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complex issue, which has not been fully understood yet. To fill this gap, this study aims to characterize
the aggregate contacts in AC and evaluate their effects on the viscoelastic behavior of AC through
micromechanical finite element (FE) modeling. To this end, 3D microstructural models were generated
through digital image processing (DIP) method and aggregate contacts were captured in the model via
contact zone (CZ) elements. A CZ model was proposed and verified by a parametric study to identify
Aggregate contacts the viscoelastic properties of CZ elements, while the viscoelastic properties of matrix phase were deter-
Steady-state dynamics mined through laboratory tests. Steady-state dynamic (SSD) analysis was then conducted to investigate
Finite element analysis the macro-scale viscoelastic response of AC. It was found that the proposed modeling approach captures
the measured response accurately. Accounting for aggregate contacts results in higher predicted AC
dynamic moduli and lower phase angles, thus improving the agreement between modeling and experi-
mental results. The numerical model developed in this study provides a promising approach for investi-
gating the effect of aggregate contacts on the mechanical performance of AC.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As asphalt concrete (AC) is a heterogeneous composite material
with a high-volume proportion of aggregates, its mechanical prop-
erties are significantly influenced by the aggregate skeleton. Previ-
ous studies showed that aggregate skeleton plays a dominant role
in the rutting and cracking resistance, and dynamic performance of
AC [1-4]. The aggregate skeleton has been commonly character-
ized by aggregate spatial distributions, aggregate orientations,
packing, and aggregate contact characteristics [5-7]. In particular,
aggregate contact characteristics define the interaction of the adja-
cent aggregate particles and thus play an important role in the load
transmission in AC [8,9]. The contact properties are affected by the
aggregate morphology, such as aggregate angularity and surface
texture [10,11]. It has been reported in many studies that aggre-
gate contacts significantly affect the mechanical behavior of AC,
such as rutting resistance and viscoelastic properties. The rutting
resistance performance was characterized by evaluating the inter-
nal structure of AC before and after cyclic mechanical loading. It
was found that AC with more aggregate contacts shows better rut-
ting performance [3-5]. The effect of aggregate contacts on the vis-
coelastic properties of AC has been discussed in studies on
micromechanical FE modeling of AC, as it is usually found that
the analytical and numerical models significantly underestimate
the stiffness of asphalt materials, especially at high temperatures
(low frequencies) [1,12-15]. It has been hypothesized that this
underestimation could be attributed to the lack of consideration
of the aggregate contacts in the model [16-18]. However, further
studies on the effects of aggregate contacts on the mechanical per-
formance of AC are limited, although such aggregate contacts have
been more deeply studied in other research areas, such as powder
compaction [19-21].

Recently, a few studies attempted to use modeling methods to
characterize the effect of aggregate contacts on the viscoelastic
properties of AC. Some incorporated aggregate contacts into the
analytical micromechanical models and found an improvement
in the accuracy of the predicted viscoelastic performance of AC
[22-24]. However, since the analytical micromechanical models
cannot take the detailed microstructure of AC into account, their
accuracy with respect to capturing aggregate contacts is quite lim-
ited [23]. Besides, discrete element method (DEM) has been used in
several studies to investigate the effect of aggregate contacts on AC
performance [25,26]. DEM is advantageous in situations where the
material response is fully controlled by contact interactions, such
as in the case of loose asphalt mixtures [27,28]. At the same time,
as DEM is based on discrete particles, it cannot fully capture the
complicated rheological behavior of the binder phase. Arshadi
and Bahia applied the 2D finite element (FE) model to evaluate
the aggregate contact effect on the creep deformation [29]. How-
ever, to fully capture the mechanical response of AC, a 3D FE model
considering aggregate contacts is required [1]. Therefore, an
approach to effectively incorporate the aggregate contacts into
the 3D numerical micromechanical modeling of AC is still lacking.
The objective of the present study is to alleviate this shortcoming.

One of the possible methods to introduce the aggregate contacts
into modeling is the digital image processing (DIP) method, which
allows the construction of a 3D model based on X-ray CT images
[30]. Although the precise aggregate contacts in the matrix
between two adjacent aggregates are hardly captured on 2D X-
ray CT images, the narrow areas between the adjacent aggregates,
so-called contact zones (CZ), can be identified and quantified
[31,32]. However, incorporating aggregate contacts into the model
may be problematic in terms of the meshing and computational
time. Due to the complicated microstructures of AC, an insuffi-
ciently fine mesh may not accurately capture the thin CZ and
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compromise the model accuracy [33-35], while refining the mesh
further will make the computation significantly more demanding
and sometimes impossible [36].

Accordingly, this study aims to develop a numerical microme-
chanical model which is capable of capturing the effect of aggre-
gate contacts on AC response in a computationally efficient
manner. An approach to generate 3D numerical models with and
without aggregate contacts was proposed. The aggregate contacts
in AC were quantified through X-Ray CT measurements on AC
cores and incorporated into the numerical model. Frequency
sweep tests were conducted on the fine aggregate matrix (FAM),
the mix of fine aggregate and asphalt binder, to characterize its vis-
coelastic properties, which were used as the matrix properties in
the numerical model. To include the contacts among coarse aggre-
gate particles into the numerical models, CZ elements were incor-
porated between the adjacent aggregate particles with their
viscoelastic properties identified through a parametric study by
combining the experimental viscoelasticity of FAM and elasticity
of aggregates. Finally, an efficient FE modeling method based on
steady-state dynamic (SSD) was adopted to evaluate the resulting
macro-scale viscoelastic properties of AC. The obtained modeling
results are compared with the measurements from the frequency
sweep tests.

2. Microstructural modeling of AC

AC is commonly visualized as a three-phase material consisting
of a viscoelastic binder matrix, elastic aggregates, and air voids. In
this study, two types of 3D microstructural models of AC were
developed. An AC model not accounting for aggregate contacts
was composed of aggregate, matrix, and air void phases, while an
additional CZ phase was introduced in the model with aggregate
contacts.

To generate the microstructural models for FE simulation, the
different phases of AC were identified from X-ray CT data through
DIP. Fig. 1 illustrates the procedure for the DIP in this study. Firstly,
a small cubic sample with a length of 20 mm was extracted out
from the X-ray CT images with a resolution of 0.098 mm. After that,
the segmentation method proposed by Onifade et al. was applied
to segment the FAM matrix, aggregate (>2.36 mm), and air void
phases [37]. It is worth noting that because the algorithms cannot
automatically separate all aggregates, the processed images should
be further manually treated to improve the segmentation quality.

To develop the model with CZ, the first step is to identify the CZ
regions from the CT images. Surface distance threshold (SDT),
which defines the distance between surfaces of contacting aggre-
gates, is commonly used to characterize the CZ in AC. However,
there is still no consensus on selecting the SDT value, which may
be affected by the aggregate surface texture. Research has indi-
cated that the texture depth of aggregate surface is smaller than
0.5 mm [32]. Considering the resolution of images (0.098 mm),
three SDT values, including 0.1 mm, 0.2 mm, and 0.3 mm, were
adopted to define the CZ in the microstructural models with aggre-
gate contacts. A MATLAB program was developed to find out the CZ
phase based on the defined SDT values from the segmented 2D
image stacks [38,39]. By reconstructing the segmented 2D image
stacks, four 3D microstructural models, including one model with-
out CZ and three models with CZ (corresponding to SDT = 0.1, 0.2,
and 0.3 mm), were developed and labeled as Model_0, Model_1,
Model_2, and Model_3, respectively. Table 1 presents the volume
compositions of the real AC specimen and the developed models,
which show good consistency. It is worth noting that the CZ phases
only occupy small volume percentages of AC, which are smaller
than 12% in all models with CZ.
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Fig. 1. Digital image processing. CZ represents contact zone.

Table 1
The volume percentage of each phase in the real AC and developed models (%).

(i ‘;5' e
Sample ID D %{:\
V:::{} %
3 Air Void 7
Aggregate Matrix Contact Zone

CT Specimen 63.5 32.0 4.5 -
Model_0 63.5 31.6 4.9 -
Model_1 63.8 29.4 4.9 19
Model_2 64.0 25.5 4.9 5.6
Model_3 64.0 20.0 4.8 11.2

Note: Model_0, Model_1, Model_2 and Model_3 represent the model with SDT values of 0, 0.1, 0.2 and 0.3 mm, respectively.

The FE mesh was generated in this study using the advanced
Delaunay-based mesh method, which is commonly used to mesh
the complex 2D and 3D structures [40]. To ensure the mesh qual-
ity, special attention should be paid to two issues. First, the mesh
should be constrained to the generated surface of different phases
since the generated elements may interpolate into the area of other
phases and cause the artificial merging at the proximity zone of
aggregates. Second, a finer mesh size should be applied to the CZ
phase in order not to distort CZ volume. In this study, the linear
tetrahedral element (C3D4) with an average size of 0.98 mm was
used to mesh the bulk of the models, and the mesh in the CZ
phases was further densified by the elements with an average size
of 0.049 mm. Mesh sensitivity analysis on other mesh sizes was
conducted, verifying the suitability of the selected mesh parame-
ters. Fig. 2 presents the meshed models of Model_0 and Model_1.
The element numbers for the four models were 1.89 million, 6.26
million, 6.91 million, and 7.36 million, respectively.

3. Experimental study

To obtain input parameters for the AC model presented in the
previous section and validate it, viscoelastic properties of one type
of AC mixture were measured along with the properties of the cor-
responding FAM. The measurements were performed through fre-
quency sweep tests. Tests on FAM were used to determine the
viscoelastic properties of the matrix phase in the numerical model.
The master curves measured for the mixture were used to evaluate
the model’s accuracy. In this study, an AC (SMA10) commonly used
in Hong Kong was selected, which is a gap-graded stone matrix
asphalt mixture with a nominal maximum aggregate size of
10 mm. The fine aggregate particles smaller than 2.36 mm, mineral
filler, and asphalt binder were considered as the composition of
FAM. The method proposed by Underwood and Kim was adopted
to determine the compositions of FAM in this study [41]. Table 2
presents the gradations of the asphalt mixture and FAM. The
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Fig. 2. Meshed models: (a) model without CZ and (b) Model with 0.1 mm CZ.

Table 2
Gradations of AC and FAM.

Sieve size (mm) SMA10 FAM

Passing percentage (%) Passing percentage (%)

14 100.0 -

10 96.0 -

5 27.0 -

2.36 22.0 100.0
1.18 19.0 84.9
0.6 18.0 79.9
0.3 16.0 69.8
0.15 14.2 60.7
0.075 129 54.2
Binder Content (%) 6.0 21.1

asphalt binder with a Superpave performance grade of PG76-16
and granite mineral filler and aggregates were used to prepare
the FAM and AC specimens. Frequency sweep tests were conducted
using a dynamic shear rheometer (DSR) and a universal testing
machine (UTM) to measure the viscoelastic properties of FAM
and AC, respectively, as shown in Fig. 3 [42,43]. All tests were con-
ducted at the strain levels below the linear viscoelastic limit.
After the frequency sweep tests, the Williams-Landel-Ferry
(WLF) equation [44] and the Arrhenius equation were used to shift

-
R |
L R

Oscilldtion Clamp

(a) FAM

the frequency sweep data for FAM and AC at different tempera-
tures to the reference temperature of 10 °C, respectively. Then,
the shifted data were smoothened by the modified Huet-Sayegh
(MHS) model proposed by Woldekidan et al. [45], which can cap-
ture the complex modulus of FAM and mixture over a wide fre-
quency range. The constructed complex modulus master curves
for the FAM and mixture are presented in Fig. 4.

To incorporate the viscoelastic properties into FE simulation,
the master curves of FAM fitted by the MHS model were further
expressed in the format of the Prony series. Fig. 5 displays the con-
structed master curves of FAM fitted by the Prony series model and
the corresponding fitted parameters are presented in Table 3. It can
be seen that the Prony series model can capture both the dynamic
shear modulus and phase angle master curves well within the
whole frequency range from 10 Hz to 10° Hz.

4. Contact zone characterization

In the developed microstructural model of AC, the effect of
aggregate contacts on the viscoelastic response of AC was captured
by incorporating additional material phase, i.e., contact zone (CZ)
material. The constitutive and geometrical properties of CZ may
have a significant influence on the modeling outcomes. In this sec-
tion, the proposed CZ model is first described in detail, followed by
the CZ model verification through numerical study.

(b) AC

Fig. 3. Measuring systems for (a) FAM and (b) AC.
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Fig. 5. Comparison of the developed master curves by fitted Prony series model with the experimental master curves developed by MHS model.

Table 3

Material properties.

Materials Bulk density Poisson’s ratio Elasticity/Viscoelasticity
Aggregate 2.65 0.2 60,000 MPa

FAM 2.00 0.4 Prony Series Model
Contact zone 2.00 04 Prony Series Model

Prony Series Parameters

FAM CZ (r = 25/60,000) CZ (r = 50/60,000) CZ (r = 100/60,000)
Go (MPa) 5,249 5,328 5,337 5,275
Series No. T o T o Ti o T o
1 7.35E-06 2.41E-01 7.35E-06 2.43E-01 7.35E-06 2.43E-01 9.57E-06 2.62E-01
2 4.08E-05 1.17E-01 4.08E-05 1.07E-01 4.08E-05 1.07E-01 6.91E-05 1.45E-01
3 2.26E-04 1.44E-01 2.26E-04 1.79E-01 2.26E-04 1.79E-01 4.98E-04 1.91E-01
4 1.25E-03 1.83E-01 1.25E-03 1.36E-01 1.25E-03 1.35E-01 3.60E-03 1.48E-01
5 6.95E-03 9.64E-02 6.95E-03 1.26E-01 6.95E-03 1.26E-01 2.60E-02 1.23E-01
6 3.85E-02 1.12E-01 3.85E-02 9.76E-02 3.85E-02 9.74E-02 1.87E-01 8.03E-02
7 2.14E-01 6.37E-02 2.14E-01 6.66E—02 2.14E-01 6.65E—02 1.35E + 00 3.21E-02
8 1.19E + 00 3.10E-02 1.19E + 00 2.98E-02 1.19E + 00 2.98E-02 9.76E + 00 8.10E-03
9 6.57E + 00 9.31E-03 6.57E + 00 9.27E-03 6.57E + 00 9.25E-03 7.04E + 01 1.82E-03
10 3.64E + 01 2.66E-03 3.64E + 01 2.62E-03 3.64E + 01 2.61E-03 5.08E + 02 4.48E-04
11 2.02E + 02 7.08E—-04 2.02E + 02 7.07E-04 2.02E + 02 7.05E-04 3.67E + 03 8.85E-05
12 1.12E + 03 2.24E-04 1.12E + 03 2.21E-04 1.12E + 03 2.21E-04 2.65E + 04 3.28E-05
13 6.21E + 03 4.62E-05 6.21E + 03 4.88E-05 6.21E + 03 4.86E-05
14 3.44E + 04 2.82E-05 3.44E + 04 2.47E-05 3.44E + 04 2.47E-05

Notes: Gy is initial shear modulus, 7;is relaxation time, and o; is weight.
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Contact Zone

Fig. 6. Aggregate contacts in AC. SDT stands for surface distance threshold.

4.1. Contact zone model

To illustrate the concept of CZ, the 2D internal structure of AC is
presented in Fig. 6. In the CT images, it can be observed that the
neighboring aggregates contact each other through contact points.
Since the precise contact points in the matrix between two adja-
cent aggregates are hardly captured on the 2D X-ray CT images,
SDT, which defines the maximum surface distance between the
neighboring aggregates’ perimeters, has been adopted to consider
the aggregate contacts in AC [31,32]. Accordingly, CZ, which refers
to the narrow area captured by SDT, is defined to consider the
aggregate contacts in AC [31,32].

In the narrow CZ, the neighboring aggregates contact each other
via the contact points and gaps between them are filled with FAM.
As aggregate is considered as an elastic material, while the FAM is a
viscoelastic material, the properties of CZ may be assumed to be
influenced by both the viscoelasticity of the matrix and the elastic-
ity of aggregates. Accordingly, a parameter r was introduced in this
study, which represents the contribution percentage of aggregate
modulus to the CZ modulus, while the contribution of the FAM's
modulus is (1 — r). Correspondingly, the following equations were
used to calculate the complex shear modulus of CZ:

G ram = G'ram + 1G" pam (1)

Eoes + 0i 2)

G*agg = G/agg + iG//agg = (.l n zvagg)

SO7 G*CZ = (] — T)G*FAM + rG*agg

— ((] _ T)G,FAM + rEi

1 +20agg) +l(1 — T)G FAM (3)

where FAM, agg and CZ refer to fine aggregate matrix, aggregate,

and contact zone; G*, G and G represent the complex shear modu-
lus, storage modulus, and loss modulus of the corresponding mate-
rials. vqe, represents the Poisson’s ratio of aggregate, which is equal
to 0.2.

Fig. 7 presents the complex modulus master curves of the CZ
with different r values. r values are expressed as the ratio of the
Young’s modulus of aggregates (60,000 MPa) as the reference. In
total, four r values were evaluated, including 0, 10/60,000,
100/60,000 and 1,000/60,000. As expected, with the increasing r,
the properties of CZ transform from the viscoelastic FAM to elastic
aggregate with the rising dynamic moduli but decreasing phase
angles.

4.2. Contact zone model verification

To verify the reliability of the proposed material model, the 2D
CZ numerical models with simplified microstructures were devel-
oped as displayed in Fig. 8. The top and bottom green layers repre-
sent the adjacent aggregates, the white zone in the center
represents the matrix in CZ between the two aggregates, and the
triangles represent the contact points in the CZ. The number of
contact points is highly correlated to the surface characteristics
of aggregates. The difference in the volume content of triangles
(v) represents different contact point fractions between aggregates.
The sandwich model represents the completely smooth interface
between aggregates, which is equivalent to the CZ in the model
without contact. Dynamic simulations were performed on the
developed CZ model as described in Section 5. Fig. 9 presents the
predicted master curves. It can be noticed that the triangular mod-
els offer significantly higher stiffness than the sandwich model by
showing larger dynamic moduli and smaller phase angles, espe-
cially within the low-frequency range. This result verifies the
assumption that the surface irregularities of aggregate can improve
the stiffness of CZ. However, with the increase of frequency, the
predicted master curves of both dynamic modulus and phase angle
from different models converged, indicating that the effect of the
microstructure of CZ is diminished with the increasing frequency.
Besides, comparing Fig. 9 with Fig. 7, it can be seen that with the
increase of r values of the proposed CZ model, the master curves
present the same trend as the predicted master curves with the
increase of triangular volume, which indicates that the r value in
the proposed model can be correlated to the contact points in CZ.
The high agreement of the predicted master curves from the pro-
posed model and developed CZ microstructural model also sug-
gested that the proposed CZ model in Section 4.1 can capture the
change of the viscoelastic CZ with frequencies. Thus, this proposed
model can be used to model the dynamic performance of AC,
where the sample suffers a very small vertical deformation. How-
ever, considering that the real contacts in the AC are much compli-
cated, the model may not be applicable under other complex
boundary conditions.

5. Computational study

In the modeling conducted, the aggregate was considered as a
linear-elastic material, while the FAM and CZ were considered as
linear-viscoelastic materials. The viscoelastic properties of FAM
and CZ were expressed in the format of the Prony series models.
All the Prony series models can well capture the viscoelastic prop-
erties within the full frequency range, ensuring the accuracy of
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Fig. 7. Predicted master curves of CZ by the proposed CZ model at different r values.

(a) Sandwich model (v=0)

(¢) Triangular model (v=0.10)

(d) Triangular model (v=0.15)

Fig. 8. Simplified CZ microstructural models with different triangular volume contents. The top and bottom green layers represent the adjacent aggregates, the white zone in
the center represents the matrix in CZ between the two aggregates, and the triangles represent the contact points in the CZ.
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Fig. 9. Predicted master curves of CZ by simplified CZ microstructural models.

modeling results. A subroutine was applied to input the Prony ser-
ies models into the ABAQUS software. The material properties for
the three components in AC are presented in Table 3. To analyze
the effect of the modulus of CZ on the viscoelastic performance
of AC, three different r values, including 25/60,000, 50/60,000,
and 100/60,000, were selected based on the long-term modulus
of AC from the MHS model. The three r values representing aggre-

gate contribution on CZ are 25 MPa, 50 MPa, and 100 MPa,
respectively.

To conduct the FE simulation, a vertical loading was applied at
the top surface of the numerical model and the bottom surface was
fixed. Then, the SSD analysis was performed to obtain the complex
moduli within the frequency range of 10® Hz to 10* Hz. SSD anal-
ysis procedure is a perturbation procedure [46] and this procedure
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is conducted as a frequency sweep by applying the loads at a series
of different frequencies [47]. Therefore, the complex moduli at dif-
ferent frequencies can be directly obtained by one simulation. A
computer with a 2.8 GHz Intel® Xeon® Processors E5-2680 v2
was used, and it took no more than 3 h to compute 11 frequency
points within the modeling frequency range for all the 3D models.

6. Results
6.1. Effect of contact zones on the complex modulus

To evaluate the effect of CZ on the dynamic response of AC, two
parameters including SDT and r were assessed. SDT determines the
content of CZ in the AC, while r determines the material properties
of CZ. The models with three different SDT values were evaluated.
Fig. 10 presents the predicted master curves of the four models at
the r value of 25/60,000. It can be observed that for the three mod-
els with CZ, increasing SDT values slightly improves the predicted
modulus at low frequencies by showing higher dynamic moduli
but lower phase angles. A threshold value of 0.1 mm is capable
of improving the simulated modulus to the level of the experimen-
tal values. Thus, it is believed that the SDT value of 0.1 mm can
cover almost all the CZ. The further increase of SDT values only
incorporates more matrices as CZ and cannot significantly affect
the dynamic performance of AC. Therefore, Model_1 with an SDT
value equal to 0.1 mm was used in the following analysis.

Besides, Fig. 10 also reveals the effects of CZ on the viscoelastic
behavior of AC. By comparing the master curves of Model_0, the
model without contact, with other models in Fig. 10 (a) and (b),
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it can be found that CZ can significantly improve the prediction
of complex moduli within the low-frequency range by showing
higher moduli and lower phase angles. In contrast, the model with-
out CZ (Model_0) substantially underestimates the moduli of AC
within the low-frequency range. However, the effect of aggregate
contacts decreases with the frequency increase. The predicted
master curves of dynamic modulus and phase angle converge with
experimental curves when the frequency is higher than 0.1 Hz,
which indicates that the aggregate contact mainly affects the
dynamic response of AC at relatively low frequencies. The reason
could be that with the increase of frequency, the stiffened FAM
diminishes the effect of contact on the performance of AC. Fig. 10
(c) and (d) present the master curves of storage modulus and loss
modulus, which show that CZ mainly increases the storage moduli
but has no significant effect on the loss moduli within the low-
frequency range. This is because, within the low-frequency range,
CZ is more like an elastic material. Compared with the experimen-
tal curves, the predicted master curves show smaller loss moduli at
low frequencies. It may be caused by the underestimation of the
modulus of FAM in the laboratory test. Factors such as air void in
the FAM specimen may decrease the measured modulus of FAM.
The relationship between the viscoelastic properties of CZ on
the complex modulus of AC is presented in Fig. 11. It can be
observed that with increasing r, the dynamic moduli increase
and phase angles decrease within the low-frequency range. This
is due to the aggregate contact that can stiffen AC at low frequen-
cies. Therefore, a higher r value gives the AC a higher modulus.
Besides, a r value of 25/60,000, which is equivalent to a contribu-
tion of the aggregate of 25 MPa, gives better predictions of
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Fig. 10. Predicted master curves based on 3D numerical models with different SDT values. Model_0, Model_1, Model_2 and Model_3 represent the numerical models with

0.0 mm, 0.1 mm, 0.2 mm, and 0.3 mm SDT values, respectively.
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Fig. 11. Predicted master curves based on the numerical model at different r values. MHS curves represent the experimental master curves developed by the MHS model.

Whole Model

(c) Model_0 @ 10° Hz

Whole Model

Matrix

(d) Model_1 @ 10° Hz

I's, Mises
I (Avg: 75%)

Is, Mises
: (Avg: 75%)

Unit: MPa

Fig. 12. Von Mises stress distributions in model without CZ (Model_0) and model with CZ (Model_1) at 10°® Hz and 10° Hz.
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(a) Model 1 1

(b) Model 1 2

(c) Model 1 3

Fig. 13. Constructed three different microstructural models with 0.1 mm SDT value.

Table 4
The volume percentages of the developed three different models (%).

Model ID Aggregate Matrix Air void Contact zone
Model_1_1 63.8 294 4.9 1.9
Model_1_2 69.1 26.3 14 3.1
Model_1_3 58.2 32.0 8.3 1.5

dynamic moduli and phase angles than the other two r values,
which indicates that this value is more suitable for the aggregate
used in this study. It is worth noting that the performance of AC
is highly affected by the modulus at low frequency. For example,
the modulus at the frequency of 10 Hz corresponds to the mod-
ulus of AC at 50 °C and 0.01 Hz. This scenario commonly happens
in actual pavements, for example, when the vehicle is waiting for
the traffic light at the intersection in summer. If the modulus of
AC is too small, the pavement may be susceptible to rutting.

6.2. Stress distributions in asphalt concrete

To further understand how aggregate contacts affect the inter-
nal response of AC at different loading frequencies, the von Mises
stress distributions of the models without and with CZ were fur-
ther analyzed. Fig. 12 presents the stress distributions of each
phase in Model_0 and Model_1 at a low frequency of 10°° Hz and
a high frequency of 10 Hz.
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Fig. 12 (a) and (b) present the stress distributions at the low fre-
quency of 10°® Hz. It can be clearly observed that the aggregate
phase in Model_1 shows much higher stress than Model_0, which
indicates a better stress transmission among aggregates in
Model_1. This can be attributed to the CZ in Model_1. It can be
found that in Model_1, CZ also shows much higher stress than
FAM, indicating that CZ can improve the efficiency of load trans-
mission among aggregates, although it only occupies a tiny per-
centage (1.9% in this study) in AC. Furthermore, the high stress
concentration at the perimeters of close aggregates also indicates
the importance of CZ in load transmission. Thus, it can be con-
cluded that CZ plays a vital role in the mechanical performance
of AC at low frequencies. Different from the low frequency, from
Fig. 12 (c) and (d), it can be found that at the high frequency of
10° Hz, the stress distributions in both models are almost identical
and all phases in AC display very high stress, which indicates that
the stiffened FAM with the increase of frequency can improve the
stress transmission in AC. Thus, the effect of CZ on the dynamic
response of AC is diminished. This result is consistent with the
assumption that the impact of microstructural properties on the
mechanical performance of AC decreases with the increase of
frequency.

7. Discussion

To evaluate the effects of the microstructural variability on the
dynamic response of AC, two more models were generated as
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Fig. 14. Predicted master curves based on the developed three microstructural models with 0.1 mm SDT value.
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shown in Fig. 13. To simplify, the three models with an SDT value of
0.1 mm were labeled as Model_1_1, Model_1_2, and Model_1_3,
accordingly. Since the three models were extracted from different
places of the CT specimen, their microstructures and compositions
were different, as presented in Fig. 13 and Table 4. Model_1_2 has
the highest aggregate content, followed by Model_1_1 and
Model_1_3. Their predicted master curves of dynamic modulus
and phase angle are presented in Fig. 14. It can be seen that the
model with higher aggregate volume content shows higher
dynamic moduli within the whole frequency range. It is reasonable
since more aggregates may make AC stiffer. However, the three
models present almost identical phase angle master curves, which
indicated that the increase in aggregate volume content only
improves the elastic performance of AC but cannot influence the
viscous performance of AC. Moreover, it can be observed that
although the microstructures of the three models are different,
all the predicted master curves are reasonable.

8. Conclusions

In this study, a new micromechanical FE modeling approach
was proposed. In order to account for the effect of aggregate-to-
aggregate contacts on the AC macro-scale performance, a contact
zone (CZ) approach was developed. Optimal modeling parameters
of CZ were identified from the parametric study and the model was
used to evaluate the effect of aggregate contacts on the viscoelastic
properties of AC. Based on the outcomes of this study, the follow-
ing conclusions can be drawn:

(1) Although CZ only occupies a tiny volume percentage in AC, it
can significantly increase the moduli of AC within the low-
frequency range due to its much higher modulus than
asphalt matrix. It has been found that CZ only occupied
1.9% volume in AC. By comparing the predicted master
curves of the model without CZ (Model_0), a significant
improvement in the complex moduli of the model with CZ
(Model_1) at low frequencies has been observed.

(2) As the contact medium between aggregates, CZ can signifi-
cantly improve the accuracy of load transmission in AC at
low loading frequencies. The stress distributions in the
model at 10°® Hz show that the CZ phase has much higher
stress than the matrix phase, indicating CZ plays a critical
role in the load transmission between aggregates.

(3) The proposed micromechanical FE model by integrating dig-
ital image processing and SSD method provides an accurate
and efficient approach to predict the dynamic response of
AC. The developed micromechanical FE model can well cap-
ture the CZ in AC. Besides, for the FE model with millions of
elements, the dynamic simulation based on the SSD method
can be completed in several hours, indicating the efficiency
of the proposed SSD method.

It can be concluded that the method proposed in this study is
effective in incorporating aggregate contact characteristics in the
prediction of the complex modulus of AC. In future studies, the
effect of aggregate contacts on other mechanical properties of AC,
such as rutting resistance, creep, and fatigue resistance, will be fur-
ther explored.
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