
Citation: Zhang, F.; Li, H.; Zou, X.;

Cui, C.; Shi, Y.; Wang, H.; Yang, F.

Performance and Simulation Study of

Aged Asphalt Regenerated from

Waste Engine Oil. Coatings 2022, 12,

1121. https://doi.org/10.3390

/coatings12081121

Academic Editor: Valeria Vignali

Received: 11 July 2022

Accepted: 3 August 2022

Published: 5 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Performance and Simulation Study of Aged Asphalt
Regenerated from Waste Engine Oil
Fan Zhang 1,2, Haibin Li 2,*, Xiaolong Zou 2, Canyang Cui 2 , Yaping Shi 1, Hongwei Wang 1 and Fayong Yang 3

1 School of Urban Construction, Xi’an Kedagaoxin University, Xi’an 710109, China
2 School of Architecture and Civil Engineering, Xi’an University of Science and Technology, Xi’an 710054, China
3 Xi’an Highway Research Institute Co., Ltd., Xi’an 710065, China
* Correspondence: lihaibin1212@126.com

Abstract: In order to reuse waste resources (waste engine oil and waste asphalt mixture), the re-
generation process of waste oil on aged asphalt is systematically explained. The BA was treated
by aging test, and the basic mechanical properties, molecular dynamics simulation, and infrared
spectrum test were carried out on this basis. The results showed that the WEO can restore the physical
properties of the aged asphalt, and the recommended amount of WEO is 3%. The density of the
asphalt model corresponds to the actual situation of the asphalt. The aged asphalt components are
more aggregated. After the WEO was added, the components of asphalt aggregation were reduced
and the diffusion ability was improved. Finally, infrared spectroscopy tests were conducted on
asphalt specimens, and the results showed that the process of rejuvenated asphalt was dominated by
physical reactions. Consequentially, the results of this study build a bridge between the performance
and simulation of aged asphalt rejuvenated by WEO. Consequentially, the results of this research
promote the recycling of WEO and waste asphalt pavement materials, ultimately advocating the
sustainability of pavement construction.

Keywords: aged asphalt; waste engine oil; physical properties; molecular dynamics simulation;
molecular model

1. Introduction

With the continuous increase in the number of automobiles around world, while
satisfying the convenience of transportation, the production of WEO has also increased
year by year. According to statistics, at least 1.2 billion liters of WEO can be produced in
China every year, but the utilization rate of WEO is less than 20% [1]. The WEO is applied
to the field of rejuvenated asphalt [2–4].

On the other hand, with the increase of road service time, a large number of functional
and structural diseases appear on the asphalt pavement, and a large amount of rejuvenated
asphalt pavement (RAP) is produced in the annual maintenance and rebuilding. At present,
the materials used for asphalt regeneration all over the world mainly include: soft asphalt,
foam asphalt, asphalt lotion, rejuvenator, etc., while rejuvenator with good performance
has shortcomings such as high price, high production cost, and easy to cause environmental
pollution [5–7]. With the popularization of the concept of recycling and sustainable uti-
lization of waste materials, asphalt pavement recycling technology has received extensive
attention in recent years. How to efficiently utilize road waste materials is a prevalent issue
of concern for researchers [8–10]. Relevant scholars have applied WEO to the field of road
asphalt recycling and have made great breakthroughs [11].

Al-Mutlaq et al. [12] used WEO as asphalt modifier and adopted chlorination to
improve the modification effect of WEO. With the FTIR, DSR, and other test methods,
the modification of asphalt with different contents of waste motor oil and chlorine was
evaluated. The research results showed that the addition of WEO can improve the viscosity
of asphalt, which was beneficial to the high temperature performance of asphalt, and
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increased the thermal stability of asphalt mixture. Zamhari et al. [13] studied the feasibility
of using the used lubricating oil as the rejuvenator of aged asphalt. After adding 5% and
10% WEO to PAV aging asphalt, it was found that adding an appropriate amount of WEO
can restore the viscosity, penetration, and rheological properties of aged asphalt. The
application of WEO in engineering had relatively significant environmental benefits.

El-Shorbagy et al. [14] used WEO and waste cooking oil (WCO) to rejuvenate the per-
formance of aged asphalt. The study showed that for the same aged asphalt, 3.5%–4% WCO
or 5.5%–6% WEO can restore the penetration and softening point of the aged asphalt to
the same level, the rejuvenated asphalt from WCO showed better fatigue crack resistance.
Mohi Ud Din and Mir [15] studied the effect of WEO on asphalt performance, carried out
Marshall stability test, indirect tensile test, and elastic modulus test, and evaluated the
performance of the mixture. As the dosage of waste oil increased, the crack resistance of
the asphalt mixture decreased. Liu et al. [16] used WEO as modifier to prepare modified
asphalt and studied the effect of different content of waste motor oil on the rheological
properties of asphalt. WEO had a great influence on the base asphalt (BA). Tabatabaee and
Kurth [10] found that the addition of vegetable oil and aromatic oil to the aged asphalt after
rejuvenation reduced the intensity of the C=O and S=O peak areas, which means that the
waste oil can reduce the asphaltene content. Mamun et al. [17] suggested using different
types of waste oil to rejuvenate aged asphalt and studied the rejuvenation effect of WEO
and waste cooking oil on aged asphalt. The moisture sensitivity, indirect tensile strength,
and resilient modulus of the various asphalt mixtures were analyzed. The results showed
that WEO can be used as asphalt rejuvenator.

The continuous change of microstructure reflects the change of macro performance.
Therefore, in recent years, researchers have gradually turned to the study of asphalt
microstructure. Molecular dynamics simulation technology, as one of the high-precision
micro research methods, can predict the macro physical properties of asphalt and provide a
theoretical basis for the study of asphalt performance [18–20]. Su et al. [21] used molecular
dynamics to calculate the modulus of SBS modifier, nano zinc oxide modifier, and nano zinc
oxide/SBS modifier with different sizes and analyzed the influence of different modifiers on
the mechanical properties of BA. They found that SBS modifier and nano zinc oxide modifier
improved the elastic modulus, shear modulus, and bulk modulus of BA, among which
nano zinc oxide/SBS modifier improved the overall performance the most. Zhu et al. [22]
studied the strengthening mechanism of asphalt fillers, constructed a composite system
of asphalt/silica nanoparticles using molecular dynamics software, verified its density
and glass transition temperature, and predicted its mechanical modulus. Fallah et al. [23]
constructed different aged asphalt models by adding oxygen atoms to the matrix asphalt
model for molecular dynamics simulation to study the effect of aging on the macroscopic
mechanical properties of asphalt. Based on the four components of asphalt, Qu et al. [24]
established asphalt models with different aging states, simulated the mechanical properties
of aged asphalt, and constructed models of aged asphalt and aggregate to study the
adhesion of the two during the aging process. It was found that the parameters at the
molecular level correlate well with the macroscopic properties of asphalt.

In addition to the single use of waste oil to rejuvenated asphalt, related scholars have
begun to study the effect of waste oil and other additives on the performance of asphalt.
Seidel and Haddock [25] used WEO and high-density polyethylene (HDPE) as asphalt
rejuvenated materials. When the WEO and HDPE dosage ware 7.5% and 4.0%, respectively,
the anti-rutting, anti-fatigue, and water stability performance were significantly improved.
Li et al. [26] studied the effect of WEO and WCO on rejuvenated and aged asphalt and
formulated a new type of rejuvenating agent. The results showed that the rejuvenation
effect of the rejuvenator is good after compounding.

To sum up, the use of WEO in road engineering at domestic and foreign level focused
on the performance recovery and mechanism research of rejuvenated asphalt. The results
have shown that use of WEO improves the performance of aged asphalt. The degree of
recovery and improvement of the basic properties of aged asphalt by WEO was analyzed
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with the help of changes in basic indicators before and after rejuvenation. The rejuvenation
mechanism of the WEO on the aged asphalt was revealed through microscopic tests
such as SEM and FTIR. It was concluded that WEO can provide light components to the
aged asphalt, thus restoring its basic properties. However, there are few studies on the
rejuvenation mechanism of aged asphalt from the molecular level. Therefore, the use of
molecular dynamics simulation to carry out research on the properties of aged asphalt
rejuvenated from WEO is a direction worthy of further development. Accordingly, on the
basis of asphalt physical properties tests, this study used molecular dynamics simulation
to explain the interaction between WEO and aged asphalt from a molecular point of view
through the aggregation and diffusion degree of asphalt components.

2. Materials and Methods
2.1. Materials
2.1.1. Asphalt

The base asphalt (BA) used in this study is 70#A. According to “Standard Test Methods
of Bitumen and Bituminous Mixtures for Highway Engineering” (JTG E20-2011), the
physical properties of BA were tested. The physical properties test results are listed in
Table 1, and all properties meet the requirements of the specification.

Table 1. Performance index of 70# BA.

Items Units Measured
Value

Technical
Specification Test Method [27]

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 65.2 60–80 T 0604-2011
Ductility (10 ◦C) cm 102 ≥25 T 0605-2011
Softening point ◦C 51.6 46.0 T 0606-2011

Viscosity (135 ◦C) Pa·s 0.755 - T 0625-2011

RTFOT
(165 ◦C, 5 h)

Mass Change/% % 0.316 ±0.8

T 0609-2011Residual penetration ratio % 68 ≥61.0
Residual ductility (15 ◦C) cm 10 ≥15.0

2.1.2. Waste Engine Oil

The WEO used in this study was selected from an auto repair and maintenance shop
in Xi’an. It was liquid at 25 ◦C, with a brown-red appearance and a pungent odor. Because
the composition of WEO is complex and accompanied by insoluble impurities, the WEO
is filtered to remove impurities [28]. The filtration apparatus used in this paper consists
of a conical flask with a funnel. The diameter of the filter paper is 11 cm, the pore size is
15–25 µm, and it takes about 12 h to filter once. The filtration process is shown in Figure 1,
and the basic composition of WEO is shown in Table 2.
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Table 2. Composition of waste engine oil.

Item Main Ingredient Additive Others

WEO base oil Anti-aging agent, dispersant, emulsifier, etc. Metal, dust, moisture, etc.

2.2. Preparation of Aged and Rejuvenated Asphalt

The samples used in this paper are base asphalt, aged asphalt, and rejuvenated asphalt.
The preparation process of the samples is as follows:

(1) Adjust the oven temperature control switch to control the temperature at 163 ◦C ± 1 ◦C,
adjust the film oven to a horizontal state and place it in the sample pan to preheat.

(2) Melt the 70# BA and pour it into the sample dish, the quality of the asphalt in each
sample dish is controlled to be 50 ± 0.5 g.

(3) Put the sample pan into the preheated film oven turntable at the predetermined
position and conduct an aging test for 5 h, 9 h, and 13 h according to the requirements
of the test regulations to obtain an aged asphalt sample.

(4) Add the WEO (1%, 2%, 3%, 4%) to the aged asphalt, stir evenly to obtain the rejuve-
nated asphalt.

After getting the samples, the optimal addition of WEO is obtained through the basic
mechanical property test. With the help of Material studio 2019 software (BIOVIA), the
model of base asphalt, aged asphalt, and rejuvenated asphalt can be constructed, and the
macro phenomenon is explained through its molecular aggregation and diffusion. Finally,
the infrared spectrum test is carried out to systematically analyze the interaction process
between WEO and aged asphalt.

2.3. Methods
2.3.1. Physical Performance of Asphalt

In this study, macro (penetration, softening point, ductility, and viscosity) and micro
performance tests refer to “Standard Test Methods of Bitumen and Bituminous Mixtures
for Highway Engineering” (JTG E20-2011). In this paper, the samples of BA, aged asphalt,
and rejuvenated asphalt were tested. The flowchart of this paper is shown in Figure 2.
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2.3.2. Gas Chromatograph–Mass Spectrometer (GC-MS) Test

A GC-MS (8890B-5977B, Agilent Co., Ltd., Germany) test was carried out on WEO to
determine its composition and lay a foundation for the modeling. The gas chromatography–
mass spectrometry (GC-MS) test instrument was an Agilent 8890B-5977B gas chromatography–
mass spectrometer from Agilent, the scanning mode was full scan mode (SCAN), the mass
scanning range was m/z 100–800, and the scanning frequency was 3.2 scan/s.

2.3.3. Fourier Transform Infrared (FTIR) Test

FTIR tests were carried out on BA, aged asphalt, and rejuvenated asphalt. In this exper-
iment, the Varian600-IR series Fourier transform infrared spectrometer (Varian technologies
China Co., Ltd., Beijing, China) was used. The test spectral range was 500–4000 cm−1, and
the instrument used OPUS software for data acquisition and analysis.

2.3.4. Saturates, Aromatics, Resins, Asphaltenes (SARA) Test

The SARA test was applied to determine the proportion of the components of asphalt,
so as to obtain the change of composition before and after asphalt modification, which
can also provide a reference basis for modeling. The samples of BA, aged asphalt, and
rejuvenated asphalt were tested. The test was carried out in accordance with the method of
(JTG E20-2011) t 0618-1993.

2.3.5. Asphalt Aged Test

The aging simulation of BA was carried out. The aging times were 5 h, 9 h, and 13 h.
The asphalt aging instrument was 82 asphalt film Oven. The test was carried out according
to the requirements of T0609-2011 in “Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering” (JTG E20-2011).

2.4. Molecular Model Determination and Parameter Selection
2.4.1. Asphalt Molecule Selection

Due to the complexity of asphalt composition, it can be divided into four components:
asphaltenes, saturates, aromatics, and resins. In this paper, the asphalt binder represented
by the 12-component asphalt molecular model proposed by Li and Greenfield [24] was
simulated. The molecular formula of the 12 molecules is shown in Figure 3. The model
contains three kinds of asphaltenes (AS), two kinds of saturates (SA), two kinds of aromatics
(AR), and five kinds of resins (RE). The atomic number of each model before and after
asphalt aging is shown in Table 3.

Table 3. Molecular composition of asphalt.

Type BA Aged Asphalt

asphaltenes
AS-1 C42H55O C42H46O5
AS-2 C66H81N C66H67NO7
AS-3 C51H62S C51H54O5S

saturates
SA-1 C30H62 C30H62
SA-2 C35H62 C35H62

aromatics
AR-1 C35H44 C35H36O4
AR-2 C30H46 C30H42O2

resins

RE-1 C40H59N C40H55NO2
RE-2 C29H50O C18H10O2S2
RE-3 C36H57N C36H53NO2
RE-4 C40H60S C40H56O3S
RE-5 C18H10S2 C29H49O2
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2.4.2. Parameter Selection

The molecular dynamics simulation of the model of asphalt binder and rejuvenator
adopted Materials Studio 2019 software to verify the accuracy of the molecular model by
density and judged whether the molecular model is stable by energy. By means of the
diffusion coefficient and radial distribution function, the diffusion and aggregation degree
of the asphalt model were analyzed.

(1) Radial Distribution Function (RDF)

RDF is a measure of the distribution probability of other particles around the reference
particle, reflecting the aggregation of the selected molecule with the specified reference
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molecule. That is to say, the thickness of thin spherical shell interlayer δr tends to 0, the
radial distribution function diagram shows the probability of particles appearing on the
sphere at the distance from the nucleus r, as shown in Figure 4.
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Assuming that the number of molecules in the range of r – r + dr around the reference
molecule in the system is dN, the radial distribution function is defined as [16]:

g(r) =
dN

ρ4πr2dr
(1)

In Equation (1), r is the distance between particles, N is the number of particles, and ρ
is the average density of the system.

(2) Mean Square Displacement (MSD)

The mean square displacement is used to evaluate the degree of diffusion of the asphalt
system and can also be used to calculate the diffusion coefficient of the asphalt system. The
stronger the movement ability in the system, the larger the mean square displacement of
the particle, as shown in the MSD calculation Formula (2):

MSD = lim
t→∞

d
dt

Nα

∑
i=1

〈
[ri(t)− ri(0)]

2
〉

(2)

In Equation (2), ri (t) is the displacement of the particle at a certain time, ri (0) is the
displacement at the beginning of the particle, and N is the number of diffused particles in
the system. The MSD results of each model can be obtained by analyzing the model with
the analysis of force module in the software and calculating the movement of base asphalt,
aged asphalt, and rejuvenated asphalt.

The diffusion coefficient of the four components can be calculated through the mean
square displacement. The diffusion coefficient represents the diffusion capacity of the
material. The reaction degree of the solute in the solvent can be analyzed by using the
diffusion coefficient. When the mean square displacement curve shows a linear trend, the
equation simplifies to Equation (3):

D =
1

6T
MSD (3)

In Equation (3), T is the total time for the movement of atoms or molecules, which is
1/6 of the slope of the simplified linear curve.

3. Results and Discussion
3.1. Evaluation of Physical Properties of Rejuvenated Asphalt

In this section, asphalt before and after aging and rejuvenated asphalt were selected as
test materials, and the changes of basic performance indicators were analyzed by different
aging time and different WEO content as control factors, and the WEO content with the
best rejuvenation effect was recommended. The aging times were 5 h, 9 h, and 13 h, and
the content of WEO was 1%, 2%, 3%, and 4%. The basic performance test results are shown
in Figure 5. The penetration test results at 25 ◦C are shown in Figure 5a, softening point
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test results are shown in Figure 5b, the ductility test results at 10 ◦C are shown in Figure 5c,
and the rotational viscosity test results at 135 ◦C are shown in Figure 5d.
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Figure 5. Test results of different indexes of asphalt. (a) Penetration. (b) Softening point. (c) Ductility.
(d) 135 ◦C viscosity.

3.1.1. Penetration

As can be seen from Figure 5a, the penetration of the aged asphalt showed a decreas-
ing trend compared with the BA, which was due to the corresponding changes in the
asphalt components during the thermal-oxidative aging process, which was macroscopi-
cally manifested by the hardening and brittleness of the asphalt. At the same aging time,
the penetration of the aging asphalt was restored to different degrees after the addition
of WEO and the corresponding needle penetration index increased to a greater extent as
the amount of WEO was increased. The penetration showed a consistent decreasing trend
with increasing aging process under the same dose, and the recommended dose of WEO is
2% and 3%.

3.1.2. Softening Point

From Figure 5b, it can be seen that the softening point of the aged asphalt showed an
increasing trend compared with that of the original asphalt. The reason for this is that the
softening point increased due to the reduction of light oil content during the aging process,
which led to the softening point of the asphalt not easily flowing at high temperature when
measured by the Universal Method. At the same aging time, the softening point index of
the aging asphalt was reduced to different degrees after the addition of WEO. The softening
point showed a consistent increasing trend with the increasing aging process under the
same dose, so the recommended dose of WEO is 2%, 3%, and 4%.

3.1.3. Ductility

As can be seen from Figure 5c, the asphalt ductility showed a decreasing trend com-
pared with the BA. The reason for this was that the asphalt became brittle before and after
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aging, and it was easy to form stress concentration and fracture during the tensile process,
which led to a decrease in ductility. At the same aging time, the softening point of the aging
asphalt was restored to varying degrees after the addition of WEO, and the corresponding
softening point index increased with the increase of WEO admixture. With the same dose,
as the aging process increases, the ductility shows a consistent downward trend; from this
index, the recommended WEO dosing is 3% and 4%.

3.1.4. Viscosity

As can be seen from Figure 5d, the rotational viscosity of the aged asphalt at 135 ◦C
showed an increasing trend compared to the original asphalt, indicating that the fluidity of
the asphalt became weaker at high temperatures before and after aging, which was due to
the increase in the proportion of solid components inside the asphalt, thus hindering the
rotation of the asphalt, thus leading to an increase in rotational viscosity. However, the addi-
tion of WEO can effectively alleviate the problem of poor flowability of asphalt due to aging,
with the increasing amount of WEO, the flowability of asphalt can be further improved.

3.1.5. Optimum Dosage of Waste Engine Oil

In summary, WEO can significantly improve various properties of aged asphalt. In
addition, it can be found that the improvement effect of WEO is different under different
dosages. From the analysis of basic mechanical properties, it can be seen that under 6
aging times, with the increase of aging time, the performance of asphalt is significantly
reduced. After adding WEO, the basic properties of the aged asphalt were recovered.
Among them, in terms of penetration, softening point, and viscosity, WEO can improve
the workability of aged asphalt, but the excess WEO can improve the workability of aged
asphalt. The WEO has a great influence on the softening point, so the amount of WEO
should be strictly controlled.

Taking the basic performance index of BA as a reference and taking the regeneration
effect under 9 h and 13 h aging time as the judgment basis, comprehensively considering
various performances to select the optimal amount of WEO and analyze the results of the
penetration, we recommend the best mixture of WEO to be 2% and 3%; according to the
analysis of softening point, the recommended optimum dosage of WEO is 2%, 3%, and 4%;
and according to the analysis of ductility index, the recommended optimum dosage of WEO
is 3% and 4%; from the analysis of the results of the rotational viscosity, it is recommended
that the optimal content of WEO is 2% and 3%; and the optimal content of WEO is finally
determined to be 3%. The determination of the optimal content of WEO will lay the
foundation for the establishment of the later rejuvenated asphalt model.

3.2. Molecular Dynamics Simulation Analysis
3.2.1. WEO Model Construction

In order to analyze the WEO component and molecular formula, gas chromatography–
mass spectrometry test, the test results are shown in Figure 6.
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Figure 6. Molecular weight of WEO.

It can be seen from Figure 6 that the WEO has many peaks and irregular distribution,
indicating that the waste oil is composed of various compounds. In addition, according to
the test results, the molecular weight of WEO is concentrated between 300 and 700 g/mol,
indicating that WEO is composed of substances with smaller molecular weights. By con-
sulting related literatures [29,30], the main components of WEO are aromatic hydrocarbons
(Cn+6H2n+6), paraffin oil (CnH2n+2), and polyolefin n(C2H4), and the structure of these
compounds is related to the lightweight group of asphalt. Fractions (aromatic hydrocar-
bons) are similar. WEO is rich in aromatic hydrocarbon molecules, which not only play
an important role in the recovery of aged asphalt properties, but also infer its molecular
structure, which lays the foundation for the study of molecular dynamics. The composition
of WEO is similar to the light components of asphalt, and the molecular formula of WEO is
determined to be a benzene ring and a pentyl group [30]. The specific molecular model is
shown in Figure 7.
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Figure 7. Molecular model of WEO.

3.2.2. Construction of the Asphalt Model

When constructing the asphalt molecular model, the content of the four components
in the model must be determined. The test results of the four components of the BA aged
asphalt are shown in Figure 8.
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Figure 8. The result of SARA.

It can be seen from Figure 8 that the components of the asphalt change significantly
after aging. Compared with the BA, the As and Re of the aged asphalt increased by 12.6%
and 12.5%, respectively, and the Sa and Ar decreased by 12.6% and 16.5%, respectively. 28.
Compared with the aged asphalt, the Sa and Ar of the asphalt regenerated by adding waste
oil increased by 23.7% and 28.1%, respectively. The change of asphalt composition will lead
to the change of asphalt performance. After aging, the flow components of asphalt will
decrease, resulting in the decrease of penetration and the increase of viscosity and softening
point. The addition of waste oil timely replenishes the light components lost due to the
aging process, so that the properties of the aged asphalt can be restored.

Through the molecular assembly module in the molecular dynamics software, accord-
ing to the four component test results, the BA model, the aged asphalt, and the regenerated
asphalt molecular model are shown in Figure 9.
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Figure 9. Asphalt molecular model. (a) BA. (b) Aged asphalt. (c) Rejuvenated asphalt.

3.2.3. Model Accuracy Analysis

As a basic index of asphalt material, density can be used as a direct index to verify the
accuracy of simulation methods and force field parameters. Density values of the asphalt
at 298 K (25 ◦C) were calculated using the NPT ensemble. The simulation trend is shown
in Figure 10. The results show that the density of BA and aged asphalt increased with the
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increase of simulation time, and the density gradually stabilized at about 100 ps. With
the further increase of simulation time, the density of BA stabilized at 0.92 g/cm3, the
density of aged asphalt was stable at 1.14 g/cm3, which is in good agreement with the
actual situation.
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Figure 10. Density changing during simulation.

The total energy of the system includes potential energy, kinetic energy, and bond
energy, among which the chemical bond energy is relatively stable from beginning to end,
the intramolecular energy does not change significantly during the lifetime, and there is no
obvious resistance in the process of molecular dynamics simulation. It is a spontaneous
diffusion process. The energy change of the BA system is shown in Figure 11. It can be seen
from the figure that the energy of the system is relatively stable.
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Figure 11. Energy changing during simulation.

3.2.4. Asphalt Agglomeration and Diffusion Capacity Analysis

Figure 11 shows the simulation results of the radial distribution function of each com-
ponent in different asphalt models. From Figure 12, it can be seen that the aggregation of
each component in the asphalt before and after aging changed, which is mainly manifested
in the significant increase of g(r) at the same distance; the macroscopic performance shows
that the asphalt viscosity increased, which corresponds to the macroscopic mechanical
properties test results. Since the addition of the regenerant to the asphalt system reduced
the g(r) of each component in the asphalt system, it shows that the addition of the regener-
ant can effectively alleviate the aggregation of the components of the asphalt. The reason is
that the regenerant can effectively improve the proportion of each component of asphalt.
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Figure 12. RDF results for asphalt. (a) BA. (b) Aged asphalt. (c) Rejuvenated asphalt.

We used the analysis of the forcite module in the software to analyze the model,
calculate the movement of the four components of BA, aged asphalt, and rejuvenated
asphalt, and fit the data in the time range of 0 ps to 150 ps with a straight line. The results
are shown in Figure 13.
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Figure 13. MSD results for asphalt.

As shown in Figure 13, as the simulation time continues to increase, the MSD of each
asphalt shows an upward trend, indicating that each molecule in the asphalt system has
been in motion. When the time is 70 ps, the mean square displacement curve is linear.
The MSD fitting of each asphalt in the range of 0−150 ps shows the diffusion coefficient
of each asphalt. The calculation results of the diffusion coefficient are shown in Table 4
below. Compared with aged asphalt, the diffusion coefficient of BA and rejuvenated
asphalt increased by 14.9% and 17%, respectively, indicating that the diffusion capacity
of rejuvenated asphalt is the best. The addition of waste oil can increase the movement
of asphalt components. The macro performance is that the addition of waste oil can
effectively alleviate the performance defects of aged asphalt, that is, the recovery of various
performance indicators.

Table 4. Diffusion coefficient of asphalt.

Items D/10−2 mm2/s

BA 1.374
Aged asphalt 1.196

Rejuvenated asphalt 1.401

3.3. Mechanism Analysis

On the basis of basic performance test and molecular simulation, it is also necessary to
analyze the mechanism of regeneration of aged asphalt with WEO. In this section, the FTIR
test was used to analyze the changes of functional groups before and after the addition
of WEO in order to judge the impact of the addition of WEO on its molecular structure,
and then through the changes of macro performance indicators and molecular dynamics
simulation results, the causes of macro performance changes and the accuracy of molecular
dynamics simulation can be determined.

The FTIR of different asphalts are shown in Figure 14. Figure 14a shows the test results
of BA, and Figure 14b shows the test results of aged asphalt and rejuvenated asphalt.
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Figure 14. Infrared spectrum test results. (a) Base asphalt. (b) Aged asphalt and rejuvenated asphalt.

It can be seen from Figure 14a that there are six strong absorption peaks in the func-
tional group region of FTIR of 70# base asphalt. Through the comparison of characteristic
absorption peaks, the absorption peak of BA at wave number 3100–3300 cm−1 is caused by
CH stretching vibration. The strong absorption peaks at 2921.34 cm−1 and 2856.58 cm−1 are
caused by the stretching vibration of the C-H bond in the methylene group. The absorption
peak at 1455.27 cm−1 and 1376.16 cm−1 is the result of bending vibration in C-H plane. The
absorption peak at 1630.89 cm−1 is the result of the stretching vibration of the C=C double
bond. The range 400–1300 cm−1 is the infrared fingerprint frequency region, in which
small changes in the molecular structure will cause changes in its peaks. It was found that
70# BA has more miscellaneous peak changes in the fingerprint area, indicating that it has
more internal components. However, it can be preliminarily judged from the functional
group region that the mechanism asphalt is composed of saturated and unsaturated carbon
chains [31].

It can be seen from Figure 14b that after the aging of the BA, an obvious characteristic
peak appeared at 1690 cm−1. The characteristic peak is carbonyl (C=O) stretching vibration,
which is the characteristic peak of asphalt aging. It indicates that the asphalt produces
chemical structures such as carbonyl acids or ketones during aging. The existence of this
group in asphalt indicates that under the action of high temperature and oxygen in the air,
asphalt will be oxidized to produce hydroperoxide, which will decompose into substances
with carbonyl functional groups and small molecular free radicals. Asphalt aging is an
oxidation process. During the aging process of asphalt, oxygen-containing groups increase,
and aromatics and colloids are transformed into asphaltene. It will lead to the increase of
viscosity and the decrease of penetration and ductility of asphalt [32].

In addition, by comparing the infrared spectra of the fingerprint area, there is an
obvious absorption peak at 500–1000 cm−1. Aromatic hydrocarbons are in this area, indi-
cating that adding WEO can timely supplement the light components, so as to improve
the compatibility and anti-aging performance of aged asphalt. The addition of WEO can
restore the road performance of aging asphalt, increase the service life of road asphalt, and
have good regeneration effect. Meanwhile, by comparing the FTIR of BA and aged asphalt,
it was found that the FTIR of rejuvenated asphalt from WEO had no obvious changes. This
shows that the regeneration of aged asphalt by WEO is mainly physical. In addition, the
FTIR test results match with the molecular simulation results, indicating that molecular
dynamics can be used to characterize the aging and regeneration of asphalt [33].

To sum up, it can be concluded that there is no obvious chemical structure change in
the regeneration process of WEO. The light component of aged asphalt is supplemented by
WEO, and the proportion of light component has a great impact on the macro energy of
asphalt. Due to the increase of light component, the viscosity of aged asphalt decreases,
the penetration increases, the ductility increases, the softening point decreases, and the
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diffusion capacity of asphalt increases, which shows that the FTIR results are consistent
with the molecular simulation results.

4. Conclusions

Applications of MD simulation in asphalt materials were widely investigated in this
study. The development of molecular simulation method provides a reliable way from
micro-scale to correlate macro performances and properties with micro mechanisms and
molecular structures. The following conclusions can be drawn:

(1) WEO can effectively improve the basic physical properties of aged asphalt. With the
increase of WEO content, the low temperature performance of aged asphalt increases,
and the high temperature performance is slightly lost. The performance of rejuvenated
asphalt can be restored to the level of the original asphalt, and the basic performance
is comprehensively considered. For each test index, the final recommended optimal
dosage of WEO is 3%.

(2) The asphalt model is established by selecting 12 components. By analyzing the
density and capacity of the aging asphalt model and the matrix asphalt model, it can
be concluded that with the increase of simulation time, the density of BA and aged
asphalt shows an increasing trend, and the density gradually stabilizes at about 100 ps.
With the further increase of simulation time, the density of BA is stable at 0.92 g/cm3,
and the density of aged asphalt is stable. At 1.14 g/cm3, it has a good consistency
with the actual situation.

(3) The g(r) of each component in the asphalt system decreased when the WEO was
added, indicating that the addition of the rejuvenate can effectively alleviate the
aggregation of the components of the asphalt. The reason is that the regenerant can
effectively improve the proportion of each component of the asphalt.

(4) The diffusion ability of rejuvenated asphalt is the best, followed by BA, followed by
aged asphalt, indicating that the addition of WEO increased the movement of each
component of asphalt. The macroscopic performance is that the addition of WEO can
effectively alleviate the poor workability of aged asphalt.

(5) The regeneration of aged asphalt by WEO is mainly physical. Compared with BA, the
content of carbonyl in aged asphalt increases and the absorption peak of regenerated
asphalt decreases at this position. The addition of WEO increases the content of
aromatics in aged asphalt, which is consistent with the enhancement of diffusion
coefficient of dynamic simulation results. The addition of WEO increases the light
components in the aged asphalt, changes the proportion of each component of the
asphalt, and the macro performance is the recovery of each performance, which
corresponds to the enhancement of the diffusion coefficient of the simulation results.

In this study, the molecular dynamics theory is further combined with the research
of pavement materials, and the research ideas of pavement materials are broadened. The
models of base asphalt, aged asphalt, and recycled asphalt were successfully established.
At the same time, from the perspective of molecular motion, based on dynamics and ther-
modynamics, the interaction between basic asphalt, aged asphalt, and recycled asphalt is
explained. Combined with macro test and infrared spectrum test, the correctness of molec-
ular dynamics simulation results is verified again, and the mechanism of recycled asphalt
is further clarified. With the continuous development of modern computer technology, the
application of modern science and technology to the research of pavement materials will
continue to deepen, which will make it possible to reveal the mystery of the interaction
between regeneration and asphalt from a micro perspective and through the intersection
of disciplines.
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