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Abstract: In order to understand the diffusion behavior of
polyurethane (PU) in asphalt and the adhesion between
modified asphalt and aggregate, the diffusion system of
PU-modified asphalt was studied by molecular dynamics
simulation software. Asphalt molecular model, PU mole-
cular model, and PU-modified asphalt molecular model
were established, respectively, and were geometrically
optimized. The interface model between original asphalt
molecule and aggregate, modified asphalt molecule and
aggregate, PU molecule and asphalt molecule are estab-
lished. The diffusion coefficient is calculated from the
mean square displacement curve of asphalt and PU, so
as to characterize the diffusion ability of asphalt and PU.
The adhesion between modified asphalt and aggregate
is characterized the interface energy between modified
asphalt and aggregate. The results show that the mole-
cular movement of the two substances is relatively active,
and the micro-holes in the system structure can be filled in
a short time. The interface energy between PU-modified
asphalt and aggregate is more significant than that
between original asphalt and aggregate. PU-modified
asphalt has good diffusion ability and better adhesion
with aggregate.
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1 Introduction

Under the influence of traffic load and environmental
factors (water, temperature, etc.), the pavement perfor-
mance decreases gradually with the passage of time.
Pavement performance can be improved by using
polymer-modified asphalt. Common polymers include
ethylene vinyl acetate copolymer, low-density polyethy-
lene, styrene butadiene styrene, high-density polyethylene,
styrene butadiene rubber, natural rubber, etc. Polymer-
modified asphalt is usually physically modified. Although
the high temperature deformation resistance of asphalt
can be improved to a certain extent, due to the polarity
difference of molecular structure and poor compatibility,
the water resistance, aging resistance, and compatibility
of polymer-modified asphalt need to be improved [1-3].
At present, the materials used in traditional polymer-mod-
ified asphalt mixture will degrade under the action of heat,
light, and oxygen [4-6]. However, in addition to polymers,
chemically modified asphalt can also be used to improve
the performance [7]. These asphalts are added with che-
mical modifiers under specific conditions to form new
functional groups and change their structure [8].
Polyurethane (PU) is a polymer containing carba-
mate group (-NHCOO-) in its molecular structure. It
is usually obtained by the reaction of isocyanate with
polyol. PU has excellent mechanical strength, oxidation
resistance, chemical stability, high elasticity, and other
excellent properties. Since its invention by O. Bay in 1937,
PU has been widely used in adhesive, synthetic leather,
rubber, civil engineering, petroleum engineering, and other
industries because of its flexible formulation, excellent
product performance, and various forms. For example,
PU foam has the characteristics of low density and high
energy absorption capacity. It is widely used in insulation
board, including wall, roof insulation, and filled space
around doors and windows [9-11]. Synthetic PUs have
been widely used in recent 10 years. PU has excellent
heat resistance and mechanical properties. It is widely
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used in foam plastics to improve the thermal insulation
performance of buildings, paints, coatings, and synthetic
leather [12-14]. PU-modified asphalt has been widely stu-
died in the field of road engineering. Liu et al. [15] con-
ducted a molecular simulation study on the compatibility
of PU and polyvinyl chloride and the performance of the
blend film, and found that when the mass ratio of PU and
polyvinyl chloride was 9:1, the phase between the two was
capacitive and was the best.

Fu et al. [16] studied the aging protection mechanism
of three amine antioxidants on hydroxyl-terminated
polybutadiene PU, calculated its diffusion coefficient,
solubility parameter, and permeability coefficient, and
obtained the advantages and disadvantages of its aging
performance. Wang et al. [17] and He et al. [18] studied
the effect of aging on the performance of rubber powder-
modified asphalt and found that thermal oxygen aging
has a great impact on the rheological properties of
rubber powder-modified asphalt. Short-term aging has
little effect on the aging of rubber powder-modified
asphalt, and long-term aging is the main aging form
of rubber powder-modified asphalt. Xiao et al. [19] and
Ding et al. [20] studied the interaction between asphalt
mixture and regenerated by using molecular dynamics
(MD) and found that regenerant has obvious effect on
asphalt after long-term aging, but limited effect on asphalt
after short-term aging. Xu et al. [21] studied the effects of
time, temperature, and four components on the diffusion
behavior of regenerant in aged asphalt by using Materials
Studio software, and characterized its diffusion ability by
the calculated diffusion coefficient. The simulation results
show that the diffusion coefficient of recycled asphalt
increases gradually with the prolongation of aging time;
with the increase of temperature, the increase rate of dif-
fusion coefficient gradually slows down; the diffusion
coefficients of aromatic and saturated components are
greater than those of resin and asphaltene. Wang et al.
[22] analyzed the basic principle of asphalt mixture mole-
cular simulation technology, summarized the asphaltene
structure model in different periods and aggregate model
in different applications, and discussed the asphalt dif-
fusion phenomenon and the influence mechanism of
additives on asphalt performance, and put forward the
application prospect of simulation technology. In terms
of the application prospect of simulation technology,
improving the asphalt aggregate interface model is still
the focus of MD simulation research. The subsequent
research should focus on accurately expressing the asphalt
aggregate interface under the coupling action of external
factors such as water, temperature, and load, and explore
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the attenuation law of asphalt mixture performance. The
soft section in PU structure covers a large area. In the PU-
modified asphalt currently studied, polyester polyols and
polyether polyols are commonly used in soft segments.
The molecular structures of polyester polyol and polyether
polyol contain a large number of ester bonds and ether
bonds, respectively, which make PU modifiers have greater
polarity than asphalt binders. Therefore, the interaction
between PU and asphalt components (especially light
components) is weak, which ultimately limits the modifi-
cation effect of asphalt [23]. In this article, Materials Studio
will be used to study the diffusion behavior of PU in
asphalt and the interface between PU-modified asphalt
and aggregate, and the microscopic effect of mutual diffu-
sion of PU-asphalt and the adhesion between -modified
asphalt and aggregate will be characterized. First, the
asphalt molecular model, PU molecular model, and mod-
ified asphalt molecular model are established, respec-
tively, based on the molecular model of four components
of asphalt and the molecular model of main components
of PU. Then, the diffusion behavior of PU in asphalt and
the interface between modified asphalt and aggregate
are simulated by Materials Studio. Finally, the diffusion
coefficients of asphalt and PU are calculated according to
the mean square displacement (MSD) curve, and the adhe-
sion between modified asphalt and aggregate is analyzed
according to the interface energy. It provides a research
idea for the research of PU-modified asphalt. It is also
expected to be applied to the regeneration of waste porous
asphalt mixture.

2 Model building

2.1 Asphalt

Asphalt is a complex mixture of millions of molecules, so
it is difficult to obtain detailed chemical composition.
According to the molecular size, solubility parameters,
and selective adsorption desorption behavior of asphalt
[24], asphalt is divided into four different components:
SARA (saturation, asphaltene, resin, and aromatic). MD
simulations are based on SARA classification. Represen-
tative molecules are selected to build asphalt molecular
model and its physical and chemical behavior is simulated
[25,26]. Li and Greenfield [27] proposed a 12-component
AAA-1 asphalt molecular model according to the Strategic
Highway Research Program, and the density and coefficient
of thermal expansion are verified by experimental data.
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In the 12 component asphalt model, asphalt is divided
into three types of asphaltenes (asphaltene-phenol,
asphaltene-pyrrole, and asphaltene-thiophene), five resin
molecules (quinolinohopane, thioisorenieratane, benzo-
bisbenzothiophene, pyridinohopane, and trimethylbenze-
neoxane), two types of aromatics (PHPN and DOCHN)

Oxygen atom
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Asphaltene-pyrrole (CgsHgN)
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Pvridinohopane (C3;sHs;N)
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and two types of saturation (squalane and hopane) (as
shown in Figure 1). The 12 component asphalt model was
adopted in this study. The detailed molecular informa-
tion such as molecular formula and mass ratio are
shown in Table 1. The molecular models of asphalt
were established according to the molecular number of
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Quinolinohopane (C4oHsoN)

Thioisorenieratane (C4oHgoS)
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Figure 1: Twelve components of asphalt: (a) asphaltene, (b) resin, (c) aromatics, and (d) saturation.



DE GRUYTER

Table 1: Model composition of 12 components of asphalt
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Molecular components Molecular formula

Molecular number

Molecular mass (g-mol™) Mass ratio (%)

Asphaltene-pyrrole CgeHaiN 2
Asphaltene-phenol C42oHs,0 3
Asphaltene-thiophene Cs1He2S 3
Pyridinohopane C3gHs7N 4
Quinolinohopane C4oHsoN 4
Thioisorenieratane C4oHe0S 4
Benzobisbenzothiophene CigH10S> 15
Trimethylbenzeneoxane CyoH500 5
DOCHN C3oHse 13
PHPN C35Hys 1
Squalane C3oHe2 4
Hopane C35Heo 4

888.4 5.5
574.9 5.3
707.1 6.5
503.9 6.2
553.9 6.8
573.0 7.0
290.4 13.4
414.7 6.4
406.7 16.2
464.7 15.7
422.8 5.2
482.9 5.9

the 12 components of asphalt in Table 1 (as shown in
Figure 2).

2.2 PU

PU polymers are traditionally and most commonly poly-
merized by the reaction of dimerized or trimerized iso-
cyanates with polyols. PUs are classified as alternating
copolymers because they contain two monomers that are
polymerized alternately with each other. Isocyanates and
polyols used to prepare PU contain two or more functional
groups per molecule. The synthesis process is shown in
Figure 3. PU belongs to the category of reactive polymer
compounds, which include epoxy resin, unsaturated
polyester, and phenolic resin [28-30]. PUs are synthesized
from isocyanates (R—(n=C=0)n) and polyols (R’—(OH)n)
under catalyst or UV irradiation, and each molecule con-
tains more than two isocyanate groups [31]. The PU
molecular model is shown in Figure 4.

38.3nm

Figure 2: Asphalt molecular model.

y i
O:C:N—QQONZCZO + HO—CI—CIZ—OH

H H H
0 X o

— HEA Aot
H H H H H

Figure 3: PU molecular synthesis process.

2.3 Asphalt-PU

Ying and Xing [32] determined that the best content of PU
is 35% through tensile test by selecting five kinds of PU
with 30, 35, 40, 45, and 50% of asphalt quality. In view of
the above, 15 PU monomer molecules should be added on
the basis of Table 1 to form the final PU-modified asphalt
molecule (as shown in Figure 5).

2.4 Aggregate

For the construction of aggregate model, the relevant
crystal cells are mainly constructed according to the che-
mical composition of aggregate, so as to represent the
characteristics of aggregate. In order to explore the fric-
tion characteristics of wheeled asphalt pavement, Sun
et al. [33] constructed SiO, cell plane to represent asphalt
pavement. In this article, SiO, cell plane is used to repre-
sent the aggregate model. The crystal structure of the
stone, namely the crystal structure of SiO,, is introduced
into the system, and the slice calculation is performed to
determine the (1 -1 0) plane with the lowest energy and
the most stable crystal plane, and relax the most stable
crystal plane (as shown in Figure 6).
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Figure 4: PU molecular model: (a) PU monomer molecular model (n = 3) and (b) PU macromolecular model.

| a1

Figure 5: Molecular model of PU-modified asphalt.

Figure 6: Section of SiO, molecular crystal.

3 MD simulations

3.1 Force field and ensemble
3.1.1 Force field
In the calculation of MD, the selection of force field

plays a key role, which determines the rationality and
reliability of the calculation results. In the system,

the position type and energy expression of each atom
together constitute the force field. Once the force field
in the system is determined, the position type of each atom
is also determined. At present, hundreds of force field
types have been researched and developed. Generally, a
force field is developed through a specific system, so the
application scope of the force field is different, but they
are popularized and used after strict verification, so they
have high reliability. The force fields commonly used
in molecular simulation include Universal, Cvff, PCFF,
COMPASS, and so on. In this article, COMPASS force
field is used in MD simulation. The compass force field
is based on the basic theory of CFF911. The force field
can accurately predict the structure and properties of
gaseous and condensed matter in a large range of tem-
perature and pressure. The force field covers most of
the covalently bonded molecular systems, and later
covers various inorganic materials. The atoms and func-
tional groups covered by the force field are relatively
complete and have high precision. In terms of coverage
of the range of atomic types, Universal force field is the
most extensive, but the calculation accuracy of this
force field is relatively low. The coverage and calcula-
tion accuracy of Cvff and Pcff are general, so COMPASS
force field is selected for the MD calculation involved
in this article.

3.1.2 Ensemble

Ensemble refers to a collection of a large number of
independent systems with exactly the same nature and
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structure, in various motion states and under certain
macro-conditions, which is called statistical ensemble.
In the process of simulation, all microstates of the
system appear successively, and each microstate is
assigned to a system. This system has exactly the same
macro-thermodynamic quantity as the experimental system,
but the microscopic quantity is the same as the microscopic
state. Therefore, a set of systems is obtained, which is called
ensemble. From a macroscopic perspective, all systems
in the ensemble are identical, which are copies of the
experimental system; from the microscopic perspective,
each system is different and has its own microscopic
state. The ensemble used in this article has the following
two aspects:

(1) Canonical ensemble (NVT), in which the number of
particles (N), volume (V), and temperature (T) remain
constant. The canonical ensemble is a typical repre-
sentative of the MD ensemble. Assuming that the
number of particles in a box of volume V is N, which
are embedded in a hot bath with constant tempera-
ture T, the volume of the whole system does not
change, there is no material exchange with the
environment, and the total energy E and pressure
P of the system may fluctuate near a certain average
value.

(2) Constant pressure, constant temperature (NPT), the
number of particles (N), pressure (P), and tempera-
ture (T) of the ensemble remain unchanged. The NPT
ensemble is realized by a freely movable piston, a
container with good thermal conductivity, and a
vessel in contact with a huge constant temperature
thermal bath. The volume of the ensemble can vary
freely, and the total energy may also fluctuate.

3.2 Diffusion model

In order to reflect the interface diffusion behavior of
asphalt and PU, the diffusion model of asphalt and PU
was constructed by using the Build Layers command of
Materials Studio 8.0 software. In order to ensure that the
system and structure of the established model are similar
to the actual situation, the model needs to be optimized
with Forcite module before it can be used for MD calcula-
tion. Model optimization is mainly divided into two steps:
geometric optimization, which mainly uses Geometry
Optimization in Forcite in Materials Studio software to
optimize the molecular structure under the COMPASS
force field and annealing which uses the Anneal module
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in the Forcite module to anneal the optimized molecular
structure. In the experiment, the interaction between the
modifier and the asphalt is usually carried out at room
temperature. Therefore, the NPT ensemble is selected
and the temperature range is 300-500K for five con-
secutive simulated annealing treatments, so as to find
a stable molecular structure model with minimum
global energy. Finally, molecular dynamic calculation
are performed on the molecular model that has been
annealed.

At 298 K, the setting conditions of constant pressure
and constant temperature (NPT ensemble) were selected,
the total time was set to 100 ps, and a configuration
was output every 5,000 steps, so that the energy of the
molecular model was further released, and finally a
stable equilibrium was achieved. The interface models
of asphalt and PU before and after dynamic calculation
are shown in Figure 7.

3.3 Interface energy model

In order to characterize the adhesion between modified
asphalt and aggregates, the original asphalt—aggregate

(b)

Figure 7: Interface model of asphalt and PU before and after calcu-
lation: (a) interface model between original asphalt and PU and
(b) interface model of original asphalt and PU after diffusion.
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and PU-modified asphalt-aggregate interface models
were constructed using the Build Layers command of
Materials Studio software. Geometric optimization and
dynamic calculation are also required. At 298 K, the set-
ting condition of constant volume and constant tem-
perature (NVT) are selected, the total time is set at
100 ps, and a configuration is output every 5,000 steps.

The interface models between asphalt and aggregate
before and after dynamic calculation are shown in
Figures 8 and 9.

— Asphalt—
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4 Results and analysis

4.1 Interfacial diffusion behavior
4.1.1 Visual amplification analysis

After 100 ps dynamic calculation, the system is stable.
The enlarged view of the diffusion interface between
asphalt and PU before and after diffusion is shown in
Figure 10.

Figure 8: Interface model of asphalt and aggregate: (a) original asphalt-water-aggregate and (b) PU-modified asphalt-water-aggregate.

Vacuum

(33nm)

— Asphalt ~—

Aggregate

Figure 9: Interface model of asphalt and aggregate after dynamic calculation: (a) original asphalt-water—aggregate and (b) PU-modified

asphalt-water—aggregate.
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It can be seen from Figure 10 that the asphalt and
PU are closely combined without gaps after the dynamic
calculation, indicating that the asphalt molecules dif-
fuse into the PU molecules and the PU molecules also
diffuse into the asphalt molecules. These two molecules
diffuse into each other and have good compatibility.
Therefore, when the PU modifier is added to the asphalt,
the two can be well miscible together, thereby showing
better physical and chemical properties.

4.1.2 Verification of diffusion system

The total energy of the system includes potential energy,
kinetic energy, and bond energy. Among them, the che-
mical bond energy is relatively stable from beginning to
end, indicating that the internal energy of the molecules
in the system has no obvious change, and there is no
obvious resistance in the process of MD simulation. It is
a spontaneous diffusion process. When the system is
heated, the energy and temperature in the system will
gradually change. Therefore, two indicators of energy
and temperature are used to characterize the change
law of the system in this article. The dynamic simulation
of asphalt and PU was carried out by Materials Studio
software, the interface model diffuses and the system
reaches a stable state. The changes of energy and tem-
perature are shown in Figures 11 and 12. It can be seen
from Figures 11 and 12 that after 20 ps MD simulation,
the system basically reaches a stable state, and its
energy and temperature spontaneously reach a stable
state.

The radial distribution function of the average mole-
cular configuration of asphalt is shown in Figure 13.
It can be seen from Figure 13 that g(r) generally exhibits
the characteristics of intense and scattered fluctuations
in the short range, and gentle and dense fluctuations
in the long range. When r < 5nm, g(r) shows strong

Figure 10: Diffusion interface model of asphalt and PU.
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Figure 11: Forcite dynamics energy.

regularity and peak appears, which indicate that the
probability of particles appearing from the reference
particle to this position is much higher than the other
positions. The position of the main peak generally marks
the emergence of aggregated structure. When r > 5nm,
the function value of g(r) approaches constant 1, indi-
cating that the distribution of particles is irregular and
disordered.

4.1.3 MSD

For models in MD simulation-controlled systems, mole-
cules always tend to move and diffuse away from their
initial positions. During the simulated diffusion process,
the molecules in the system are continuously embedded.
MSD can be used to characterize the movement and
activity of asphalt molecules and PU molecules in the
system, so that the law of molecular diffusion can be
studied. The calculation formula is shown in the formula
below:

Homogeneous
diffusion
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Figure 12: Forcite dynamics temperature.
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Figure 13: Radial distribution function.

N
MSD = ([1(6)- HO)P) = - YIK(E)- HOP. (1
i=1

The analysis is carried out through the MSD option of
the analysis module, and the results obtained are shown
in Figure 14, where r;(t) is the position vector of particle i
at time t.

It can be seen from Figure 14 that the curve shows a
rapid upward trend in the initial stage of simulation, and
then the rate reaches a stable state. The first stage is the
close contact stage. At this stage, asphalt molecule and
PU molecule approach rapidly, the gaps between them
are filled rapidly, some components enter into the micro-
gap inside the material, and the volume of the model
decreases rapidly. Therefore, the MSD of the molecules
inside the system changes greatly with time at this stage.
The second stage is the continuous diffusion stage. In this
stage, molecules continue to diffuse into each other
under the action of van der Waals force and electric field
force. In this simulation, the critical time corresponding
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Figure 14: MSD fitting results of interfacial diffusion between
asphalt and PU.

to the stage division is about 20 ps, when the trend of the
curve changes significantly, that is, the critical point of
diffusion. Furthermore, it can be seen that the distance
the PU molecules move is “larger.” The reason for this
phenomenon has a certain correlation with the results
of molecular recombination. Due to the uncertainty of
diffusion, the difference in the atomic displacement of
asphalt and PU from non-contact to contact state is
caused. As for whether there are other reasons, it is diffi-
cult to determine, so further research is needed.

4.1.4 Diffusion coefficient

The term diffusion coefficient was proposed by von
Smoluchowski [34]. It can also be simplified to the lim-
iting slope of the MSD curve as a function of time, which
can be used to estimate the diffusion coefficient of parti-
cles. By averaging the MSD of all atoms, it is made line-
arly dependent on time, which can intuitively reflect the
relative speed of material diffusion. The commonly used
relationship between MSD and diffusion coefficient is
shown in the formula below:

D= —lim iiana )~ HOP) = —k(MSD).  (2)
6N t—oco dt i-1 6

In formula (2), MSD(¢) is the diffusion coefficient cor-
responding to a certain time point and k(MSD) is the
slope of the diffusion coefficient curve. The formula
shows that the diffusion coefficient is 1/6 of the MSD
curve k, where k should be the slope of the interdiffusion
phase of the two substances after contact. According to
the results in Figure 14, the slopes of the trend lines of
the MSD curves of asphalt and PU are 0.410 and 0.983,
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respectively, in which the fitting degree of asphalt is
R? = 0.9965 and the fitting degree of PU is R* = 0.9986,
indicating that the obtained slopes can meet the accu-
racy of calculating the diffusion coefficient. Therefore,
the diffusion coefficient of asphalt is 6.83 x 107° m%s™!
and that of PU is 1.64 x 10~ 8 m%s~, It can be seen from
the calculation results that the diffusion coefficient of
asphalt is smaller than that of PU, so the molecular
motion of PU in the system is faster. Asphalt and PU
in the system interact during the diffusion process,
and the two substances penetrate each other. Therefore,
when asphalt diffuses into PU, PU also diffuses into
asphalt. Previously, Li et al. [35] studied the diffusion
behavior of waste edible oil and aged asphalt and con-
cluded that the diffusion coefficient of aged asphalt was
4.31 x 10°m?s7, the diffusion coefficient of waste
edible oil is 2.12 x 107° m*s ™", so the asphalt regenerator
based on waste edible oil has good diffusion ability. So
in this study, the diffusion coefficient of PU in the system
is greater than that of asphalt, which can fill the micro-
scopic voids in the system structure in a short time.
Therefore, the modified asphalt based on PU has good
diffusion ability.

4.2 Adhesion calculation

4.2.1 Intuitive amplification

After 100 ps dynamic calculation, the system reached sta-
bility, and the enlarged interface of the original asphalt

and aggregate, modified asphalt and aggregate is shown
in Figure 15.

e
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It can be seen from Figure 15 that the modified
asphalt is in uniform contact and tightly combined with
the aggregate. Most of the water molecules enter the
asphalt molecules or recombine with some atoms in the
asphalt molecules, and only a small part is exposed.
However, the binding of the original asphalt and aggre-
gate is not as good as that of modified asphalt and aggre-
gate. Water molecules are mostly exposed and are not
uniformly bound to the aggregate layer. Therefore, under
the observation of microscopic visual magnification, it
can be seen that the adhesion between the PU-modified
asphalt and the aggregate is greater than that of the ori-
ginal asphalt and the aggregate.

4.2.2 Interface energy

Interfacial energy, also known as interaction energy, is
an important parameter to study the interaction of two
materials. A schematic diagram of the interfacial energy
between different materials is shown in Figure 16.

When two different materials A and B are in contact
at a specific temperature and pressure, the two materials
have coplanar C. At this point, the molecules on the inter-
face of the two materials begin to move until the whole
system reaches a stable state.

At this time, the total energy of systems A and B is
Eap, while the energies of materials A and B at steady
state is E5 and Eg, respectively, then the interface energy
is as shown in the formula below:

Einteraction = EAB - (EA + EB)- (3)

In formula (3), Einteraction iS the interaction energy of
the interface between materials A and B (kJ-mol™), Exp is

onuniform
bonding

Uniform
bonding

-

Figure 15: Contact surface between different asphalt and aggregate: (a) original asphalt—aggregate and (b) PU-modified asphalt—aggregate.
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Material A

Material B

Figure 16: Diagram of interaction energy.

the total energy of the system at steady state (kJ-mol ™),
E, is the energy of material A at steady state (kJ-mol™?),
and Egp is the energy of material B at steady state
(kJ-mol™). The measurement of the interface energy
reflects the strength of the adhesion between asphalt
and aggregate. The greater the interfacial energy, the easier
it is to form an interface between them, or the more stable
the formed interface, that is, the better the adhesion. The
simulation results of interface energy between asphalt
and aggregate are shown in Table 2.

Molecular potential energy is a quantity that con-
siders direction. When molecules attract each other, the
molecular potential energy is negative; when molecules
repel each other, the molecular potential energy is posi-
tive. Therefore, when comparing the strength of the action,
only its absolute value is considered. It can be seen from
Table 2 that the interface energy between the modified
asphalt and aggregate is greater than that between the
original asphalt and aggregate. The greater interaction
energy between the molecules of the two polymers, it
indicates that the stronger the interaction between the
molecules, the more difficult the molecules are to be
destroyed or separated, which shows that the better
the adhesion between the two materials. Chen et al. [36]
studied the interface energy between algae biological-
modified asphalt and aggregate. The results show that
the interface energy between modified asphalt and
aggregate is less than that between original asphalt
and aggregate. However, in this study, the interface
energy between PU-modified asphalt and aggregate is
improved than that between the original asphalt and
aggregate. Therefore, PU-modified asphalt and aggre-
gates have better adhesion.
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5 Macro experiment

5.1 Basic properties of asphalt

By preparing different asphalt samples, the original
asphalt and the PU-modified asphalt were evaluated in
terms of penetration at 25°C and ductility at 5°C. The
depth of the free fall of the pointer is the penetration,
and the length when stretching to fracture at the speed
of 1cm per minute as the ductility (0.1 mm). The test
processes are shown in Figure 17. The test results are
shown in Table 3.

It can be seen from Table 3 that the penetration of
PU-modified asphalt is less than that of the original
asphalt, indicating that the hardness and shear failure
resistance of PU-modified asphalt are better than that of
the original asphalt. The ductility of PU-modified asphalt
is slightly less than that of the original asphalt, indicating
that the plastic properties of PU-modified asphalt are
slightly better than that of the original asphalt.

5.2 Dynamic shear rheometer (DSR) test

The DSR test was carried out according to the method in
AASHTO T312-2008, and the original asphalt and PU-
modified asphalt were tested, respectively, in the tempera-
ture scanning mode. The loading frequency was 10 rad-s ™,
and the experimental temperature was from 48 to 90°C.
The damage form at high temperature is mainly rutting
deformation. As the temperature increases, the fluidity of
the asphalt increases, and the rutting phenomenon of

Table 2: Simulation results of interfacial energy between asphalt and aggregate (k)-mol™)

Molecular model system Erotal Ensphatt Ewater Epggregate Einteraction
Original asphalt-aggregate -26229.31 34664.20 -2666.52 -57120.04 -1106.95
Modified asphalt-aggregate -62084.07 22779.49 -2440.67 -80889.97 -1532.91
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(b)

Figure 17: Experiment of basic indexes of asphalt: (a) penetration test and (b) ductility test. Note: 1. Original asphalt; 2. PU-modified

asphalt.

Table 3: Comparison of indexes before and after asphalt
modification

Detection index Original asphalt  Modified asphalt
Penetration at 78.7 23.4
25°C/0.1mm

Ductility at 5°C-mm™ 139 131

asphalt pavement is caused. Therefore, the rutting factor is
used to evaluate the high temperature performance of
asphalt. The numerical value of the rutting factor can indi-
cate the strength of the rutting resistance of the asphalt
mixture. At high temperature, the larger the value of the
rutting factor, the smaller the rheological properties of the
asphalt binder and better the rutting resistance. The test
process is shown in Figure 18(a). The test results are
shown in Figure 19.

Figure 19 shows the DSR test results of the three
asphalts, Figure 19(a) shows the variation of the complex

modulus of the two asphalts with temperature, and
Figure 19(b) shows the variation curve of the rutting
resistance factor of the two asphalts with temperature.
It can be seen from Figure 19(a) that the complex mod-
ulus of the two asphalts decrease continuously with the
increase of temperature. The analysis shows that when
the temperature of asphalt increases, the molecules
accelerate, resulting in its volume expansion. So far,
the state of asphalt changes from high elastic state to
viscous flow state. The shear stress of asphalt decreases,
so the shear strain increases, and finally the complex shear
modulus decreases when the temperature increases, and
the change is very obvious in the range of 45-60°C. When
the temperature is higher than 60°C, the complex modulus
of PU-modified asphalt and original asphalt decreases,
indicating that the influence on it decreases gradually
with the increase of temperature. In Figure 19(b), the
rutting resistance ability of asphalt mixture is analyzed
by using the anti-rutting factor, in which the rutting factor
is G*/siné express. At high temperature, the greater

(b)

Figure 18: DSR and bending beam rheometer (BBR) test: (a) dynamic shear rheological test and (b) flexural creep stiffness test.
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Figure 19: DSR test result of two asphalts: (a) complex modulus S and (b) rutting factor.

the rutting factor, the smaller the rheological property
and better the rutting resistance. It can be seen from
Figure 19(b) that the rutting factors of the two asphalts
gradually decrease with the increase of temperature,
indicating that the higher the temperature, the worse
the anti-rutting performance. Compared with the original
asphalt, the PU-modified asphalt improves the rutting
resistance of the asphalt, and the effect is remarkable.
Through the overall analysis of the experimental results
in Figure 19, it can be seen that the failure temperatures of
the original asphalt and the PU-modified asphalt are
70-88°C, respectively, indicating that the high tempera-
ture performance of the PU-modified asphalt is excel-
lent. The complex modulus and rutting factor of the
two asphalts gradually decreased with the increase of
temperature, and the PU-modified asphalt changed sig-
nificantly from 52 to 82°C, indicating that the PU-mod-
ified asphalt has the best high temperature performance
in this temperature range.

5.3 BBR test

The stiffness of asphalt beam under creep load was
measured by BBR test. The low temperature rheological
behavior of the original asphalt and the PU-modified
asphalt at —12, -18, and -24°C for 60 s were analyzed,
respectively, using the creep stiffness modulus S and
the creep rate m of asphalt as evaluation indicators,
which reflects the low temperature bending rheological
properties of asphalt. The test process is shown in

Figure 18(b). The measurement results are shown in
Figure 20.

It can be seen from Figure 20 that the creep stiffness
modulus S of the two asphalts gradually decreases with
the increase of temperature, which indicates that under
the load condition, the material is more prone to brittle
fracture with the decrease of temperature. Therefore, the
lower the creep stiffness is, the better the low temperature
performance is. It can be seen from Figure 20(a) that for
these two asphalts, the creep stiffness of the PU-modified
asphalt is greater than that of the original asphalt. Con-
trary to the creep stiffness S, the creep rate m increases
gradually with the increase of temperature. This shows
that the brittle components in the asphalt gradually
increase, and the stress relaxation ability gradually dete-
riorates, which leads to the decrease of the low tempera-
ture rheological properties of the asphalt. It can be seen
from Figure 20(b) that the low-temperature rheology of
the PU-modified asphalt is greater than that of the ori-
ginal asphalt. At the same time, this also shows that the
addition of PU modifier reduces the stiffness modulus of
asphalt, increases the creep rate, and improves the low
temperature rheological properties of asphalt.

5.4 Adhesion test

Coarse aggregates with a particle size larger than 13.2 mm
are used, and the aggregates are coated with asphalt,
soaked with asphalt at about 150°C, taken out and cooled
and boiled in boiling water for 5 min. After being boiled
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Figure 20: BBR test result of two asphalts: (a) creep stiffness modulus S and (b) creep rate m.

in water, the peeling rate of asphalt from the aggregate
surface was calculated to evaluate its adhesion. In this
article, a water boiling method is proposed to observe the
content of asphalt falling off after boiling. The lower the
falling off rate is, the better the adhesion between asphalt
and aggregate is. The samples before and after boiling are
shown in Figure 21. The adhesion test results of the ori-
ginal asphalt and aggregate, modified asphalt and aggre-
gate are shown in Table 4.

5.5 Macro-test verification of simulation
results

The results of the DSR, BBR, and adhesion test are com-
pared with the simulation results. The macro-test results
and simulation results are shown in Figures 22-24.

Figure 21: Boiling test: (a) before boiling and (b) after boiling.

Table 4: Adhesion test results of two kinds of asphalt and
aggregate

Modified
asphalt (%)

Original
asphalt (%)

Detection index (%)

Falling off rate 15.7 12.1

It can be seen from Figures 22 to 24 that the failure
temperature of PU-modified asphalt is higher than that of
the original asphalt, and the stiffness modulus of PU-
modified asphalt is lower than that of the original asphalt
at a temperature of —18°C. It shows that the PU-modified
asphalt has better rheological properties than the original
asphalt, and the two have better compatibility. The inter-
facial energy of PU-modified asphalt and aggregate is
greater than that of original asphalt and aggregate, while
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the shedding rate of modified asphalt-coated aggregate is
smaller than that of original asphalt-coated aggregate.
Therefore, the adhesion between the modified asphalt
and the aggregate is greater than that of the original
asphalt and the aggregate, and the mechanical properties
of the asphalt mixture can also meet the requirements.

6 Conclusions

The diffusion behavior of asphalt and PU and the interface

between PU-modified asphalt and aggregate are studied

by MD simulation method. The adhesion between asphalt
and aggregate is characterized by the interfacial energy of
asphalt and aggregate, and is verified by macroscopic test.

The following conclusions can be drawn:

(1) The molecular models of asphalt and PU, asphalt and
aggregate are established by using Materials Studio
software, and the established molecular models are
optimized to minimize the global energy, so as to
better characterize the characteristics of materials.
The diffusion coefficients of asphalt and PU are calcu-
lated by MSD curve, which were 0.683 x 10 and 1.638
x 1072 m?%s, respectively. It can be concluded that
during the diffusion process, the molecular movement
of the two substances is very active, and the PU mole-
cules are relatively more active. Combined with the
mechanism of diffusion process, it shows that PU as
a modifier of asphalt can fill each other’s internal
microscopic voids with asphalt in a relatively short
time, and can continue to move along the voids.
Therefore, the asphalt modifier based on PU has
good diffusion ability.

(2) In this article, Materials Studio is used to verify that
PU has good diffusion ability in asphalt, and the R? of
diffusion coefficients of asphalt and PU are 0.9965
and 0.9986, respectively, indicating that it is reliable
to simulate the diffusion behavior of asphalt and PU
by MD. From the results of the interface energy, it can
be seen that the interface energy between the PU-mod-
ified asphalt and the aggregate is 1883.60 kJ-mol™,
which is greater than the interface energy between
the original asphalt and the aggregate, which is
1106.95 kJ-mol ', indicating that PU can also play a
very good role in road engineering as an asphalt
modifier.

(3) Through the macroscopic test results of penetration,
ductility, DSR, BBR, and water boiling methods, it
is shown that the PU-modified asphalt has excellent
high temperature rheological properties and low
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temperature rheological properties and has better
bonding properties with aggregates. By comparing
the penetration, boiling, and simulation results, the
rationality of the simulation results is more fully
demonstrated, providing strong evidence for the
research and application of PU in road materials.
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