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DAMshave recently beendeveloped to be used as the damping layer in the so-called antivibration pavement tomitigate the effects of traffic-
induced vibration while rare finite element (FE) modeling has been conducted to simulate the indirect tension to cylindrical (IT-CY)
specimen test for DAMs. In the present study, themethods for the viscoelastic characterization ofDAMs and the techniques to characterize
the viscoelastic behavior of DAMs in FE modeling were proposed. )e FE model to simulate the IT-CY test was constructed, and it was
verified through the corresponding laboratory test. Good agreements were noted between the simulation results and testing results
demonstrating that the FE model can provide the accurate prediction of the mechanical behavior of DAMs.

1. Introduction

In recent years, various indirect tensile tests of asphalt
mixture have been widely used in the evaluation and design
in pavement engineering [1–5]. Among these, the indirect
tension to cylindrical (IT-CY) specimen test is a method for
measuring the dynamic stiffness of asphalt mixtures. It can
be applied to cylindrical specimens of various diameters and
thickness, manufactured in the laboratory or cored from a
road layer (Institution 2004) to reflect the mechanical
properties of the asphaltic materials, provide the input
mechanical parameters for the asphalt pavement design, and
evaluate the crack resistance [6–12].

Based on these indirect tensile tests, various studies about
the asphalt mixtures have been carried out in the past years[13,
14]. Christensen et al. applied the indirect tensile strength as the
parameter to evaluate the antirutting performance of asphalt
mixture and pointed out that the indirect tensile test can be
used to determine the adhesive force and internal friction angle
of the asphalt mixture [15]. Birgisson et al. employed the results
of the superior performing asphalt pavement (Superpave)
indirect tensile creep test to understand the impact of water

damage on the fracture characteristics of the asphalt mixture
[16]. )e boundary element method (BEM) was also carried
out for the numerical simulation to understand the micro-
structure and fracture characteristic of asphalt mixture, using
the indirect tensile test [17]. Kim et al. used the indirect tensile
method to determine the dynamic modulus of the asphalt
concrete, showing that the dynamic modulus master curves
obtained by the uniaxial compression and indirect tensile tests
have a good fit [18]. Abbas et al. used the discrete element
method (DEM) to study the micromechanics of asphalt
mixtures under different load conditions and numerically
simulated the indirect tensile test under low-temperature
conditions [19]. Zhang et al. studied the design parameters of
the high-temperature characteristics of the asphalt mixture and
carried out the indirect tensile test under different conditions,
showing that the indirect tensile strength can replace Marshall
stability as the parameter for pavement design [20]. Liang et al.
conducted the indirect tensile test to evaluate the dynamic
stiffness modulus of hard asphalt mixtures and understood the
effects of gradation, binder/aggregate ratio, binder types, and
testing temperature. Indirect tensile tests have also been
conducted to evaluate the mechanical properties of lignin fiber
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and glass fiber, rubberized asphalt mixture, warm asphalt
mixture-reclaimed asphalt pavement as well as rutting resis-
tance [4, 21–23]. It is evident that the indirect tensile test has
been conducted and simulated from different perspectives in
earlier studies[24–26]. However, to the authors’ knowledge,
rare numerical simulations for the IT-CY tests were conducted
currently. On the other hand, as novel functional infrastructure
materials, the damping asphalt mixtures (DAMs) have recently
been developed to absorb vibration and noise caused by traffic
loads [7, 27, 28]. DAMs can be used as the damping layer in the
so-called antivibration pavement to mitigate the effects of
traffic-induced vibration.)e increase in damping of pavement
materials can reduce ground vibrations into the loading area
and within the corresponding surrounding region. )is im-
provement is critical for reducing vibrations to improve the
quality of life and to preserve the stability of buildings [29]. It
has been confirmed that DAMs showed the strength to meet
the requirements of the specification and had sufficient re-
sistance to rutting and water damage [28]. However, in the case
of DAMs, the IT-CY test has not been carried out in the
laboratory, and the corresponding FE simulation has never
been carried out in the past studies.

2. Research Objectives

)emain aim of this research is to use the finite element (FE)
modeling techniques to understand the mechanical behavior
of DAMs in IT-CY tests. )e detailed research objectives are
as follows:

(i) To propose the methods for viscoelastic charac-
terization of DAMs and the techniques to charac-
terize the viscoelastic behavior of DAMs in FE
modeling

(ii) To establish a reliable finite element (FE) model to
simulate the IT-CY test and verify it through the
corresponding laboratory test

(iii) To design DAMs in the laboratory, conduct IT-CY
tests to characterize the viscoelastic mechanical
behavior, and determine the reliable input material
parameters for FE modeling

3. Methodologies

3.1. Viscoelastic Characterization of Asphalt Mixtures. As far
as the constitutive model of typical viscoelastic material, like
the asphalt mixtures, experimental studies have demonstrated
that the viscoelastic properties can be described by the so-called
generalized Maxwell model (GMM), as given in Figure 1.

)e GMM consists of the restoring and viscous force
components, which can be simulated by the nonlinear elastic
element and the nonlinear viscous element, respectively,
with these two elements connected in series [30–34]. Under
the effect of constant stress, the viscous flow and defor-
mation provided by the viscous damper can increase linearly
with time, so the deformation of the whole model can in-
crease indefinitely. Degradation of the element in the model
can change this kind of mechanical characteristic, that is to
say, removing a damper in one basic Maxwell model (MM).

)e constitutive model of the M-th Maxwell Model (MM)
can be described as differential form:

dε
dt

�
1
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Concerning the GMM, total stress can be calculated as
the sum of all MM stress:

σ � σ0 + 
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m�1
σm. (2)

Apply integral transformation theory and Fourier
transform equations (1) and (2), respectively, under the zero
initial conditions to the following equations:
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transform it as follows:

σ � E0ε + 
M

m�1

iωnηi

Ei + iηiωn/Ei

ε, n � 1, 2, 3 . . . N, (5)

σ � ε E0 + 
M

m�1

iωnηi

1 + iρiωn

⎛⎝ ⎞⎠, (6)

where σ and ε are complex stress and strain, respectively.
)e relaxation time of the I-th MM is

ρi �
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. (7)

By substituting equation (7) into (6), equation (6) will be
described as follows:
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)e value of complex modulus is as follows:
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Figure 1: Generalized Maxwell model (GMM).
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3.2. Finite Element (FE) Modeling of Viscoelastic Behavior.
)e stress response of the viscoelastic material includes an
elastic portion and a viscous portion. )e elastic portion can
respond immediately under the effect of load; however, the
viscous portion would respond after a while. In general, the
stress function of viscoelastic material is given as an integral
form, and its constitutive equation may be described as
follows:

σ � 
t

0
2G(t − τ)

de

dτ
dτ + I 

t

0
K(t − τ)

dΔ
dτ

dτ, (11)

where σ is the Cauchy stress, G(t) is the shear modulus
function, K(t) is the bulk modulus function, τ is the past
time, Δ is the bulk deformation, t is the current time, and e
is the shear deformation. In typical FE modeling software
(e.g., ABAQUS, ANSYS, and MARC), there are two
methods to describe viscoelastic integral kernel function.
)e first one is using GMM units by the form of Maxwell,
and the second one is using the form of the Prony series. In
fact, the two expression methods are consistent, and the
only difference is the mathematical expression. )e basic
expression to describe viscoelastic properties by the Prony
series is as follows:

G(t) � G0 α∞ + 
n

i�1
αG

i exp −
t

τG
i

 ⎡⎣ ⎤⎦, (12)
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where G0 is the shear modulus, K0 is the bulk modulus, and
τiK is the relaxation time of each Prony series. Another two
parameters are defined as follows:
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Besides, G0 and K0 could be calculated by the following
functions:

G0 � G(t � 0) � G∞ + 
n
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Gi, (16)

K0 � K(t � 0) � K∞ + 
n

i�1
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Based on the viscoelastic mechanical theory, there is a
relationship between these three parameters:

G(t) �
E(t)

2(1 + μ)
, (18)

K(t) �
E(t)

3(1 − 2μ)
. (19)

Shear modulus G(t) and bulk modulus K(t) are unified
in the same form as E(t), and E(t) would be expressed as a
form of Prony series:

E(t) � E∞ + 
n

i�1
Ei exp −

t

τi

 . (20)

)rough the results of the experimental tests, the values
of parameters in equation (10) could be fitting. By equations
(18) and (19), initial and steady-state values, K0, G0, K∞, and
G∞, as well as the relaxation time coefficients τi

G and τi
K can

be determined.

4. Materials and Experimental Testing

4.1. Raw Materials

4.1.1. Aggregates. Basalt coarse aggregates, natural sand, and
mineral filler were used for the aggregates. )e physical
properties were evaluated according to the EN 1097-6/7
standard, and the results are given in Table 1.

4.1.2. Binders. A plant-produced stable asphalt rubber
supplied by a local manufacturer was used in the present
study (ASTM D6114-97). It was produced according to the
so-called wet process by mixing a Pen 50–70 base bitumen
with 20% of crumb rubber, which was produced by me-
chanical grinding of waster scrape tires at room temperature.
)ese scrap tires are comprised of 50% weight of truck tires
and 50% weight of car tires. )e gradation of the crumb
rubber particles is given in Figure 2.

4.2. Mix Design. )ree different rubberized open-graded
asphalt mixtures are designed, which are regarded as Mix ref
(mixture reference), Mix 1, and Mix 2, respectively, with the
same voids in the mineral aggregate (VMA) but containing
asphalt rubber content at concentrations of 5%, 15%, and 20%
in order to improve the damping properties. )e grain size
distribution of the studied mixture respects the aggregate
gradation required by the specifications for open-graded
(OG) asphalt mixtures. )e OG mix has been optimized and
evaluated in a previous study, showing the desiredmechanical
properties. )e nominal maximum size (NMS) of the ag-
gregate was 8mm, in line with the optimized design thickness
of the damping layer of 3 cm [27].)e amount of binder in the
mix has been increased as long as the amount of filler. Table 2
gives the passing ratio of aggregate gradation that was used in
this research.

Cylindrical specimens with a diameter of 100mm were
compacted by the Superpave gyratory compactor (SGC). For
mix design and all performed tests in the present study, an
average of three identical samples was used as the result for
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each mixture type. As far as each kind of asphalt mixtures,
volumetric properties including air voids (AVs), voids in the
mineral aggregate (VMA), and voids filled with asphalt
(VFA) are evaluated when numbers of gyration are 50 and
130, respectively, as shown in Table 3.

It is evident that the three asphalt mixtures were
designed with similar open-graded aggregates structures due
to similar VMA values for all of these three. It should be
noted that the VMA value of Mix 2 was higher than the
others since the additional 5% binder content is added after
air voids are saturated with the binder.

4.3. Experimental Programs. Tests were carried out as per
EN12697-26 using IT-CY tests by the universal testing
system (UTS) to characterize the dynamic modulus of as-
phalt mixtures, by which the viscoelastic properties of as-
phalt mixtures can be defined. In this test, three cylindrical
specimens were manufactured for each of the mixtures.

Figure 3 gives the load applied in the test. Notes: 1: peak
load; 2: pulse repetition load; 3: rise time

)e stiffness modulus value was obtained with the fol-
lowing equation:

E �
F ×(] + 0.27)

z × h
, (21)

in which E represents the stiffness modulus of the asphalt
mixture, F represents the load applied in the IT-CY test, z
represents the horizontal deformation during the test, h
means the average thickness of the asphalt mixture speci-
men, and ] presents Poisson’s ratio.

)e dynamic stiffness modulus test was conducted under
the indirect loading condition at 2 different temperatures (2
and 10°C) and 4 different loading frequencies (5, 3.3, 1.8, and
1.1Hz). )e test temperatures were selected according to the
standard EN12697-26 and the selection of loading fre-
quencies recommended in the control system software of the
laboratory equipment. It should be noted that the tests must
be conducted from the lowest temperature to the highest
temperature and from the highest frequency to the lowest
frequency. Stress and strain values were recorded contin-
uously to calculate the stiffness modulus of the asphalt
mixture.

4.4. Testing Results. Table 4 gives the results of the stiffness
modulus as well as the

)e stiffness modulus master curves were constructed by
using the time-temperature superposition principle (TTSP)
[35, 36]. )e horizontal shift factors were calculated by the
so-called Williams–Landel–Ferry (WLF) equation [37]:

log αT � −
C1 · T − Tref( 

C2 + T − Tref( 
, (22)

where aT represents the shift factor; C1 and C2 are the
equation parameters, respectively; Tref represents the ref-
erence temperature; and T is the testing temperature. )e
stiffness modulus was modeled by using the modified

Table 1: Physical properties of aggregates (EN 1097-6/7).

Properties Basalt Sand Mineral filler
Bulk specific gravity (Gsb) (kg/m3) 2.753 2.629 2.710
Apparent specific gravity (Gsa)
(kg/m3) 2.863 2.690 2.650

Water absorption (%) 1.39 0.86 —
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Figure 2: Gradation of crumb rubber particles.

Table 2: Passing ratio of aggregates.

Aggregate size (mm) Passing ratio
8 100
6.3 99.5
4 71
2 28.2
1 16
0.500 12
0.250 9.2
0.125 7.1
0.063 4.4

Table 3: Volumetric properties of Mix ref, Mix 1, and Mix 2.

Material Number of gyrations AV (%) VMA (%) VFA (%)
Mix ref 130 21.7 31.4 30.8
Mix ref 50 24.2 33.5 27.9
Mix 1 130 1.3 34.9 96.3
Mix 1 50 2.4 35.6 93.1
Mix 2 130 3.5 44.9 92.3
Mix 2 50 4.3 45.4 90.6

1

2
3

Figure 3: Load applied in the IT-CY test. (1) peak load; (2) pulse
repetition load; (3) rise time.
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Christensen–Anderson–Marasteanu (CAM) model [38].
Figure 4 gives the master curves of the stiffness modulus.

)e master curves were developed on two replicates.
Results showed an acceptable variability, with the coefficient
of variation of the average between two samples below 10%
for all the cases. )e shift factors were optimized on the
dynamic modulus master curve and were then applied to the
phase angle master curve. )e results provided an adequate
accuracy in modeling the raw data with the R2 coefficient
being above 97% for all mixes. It can be seen that as the
frequency was low (or temperature was high), Mix ref and
Mix 1 showed similar stiffness modulus. However, as far as
to Mix 2, it showed a lower stiffness modulus. )is can be
due to too much free asphalt in Mix 2 playing the role of
lubricant and reducing the stiffness modulus. As the fre-
quency was high (or temperature was low), Mix 1 and Mix 2
showed similar modulus stiffness, but both of them were
lower than that of Mix ref.

5. Finite Element (FE) Modeling of the IT-
CY Test

5.1. Construction of the Geometrical Model. )e geometrical
model is given in Figure 5.

)e IT-CY test was simulated using standard SGC
specimen size, with a diameter of 100mm and a thickness of
about 45mm, measured from the results of the experimental
tests. It was established for three parts, including one asphalt
mixture specimen and two metal bearing blocks. )e width
of the bearing block is 15mm, and the inner surface has the
same arc as the specimen. )e time-domain analysis was
selected to perform the simulation. )e time step length was

determined as 0.01 s to reduce the calculation time and total
simulation time equaled 3 s.

5.2.MaterialsProperties. )emore elements and parameters
in a model, the more close to the real mechanical properties
of viscoelastic material itself and reflecting the character-
istics of viscoelastic materials at various stages. However, too
many selected parameters will slow down the fitting process
and its effect to improve accuracy not obvious. Based on
some references, 7 parameters (E0, E1, E2, E3, η1, η2, and η3)
for the GMMwere determined.)at is to say, the GMMwas
consisting of 3MMunits and 1 spring in parallel connection.
So, the value of m is 3, and ωn means the reduced frequency
in equation (10).

In this way, by fitting equation (10) with the least-squares
method, 7 parameters characterized viscoelasticity property
of asphalt mixtures will be determined. )e detailed pa-
rameters of three different asphalt mixtures under 2 tem-
peratures and 4 frequencies are shown in Table 5.

Table 4: Stiffness modulus of Mix ref, Mix 1, and Mix 2.

Asphalt mixture Ttest (°C) Modulus (MPa) f (Hz)

Mix ref

2 9101 5.0
2 8525 3.3
2 7963 1.8
2 6625 1.1
10 7915 5.0
10 7245 3.3
10 6402 1.8
10 5523 1.1

Mix 1

2 1995 5.0
2 1917 3.3
2 1765 1.8
2 1656 1.1
10 1705 5.0
10 1580 3.3
10 1332 1.8
10 1200 1.1

Mix 2

2 1376 5.0
2 1300 3.3
2 1175 1.8
2 1128 1.1
10 1127 5.0
10 944 3.3
10 756 1.8
10 671 1.1
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Figure 4: Stiffness modulus master curves.
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Figure 5: Schematic diagram of the geometrical model.

Advances in Civil Engineering 5



Table 5: Parameters for characterizing the GMM.

Mixes E0 (MPa) E1 (MPa) E2 (MPa) E3 (MPa) η1 (MPa∙s) η2 (MPa∙s) η3 (MPa∙s)
Mix ref (2°C) 80 41 11748 8330 5283.7 58.0 1400.4
Mix 1 (2°C) 88 7620 10200 80 6822 760 688.2
Mix 2 (2°C) 84 5403 9200 183 8623 1589 236
Mix ref (10°C) 76 3705 1589 639 2566 25 10208
Mix 1 (10°C) 76 122 5689 2547 15236 1563 263
Mix 2 (10°C) 82 3563 325 1569 4896 14635 2894

(a) (b) (c)

Figure 6: )ree different meshing used in FE modeling: mesh (a), mesh (b), and mesh (c).
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Figure 7: Simulation results: (a) f� 1.1Hz; (b) f� 1.8Hz; (c) f� 3.3Hz; (d) f� 5Hz in one cyclic.
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Figure 8: Continued.
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5.3. Finite Element Meshing. )e meshes with different
densities were used to compare the simulation results and to
determine the convergence accuracy of the simulation, as
shown in Figure 6. )e grid size was determined by com-
paring the sizes of the sample and metal blocks. )ree
different grid sizes were selected by varying meshing
densities.

It can be seen in Figure 6 that mesh (a) was coarse and
the number of elements was minimal; thus, its computing
time and storage space were relatively small, but the cal-
culation accuracy may not be as good as the other ones.
Mesh (b) was finer, and the number of elements was higher;
thus, more precise calculations, more calculation time, and
storage space can be foreseen. Mesh (c) was modified based
on the mesh (a) and (b) with overall mesh size as same as (b),
but the only partial area localized at the load was meshed
more finely to prevent the local stress concentration con-
vergence problems. However, compared with mesh (b), the
computing time and storage space were much less. )e

results of the preliminary simulation showed that the three
methods of meshing are closed to each other, but the third
kind of mesh is convergent faster, consuming less compu-
tation time and less storage space, so the third kind of the
meshing method is used for detailed simulation analysis. In
this simulation, the rigid body in constraint was selected for
metal bearing blocks. Hexahedral reduction integral element
C3D8R was selected for the asphalt mixture specimen.

6. Simulation Results and Model Validations

6.1. Simulation Results. Figure 7 gives the simulation results
under varying loading frequencies.

It is clearly shown that the horizontal deformations
increase first and then decrease as the loading time increases,
and the peak value of deformations lags behind the peak
loading under the same loading cycle, which demonstrates
that the digital sample behaves as a viscoelastic material
under dynamic load. All horizontal deformation curves
show delay trends compared with the load curve. It is known
that with the same input loading frequency, more delay of
the deformation demonstrates the more viscosity part ac-
counting for total parts [39]. As can be observed in Figure 7,
the comparison of the delay time is Mix 2>Mix 1>Mix ref,
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Figure 8: Simulation results in five cyclic at temperature 2°C.
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evidencing that the much more binder content in Mix 2
improved the proportion of the viscosity part. It can be
indicated that the IT-CY model based on FEM in this study
is capable to characterize the macroscopic viscoelastic be-
haviors of asphalt mixture.

To balance the computational cost and the smoothness
of the horizontal deformation response curves, 300 time-
increments (computation points) were assigned for each
loading cycle. )e responses between horizontal deforma-
tions of point A vs. time under different loading frequencies
are given in Figure 8. )e abscissa represents the loading
time, and the ordinate represents the deformation of the
specimen in the horizontal direction. )e horizontal de-
formation at 300 time-increments was recorded under
different loading frequencies (1.1Hz, 1.8Hz, 3.3Hz, and
5Hz). )e stiffness modulus can be determined as per
equation (21). In this way, the stiffness modulus under
different loading frequencies and temperatures can be cal-
culated for comparison with the testing results, which are
presented in the following section.

6.2. Model Validation. Figure 9 gives the comparison of
stiffness modulus under different loading frequencies be-
tween the test result and the simulation result.

Good agreements are observed between these results.
)e difference between the simulation results and test results
for Mix ref, Mix 1, and Mix 2 is calculated as 5.73%, 6.45%,
and 5.03%, respectively. )e differences as the loading
frequency equals 1.1Hz, 1.8Hz, 3.3Hz, and 5Hz are cal-
culated as 2.06%, 6.35%, 4.99%, and 9.57%, respectively.
)ese differences are acceptable for the proposed FE model.
)e above results highlight the rationality and reliability of
the proposed model to simulate the IT-CY test. Also, it is
evident that a big difference can be observed for higher
loading frequency. )at is to say, the proposed model can be
more accurate for lower loading frequency. For different
asphalt mixtures, the difference between the test results and
simulation results was similar. Figure 10 gives a comparison
of all the stiffness modulus for the three mixtures. Similar
results can be observed by the comparison.)ese differences
are considered acceptable for the developed FE model to
characterize the viscoelastic properties of DAMs.

7. Conclusions

In the present study, the research process to use FEmodeling
techniques to understand the mechanical behavior of DAMs
in IT-CY tests was conducted.)ree DAMs were designed in
the laboratory, and the IT-CY tests were conducted to
characterize the viscoelastic mechanical behavior, by which
the reliable input material parameters for FE modeling were
determined. )e following are the conclusions that can be
drawn from the above research process:

(i) )e Prony series can be used to characterize the
viscoelastic behavior of DAMs and can be deter-
mined from the IT-CY tests, by fitting the results of
the GMM with the least-squares method.

(ii) )e dynamic modulus master curves were typical of
asphalt mixtures. During the IT-CY test, as the
frequency was low (or temperature was high), Mix
ref and Mix 1 showed similar stiffness modulus
higher than that of Mix 2. )is can be due to too
much free asphalt in Mix 2 playing the role of lu-
bricant and reducing the stiffness modulus. As the
frequency was high (or temperature was low), Mix 1
and Mix 2 showed similar modulus stiffness but
both of them were lower than that of Mix ref.

(iii) From the simulation results, the comparison of the
delay time is Mix 2>Mix 1>Mix ref, evidencing
that the much more binder content in Mix 2 im-
proved the proportion of the viscosity part. It can be
indicated that the IT-CY model based on FEM in
this study is acceptable to characterize the visco-
elastic behaviors of asphalt mixture. )e longer
delay time of DAMs supports what was the main
scope of the mix design that is, increasing the
damping response than the reference mixture, in-
dicating a more viscous response under loading
with a consequent higher energy dissipation and
reduction of the vibratory mechanism.

(iv) Good agreements were noted between the simula-
tion results and test results, demonstrating that the
FE model can provide an accurate prediction of the
mechanical behavior of DAMs.)e proposedmodel
can be more accurate for the lower loading fre-
quency of the IT-CY test.
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