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With the development of pavement recycling technology, the requirement of reclaimed asphalt pavement (RAP) is substantially
increasing. Warm-mix recycled asphalt (WMRA) technology has made great progress, which can eﬀectively decrease the working
temperature and improve the RAP content. In this study, the rheological properties of recycled binders with incorporation of
high-percentage artiﬁcial RAP binder (30–70%) were evaluated using two types of warm-mix asphalt (WMA) additives, i.e.,
polyethylene wax (R) and surfactant (M). The dynamic shear rheometer (DSR) and beam bending rheometer (BBR) tests were
conducted on the recycled binders. The results showed that the temperature and frequency played an important role in determining the complex shear modulus of the high-percentage WMRA binders. The dependency of phase angle on frequency
increased after the long-term aging. The WMA additive R had a relatively huge impact on the rheological properties of asphalt,
which mainly occurred before the PAV aging of recycled asphalt binder; the WMA additive M had no signiﬁcant impact on the
rheological properties of recycled asphalt binder. The WMA additive R enhanced the low-temperature rheology of recycled
asphalt binder, while the WMA additive M enhanced the high-temperature rheology of recycled asphalt binder. Both of these
types of WMA additives improved the antifatigue performance of recycled asphalt binder. The increased content of RAP binder
improved the high-temperature performance and reduced the low-temperature performance of the recycled asphalt binder.
However, it had no obvious impact on the fatigue performance. In addition, there was a good linear relation between the RAP
binder content and the two indexes of the multiple stress creep recovery (MSCR) test.

1. Introduction
The pavement recycling technology has attracted increasing
attention due to its environmental sustainability and economic beneﬁts. Some guidelines and speciﬁcations were
introduced at home and abroad, making the pavement
recycling technology more and more mature in engineering
application [1–5]. Currently, the main asphalt pavement
recycling technologies include hot central plant recycling,
hot in-place recycling, cold central plant recycling, and cold
in-place recycling [6]. Among them, hot central plant
recycling is most widely applied. However, the mixing
temperature for hot recycling in asphalt plant is generally

about 170°C. The excessive mixing temperature can cause
secondary aging of the reclaimed asphalt and produce a large
amount of asphalt fume and toxic gas, which will pollute the
environment and cause damage to the health of construction
staﬀ. In addition, the utilization rate of RAP in the hot
central plant recycling is generally between only 20% and
30%.
With the development of recycling technology, the
demand for higher-percentage RAP has been increasing.
The National Cooperative Highway Research Program
(NCHRP) report recommended to increase the content of
RAP in recycled asphalt mixture and proposed that the
recycled asphalt mixture can have the same uniformity and
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pavement performance as normal asphalt mixture when
the content of RAP is increased through improving the
design of mixture and standardizing the management and
disposal of RAP [1]. Studies have shown that the content of
RAP has a signiﬁcant impact on the performance of
recycled asphalt pavement. In particular, when the content
of RAP is increased, the impact is more signiﬁcant [7, 8].
Because the increased content of RAP may cause a series of
problems, such as worse low-temperature crack resistance,
antifatigue performance, water damage resistance, secondary aging caused by high-temperature construction,
and partial mixing in the mixing process, namely, the
ineﬀective utilization of waste asphalt in RAP [4, 9, 10].
These potential issues during the realization of recycling at
large proportion pose a great challenge to pavement
performance.
It is urgently needed to increase the content of RAP
without reducing the pavement performance. Researchers
have performed a range of related studies. Due to the
existence of RAP lumps, the actual surface area of RAP is
less than that of normal aggregate. Therefore, suﬃcient
preheating can loosen RAP and increase the ﬂow of the
aged asphalt in RAP. With the increase of preheating time,
the performance of reclaimed asphalt mixture is improved
[11], and the content of RAP is also increased accordingly.
In terms of partial mixing in the mixing process of recycled
asphalt mixture and high-percentage recycled hot-mixture
asphalt, Shirodkar et al. plotted a mixing curve at diﬀerent
degrees of mixing and observed the inﬂuence of partial
mixing on the selection of new asphalt grade [12, 13]. The
utilization of recycling agent is an eﬀective means to
improve the content of RAP [14, 15]. The recycling agent is
a type of low-viscosity oil, which is characterized by low
viscosity, low solubility, and high aromatic content. It is
easy to spread evenly in asphalt and has good compatibility
with RAP binder, which can reduce the viscosity of asphalt
and supplement the missing ingredients in the aging
process to soften RAP binder and restore its physical
properties. Moreover, selecting appropriate recycling
agent and accurately determining its content are able to
improve the pavement performance of recycled asphalt
mixture [16, 17].
Although those approaches mentioned above improved
the content of RAP in the recycled mixture and also provided guidance for the design and construction of asphalt
mixture with high percentage of RAP, higher construction
temperature will inevitably generate numerous emissions in
the process of mixing and construction, which will still
damage the environment and consume a large amount of
energy. Moreover, the secondary aging of asphalt in the
mixture is inevitable due to high-temperature construction,
which is less susceptible to the durability of recycled asphalt
pavement. Based on the above considerations, numbers of
researchers turned their attention to the WMA technology
and attempted to add WMA additives into recycled asphalt
mixture to reduce the construction temperature while
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increasing the RAP content. Thus, warm-mix recycled asphalt (WMRA) has been rapidly applied and promoted
[18, 19].
WMRA has the following advantages: (1) it can eﬀectively reduce the heating temperature of RAP by about 20°C
so as to reduce the bonding of RAP in the heating barrel and
improve the proportion of RAP to over 40% [20]; (2) the
warm mix technology can reduce the construction temperature of recycled asphalt mixture by 20°C to 40°C, prevent
secondary aging of asphalt in RAP, save energy, reduce the
emission of asphalt fume and toxic gases, and truly realize
green transportation and resource recycling; and (3) the
construction workability is improved. As the cooling rate of
WMRA mixture is generally 50% of that of hot-mix recycled
asphalt mixture, the compaction time of WMRA mixture
can be prolonged, so that the compaction time is more
suﬃcient and compaction is more eﬀective [21–24].
Therefore, as an emerging technology of green transportation, WMRA has attracted increasing attention and
recognition from the industry. Asphalt binder plays a key
role in recycled asphalt mixture, especially for high percentage of recycling [25]. Therefore, there is an urgent need
to investigate the rheological properties of high-percentage
WMRA binder.
Overall, the literature review shows that the application of
the WMRA techniques has a potential to enhance requirement
of RAP. However, limited studies have been reported so far to
characterize the aging, antideformation, and fatigue performance of WMRA binders in terms of the rheological properties.
The present study was undertaken to investigate the eﬀects of
RAP binder and WMA additives on recycled binders on
complex modulus and phase angle from frequency sweep,
antideformation at high temperature, and fatigue behavior of
WMRA binders. It is expected that the present research study
would be useful in improving the understanding of the performance of WMRA binders with higher RAP contents.
The objective of this paper is to evaluate the rheological
properties of recycled asphalt binders containing high
percentage of artiﬁcial RAP binder (30% to 70%) with incorporation of two types of WMA additives. The main
purposes of this paper are as follows: (1) to analyze the
changing tendency of the rheological properties of recycled
asphalt binder with diﬀerent contents of RAP binder and (2)
to analyze the inﬂuence of diﬀerent types of WMA additives
on the rheological properties of high percentage of WMRA
binder. A series of laboratory tests were conducted, including dynamic shear rheometer (DSR) tests and beam
bending rheometer (BBR) tests.

2. Materials and Methods
2.1. Materials. A virgin asphalt binder 90#, commonly used
in the north area of China, was selected as the base asphalt
in this study to obtain the recycled asphalt binders.
Considering that the RAP from milling pavement has
complex sources and its own characteristics [7, 26], the

Advances in Materials Science and Engineering

3

Table 1: Properties of 90# asphalt and RAP binders.
Binder
type
90#
RAP
binder

Penetration
(25°C) (0.1 mm)
84.3
37.4

Unaged
Viscosity
Softening
(135°C)
°
point ( C)
(Pa·s)
46.0
0.246
54.1

0.496

PAV

RTFO
∗

∗

∗

(G /sin)(δ)
(58°C) (kPa)

(G /sin)(δ)
(58°C) (kPa)

1.9

3.5

1989

196

0.4

9.0

—

2830

—

—

artiﬁcial RAP binder was chosen in this paper in light of its
more stable and controllable properties. The artiﬁcial RAP
binder was obtained by subjecting the virgin binder to the
rolling thin-ﬁlm oven (RTFO) and long-term pressurized
aging vessel (PAV) according to the AASHTO T240 and
R28 for the following performance tests [27, 28]. The
properties of the virgin and artiﬁcial RAP binders are
shown in Table 1. It should be noted that the G∗ sin(δ)
(2825 kPa) was obtained when the RAP binder was subjected to further RTFO and PAV aging.
In this study, the recycled binders without WMA
additives as control binders were produced by blending the
virgin asphalt with various percentages (30%, 50%, and
70%) of artiﬁcial RAP binder by total weight. The virgin
asphalt and RAP binder were mixed slowly according to
their blending proportion using a glass bar for 10 minutes,
so that the virgin and RAP binders could be mixed preliminarily. Then the mechanical stirring was utilized at
140°C for 15 minutes to make the two binders blend adequately. It should be noted that the blending time was not
for too long so as to avoid the binders aging. For brevity,
they were denoted as 30%-C, 50%-C, and 70%-C,
respectively.
Two types of WMA additives, named R and M, were
utilized to investigate the eﬀect on the rheological property
of the recycled binders. WMA additive R is a polyethylene
wax which is a kind of white powder and M is a kind of
surfactant, which are recommended to be added into the
recycled binders at a rate of 3% and 0.5% by total weight of
asphalt binders, respectively. .According to the determined
percentage of the two types of WMA additives, respectively,
each of the WMA additive and recycled binder were blended
using a glass bar slowly until there was no WMA additive on
the surface of the mixed binder. Similar to the blending
process of the RAP and virgin binders, the mechanical
stirring was utilized at 140°C for 15 minutes to make binders
blend adequately. The blending time should not be for too
long so as to avoid the binders aging. Two types of original
WMA binders containing WMA additives R and M were
named R-WMA and M-WMA. According to the WMA
additive used, the recycled binders containing artiﬁcial RAP
binder were named RAP-R and RAP-M. Additionally,
various percentages (30%, 50%, and 70%) of RAP-R and
RAP-M were denoted as 30%-RAP-R, 30%-RAP-M, etc.

G sin (δ)
Stiﬀness
(25°C) (kPa) (− 12°C) (MPa)

m-value
(− 12°C)

2.2. Frequency Sweep Test. The frequency sweep test is a
primary test method to study the rheological property of
asphalt binder. In this part, the complex shear modulus (G∗ )
and phase angle (δ) were measured at diﬀerent temperatures
(4°C, 16°C, 28°C, 40°C, 52°C, and 64°C) in the frequency
range of 0.1∼50 Hz at each temperature. Using the timetemperature superposition principle, the results were shifted
to a reference temperature of 28°C to conduct master curves
of complex modulus and phase angle. This paper utilized the
2S2P1D model to ﬁt the master curves describing the rheological properties of asphalt binders [29–31]. As shown in
Figure 1, the 2S2P1D model consists of two springs, two
parabolic creep elements, and one dashpot with 7 parameters, which can be determined using the following
formulation:
Gg − Ge
G∗ (iω) � Ge +
,
−k
−h
−1
1 + α iωtτ 0  + iωτ 0  + iωβτ 0 
(1)
where Ge is the static modulus. When the material is rheological solid, Ge > 0, and when the material is rheological
ﬂuid, Ge � 0. In this paper, Ge is 0. Gg is the glassy modulus
(Gg � 109 Pa). α, k, h, β, and τ 0 are parameters of this model
and 0 < k < h < 1. Meanwhile, β is constant and deﬁned by
η � Gg − Ge βτ 0 ,

(2)

where η is the Newtonian viscosity.
Complex shear modulus G∗ consists of two parts, which
are the energy storage shear modulus G and loss shear
′
modulus G″ . Besides, G∗ can be separated as follows [32]:
G∗ � G′ + iG″ .

(3)

Therefore, on the basis of the (3), the 2S2P1D model can
be separated and rewritten as follows:
Gg
G∗ (ω) �
1 + A(ω) + iB(ω)
�

Gg ×(1 + A(ω) − iB(ω))

�

(1 + A(ω))2 + B2 (ω)
Gg ×(1 + A(ω))
2

(1 + A(ω)) +

B2 (ω)

Gg ×(− B(ω))
 + i
,
(1 + A(ω))2 + B2 (ω)

(4)
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Figure 1: 2S2P1D model.

where
kπ
hπ
− h
 +(ωτ) × cos ,
2
2

A(ω) � α(ωτ)− k × cos

1.5

1

0.5

0

0

100

200

300

Time (s)

B(ω) � − (ωβτ)− 1 − α(ωτ)− k × sin

kπ
−
 − (ωτ)
2

h

(5)

hπ
.
2

× sin

Then, the master curves of complex modulus and phase
angle can be obtained according to (3) and (4). Besides, the
objective error function is deﬁned as
�������������
�������������


2
2
M
M
′
″
Gc,j
Gc,j
1
1
⎝
⎠
⎝
⎠
⎛
⎞
⎛
⎞
+
, (6)
f2 �
 1−
 1−
M j�1
M j�1
G′m,j
G″m,j
′ and Gc,j
″ are the predicted energy storage shear
where Gc,j
modulus and loss shear modulus, respectively, and G′m,j and
G″m,j are the actual values, correspondingly.

2.3. BBR Low-Temperature Rheological Property. The rheological property of asphalt binder is the most signiﬁcant
factor for the low-temperature cracking of asphalt pavement
[33]. Thus, this paper utilized the CAM model to ﬁt the
master curves and Burgers’ model to analyze the viscoelasticity of recycled binders. The reference temperature was
− 12°C.
The CAM model is deﬁned as
t β
S(t) � Sglass 1 +   
λ

(− κ/β)

,

(7)

where Sglass � 3 × 103 MPa is constant and λ, β, and κ are the
parameters of this model.
The objective error function is deﬁned as
�������������

Dc,j 2
1 M
(8)
f1 �
 1 −
,
Dm,j
M j�1

Figure 2: Loading time-deﬂection ﬁgure of BBR asphalt beam.

the analysis of its parameters. The Burgers model is composed of one Maxwell’s model and one Kelvin’s model
including four components in series [34, 35], as shown in
Figure 3.
The creep compliance is determined by the following
equation:
1
1
t
D(t) � 1 − e(− (E1 /η1 )t)  + + ,
(9)
E1
E2 η2
where E1 and η1 are the delayed elastic modulus and viscous
parameter of the Kelvin model and E2 and η2 are the instantaneous elastic modulus and viscosity coeﬃcient of the
Maxwell model.
In this study, the BBR tests were conducted at 4 temperatures (− 6, − 12, − 15, and − 18°C) in accordance with
AASHTO T313 [36] using the recycled asphalt binders
subjected to long-term aging.
2.4. Multiple Stress Creep Recovery (MSCR) Tests. The MSCR
test according to AASHTO TP70 [37] is conducted on the
binders to evaluate the high-temperature performance of
rutting resistance on the basis of the creep characteristic of
binders [21, 38, 39]. All the binders were short-term aged
using RTFO test. Two creep stress levels, 0.1 kPa and 3.2 kPa,
were adopted in this test involving 10 consecutive cycles, and
each cycle consists of a creep loading period (1 s) and a
recovered period (9 s). The nonrecoverable creep compliance (Jnr ) and percent recovery (R) can be determined using
the following formulations:
c
Jnr � nr ,
(10)
τ
R�

where Dc,j is the model predictive value of creep compliance;
Dm,j is the actual value of creep compliance; and M is the
number of data points.
The asphalt binder is subjected to the ﬂexural deﬂection
as the BBR test time goes on; the bending tendency is
depicted in Figure 2.
As per the deﬂection of the binder, the Burgers model
was employed to evaluate the viscoelastic property through

cP − cnr
,
cP − c0

(11)

where cp , cnr , and c0 are the peak strain, the residual strain,
and the initial strain in each cycle, respectively, and τ is the
shear stress. So, cp is the strain recorded at the end of 1s, cnr
is the strain recorded at recorded at the end of the 10 s creep
phase, which is the unrecoverable strain, and c0 is the strain
at the beginning of 1 s. Thus, equation (10) is the expression
of the nonrecoverable creep compliance (Jnr ). (cP − c0 )
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The LAS test contains two main steps. In the ﬁrst step, a
frequency sweep, whose frequency is varied from 0.2 to
30 Hz at a constant shear strain amplitude of 0.1% within the
LVE range, is performed to determine the damage analysis
“α” parameter. “α” is obtained by the following equations:

η1
E2

η2

logG′ (ω) � m(logω) + b,
E1

G′ (ω) � G∗ (ω) × cos δ(ω),

Figure 3: Burgers’ model.

α�
represents the total strain recorded during the loading period, while (cP − cnr ) represents the recoverable strain
during the recovered period. Thus, equation (11) is the
expression of percent recovery (R).
In this study, the MSCR test was performed at four
temperatures, 46°C, 52°C, 58°C, and 64°C.
2.5. Linear Amplitude Sweep (LAS). Linear amplitude sweep
(LAS) test, that is, asphalt accelerated fatigue test, is the main
test method used to evaluate the fatigue performance of
asphalt in the speciﬁcations of AASHTO [40]. In this test,
the strain-controlled loading method was adopted. The
amplitude of loaded sine wave increased linearly from 0.1%
to 30%, and the sweep time was 300 s.
In the LAS test, elastic deformation and plastic deformation will occur to asphalt in turn under repeated
loading. When the load is applied to a certain phase, the
strain of the material continues to increase and the stress
decreases, indicating yield of the material. When the
material yields, the normal stress is the yield stress of the
material. At this time, the corresponding strain is the yield
strain. The larger the yield stress, the stronger the resistance to deformation under a certain load. The larger the
yield strain, the greater the deformation under maximum
load, and the better the elasticity of the asphalt material.
And studies show that there is also a peak of phase angle in
the LAS test. If the peak of shear stress is taken as the yield
stress of the material, the ﬁnal failure of the material can
be used to analyze by the peak of phase angle, because the
peak of phase angle always lags behind the yield stress
[41]. In this paper, the peak of shear stress is taken as the
yield stress, and the corresponding strain is the yield
strain.
The LAS test is an accelerated procedure to assess the
fatigue resistance of asphalt binders according to AASHTO
TP 101-14 [42]. As we all know, the traditional straincontrolled fatigue equation is deﬁned as
Nf � A cmax − B ,

(13)

(12)

where cmax is the amplitude of the applied shear strain; A is
the fatigue law coeﬃcient obtained from the following
equation: A � (f × (Df )[1+(1− C2 )α] /[1 + (1 − C2 )α] × (πC1
C2 )α }); B � 2α.The two coeﬃcients can be determined from
the LAS test.

1
.
m

(14)
(15)

In the second step, an amplitude sweep is carried out to
identify the damage accumulation of the binders over a
range of amplitude levels linearly from 0 to 30% at a constant
frequency level of 10 Hz in 5 min. The viscoelastic continuum damage (VECD) model is introduced to determine the
fatigue life of the binders [43–46]. By means of the VECD
theory, the fatigue behavior under varying strain levels of
binders can be predicted [47].
The damage accumulation D with testing time can be
obtained as follows:
N

D(t) � πc20 Ci− 1 − Ci 

(α/(1+α))

ti − ti− 1 

(1/(1+α))

,

i�1

(16)
where C(t) � (G∗ (t)/G∗ )(Initial) is the material integrity
parameter. The power law model has been introduced for
analytically relating the material integrity C to the damage
intensity S as follows [43, 48]:
C(t) � C0 − C1 × DC2 ,

(17)

where C0 � 1 is the initial value of C, and C1 and C2 are
curve ﬁtting parameters.
According to Singh’s research [47], the maximum peak
shear stress is introduced to deﬁne the failure point as
follows:
1/C
C − CPeakstress ( 2 )
(18)
Df �  0
.

C1
The calculation formula for fatigue life is
− B

Nf � A cmax  ,

(19)

where cmax is the expected maximum strain level (%); A and
B are the fatigue correlation coeﬃcients; A � (f×
(Df )[1+(1− C2 )α] /[1 + (1 − C2 )α] × (πC1 C2 )α ); B � 2α; and
f is the loading frequency.
In this study, the LAS test was conducted at 20°C using
the long-term asphalt binders.

3. Results and Discussion
3.1. Frequency Sweep Analysis. To assess the availability of
2S2P1D model ﬁtting the master curves, Figure 4 illustrates
the master curves of complex shear modulus and phase
angles of the three types of virgin asphalt binders, in which
the reference temperature is 28°C.
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Figure 4: Complex shear modulus and phase angle master curves of three types of virgin asphalt binders.

It can be observed that the 2S2P1D model is available for the
WMA binders in this paper. With respect to the eﬀect of WMA
additives on the rheological property of binders, Figure 4
displays that the incorporation of WMA additive R causes
lower complex shear modulus and higher phase angle.
It can be seen from Figure 4, there is no noticeable
diﬀerence between the WMA-M binder and 90# base asphalt
in terms of complex shear modulus and phase angle, and the
master curves ﬁtted by the 2S2P1D model for the two
binders almost coincide with each other. It indicates that the
addition of WMA additive M has no remarkable impact on
the viscoelasticity of asphalt. The complex shear modulus of
WMA-R binder is less than that of the other two binders;
nevertheless, there is no big diﬀerence in the phase angle in
the low frequency region. As the frequency increases, the
phase angle of WMA-R binder is slightly larger than that of
WMA-M binder and 90# base asphalt.
The result reveals that the addition of WMA additive R
decreases the complex shear modulus of asphalt, increases
the phase angle, and slightly reduces antideformation
property. However, the addition of WMA additive M with
the recommended dosage had little impact on the rheological properties of asphalt. It may be because the WMA
additive M is a type of surfactant, which is mainly used as a
bridge to build a better connection between the asphalt and
aggregate, so that the asphalt and aggregate can be coated
completely at a lower temperature. Thus, the WMA additive
M mainly has an eﬀect on the asphalt mixture, while the
viscosity of asphalt binder has no remarkable reduction,
while the WMA additive R is a type of organic agent, which
can reduce the viscosity of asphalt binders signiﬁcantly, so
that the rheological properties of recycled asphalt binders
change a lot comparing to those of control and RAP-M
binders. Besides, due to the mechanism of the two WMA
additives, it is possible to utilize more RAP in recycled

asphalt mixture at a lower temperature with a well coating
condition.
In this paper, three types of recycled asphalt binders with
30%, 50%, and 70% of RAP binder were selected to analyze
the master curves of complex shear modulus and phase angle
of the asphalt binders before and after PAV aging.
The master curves of the complex shear modulus and
phase angle of the control binder before and after PAV aging
are shown in Figures 5–7. It can be seen that the master
curves of the complex shear modulus before and after aging
ﬁt well with 2S2P1D model. As the content of RAP binder
increases, master curves of complex shear modulus exhibit
signiﬁcant change. After PAV aging, the complex shear
modulus improved signiﬁcantly in the low frequency region
compared to that prior to aging. However, it does not change
signiﬁcantly in the high frequency region. It indicates that
PAV aging has a relatively greater impact when the load
frequency is relatively lower. It can be seen by the comparison that the ﬁtting precision of the phase angle master
curve after PAV aging is obviously worse than that before
aging, indicating that the viscoelasticity of recycled binder
becomes more complex under the load frequency after
aging. There is no big diﬀerence in the phase angle in highand low-frequency regions; an obvious diﬀerence is shown
in the intermediate frequency region. It indicates that the
control binder exhibits stronger elasticity at 0.01–104 rad/s
after aging.
The master curves of complex shear modulus and phase
angle of RAP-M binder before and after PAV aging are
shown in Figures 8–10 above. It can be seen that the trend is
approximately similar to that of the master curve of the
control binder. It indicates that the addition of M has little
impact on the rheological properties of recycled binder.
The master curves of the complex shear modulus and
phase angle of RAP-R binder before and after PAV aging
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Figure 5: Complex shear modulus and phase angles master curves for control binder containing 30% RAP binder before and after PAV
aging.
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Figure 6: Complex shear modulus and phase angles master curves for control binder containing 50% RAP binder before and after PAV
aging.

are shown in Figures 11–13. The complex shear modulus
shows a trend similar to that of the control binders. Due to
the addition of R, the phase angle changes greatly. In
particular, when the RAP binder content is 50% and 70%,
the phase angle of RAP-R binder tends to decrease at low
frequency prior to PAV aging, which is even less than that
after aging. There is a relatively distinct deviation error in
the ﬁtting curve of the 2S2P1D model. This may be
explained by the fact that comparing the control and RAP-

M binders, the viscosity of RAP-R binder was reduced
signiﬁcantly with the addition of WMA additive R. As the
temperature went up, that is, corresponding to the medium
and low frequency, the reduced viscosity caused the change
of rheological property of RAP-R binder. Furthermore, the
phase angle represents the viscosity and elasticity of asphalt. When the RAP binder content increases, the viscoelasticity of RAP-R binder may present a nonlinear
change. Thus, the master curves of phase angle are not ideal
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Figure 7: Complex shear modulus and phase angles master curves for control binder containing 70% RAP binder before and after PAV
aging.
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Figure 8: Complex shear modulus and phase angles master curves for RAP-M binder containing 30% RAP binder before and after PAV
aging.

in the low and medium frequency regions using the
2S2P1D model.
But after PAV aging, the viscoelasticity of RAP-R binder
tends to be normal. Therefore, the inﬂuence of R on the
viscoelasticity of the recycled asphalt occurs before PAV aging.
3.2. Analysis of Low-Temperature Rheology in the BBR Test.
The three types of recycled binders with 30%, 50%, and 70%
of RAP binder after PAV aging are chosen to analyze the
low-temperature rheological properties of recycled asphalt
binder. The master curves are plotted as shown in
Figures 14(a)–14(c).

It can be seen from Figure 14 that the master curves of
creep compliance of the three types of recycled asphalt
binder are below the 90# base asphalt curve. It indicates that,
due to the addition of RAP binder, the recycled asphalt
binder is harder than the 90# base asphalt at low temperature, and the creep performance is reduced. Therefore, the
ability to resist crack at low temperature is poor. However,
with the increase of the content of RAP binder, the creep
compliance curves have no remarkable change; thus, the
RAP binder contents have little eﬀect on the rheological
properties at low temperature in this research.
It can be seen by the comparison that the addition of R
obviously improved the low-temperature creep performance
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Figure 9: Complex shear modulus and phase angles master curves for RAP-M binder containing 50% RAP binder before and after PAV
aging.
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Figure 10: Complex shear modulus and phase angles master curves for RAP-M binder containing 70% RAP binder before and after PAV
aging.

of the recycled binder. When the RAP binder content is 30%,
it reaches the same level as 90# base asphalt, while the
diﬀerence between 50%-R binder or 70%-R binder and 90#
base asphalt is also obviously less than the other two types of
recycled asphalt. In general, the low-temperature creep
performance of the three binders is ranked as follows: RAPR binder > RAP-M binder > control binder.
Creep compliance at diﬀerent temperatures was ﬁtted to
obtain the four viscoelastic parameters of the Burgers model.
At the same time, the corresponding delay time τ � (τ 1 /E1 )
and relaxation time λ � (λ2 /E2 ) can be calculated. The

results at diﬀerent temperatures are shown in Figures 15(a)–
15(d).
It can be observed from Figure 15 that the Burgers model
parameters of the three types of recycled binders increase as
the temperature decreases. The lower the temperature, the
greater the variation. In Figure 15(a), at the same temperature, the elastic modulus of RAP-R is the smallest, while
that of the control binder is the largest. It indicates that the
control binder is the hardest and RAP-R is the softest. E2
represents the instantaneous elastic modulus. At the same
temperature, RAP-R binder has the smallest E2 , while E2 of
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Figure 12: Complex shear modulus and phase angles master curves for RAP-R binder containing 50% RAP binder before and after PAV
aging.

RAP-M binder and control binder is almost the same. η2
represents the viscosity coeﬃcient of unrecoverable deformation. When the temperature decreases, η2 increases, indicating the reduction of the viscous component of asphalt;
at the same temperature, RAP-R binder has the smallest η2 ,
which indicates that it has the highest viscosity and the lowtemperature crack resistance is better than that of the other
two recycled binders. Besides, with the increase of the RAP
binder content, η2 increases gradually, which shows that the
RAP binder content will reduce the low-temperature performance of the recycled binder.

The calculation results of the relaxation time λ are shown
in Figure 16. The relaxation time λ represents that the stress
dissipates over time. The longer the relaxation time, the
lower the relaxation rate and the slower the dissipation of
stress. Figure 16 depicts that with the decrease of temperature, the relaxation time is prolonged. There is a good linear
relation between λ and temperature, and the linear regression equations and correlation coeﬃcients are shown in
Table 2. The addition of R signiﬁcantly reduces the relaxation
time of recycled asphalt binder. The relaxation time of RAPM binder is also less than that of the control binder.
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Figure 14: Master curves from the CAM model for BBR data of three types of recycled binders. (a) Control binder, (b) RAP-M binder, and
(c) RAP-M binder.

Therefore, the performances at low temperature of RAP-R
and RAP-M binders are both improved. In addition, the
increased content of RAP binder decreases the viscous
property of asphalt, prolongs the relaxation time of stress,
and reduces the low-temperature crack resistance.
3.3. Analysis of MSCR Test Results. A comparative analysis is ﬁrst
made based on the test results of the recycled binder with 50% of
RAP binder at 3.2 kPa, as shown in Figures 17(a) and 17(b).

Figure 17(a) shows the strain–time curve of the control
binder with 50% of RAP binder at diﬀerent test temperatures. As the temperature increases, the strain increases
signiﬁcantly at a growing rate. When the temperature is up
to 64°C, the strain is the largest, and there is no distinct
recovery under each cycle of loading and unloading. It
indicates that the elastic component of the control binder
has nearly disappeared at 64°C.
Figure 17(b) gives the strain–time curve of the three
types of recycled binder at 46°C. During the MSCR test, two
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Figure 15: Parameters of Burgers’ model for WMRA binders at various temperatures. (a) Delayed elastic parameter E1 . (b) Instant elastic
parameter E2 . (c) Delayed viscous parameter η1 . (d) Viscous ﬂow parameter η2 .

loads at diﬀerent stress levels were applied to simulate
diﬀerent loads on the real pavement due to diverse traﬃc
volumes. As a result, the diﬀerence in deformation can
exhibit the antideformation property. The strains of the three
types of recycled binders are ranked as follows: RAP-

R > control > RAP-M, which indicates that the addition of M
enhances the antideformation property of the recycled
binder, while the addition of R has an opposite eﬀect. At high
temperatures, the addition of R makes the recycled binder
more like a viscous ﬂuid.
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Table 2: Linear regression function and correlation coeﬃcients between relationship of relaxation time λ and temperature.
Functions and R2
y � − 11.135x − 17.901;
R2 � 0.9560
y � − 10.486x − 4.8829;
R2 � 0.9765
y � − 11.245x − 5.972;
R2 � 0.9679

Control (%)
30
50
70

RAP-R (%)
30
50
70

Functions and R2
y � − 9.6889x − 15.205;
R2 � 0.9342
y � − 10.3x − 19.091;
R2 � 0.9680
y � − 10.551x − 11.693;
R2 � 0.9619

RAP-M (%)

Functions and R2

30

y � − 11.569x − 23.828; R2 � 0.9663

50

y � − 11.377x − 17.876; R2 � 0.9778

70

y � − 11.882x − 19.037; R2 � 0.9557
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Figure 17: Strains curve of MSCR: (a) various temperatures and (b) various recycled binders.
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Figure 19: Relationship of aging asphalt content and MSCR parameters for control binders: (a) unrecoverable creep compliance and (b)
creep percent recovery.

The unrecoverable creep compliance Jnr and percent
recovery R of recycled asphalt binders at 3.2 kPa at the four
temperatures are shown in Figures 18(a)–18(b).
The creep percent recovery represents the elastic deformation capacity of asphalt binders. The creep percent
recovery of the recycled binders with diﬀerent RAP binder
contents at diﬀerent temperatures are shown in Figure 18(b).
The results of recycled binders containing 30% RAP binder
are not shown in Figure 18(b), as their percent recovery is
close to 0. By comparison, it can be found that the creep
percent recovery of the RAP-M binder is higher than that of
control and RAP-R binders under the same condition;

therefore, RAP-M binder is more suitable for high-temperature regions. Although the addition of R leads to a
minimum percent recovery, the combined use of RAP
binder can oﬀset its disadvantage in the high-temperature
performance. Moreover, RAP-R binder has the best lowtemperature performance; thus, it can be introduced in
colder regions. Despite the fact that the creep percent recovery represents the viscoelastic deformation capacity of
asphalt binders, the accumulation of ﬁnal permanent deformation depends primarily on the unrecoverable compliance (Jnr ). Through the comparison from Figure 18(a),
the antipermanent deformation capacity of the three types of
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Figure 21: Relationship of aging asphalt content and MSCR parameters for RAP-M binders: (a) unrecoverable creep compliance and (b)
creep percent recovery.

recycled binder under the same condition is RAPM > control > RAP-R.
The increment of RAP binder content of recycled
binder can reduce the unrecoverable creep compliance
(Jnr ) and improve the creep percent recovery R. The relationships between Jnr and R and RAP binder content are
shown in Figures 19–21. It can be observed that there is a
good linear relation displayed between the RAP binder
content and either Jnr or R. As the temperature increases,
the impact of RAP binder content on Jnr and R decreases at

a growing rate. Therefore, Jnr and R can be predicted based
on the ﬁgures of the recycled binders containing diﬀerent
contents of RAP binder, which is able to assess the actual
high-temperature pavement performance of high-percentage WMRA. Meanwhile, on the premise of satisfying
low-temperature and fatigue performance, increasing the
RAP binder content can improve not only the recycling
eﬃciency and high-temperature performance but also the
requirements of traﬃc volume level for the WMRA
pavement.
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3.4. Analysis of LAS Fatigue Characteristics. Similar trends
are observed for diﬀerent artiﬁcial RAP contents; thus, only
the recycled binders containing 50% artiﬁcial RAP binder
are typically presented in Figure 22. The dependency of
asphalt materials on the applied strain and the damage
induced under loading can be exhibited from the shear
stress and strain curve in Figure 22 [49, 50]. According to
the peak shape of the shear stress and strain curve, the two
types of WMRA binders have relatively wider peaks, indicating that the combined use of the RAP binder and
WMA additives lowers the dependency of asphalt binder
on the strain; thus, the antifatigue performance of WMRA
binder is improved. In contrast, the 90# base asphalt has a
relatively narrower peak, so the antifatigue performance is
slightly reduced compared with the two types of WMRA
binders.

The yield stresses and yield strains of the asphalt binders
are obtained from the shear stress and strain curves in
Figure 22, and the results are shown in Figure 23.
The yield stresses of the 10 asphalt samples at 20°C are
ranked as follows: 50%-control > 70%-RAP-M > 50%-RAPM ≈ 70%-control > 30%-RAP-M > 30%-control > 90# > 70%RAP-R > 50%-RAP-R > 30%-RAP-R. Meanwhile, the yield
strains are 30%-RAP-R > 50%-RAP-R > 70%-RAP-R > 30%RAP-M > 50%-control > 50%-RAP-M ≈ 70%-RAP-M > 30%control > 70%-control > 90#. Compared with 90# base asphalt, the yield stress and yield strain of the control binder are
improved due to the addition of RAP binder, which exhibits
an obvious peak value with the increase of the RAP binder
content. Incorporating the two types of WMA additives, the
yield stress and yield strain of WMRA binders show a regular
change as the RAP binder content increases. The RAP binder

18

Advances in Materials Science and Engineering

70

2.0E + 04
1.8E + 04

60

1.6E + 04

G∗ (kPa)

1.2E + 04

Phase angle

40

1.0E + 04
30

8.0E + 03
6.0E + 03

20

G∗

4.0E + 03

10

2.0E + 03
0.0E + 00

Phase angle (°)

50

1.4E + 04

0

500

1000

1500
2000
Cyclic loading times

90#
50%-control

2500

3000

0
3500

50%-RAP-R
50%-RAP-M

Figure 24: Relationship between complex shear modulus or phase angles and cyclic loading times.

8.0E + 06
7.0E + 06
6.0E + 06

S×N

5.0E + 06
4.0E + 06
3.0E + 06
2.0E + 06
1.0E + 06
0.0E + 00

0

500

1000

1500
2000
Cyclic loading times

90#
50%-control

2500

3000

3500

50%-RAP-R
50%-RAP-M

Figure 25: Relationship between S × N values and cyclic loading times.

content is positively correlated to the yield stress and negatively correlated to the yield strain. The yield stress is reduced
and the yield strain is increased with the incorporation of R
comparing with other asphalt binders, which suggests that the
antideformation property of RAP-R binder is weakened,
while the addition of M can improve the antideformation
property and deformation extent of the recycled binder.

However, the increment of the RAP binder content has no
signiﬁcant impact on the recycled binder on the whole with
the action of M.
In this paper, three methods were adopted to evaluate the
fatigue failure of high-percentage WMRA binders: (1) the
modulus decreasing to 50% of the initial value; (2) the peak
of phase angle; and (3) the peak of S × N index, where S is the

Advances in Materials Science and Engineering

19

1600

Cyclic loading times

1500
1400
1300
1200
1100
1000
900
800
700
90#

30%control

50%control

70%control

30%RAP-R

50%RAP-R

70%RAP-R

30%RAP-M

50%RAP-M

70%RAP-M

Nfa

1328

1409

1480

1450

1521

1540

1480

1450

1490

1451

Nf50

775.5

800.8

821.1

776.2

882

894.1

851.5

821.1

830.8

800.8

NfSN

770.4

922.5

983.3

861.7

995

1034

1004

1004

1004

983.3

Figure 26: Fatigue life results of the three methods.

ratio of the instantaneous modulus to the initial modulus
and N is the loading times [51]. The relation curve between
each of the three methods and the cyclic loading times is
plotted, respectively, as shown in Figures 24 and 25.
The fatigue lives, calculated using the three methods, are
denoted as Nf50 , Nfa , and NfSN , respectively, and are
shown in Figure 26.
In Figure 26, the fatigue lives of asphalt binders of the
three methods are ranked as Nfa > NfSN > Nf50 . The
diﬀerence between the fatigue lives can be ascribed to the
fact that the fatigue failure obtained through the three
methods corresponding to the process of fatigue failure is
varied. However, the changing tendencies of fatigue lives
of the 10 asphalt binders obtained by the three methods
are almost the same, indicating that the inﬂuence of the
RAP binder content and WMA additives on the antifatigue performance of recycled binders is almost the same
in the process of fatigue failure. In general, the additions of
R and M both improve the fatigue life of recycled asphalt
binders, while the eﬀect of R is more noticeable. The RAP
binder contents have diﬀerent eﬀects on diﬀerent recycled
asphalt binders, which indicates that the evaluation of
fatigue failure of recycled asphalt binders, especially highpercentage WMRA binder, is comparatively complex
considering the combined use of RAP binder and WMA
additive.
Then, the VECD model is employed to analyze the LAS
test results, and the parameters are shown in Table 3.
The integrity parameter C represents the damage degree
of the asphalt material. When C is equal to 1, the material is
intact. When C is equal to 0, the material has been completely damaged [44]. According to (15), the damage
characteristic curve of three types of recycled binder with
diﬀerent contents of RAP binder can be obtained, as shown
in Figures 27(a)–27(c), to evaluate the antifatigue

performance of the recycled binder. In Figure 27(a), the
curve of 70%-control binder is close to that of 90# base
asphalt. The curves of 30%-control binder and 50%-control
binder are above that of 90# base asphalt when the damage
intensity is larger than 60, indicating that the damage of
30%-control and 50%-control binder is slower than that of
90# base asphalt. The damage curves of RAP-R and RAP-M
binders are shown in Figures 27(b) and 27(c). With the
combined use of RAP binder and WMA additive, the curves
of RAP-R and RAP-M binders are above that of 90# base
asphalt, indicating that the addition of RAP binder will not
reduce the antifatigue performance of the asphalt binder;
instead, the performance can be further enhanced by adding
the WMA additive, R in particular.
The parameter α represents the slope of the fatigue life
and the strain in the log-coordinate. The larger the α, the
more sensitive the fatigue life to strain. Table 3 illustrates that
α of 90# base asphalt is the smallest and that of the three
types of recycled binder increases as the RAP binder content
increases, indicating that the recycled asphalt binder is more
sensitive to the applied strain with the incorporation of RAP
binder. α is ranked as follows: RAP-R < RAP-M < control,
containing the same RAP binder content, indicating that the
addition of WMA additive makes the asphalt binder less
sensitive to the strain.
According to (18) and (19), the fatigue lives with diﬀerent
strains (1%, 3%, and 5%) can be obtained, as shown in
Figures 28–30.
The three ﬁgures show that as the strain level increases,
the fatigue life of the asphalt binders gradually decreases. The
fatigue life of the three types of recycled asphalt binder with
50% of RAP binder presents a peak value, indicating that the
current fatigue life is the highest in this regard, especially at
high strain level. This is consistent with the previous study in
Figure 28. Therefore, emphasis must be placed on the fact

20

Advances in Materials Science and Engineering
Table 3: Resulting parameters of the VECD model.
α
1.49276
1.573317
1.614987
1.666944
1.510802
1.577785
1.60901
1.547988
1.608493
2.656452

C1
0.10296
0.10953
0.10154
0.10809
0.0991
0.08369
0.10124
0.10309
0.11199
0.11497

C0
1
1
1
1
1
1
1
1
1
1

C2
0.4175
0.39992
0.40942
0.4076
0.41276
0.44346
0.40828
0.41102
0.39416
0.38876

1

1

0.8

0.8
Integrity parameter C

Integrity parameter C

Type of asphalt
90#
30%-control
50%- control
70%- control
30%-RAP-R
50%-RAP-R
70%-RAP-R
30%-RAP-M
50%-RAP-M
70%-RAP-M

0.6
0.4
0.2
0

0

100
200
Damage intensity D
90#
30%-control

B
2.98552
3.146633
3.229974
3.333889
3.021604
3.15557
3.218021
3.095975
3.216986
3.312904

0.6
0.4
0.2
0

300

A
1.52E + 05
3.68E + 05
5.64E + 05
3.85E + 05
3.75E + 05
5.38E + 05
4.85E + 05
3.77E + 05
5.40E + 05
6.08E + 05

0

50%-control
70%-control

100
200
Damage intensity D
90#
30%-RAP-R

(a)

300

50%-RAP-R
70%-RAP-R
(b)

1

Integrity parameter C

0.8
0.6
0.4
0.2
0

0

100
200
Damage intensity D
90#
30%-RAP-M

300

50%-RAP-M
70%-RAP-M

(c)

Figure 27: Typical damage plots for various recycled binders. (a) Control binder; (b) RAP-R binder; and (c) RAP-M binder.

that when the RAP content is more than 50%, the fatigue
performance will be reduced. However, even though the
percentage of RAP binder is high, the fatigue life is still
longer than that of 90# base asphalt. Moreover, comparing

with the control binder, the fatigue life is improved due to
the addition of two types of WMA additives. As a result, the
antifatigue performance of high-percentage WMRA binders
can satisfy the requirements of pavement.
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Figure 28: Nf at applied strain level of 1% for various asphalt binders.
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Figure 29: Nf at applied strain level of 3% for various asphalt binders.
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Figure 30: Nf at applied strain level of 5% for various asphalt binders.
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4. Conclusions
Based on the observations and analyses from this study, the
main conclusions can be drawn as follows:
(1) The addition of WMA additive R reduced the antideformation property of asphalt binders, and the
viscoelasticity of RAP-R binder changed remarkably
before aging, while the addition of WMA additive M
had little impact on the rheological property of asphalt
(2) Regardless of whether subjected to long-term aging
or not, the RAP binder content had no signiﬁcant
eﬀect on the rheology property of WMRA binders. It
presents a bad ﬁtting of phase angle using 2S2P1D
model, especially for the RAP-R binder with 50% and
70% RAP binder contents
(3) The performance of low-temperature crack resistance of recycled binders was reduced comparing
with the 90# base asphalt, due to the addition of RAP
binder. The low-temperature performance of the
three types of recycled binders was ranked as RAP-R
binder > RAP-M binder > control binder
(4) It should be noted that in terms of master curves of
creep compliance, with the increase of the RAP
binder content, the creep compliance changed
slightly, whereas considering the parameters analysis
of Burgers’ model, the performance of low-temperature crack resistance was reduced with the increase of the RAP binder content
(5) The antideformation property of recycled binders
was enhanced with the addition of RAP binder. In
terms of Jnr and R at 3.2 kPa from the MSCR test, the
antideformation property and elasticity of RAP-M
binder were better than control and RAP-R binders,
while the addition of WMA additive R remarkably
lowered the rutting resistance
(6) There were both good linear relationships between
the RAP binder content of the three types of recycled
binder and Jnr or R. Furthermore, the increment of
RAP binder content of recycled binder can reduce
the unrecoverable creep compliance (Jnr ) and improve the creep percent recovery R
(7) The addition of RAP binder could not reduce the
antifatigue performance of recycled asphalt binders,
but there were diﬀerent eﬀects on the three types of
recycled asphalt binders depending on the change of
RAP binder content. The fatigue life of recycled
asphalt binders was improved with the incorporation
of WMA additives R and M, and the eﬀect of WMA
additive R was more signiﬁcant
(8) The Nf predicted-based VECD method presents a
peak value when the RAP binder content is 50% for
all the three types of WMRA binders. Therefore,
emphasis must be placed on the fact that when the
RAP content is more than 50%.

It should be mentioned that further research needs to be
carried out to explain some results obtained from this paper,
such as selecting another model to ﬁt the phase angle of
WMRA binders more accurate and exploring the components of WMA additive R to explain the WMA mechanism.
Besides, the RAP binder extracted from the milling asphalt
pavement should be recycled comparing with the conclusions of this research.
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