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H I G H L I G H T S
� The tetragonal asphalt binder model was constructed based on molecular dynamics simulations.
� The critical separation strain is hardly influenced by strain loading combinations.
� Increasing strain rate significantly enhanced the maximum traction stress and separation work.
� The strain combination of 0.5%-80 provided a more accurate representation of the actual asphalt's tensile behavior trend.
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A B S T R A C T

Cohesive failure is one of the primary reasons for low-temperature cracking in asphalt pavements. Understanding
the micro-level mechanism is crucial for comprehending cohesive failure behavior. However, previous literature
has not fully reported on this aspect. Moreover, there has been insufficient attention given to the correlation
between macroscopic and microscopic failures. To address these issues, this study employed molecular dynamics
simulation to investigate the low-temperature tensile behavior of asphalt binder. By applying virtual strain, the
separation work during asphalt binder tensile failure was calculated. Additionally, a correlation between
macroscopic and microscopic tensile behaviors was established. Specifically, a quadrilateral asphalt binder model
was generated based on SARA fractions. By applying various combinations of virtual strain loading, the separation
work at tensile failure was determined. Furthermore, the impact of strain loading combinations on separation
work was analyzed. Normalization was employed to establish the correlation between macroscopic and micro-
scopic tensile behaviors. The results indicated that thermodynamic and classical mechanical indicators validated
the reliability of the tetragonal asphalt binder model. The strain loading combination consists of strain rate and
loading number. All strain loading combinations exhibited the similar tensile failure characteristic. The critical
separation strain was hardly influenced by strain loading combination. However, increasing strain rate signifi-
cantly enhanced both the maximum traction stress and separation work of the asphalt binder. An increment in the
loading number led to a decrease in separation work. The virtual strain combination of 0.5%-80 provided a more
accurate representation of the actual asphalt's tensile behavior trend.
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1. Introduction

There are two primary types of damage that are most important in
asphalt mixtures: adhesive failure and cohesive failure. Adhesive failure
occurs at the aggregate surface and is primarily due to insufficient
interfacial adhesion strength. On the other hand, cohesive failure takes
place within the asphalt binder itself and is characterized by a lack of
cohesive strength. It is worth noting that there is often no strict division
between these two failure forms. Additionally, environmental factors
such as temperature, moisture and load form can have an impact on the
specific failure form to asphalt mixture (Gong et al., 2021; Ramezani and
Rickgauer, 2020; Tan and Guo, 2013; Yuan et al., 2020).

Adhesive failure of asphalt binder has been a prominent research topic
in road engineering for an extended period. The emergence and
advancement of Molecular Dynamics (MD) simulations have allowed
investigation of adhesion damage at the Ångstrom (Å, 1 Å ¼ 10�10 m)
-picosecond (ps, 1 ps¼ 10�12 s) range. MD offers the advantage of precise
energy analysis, which has led to the exploration of interfacial adhesion
work in asphalt binder-aggregate interface properties (Wang et al., 2020a).

Essentially, the concept of interfacial adhesion work extends from the
idea of interaction energy. Xu and Wang (2016b) observed that the
interfacial interaction energy of asphalt binder-aggregate is notably
influenced by the type of aggregate. For instance, the interaction energy
of the same asphalt binder on the silica surface was 30%–40% lower than
on the calcite surface. The main driving forces for the interaction energy
at the interface were van der Waals and electrostatic forces (Feng et al.,
2020). Variations in the atomic arrangement of aggregate surfaces,
including aggregate type and surface crystal orientation, have a signifi-
cant impact on the interfacial interaction energy and internal driving
sources.

The interfacial interaction energy at the quartz surface is predomi-
nantly dominated by van der Waals force, with the effect of electrostatic
force being suppressed (Gao et al., 2018; Liu et al., 2020). On alkaline
mineral surfaces, such as calcite (Ding et al., 2020; Gao et al., 2018; Luo
et al., 2020), albite (Feng et al., 2020; Gao et al., 2018), and microcline
(Gao et al., 2018), the percent of the electrostatic force in interfacial
interaction energy increases and even becomes the main driver of the
interfacial interaction energy. The crystallographic orientation of the
aggregate surface is another manifestation of the differences in the
atomic arrangement. Compared to quartz (0, 0, 1), Feng et al. (2020)
reported a 40% higher van der Waals force strength for quartz (0, 1, 0),
and Chu et al. (2019) reported a 32% higher van der Waals force for
quartz (1, 0, 1). In the case of albite surfaces, electrostatic forces mainly
constitute the interfacial interactions at albite (0, 0, 1) surfaces, whereas
van der Waals force is the primary driving source for interfacial inter-
action energy at albite (0, 1, 0) surfaces (Feng et al., 2020).

Another approach to investigate the interface properties of asphalt
mixtures is the microscopic dynamic mechanical model. By recording the
internal stresses at each tensile strain, the maximum interfacial strength
can be obtained during the tensile process of the two-phase materials.
Strain rate, model size, and temperature are considered to be potential
factors influencing the maximum interfacial strength. The results of
Wang et al. (2017) showed that the maximum interfacial strength of the
asphalt binder-aggregate model did not have a dependence on strain rate.
Xu and Wang (2016a) applied strain rates of 10, 20, and 30 m/s to the
asphalt binder-aggregate model. The maximum interfacial strength var-
ied to some extent at different strain rates. However, these variations
were not significant enough to support the idea that there exists a strain
rate dependence on the maximum interfacial strength in the asphalt
binder-aggregate model.

The main approach to analyzing cohesive failure in asphalt binder
using the MD method is through direct tensile simulation (i.e., a mode of
mechanical application). Sun andWang (2020a) concluded that cohesive
failure in asphalt binder started with nanoscale cavities. As the tensile
progressed, the nanoscale cavities connected and eventually formed
cracks through asphalt binder. Du and Zhu (2019) and Du et al. (2021)
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proposed that cohesion failure occurs at low strain rate, while adhesion
failure occurs at a high strain rate. However, it was observed that the
maximum separation stress (i.e., the maximum interfacial strength and
cohesive strength) still does not have a dependence on the strain rate in
the same form of failure. The results reported by Wang et al. (2017)
indicated a non-negligible effect of mechanical model size on the
calculation of maximum interfacial strength (i.e., size effect).

However, Du et al. (2021) do not agree with the previous conclusions.
The molecular weight of the asphalt binder-aggregate model constructed
by Du et al. (2021) is twice as large as that of Wang et al. (2017). Thus,
the size effect can be assumed to have been eliminated. Increasing the
number of atoms involved in simulations is an effective way to eliminate
the size effect. In addition, the simulation results for the temperature
variate showed that the maximum interfacial strength tends to be
negatively correlated with temperature (Wang et al., 2017; Xu andWang,
2016a).

It is worth noting that in the asphalt binder-aggregate model, cohe-
sive failure was observed only within a range of 10 Å to 50 Å from the
aggregate surface. Such proximity to the aggregate surface is insufficient
to classify it as cohesive failure; this type of failure mode is still consid-
ered as interface failure.

Therefore, the research and development of new cohesive failure
model is crucially necessary. However, related research work has not
been carried out extensively. In this article, the tetragonal asphalt binder
model was constructed as an analytical object for asphalt binder cohesive
damage. Based on the virtual strain loading method, the traction stress-
cumulative strain curves of asphalt binder were obtained and the influ-
ence of load parameters was further analyzed. The correlation between
the virtual strain loading method and the real direct tensile test was
established with reference to universal testing machines (UTM) test
results.

2. Experiment and simulation methodology

2.1. Asphalt binder cohesion failure test based on UTM system

In this article, UTM combined with fracture energy test (BFE) was
used to obtain the cohesive damage characteristics of asphalt binder
during the direct tension process. The UTM system can be used in envi-
ronments from �20 �C to 60 �C with the loading force of 30 kN to meet a
wide range of asphalt binder tensile properties test methods such as
AASHTO T 314-12 (DT), AASHTO TP 113-15 (DENT) and TP 127-17
(BFE).

This article used the BFE method (AASHTO TP 127-17) incorporated
into the AASHTO system for asphalt binder tensile testing. The BFE test
methodperforms tensile testing of asphalt binder in the range of 0 �C–25 �C.
The geometry of the specimen was designed to introduce sufficient stress
concentration in the middle of the specimen to allow the fracture to occur.
Before the tensile test, the spacing between the loading ends of UTM system
was adjusted to meet the loading requirements of the asphalt binder spec-
imen, the upper loading end is moved at a constant tensile rate while the
lower loading end is held constant, the upper loading end is pulled (the
lower end remainsfixed) and the test is performed, the tensile displacement
and load data are recorded until fracture occurs. The test specimens were
cast and cooled in compliant molds in accordance with AASHTO T 40-02
and AASHTO TP 127-17. After completion of the asphalt binder forming
process, asphalt binder specimens were hung between lower-end and
upper-end by adjusting the distance of load ends. It is important to note that
the data generated by theUTM system is acquired andprocessed differently
in this article from the requirements of the original specification (i.e.,
AASHTOTP 127-17). This article began by running the tensile processwith
a zero-load to obtain blank noise data. Blank noise data will be excluded
from the formal asphalt specimen tensile test. To match the loading and
acquisition method of the traction stress in the virtual tensile process, this
article obtained the correspondencebetween actuator deformation-traction
stress by loading the upper-end.



Table 1
The weight ratio of different fractions in asphalt binder.

Fraction Number Weight (%)

Asphaltene (Asp) Asp-1 6 17.8
Asp-2 4
Asp-3 8

Saturate (Sa) Sa-1 14 15.5
Sa-2 14

Aromatic (Ar) Ar-1 36 41.4
Ar-2 42

Resin (Re) Re-1 4 25.3
Re-2 4
Re-3 6
Re-4 4
Re-5 30

H. Ding et al. Journal of Road Engineering 3 (2023) 300–314
The UTM system was designed for an ambient temperature of 10 �C
and a traction rate of 200 mm/min. The operational procedures and
other parameters not mentioned in this article were in accordance with
AASHTO TP 127-17.
Fig. 1. The tetragonal asphalt bind
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2.1. Molecular structure of asphalt binder cohesion failure model

The representative molecular structures of the different components
are based on the results of Martín-Martínez et al. (2015) and Li and
Greenfield (2014). The choice of representative molecular structures is in
line with those adopted by other different research institutes and
personnel (Qu et al., 2018; Su et al., 2020; Sun and Wang, 2020b; Xu and
Wang, 2018; Xu et al., 2019). The asphalt binder molecular structures
themselves are therefore of good reliability and reference value. The
number of molecules (i.e., the content of the different fractions) is
referred to previous research articles (Ding et al., 2021). However, unlike
the previously constructed molecular models of asphalt binder, the
model of asphalt binder constructed in this study is tetragonal, rather
than cubic in shape. Asphalt binder is an amorphous material. Therefore,
changes in the shape of the amorphous cells in the simulations do not
inherently and seriously affect the accuracy of the final investigation
conclusions. The morphological difference of this model is mainly due to
the convenience of collecting test data during the direct tensile process.
Of course, the reliability of the tetragonal asphalt binder model will still
er models for cohesive failure.



H. Ding et al. Journal of Road Engineering 3 (2023) 300–314
be discussed and verified in Section 3.1 of this article.
To fully reflect the attraction and collision effect between molecules

in the virtual tensile process, this article expands the number of mole-
cules in the asphalt binder to twice the number of literatures (Huang
et al., 2019; Qu et al., 2018), as shown in Table 1.

The weight of asphaltene (Asp), saturate (Sa), aromatic (Ar) and resin
(Re) fractions of asphalt binder were 17.8%, 15.5%, 41.4%, and 25.3%,
respectively. It is close to other common literatures (Gao et al., 2018;
Huang et al., 2019; Yao et al., 2017). All research in this article was
completed in Materials Studio® 8.0 simulation platform. The tetragonal
asphalt binder model was constructed in Amorphous Cell module. In this
article, the initial asphalt binder model is first generated randomly based
on Monte Carlo method, which is then put through geometry optimiza-
tion, molecular dynamics calculation, and annealing simulation to obtain
an energy minimized asphalt binder model. Condensed-phase optimized
molecular potentials for atomistic simulation studies (COMPASS) force-
fields were used in all MD simulations. The temperature of 283 K was
used in the geometrical optimization section. 2000 optimization itera-
tions were applied to asphalt binder model and the Ewald and Atom
methods were used for electrostatic and van der Waals interactions
respectively. The asphalt binder model used an initial random velocity.
Nos�e & Nos�e-Hoover and Berendsen were used as the temperature and
pressure control modes for the dynamic calculations. NVT and NPT en-
sembles were imposed on the dynamic calculations of the asphalt binder
model at 283 K. The calculation iterations in the two aforementioned
ensemble environments were 200 ps and 300 ps respectively. At 98–598
K, five temperature cycles were used for annealing simulation, and the
associated dynamic calculation parameters were the same as those
mentioned above. After all the optimization processes have been
completed, the stable tetragonal asphalt model can be obtained.

The lattice parameters of tetragonal asphalt model, including length
and angle, were obtained by dynamic optimization of the NPT ensemble
environment, as shown in Fig. 1. The lattice sizes of tetragonal asphalt
model were 37.028 A (Length A), 39.834 A (Length B) and 96.534 A
(Length C), respectively. Additionally, the lattice angle of tetragonal
asphalt model was fixed at 90� in all directions. Notably, length C was the
direction in which the tensile strain was applied.
Table 2
Strain mode of tensile process applied to asphalt binder materials.

Cumulative strain (%) Strain combination

5 0.1%-50 0.5%-10 1.0%-5
10 0.1%-100 0.5%-20 1.0%-10
15 0.1%-150 0.5%-30 1.0%-15
20 0.1%-200 0.5%-40 1.0%-20
25 0.1%-250 0.5%-50 1.0%-25
30 0.1%-300 0.5%-60 1.0%-30
40 0.1%-400 0.5%-80 1.0%-40

Fig. 2. Thermodynamics reliability analysis of tetragonal asp
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2.2. Virtual strain load method applied to asphalt binder

To study the cohesive damage characteristics of asphalt binders more
directly, this article establishes a virtual cumulative strain loading
method, i.e., virtual strains are loaded in the Length C direction of the
asphalt model. This loading method was designed to simulate the
displacement of the fixture at the ends of the asphalt binder specimen
during the actual tensile process (e.g., UTM tensile test). By gradually
applying minimum strain increment, the relationship between traction
stress-traction strain of the asphalt material in the virtual environment
was obtained. The virtual strain loading process was controlled by Eq. (1)
and the cumulative total strain (i.e., cumulative strain) of the asphalt
model was determined by the combination of the minimum strain
increment (i.e., strain loading rate) and the number of strain loads (i.e.,
loading number of strain). Depending on the high, medium, and low
strain loading rates, the minimum strain increments are 0.1%, 0.5%, and
1.0%, respectively. The cumulative strain increases from 5% to 40%. The
same cumulative strains for different strain loading rates were met for
different strain loading numbers, as shown in Table 2.

The virtual cumulative strain loading model proposed in this article
was controlled by the custom programming script and was run on Ma-
terials Studio® 8.0 simulation platform. After each virtual strain was
applied, the asphalt binder model can be re-equilibrated with 100 ps of
dynamics under NVT ensemble. The ambient temperature was kept at
283 K. Other dynamic calculation parameters remain the same as
described earlier in this article.

δ¼NstrainΔδ (1)

where δ is the cumulative strain after completing several tensile in-
crements (i.e., cumulative strain), Δδ is the minimum strain increment in
a single tensile (i.e., strain loading rate), Nstrain is the number of stretch
during the asphalt binder tensile process (i.e., loading number of strain).

3. Results and discussions

3.1. Reliability discussion based on thermodynamics and classical
mechanics

To ensure the reliability of models used in this study, thermodynamics
and classical mechanical parameters were used to verify the accuracy of
this model. Density and glass transition temperature were used as ther-
modynamic validation indicators. Meanwhile, bulk modulus and Young's
modulus were used as validation indicators for classical mechanics.

After the dynamic calculation of 300 ps, the density of tetragonal
asphalt binder model reached a steady state. The steady density of
asphalt binder was 1.004 g/cm3 (transverse dashed line in Fig. 2(a)).
Based on the van der Waals surface (vdW surface in Fig. 2(a)) of
halt binder. (a) Density. (b) Glass transition temperature.



Fig. 3. Classical mechanics analysis of tetragonal asphalt binder. (a) Bulk modulus. (b) Young's modulus.

Fig. 4. Traction stress-cumulative strain curve for asphalt binder at 1.0% strain loading rate. (a) Scatter data. (b) Exponential model of cohesion failure.

H. Ding et al. Journal of Road Engineering 3 (2023) 300–314
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molecules, the free volume and occupied volume of the asphalt binder
model were calculated and visualised. van der Waals surface is the most
commonly used molecular volume theory in chemical research (Lu and
Chen, 2012; Manzetti and Lu, 2013). The internal volume of the van der
Waals surface represents the volume of space occupied by molecules (i.e.,
occupied volume). Conversely, the space outside the van der Waals
surface represents the free volume. The free and occupied volume can be
used to analyze the density of amorphous cell under pressure. In the
initial state (0–1 ps), the occupied and free volume of the asphalt binder
model are 88,742.36 Å3 and 78,646.83 Å3, respectively. Dynamic
calculation of 300 ps reduced the free volume of the asphalt binder model
to 53,359.21 Å3, a reduction of 32.15%. The occupied volume repre-
sented asphalt binder materials were 88,702.77 Å3, which is close to the
initial state. It was indicated that the ambient pressure compressed the
free volume of the asphalt binder model, increasing the density of the
amorphous cell to satisfy the real test results (LesueurRead and White-
oak, 2003, 2009). The visualization of the molecular volumes showed the
change in free volume being compressed in the asphalt binder model
(Fig. 2(a)). A large amount of gradual reduction in the blue portion can be
observed on the front and side of the asphalt binder model.

The laboratory test of glass transition temperature is determined with
the aid of differential scanning calorimetry (DSC) and dynamic me-
chanical analysis (DMA) (Khong et al., 1978; Wang et al., 2020; Yadav
Fig. 5. Traction stress-cumulative strain curve for asphalt binder at 0.5% strai
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et al., 2018). The DSC determination of the glass transition temperature
is obtained as a change in specific heat capacity (Zhu and Zhou, 2019). In
MD, the glass transition temperature is defined in the specific volume (or
volume)-temperature transition region. The complete specific volume
curve can be divided into two regions: high-temperature region and
low-temperature region. The intersection of the high and low tempera-
ture regions is the glass transition temperature (Tg). In particular, the
glass transition temperature, whether from laboratory tests or simula-
tions, is a temperature region and not a specific value (Chu et al., 2019).
A temperature cycle from 178 K to 418 K was applied to the tetragonal
asphalt binder model to obtain the glass transition temperature, with
reference to the study by You et al. (2020), He et al. (2020), and Zhu et al.
(2020). The glass transition temperature of this research was 273 K, as
shown in Fig. 2(b). The trend of specific volume (or volume) with tem-
perature was similar when compared to You et al. (2020) and Zhu et al.
(2020). The results of the laboratory tests indicated that the glass tran-
sition temperature of asphalt binder varied from 223 K to 303 K (Taba-
tabaee et al., 2012). The results of this research conformed to this law
mentioned above.

Reliability verification under classical mechanics conditions is
important for the cohesive stress-cumulative strain relationship of
asphalt binder. Mechanical modulus parameters are an important way to
evaluate the reliability of molecular model for simulation calculations.
n loading rate. (a) Scatter data. (b) Exponential model of cohesion failure.
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However, unfortunately, there are no reliable laboratory data available in
the literatures to illustrate the modulus-temperature relationship for
asphalt binder. Even in the case of simulation data, only a small amount
of data is available. In this article, bulk modulus and Young's modulus of
asphalt binder were obtained by the constant strain method in the range
of 200 K–450 K. The constant strain method estimates the elastic con-
stant matrix by a series of finite difference approximations. The bulk
modulus is an evaluation of the ability of materials to resist changes in
environmental pressure. Wang et al. (2017), Yao et al. (2018), and Zhang
and Greenfield (2007) indicated that the bulk modulus of cubic asphalt
binder decreased gradually with increasing temperature (Fig. 3(a)). The
bulk modulus used in this article has the same temperature-dependent
trend. However, the difference is that the bulk modulus of the tetrag-
onal asphalt binder in this article is higher than the literatures results.

When considering Young's modulus, literatures often treat asphalt
binder in a simplified way as anisotropic mechanical response mode (Su
et al., 2020; Yao et al., 2018). Furthermore, in the existing literatures,
there is no three-directions (X, Y, and Z) data record of Young's modulus,
such as Yao et al. (2018). This research provided three-directions
modulus data for asphalt binder mode. Yao et al. (2018) indicated that
Young's modulus showed a negative correlation with temperature. In all
directions, Young's modulus of asphalt binder showed a similar trend. In
the X and Y directions, Young's modulus of the tetragonal asphalt binder
Fig. 6. Traction stress-cumulative strain curve for asphalt binder at 0.1% strai
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was close. However, Young's modulus in the Z direction was significantly
higher than in the other directions, with the modulus remaining above
4.0 GPa at all temperatures, as shown in Fig. 3(b).

3.2. Response of strain loading mode: function and analysis

The relationship of stress-cumulative strain is the main response
representation of the stress loading mode. The stress-cumulative strain
curves produced by different strain loading modes were not identical.
Furthermore, the fitted functions for the stress-strain curves showed valid
mathematical representation of the asphalt binder cohesive failure phe-
nomenon. In this section, tensile strain and re-equilibration process were
applied to obtain reliable traction stress and critical separation strain in
the asphalt binder model. It is worth noting that the separation strain in
this research was in the form of cumulative percentages, calculated from
the asphalt binder at the initial time when no tension was applied. The
expression of cumulative strain provided a further indication of the
stress-strain damage relationship. Response data generated by 21 stress
loading modes in the range of cumulative strain 5%–40% were included
in the statistics.

As standard functions, the exponential cohesion zone model (Eq. (2))
is applied to the fitting of response data. With the aid of parametric
fitting, cohesive zone model is able to obtain the maximum traction
n loading rate. (a) Scatter data. (b) Exponential model of cohesion failure.



Fig. 7. The influence of cumulative strain on asphalt binder cohesion failure. (a) 5%. (b) 10%. (c) 15%. (d) 20%. (e) 25%. (f) 30%. (g) 40%.

H. Ding et al. Journal of Road Engineering 3 (2023) 300–314
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stress, critical separation strain and cohesive failure form for asphalt
binder. In the historical literature, the exponential cohesion model has
been shown to accurately describe the phenomenon of asphalt binder
cohesive failure (Du et al., 2021; Li and Marasteanu, 2005; Sun and
Wang, 2020b).

σ¼ Tc
δ

δc
exp

�
1� δ

δc

�
(2)

where σ and δ are the dynamic values of stresses and cumulative strain
during the tensile process, respectively, Tc is the maximum traction stress
before cohesive failure of asphalt binder, δc is the critical separation
strain value at σ ¼ Tc.

The work of separation can be obtained from traction stress-
cumulative strain curve by integral calculation (Eq. (3)). At the same
Fig. 8. The influence of loading number of strain on asphal
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time, the work of separation per area can be solved by introducing the
area when asphalt binder cohesive damage occurs.

DΓ ¼
R∞
0 σdδ
A

(3)

where Dг is the work of separation per area during the tensile process of
asphalt binder, A is the average of the area when cohesion failure
occurs.

The scatter data and fitted functions for the different strain loading
modes are shown in Figs. 4–6. The reliability of all fitted functions is
above 65%. Detailed R2 values and fitted parameters are presented in
Appendix. It is worth noting that the removal of anomalous data points is
a necessary pre-processing step prior to fitting in order to improve data
application and avoid anomalous effect.
t binder cohesive failure. (a) 10. (b) 20. (c) 30. (d) 40.
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3.3. Similarity and continuity in stress-cumulative strain curves

Based on the imposition of multiple stress combination modes in
Section 2.2 of this article, this section focuses on the effect of strain
loading rate on the form of asphalt binder cohesive failure.

Based on the analysis of the loading results for 21 strain combinations,
the scatter trends of the traction stresses within the asphalt binder showed
significant overlapping characteristics (Figs. 4(a), 5(a) and 6(a)), and the
stress change curves for asphalt binder obtained based on Eq. (2) (proposed
in Section 3.2) have a high extent similarity as shown in Figs. 4(b), 5(b) and
6(b). During the initial tensile process, the traction stresses within the
asphalt binder quickly climbed to the peak region (i.e., maximum traction
stress), and then the stress curve gradually decreased to 0 GPa. After
comparing all strain loading combinations, it was found that the maximum
traction stress would occur in the range of 2.5%–5.0%. Complete cohesive
failure (i.e., 0 traction stress) generally occurs after 25%.

In the high strain rate (1.0%), the short-range (i.e., cumulative strain
value less than 20%) of asphalt binder traction stress curve has obvious
amplitude fluctuation. The same fluctuation phenomenon occurs at
moderate strain rates (0.5%) and low strain rates (0.1%). The maximum
traction stress and critical separation strains obtained from the three
strain loading rates gradually become stable when the cumulative strain
value reaches 25%.

Considering the stability of cohesion failure, 25% cumulative strain
value condition was selected as the necessary prerequisite to determine
the cohesive failure region (Figs. 4(b), 5(b) and 6(b)). Therefore, under
the action of low strain loading rate (0.1%), the maximum traction stress
of asphalt binder is 0.10109 GPa (average value), and the corresponding
separation strain value is 4.59465% (average value). The cohesive failure
Table 3
The work of separation and multiple ratios under different stress loading
combinations.

Loading number
of strain

The work of
separation
Dг (J/m2)

The work of separation per
loading number NDr (J/m

2)
Ratio

0.5%-10 0.617601 0.061760 2.01758
1.0%-10 1.246062 0.124606
0.5%-20 1.020270 0.051014 1.87996
1.0%-20 1.918070 0.095904
0.5%-30 1.072837 0.035761 1.89201
1.0%-30 2.029820 0.067661
0.5%-40 1.134110 0.028353 1.90241
1.0%-40 2.157545 0.053939

Fig. 9. Cohesion failure of asphalt binder based on BFE method and UTM system. (a)
tensile damage process in UTM system.
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regions of moderate (0.5%) and high (1.0%) strain loading rate curves
are 0.12077 GPa-4.55046% and 0.14589 GPa-5.03503%, respectively.

The traction stress showed that the long-range (i.e., cumulative strain
value more than 20%) of asphalt binder traction stress curve remained
coincident (or extremely close to) with the short-range, and then grad-
ually continue with the stress applied numbers, such as 0.1%-250, 0.1%-
300, and 0.1%-400. It is noteworthy that, due to the scale effect of mo-
lecular dynamics simulation, the stress-cumulative strain curves showed
considerable and non-negligible oscillations in some strain combinations,
i.e., 0.1%-50 and 0.1%-100. The oscillation effect was related to too low
strain loading rate. When the traction stress is detected, the too low strain
loading rate makes the traction stress overconsider the chemical bond
fracture or atomic movement in the asphalt binder model, even though
these were caused by the irregular thermal movement of molecules.
3.4. Dependence and constancy in stress-cumulative strain curves

Under conditions of reaching the same extent of cumulative strain,
this section focuses on the analysis of the effect of different stress loading
modes on the form of asphalt binder cohesive failure, in particular the
maximum traction stress at which cohesive failure occurred. Seven
different cumulative strains in the range of 5%–40%were used as control
variables for horizontal comparisons during the tensile of the asphalt
binder, as shown in Fig. 7. All simulation results showed that the
maximum traction stress for asphalt binder tensile failure was reduced as
the strain rate declined after the target cumulative strain was reached.
The high strain loading rate (1.0%) resulted in a high maximum traction
stress (0.14878 GPa) during asphalt binder tensile failure after the same
40% of cumulative strain was reached. And the maximum traction
stresses for moderate (0.5%) and low (0.1%) strain rates were 0.11955
and 0.09916 GPa, respectively. The other cumulative strain situations
IPC global® UTM-30. (b) Testing moulds in BFE method. (c) Asphalt binder direct

Table 4
Basic performance indicators of asphalt binder.

Type of asphalt
binder

Penetration
(0.1 mm, 25 �C 100 g
5 s)

Ductility (cm, 5
cm/min)

Softening point
(�C)

Zhenhai 50# 55 62.0 (10 �C)
70.1 (15 �C)

48

PUMA 70# 74 ＞100.0 (10 �C)
＞100.0 (15 �C)

46

Kunlun 90# 85 ＞100.0 (10 �C)
＞100.0 (15 �C)

45
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had similar trends. Therefore, the strain loading rate dependence of the
maximum traction stress in asphalt binder in tension was reflected in all
gradients of cumulative strain change.

It is worth noting that for the loading combination of 1.0%-5
(Fig. 7(a)), the stress-cumulative strain curve only showed an
increasing trend without a decreasing trend. This is mainly due to the
fact that when cohesive damage occurs in asphalt binder, the corre-
sponding separation strain value happens to be located near 5% (cu-
mulative strain). The maximum cohesive damage stresses produced by
this strain loading mode were still higher than for medium and low
strain loading rates. This is consistent with the strain loading rate
dependence proposed above.
Fig. 10. Asphalt binder tensile damage curve based on UTM system. (a) Zhenhai 50#
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On the other hand, in the process of tensile, the separation strain
values corresponding to asphalt binder cohesive failure were constant,
especially in the cumulative strain values of 20%, 25%, 30% and 40%
(e.g., Fig. 7(d)–(g)). However, the constancy is disturbed to some extent
in the cumulative strain values of 5%–15%. In the process of large-range
stretch, the cohesive failure of asphalt binder materials occurs smoothly
at the atomic level, which is a typical stability failure. However, in the
process of short-range stretch, the cohesive failure of asphalt binder is in
an extremely unstable state. First, the pre-set tensile strain is close to the
potential separation strain value in the process of asphalt binder cohesive
failure. The mechanical parameters inevitably interfere with the actual
separation strain values. In addition, the random atomic motion and
asphalt binder. (b) PUMA 70# asphalt binder. (c) Kunlun 90# asphalt binder.



H. Ding et al. Journal of Road Engineering 3 (2023) 300–314
chemical bond fracture behavior have more obvious effects on the po-
tential separation strain values during asphalt binder cohesive failure.
This effect was reduced to a minimum level during the large-range
stretch of asphalt binder.

3.5. Work of separation contained in loading number of strain

This section focuses on analysing the dependence of separationwork on
strain loadingnumberor strain loading rate. This is anenergyangle analysis
of the stress loadingmodes effect. In the strain rangeof5%–40%,10,20, 30,
and 40 loading numbers of strain were screened as separation work per
loading number for the analysis. In addition, the complete form of asphalt
binder cohesive damage was used as a prerequisite for data screening.

Four types of loading number of strain were shown in Fig. 8 in a side-
by-side comparison. The overall trend showed that the high strain rate
curve is generally higher than the low strain rate. The work of separation
per loading number, based on the calculation method presented in Sec-
tion 3.2, was shown in Table 3. In horizontal comparison, as the loading
number of strain increased, the work of separation per loading number
decreased from 0.061760 to 0.028353 J/m2 at 0.5% strain loading rate.
It was indicated that the work of separation per loading number
decreased as the loading number of strain loaded increased. This mode
was similarly expressed in the strain rate of 1.0%. At 10 loading number
of strain, the work of separation per loading number at 1.0% (strain
Fig. 11. High similarity of traction stress curves in MD simulations and UTM results.
asphalt binder.
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loading rate) is 2.01758 times greater than that at 0.5% (strain loading
rate). Similarly, the ratios for 20, 30, and 40 loading numbers were
1.87996, 1.89201, and 1.90241, respectively, very close to the two-fold
relationship. The two-fold difference regarding the strain loading rate
directly contributes to the two-fold relationship for the work of separa-
tion per loading number (2-fold). Furthermore, the ratio of work of
separation per loading number gradually approached 2-fold as the
number of strain loading increased. This was mainly due to the fact that a
longer number of strain loading reduced the size effect at the atomic
level.

3.6. Applicability verification based on UTM test

To verify the applicability of asphalt binder cohesion failure model
at the macroscopic scale, the traction stress-traction strain curves of
Zhenhai 50#, PUMA 70# and Kunlun 90# asphalt binder were tested
by UTM system in this section (Fig. 9). The basic performance in-
dicators of asphalt binder were showed in Table 4. It is important to
note that before formally testing the traction stress curve of the asphalt
binder, the fluctuation curve of the instrument needs to be obtained
first at zero load. This is mainly to exclude signal acquisition errors
caused by instrument vibration, as shown in Fig. 10. At zero load, the
instrument error generated by UTM system itself was in the range of
0–0.6 kPa.
(a) Zhenhai 50# asphalt binder. (b) PUMA 70# asphalt binder. (c) Kunlun 90#
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Combined with the exponential cohesion zone model, the traction
stress-traction strain curves and the corresponding key failure parameters
(Tc, δc) for three types of asphalt binderduring direct tensionwere shown in
Fig. 10 andTableA2. Thedegreeof reliability (R2) of key failureparameters
in cohesion zonemodel is above 0.85, therefore thefitted curves have good
accuracy. The curves showed that there was no dependence between the
morphology of traction stress curves and the type of asphalt binder. The
morphology of traction stress curves for the three types of asphalt binder
showed a typical single-peaked form. During the process of tension, the
traction stress increased rapidly to the peak region and then slowly de-
creases to 0 kPa. The appearance of the peak region indicated that cohesive
damagehas occurred in asphalt binder. Themaximumtraction stress can be
considered to represent the maximum cohesive strength of asphalt binder,
which was mainly for resistance to external tensile force. The maximum
traction stresses exhibited during tension were 2.80112 kPa, 2.90612 kPa,
and 2.78023 kPa for each of the three types of asphalt binder (vertical
dashed line in Fig. 10).

The two types of traction stress curves are at different test scales, and
therefore MD simulation results and UTM test results were normalized
[0, 1] in this section. The normalization removes the influence of the
magnitude of observed quantities. After comparing and filtering the
normalized curves for 21 strain loading combinations, the strain com-
bination of 0.5%-80 showed the highest similarity to the UTM normal-
ized results for all types of asphalt binder, as shown in Fig. 11. The
similarity between MD simulations and UTM results was near perfect for
Zhenhai 50# and PUMA 70# asphalt binder, although there were some
deviations in the similarity for Kunlun 90# asphalt binder.

4. Conclusions

In this research, the tetragonal asphalt binder model was used as the
research object of cohesive failure, and the internal traction stress curve
was obtained at atomic level by constant strain method. The effects of
three parameter variables of strain loading rate, number of strain loading
and cumulative strain on asphalt binder cohesive failure modes were
expounded. Relevant conclusions in this research were summarized as
follows.

� Thermodynamic verification indicators showed that the tetragonal
asphalt binder model constructed in this study was close to the data
presented in laboratory or other simulation results. The bulk modulus
and Young's modulus obtained were close to the presented literature
data. A variety of indicators verified that the asphalt binder models
proposed in this research has a high extent of reasonability and
applicability, although the asphalt binder model used is different
from conventional research.

� With the constant strain loading method, this research was obtained
the traction stress-cumulative strain curve of asphalt binder cohesive
failure under various parameter states. The cohesive failure region
(maximum traction stress-critical separation strain) was obtained
based on the exponential cohesion zone model as the standard func-
tion. The work of separation per area was the most important eval-
uation indicator used in this study. The interfacial area was
introduced to realize the surface area density conversion of asphalt
binder cohesive strength.

� Similarity and continuity are the most prominent mechanical char-
acteristics of traction stress-cumulative strain curves in asphalt
binder. The results of 21 strain combinations showed that the high
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similarity in stress variation forms and failure area. The continuity
was reflected in the fact that the long-range traction stress curve can
almost perfectly contain the stress trajectory obtained by short-range
tensile. The maximum traction stress often occurs in 2.5%–5.0% of
cumulative strain. Complete cohesive destruction generally occurs
after 25%. Increasing the tensile number or decreasing the strain rate
can effectively limit the oscillation effect in the simulation.

� After reaching the target cumulative strain, the maximum traction
stress of cohesive damage of asphalt binder decreases with the
decrease of strain rate. Higher strain loading rates correspond to
higher maximum cohesion stress. This is a typical dependence on the
maximum traction stress-strain loading rate for tensile processes. In
addition, the separation strain values corresponding to the cohesive
failure of asphalt binders showed a constant characteristic during the
tensile process, especially during large-range tensile process, such as
cumulative strain values of 20%, 25%, 30%, and 40%. The tensile
process of short-range can also show some extent stability, but the
influence of random atomic motion and chemical bond fracture
behavior cannot be ignored.

� The dependence around the separation work is an important energy
analysis of the effect of stress loading patterns. The cohesive failure of
asphalt binder showed that the separation work per loading number
decreased gradually with the increase of loading number at the same
loading rate. Horizontal comparison of the work of separation per
loading number under the same condition showed a significant
twofold relationship between the two loading rates (0.5% and 1.0%).
That is, 1.0% corresponds to twice the work of separation per loading
number of 0.5%. This is apparently due to a twofold difference in
strain loading rates.

� Traction stress-traction displacement curves were obtained for Zhenhai
50#, PUMA 70# and Kunlun 90# asphalt binder in UTM system. The
test results for all asphalt binder samples showed that the traction stress
curve was independent of the type of asphalt binder. The traction stress
of the asphalt binder increased rapidly with increasing traction
displacement to the peak region. After the peak region, the traction
stress slowly decreased to 0 kPa. Normalization is an important way of
establishing macro and micro-scale correlations for direct tensile
testing. After normalization of MD simulation and UTM test results, the
traction stress curve represented by0.5%-80was highly coincidentwith
the real tensile data. This situation indicated that the virtual strain
loadingmethodwas able to express the tensile properties of real asphalt
binder well, after excluding the effects of unit magnitudes.
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The exponential cohesion zone model used in Section 3.2 and Section 3.6 of the main article is shown in Eq. (1). The key parameters obtained based
on this function, i.e., the maximum traction stress (Tc), the critical separation strain value (δc) and the fitting evaluation parameter (R2) are shown in
Tables A1 and A2.
Table A1

Key parameters obtained for 21 strain loading combinations.

Strain loading combination Mode of cohesion failure (Tc; δc) R2 (adjusted)
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0.1%-50
 0.11337 � 0.00357
2.04217 � 0.01354
0.65335
0.1%-100
 0.11105 � 0.00333
3.04791 � 0.00253
0.65149
0.1%-150
 0.10789 � 0.00536
4.15141 � 0.00862
0.66023
0.1%-200
 0.10778 � 0.00251
4.31448 � 0.00529
0.70598
0.1%-250
 0.10382 � 0.00236
4.85838 � 0.00313
0.72548
0.1%-300
 0.10028 � 0.00180
4.45306 � 0.01012
0.85004
0.1%-400
 0.09916 � 0.00215
4.47251 � 0.00258
0.88798
0.5%-10
 0.12812 � 0.00725
3.08312 � 0.44508
0.87098
0.5%-20
 0.13167 � 0.00513
3.99869 � 0.24126
0.82097
0.5%-30
 0.12531 � 0.00475
3.60149 � 0.14722
0.86661
0.5%-40
 0.12421 � 0.00473
4.55050 � 0.18369
0.78796
0.5%-50
 0.12534 � 0.00507
4.45747 � 0.18276
0.81763
0.5%-60
 0.11742 � 0.00372
4.72176 � 0.15046
0.88632
0.5%-80
 0.11955 � 0.00404
4.47216 � 0.15152
0.89047
1.0%-5
 0.31683 � 0.33021
21.54021 � 27.60800
0.94893
1.0%-10
 0.14399 � 0.00368
6.33731 � 0.42522
0.96262
1.0%-15
 0.15008 � 0.00741
5.02312 � 0.10858
0.89494
1.0%-20
 0.15389 � 0.00510
5.07076 � 0.18445
0.92482
1.0%-25
 0.14521 � 0.00608
5.00382 � 0.21524
0.90781
1.0%-30
 0.14369 � 0.00514
5.00386 � 0.18065
0.93752
1.0%-40
 0.14878 � 0.00480
5.09741 � 0.16489
0.94893
Table A2
Key failure parameters based on UTM system.

Type of asphalt binder Mode of cohesion failure (Tc; δc) R2 (adjusted)
Zhenhai 50#
 2.80112 � 0.01010
5.01210 � 0.12071
0.88456
PUMA 70#
 2.90612 � 0.09810
5.21210 � 0.13001
0.89008
Kunlun 90#
 2.78023 � 0.01010
5.45510 � 0.10991
0.88123
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