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Abstract:

The variation of microstructures of the bitumen due to changes in chemical composition has been ( Formatted: Font color: Auto

found during construction and its service life period, such as aging and rejuvenation processes. The

microstructure variation plays an essential role in the micromechanical performance of the bitumen

and thus in, the mechanical behavior of asphalt mixtures. This research aimed to reveal the influence Formatted: Font color: Auto
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microscopy (AFM) technology, the microstructure (bee structures) of the bitumen can be detected. Formatted: Font color: Auto
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With the self-developed microstructural finite element (FE) models, the micromechanical responses ( Formatted: Font color: Auto
of bitumen with different bee structures were, developed and simulated. The result shows that the ( Formatted: Font color: Auto
computational load-bearing capacity of the bitumen increases with the increase of the peri phase ( Formatted: Font color: Auto

content, but the difference is not significant. The development of high stresses within bee phase is

mainly because of the inhomogeneity of material. Additionally, the distribution of the tensile strain

becomes more homogeneous with the increase of the peri phase content. This research indicates that ( Formatted: Font color: Auto

the ability to manipulate the microstructure of bitumen contributes to establishing a better

understanding of the relationship between the chemical composition of the bitumen and its

microstructure, and further investigating the effects, such as the aging and rejuvenation, on the ( Formatted: Font color: Auto

micromechanical performance of bitumen.
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1 Introduction

Acting as binding materials of asphalt mixture, bitumen plays the most significant role in asphalt
mixtures despite constituting the minor percentage, which is supplying consistency to the overall
materials, improving the driving comfort and flexible maintenance of asphalt pavements, etc. [1-3].
Numerous studies have conducted laboratory macroscale tests to characterize the rheological
properties of bitumen, and the results indicated that the performances of the bitumen were related to
their chemical components [4-6]. Two typical processes can change the chemical components of the
bitumen: aging and rejuvenation. Several factors including light, heat, oxygen, and water can cause
the aging of bitumen, which reduces the penetration and ductility and improves the softening point
and breaking point of bitumen [7, 8]. The rejuvenation of the aged bitumen, as a remedy, plays an
essential role in rehabilitating the aged bitumen and producing the low-cost and environmental-

friendly alternatives for asphalt binders and asphalt mixtures [9-13].

In order to seek a deeper understanding of the complex mechanism relating to the changes of the
chemical components due to aging and rejuvenating of bitumen, technological advancement such as
atomic force microscopy (AFM) has greatly facilitated researchers in examining bitumen at the
microscale. The AFM employs a sharp tip, which is only several micro lengths and located at the free
end of a cantilever, probes the surface of the bitumen while collecting data [14]. The microstructure
of the bitumen surface can be mapped according to the displacement of the tip [14, 15]. Loeber et al.
[16] studied the microstructure of bitumen using the AFM and Scanning Electron Microscope (SEM),
and the surface morphology of bitumen can be visualized. Three distinct phases were observed in the
microstructure of the bitumen based on the AFM images. The first phase can be described as the ‘bee’
phase, a second phase that surrounds the ‘bee’ phase is referred to as the ‘peri’ phase and a third phase

is referred to as the ‘interstitial phase’ that occupies the space between the peri phase [17].

The bee structure was firstly characterized by Loeber et al. [16], and was believed to closely

relate to the asphaltene content. Recent research by Ramm et al. [18] had found that the bee structures
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are thin film that relates to the crystallizable fractions of the binder. Despite that the bee structures
were found to be different from the internal bulk microstructure of the bitumen in their sizes and
morphologies, Ramm et al. [19, 20] also reported that they might have similar chemical components
since both the two structures formed at similar temperatures. Researches from Lyne et al. [21, 22]
found that the bee and peri phases have higher Young’s modulus than the interstitial phase. Allen et
al. [23, 24] evaluated the chemistry and rheology of the microstructure within bitumen and their
influence on the macroscopic properties, and found that the bee structures might serve as the critical
positions for crack nucleation. In addition, Holleran et al. [25] found strong correlations between the
elastic modulus of bee structure and the rheological properties of bitumen, which indicates that the
bee structures might represent the bulk properties of binders. Yang et al. [26] used the AFM peak
force quantitative nano-mechanical mapping mode to investigate the micromechanical properties of
the aged bitumen, and the bee structures are found to have close relationship with the penetration
grade. Cavalli et al. [27] employed the AFM to gain a better understanding of the microstructural
morphology of the rejuvenated bitumen. Within the results, the formation of the bee phase contributes
to the increase of the surface’s moduli. By comprehensively investigating the researches from Guo et
al. [17], Das et al. [28], Chen et al. [29] and Ganter et al. [30], the bee phases of the bitumen are found
to become more remarkable after being subjected to the aging processes including the rolling thin
film oven test (RTFOT) and pressure aging vessel (PAV); furthermore, rejuvenators significantly

reduced the bee phase of the aged bitumen.

Although the importance of the microstructure (bee, peri phase, interstitial) of bitumen was
identified in the past, very little research has been made towards the relationships between the
microstructure feature and the micromechanical responses of the bitumen. The image-based FE
simulation shows powerful abilities in modeling and calculating the mechanical responses of the
heterogeneous materials with consideration of their internal structure characteristics. Based on the

digital image processing (DIP) technology, the multiple phases of materials can be precisely captured
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and the heterogeneous models can be established. In recent years, numerical attempts were used
towards the stress and strain responses of asphaltic materials at microscale and mesoscale. Sun et al.
[31] established the two-dimensional model of asphalt mixtures to investigate the damage
performance of asphalt pavement, in which the multiscale approach was employed. Liu et al. [32]
investigated the relationship between the inner structure and mechanical performance of asphalt
mixtures with different compaction degrees. To improve the understanding of the fracture mechanism
of asphalt pavement, Kollmann et al. [33] incorporated the X-ray computed tomography (X-ray CT)
technology and the FE mesoscale model to simulate the indirect tensile test (IDT), and the results
showed that the temperature and air void content have significant effects on the fracture behavior.
The abovementioned researches provided reasonable approaches to deeply analyze the structural
feature and mechanical properties of asphalt mixtures; however, the investigation on the mechanism
of such mechanical behavior within bitumen requires relatively smaller scales and high precision
techniques. Fortunately, in cooperation with the AFM mapping technology, the numerical simulation
enables researchers to effectively investigate the micromechanical properties of bitumen with respect
to its microstructure evolution due to the change of chemical components. One of such researches
was conducted by Jahangir et al. [34], they correlated the microstructure and micromechanics of two

different virgin bitumen by combining the AFM and finite element (FE) simulations, and the

localized stress or strain were clearly exhibited, which relates to the damage nucleation and

propagation.

Based on the research from Jahangir et al. [34], the objective of this study is to reveal the
influence of microstructure changes of bitumen on its micromechanical responses. Using the AFM
technology and FE simulation performed in general purpose FE software ABAQUS, the
micromechanical responses of bitumen with different bee structures were computed, and the
relationship between the microstructure changes of bitumen and its micromechanical responses was

identified and discussed. Therefore, the proposed study can precisely capture the micromechanical
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performance of bitumen by artificially manufacturing the phase areas of the bee-structures, and hence
can reveal the mechanism of the microstructure variation on bitumen. However, the model parameters
for the bee structure were determined as linear elastic based on the DMT modulus, and further

researches related to the viscoelastic properties of the bitumen should be conducted.

2 Development of FE models with different microstructural phases
The bitumen with a penetration grade of 80/100 was selected from the literature [35], which is
used as a Paving Grade Bitumen for the construction of asphalt pavement with superior properties.

The properties of this material can be seen in Table 1.

Table 11: Chemical composition of the bitumen sample ( Formatted: Font color: Auto

[Formatted: Font color: Auto

Parameter Value [ Formatted: Font color: Auto

Penetration at 25°C [1/10mm] 81 [ Formatted: Font color: Auto

R&B softening point [°C] 45.0 [Formatted: Font color: Auto

ADynamiC ViSCOSity at 60°C (Pa's) 181 [Formatted: Font color: Auto
Density at 15°C (g/cm?) 1.010 (

By studying the bitumen sample using AFM, a variety of properties can be obtained such as
modulus, adhesion, dissipation, and deformation. The details about the test using AFM can be found
from the literature [17]. To identify and separate the different phases of the bitumen in the image
derived from the AFM, the DIP techniques were applied. In the DIP method, the images of bitumen
samples from AFM were read into the MATLAB image processing toolbox, and different phases of
the bitumen were separated based on the different gray scales of the images. Because of different
properties of material adhesion, the phases of the bitumen in the AFM image presented different gray
values, i.e., the bee phase resulted in the maximum gray values while interstitial returned the
minimum. Subsequently, the binary images of different phases were established by employing
appropriate gray threshold, and their boundaries were extracted. According to the coordinates of the
boundaries, the microstructure of the bitumen was reconstructed using the FE software ABAQUS.

The original image derived from AFM and the separate phases of the bitumen are shown in Figure

Formatted: Font color:

Auto

o U L L)

[ Formatted: Font color:

Auto

\:Formatted: Font: 12 pt

1Figure 1,

\\ Formatted: Font: 12 pt, Not Italic




Du et al.

(©) (@

Figure 1: Images of (a) bitumen sample acquired from AFM; (b) bee; (c) peri phase; (d) interstitial

This geometry information was input to ABAQUS for the construction of the FE model with
different phases. As aforementioned, during the aging and rejuvenation processes on the bitumen, the

contents of bee and peri phase are changed [17, 28-30]. According to their investigations, this study
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assumed that the peri phase will be transferred into bee phases in the aging process, and the
rejuvenation process was assumed to have the reverse effects to the aging. Therefore, in this study,

four FE models with different bee and peri phase contents are created to account for the aged and
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rejuvenated bitumen, and further to investigate the effect of the microstructure evolution on the micro-

mechanical properties of the bitumen. The aging and rejuvenation of the bitumen are two of typical
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processes which cause microstructure evolution (change of the chemical components) of the bitumen.
However, it is worth noting that the methodology of this study can also be applied to investigate the

microstructure evolution of the bitumen during other processes.

The base bitumen shown in Figure 1Figure-1 contains the contents of 61.3% peri phase and
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8.9% bee, which was created according to the AFM image and DIP technology. Based on the model

of the base bitumen, one FE model with less content of the peri phase (51.3%) and more content of

the bee (11.4%) was created to consider the aging effect on the bitumen; two more FE models were
created to simulate the microstructure of the bitumen influenced by the rejuvenator, in which the

content of the peri phase was increased to 71.3% and 81.3%, and the content of bee was decreased to
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6.4% and 3.9%. The four models are shown in Figure 2Figure-2,
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Figure 2: FE Models with different microstructural phases (a) peri phase 51.3% and bee 11.4%;
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(b) peri phase 61.3% and bee 8.9%; (c) peri phase 71.3% and bee 6.4%; (d),peri phase 81.3% and
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bee 3.9%

In the FE models, the different phases were then tied together, i.e., the micro-crack was not
considered in the simulation. The FE models of the bitumen were discretized by linear triangle 3-
node plane stress elements (CPS3). In order to examine the effect of applied load/displacement on
the microstructure of bitumen, a displacement with a constant loading rate of 1.5 pm/s was applied
to the upper edge of the test specimen for 1 second. Meanwhile, the bottom edge of the test specimen

was fixed. One 2D assembled model with the boundary condition is shown in Figure 3Figure-3 ().
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The FE meshes along with the corresponding phases can be seen in Figure 3Figure-3 (b).
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Figure 3: FE model with the contents of peri phase 61.3% and bee 8.9% (a) Assembled model;

[Formatted: Font color: Auto

(b) FE mesh of bitumen model

As an initial investigation, the materials of the different phases in the bitumen are assumed to be
linear elastic. In this study, the Young’s modulus of each phase was obtained according to the DMT
modulus derived from the AFM device at 20°C. The DMT modulus characterizes materials with
significant surface adhesion, which is calculated by summing the load force and adhesive force [36].

Particularly, the Young’s moduli of the bee, peri phase and interstitial are 0.000260 N/um?, 0.000196

[Formatted: Font color: Auto

N/um?, and 0.000125 N/um?, respectively. The selected Poisson’s ratio is 0.4.

3 Results and discussion
3.1 Effect of microstructure evolution on the load-bearing capacity of the

bitumen

In order to compare the load-bearing capacity of the bitumen with different phases, the

external loads derived from the four models are plotted in Figure 4.
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Figure 4: Comparison of the load-bearing capacity of the models with different peri phase and
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The load-bearing capacity increases with combining the increase of the peri phase content and

[ Formatted:

Font color:

Auto

decrease of the bee content, i.e., the bitumen with the contents of peri phase 81.3% and bee 3.9% has
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the largest load-bearing capacity (0.00343N) and followed by the ones with the contents of peri phase
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71.3% and bee 6.4% (0.00329N), the contents of peri phase 61.3% and bee 8.9% (0.00317N) and the
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contents of peri phase 51.3% and bee 11.4% (0.00305N). However, the difference is not significant
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and the largest difference is only 11% (between 0.00343N and 0.00305N). Although the Young’s

modulus of the bee (0.000260 N/um?) is larger than those of the peri phase (0.000196 N/um?) and the
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interstitial (0.000125 N/um?), the combination of decreasing the contents of the bee and interstitial

and increasing the content of peri phase still leads to an increase in the average Young’s modulus of
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the whole bitumen and thus improve the load-bearing capacity.

3.2 Effect of microstructure evolution on distribution of von Mises stress in the

bitumen

The distribution of von Mises stress in the FE models is studied in this section. With increasing

peri phase content and decreasing the bee content, the higher von Mises stress is distributed mainly
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in the bee phase, as shown in Figure S5Figure-5. This phenomenon can be explained by the higher
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stiffness of bee phase in the microstructure, and hence remarkable stress concentrations usually occur
in the bee phases. Although the bee phase decreases in content, the von Mises stress concentration
even increases and more stress distributes in the peri phase, which is caused by the decrease of the
interstitial content. Consequently, the loads that were previously distributed and dissipated in the
interstitial phase will be applied to the other two phases especially to the bee phase. Therefore, it can
be deduced that the rejuvenation can effectively improve the load-bearing capacity of bitumen

because more stress distributes in the bee and peri phases.

Von Mises stress
(MPa)
1.290E-5

1.223E-5
1.157E-5
1.090E-5
1.024E-5
9.572E-6
8.906E-6
8.241E-6
7.575E-6
6.910E-6
6.244E-6
5.579E-6
4.913E-6

(d

Figure 5: Distribution of the von Mises stress in the sample with (a) peri phase 51.3% and bee
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11.4%; (b) peri phase 61.3% and bee 8.9%; (c) peri phase 71.3% and bee 6.4%; (d) peri phase
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81.3% and bee 3.9%.

To quantify the distribution of the von Mises stress in the different samples, the cumulative

distribution functions (CDFs) are plotted in Figure 6Figure6. In probability theory and statistics, the
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CDF of a real-valued random variable X, evaluated at x, is the probability that X will take a value

less than or equal to x [37].
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Figure 6: Cumulative distribution functions of von Mises stress in (a) the peri phase; (b) the
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bee; (c) the interstitial

These figures show that the percentage of higher von Mises stress increases for every phase in

the bitumen samples with an increase of the peri phase content. For instance, in Figure 6Figure6 (a)
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one can see that 80% of the von Mises stress for the sample with 51.3% peri phase and 11.4% bee are

at or below 9.85 MPa, and the sample with 81.3% peri phase and 3.9% bee are at or below 10.3 MPa,
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which leads to a difference of around 0.45 MPa. A similar trend can also be found in the CDFs of the
other two phases in Figure 6Figure6 (b) and Figure 6Figure6 (c). Maximum von Mises stress
occurs in the bee phase is larger than those that occur in the other two phases, which is consistent
with the observation in Figure 5Figure-5. One of the more interesting observations from these figures

is that the difference in the peri phase is almost equal, and the roughly similar phenomenon can also
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be found in the bee, while the difference in the interstitial is not, i.e., the distributions of the von Mises

stress in the interstitial phase of the bitumen with the three larger peri phase contents are much closer
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to each other. This may be caused by the fact that the Young’s modulus of the bee is around 2.08

times that of the interstitial, and thus the change in the bee content will lead to a more significant

11



Du et al.

difference. Moreover, this phenomenon also indicates that the effects of the bee and peri phase on the

anti-damage are greater than that of the interstitial.

The quartile function returns the quartile for a given set of data. Quartile can provide minimum
value, first quartile, second quartile, third quartile, and maximum value. As expected, the bee phase
exhibits the biggest amount of von Mises stress with a difference in the maximum values of around
0.23 MPa. The difference in the maximum values in the peri phase is 0.10 MPa, which is also expected
due to the fact that peri phase exhibits an intermediate stiffness and is more ductile. In conclusion,
the stress shows more variations in the bee and peri phases than that in the interstitial phase, which

indicates that the bee and peri phases play essential roles in the load-bearing capacity of bitumen.
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Figure 7: Quartile Values of von Mises Stress in (a) the peri phase; (b) the bee; (c) the interstitial.

3.3 Effect of microstructure evolution on the distribution of tensile strain in the

bitumen

Tensile strains in the FE-models with increasing peri phase and decreasing bee content are
studied in this section. If a comparison of the tensile strain distribution and concentration between all

the models is made, one can see that the patterns of the tensile strain distribution are the same, i.e.,
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the higher tensile strain mostly distributes in the interstitial phase of the bitumen due to its lower

stiffness, as shown in Figure 8Figure-8. With the increase of the peri phase content, the distribution
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of the tensile strain becomes more homogeneous due to more peri phase content which has the
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intermediate Young’s modulus amongst these three phases. Therefore, it can be expected that with
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the increase of the peri phase, the strain concentrations were remarkably reduced and hence the

bitumen will be less vulnerable to the damages.
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Figure 8: Distribution of the tensile strain in the sample with (a) peri phase 51.3% and B 11.4%;
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(b) peri phase 61.3% and B 8.9%; (c) peri phase 71.3% and B 6.4%; (d) peri phase 81.3% and B
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The CDFs are also plotted in Figure 9Figure-9 to quantify the distribution of the tensile strain
in the different samples. In this figure, one can see a similar trend with that in Figure 6Figure6, the
percentage of higher tensile strain increases for every phase in the bitumen samples with an increase

of the peri phase content. Moreover, the differences in the cumulative distribution between the
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bitumen with different phases in the peri phase and the bee are almost equal, while the difference in
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the interstitial is not. The potential reason has been introduced in the last section that the lower
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stiffness of the interstitial phase causes more strain distributions. It is worth mentioning that the

14

) U U )

U )



Du et al.

maximum tensile strain that occurs in the interstitial is larger than those that occur in the other two

phases, while the maximum von Mises stress occurs in the bee phase.
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Figure 9: Cumulative distribution functions of tensile strain in (a) the peri phase; (b) in the bee; [Formatted: Font color: Auto

(c) the interstitial.

More information about the minimum value, first quartile, second quartile, third quartile, and

the maximum value of the tensile strain can be found in Figure 10Figure-10. This figure further ( Formatted: Font: 12 pt
proves the conclusions about Figure 9Figure-9. The highest strain distributes in the interstitial phase | Formatted: Font: 12 pt

[Formatted: Font color: Auto

of the bitumen, and less strain variations were observed in this phase, which is consistent with the

Quiartile Values of von Mises Stress.
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Figure 10: Quartile Values of tensile strain in (a) the peri phase; (b) the bee; (c) the interstitial.
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4 Conclusions and outlook
The objective of this study was to investigate the effect of the microstructure evolution on the

micromechanical property of the bitumen. The interrelationship of the different contents of peri, bee,

[Formatted: Font color: Auto

and interstitial phases of the bitumen and load-bearing capacity, damage nucleation, and tensile strain
of the bitumen was evaluated based on FE models. The following conclusions are drawn from the

study:

e The computational load-bearing capacity of the bitumen increases with an increase of the

peri phase content. However, the difference is not significant.

[Formatted: Font color: Auto

e The higher computational von Mises stress is distributed mainly in the bee phase. With

increasing the, peri phase content and decreasing the bee content, the von Mises stress

[Formatted: Font color: Auto

concentration increases. This suggests that material inhomogeneity leads to the development
of high stresses within the bee phase, which contributes to the damage nucleation and

propagation.
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e The higher computational tensile strain mostly distributes in the interstitial of the bitumen.
With the increase of the peri phase content, the distribution of the tensile strain becomes

more homogeneous.

The aforementioned conclusions indicate that the ability to manipulate the microstructure of
bitumen, such as aging and rejuvenation, has a significant influence on the micromechanical
properties of the bitumen. However, the effects of the microstructure evolution were identified
according to the hypothesized microstructure models, and further researches should be conducted
based on the AFM tests on the aged and rejuvenated bitumen. In addition, more research in the future
is needed, e.g., to more accurately characterize the micro-material properties of bitumen, and to more
accurately and quantitatively assess the relationship between damage evolution in the bitumen and its

microstructure.
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