 



length of the saturate molecules of 34 Å in order to prevent the bridging effect. The height of 169 

the crack is 35 Å, the same as the box width, and the depth of the crack is 70 Å, the same as 170 

the box length. In the real situation, the observed micro-crack sizes can be varied in the range 171 

from several micrometers to several millimeters, which is far larger than the length scale we 172 

are modeling here. Normally, the length scale in MD simulation is limited to the scale of 100 173 

nm, which is still several orders of magnitude smaller than the real crack size. However, the 174 

cracks initiate at the nanoscale and grow into macroscale cracks with continuous 175 

deformation48. The understanding of the self-healing mechanism at the nanoscale can help to 176 

prevent the growth and further propagation of the crack at the macroscale. Even though the 177 

selected crack sizes are in the range of nanometer, the results can still be influential and 178 

applicable to explore the self-healing behaviors of asphalt molecules. There are two locations 179 

for the graphene sheets in the crack areas: one is on top of the crack tip and the other is 180 

perpendicular to the left crack surface. It has been found that these are the most common 181 

positions for graphene in graphene-modified nanocomposites with cracks49. 182 

 183 

[Place Figure 2 here] 184 

 185 

In MD simulations, the intramolecular and intermolecular interactions in the asphalt 186 

nanocomposites are described by the Consistent Valence Forcefield (CVFF)50, which works 187 

well with asphalt and graphene-based materials. The functional form of CVFF has the 188 

following expression: 189 
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Here, the total energy Etotal is composed of the bonded energy terms and the non-bonded 191 

energy terms. The bonded interactions consist of the covalent bond stretching, the bond angle 192 

bending energy, the torsion angle rotation, and the improper energies as expressed in the first 193 

four terms. The non-bonded energy includes an LJ-12-6 function for the van der Waals (vdW) 194 

term and a Coulombic function for the electrostatic interactions. CVFF has been widely 195 

employed in simulating asphalt materials51,52. The simulated physical and mechanical 196 

properties such as density, viscosity, and bulk modulus are in good agreement with the 197 

experimental data, which demonstrates the reliability of CVFF51. CVFF is not only suitable for 198 

inorganic materials, but it has also been successfully employed in structures consisting of 199 

organic and inorganic phases such as asphalt-silica52 and the system of epoxy-graphene53. In 200 

addition, the interfacial interactions between graphene and asphalt can be characterized with 201 

CVFF36,54. Since the major part in selecting forcefield is to determine the asphalt-graphene 202 

interface, the non-bonded interactions described by CVFF are more reliable, which is also 203 

considered in our previous study36. Overall, the forcefield CVFF is adopted in this study. The 204 

partial charges for different kinds of atoms are calculated by the forcefield-assigned method. 205 

 206 



PROTOCOL: 207 

1. Build the atomistic models 208 

 209 

1.1 Open the Materials Studio software to create five 3D atomistic documents and rename 210 

these documents as graphene, asphaltene, polar aromatics, naphthene aromatics, and 211 

saturates, respectively. 212 

 213 

1.2 Build the graphene model by creating the unit cell of graphene sheet in the 3D atomistic 214 

document using the Sketch Atom option. 215 

 216 

1.3 Construct the final structure using the Supercell option in the Build > Symmetry menu. 217 

Define the size of the graphene sheet as 40 Å x 40 Å, which is larger than the asphalt chains 218 

and the crack width. 219 

 220 

1.4 Build and pack the four types of asphalt molecules. 221 

 222 

1.4.1 Use the Sketch Atom option to draw the molecular structures of asphaltene, polar 223 

aromatics, naphthene aromatics, and saturates separately. 224 

 225 

1.4.2 Pack the four kinds of asphalt molecules into the simulation box using the Calculation 226 

option in the Modules > Amorphous Cell menu. 227 

 228 

1.5 Build the asphalt structure with the crack. 229 

 230 

1.5.1 Set the height of the crack zone in the x dimension the same as the height of the box 231 

of 70 Å and the depth of the crack zone in the y dimension is half of the height of the box as 232 

35 Å. 233 

 234 

1.5.2 Set two cases of the crack widths in the z dimension of 15 Å and 35 Å. Delete the 235 

redundant molecules in the crack zones of the middle-down area of asphalt bulk using the 236 

Delete option and keep the asphalt matrix in the middle-up area unchanged. 237 

 238 

1.6 Build the graphene-modified asphalt structure with the crack. Incorporate the graphene 239 

sheet into the top area of the crack tip and the left crack surface separately before the packing 240 

step using the Copy + Paste command. 241 

 242 

1.7 Pack the asphalt molecules into the simulation box based on the final compositions listed 243 

in Table 1 to construct the graphene-modified asphalt structure. 244 

 245 

1.8 Convert the structure file to a data file. Save the structure files as the molecule files with 246 

structure information (*.car and *.mdf) from Materials Studio. Convert the molecule files 247 

(*.car and *.mdf) to data files using the msi2lmp tool in large-scale atomic/molecular 248 



massively parallel simulator (LAMMPS)55 package. Read the data file by the read_data 249 

command in LAMMPS. 250 

 251 

2. Perform the simulations 252 

 253 

2.1 Define the parameters of the simulations. 254 

 255 

2.1.1 Set the timestep as 1 fs in the input file considering the balance of accuracy and 256 

efficiency of the carried simulations. 257 

 258 

2.1.2 Set the cutoff distance of non-bonded interactions as 12 Å, which is less than half the 259 

length of the simulation box in consideration of the periodic boundary condition and the 260 

calculational efficiency. 261 

 262 

2.1.3 Employ the particle-particle particle-mesh (PPPM) algorithm to describe the long-263 

range Coulombic interactions and set the relative error in per-atom forces calculated by the 264 

long-range solver as 10-5 for high accuracy. 265 

 266 

2.2 Fix the profile of crack. Select the asphalt molecules on the profile by the Group 267 

Molecules command in LAMMPS. Apply the constraints on the asphalt molecules using the 268 

Fix Spring/Self command in LAMMPS to avoid the movements of asphalt molecules. 269 

 270 

2.3 Achieve the equilibrium 271 

 272 

2.3.1 Keep the whole simulation box fully relaxed after 500 ps under the isothermal-273 

isobaric (NPT) ensemble with a temperature of 300 K and pressure of 1 atm. 274 

 275 

2.3.2 Make the asphalt bulk equilibrated to the desired density value of the experimental 276 

measurements of 0.95–1.05 g/cm3,41 by continuously examining the temperature, pressure, 277 

density, and energy values using the Thermal command. 278 

 279 

2.3.3 Check the convergence of potential energy and the mean-squared displacement 280 

(MSD) in the whole system for achieving the fully relaxed state. 281 

 282 

2.4 Perform the self-healing process. 283 

 284 

2.4.1 Set the whole simulation box under the NPT ensemble with a temperature of 300 K 285 

and pressure of 1 atm. 286 

 287 

2.4.2 Remove the constraint of the asphalt molecules on the contour of the crack zone. 288 

 289 

2.4.3 Track and record the size of the simulation box and the coordinates of atoms and use 290 



the Dump command for postprocessing. 291 

 292 

2.4.4 Average the simulation results during the self-healing process over three 293 

independent configurations with three different initial velocity seeds in order to decrease the 294 

random errors. 295 

 296 

3. Postprocessing 297 

 298 

3.1 Visualize the self-healing behaviors. Open the Open Visualization Tool OVITO56 to visualize 299 

the simulation progress, and then open the trajectory files in the lammpstrj format generated 300 

by LAMMPS55. Record the snapshots of the self-healing process and track the paths of asphalt 301 

molecules using the Render command. 302 

 303 

3.2 Analyze the contour of the atom number. Export the coordinates of the atoms to data 304 

analysis and graphing software from the trajectory files outputted from LAMMPS. Project the 305 

coordinates of atoms in the whole system onto the yz plane. Record atom numbers at different 306 

areas of the yz plane and plot the contour with different colors. 307 

 308 

3.3 Analyze the atom mobility and relative position. 309 

 310 

3.3.1 Analyze the atom mobility of different asphalt components by the mean-squared 311 

displacement (MSD) using the Compute msd command. 312 

 313 

3.3.2 Calculate the relative positions between graphene and asphalt molecules by the 314 

radial distribution functions (RDF) curves for the system of graphene-modified asphalt 315 

systems with the 15 Å and 35 Å crack widths using the Compute rdf command in LAMMPS. 316 

 317 

3.3.3 Draw the RDF curves to check how the density of asphalt varies as a function of 318 

distance from the graphene sheet. 319 

 320 

REPRESENTATIVE RESULTS: 321 

The contour of atom number 322 

The contours of the atom number of pure asphalt and graphene-modified asphalt models in 323 

the yz plane are shown in Figure 3, where the color bar from blue to red exhibits atom 324 

numbers varying from 0 to 28. Figure 3a–c illustrates the contour of the atom number of the 325 

structures with 15 Å crack width in pure asphalt, graphene-modified asphalt at the crack tip, 326 

and graphene-modified asphalt at the crack surface. For pure asphalt, complete healing occurs 327 

after about 300 ps. The self-healing behavior starts from the area of the crack tip, as the area 328 

around the crack tip becomes a melted blunt shape with a blue color after 50 ps, and several 329 

asphalt molecules bridge the two crack surfaces at the middle of the crack tip. The green color 330 

in the contour presents the bulk asphalt, which is the stage of the crack zone following self-331 

healing. At around 100 ps, the crack zone is almost closed with a small void left, and the colors 332 



of the initial crack surfaces change to green, which indicates that the self-healing process is 333 

finished in these areas; however, there are still some blue and white areas remaining to be 334 

self-healed. After about 300 ps, most of the color of the crack zone has changed to green, 335 

which is the same as that of the asphalt bulk, indicating that the self-healing process is 336 

complete. As shown in Figure 3b, the self-healing process is not significantly changed after 337 

adding the graphene sheet on the top of the crack. The self-healing process takes about 500 338 

ps to complete, and the crack zone is sharply decreased at 50 ps and almost disappears at 200 339 

ps. The graphene sheet on the top of the crack tip seems to have little influence on the self-340 

healing process of the crack surface. However, inserting the graphene in the left of the crack 341 

surface can significantly accelerate the self-healing process, as shown in Figure 3c, where the 342 

red line in the contour is the graphene sheet. The self-healing period is shortened to around 343 

200 ps, which is half as much as that of pure asphalt. The crack width is significantly decreased 344 

at 20 ps, and the asphalt molecules from the bulk tend to move to the graphene area and fill 345 

up the crack area. The crack zone almost disappears at around 150 ps, although some of the 346 

areas at the bottom remain blue. After another 50 ps of the self-healing process, the crack 347 

area is full of blue color, which indicates the end of the process. 348 

 349 

The self-healing process of the models with 35 Å crack width takes almost twice as long as 350 

that of the models with 15 Å crack width, while the self-healing process of pure asphalt lasts 351 

around 1,000 ps. The self-healing behavior starts in the crack tip area, and the crack shape 352 

becomes shrunken and irregular at 100 ps. Most of the crack zone is healed by 500 ps, with a 353 

small void left in the middle of the crack zone. After performing the self-healing process for 354 

another 500 ps, the crack zone is filled with asphalt molecules until the self-healing process is 355 

completed. The graphene sheet is located on the top of the crack tip, as shown by the red line 356 

of Figure 3e. The self-healing period is about 1,100 ps, which is close to that of pure asphalt. 357 

However, the crack shape changes differently. There are some asphalt molecules that bridge 358 

the crack area at around 400 ps, which can advance the self-healing process. As shown in 359 

Figure 3f, the self-healing behaviors can be significantly improved when the graphene sheet 360 

is located at the left crack surface. A phenomenon can be observed similar to the model with 361 

15 Å crack width: some of the asphalt molecules in the asphalt bulk tend to move to the 362 

graphene area and wrap around the graphene sheet, which can decrease the crack area 363 

significantly and help the self-healing process. The width of the crack is decreased to around 364 

half of the initial crack width by only 50 ps, and most of the crack area is healed at around 300 365 

ps. The whole self-healing process lasts about 600 ps and most of the crack zone disappears; 366 

this takes only half the length of time taken by pure asphalt. 367 

 368 

[Place Figure 3 here] 369 

 370 

Molecular interactions 371 

To explore the difference in self-healing behaviors between pure asphalt and graphene-372 

modified asphalt composites, the molecular interactions and movement during the self-373 

healing process are captured and analyzed, as shown in Figure 4. From Figure 4a, it can be 374 
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observed that aromatic molecules like asphaltene, polar aromatics and naphthene aromatics 375 

are attracted by the graphene sheet through π-π stacking when graphene is placed on the top 376 

area of the crack tip. These asphalt molecules are captured tightly by the graphene sheet and 377 

cannot readily diffuse into the neighborhood of the crack zone or fill up the crack, which 378 

hinders the self-healing process to a certain extent. However, the self-healing behaviors 379 

mainly arise from the asphalt molecules near the crack surface, and the influence of these 380 

molecules in the top area needs further exploration. From Figure 4b, it is observed that the 381 

polar aromatic molecule at the crack surface is attracted by the graphene sheet at the other 382 

crack surface, which can further increase the nearby naphthene aromatic molecule’s 383 

likelihood of moving onto the crack area. The gathered asphalt molecules attracted by the 384 

graphene sheet can pack the crack zone with a higher speed than that of pure asphalt and the 385 

self-healing ability of the graphene-modified asphalt nanocomposite can be improved. The 386 

self-healing process of the model with 35 Å crack width modified by graphene at the left crack 387 

surface is shown in Figure 4c. The polar aromatic molecules are attracted by the graphene 388 

sheet through π-π stacking when the self-healing begins, and these asphalt molecules can 389 

rapidly wrap around the graphene sheet and reduce the space of the crack zone, as shown in 390 

Figure 3f. This indicates that graphene plays an important role in the initial stage of self-391 

healing when it is located around the crack surface. A self-healing snapshot of pure asphalt 392 

with 15 Å crack width is shown in Figure 4d. It can be clearly observed that the chain structure 393 

of saturate is important for the self-healing process since the molecules can become 394 

entangled with each other and bridge the crack surface. This bridging effect between saturate 395 

molecules and the side chains of asphaltene molecules can significantly increase the packing 396 

efficiency and decrease the self-healing period. It is also observed that asphalt molecules with 397 

polyaromatic rings, such as asphaltene, polar aromatics, and naphthene aromatics, 398 

reorientate themselves at the crack surface by π-π stacking. This reorientation allows the 399 

asphalt molecules to move in a parallel direction and contributes to crack wetting, which 400 

further closes the crack surfaces. 401 

 402 

[Place Figure 4 here] 403 

 404 

The reorientation of aromatic molecules including asphaltene, polar aromatics, and 405 

naphthene aromatics around the crack surface during the self-healing process, is shown in 406 

Figure 5. Figure 5a shows that the tracked molecules before self-healing are almost 407 

perpendicular between naphthene aromatics and polar aromatics and between asphaltene 408 

and polar aromatics. The distance between asphaltene and the other two aromatic molecules 409 

is 13.3 Å, which is larger than the distance between the aromatic molecules. After self-healing 410 

for 40 ps, the naphthene aromatic molecule diffuses to the space between asphaltene and 411 

polar aromatics and plays an important role in interacting with the other two molecules. In 412 

Figure 5b, it can be observed that the distance and angle between the polar aromatic 413 

molecule and naphthene aromatic molecule are 4.6 Å and 89°, which indicates a T-shaped π–414 

π stacking interaction between the two aromatic molecules. The angle and distance between 415 

the naphthene aromatic and asphaltene decrease to 32° and 4.6 Å, respectively. This indicates 416 

javascript:;


that the non-bond interactions between naphthene aromatics and asphaltene cause them to 417 

rotate and adjust the orientation gradually, contributing to the wetting of the crack surface. 418 

The orientations of the three molecules are almost parallel after 50 ps, as the angles between 419 

them are 26° and 35°, as shown in Figure 5c. The distance between them declines below 4.0 420 

Å, which indicates that the π–π stacking facilitates the parallel structure and brings the 421 

aromatic molecules closer together. Overall, the reorientation at the crack surface promotes 422 

the interaction of asphalt molecules, which shortens the intermolecular distance and 423 

increases the attraction among them. The reorientation and diffusion of asphalt molecules 424 

further aid the filling up of the crack zone and speed up the self-healing process. 425 

 426 

[Place Figure 5 here] 427 

 428 

Mobility of asphalt components 429 

To understand the roles of different components quantitatively in the self-healing behaviors 430 

of asphalt, the MSD of the center mass for asphalt composite is calculated to represent the 431 

transitional mobility during the self-healing process, which is expressed by: 432 

2 2MSD( ) ( ) ( ( ) (0))i i it r t r t r          4 433 

where ri(t) is the position vector of particle i at time t, and the angular bracket indicates the 434 

average value of the traveling distance. The MSD values of pure asphalt and graphene-435 

modified asphalt are tracked and shown in Figure 6. Figure 6a–c shows the MSD of asphalt 436 

composite with a 15 Å width crack, while those with a 35 Å width crack are shown in Figure 437 

6d–f. It can be observed that saturates are the most active component in the self-healing 438 

behaviors of asphalt, while asphaltene is the least active. There are two possible reasons: one 439 

relates to the molecular mass, as asphaltenes have the highest molecular mass in asphalt, and 440 

they are less able to move and fill the crack zone. The other is the chain-like structure of 441 

saturates, which have higher mobility than other components and are more likely to become 442 

entangled and stretch out at the crack surface. The mobility of polar aromatics is higher than 443 

that of naphthalene aromatics; this is because of the higher molecular mass and polarity of 444 

polar aromatics. The polar atoms on polar aromatics, such as sulfur atoms, can form an H-445 

bond with asphaltenes, and the mobility can be impeded. The MSD figures for graphene-446 

modified asphalt on the top area of the crack tip and the left crack surface are shown in Figure 447 

6b and Figure 6c. It can be seen in Figure 6b that the MSD of graphene is lower than those of 448 

asphalt components since graphene occupies the largest volume and has the highest 449 

molecular mass in the asphalt nanocomposites. The MSD values of asphalt components are 450 

relatively lower than those of pure asphalt; this is because the interactions among these 451 

molecules and graphene hinder the mobility of the asphalt molecules and slow the self-452 

healing process. However, when graphene is placed at the left crack surface, the mobilities of 453 

polar aromatics, naphthene aromatics, and graphene improve significantly compared to that 454 

of pure asphalt. This indicates that graphene plays an important role in the self-healing 455 

process and that its interactions with aromatic molecules in asphalt contribute to the self-456 

healing process of asphalt. For the 35 Å width crack case in Figure 6d, the MSD of pure asphalt 457 



follows a similar trend to that of the case with 15 Å crack width, as the MSD of asphaltene, 458 

polar aromatics, naphthene aromatics, and saturates vary in an increasing manner. When 459 

inserting graphene into the top area of the crack tip, the MSD of saturates decreases by about 460 

15 Å2, which is more than that of pure asphalt. The existence of graphene sheets in asphalt 461 

bulk vertically influences the mobile space of the saturate molecules and prevents the routes 462 

of self-healing. From Figure 6f, it can be observed that the MSD values of asphaltene, polar 463 

aromatics and naphthene aromatics are all improved compared to pure asphalt, while the 464 

MSD of saturates decreases slightly. Graphene is highly responsible for the improvement of 465 

the self-healing process, especially with molecules containing aromatics. The π-π stacking 466 

interactions among graphene and asphaltene, polar aromatics, and naphthene aromatics 467 

improve the mobility of these asphalt molecules and help to form a stable packing structure 468 

in the crack zone, which accelerates the self-healing process of asphalt. 469 

 470 

[Place Figure 6 here] 471 

 472 

Molecular locations after self-healing 473 

To explore the relative locations between graphene and asphalt molecules during the self-474 

healing process, the radial distribution functions between graphene and aromatic molecules 475 

in asphalt are calculated and shown in Figure 7. Figure 7a–c shows the RDF of the model with 476 

15 Å crack width before and after the self-healing process. It can be seen that the aromatic 477 

molecules in asphalt move closer to the graphene sheet following the self-healing process, 478 

especially the polar aromatic molecules and naphthene aromatic molecules. As indicated in 479 

Figure 4, there are strong π-π stacking interactions between graphene and aromatic molecules 480 

such as asphaltene, polar aromatics, and naphthene aromatics, which cause the graphene 481 

sheet to attract these molecules toward the crack surface. However, the difference in the g(r) 482 

values of asphaltene before and after self-healing is not as significant as those of polar 483 

aromatics and naphthene aromatics. This is because the asphaltene molecules obtain a higher 484 

molecular mass and volume than the polar aromatic and naphthene aromatic molecules, 485 

making it harder for them to rotate and diffuse to the graphene area and fill the crack zone. 486 

The increased g(r) values between graphene and polar aromatic or naphthene aromatic 487 

molecules within 4.0 Å are within the typical interaction distance for π-π stacking, and the 488 

increased g(r) values beyond 4.0 Å are due to the combination of molecular interactions and 489 

the elimination of the crack zone. An RDF of the model with 35 Å crack width before and after 490 

the self-healing process is shown in Figure 6d–f. The g(r) values between graphene and 491 

asphaltene beyond 4.0 Å through the self-healing process are more obvious than those of the 492 

15 Å crack width; this is because asphaltene has more space to diffuse and move toward the 493 

graphene in the larger crack zone. The g(r) values within 4.0 Å are more significant for 494 

naphthene aromatics than those for polar aromatics; this is due to the smaller molecular mass 495 

and better diffusion ability of naphthene aromatic molecules. 496 

 497 

[Place Figure 7 here] 498 

 499 



FIGURE AND TABLE LEGENDS: 500 

Figure 1: Chemical structure. The atomistic models of (a) asphaltene molecule (C53H55NOS), 501 

(b) naphthene aromatic molecule (C12H12), (c) polar aromatic molecule (C18H10S2), (d) saturate 502 

molecule (C22H46), (e) graphene, and (f) pure asphalt. For the atomistic asphalt model, the 503 

carbon, oxygen, nitrogen, sulfur, and hydrogen atoms are shown in gray, red, blue, yellow, and 504 

white, respectively. 505 

 506 

Figure 2: The self-healing schemes for pure asphalt and graphene-modified asphalt. The self-507 

healing model of pure asphalt with a crack width of (a) 15 Å and (b) 35 Å. The self-healing 508 

model of graphene-modified asphalt with the graphene sheet is located (c) at the top of the 509 

crack tip and (d) perpendicular to the crack surface. 510 

 511 

Figure 3: The contour of the atom number during the self-healing process. The contour of 512 

the atom number during the self-healing process for the models with 15 Å crack width for (a) 513 

pure asphalt, (b) graphene on the crack tip, and (c) graphene at the left surface of the crack 514 

tip, and the models with 35 Å crack width for (d) pure asphalt, (e) graphene on the crack tip, 515 

and (f) graphene at the left surface of the crack tip. The dotted black boxes refer to the 516 

locations of graphene. The color bar from blue to red stands for the atom numbers varying 517 

from 0 to 28 in the contour. 518 

 519 

Figure 4: Details of non-bond interaction of pure asphalt and graphene-modified asphalt 520 

nanocomposites during the self-healing process. For the model with (a) 15 Å crack width and 521 

graphene located on the top of the crack tip, aromatic molecules in asphalt are attracted by 522 

the graphene sheet through π-π stacking. For the model with (b) 15 Å crack width and 523 

graphene at the left side of the crack surface, the polar aromatic molecules at the other crack 524 

surface move onto the graphene surface due to strong aromatic interactions. For the model 525 

with (c) 35 Å crack width and graphene at the left side of the crack surface, the polar aromatic 526 

molecules are attracted by the graphene sheet and thus protrude from the crack surface. For 527 

the model with (d) 15 Å crack width and pure asphalt, there is a reorientation of aromatic 528 

molecules at the crack surface and a chain bridging and entanglement of saturate molecules 529 

during the self-healing process. The blue dotted boxes and purple dotted boxes in the figure 530 

indicate the π-π stacking and reorientation behaviors, respectively. 531 

 532 

Figure 5: The reorientation of asphalt molecules during the self-healing process. Angles and 533 

distances among asphalt molecules (a) before self-healing, (b) after 40 ps, and (c) at 50 ps. 534 

 535 

Figure 6: MSD of pure asphalt and graphene-modified asphalt molecules during the self-536 

healing process. For the models with 15 Å crack width, MSD of (a) pure asphalt and graphene-537 

modified asphalt on (b) the top of the crack tip and (c) the left surface is presented. For the 538 

models with 35 Å crack width, MSD of (d) pure asphalt and graphene-modified asphalt on (e) 539 

the top of the crack tip and (f) the left crack surface is presented. The X-axis represents the 540 

time of the simulation and the Y-axis represents the MSD values of asphalt components and 541 



the graphene molecule during the self-healing process. 542 

 543 

Figure 7: The RDF values between graphene at the left crack surface and the asphalt 544 

components. The RDF values between graphene at the left crack surface and the asphalt 545 

components of (a) asphaltene, (b) polar aromatics, (c) naphthene aromatics from the model 546 

with 15 Å crack width, (d) asphaltene, (e) polar aromatics, and (f) naphthene aromatics from 547 

the models with 35 Å crack width. The X-axis represents the distance of the two molecules 548 

and the Y-axis represents the RDF values. 549 

 550 

Table 1: Overall components of pure asphalt model and graphene-modified asphalt model. 551 

 552 

DISCUSSION: 553 

The critical steps within the Protocol part are as follows: step 1.4 – Build and pack the four 554 

types of asphalt molecules; step 1.5 – Build the asphalt structure with the crack; step 2.3 – 555 

Achieve the equilibrium; step 2.4 – Perform the self-healing process. These steps indicate the 556 

most cohesive and important contents of the protocol. To create the desired shapes of the 557 

inserted crack, the packing process is modified compared to the normal packing in Materials 558 

Studio. The crack shape is created and filled inside the simulation box, and then the asphalt 559 

molecules are packed into the other part of the simulation box. After that, the redundant 560 

asphalt molecules are deleted around the created crack contour. The limitation of MD 561 

simulations is that the time scale and length scale are relatively small in the order of 562 

nanosecond and nanometer compared to traditional methods such as the finite element 563 

method, in which the simulations can be analyzed up to seconds and meters57. The 564 

significance of this method is that it can reveal the self-healing mechanism of asphalt and 565 

graphene-modified asphalt at the atomistic level by capturing nanostructure evolution, 566 

molecular interactions, and motions, which are hard to be accessed by traditional 567 

approaches58. The self-healing mechanism can help researchers and engineers to apply 568 

nanomaterials at the appropriate site and improve asphalt in an efficient way. The future 569 

application of this technique is that it can monitor the molecular structure in a decent manner 570 

and help to investigate the effect of other variables of nanomaterials such as defects, folded 571 

structures, and functional groups. This technique can also be combined with other approaches 572 

to observe the self-healing behaviors of asphalt nanocomposites from a multiscale aspect. 573 

The self-healing properties of asphalt can be understood thoroughly and get improved 574 

significantly in the future. 575 

 576 

Graphene is critical in the changes and migration of the interface and components during the 577 

self-healing process. Without inserting the graphene sheet, saturate plays an important role 578 

in the self-healing process, since the chain structure of saturates can entangle with each other 579 

and bridge the crack surface. The bridging effect between saturate molecules and the side 580 

chains of asphaltene molecules can strongly increase the packing density and decrease the 581 

time of the self-healing process. Besides, asphalt molecules with polyaromatic rings, such as 582 

asphaltene, polar aromatics, and naphthene aromatics, reorientate themselves at the crack 583 



surface by π-π stacking, which makes the asphalt molecules move in a parallel direction and 584 

contributes to crack wetting and closes the crack surfaces. With the insertion of graphene, the 585 

polar aromatic molecules at one side of the crack surface are attracted by the graphene sheet 586 

at the other side of the crack surface, which can further increase the possibility of nearby 587 

naphthene aromatic molecules moving into the crack area. The gathered asphalt molecules 588 

attracted by the graphene sheet can fill in the crack zone with a higher speed than that in pure 589 

asphalt, and the self-healing ability is significantly improved in the graphene-modified asphalt 590 

nanocomposite. Asphaltene molecules have higher molecular mass and volume in the asphalt 591 

matrix, which makes them hard to diffuse to the graphene part and fill in the crack zone. 592 

Naphthene aromatics have faster movement than polar aromatics, which is due to the smaller 593 

molecular mass and better diffusion ability of naphthene aromatic molecules39. 594 

 595 

In this study, the self-healing properties of pure asphalt and graphene-modified asphalt 596 

nanocomposites are investigated in consideration of different crack widths and graphene 597 

locations using MD simulations. It is observed that the self-healing behavior starts from the 598 

crack tip area, with the sharp tip becoming blunt and fuzzy. Asphalt molecules at the crack 599 

boundary can diffuse to decrease the width of the crack and continue filling the gap. The 600 

complete self-healing process is confirmed when the atom density of the crack area is the 601 

same as that of the asphalt bulk. MD simulations can help to reveal the molecular interactions 602 

and the chain movement in the asphalt matrix during the self-healing process. The 603 

entanglement and reorientation of asphalt molecules play an important role in self-healing 604 

behaviors. The self-healing rate with the incorporation of the graphene sheet is determined 605 

by its location. For the graphene sheet located at the crack tip area, the movement of the 606 

asphalt molecules is hindered and cannot easily diffuse into the crack zone. For the graphene 607 

sheet at the side of the crack zone, the asphalt molecules are attracted by the graphene sheet 608 

due to π-π stacking interaction and easily gather at the crack zone, indicating an increasing 609 

self-healing rate. The simulation results show that the modification of asphalt by 610 

nanomaterials can improve both thermomechanical and self-healing properties, which has 611 

great potential for the development of smart asphalt pavements. The fundamental 612 

understanding of the self-healing mechanism in asphalt nanocomposites based on MD 613 

simulations can facilitate efficient manipulation of nanomaterials at the optimal site, which is 614 

beneficial to the advanced design of asphalt nanocomposites with desired properties and 615 

functions. 616 
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Asphalt model Mass (g/mol) Chemical formula Numbers of molecules Total mass (g/mol)

Asphaltene 754.04 C53H55NOS 43 32423.72

Naphthene aromatic 156.22 C12H12 65 10154.3

Polar aromatic 290.38 C18H10S2 74 21485.16

Saturate 310.59 C22H46 205 63670.95

Asphalt binder 387 127734.13

Graphene 6369.28 C525H63 1 6369.28

Table 1: Overall components of pure asphalt model and graphene modified asphalt model 
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