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HIGHLIGHTS

« AC’s tension—compression (TC)
asymmetry was characterized
through multiscale tests and
modeling.

« Due to the unique microscale contact
characteristics, the contact region
(CR) shows significant TC asymmetry.

« This microscale asymmetry further
leads to the macroscale asymmetry of
asphalt concrete (AC).

ARTICLE INFO

Article history:

Received 9 January 2023
Revised 29 April 2023
Accepted 11 June 2023
Available online 14 June 2023

Keywords:

Tension-compression asymmetry
Aggregate contacts

Contact region

Finite element analysis

GRAPHICAL ABSTRACT

Cl ization and

B s -
‘Segmented images  Images wih CR Moshed model
Asphalt concrete (AC) model generation

104107 100 100 100 106 106 10+ 0% 100 10 10°
Reduced Frea a

Predicted master curves of AC in Tension and compression (T&C)

Notes: +*and " represent tnsion and compression, respeciively.

Principal stress distributions in CR models.

10° Hz; and (@) Intension 3L 10° iz

ABSTRACT

Asphalt concrete (AC) exhibits significant tension-compression (TC) asymmetry and aggregate contacts
can be one of the critical contributors to this behavior. Nevertheless, the underlying mechanisms are still
unclear, and there has been no study to quantify this behavior. To fill the research gap, multiscale char-
acterization and modeling on AC were performed in this study. At the microscale level, nanoindentation
tests were conducted to characterize the aggregate contact characteristics in the contact region (CR). The
CR was found to have a sandwich-like structure consisting of two interfacial layers, large filler particles,
and asphalt mastic. Accordingly, micromechanical models of CR were developed to predict its mechanical
behavior in tension and compresison (T&C). The modeling results showed that aggregate contacts signif-
icantly increase the compressive modulus, leading to the substantial TC asymmetry of CR. The predicted
viscoelastic properties of CR were further applied to the developed mesostructural model of AC. The pre-
dicted master curves in T&C showed significant asymmetry and quantitatively agreed with the experi-
mental ones, demonstrating the effectiveness of the adopted modeling approaches. This study is the
first study to quantify the asymmetric performance of AC. The outcomes can be applied to evaluate

AC’s TC asymmetry effects on pavement performance.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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Asphalt concrete (AC) is a composite granular material com-
posed of asphalt binder, a large proportion of aggregates, and air
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voids. Due to the substantial heterogeneity in its compositions and
microstructures, AC exhibits complicated mechanical performance
under external load. At a small strain level, AC performs as a linear
viscoelastic (LVE) material, where the deformation is completely
recoverable [1-3]. Hence, the dynamic modulus of AC is generally
characterized and used as one of the primary parameters in the
mechanistic-empirical pavement design guide (MEPDG) [4]. At
medium strain levels, irrecoverable deformation appears, and AC
is described by the viscoplastic constitutive theories [5-7]. With
further increasing strains, damage may be incurred in AC, and
accordingly, damage theories may be applied [8-11]. Although sig-
nificant efforts have been made in the past, it is still common to
assume AC mixture as an isotropic viscoelastic-viscoplastic mate-
rial due to the complexity of its performance.

Nevertheless, what is unexpected is that significant asymmetry
has been observed at a small strain level (<200 p€) in many previ-
ous studies [12-16]. Particularly, AC performs direction-dependent
and exhibits much higher stiffness in compression than in tension
[15,17-20]. In an earlier study, at 20 °C, AC’'s compressive modulus
was one to two times higher than the tensile modulus [21]. Even a
ten-time difference in compressive and tensile strengths has been
reported [22]. Besides, this discrepancy is more prominent at a
higher temperature [13,20]. At intermediate and high tempera-
tures, 2.5 and 4 times higher compressive moduli were observed
[23].

Although this tension-compression (TC) asymmetry has been
broadly observed in many studies, its underlying mechanisms are
still unclear. Research showed that this asymmetric performance
could be ascribed to AC's heterogeneous structure [24-27]. As
illustrated in Fig. 1, it has been speculated that in tension and com-
pression (T&C), the aggregate structure was pulled apart and
pushed closer, respectively, and thus AC reflected more the
response of the asphalt matrix in tension and aggregates in com-
pression [23-25]. This speculation gives a phenomenological
explanation but cannot reveal the underlying mechanisms.

Research on analytical micromechanical modeling of AC pro-
vides a deeper insight into its mechanisms. Previous studies
showed that the analytical micromechanical models generally
underestimated the moduli of AC, especially at low frequencies
[26-28]. The lack of consideration of aggregate contacts, i.e., the
interactions of the aggregates in close proximity [30-32], was
assumed to be the cause of this underestimation [29,30]. In com-
pression, rather than transmitting the stress through the weak
asphalt matrix, the rigid aggregate contacts may significantly
improve the stress transmission efficiency between aggregates
and thus enhance the stiffness of AC [1]. In contrast, the absence
of aggregate contacts in tension leads to a lower modulus. More
recently, a few studies considered aggregate contacts in the analyt-
ical micromechanical model by introducing contact parameters
[29,30,33,34]. Significant improvement in the predicted moduli
was observed. However, the analytical method is generally applied
to simple structures and only provides a qualitative prediction. To

(a) Original (b) In tension (+)

(c) In compression (-)

Fig. 1. Schematic diagram of AC in T&C.
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understand how aggregate contacts affect the performance of AC in
T&C, detailed microstructural properties should be incorporated
into the modeling.

Numerical micromechanical modeling may be an alternative
solution to this problem [35]. In the modeling, the simulation is
performed on the developed microstructural or mesostructural
model through numerical methods, such as finite element (FE)
and discrete element (DE) methods [36-38]. By considering more
detailed microstructural properties in the developed microstruc-
tural model, numerical modeling can often offer much more accu-
rate predictions than analytical methods. In addition to the macro
properties, the local stress/strain can also be obtained from numer-
ical modeling. However, introducing detailed microstructural
properties may significantly complicate the model of AC and even
make it computationally impossible. Multiscale modeling may be a
solution to this issue. Instead of considering all microstructural
properties in one model, the microstructural properties are hierar-
chically introduced into the models at different length scales. Thus,
the computational cost at each scale can be significantly reduced.
At the mesoscale, AC is commonly regarded as a composite mate-
rial composed of aggregate, matrix, and air voids. One additional
component, contact region (CR), may be incorporated to bridge
the microscale aggregate contact characteristics with the mesos-
cale AC in the multiscale modeling. Here, CR is defined as the prox-
imate area between the neighboring aggregates [1]. It can be
captured by the surface distance threshold (SDT), which refers to
the maximum surface distance of two contacting aggregates
[39,40]. If the surface distance is smaller than the SDT value, the
two aggregates are assumed to be in contact, and the area captured
by the SDT is regarded as CR. Thus, the effects of the aggregate con-
tact characteristics on the TC asymmetry of AC can be assessed at
the CR scale and further upgraded to the mesoscale modeling of AC
with the help of CR [1].

2. Problem formulation

As aforementioned, the global TC asymmetry of AC may be
associated with the local aggregate contact characteristics, but
how aggregate contacts induce this asymmetric behavior has not
been well understood yet and no available tool can be used to
quantify this asymmetric behavior. Thus, this study aims to eluci-
date and quantify the micromechanical mechanisms of aggregate
contact effect on AC’'s TC asymmetry. To achieve this objective,
multiscale characterization and modeling at two length scales,
including the microscale CR and mesoscale AC, were performed.
Fig. 2 presents the research plan of this study, which includes
two main tasks: 1) microscale characterization and modeling of
the TC asymmetry of CR, and 2) mesoscale characterization and
modeling of the TC asymmetry of AC.

In the first task, the nanoindentation measurement, which can
identify material’s microstructural and mechanical properties,
such as elastic modulus, at the nanoscale level, was conducted to
characterize the microscale aggregate contact characteristics in
CR. Accordingly, the microstructural models of CR considering con-
tact characteristics were developed. It is worth noting that asphalt
mastic is the matrix phase in CR as identified from the nanoinden-
tation test (Section 4.1). Thus, its viscoelastic properties were also
measured and converted to Prony series for further modeling.
Through the numerical modeling based on the developed CR
model, the responses of CR in T&C could be predicted. Finally, to
characterize the effect of aggregate contacts on the viscoelastic
properties of CR in T&C, the predicted master curves were further
assessed by the relaxation spectra and equilibrium moduli.

In the second task, the mesostructural model of AC incorporat-
ing CR was developed to account for aggregate contact effect. The
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Microscale characterization and modeling of CR
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Fig. 2. Research plan of this study.

predicted CR properties based on the microscale CR model were
applied to the CR phase in the developed AC model. Through
numerical simulation, the mechanical performance of AC in T&C
can be predicted. Meanwhile, the effective viscoelastic properties
of AC were also characterized through laboratory tests. By compar-
ing the testing and modeling results, the effect of aggregate con-
tacts on AC’s TC asymmetry can be quantified. In addition, it is
worth mentioning that the matrix phase in AC model, i.e., FAM,
may also show TC asymmetry, but its asymmetry may be much
less significant than AC mixtures. This is because, different from
the CR, the fine particles in FAM are dispersed in the asphalt mastic
leading to much fewer aggregate contacts in FAM and hence less
effect on FAM performance.

3. Theory background of viscoelasticity

It will be shown in Section 4.1 that CR is a composite of vis-
coelastic asphalt mastic and high modulus large-size filler particle
and interfacial transition zone (ITZ). The asphalt mastic and the CR
(in compression or tension only) can be assumed as LVE materials.
The following constitutive relationship can describe their mechan-
ical properties:

t de(7)
a(t) _/0 Bt -1 e
where ¢ is time, and 7 is a time variable of integration; and E(t) is
the relaxation modulus function in compression or tension. If the
material is in shear, G(t) will be utilized. The Poisson’s ratio (v) is
assumed to be time-independent. Thus, the shear and bulk relax-
ation moduli can be derived as follows:

(1)
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E(t)
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E(t) is a monotonically decreasing function and can be
expressed as follows [41-43]:

E(t)=E. + /_% h(t)e"*dint (4)

where h(t) is the relaxation spectrum and E., is the long-term mod-
ulus or equilibrium modulus. Given the relaxation spectrum, h(t),
and the equilibrium modulus (E,.), the LVE properties can be com-
pletely determined. Also, the LVE properties can be calculated by
the relaxation spectrum in the frequency domain as follows [44]:
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where E' and E” denote the storage and loss moduli, respectively; o
is the angular frequency. Egs. (5) and (6) indicate that if E' and E” are
known, h(t) and E,, can be determined through optimization. For
this purpose, the method proposed by Levenberg and Shah was
adopted in this study to determine the h(t) and E., based on the
E' and E’ values [45,46]. The following relaxation spectrum function
is assumed:

h(t) = a; x exp{—a2 x [In(t) — ln(a3)]2} (7)

where a,, a,, and a; are the parameters of the relaxation spectrum.
In the logarithmic time scale, this function is a symmetrical bell-
shaped curve, which can well describe the relaxation spectrum of
asphalt materials, and the integration in Eqs. (5) and (6) can be
achieved through numerical integration based on the trapezoidal
rule [45]. In this study, the relaxation spectra and equilibrium mod-
uli of CR were calculated to evaluate its viscoelastic characteristics.
The E' and E” of CR at different frequencies were predicted from its
micromechanical model. By minimizing the difference of the pre-
dicted E' and E” with the calculated ones from Egs. (5) and (6),
the h(t) and E,, of CR can be determined.

Different from the continuous spectrum h(7), if the integral in
Eq. (4) is represented by the discrete approximation, E(t) can be
expressed by the discrete relaxation spectrum, as presented below:

(8)
)

where E; is the discrete relaxation spectrum strength; Eq. (8) is also

known as the Prony series model or generalized Maxwell model. In
the frequency domain, Eq. (8) can be written as below:

E(t) =E + >0 h(T) x Alnt; x e 4

E; = h(t;) x Alnt

E'(w) = E(w) + iE" (o) (10)
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The Prony series model parameters can be determined by per-
forming the regression analysis between the calculated values
based on the constructed master curve and the predicted ones by
minimizing the following objective function:

n [ (E () L (B ) ’
Objective function = o pred )y [ eed
jective f > (( F o
(13)

i-1 E/(wi)cal
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where m is the total data points used; E/(w;)., and Er(w;) repre-
sent the calculated storage and loss modulus at the it frequency,
respectively; and E/(;),,.q and En(w),,. are the predicted storage
and loss modulus at the i frequency based on the Prony series
model parameters, respectively.

For the micromechanical modeling, the measured complex
moduli of asphalt mastic were used to construct the master curves,
which were then fitted by the Prony series model. The relaxation
spectrum and equilibrium modulus introduced here were used to
analyze the predicted viscoelastic properties of CR in T&C.

4. Laboratory test and results
4.1. Nanoindentation tests

Nanoindentation tests were conducted to characterize the con-
tact characteristics of the CR between aggregates in contact.
Preparing the nanoindentation sample can be summarized in three
steps: sample cutting, epoxy resin casting, and polishing. A cylin-
drical sample with a diameter of 30 mm was first drilled out from
the Marshall specimen and cut into 10 mm thin slices to fabricate
the small pieces for the nanoindentation test. The slice sample was
further embedded into epoxy resin for fixing. After 24-hour curing
at room temperature, the top surface of the sample was polished.
In this step, the specimen was ground by 180, 600, and 1200 grit
SiC abrasive papers one by one and then polished by polishing
cloths with successively finer polishing agents (9, 3, and
0.05 pum). The grinding and polishing processes took about two
hours until the surface was thoroughly smooth. Finally, the speci-
men was cleaned in an ultrasonic bath with ethanol for 5 min. A
root-mean-squared (RMS) roughness smaller than 50 nm could
be achieved for the processed sample.

Fig. 3(a) presents the finished sample used in this study. A Bru-
ker’s Hysitron TI Premier Nano-indenter equipped with a scanning
probe microscopy (SPM) was used to perform the nanoindentation
test. In the test, a three-sided pyramidal diamond tip was used, and
the indentation test was performed on the selected CR using the
displacement-control mode, where the maximum indentation

Aggregate

- - o

Matrix R
1

Big filler— 5.
particles
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depth and spacing were 180 and 10 nm. Fig. 3(b) presents a CR
between two aggregates on the test surface. It can be seen that
the CR displays a sandwich-like structure, where large fine parti-
cles (at filler scale) are distributed in the narrow gap, and the
remaining space is filled with asphalt mastic. The corresponding
elastic modulus contour map of this CR is illustrated in Fig. 3(c).
It is to be noted that the aggregate zone exhibits much higher mod-
uli than the asphalt matrix region. A modulus of about 80 GPa was
observed for the granitic aggregate. Besides, an interfacial transi-
tion zone (ITZ) layer with a thickness of around 10 pm and modu-
lus of about 40 GPa along the aggregate peripheries was observed.
The measured thickness is consistent with the observation in many
previous studies, which is in the range between 5 and 25 pm [47].
Fig. 4 presents more captured CRs in AC mixtures through this test.
It can be sensed that even for the same AC mixture, the morphol-
ogy varies significantly due to the irregular aggregate surface.
However, what can be confirmed is that the big aggregates are con-
tacted via the large filler particles rather than full contact between
the neighboring aggregate surfaces. The identified contact charac-
teristics were subsequently utilized to develop the microstructural
model of CR in Section 5.1.

4.2. Frequency sweep test

Frequency sweep tests were performed to measure the complex
moduli of asphalt mastic, FAM, and AC mixture. Asphalt mastic is a
mix of asphalt binder and mineral filler (<0.075 mm). FAM is com-
posed of asphalt mastic and fine aggregates with sizes from
0.075 mm to 2.36 mm [48,49]. A dynamic shear rheometer (DSR)
was used to conduct the frequency sweep test on asphalt mastic
and FAM samples. The frequency sweep tests for AC in T&C were
performed by a universal testing machine (UTM). The compressive
frequency sweep tests were conducted following the AASHTO T342
by applying compressive sinusoidal loads considering different
loading frequencies at different temperatures [50]. In the tensile
test, tensile sinusoidal loads were applied. The measured complex
moduli at different temperatures were then used to construct the
master curves in a wider frequency range. Figs. 5 and 6 present
the constructed master curves at a reference temperature of

80 ] Modulus (GPa)
100
60
4 80
Matrix
é 60
Filler | 4
20 ]
‘ particles 20
2 A )
20 40 10

0

Y(m)
&

60 80
X(um)

Fig. 3. Nanoindentation test: (a) Test sample; (b) Tested contact zone; and (¢) Modulus contour map.
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Fig. 4. CR images of SMA10 from the nanoindentation test.
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20 °C. The fitted Prony series models based on the measured mas-
ter curves of asphalt mastic and FAM were used for numerical
modeling. From Fig. 5, it can be seen that the optimized Prony-
series models fit well with the tested master curves, which ensures
the accuracy of the input data in the following numerical modeling.
The measured master curves for AC in T&C were compared with
the predicted ones. Fig. 6 shows that the AC mixture in tension
shows lower dynamic moduli but higher phase angles than the
ones in compression. This observation is consistent with the find-
ings in previous studies [13,20,23].

5. Numerical model development and numerical computation
5.1. Micromechanical modeling of Contact region

Microstructural models of CR were developed based on the con-
tact characteristics, as discussed in Section 4.1. As presented in
Fig. 7(a-b), the generated CR model is an axisymmetric model,
which can represent the 3D response based on the 2D model.
The developed CR model comprises two ITZ layers, a large filler
particle, and asphalt mastic. The large filler particle is located
between the two ITZ layers with a thickness of 10 pm. The left zone
is filled with asphalt mastic. The CR model’s total height (H) is
0.1 mm, which was determined by the adopted SDT value of
0.1 mm, while the particle radius (R) is 0.04 mm, which was based

on the maximum size of the filler particle: 0.075 mm in diameter.
Since the contact point density in the CR was unclear, CR models
with different lengths (L) were generated. The rate of model length
to the radius of the fine particle, i.e., L/R, was utilized for represent-
ing the contact point density of CR. A lower L/R represents a higher
contact point density. For the CR model in tension, zero-thickness
cohesive elements were added on the surface of the fine particle to
separate the element nodes between ITZ and the spherical particle.
As presented in Fig. 7(c), an unbound material model without
asphalt mastic was also developed to evaluate the aggregate con-
tact effect on CR in compression. Numerical modeling was finally
performed on the developed CR models with different (L/R) ratios
to predict the viscoelastic properties of CR in T&C.

Table 1 presents the material properties utilized to develop the
CR models. The ITZ and the larger filler particle were assumed as
elastic materials with moduli of 80 and 40 MPa, respectively. The
Prony series of asphalt mastic, obtained from laboratory tests as
shown in Section 4.2, was applied to the matrix phase and cohesive
zone elements in the developed CR model. In the T&C simulations
for the CR, the bottom surface was fixed, and a compressive/tensile
strain of 10~ was introduced on the top surface. The steady-state
dynamic (SSD) analysis was adopted to perform the dynamic sim-
ulation on CR in T&C. SSD method has been reported to be an effi-
cient and accurate approach to conducting dynamic simulations
[1,51].
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L
(a) CR in compression
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Fig. 7. Developed CR models.

Table 1
Material Properties.

Materials Poisson’s ratio Elasticity/Viscoelasticity
Aggregate 0.2 80 GPa

ITZ 0.2 40 GPa

Asphalt mastic 0.45 Prony series model
FAM 0.4 Prony series model

5.2. Micromechanical modeling of AC

CT-based AC model was generated following the methodology
proposed in [1]. The developed mesostructural AC model is com-
posed of four phases: aggregate, matrix (FAM), CR and air void
(empty zone). As shown in Fig. 8, developing the CT-based model
can be summarized into three steps: image segmentation (Fig. 8
(b)), CR identification (Fig. 8(c)), and mesh model generation
(Fig. 8(d)). In the step of CR identification, the regions between
aggregate with an SDT value of 0.1 mm were recognized and
identified as CRs. Based on the findings in our previous study [1],
this value is suitable to account for all CRs in AC. The volumetric

5 2!
- e

(a)CT imaes (b) Segmented images (c) Imaes with CR

properties of the studied AC mixture, i.e.,, SMA10, are listed in
Table 2. It can be found that the generated models have close vol-
umetric compositions to the real specimen. Besides, it is notewor-
thy that CR only occupies a very tiny volumetric proportion in
SMAT10. The developed geometrical model was further meshed by
the linear tetrahedral elements (C3D4) [1]. Fig. 8(d) displays the
meshed AC model. In the generated mesh model, the void is empty.
Aggregate, matrix and CR are assumed fully bonded. Thus, they
share nodes at their interfaces. The cubic samples with 20 mm
length for SMA10 were developed. Three replicates were gener-
ated, and the average element number of the developed models
was 5.9 million.

The material properties used in the modeling are listed in
Table 1. In the developed AC models, aggregates were regarded
as elastic materials with Young’s modulus and Poisson’s ratio of
80 GPa and 0.2, respectively. The viscoelastic properties of the
matrix, i.e., FAM, were described by the Prony series based on
the measurement results presented in Fig. 5. The material proper-
ties of the CR phase were from the developed CR model, as shown
in Section 5.2. The predicted tensile (compressive) viscoelastic
properties were assigned to the CR phase in the AC model to

Contact
J region

by Aggregate
»

(d) Meshed model

Fig. 8. CT model generation.

Table 2
Volumetric properties of the real asphalt mixture and the generated AC models (%).

Sample ID Aggregate Matrix Air void Contact region (CR)
Real SMA10 specimen 63.5 31.6 4.5 -
SMA10 model 62.5 31.7 43 1.5
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predict the response of AC in tension (compression). Like the CR
models, the bottom face of the developed AC model was fixed,
and a 10~* compressive/tensile strain was applied on the top sur-
face. Then, the dynamic simulation based on SSD analysis was per-
formed to predict the dynamic behavior of AC in T&C in the
frequency range of 10 Hz to 10° Hz. More details, such as the
AC model generation, numerical convergence and computational
cost, can be referred to our previous study [1].

6. Results and discussion

In this section, the predicted master curves of CR at different L/R
values are first presented to evaluate the effect of contact charac-
teristics on the viscoelastic properties of CR. Then, the stress distri-
butions of CR, which can provide a more intuitive way to perceive
the mechanical response of CR, are discussed. To correlate the
microstructural characteristics of CR to its mechanical perfor-
mance, the predicted master curves in the frequency domain were
converted to relaxation spectra and equilibrium moduli in the time
domain. In addition, parametric studies were performed to deter-
mine the appropriate L/R value of CR through the AC model in com-
pression. Further, the determined CR properties in T&C were used
to predict the master curve for the AC mixture. For simplicity, the ‘
+" and ‘-’ signs are utilized for representing the model in tension
and compression, respectively.

6.1. Master curves of CR

Fig. 9 illustrates the predicted master curves of CR at L/R values
ranging from one to five. It can be clearly observed that at both
loading modes of in compression (Fig. 9(a-b)) and in tension
(Fig. 9(c-d)), the CR can be significantly stiffened with decreasing
L/R values by showing higher dynamic moduli and lower phase
angles. These results are reasonable since a low L/R value repre-
sents a high contact point density. Besides, compared with asphalt
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mastic, significant improvement in the stiffness value can be found
for the CR in both T&C. However, the corresponding increase is
much more substantial in compression than in tension. Taking
the CR model with L/R = 2 as an example, the dynamic modulus
of CR at 107® Hz is 31.5 MPa in compression, but only 2.5 MPa in
tension. Such significant differences can be attributed to the con-
tact characteristics, which will be further discussed in Section 6.2
and Section 6.3.

6.2. Stress distributions of CR

The stress distributions in CR models at L/R = 2 were evaluated
to analyze the stress characteristics of CR. Fig. 10 presents the prin-
cipal stress contour maps of CR in T&C at two frequencies (1076 Hz
and 10° Hz). It can be found that high stress resides in the contact
areas between ITZ layers and the large filler particle for CR in both
compression (Fig. 10(a) and (c)) and tension (Fig. 10(b) and (d)),
indicating that the touching area is critical to CR’s load transmis-
sion. Comparing the stress distributions at different loading modes,
it can be observed that at 10~ Hz, CR in compression (Fig. 10(a))
shows much higher stress in tension (Fig. 10(b)), indicating that
the large filler particle served as contact points can dramatically
improve the stress transmission between touching aggregates at
the low frequency, while at 10° Hz, although the stress for CR in
compression (Fig. 10(c)) is still higher than CR in tension (Fig. 10
(d)), the discrepancy was found to be significantly reduced. It can
be inferred that with increasing frequency, the stiffening asphalt
mastic improves stress transmission between ITZ layers and thus
dwarfs the effects of aggregate contacts in the CR.

6.3. Relaxation spectra and equilibrium moduli of CR

The relaxation spectra and equilibrium modulus of CR were uti-
lized to assess the viscoelastic properties of CR in T&C. Similar to
the dynamic modulus and phase angle in the frequency domain,
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Fig. 9. Predicted master curves of CR in compression/tension at different L/R values.
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viscoelastic properties can also be entirely represented by the
relaxation spectrum and equilibrium modulus in the time domain,
as indicated in Eq. (5) to Eq. (7). MATLAB codes were developed to
perform numerical integration to convert the predicted master
curves of dynamic modulus and phase angle as shown in Fig. 9
to relaxation spectra and equilibrium moduli [45]. The built-in
‘fmincon’ function was adopted to optimize h(t) and E., by mini-
mizing the difference between the calculated E' and E” (Egs. (5)
and Eq. (7)), and the corresponding predicted values from the
micromechanical model of CR. Fig. 11(a) presents the relaxation
spectra of CR at different L/R values. It is to be noted that, at the
same L/R value, the difference in the relaxation spectra for CR in
T&C is insignificant. Besides, compared with the relaxation spec-
trum of asphalt mastic, the relaxation spectra of CR are signifi-
cantly higher within the relaxation time from 108 to 10®> s and
increase with increasing contact point density (decreasing L/R
value). Such an improvement indicates that the relaxation spec-
trum mainly reflects the particle filling effect. As illustrated in
Fig. 12, compared with the model of CR without particle, the filler
particle in the models of CR in T&C replaces part of the asphalt
matrix and thus makes the CR stiffer. Besides, a higher contact
point density (lower L/R value) represents the larger volumetric
replacement and thus leads to the higher relaxation spectra for
CR in T&C. Fig. 11(b) displays the equilibrium moduli of CR. Also,
the moduli from the unbound material model (without matrix)
were plotted to evaluate the contribution of the aggregate contact
only. It can be seen that the equilibrium moduli in compression are
much higher than in tension but close to the predicted moduli
from the unbound material model. This result demonstrates that
the aggregate contact effect dictates the equilibrium modulus of
CR in compression. As shown in Fig. 13, the stiff contact point

can significantly improve the stress transmission between ITZ lay-
ers for the CR and the unbound material models in compression,
but cannot play its role for CR in tension. Thus, the equilibrium
modulus of CR in compression is much larger than in tension.

6.4. Master curves of AC

To determine the viscoelastic properties of CR material, the
appropriate L/R value for the proposed CR model in Section 5.1
should be determined. For this purpose, CR models at three L/R val-
ues of 2.0, 2.5, and 3.0 were selected to predict the viscoelastic
properties of CR, which were further applied to the developed AC
model for predicting the master curves of AC mixture at different
contact properties. Fig. 14 presents the predicted master curves
of SMA10 in compression mode. The measured master curves from
the laboratory test under the compression mode were also plotted.
The higher dynamic moduli and lower phase angles with decreas-
ing L/R value (increasing contact point density) indicate higher
elasticity of AC mixtures in compression. Besides, it can be found
that among the three L/R values, the predicted master curves based
on the CR model at L/R = 2.5 best agree with the experimental ones,
indicating an L/R value of 2.5 may be suitable for SMA10. Thus, L/R
equal to 2.5 was adopted to predict the complex moduli for AC in
T&C.

Fig. 15 presents the predicted master curve of AC in T&C. It can
be observed that the predicted master curves in T&C agree well
with the experimental ones, indicating that the developed model
can reasonably predict the mechanical performance of AC. At low
frequencies, significantly higher compressive moduli than tensile
ones were found. For example, at 10~® Hz, the compressive modu-
lus is around six times higher than the tensile modulus. Besides,
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Fig. 13. Aggregate contact effect.
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Fig. 14. Predicted master curves of AC in compression at different L/R values.

the peak tensile phase angles are 31% higher than the correspond-
ing value under compression mode. These significant disparities
for AC in T&C demonstrated the considerable effect of CR in the
TC asymmetry of AC. From a multiscale view, the unique
microstructure of CR causes the microscale asymmetric perfor-

mance of CR in T&C and further leads to the mesoscale TC asymme-
try of AC. Besides, it can be found that the master curves in T&C
converge with the increase in frequency. This performance may
be explained by the viscoelasticity of asphalt materials. At low
frequencies, the FAM and CR phases in the AC model exhibit more



Z. Tan, B. Yang, Z. Leng et al.

10°
104
©
o
2 10%;
W Tested_SMA10 (-)
1024 Tested_SMA10 (+)
Modeled_SMA10 (-)
Modeled_SMA10 (+)
10" e
10® 10% 102 10° 10%2 10* 10°

Reduced Frequency (Hz)
(a) Dynamic modulus of SMA10

Materials & Design 232 (2023) 112092

o0 Tested_SMA10 (-)
801 Tested_SMA10 (+)
704 —— Modeled_SMA10 (-)
60 Modeled_SMA10 (+)
5350—
w 404
304
20
104
0 e e e
10% 10* 102 10° 102 10* 10°
Reduced Frequency (Hz)
(b) Phase angle of SMA10

Fig. 15. Predicted master curves of SMA10 in compression and tension at R/L = 2.5.

viscous behavior and thus leading to a lower modulus. With the
increase of frequencies, the asphalt matrix and CR become more
elastic and thus reducing the aggregate contact effect.

7. Findings and conclusions

T&C asymmetry refers to the disparity in mechanical perfor-
mance for AC in tension and compression. In this study, the under-
lying mechanisms of aggregate contact effect on this behavior were
explored and quantified through multiscale characterization and
modeling. Nanoindentation tests were performed to characterize
the contact microstructural properties between aggregates. The
corresponding microstructural model of CR was developed to eval-
uate the aggregate contact effect on the mechanical behavior of CR.
Furthermore, the viscoelastic properties of CR in T&C were
expressed by the time domain’s relaxation spectrum and equilib-
rium modulus. Finally, the predicted CR properties were applied
to the developed mesostructural model of the AC mixture to quan-
tify the aggregate contact effect on the viscoelastic properties of AC
in T&C. Based on the results from this study, the following findings
can be obtained:

(1) Microscopically, CR is a sandwich-like structure composed
of two stiffened ITZ layers, asphalt mastic and large filler particles,
in which the large filler particles play the role of contact points.

(2) CR exhibits significant TC asymmetry. CR in compression
shows much higher dynamic moduli and lower phase angles than
CR in tension, especially at low frequencies (high temperatures). A
higher contact point density, i.e., lower L/R value, gives CR the lar-
ger compressive moduli and thus leads to more significant TC
asymmetry.

(3) The unique contact characteristics lead to the disparity of CR
in T&C. The particle filling effect determines the relaxation spec-
trum of CR regardless of loading modes (in tension/compression),
and the aggregate contact effect dictates the equilibrium modulus
of CR in compression. A high contact point density leads to a higher
relaxation spectrum and equilibrium modulus.

(4) AC's TC asymmetry was quantified through the developed
mesostructural AC model with CR. The predicted master curves
in T&C are in quantitative agreement with experimental results
indicating that the proposed modeling approaches can accurately
predict the viscoelastic properties of AC mixtures in T&C.

Through multiscale characterization and numerical modeling,
this study quantified the effects of aggregate contact characteris-
tics on the asymmetric performance of AC in T&C. The unique
aggregate contact characteristics cause the microscale disparity
of CR in T&C and further lead to the macroscale TC asymmetry of
AC. Based on the findings in this study, it can be concluded that
aggregate contacts are one of the primary factors that cause the

10

asymmetric performance of AC. To our best knowledge, this is
the first study to quantify the effects of aggregate contacts on the
asymmetric performance of AC. The outcomes of this study can
be further applied to evaluate the effects of TC asymmetry on dif-
ferent performance properties of asphalt pavement.
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