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Damping asphalt mixtures (DAMs) have been developed to resist vibration and noise caused by traﬃc loads, and the ultimate
design goal in this process is to increase damping. However, while optimizing its damping characteristics, the viscoelastic
properties are not yet clear. In the present study, two DAMs are designed based on the open-graded (OG) aggregate structure, and
the viscoelastic properties are evaluated subsequently by the dynamic mechanical testing. The results show that the proposed mixdesign method for DAMs can meet the mechanical requirements speciﬁed in the standards; DAMs are detected to have higher
phase angle and lower stiﬀness modulus compared with traditional mixtures, and the antifatigue performance is excellent but
resistance to rutting may face challenges.

1. Introduction
Today, complex transportation networks have become a
symbol of urbanization. The convenient transportation has
enriched people’s lives. However, traﬃc-induced vibration
from traﬃc networks is around everyone in the city, which
can aﬀect the living conditions of urban residents and can
lead to sleep disorders, and is becoming more and more
serious [1–4]. Vibrations are to be reduced also in the case of
sensitive scenarios as hospitals, scientiﬁc research labs, and
high-tech industries [5–7]. Furthermore, road vibrations
induced by traﬃc generate noise dominating to frequencies
below 1000 Hz [8].
The problem is particularly relevant when pavement
surfaces are uneven like in the case of stone pavements or
artiﬁcial bumps [5, 9]. Discrete, periodic, and random irregularities on the road surface and defects in the vehicle
itself lead to dynamic interaction forces between the vehicle
and the road. Vibration caused by road traﬃc is an environmental issue of worldwide concern. The vibratory
mechanism aﬀects the quality of life of people daily and
nightly hours. Such annoyance shall not be underestimated
since it could be the cause of stress-related human diseases

[2, 3]. Traﬃc-induced vibration can jeopardize the integrity
and the stability of historical buildings. Vibrations are to be
reduced also in the case of sensitive scenarios as hospitals,
scientiﬁc research labs, and high-tech industries [5–7].
To mitigate the eﬀects of traﬃc-induced vibration, various
preventive strategies are under investigation. Limiting traﬃc
volumes and speed, screening of vibration by using in-ground
barriers, and developing isolation systems represent some of
the methods proposed [5]. In the ﬁeld of pavement engineering, the damping properties of viscoelastic materials
included in asphalt mixtures are under investigation to reduce
vibrations. According to the study by Hanazato et al. [10], the
increase in damping of pavement materials can reduce
ground vibrations into the loading area and within the
corresponding surrounding region. This improvement is
critical for reducing vibrations to improve the quality of life
and to preserve the stability of buildings [11].
The eﬀect of the composition of asphalt mixtures on the
damping properties has been evaluated in several studies in
the ﬁelds of pavements and railway track-bed engineering
[12–21]. Results have highlighted that the use of crumb
rubber (CR) from the end of life tires (ELTs) in asphalt
mixtures provides a higher damping response than
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conventional ones. Biligiri [22] used the phase angle as an
indicative of noise-damping characteristics in the ﬁeld. This
author continued his investigation about the eﬀect of
pavement materials’ damping properties concluding that
rubberized mixtures with the extra binder, higher porosity,
and rubber inclusions provide suﬃcient extra viscodamping
eﬀect, higher noise-absorption potential, and higher
vibroacoustic damping capacity. Studies conducted by Li
et al. [23] with the approach of free attenuation vibration
tests concluded that damping ratio of asphalt mortar beam
specimen increased with the increase of crumb rubber
amount, and the addition of the crumb rubber particles can
improve the damping performance for better usage in energy absorption and vibration attenuation. Wang and Hoeg
[14] also reported that an increase in rubber content from
30% to 80% increased damping by about 20% in waste
granular rubber and cement-stabilized mixtures. In the case
of railway track-bed engineering, the use of damping materials by rubberized mixture has been investigated as a
replacement of basalt in the foundation [24]. In this study, a
resonance column test was conducted to measure the
stiﬀness and damping ratio of rubber-modiﬁed asphalt
mixtures prepared with diﬀerent rubber contents. Findings
highlighted that rubberized-mixtures can be used in the
foundation of railway track-bed for high-speed trains to
reduce vibration due to their damping properties. In 2018,
Huang and co-workers [25, 26] presented a theoretical
model to predict the damping ratio of a road pavement
speciﬁcally designed to mitigating traﬃc-induced vibrations.
The pavement was composed of the so-called damping asphalt mixtures (DAMs) at the interface between the binder
and the base layer. Based on model results, to achieve a
decrease of vibration accelerations at the soil surface away
from the wheel track, the much higher damping property of
the asphalt mixture compared to that of a conventional one
is required.
One way to increase the damping properties of the
DAMs is to use higher volumes of asphalt rubber (AR)
compared to hot mix asphalt (HMA) prepared with traditional crumb rubber modiﬁer (CRM) binder [27]. For this
reason, the design of the DAM has the scope to accommodate a suﬃcient volume of AR to increase damping, while
maintaining adequate stability and resistance. Using OG
aggregate structure can allow a large volume of voids in
mineral aggregates (VMAs) and provide the aggregate interlock by angular tough basalt aggregates, meeting the
design scope of DAMs [26]. Traditionally, such aggregate
structure is designed to achieve a volume of air voids in
compacted mixtures between 20 and 25% to provide adequate drainage and noise absorption. The large VMA
available needs to be ﬁlled with AR to increase the volume of
eﬀective bitumen (Vbe, bitumen not absorbed in mineral
aggregates), which is representative of the thickness of the
ﬁlm of mortar (bitumen + ﬁller) that coats the mineral coarse
and ﬁne aggregates [28].
Higher values of VMA and Vbe are likely to increase the
durability of mixtures providing a higher fatigue resistance
and a lower oxidative susceptibility [29]. However, the excessive binder content may aﬀect the stability of the mixtures
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at high temperatures worsening their rutting resistance [30].
Therefore, the analysis of fatigue and rutting performance of
DAMs is currently unknown. The viscoelasticity of rubberized and nonrubberized asphalt mixtures has been analyzed in the previous literature. However, due to the higher
AR contained in DAMs, the diﬀerence between its viscoelasticity and conventional asphalt mixtures is not clear yet.

2. Research Objectives
The research objective of the present study is to focus on the
evaluation of the viscoelastic properties of the DAMs used
for the damping layers in road pavements, with the approach
of the dynamic mechanism testing. Dynamic modulus,
phase angle and their master curves, fatigue parameter, and
rutting parameter will be analyzed as factors for viscoelasticity analysis. At the same time, in order to verify the
feasibility of the proposed mix-design method for DAMs,
the basic mechanical properties will also be characterized
and compared with the requirements of the speciﬁcation.

3. Experimental Tests
3.1. Materials. AR produced according to the so-called wet
process (WP) by mixing a Pen 50–70 base asphalt with 20%
of CRM was used as the binder. The gradation of the CRM
particles is given in Figure 1.
The dry mix was constituted of basalt coarse aggregates,
natural sand, and mineral ﬁller. The physical properties of
the aggregates are given in Table 1.
3.2. Mixture Design. An open-graded (OG) mixture named
as the reference mixture (Mix ref ) was selected as the
starting for the design of the dedicated mixes for the
damping layer. The nominal maximum size (NMS) of the
aggregate was 8 mm, in line with the optimized design
thickness of the damping layer of 3 cm [26]. The OG mix has
been optimized and evaluated in a previous study, showing
the desired mechanical properties. Starting from the Mix ref,
two DAMs (named as Mix 1 and Mix 2, respectively) were
designed in the present study. They contain a higher asphalt
content compared to the Mix ref (+9.8% and +15.0% by
weight of aggregates for Mix 1 and Mix 2, respectively). The
amount of binder in the mix has been increased as long with
the amount of ﬁller. The aggregate gradations of the Mix ref
and the DAMs (Mix 1 and Mix 2) are shown in Figure 2.
Table 2 presents the volumetric parameters and the
corresponding parameters in weight (if available) for Mix
ref, Mix 1, and Mix 2. Mix 1 and Mix 2 have a higher amount
of ﬁller compared to the reference mixture (Table 2) (+9.8%
and +15.0% in weight, respectively). It has to be noted that
the ﬁller and binder have been increased by maintaining the
same D/P proportion (∼1) of Mix ref. This aspect is relevant
since it indicates that the amount of binder has been
maximized by maintaining the same volume fraction of ﬁller
in the mastic. The cross section of the mixes is presented in
Figure 3.
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Figure 1: Gradation of rubber particles.
Table 1: Physical properties of aggregates (EN 1097-6/7).
Basalt
2.753
1.39
≤15

Sand
2.629
0.86
0.2

Mineral ﬁller
2.710
—
ASTM C 88

10

8

6.3
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Figure 2: Aggregate gradations of mix ref, Mix 1, and Mix 2.

Table 2: Volumetric properties at maximum gyration numbers (by weight (W) and by volume (V) for mix 1 and mix 2 (EN 12697—parts 5,
6, and 7)).
Mix
Mix ref
Mix 1
Mix 2

W
V
W
V
W
V

Aggregates (%)
95.2
61.7
85.3
61.4
80.2
52.8

Filler (%)
4.8
3.1
14.7
10.6
19.8
13.0

Binder (%)
5.0
8.4
14.8
27.6
20.0
34.1

VA (%)

VMA (%)

VFA (%)

D/P (-)

26.8

35.2

23.8

0.96

0.4

28.0

98.4

0.99

0.1

34.2

99.6

0.99

VA: air voids; VMA: voids in mineral aggregates; VFA: voids ﬁlled with asphalt; D/P: dust to binder ratio.
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Figure 3: Cross section of the mixes. (a) Mix ref, (b) Mix 1, and (c) Mix 2.

3.3. Experimental Program and Methods. The experimental
program is divided into two phases: evaluating the mixdesign properties and characterizing the dynamic mechanical properties.
3.3.1. Mix-Design Properties. The mix-design properties are
evaluated by the means of indirect tensile strength (ITS) test.
The details of the experimental program are given below. The
ITS test was conducted on 100 mm diameter compacted
samples (using SGC according to EN 12697–31). For the
SGC process, it should be noted that the traditional gyration
number of 50 was employed for the Mix ref and Mix 1.
However, for Mix 2, the gyration number of 2 that can
already meet the compaction requirements is selected to
prevent the excessive compaction caused the asphalt to seep
out of the mold. Mixing and compaction temperatures were
kept at 180°C, and the samples were tested at two conditions
by using three replicates for each condition. The ﬁrst is the
dry condition, which is conducted on dry samples conditioned at 25°C according to EN 12697–23. The second is the
wet condition that is conducted at 25°C on samples conditioned in a water bath at 40°C for 72 hours according to EN
12697–12.
The ITS is measured both in dry (ITSd) and wet (ITSw)
conditions, and the ratio between the values at the two
conditions is a measure of the moisture resistance of the
mixture intended as the loss in tensile strength due to the
eﬀects of water (indirect tensile strength ratio, ITSR).
3.3.2. Dynamic Mechanical Testing. The dynamic mechanical properties of the diﬀerent mixtures were measured
according to the AASHTO TP 79-12 standard, using the
asphalt mixture performance tester (AMPT). In the procedure to evaluate the dynamic mechanical properties, the
specimen at speciﬁc testing temperatures is subjected to a
controlled sinusoidal (haversine) compressive stress of
varying frequencies. The applied stresses and measured axial
strains are determined as a function of time and used to
calculate the dynamic modulus and phase angle.
In the present study, two specimens at the target air void
are prepared in accordance with the AASHTO PP60 standard. For each mixture, the superpave gyration compactor

(SGC) specimen with diameter of 150 mm and height of
180 mm was prepared ﬁrstly according to the requirements
of AASHTO T312 standard, as presented in Figure 4. The
testing specimen is then sawed and cored from the SGC
specimen to a diameter of 100 mm and height of 150 mm, in
order to ensure the smooth surface and uniform ends with
minimal or no surface irregularities after the sawing process.
It should be noted the mass of each mixture should be
determined according to the SGC specimen height, Gmm,
and target air void (which were determined in § 3.2).
The test specimen instrumentation is conducted by the
so-called standard glued-gauge-point system, as presented in
Figure 5. The gauge length should be conﬁrmed as
70 mm ± 1 mm, which is measured from the center positions
of the two gauge points. A total of six gauge points were
attached to a specimen in the present study. Three strain
gauges on the same horizontal surface were attached at
intervals of 120° considering the cross section of the sample.
The dynamic modulus system is presented in Figure 6,
and the testing method to describe the procedures for
measuring the dynamic modulus and phase angle are given
below.
A Teﬂon sheet with thickness of 0.25 mm was selected as
the end-friction reducer and cut to a size slightly larger than
the loading platen. The sample should be assembled with the
platens according to the order: bottom loading platen,
bottom Teﬂon sheet, sample, top Teﬂon sheet, and top
loading platen. It should be noted that the top loading platen
should be ensured to rotate freely during the loading
process.
The testing conditions including the temperatures,
loading frequencies, strain level, and conﬁnement are reported in Table 3.
The master curves of the dynamic modulus (|E∗ |) and
the phase angle (δ) were developed under the applicability of
the time-temperature superposition principle (TTSP) [31].
Horizontal shift factors were calculated by the WilliamLandelFerry (WLF) equation:
C · T − Tref 
log αT � − 1
,
C2 + T − Tref 

(1)

where αT is the shift factor; C1 and C2 are model parameters
which are determined to ﬁt the data; Tref is the reference
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Figure 5: Standard glued-gauge-point (GGP) system.

temperature (selected as 20°C in the present study); and T is
the testing temperature. The dynamic modulus (|E∗ |) and
the phase angle (δ) data were modeled by using the modiﬁed
Christensen-Anderson-Marasteanu (CAM) model [32].
The |E∗ | master curve of the CAM model is given by
equation (2):
 ∗ 
E  � Ee +

Eg − E e
1 + fc /fr (

me /k)

,

(2)

where |E∗ | is the dynamic modulus and Ee is the equilibrium modulus that represents the stiﬀness modulus
when the loading frequency tends to 0. In the case of
DAMs, its value is considered to depend on the ultimate
aggregate interlock when the contribution of the binder (or
the mastic) results negligible; Eg is the glassy modulus,
which represents the stiﬀness modulus when the loading
frequency tends to inﬁnity. Its value represents the horizontal asymptote in the high-frequency region; fr is the
reduced frequency; fc is a location parameter that has the
dimension of frequency. It is known as crossover frequency, which is the one when the storage modulus (E′ ) is
equal to the loss modulus (E″ ); me and k are the shape
dimensionless parameters.

The phase angle master curve can also be obtained
through the CAM model by equation (3):
2 −(md /2)

log fd /fr  ⎤⎦
δ � 90I − 90I − δm ⎡⎣1 + 

Rd
I � 0, for mixes,
⎪
⎧
⎪
⎪
⎪
⎨
I � 0, if fr > fd ,
⎪
⎪
⎪
⎪
⎩
I � 1, if fr < fd ,

,
(3)

where δ is the phase angle and δm is the phase angle value at
fd. In the case of mixtures, it represents the maximum phase
angle value and fd is the location parameter with dimension
of frequency. It is the frequency at which δm occurs; fr is the
reduced frequency. The measure of the phase angle is critical
because it represents a measure of the internal damping.
High values of phase angle imply high internal friction and
therefore more dissipative behaviour under loading (a more
viscous behaviour). On the other side, lower values of phase
angle denote a more elastic response of viscoelastic materials, which indicates the higher capacity of storing energy
under loading cycles.
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Figure 6: Dynamic modulus test system.
Table 3: Testing conditions of the dynamic mechanical test.
Test conditions
Test temperature (°C)
Loading frequency (Hz)
Strain level
Conﬁnement

Conﬁguration
5, 20, 31
0.1, 0.5, 1, 2, 5, 10, 20, 25
100 μs
Unconﬁned conditions

4. Results and Discussion
4.1. Mix-Design Properties. Results of the ITS test conducted
on dry- and wet-conditioned samples are given in Table 4.
The replicates for each mixture and test were used. The mixdesign properties, including the ITS and ITSR values of the
mixtures, are compliant with the speciﬁcation at both the dry
and wet conditions, clearly showing that no problems
pertaining to cracking and moisture susceptibility arising for
the designed DAMs. At the same time, the reliability of the
mix-design method specially used for DAMs can be veriﬁed.
The reduction in the ITSdry values of Mix 1 and Mix 2,
compared with Mixref can be attributed to the high volume
of asphalt, which can reduce the aggregate interlock aﬀecting
the tensile strength. On the other hand, a higher amount of
binder (and ﬁller) tends to increase the thickness of the
mastic ﬁlm coating the aggregates. This results in higher
ITSR values of Mix 1 and Mix 2 in comparison with Mix ref.
Besides this, a more than adequate resistance depends on the
use of rubberized binder, whose reduced moisture susceptibility has been proven by several studies [33, 34].

4.2. Dynamic Modulus and Phase Angle. The master curves
of the dynamic modulus (|E∗ |) and the phase angle (δ) of the
mixtures are given in Figures 7 and 8, respectively. The
master curves were developed on two replicates. Results
show an acceptable variability with the coeﬃcient of variation of the average between two samples below 10% for all
the cases. The shift factors were optimized on the dynamic
modulus master curve and were then applied to the phaseangle master curve. The CAM model provides an adequate
accuracy in modelling the raw data with the R2 coeﬃcient
being above 97% (for modulus) and 95% (for phase angle)
for all mixtures.
As far as the dynamic modulus of the three mixtures is
concerned, Mix ref shows the highest level of stiﬀness in the
range of reduced frequency considered (Figure 7). This
aspect was expected due to the diﬀerences in the composition between the mixtures. The higher stiﬀness of the OG
mixture is in agreement with the tensile strength values
(Table 4) and depends on the higher aggregate interlock
provided a thinner ﬁlm of mastic. In fact, the diﬀerence
between Mix ref and the two DAMs is marked in the lowfrequencies region where the aggregate structure is more
signiﬁcant than the mastic. The diﬀerence between horizontal asymptotes in this region is of multiple orders of
magnitudes. Mix 1 and Mix 2 show similar levels of stiﬀness
in the intermediate and low range of frequencies with Mix 1
becoming stiﬀer at lower temperatures (higher frequencies)
and Mix 2 stiﬀer at higher temperatures (lower
frequencies).
The shape of the δ master curves is typical of mixtures. At
low frequencies, the response is more controlled by the
aggregate skeleton and thus, it is more elastic. In terms of
elastic properties, the three mixtures did not show much
diﬀerence, due to the similar skeleton structure. At the
intermediate-frequency region, the response is controlled by
both the aggregate skeleton and the mastic showing a visible
time dependency (viscoelasticity). In such region, the peak is
likely to represent the threshold between the eﬀects of the
two constituents. On the right side of the peak, the mastic
phase controls more the response. On the left side, it is vice
versa. Mix 2 shows the peak at higher frequencies than Mix 1
and Mix ref. In this case, the higher amount of binder makes
the mixture more temperature-susceptible and moves the
peak towards higher frequencies (or lower temperatures). In
other words, Mix 2 shows higher damping at lower temperatures. However, irrespective of frequency, Mix 1 and
Mix 2 display consistently higher values of phase angle than
Mix ref, showing a better capacity of mitigating the vibration
mechanism. At the very high frequencies, the mastic becomes stiﬀer and more elastic lowering the phase angle.
While at the intermediate region, the response is controlled
by both the constituents (aggregate and binder) showing
visible viscoelastic behaviour. The values of the phase angle
support were the main scope of the mix design, that is,
increasing the damping response of mixtures, Mix 1 and Mix
2, shows consistently higher phase angle values than the
reference mixture. Higher phase angle values indicate a more
viscous response under loading with a consequent higher
dissipation of energy dissipation.

Advances in Civil Engineering

7
Table 4: ITS test results.

Mixtures
Mix ref
Mix 1
Mix 2

ITSdry (MPa)
0.62 (±0.04)
0.55 (±0.03)
0.41 (±0.01)

ITSR (%)
82.3
87.3
87.8

Speciﬁcation for ITSdry @25°C (MPa)

Speciﬁcation for ITSR (%)

≥0.4

≥80

1.E + 08
1.E + 07

|E∗|(MPa)

1.E + 06
1.E + 05
1.E + 04
1.E + 03
1.E + 02
1.E + 01
1.00E – 11 1.00E – 08 1.00E – 05 1.00E – 02 1.00E + 01 1.00E + 04 1.00E + 07 1.00E + 10
Reduced frequency (Hz)
Mix ref
Mix 1
Mix 2

Figure 7: Dynamic modulus master curves.
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Figure 8: Phase angle master curves.

4.3. Fatigure Resistance. Fatigue is one of the most common
damages to asphalt pavements. Generally, the occurrence
and propagation of cracks are always related to the amount
of energy loss caused by external loads. Fatigue parameter
(E∗ × sin δ) is an eﬀective parameter to characterize the

antifatigue performance of asphalt mixture. The values of the
fatigue parameters for all mixtures (at 5°C, 20°C, and 31°C)
are presented in Figure 9.
Mix ref shows the worst resistance to fatigue damage
under the three temperature conditions, showing that the
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Figure 9: Continued.
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Figure 9: Fatigue parameters at (a) 5°C, (b) 20°C, and (c) 31°C.

DAMs are less prone to fatigue damage than the traditional
one. In fact, the higher loss factor of DAMs (Figure 8) is not
conductive to the antifatigue performance, but the lower
stiﬀness modulus (Figure 7) over the entire temperature and
loading frequency ranges results in the lower fatigue parameters. In any cases, the results obtained clearly show no
problems pertaining to fatigue damage for the two mixes.
At 5°C, the fatigue parameters of Mix 1 and Mix ref are
similar and higher than Mix 2. This may be caused by the
higher rubberized binder in Mix 2 to obtain higher
damping characteristics. As the frequency increases, the
fatigue parameters of Mix ref are basically at a constant
level, while DAMs (Mix 1 and Mix 2) show a decreasing
trend. This is because the low frequency promotes the
mixture to become stiﬀen and more prone to fatigue
cracking at low temperatures. Since the binder content in
Mix ref is lower, its viscoelasticity is not obvious but closer
to elasticity, so its fatigue parameters show a basically
constant level.
At 20°C and 31°C, as the frequency increases, the fatigue
parameters of the three mixtures all increase. As the frequency increases, the fatigue parameters of the three
mixtures all increase. This is because at higher temperatures, the mixture exhibits time-dependent characteristics—the higher loading frequency increases the phase
angle of the mixture, which in turn increases the fatigue
parameters. In addition, the higher antifatigue performance of DAMs may also beneﬁt from the adding of
rubberized asphalt, which has been conﬁrmed in the
previous studies [35–37].

4.4. Rutting Resistance. The rutting parameter E∗/sin δ
represents the resistance to the permanent deformation of
the asphalt mixture. The high complex dynamic modulus
and low phase angle are conducive to the performance of the
asphalt mixture at the high-temperature, reducing hightemperature ﬂow deformation and increasing the resistance
to permanent deformation. Figure 10 presents the rutting
parameters of the three asphalt mixtures at 5°C, 20°C, and
31°C, respectively.
As the frequency increases, the rutting parameters of the
three mixtures increase. This is because a shorter loading
time means that the mixture became more stiﬀened and the
ability to resist permanent deformation was then improved.
The evolution trends of all curves are similar, but it should be
noted that, under higher temperature conditions (20°C and
31°C), the diﬀerence of the rutting parameters between
DAMs and traditional asphalt mixtures was more obvious.
Compared with Mix ref, DAMs (Mix 1 and Mix 2)
obviously have a lower rutting parameter, indicating that its
ability to resist rutting is weaker than that of traditional
asphalt mixtures. This can be explained as follows: the large
ﬁlm thickness of mortar coating the aggregates in DAMs
reduces the grain-to-grain contact in the aggregates skeleton
and thus decreasing the stability of the mixture, which
worsens the rutting resistance. Therefore, although the
DAMs have resulted in being eﬀective in absorbing vibrations when adopted in road pavements and track beds, the
assessments of the ability to resist rutting need to be developed and the related mechanism should be analyzed as
well in the future.
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Figure 10: Rutting parameters at (a) 5°C, (b) 20°C, and (c) 31°C.

5. Conclusion
Viscoelastic analysis about the so-called DAMs that aim at
reducing the traﬃc-induced vibration is presented in the
present paper. The mix-design method of DAMs is based on
the concept that high volumes of rubberized binder (wet
method) in asphalt mixtures increase their damping response decreasing the vibratory mechanism under dynamic
loading, while the excessive binder content can surely aﬀect
the viscoelastic properties of designed mixture. Focusing on
viscoelastic properties, the following conclusions can be
made based on dynamic mechanical testing:
The mix-design properties of the DAMs mixture meet
the speciﬁcation requirements, without the risk of cracking
and water damage. The proposed mix-design method
dedicated to DAMs is feasible. The reduction in the tensile

strength in DAMs is caused by the high volume of asphalt
reducing the aggregate interlock. While the higher amount
of binder and ﬁller in DAMs tend to increase the thickness of
the mastic ﬁlm coating the aggregates, it improves the
moisture susceptibility.
Mix ref shows the highest level of stiﬀness in the considered frequency range, which is in agreement with the
tensile strength values and depends on the higher aggregate
interlock, provided a thinner ﬁlm of mastic. The stiﬀness
diﬀerence between DAMs and Mix ref is marked in the lowfrequencies region where the aggregate structure is more
signiﬁcant than the mastic. Mix 1 and Mix 2 show similar
levels of stiﬀness in the intermediate and low range of
frequencies with Mix 1 becoming stiﬀer at lower temperatures (higher frequencies) and Mix 2 stiﬀer at higher temperatures (lower frequencies).
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Phase angle master curves of DAMs show typical shape
of conventional mixtures. At low-frequency region, DAMs
and conventional mix show analogous trend due to the
similar skeleton structure. At the intermediate-frequency
region, the phase angle is controlled by both the aggregate
skeleton and the mastic showing a visible time dependency;
hence, the higher amount of binder makes the mixture more
temperature-susceptible and moves the peak towards higher
frequencies (or lower temperatures). DAMs show consistently higher phase angle values than the reference mixture,
indicating a more viscous response under loading with a
consequent higher dissipation of energy dissipation.
DAMs show good resistance to fatigue damage, which
may be due to the lower stiﬀness modulus. In the lowtemperature range, with the increasing of the frequency, the
fatigue parameters of Mix ref are basically at a constant level,
while DAMs show a decreasing trend; while at the hightemperature range, as the frequency increases, the fatigue
parameters of the three mixtures all increase.
From the results of the rutting parameters, the ability to
resist rutting for DAMs is weaker than that of traditional
asphalt mixtures, caused by the large ﬁlm thickness of
mortar coating the aggregates in DAMs reducing the grainto-grain contact in the aggregate skeleton and thus decreasing the stability of the mixture. In the future, more
assessments on the ability to resist rutting need to be developed and the related mechanism should be analyzed as
well. Some initiatives to improve the rutting resistance
should also be raised.
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[14] W. Wang and K. Höeg, “Cyclic behavior of asphalt concrete
used as impervious core in embankment dams,” Journal of
Geotechnical and Geoenvironmental Engineering, vol. 137,
no. 5, pp. 536–544, 2011.
[15] H. Zhu and D. D. Carlson, “A spray based crumb rubber
technology in highway noise reduction application,” Journal
of Solid Waste Technology and Management, vol. 27, pp. 27–
32, 2001.
[16] S. E. Paje, M. Bueno, F. Terán, R. Au, F. Pérez-Jiménez, and
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