Sept. 2024

Transactions of Nanjing University of Aeronautics and Astronautics

Improvement Mechanism of Adhesion Performance of
Anti-stripping Agents and Coupling Agents on
Asphalt-Aggregate Interface Based on Molecular Dynamics

SONG Jing, XIE Jianguang , DAI Zexinyu
College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, P. R. China
(Received 20 May 2024 ; revised 28 July 2024 ; accepted 5 August 2024)

Abstract: This study examined the mechanisms for improving the adhesion performance of the asphalt-aggregate
interface with two anti-stripping agents and two coupling agents. The investigation of contact behavior between
various asphalt-aggregate surfaces was conducted using molecular dynamics (MD) simulations. The interaction
energy and the relative concentration distribution were employed as the parameters to analyze the enhancement
mechanisms of anti-stripping agents and coupling agents on the asphalt-aggregate interface. Results indicated that the
adhesion at the asphalt-aggregate interface could be strengthened by both anti-stripping agents and coupling agents.
Anti-stripping agents primarily improve adhesion through the reinforcement of electrostatic attraction, while coupling
agents primarily upgrade adhesion by strengthening the van der Waals. Hence, the molecular dynamics modeling and
calculation techniques presented in this study can be utilized to elucidate the development mechanism of the asphalt-
aggregate interface through the use of anti-stripping agents and coupling agents.
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0 Introduction

Asphalt mixtures, being composite materials,
are extensively employed in road infrastructure ow-
ing to their exceptional road performance. At pres-
ent, the aggregates employed in asphalt pavements
predominantly consist of neutral or alkaline materi-
als, with acidic aggregates being less frequently uti-
lized"". One primary factor contributing to the afore-
mentioned issue is the inadequate adhesion qualities
of asphalt and acidic aggregates. This deficiency
leads to the displacement of the asphalt film by a wa-
ter film when exposed to moisture. Consequently,
this phenomenon results in the deterioration of the
pavement, such as the formation of potholes and
pavement loosening, ultimately compromising the

overall performance of the asphalt pavement”™.
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Thus, it is imperative to conduct research on the
water damage resistance of the asphalt-aggregate in-
terface to efficiently harness acidic aggregate re-
sources and address issues like deteriorated and
pockmarked asphalt pavement.

Molecular dynamics (MD) is a computational
simulation method used to study the motion and in-
teractions of microscopic particles, such as atoms,
molecules, or ions in time. Researchers have con-
ducted numerous studies on molecular dynamics
simulations of asphalt-aggregate interfacial interac-
tions at the molecular level, including the study of
adhesion properties at the asphalt-aggregate inter-
face. For example, Lu et al.""* established a molec-
ular model of the asphalt-silica interface and simulat-
ed the interface with uniaxial tensile and shear tests

to investigate the stress-strain state of the interface
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and the bond damage mechanism.Yao and Xu et al.
7 established asphalt-aggregate and water-aggre-
gate interfacial systems to study the adhesion mecha-
nism between asphalt and aggregates and the water
damage mechanism.

Currently, there exists a substantial body of re-
search findings concerning the water damage resis-
tance of asphalt mixtures, both domestically and in-
ternationally. The primary approaches employed in
these studies involve the incorporation of anti-strip-

t[s—sa]

ping agents into asphal and the utilization of cou-

pling agents to improve the adhesion of asphalt and

aggregates """

. The primary focus of these studies
was to assess the extent of enhancement in the wa-
ter damage resistance of asphalt mixtures through
the application of anti-scalping agents and coupling
agents. However, the employed methodology pre-
dominantly relied on macro tests, which limited the
ability to elucidate the underlying mechanism of wa-
ter damage resistance at the micro level.

The MD approach uses computational tech-
niques to solve the equations of motion governing a
molecular system. This method offers advantages
over macroscopic testing by enabling the investiga-
tion of intermolecular interactions at the nanoscale.
At present, the scholarly community has developed
simulation techniques for studying asphalt-aggregate
interfacial systems, with a primary emphasis on in-
vestigating the impacts of different asphalt and miner-

[12-13]

al compositions“**. Hence, the application of MD
enables the investigation of the underlying mecha-
nisms involved in the functioning of anti-stripping
agents and coupling agents.

Therefore, employing the MD approach, this
study proposed a model of the asphalt-aggregate in-
terface to investigate the impact of anti-stripping
agents and coupling agents on the adhesive charac-
teristics of said interface. The objective was to eluci-
date the underlying mechanisms through which

these agents exert their effects.

1 MD Models

1.1 Construction of asphalt models

Bitumen is a heterogeneous substance charac-

terized by its dark brown color and consisting of a di-
verse range of hydrocarbons with varying molecular
weights and associated non-metallic compounds.
Typically, bitumen comprises an extensive array of
thousands of distinct molecular species''*’. Research-
ers have discovered that employing several mole-
cules to depict the composition of asphalt can en-
hance the fidelity of asphalt structure simulations,
resulting in more accurate representations of real-
world asphalt structures. The AAA-1 asphalt molec-
ular model, which was proposed by Li et al.'” in
2014 as part of the U.S. Strategic Highway Re-
search Program, is currently regarded as one of the
most sophisticated and widely embraced model as-
phalts in the realm of asphalt molecular simulation.
Hence, the 12-component asphalt model will be
used in this study as a typical model of asphalt for
conducting molecular dynamics computations and in-
vestigations. Table 1 displayed the precise parame-

ters of the 12-component asphalt model.

Table 1 Precise parameters of 12-component in asphalt

model
Composi- Mass frac-
) Molecule Formula Number
tion tion /%
HOpane CyHe,
Saturates 12.8
aturates Squalane CysHs,
, DOCHN CsoHug 17
A tics 44.2
romaties PHPN C.H, 16
Benzobisbenzo-
. CisHioS, 4
thiophene
Trimethylbenze-
C,H;0 4
Resins 'ne'oxane 29.2
Pyridinohopane CjHy N 2
Quinolinohopane C,Hs N 4
Thioisore- . .
. CyHeS 6
nieratane
As phenol CpH50
hal thiophene CsHg,S 1 13.8
phaltenes pyrrole CeHg N 3

In addition to incorporating the matrix asphalt
model, the study introduced non-amine anti-strip-
ping agents (NASA) and amine anti-stripping
agents (ASA) into the asphalt mixture to investi-
gate their impact on the adhesion properties at the
asphalt-aggregate interface. Consequently, modified

asphalt models were derived for each respective
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agent. Fig.1 shows the chemical structures of the
non-amine anti-stripping agent (C,H,O,P) and

the amine anti-stripping agent (CyH ;s N3O ,).

C12H27O4P

i £
(a) Non-amine anti-stripping (b) Amine anti-stripping
agents (C,,H,,0.P) agent (CyH,,N;0,,)

Fig.1 Chemical structure of anti-stripping agent

This study utilized factors such as density and
glass transition temperature to validate the fidelity
of the asphalt model by a comparative analysis with
real-world asphalt samples. Density is a physical
property that quantifies the mass of a substance per
unit volume. The dissimilarity in density between
the asphalt model and its real density can serve as an
indicator of the model’ s degree of validity. Fig.2 il-
lustrates the variation in density of the matrix as-
phalt model throughout the kinetic computation at a
temperature and pressure held constant under a con-
stant pressure and constant temperature (NPT) sys-
tem, specifically at a time of 200 ps.

The density curves of the asphalt model, as de-
picted in Fig.2, exhibite consistent fluctuations be-
fore reaching a state of stability. Upon conducting
calculations, it is determined that the ultimate densi-
ty of the matrix asphalt model is 0.970 1 g/cm’. Fur-
thermore, the ultimate densities of the modified as-
phalt models, which incorporate a non-amine anti-
stripping agent and an amine anti-stripping agent,
are found to be 0.972 7 g/cm’and 0.974 6 g/cm’, re-
spectively. It is worth noting that the actual density
of asphalt at a temperature of 298 K is 1.000 g/cm®.
Hence, the discrepancy between the observed densi-
ty of asphalt and the simulated densities of the three
asphalt models is found to be within a 5% margin.
This suggests that the three asphalt models can be
preliminarily determined to be sufficiently accurate
and applicable.

The glass transition temperature (T,) is a sig-
nificant characteristic that influences the properties
of asphalt, specifically referring to the temperature

at which asphalt transitions from the viscous flow

condition to the glassy state. The distinct character-
istics exhibited by bitumen in its viscous flow and
glassy stages give rise to significant alterations in its
properties, including density, in close proximity to
T,. Thus, by utilizing molecular dynamics soft-
ware, it is possible to simulate the variation in densi-
ty parameters of asphalt at various temperatures.
This simulation enables the determination of the
glass transition temperature of the asphalt model, fa-
cilitating a comparison with the real asphalt system

and validating the appropriateness of the model.
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Fig.2 Density variation curves of asphalt model

The procedural sequence employed in the mo-
lecular dynamics program for simulating molecular

systems is outlined as follows. (1) Conduct kinetic
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simulations of the NPT system for three asphalt
models at various temperatures ranging from 50 K
to 450 K, with a 25 K interval, in order to derive
the density parameters. (2) Determine the specific
volume values for the respective temperatures and
create a graph illustrating the relationship between
specific volume and temperature. (3) Determine the
glass transition temperature of the asphalt model by
performing a linear fit of the particular volume val-
ues to the asphalt model across the whole tempera-
ture range.

Fig.3 displays the simulation outcomes of the

three asphalt models. The matrix asphalt exhibites a
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Fig.3 Relationship between specific volume and tempera-

ture of asphalt model

glass transition temperature of 258 K. The glass
transition temperatures of the modified asphalt mod-
el, when integrating non-amine anti-stripping agents
and amine anti-stripping agents, are determined to
be 260 K and 257 K. The test findings obtained indi-
cate that the glass transition temperature range of as-
phalt lies between 256 K and 262 K",
Aforementioned results confirmed the precision
and rationality of the matrix asphalt model, the non-
amine anti-stripping agent modified asphalt model,
and the amine anti-stripping agent modified asphalt
model developed in this study. These models were
suitable for conducting molecular dynamics simula-

tions.
1.2 Construction of aggregate models

Silica was selected for this study as a represen-
tative of acidic aggregates. The data on silica crys-
tals were retrieved through the American Mineralo-
gist Crystal Structure Database (AMCSD). The
crystal structure was built in Materials Studio (MS)
according to the retrieved crystal structure informa-

tion, and the crystal cell model was shown in Fig.4.

an

A
Fig.4 Silicon dioxide crystal cell

Following the construction of the crystal, it
needs to be faceted. For silica, this study chose the
{0 0 11 surface that occurs more often in nature. Ac-
cording to Ref.[17], a fully hydroxylated silica sur-
face 1s highly hydrophilic and best represents the ac-
tual aggregate. Therefore, this study hydroxylated
the silica surface. Subsequently, a supercell opera-
tion was performed to expand it into a mineral sur-
face close to 40 A X 40 A, and finally, a vacuum
layer was created for the aggregate model. The ge-
ometry optimization function in the Forcite module

was used to optimize the structure. At this point,
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the aggregate model is established. The final aggre-

gate model was shown in Fig.5.

Fig.5 Aggregate layer model

To investigate the impact of a coupling agent
on the interface between asphalt and aggregate, cou-
pling agent molecules were grafted on the aggregate
model surface in MS. For silane coupling agent
(SCA) , it was shown that the grafting density of
SCA molecules on the aggregate surface is an im-
portant influence on the adhesion at the asphalt-ag-
gregate interface. Therefore, the grafting density of
this study was chosen to be 1.5/nm*"', and 24
SCA molecules were grafted on the aggregate sur-
face. For titanate coupling agent (TCA), according
to Ref.[19], TCA can bind to the filler surface
through alkoxy fracture. Therefore, the product af-
ter grafting will have breakage on the aggregate sur-
face. Moreover, two TCA molecules were grafted
on the aggregate surface to ensure the comparability
of the final two coupling agent simulation results.
The aggregate surface after grafting the coupling

agent molecules was shown in Fig.6.

v 3

P P e

NAdA

(a) Grafting model of SCA (b) Grafting model of TCA
Fig.6  Schematic diagram of coupling agent molecular graft-
ing

The build layer function in MS was employed
to represent the interface between asphalt and aggre-
gate subsequent to the modeling of both materials.
The model representing the interface between as-
phalt and aggregate consists of four distinct layers,
as depicted in Fig.7. The layered structure also con-

sisted of four distinct layers. The initial layer was re-

(c) Asphalt-silica
(Grafting of TCA)
interface model

- aia

(b) Asphalt-silica
(Grafting of SCA)
interface model

(a) Asphalt-silica
interface model

Fig.7 Asphalt-aggregate interface model

ferred to as the aggregate layer. Following this,
there was a vacuum layer with a thickness of 5 A,
which serves the purpose of emulating the contact
behavior between asphalt and aggregate. The subse-
quent layer was the asphalt layer. Lastly, there was
another vacuum layer with a thickness of 60 A,
which was implemented to prevent any potential in-
terference between models along the z-axis direc-
tion. In the above procedure, contact models were
made for three types of asphalt (matrix asphalt,
non-amine anti-stripping modified asphalt, and
amine anti-stripping modified asphalt) with silica,
as well as for matrix asphalt with silica modified by
two coupling agents (SCA and TCA). This result-

ed in a total of five asphalt aggregate models.
1.3 Molecular dynamics calculations

The energy optimization of the asphalt-aggre-
gate interface model was conducted utilizing the Ge-
ometry Optimization tool inside the Forcite module
of the MS program. The optimization process uti-
lized the Smart method, with a maximum iteration
step size of 5 000 steps, in order to minimize the en-
ergy of the model. The electrostatic forces were de-
termined utilizing the Edwardian calculation ap-
proach, while the van der Waals were computed
employing an atom-based calculation method, with
a truncation radius of 15.5 A.

Subsequently, the model underwent kinetic cal-
culations within the framework of a constant temper-
ature and constant volume (NVT) system. The
force field utilized in this study was COMPASS 1[I .

The temperature of the system was maintained at
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438 K. The NOSE algorithm was employed for tem-
perature management. The time step used in the
simulations is set to 1 ps. The beginning velocities
of the particles were assigned randomly. A series of
kinetic calculations, spanning a duration of 500 ps
(equivalent to 50 000 steps), were conducted. Dur-
ing this process, a frame was generated every 1 000
steps. The Edwardian calculation approach was em-
ployed to determine the electrostatic force, while
the atom-based calculation method was utilized for

the van der Waals.

2 Analysis and Discussion of Re-

sults

Based on five asphalt-aggregate interface mod-
els, molecular dynamics simulations were carried
out to investigate the mechanism of action of anti-
stripping agents and coupling agents, and the simu-

lation results were analyzed.
2.1 Analysis of interaction energy

The aggregate system comprising asphalt pos-
sesses a total potential energy that can be catego-
rized into two components: Valence energy and
non-bonding energy. Among these forces, the non-
bonding energy encompasses the van der Waalss
and the electrostatic attraction. The evaluation of
the adhesion between asphalt and aggregate can be
conducted by assessing the interaction energy. The
equation used to determine the interaction energy
for the asphalt-aggregate contact model is as follows

Ewu=FEwu—(E.+E,) (1)
where E,.,, represents the interaction energy be-
tween asphalt and aggregates, E,.. the total energy
of the asphalt-aggregate interface system, E,, the
energy of the asphalt layer, and E,, the energy of
the asphalt layer.

The final estimate for the interaction energy in
the asphalt-aggregate interface model was deter-
mined by averaging the values obtained from the
last five frames of kinetic calculations, which were
conducted over a duration of 500 ps. Fig.8 displays
the interaction energy pertaining to the five interface

models between asphalt and aggregate. It shows a
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Fig.8 Interaction energy from MD simulations

graphical representation where the horizontal axis
represents five distinct categories of asphalt-aggre-
gate interaction models. Within the set of models,
the designation al-s refers to the matrix asphalt-sili-
ca interface model. Similarly, a2-s represents the
NASA modified asphalt-silica interface model,
while a3-s corresponds to the ASA modified asphalt-
silica interface model. Furthermore, al-s(sca) signi-
fies the matrix asphalt-SCA modified silica interface
model, and al-s(tca) designates the matrix asphalt-
TCA modified silica interface model. The vertical
axis represents the energy level. The provided fig-
ure illustrates the interaction energy through a line
graph, while the two components of the interaction
energy are represented by a bar graph. Specifically,
the van der Waals and the electrostatic attraction are
denoted by the green and orange hues, respectively.

The contact energy between asphalt and aggre-
gate was raised by both the non-amine anti-stripping
agent modified asphalt and the amine anti-stripping
agent modified asphalt, as depicted in Fig.8. The
enhancement percentages of the two variables were
12.5% and 11.7% , respectively. The incorporation
of an anti~stripping agent into the system primarily
led to an augmentation of electrostatic attraction,
hence enhancing the interaction energy. Both the
SCA-modified aggregate and TCA-modified aggre-
gate approaches demonstrated improved adhesion
between asphalt and aggregate. The enhancement
ratios of the interaction energy were found to be
49.9% and 45.4% for the SCA and TCA approach-
es, respectively. In the case of the SCA-modified in-
terface, there was a notable augmentation in the van
der Waals, accompanied by a conspicuous enhance-

ment in electrostatic attraction. Conversely, for the
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TCA-modified interface, the primary factor contrib-
uting to the rise in interaction energy was the ampli-

fication of the van der Waals.

2.2 Analysis of relative concentration distribu-
tion

This study explored the process by which anti-
stripping compounds enhance the interaction energy
at the interface between asphalt and aggregate, fo-
cusing on the distribution of relative concentration.
Fig.9 illustrates the comparative concentration distri-
bution of anti-stripping agent molecules prior to and

subsequent to a kinetic simulation.
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Fig.9 Molecular relative concentration distribution of anti

stripping agents

The movement of NASA molecules towards
the aggregate surface and their interaction with it
during the kinetic simulation are evident in Fig. 9
(a). The interaction energy between the NASA and
the aggregate was computed individually in MS.
The electrostatic attraction between them was deter-
mined to be 17.0 kcal/mol, constituting approxi-
mately 72.6% of the overall electrostatic attraction.

Fig.9(b) displays the comparative distribution

of ASA molecules in terms of concentration prior to

and subsequent to kinetic simulation. In a similar
manner, the molecules of the ASA exhibited a pro-
gressive migration towards the surface of the aggre-
gate and engaged in interactions with it throughout
the kinetic simulation. The calculation of the interac-
tion energy between the amine anti-stripping agent
and the aggregate was conducted in MS. The elec-
trostatic attraction between them was determined to
be 12.2 kcal/mol, which constituted approximately
58.4% of the overall electrostatic attraction.

As depicted in Fig.9, the kinetic simulation pro-
cedure revealed a gradual approach of anti-stripping
agent molecules towards the aggregate. This ap-
proach led to an augmentation in the electrostatic at-
traction between the asphalt and aggregate, thereby
enhancing the interaction energy between the two en-
tities. This enhancement was achieved through the
interaction of polar groups present in the anti-strip-
ping agent with the surface of the aggregate.

The determination of the size of the transition
zone between asphalt and aggregate is reliant on the
relative concentration of both materials along the =~
direction within the contact region, as visually de-

picted in Fig.10. There is observable variation in the

10 ¥
ol 4942294 |

Aggregate
Asphalt

S

Realtive concentration

|

\
f

0 10 20 30 40 50 60 70 80
Height in z-direction / A
(a) No modification

: Aggregate
: Asphalt

—=23.3—30.1 A

|

Realtive concentration
S = N W A [V e NN | oo
r

0 10 20 30 40 50 60 70 80
Height in z-direction / A
(b) SCA modification



118 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 41

8 7 7
: : Aggregate
T i : Asphalt
5 6L i :
E | 2243594
= 5H | i H
8 Ve :
g3} e
1} i\
0 -

0 10 20 30 40 50 60 70 80
Height in z-direction / A
(c) TCA modification
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ent asphalt-aggregate interfaces

thickness of the interfacial transition zone among dif-
ferent asphalt particles. In the unaltered interface,
the interfacial transition zone spanned a distance of
19.1 A to 22.9 A. The measurement of the transi-
tion zone’ s thickness yields a value of 3.8 A, pri-
marily attributed to the interplay between the hy-
droxyl groups present on the aggregate surface and
the asphalt material. In the case of the SCA-modi-
fied interface, the transition zone exhibits a thick-
ness of 6.8 A. This increase in thickness can be at-
tributed to the presence of SCA molecules on the ag-
gregate surface, which penetrated into the asphalt
and established interactions with the asphalt mole-
cules. Consequently, the interaction energy was en-
hanced, leading to the expansion of the transition
zone. On the other hand, the TCA-modified inter-
face displayed a larger transition zone thickness of
13.5 A compared to the SCA-modified interface.
This disparity can be primarily attributed to the larg-
er physical dimensions and longer branched chain
length of the TCA molecules. The primary factor
contributing to this phenomenon was the compara-
tively larger size of TCA molecules, coupled with
the longer length of their branched chains. The in-
creased thickness of the transition zone leads to en-
hanced van der Waals at the interface between as-
phalt and aggregate treated with TCA.

This study presented a model for the asphalt-
aggregate interface, which can be utilized in molecu-
lar dynamics simulations to investigate the impact of
various anti-stripping agents and coupling agents on
the adhesion properties of the asphalt-aggregate in-

terface. Through the employment of molecular dy-

namics simulations, the study examined interaction
energies, relative concentration distributions, and
other relevant parameters to elucidate the underly-
ing mechanism by which the anti-stripping agents
and coupling agents enhanced the adhesion proper-

ties of the asphalt-aggregate interface.

3 Conclusions

This study utilized the molecular dynamics sim-
ulation technique to develop molecular models for
the asphalt-aggregate interface. The objective was
to investigate the impact of various anti-stripping
agents and coupling agents on the adhesive proper-
ties of the asphalt-aggregate interface. By analyzing
parameters including interaction energy and relative
concentration distribution, the improvement mecha-
nism of these agents on the interface was elucidated.
Results can be summarized as follows:

(1) The molecular dynamics simulation ap-
proach to establish five distinct models representing
the asphalt-aggregate interface was proposed. These
models encompassed the matrix asphalt-silica inter-
face, NASA modified asphalt-silica interface, ASA
modified asphalt-silica interface, matrix asphalt-
SCA modified silica interface, and the matrix as-
phalt-TCA modified silica interface. The rationality
of these models was assessed by examining the den-
sity and glass transition temperature.

(2) The enhancement mechanism of anti-strip-
ping agents on the adhesion performance of the as-
phalt-aggregate interface can be explained as fol-
lows: The presence of polar groups within the anti-
stripping agent molecule facilitated interaction with
the surface of silica aggregates. This interaction led
to an improvement in the electrostatic attraction be-
tween the asphalt and aggregates, ultimately result-
ing in enhanced adhesion between the two. Addition-
ally, it had been observed that the non-amine anti-
stripping agent exhibited a superior modification ef-
fect on the asphalt-aggregate interface compared to
the amine anti-stripping agent.

(3) The advancement mechanism of a coupling
agent on the adhesion performance of the asphalt-ag-

gregate interface can be described as follows: By
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grafting coupling agent molecules onto the surface
of the aggregate, the thickness of the transition zone
at the asphalt-aggregate interface was increased.
This resulted in an improvement in the van der
Waals between the asphalt and aggregate, ultimate-
ly enhancing the adhesion between them. Further-
more, it had been observed that the silane coupling
agent possessed a more effective modification effect
compared to the titanate coupling agent.

(4) Results derived from the molecular simula-
tion indicated that the approach of grafting a cou-
pling agent onto the surface of the aggregate sug-
gested greater efficacy compared to the way of alter-
ing asphalt with an anti-stripping agent. Therefore,
the molecular model and calculation approach for
the asphalt-aggregate interface proposed in this
study can effectively investigate the impact of vari-
ous anti-stripping agents or coupling agents on the

adhesive characteristics of said interface.
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