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Abstract: The adhesion failure between the bitumen and aggregates is the main reason leading to the cracking of asphalt mixtures and
moisture damage of asphalt pavements, greatly compromising the resilience of the world’s transportation network. Due to the complexity
resulting from the multivariable and multiscale characteristics of the behavior at the bitumen–aggregate interface, the origin and evolution
mechanisms of failure at this interface are still unclear. Six types of rock-forming minerals were selected as representatives to construct the
bitumen–aggregate interface models in this study, and the interface model was subjected to tensile simulation using the molecular dynamics
(MD) method. The failure modes of bitumen–aggregate interface models under different loading rates and the impact of aggregate mineralogy
on the behavior of interface cracking were investigated. The research results indicate that several debonding modes are displayed by the
bitumen–aggregate interface model at varying loading rates. As the loading rate slows down, the failure mode of the interface model gradually
transitions from adhesive failure to cohesive failure, with a decrease in interfacial strength at failure and an increase in critical deformation
and fracture energy. The exponential cohesive zone model (CZM) provides a relatively accurate fitting for the bitumen–aggregate interface
debonding behavior. However, due to the appearance of a clear plateau in the traction-deformation curve of the interfacial model at the
intermediate loading rate range (0.0001–0.01 Å=fs), the applicability of the exponential CZM will decrease to a certain extent. Among
the six rock-forming minerals aggregate models constructed in this study, two interface models of bitumen–quartz and bitumen–anorthite
exhibit weaker adhesion performance than that of other interface models, manifested as lower interfacial strength, critical normal separation,
and fracture energy. This study reveals the mechanism of bitumen–aggregate interfacial cracking at the atomic scale and is expected to
provide a basis for multiscale forecasting of failure patterns of the bitumen–aggregate interface. DOI: 10.1061/JMCEE7.MTENG-19933.
© 2025 American Society of Civil Engineers.
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Introduction

Asphalt mixture is a random nonuniform particle-reinforced
composite material formed by using asphalt as a binder to bond
mineral aggregates of different particle sizes and complex shapes
(Xu et al. 2023). The bitumen–aggregate interface is where this
composite system transitions between rigid and soft material struc-
tures and is also the weak point of the structural strength of the
asphalt mixture. Damage of asphalt mixtures caused by fatigue
cracking under repeated traffic and temperature loads, as well as
water damage of pavements caused by environmental moisture
intrusion into the bitumen–aggregate interface, are intimately con-
nected to the bitumen–aggregate interfacial adhesion properties.
Therefore, to optimize the design of asphalt pavements based on
interface adhesion performance and increase the durability of
global road infrastructure, one of the keys is to reveal the mecha-
nism and essence of failure and cracking of bitumen–aggregate
interface.

Numerous studies have been conducted on the interfacial de-
bonding between bitumen and aggregate by both the numerical
(Chun et al. 2015; Liu et al. 2018; Wang et al. 2014) and analytical
(Gao et al. 2017; Zhu et al. 2014) methods, and a widely used
method in these studies is the mesoscale micromechanics research.
In the micromechanical approach, the composite microstructure,
component characteristics, and interface constitutive behavior
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are used to characterize the overall response of the asphalt mixture
under external load (Xu et al. 2024; Zhang et al. 2019). When con-
ducting studies and simulations of the micromechanics of asphalt
mixtures, an extremely high priority is the mechanical interpreta-
tion of the debonding behavior at the bitumen–aggregate interface.
A commonly used model for illustrating the bitumen–aggregate
interface’s constitutive characteristics is the cohesive zone model
(CZM). In brittle fracture, Barenblatt initially presented the idea of
CZM (Barenblatt 1962). The interaction between the displacement
separation vector and the cohesion traction vector operating on the
cohesive surface is known as the cohesion traction-separation law,
and the traction-separation curve is used to elucidate the connection
between displacement and traction force (Han et al. 2023). So far,
the interfacial mechanical response has been modeled using a
variety of CZMs (Accornero et al. 2022; Carpinteri 1985, 1989;
Elices et al. 2002). However, due to the complex failure mechanism
of local plastic deformation accumulation and ductile matrix dam-
age evolution near the interface during finite deformation, few
cohesive models focus on geometric nonlinearity, nonelasticity,
and damage behavior.

Representing the function of fracture potential energy in terms
of separation distance, normal, and tangential traction is one way to
address the nonlinear cohesive force debonding problem (Carpinteri
et al. 2005; Needleman 1990; Tvergaard and Hutchinson 1992; Xu
and Needleman 1994). Even though a variety of fracture issues have
been addressed by these cohesive models (Corigliano et al. 2006;
Rahul-Kumar et al. 2000; van den Bosch et al. 2006; Zhang and
Paulino 2005), their primary drawback is that when considering the
fine scale elastic-plastic behavior, damage initiation, and develop-
ment of bonded interfaces, they are unable to accurately represent
the physical properties of interface separation process problems
under the assumptions of polynomial and exponential potential
functions at the interface. Furthermore, most interface models offer
nonphysical infinite cohesive energy and are unable to describe the
nonlinear behaviors of interfaces, including damage caused by inter-
face debonding and softening/hardening. Thus, a novel cohesive
zone model that considers damage accompanied by the progressive
loss of load transfer capacity and the debonding of viscous surfaces,
as well as geometric nonlinear plastic yielding related to hardening/
softening, needs to be developed.

In recent times, precise interpretations of the interaction be-
tween dislocations and (coherent or incoherent) interfaces have
been made possible by atomic-scale investigations that offer physi-
cal insight into the cracking mechanisms at the interface. Du and
Zhu (2019) generated a 12-component bitumen model and five
oxides (MgO, CaO, Al2O3, Fe2O3, and SiO2) models to represent
bitumen and mineral aggregates and utilized the diffusion coeffi-
cient and binding energy to characterize the bitumen–aggregate
interface characteristics. Du et al. (2021) elucidated the tensile stress-
induced mechanical and deformation behavior of the asphalt-quartz
interface via an atomic viewpoint based on the MD simulation. Gao
et al. (2019) constructed the bitumen–aggregate interface model us-
ing four mineral matrices (quartz, calcite, albite, and microcline) and
used the cohesive energy density, free volume fraction, and adhesion
work to investigate the interface adhesion between oxidized bitumen
and mineral surfaces. Sun et al. (2023) adopted the interfacial energy
and selected two mineral aggregates, calcite and quartz, to assess the
bitumen–aggregate system’s interfacial adhesion. Hu et al. (2022)
revealed the atomic mechanism of separation failure between bitu-
men and three kinds of aggregates (SiO2, Al2O3, and Fe2O3) and its
dependence on aging and regeneration. Tang et al. (2023) revealed
the impact of water molecule behavior on the interfacial adhesion
performance between bitumen and six kinds of oxide aggregates
at the atomic level through adhesion work. However, the presented

research has not fully revealed the atomic mechanism of bitumen–
aggregate interface cracking mainly due to the following two
reasons. First, most existing studies overlook the heterogeneity of
asphalt mixtures at the fine scale. Geological masses with distinct
mineral compositions, structures, and textures—that is, mineral
combinations that can differ significantly or be identical—are
known as aggregates. The use of a single oxide to construct a
molecular model of aggregates is not accurate. Second, the com-
monly used quantitative parameters for adhesion performance in
previous studies are the statistical averages of the entire structure,
such as diffusion coefficient, mean square displacement, and bind-
ing energy. Consequently, so far, there is still a significant research
gap in clarifying the mechanism of interface fracture behavior
between bitumen and aggregate.

This study aims to fill the knowledge gap mentioned and adopt
MD simulations to determine the atomic mechanism of interfacial
cracking between bitumen and various rock-forming minerals. The
primary objectives are: (1) to explore the mineral composition of
widely used aggregates and determine representative simulation
models; (2) to explore the cracking modes of bitumen–aggregate
interface models at different loading rates; and (3) to explore the
impact of aggregate mineralogy on bitumen–aggregate interfacial
cracking.

Molecular Models and Dynamics Simulation

Molecular Models of Bitumen–Aggregate Interface

Bitumen Model
According to the American Society for Testing and Materials
(ASTM) D4124-09, bitumen can be divided into four components
of saturate, aromatic, resin, and asphaltene (SARA). It is difficult to
describe the characteristics of bitumen using the average molecular
model. Hence, a four-component model was employed to construct
the bitumen molecules in this study. Li and Greenfield (Li and
Greenfield 2014) proposed an example of 12 different types of
molecules to characterize the SARA components to represent the
core bitumen AAA-1 of the Strategic Highway Research Program
(SHRP). This 12-component model is more reasonable and closer
to the properties of actual bitumen and has since been widely used
(Xu and Wang 2016; Xu et al. 2018). Therefore, the bitumen
molecular on the Materials Studio platform was constructed using
the 12-component model, and the individual numbers are five
times greater than the initial values. Fig. 1 lists the model com-
positions of the 12-component bitumen model, and the dimen-
sions of the created amorphous model on the x and y axes are
50 Å × 50 Å.

Aggregate Model
In molecular simulation, oxides are usually chosen as representa-
tive elements of aggregate models (Guo et al. 2017; Peng et al.
2022). However, from a mineralogical perspective, rock-forming
minerals are the foundation for forming aggregates, and each
rock-forming mineral typically contains more than one oxide.
Therefore, using one single type of oxide to construct the aggregate
model is inevitably inaccurate. In molecular dynamic (MD) simu-
lation, rock-forming minerals should be a better choice (Fan et al.
2022). Based on the mineral composition analysis results of 23
commonly used aggregates in road construction projects collected
from different quarries in Germany in the early stage (Wang et al.
2015, 2019), this study used six rock-forming minerals as repre-
sentatives to construct the aggregate models. Table 1 presents the
chemical formulas and lattice parameters of representative end
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members. The dimensions of each mineral model were 50 Å ×
50 Å × 20 Å on the x, y, and z axes.

Bitumen–Aggregate Interface Model
The establishing process of the bitumen–aggregate interface
model is as follows. At first, the crystal cells of the selected
six minerals were cleaved along the (0 0 1) direction to form a
corresponding crystal surface layer with a thickness of 20 Å
(Fan 2021). Second, by expanding a single surface layer in the
x and y directions, a supercell model was created to ensure that
the final size of the supercell model was 50 Å × 50 Å × 20 Å.
The bitumen layer that is of the same size in the x and y direc-
tions was placed on the top of the mineral surface layer. The
thickness of the bitumen layer is 120 Å. Next, to optimize the
structure of the established interface model and minimize energy,
a geometric optimization was carried out. After that, a dynamic
balancing was performed for 500 ps under the constant number
of particles, constant volume, and constant temperature (NVT)
ensemble.

Molecular Dynamics Simulation

In this study, the polymer consistent force field (PCFF) and clay
force field (CLAYFF) were applied to the bitumen and the mineral
models, respectively (Fan et al. 2023). The LAMMPS platform was
adopted to run MD simulations with a cut-off radius of 15 Å for
atom interaction calculations. The mineral layer was set as frozen
during the whole simulation process. The constructed interface
model was first equilibrated under the NVT ensemble for 200 ps.
Then, the bitumen phase was further divided into two regions, the
fixed bitumen and the bulk bitumen. The bulk bitumen falls in the
thickness region of 100 Å from the mineral surface, and the rest fall
beyond this thickness extent. The tensile simulation was then per-
formed by pulling the mineral substrate 80 Å away from the bitu-
men using a constant loading rate. During this process, the top of
the bitumen layer was fixed, and the mineral plate was set as a rigid
body. Five loading rates of 0.01 Å=fs, 0.005 Å=fs, 0.001 Å=fs,
0.0005 Å=fs, 0.0001 Å=fs, and the temperature of 298 K (25°C)
were selected in the simulation process. The triaxial force status
of the mineral slab was recorded during the pull-off process for

Table 1. Chemical formulas and lattice parameters of representative end members

Mineral Chemical formula

Lattice constants

Space group

Crossing angle (degrees) Edge length (Å)

α β γ a b c

Quartz SiO2 P3221 90 90 120 4.91 4.91 5.4
Anorthite CaAl2Si2O8 P1̄ 93.3 115.79 91.12 8.19 12.88 14.18
Albite NaAlSi3O8 P1̄ 94.21 116.8 87.71 8.12 12.76 7.16
Microcline KAlSi3O8 P1̄ 90.567 115.917 87.750 8.573 12.962 7.219
Muscovite NaAl2Si4O12 C2/c 90 90 90 5.19 9.0 20.10
Augite FeMgSi2O6 C2/c 90 106.82 90 9.73 8.91 5.21

Fig. 1. The 12-component bitumen model. (Reprinted from Construction and Building Materials, Vol. 397, Z. Fan, F. Pan, L. Sun, D. Wang, P. Liu,
“Multiscale investigation on bitumen–aggregate interfacial debonding using molecular dynamics and finite element method,” 132326, © 2023, with
permission from Elsevier.)
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further analysis. A snapshot of the bitumen–quartz interface model
is presented in Fig. 2, and the other five bitumen–aggregate inter-
face models have the same configuration.

Results and Discussion

Repeatability of the Pull-Off Simulation

The quartz interface model was first selected as an example to
validate the repeatability of the pull-off simulations before further
analysis was performed. During the establishment process of the
bitumen layer, the individual component molecules were randomly
packed into the cell after which energy minimization and dynamic
equilibrium were implemented. To identify the potential influence

of the heterogeneity of bitumen microstructure arising from random
generation, four replicates of bitumen models were constructed.
These bitumen models were further used to establish the interface
models with the quartz surface. The validation was then conducted
by performing the pull-off simulation for the four replicates of the
interface model at two different loading rates, 0.005 Å=fs and
0.0005 Å=fs. The adopted simulation temperature was 25°C.
The simulation results are presented in Fig. 3. It is found that
the traction-deformation curves obtained at the loading rate of
0.005 Å=fs are relatively smooth, but significant discreteness
was observed for the traction-deformation curves obtained at the
loading rate of 0.0005 Å=fs. The underlying mechanism of loading
rate influence is to be discussed in the following section. The re-
sults presented in Fig. 3 demonstrate that the random generation
process of the bitumen model hardly influences the pull-off simu-
lation results.

The stability of the pull-off simulation was also validated by
repeating the simulation of the same interface model four times,
and the results are given in Fig. 4. It shows that the traction-
deformation curves produced in different replicates are very close
to each other regardless of the loading rate. This verifies the good
stability of the pull-off simulation method used in the current study.
Based on the results from Figs. 3 and 4, one can easily come to
conclude that the reliability of the interface model as well as the
repeatability of the pull-off method used in this study are good
enough so that no repeated simulation was conducted in the follow-
ing analysis.

Effect of Loading Rate

Based on MD simulations, the results of the traction-deformation
curves of the bitumen–aggregate model are shown in Figs. 5–9
at five loading rates of 0.01 Å=fs, 0.005 Å=fs, 0.001 Å=fs,
0.0005 Å=fs, and 0.0001 Å=fs. Since this section mainly discusses
the effect of loading rate on bitumen–aggregate interface cracking,
the bitumen–quartz interface model is selected as a representative,
and the rules of other bitumen–aggregate interface models are
consistent.

From Fig. 5(b), when the loading rate is 0.01 Å=fs, the cracking
of the model all occurs at the interface of the bitumen–aggregate
model, indicating that the cohesive force inside the bitumen model
at this point is much greater than the adhesion force of the bitumen–
aggregate interface model. In addition, according to Fig. 5(a), the
traction of the model goes through such a process. As the tensile
deformation increases, the traction first increases rapidly to the
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Fig. 3. Repeatability validation of the pull-off simulation for different samples at tensile rates of (a) 0.005 Å=fs; and (b) 0.0005 Å=fs.

Fig. 2. Snapshot of the bitumen–quartz interface model. (Reprinted
from Construction and Building Materials, Vol. 397, Z. Fan, F. Pan,
L. Sun, D. Wang, P. Liu, “Multiscale investigation on bitumen-
aggregate interfacial debonding using molecular dynamics and finite
element method,” 132326, © 2023, with permission from Elsevier.)
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highest point, then decreases rapidly, and finally the downward
trend gradually slows down.

From Fig. 6(b), when the loading rate is 0.005 Å=fs, the
cracking of the model mainly occurs at the interface of the

bitumen–aggregate model. However, it can be observed that a small
amount of bitumen molecular structure remains on the aggregate
interface, indicating that slight cracking has also occurred inside
the bitumen model. It can be inferred that the cohesive force inside
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Fig. 4. Repeatability validation of the pull-off simulation for different replicates at tensile rates of (a) 0.005 Å=fs; and (b) 0.0005 Å=fs.
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Fig. 5. The tensile simulation results of the bitumen–quartz interface
at the loading rate of 0.01 Å=fs: (a) traction-deformation curve; and
(b) failure configuration.
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Fig. 6. The tensile simulation results of the bitumen–quartz interface
at the loading rate of 0.005 Å=fs: (a) traction-deformation curve; and
(b) failure configuration.
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Fig. 7. The tensile simulation results of the bitumen–quartz interface
at the loading rate of 0.001 Å=fs: (a) traction-deformation curve; and
(b) failure configuration.
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Fig. 8. The tensile simulation results of the bitumen–quartz interface
at the loading rate of 0.0005 Å=fs: (a) traction-deformation curve; and
(b) failure configuration.
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the bitumen model at this point is bigger than the adhesion force
of the bitumen–aggregate interface model. In addition, according
to Fig. 6(a), the variation pattern of the traction-deformation
curve under this loading rate is consistent with that at the rate
of 0.01 Å=fs. The difference is that there is a certain degree of
dispersion in the curve during the later stage of loading, which may
be due to a small amount of bitumen molecules remaining at the
aggregate interface during interface failure.

From Fig. 7(b), when the loading rate is 0.001 Å=fs, the crack-
ing of the bitumen–aggregate interface model all occurs inside the
bitumen molecular model, indicating that the cohesive force inside
the bitumen model at this point is smaller than the adhesion force
of the bitumen–aggregate interface model. According to Fig. 7(a),
the variation pattern of the traction-deformation curve under this
loading rate exhibits significant discreteness. Besides, compared
with the traction-deformation curves at the loading rates of
0.01 Å=fs and 0.005 Å=fs, the maximum value of the traction de-
creases, and after reaching the maximum value, the traction goes
through a plateau period (remaining unchanged) before starting to
decline. As for the simulation results at the loading rate of
0.0005 Å=fs in Fig. 8, the cracking mode of the interface model
is consistent with that at the 0.001 Å=fs, and the difference is that
the discreteness of the traction-deformation curve in Fig. 8(a) be-
comes more significant.

From Fig. 9, when the loading rate is 0.0001 Å=fs, the cracking
of the bitumen–aggregate interface model all occurs inside the

bitumen molecular model, which is consistent with the results in
Figs. 7 and 8. However, it is worth noting that compared to the
simulation results at 0.001 Å=fs and 0.0005 Å=fs, the fracture sur-
face inside the bitumen model in Fig. 9(b) is smoother, indicating
that the adhesive force between the bitumen–aggregate interface is
much greater than the cohesive force inside the bitumen molecules.
Moreover, when the loading rate further decreases to 0.0001 Å=fs
from 0.0005 Å=fs, the plateau region in the traction-deformation
curve no longer exists. In other words, when the traction reaches
its highest point, it quickly begins to decline. In addition, compared
to Figs. 7 and 8, the discreteness in the traction-deformation curve
in Fig. 9 is even more remarkable.

According to the presented analysis results, the cracking modes
of the bitumen–aggregate interface model under different loading
rates can be summarized into the following three types, as shown in
Fig. 10. When the loading rate is low as presented in Fig. 10(a), the
cracking mode of the bitumen–aggregate interface model can be
divided into three stages of the elastic stage, the softening stage,
and the debonding stage. At the initial elastic stage, the traction
grows rapidly to the highest value. Subsequently, the model enters
the softening stage, and the traction begins to go down. When trac-
tion drops to 0, the model enters the debonding stage. The simu-
lation results at 0.0001 Å=fs in Fig. 9 are typical cracking modes of
the bitumen–aggregate interface model at low loading rates.

When the loading rate is intermediate, the cracking mode of
the bitumen–aggregate interface model can be summarized in
Fig. 10(b), which has an additional plastic stage compared to the
cracking mode under low loading rates. This plastic stage is the
plateau period mentioned earlier, that is, the traction remains at
the highest point for a period. The simulation results at 0.001 Å=fs
and 0.0005 Å=fs in Figs. 7 and 8 are typical cracking modes of the
bitumen–aggregate interface model at intermedia loading rates.

When the loading rate increases further, the cracking mode of
the bitumen–aggregate interface model returns to the three-stage
mode. In addition, it is worth mentioning that the elastic stage at
this point is much shorter than that under the low loading rate. In
other words, the traction reaches its maximum value very quickly.
The simulation results at 0.01 Å=fs in Fig. 5 are the typical crack-
ing mode of the bitumen–aggregate interface model at high load-
ing rates.

Furthermore, in this study, the cracking mechanism of the
bitumen–aggregate interface model under different loading rates is
summarized as presented in Fig. 11. When the bitumen–aggregate
interface model is at the equilibrium state, the adhesive force be-
tween the mineral surface and the interface bitumen is equal to the
cohesive force between the interface bitumen and bulk bitumen,
and there is no cracking occurs.
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 0.0001 Å/fs
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ct
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)

Deformation (Å)

(a) (b)

Fig. 9. The tensile simulation results of the bitumen–quartz interface
at the loading rate of 0.0001 Å=fs: (a) traction-deformation curve; and
(b) failure configuration.

Fig. 10. Stage division of cracking modes of bitumen–aggregate interface model at different loading rates: (a) low loading rate; (b) intermediate
loading rate; and (c) high loading rate.
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When a low loading rate is applied to the bitumen–aggregate
interface model, the adhesive force between the mineral surface
and the interface bitumen is much larger than the cohesive force
between the interface bitumen and bulk bitumen, and the cracking
of the interface model occurs between the interface bitumen and
bulk bitumen.

When an intermediate loading rate is applied to the bitumen–
aggregate interface model, the adhesive force between the mineral
surface and the interface bitumen is larger than the cohesive force
between the interface bitumen and bulk bitumen, and the cracking

of the interface model mainly occurs between the interface bitumen
and bulk bitumen. The difference between the cohesion force and
adhesion force of the interface model at the intermediate loading
rate is much smaller than that at other loading rates, so the plastic
stage is more likely to occur at this condition.

When the loading rate further increases to a high rate, the ad-
hesive force between the mineral surface and the interface bitumen
is much lower than the cohesive force between the interface bitu-
men and bulk bitumen, and the cracking of the interface model oc-
curs between the mineral surface and the interface bitumen.

Figs. 12–14 presents the cracking process of the bitumen–
aggregate interface model under different loading rates, and a snap-
shot is taken every 5 Å to record the progress of cracking. It can be
seen from the figure that the cracking mode of the interface model
under different loading rates is exactly as illustrated in Fig. 11. It
can be seen from the results at the high loading rate in Fig. 12 that
when the pull-off is at the beginning stage and the deformation is
5 Å, the adhesive force between the mineral surface and the inter-
face bitumen (close to 0) is much lower than the cohesive force
between the interface bitumen and bulk bitumen, and the cracking
of the interface model occurs between the mineral surface and the
interface bitumen. In addition, as the debonding process proceeds,
the traction of the fracture surface between the mineral surface and
the interface bitumen continues to increase.

From the simulation results at the intermediate loading rate in
Fig. 13, when the pull-off simulation is at the beginning stage and
the deformation is 5 Å, the cohesive force between the interface
bitumen and bulk bitumen is lower than the adhesive force between
the mineral surface and the interface bitumen. In addition, it is
worth noting that there are also some weak points at the interface
between aggregate and bitumen at this point, that is, points with
lighter colors indicating smaller traction. However, as the pull-off
simulation proceeds, the traction between the interface bitumen and
bulk bitumen continues to increase and the weak points at the inter-
face between aggregate and bitumen gradually disappear. Finally,
the cracking of the interface model happens between the interface
bitumen and bulk bitumen.

From the simulation results at the low loading rate in Fig. 14,
when the pull-off simulation is at the beginning stage and the de-
formation is 5 Å, the cohesive force between the interface bitumen
and bulk bitumen is significantly lower than the adhesive force
between the mineral surface and the interface bitumen. As the
pull-off simulation continues, the traction between the interface bi-
tumen and bulk bitumen keeps increasing, and the cracking finally

Fig. 11. Schematic illustration of cracking modes of bitumen–
aggregate interface model at different loading rates: (a) equilibrium
state; (b) low loading rate; (c) intermediate loading rate; and (d) high
loading rate.

Fig. 12. Cracking process of bitumen–aggregate interface model under the high loading rate: (a) 0 Å; (b) 5 Å; (c) 10 Å; (d) 15 Å; (e) 20 Å; (f) 25 Å;
and (g) 30 Å.
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happens between the interface bitumen and bulk bitumen. More-
over, compared with the pull-off results at the same deformation
in Fig. 13, the debonding process of the bitumen–aggregate inter-
face model at the low loading rate in Fig. 14 proceeds faster. This is
because the difference between the adhesion between the mineral
surface and the interface bitumen and the internal cohesion of
bitumen molecules at a low loading rate is much greater than that
at an intermediate loading rate, verifying the analysis results
presented.

Effect of Aggregate Mineralogy

Based on MD simulations, the results of the traction-deformation
curves of the bitumen–aggregate model are shown in Figs. 15–17 at
three different loading rates of 0.01 Å=fs (high loading rate),
0.001 Å=fs (intermediate loading rate), and 0.0001 Å=fs (low load-
ing rate). In this study, the exponential CZM was adopted to fit the
traction-deformation curves of the bitumen–aggregate model.
The computational formula of CZM is presented as Eq. (1), and
the peak stress of the bitumen–aggregate model and fracture energy
can be derived from Eqs. (2) and (3), respectively (Awasthi et al.
2009; Du et al. 2021; Xu and Wang 2016)

F ¼ Fc

�
δ
δc

�
exp

�
1 − δ

δc

�
ð1Þ

σc ¼
Fc

A
ð2Þ

Γfe ¼ e�σ�
cδc ð3Þ

where F = traction of the bitumen–aggregate model; Fc = peak
value for traction; δ = normal separation; δc = critical normal sep-
aration; σc = peak stress of the bitumen–aggregate model; A = cross
sectional area of the aggregate model, which is 50 Å × 50 Å; e =
Euler number; and Γfe = fracture energy.

From Fig. 15, the laws of the tension-deformation curves be-
tween the bitumen model and different aggregate molecular models
are similar. As the tensile deformation increases, the traction force
first rapidly increases to the highest point, then rapidly decreases,
and finally, the downward trend gradually slows down. Among the
six aggregate models selected in this study, albite and microcline
exhibit the highest peak tractions, followed by muscovite and au-
gite, and anorthite and quartz show the lowest peak tractions. In
addition, CZM exhibits excellent fitting accuracy for the tensile

Fig. 13. Cracking process of bitumen–aggregate interface model under the intermediate loading rate: (a) 0 Å; (b) 5 Å; (c) 10 Å; (d) 15 Å; (e) 20 Å;
(f) 25 Å; and (g) 30 Å.

Fig. 14. Cracking process of bitumen–aggregate interface model under the low loading rate: (a) 0 Å; (b) 5 Å; (c) 10 Å; (d) 15 Å; (e) 20 Å; (f) 25 Å;
and (g) 30 Å.
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deformation curves of the bitumen–aggregate interface model at the
tensile rate of 0.01 Å=fs. The goodness of fit (R2) of all six inter-
face models at this point is above 0.75. For the three aggregate
models of quartz, anorthite, and muscovite, their R2 can even reach
above 0.9. In contrast, the R2 of albite and microcline are between
0.75 and 0.8. This is because the tension-deformation curves of
these two aggregates have a certain degree of discreteness in the
final stage.

It can be seen from Fig. 16 that when the loading rate decreases
from a high rate (0.01 Å=fs) to an intermediate rate (0.001 Å=fs),
the tension-deformation curves of all six bitumen–aggregate inter-
face models exhibit significant discrete patterns, which is consistent
with the presented research results. In response to this situation, this

study adopted the Savitzky–Golay filter to smooth the data (Du
et al. 2021; Yang et al. 2023), and then CZM was utilized to fit
the smoothed data. According to the figures, compared to the ten-
sile results at the loading rate of 0.01 Å=fs, the peak traction of the
curves at 0.001 Å=fs significantly decreases. Moreover, the peak
traction values of different bitumen–aggregate interface models
do not show significant differences at this loading rate, which is
inconsistent with that at the high rate presented. Furthermore, it
is worth noting that the fitting effect of CZM on the traction-
deformation curves under this loading rate (0.001 Å=fs) is not very
good, which is reflected in the fact that the R2 of all aggregate mod-
els fails to reach 0.7. As previously analyzed, there is a clear plateau
in the cracking model of the bitumen–aggregate interface model at
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Fig. 15. Traction-deformation curves of bitumen–aggregate models at 0.01 Å=fs: (a) Quartz; (b) Anorthite; (c) Albite; (d) Microcline; (e) Muscovite;
and (f) Augite.
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the intermediate loading rates that CZM cannot fit, and this is be-
cause there is no platform zone in the curve variation pattern
of CZM.

According to Fig. 17, when the loading rate of the model further
decreases to the low rate (0.0001 Å=fs), the traction-deformation
curve at this point also exhibits significant discreteness. Therefore,
the Savitzky–Golay filter mentioned was also adopted to smooth
the data. Compared with the tensile results, as the tensile rate de-
creases, the peak traction of the bitumen–aggregate interface model
exhibits a corresponding downward trend. The peak traction of dif-
ferent aggregate models has decreased to around 2–3 nN at this
loading rate, and there is no significant difference in the tensile
peak between different models. Furthermore, an interesting finding

is that the goodness of fit (R2) of CZM at intermediate loading rates
is between that at high and low loading rates. This is mainly due
to the presence of a clear plateau in the cracking model of the
bitumen–aggregate interface model under the intermediate loading
rates leading to lower fitting accuracy, which is not possessed by
models under high and low loading rates. While at high loading
rates, the data exhibits the least discreteness; thus, CZM in this case
exhibits higher fitting accuracy than at low loading rates.

Based on Figs. 15–17, the fitting result of the traction-
deformation curves of bitumen–aggregate models at different
loading rates based on the CZM and the failure types of different
models are summarized as follows. In addition, the fracture energy
Γfe is calculated according to Eq. (3) and listed in Table 2. From
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Fig. 16. Traction-deformation curves of bitumen–aggregate models at 0.001 Å=fs: (a) Quartz; (b) Anorthite; (c) Albite; (d) Microcline; (e) Muscovite;
and (f) Augite.
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Table 2, for the peak traction Fc and peak stress σc, the aggregate
models of quartz and anorthite exhibit lower Fc and σc values than
the other four models at the loading rate of 0.01 Å=fs, showing that
the interface models of bitumen–quartz and bitumen–anorthite can
withstand less critical loads than other models and indicating to
some extent that the interface adhesion between these two aggre-
gate models and the bitumen molecular is weaker than that of the
other models. However, this pattern is not observed in the results at
other loading rates, which may be due to the lower fitting accuracy
of CZM at intermedium and low loading rates, thus masking the
pattern. For the critical normal separation δc, the quartz and anor-
thite models show lower δc values than the other four aggregate
models at three loading rates adopted in this study, indicating that

the critical deformation of these two aggregate models (quartz and
anorthite) during interface failure is also smaller than the other four
models. In addition, under the three loading rates of high, interme-
dium, and low, the fracture energy Γfe of the four interface models
of bitumen–albite, bitumen–microcline, bitumen–muscovite, and
bitumen–augite is higher than that of the other two interface
models. This verifies the conclusion of Fc and σc and once again
proves that the interface adhesion of bitumen–quartz and bitumen–
anorthite models is weaker than the four interface models. Finally,
it can be concluded from the table that the failure type of bitumen–
aggregate interface models is adhesive failure at the high loading
rate and cohesive failure at intermediate and low loading rates,
verifying the finding presented.
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Fig. 17. Traction-deformation curves of bitumen–aggregate models at 0.0001Å/fs: (a) Quartz; (b) Anorthite; (c) Albite; (d) Microcline; (e) Muscovite;
and (f) Augite.
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Conclusions

In this study, six rock-forming minerals were selected as represent-
atives to construct the bitumen–aggregate interface models. The
interface model was subjected to tensile simulation using the
MD method, and the configuration and stress separation curve
of the simulation model were obtained to analyze the damage
evolution and interfacial failure behavior. This study reveals the
mechanism of bitumen–aggregate interfacial cracking at the atomic
scale and investigates the effect of aggregate mineralogy on inter-
facial cracking.
1. At different loading rates, the bitumen–aggregate interface

model exhibits different failure models. At high loading rates
(0.01 Å=fs), the interface model exhibits adhesion failure. As
the loading rate slows down, the failure mode of the interface
model gradually transitions to cohesion failure, and the interfa-
cial strength at failure decreases, while the critical deformation
and fracture energy increase.

2. The exponential CZM can exhibit good fitting accuracy for
the traction-deformation curve of bitumen–aggregate interface
models at both high and low loading rates. However, the
applicability of the exponential CZM will be compromised to
some extent at the intermediate loading rate range (0.0001–
0.01 Å=fs). This is due to the appearance of a clear plateau
in the traction-deformation curve of the interface model at
intermediate loading rates.

3. Among the six rock-forming minerals aggregate models con-
structed in this study, two interface models of bitumen–quartz
and bitumen–anorthite exhibit weaker adhesion performance
than that of other interface models, which is manifested as the
lower interfacial strength, critical normal separation, and frac-
ture energy.
This research mainly focuses on the interfacial cracking mecha-

nism of the bitumen–aggregate from the atomic scale based on the
MD tensile simulation. More research, such as the effect of bitumen
components on interfacial cracking behavior and the introduction
of other CZM theories such as parabola and sine to replace expo-
nential CZM is still worth studying. In addition, in future research,
the simulation results of this study need to be verified through
experiments at the macro scale, and how to establish connections
between different scales still needs to be carried out.
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Notation

The following symbols are used in this paper:
A = cross sectional area of the aggregate model;
E = Euler number;
F = traction of the bitumen–aggregate model;
Fc = peak value for traction;
R2 = goodness of fit;
Γfe = fracture energy;
Δ = normal separation;
δc = critical normal separation; and
σc = peak stress of the bitumen–aggregate model.
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Anorthite 4.422 0.177 6.589 0.317 0.546 Cohesive
Albite 4.299 0.172 8.534 0.399 0.551 Cohesive

Microcline 4.271 0.171 8.053 0.374 0.642 Cohesive
Muscovite 4.205 0.168 8.641 0.395 0.618 Cohesive
Augite 4.378 0.175 7.617 0.363 0.566 Cohesive

0.0001 Quartz 2.738 0.110 12.115 0.360 0.820 Cohesive
Anorthite 2.571 0.103 11.812 0.330 0.810 Cohesive
Albite 2.59 0.104 13.569 0.382 0.715 Cohesive

Microcline 2.542 0.102 14.304 0.395 0.705 Cohesive
Muscovite 2.743 0.110 12.601dd 0.376 0.776 Cohesive
Augite 2.791 0.112 15.414 0.468 0.760 Cohesive
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