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Abstract: In recycled asphalt mixtures, the RAP binder often becomes stiff and brittle due to aging,
making it difficult to achieve a complete integration with the added virgin binder, which could
provide a negative impact on the long-term performance of the recycled asphalt mixtures. In an
attempt to identify the influence of the integration degree on the adhesion characteristics of virgin-
aged composite binder and the corresponding binder-aggregate system, a series of experiments,
including the modified boiling test and pull-off test and corresponding formation methods for the
binder samples with various interfusion states, were designed and carried out in the present study.
The two-layered composite binder (CB), consisting of a layer of virgin binder and a layer of aged
binder was fabricated for the experiments, and the testing results were analyzed and compared with
those of the virgin binder (VB), the aged binder (AB), and the blended binder (BB). The thermostatic
treatments with various durations were subjected to the binder samples to attribute them with various
integrations, and the wetting conditioning was also imposed on them to introduce the impact of
moisture erosions. The rheological properties, creep recovery capacity, and fatigue resistance of the
binders were first investigated based on a dynamic shear rheometer. The adhesion characteristics
and failure behaviors of the binder-aggregate system were furthermore explored with the modified
boiling test and pull-off test, and the percentage of residual binder (%_residual binder), pull-off test
strength (POTS), and moisture damage index (MDI) were adopted to assess or quantify their adhesion
characteristics and moisture susceptibility. The results found that the rheological properties and creep
recovery capacity of the CB were similar to those of the VB, and its fatigue life exhibited an increasing
trend with the extension of the thermostatic-treatment duration. In contrast to the modified boiling
test, the pull-off test was more effective at evaluating the integration and distinguishing the failure
behaviors of the binder-aggregate system. As the thermostatic-treatment duration prolonged, the
interfusion between the virgin and the aged binder was facilitated, the cohesion within the binder
and the adhesion between the binder and the aggregate was also enhanced, and thus the adhesion
performance and moisture-damage resistance of the system were improved.

Keywords: virgin-aged composite binder; adhesion characteristics; moisture susceptibility; modified
boiling method; pull-off test

1. Introduction

The usage of recycled asphalt mixtures could consume a large amount of reclaimed
asphalt pavement (RAP) material, which has the major advantages of saving resources,
protecting the environment, reducing costs, and improving economic efficiency [1–4]. How-
ever, the presence of RAP may lead to large uncertainties and deviations in the performance
of recycled asphalt mixtures. The influence of the RAP binder on the performance of the
final designed recycled mixtures is not yet clear due to multiple factors such as the in-
tegration degree between the aged binder and virgin binder, the use of the rejuvenator,
its compatibility with the aged binder, the mixing temperature and mixing time, and so
on [4–6]. Therefore, a more profound study related to the effect of RAP (especially the
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aged binder in the RAP) on the long-term performances of recycled mixtures are of great
significance.

Moisture susceptibility is one of the crucial issues with great concern for recycled
asphalt mixtures. In general, moisture could deteriorate the adhesion between the asphalt
binder and aggregates, and the cohesion of the asphalt binder could be negatively affected
by the erosion of water especially if the binder has already suffered the aging process, which
consequently leads to the functional degradation of the asphalt mixture of the pavement,
showing loosening, stripping, cracking, and raveling [6–8]. Many studies have found that
the addition of RAP could increase the water sensitivity of recycled mixtures [9]. The
aged binder in RAP with high stiffness exhibits a relatively high cracking potential, which
made it easier for water to penetrate into the mixtures containing RAP and deteriorate
the cohesion of the asphalt binder and its adhesion to aggregates [10–12]. However, some
research has suggested that the moisture-damage resistance of mixtures could be enhanced
to some extent with the incorporation of RAP due to the increased adhesive strength of the
aged binder [13,14]. For example, Fakhri et al. [14] showed that the usage of RAP and nano-
clay had a beneficial effect on both crack and moisture stability of warm mix asphalt (WMA)
mixtures. By using the surface free energy method, Ghabchi et al. [15] found that RAP
could increase the acidic component of the regenerated binder, and the moisture-damage
resistance between the regenerated binder and various types of aggregates was improved
as the content of RAP increased. In general, the conclusion is remains controversial with
regards to the influence of RAP on the moisture stability of recycled asphalt mixtures.
Therefore, it would be essential to further understand the performance of regenerated
binders containing a RAP binder (aged binder) in the presence of moisture, and quantify
the impact of interfusion quality of virgin and aged asphalt binders on the moisture
susceptibility of recycled mixtures.

Caro [16,17] provided a comprehensive analysis of the definition, identification, and
research methods of moisture damage, and a detailed summary of the mechanisms, char-
acterization, and modeling of moisture damage was also proposed in the study. It was
reported that moisture damage generally occurs in two steps: firstly, the moisture in liquid
or vapor state penetrates into the asphalt mixture and reaches the interface of binder-
aggregate; then, the internal structure of the mixture changes due to the intrusion and
erosion of the moisture, resulting in an insufficient adhesion and cohesion for the sys-
tem. As well known, the cohesion of asphalt binder and the adhesion of asphalt binder
to aggregates are the crucial factors determining the moisture-damage resistance of the
asphalt mixture. Therefore, the evaluation of the cohesion and adhesion characteristics
of the regenerated binder could be used to evaluate the magnitude of moisture-damage
resistance for the mixture.

For recycled asphalt mixtures, a destruction of the RAP aggregate and hardening
of the RAP binder could lead to inadequate adhesion properties of the binder-aggregate
system. Currently, most of the experimental studies in this regard have been conducted by
mixing the aged and virgin binders (or rejuvenator, if needed) thoroughly and assuming
that a complete integration has been researched between them [15,18]. Obviously, this is
consistent with the actual situation in the plant. In recycled mixtures, the aged binder and
virgin binder coated on aggregates is hard to reach a fully interfusion state, even if they
have been mixed with sufficient time. This could produce a non-negligible effect on the
adhesion and bonding between the asphalt binder and aggregates in the recycled mixtures,
which, in turn, affects the long-term performance of the recycled mixtures, especially the
moisture susceptibility. Many studies have been presented on the interfusion efficiency
and integration degree of the aged and virgin binders, but the adhesion properties and
moisture-damage resistance of the regenerated binders considering the effect of integration
degree between the aged and virgin binders need to be further explored.

There are many methods for the evaluation of the adhesion characteristics of asphalt
binder to aggregates. The boiling method and water-immersion method are the most
widely employed ones. The boiling method involves the immersion of asphalt-coated
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aggregate particles in slightly boiling water for 3 min and the percentage of the stripping
area for the asphalt film wrapped on the aggregate was observed for the evaluation. This
method is simple and practicable but features a lot of limitations. For instance, it is difficult
to control the boiling condition accurately as the water has to be maintained at a slight
boiling condition and no boiling bubbles is allowed during the process. In addition, the
estimation based on artificial recognition is highly subjective and the quantitative results
also lack precision. Accordingly, some researchers have suggested that the modified boiling
method is more applicable be used instead of the boiling method [4,19], in which the water
was maintained at a full boiling condition, and the impact of water on the binder-aggregate
system was intensified. The duration for the asphalt film is all stripped or the mass loss
of the asphalt film after boiling for a certain time is adopted to evaluate the adhesion
properties between the asphalt binder and aggregate.

The pull-off test method is also widely used for the investigation of adhesion per-
formance of asphalt binder to aggregates. Moreover, based on the principle of pull-off
test, the binder bond strength (BBS) test specified in the AASHTO TP 91 [20] is used to
evaluate the bond strength between asphalt binder and aggregates. Many studies have been
reported using the pull-off test and shearing test to analyze the adhesion characteristics
of asphalt-aggregate systems [21–23]. Compared to the other methods, Gan [24] pointed
out that the pull-off test method could visually reflect the true adhesion strength with the
advantages of simple and easy operations. Other studies [25,26] have also shown that the
pull-off test is easy to observe and it could be used to determine the failure state of the
asphalt-aggregate system by recording the magnitude of the bond strength. Considering
the effect of aged asphalt and aggregates in RAP, Yan et al. [27] used the coating treatment
to simulate the RAP aggregate state and evaluated the adhesion of fresh asphalt binder
to RAP aggregate by BBS test. It was found that there was always cohesive damage in
the diffusion zone and a significant reduction in bonding strength after water immersion
treatment. The same method has been used by Cardone et al. [28] to prepare the artificial
RAP aggregate substrate and tested its adhesion to the emulsified asphalt and asphalt
mastic. The results showed that the adhesion failures were observed dominantly with
or without the water-immersion treatment when asphalt mastic was used. But when the
pure emulsified asphalt binder was used, the failure state was changed with the water
immersion treatment. In addition, the bond strength may be reduced or increased after the
water immersion treatment. Similar studies have been carried out by other researchers [29],
but the effect of the integration degree of the virgin binder and the RAP binder on the
adhesion characteristics was not discussed.

It is clear that, according to the previous researches discussed above, the integration
states between the virgin binder and the aged binder exhibit significant influence on the
performances of the composite binder and the adhesion characteristics of binder-aggregate
system. An experimental study based on specially designed sample preparation methods
considering various treatment conditions for the samples were performed, herein, to
investigate the adhesion characteristics of the virgin-aged composite binders and the
binder-aggregate system.

2. Objective and Scope

The main objective of this study was to investigate the effect of the interfusion degree
between the virgin binder and aged binder on adhesion characteristics to aggregates. To
achieve this goal, two-layered composite samples made with a layer of virgin binder and
a layer of aged binder were fabricated and treated under a thermostatic condition with
various durations to obtain different integration degrees between the composite binders.
The dynamic shear rheometer (DSR), multiple stress creep recovery (MSCR), and linear
amplitude sweep (LAS) tests were performed to understand the fundamental properties
and mechanical performances of the binders, and the modified boiling tests and pull-off
tests were conducted to investigate the adhesion characteristics of the binder-aggregate
system.
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3. Materials and Sample Preparation
3.1. Materials

The experimental materials used in the study include the aged binder (RAP binder),
the RAP aggregate, the virgin binder, the virgin aggregate (new aggregate), and rock (the
substrate for pull-off test). The RAP was sampled through a milling process from the
surface layer of a highway in Hunan, China, and the aged binder was extracted from the
RAP mixture through the centrifuge extraction and rotary evaporation methods (Figure 1).
The DLC-5 Asphalt Extractor was produced by Meiyu Instrument Technology Co., LTD,
Shanghai, China, and the RV-211A Evaporator was produced by Yihen Yiqi Co., LTD,
Shanghai, China The virgin binder is a commonly used SBS modified asphalt binder
provided by Hunan Baoli Asphalt Co., LTD, Changsha, China. The fundamental properties
of the binders are presented in Table 1.

Figure 1. Extraction process of aged binder from RAP.

Table 1. Fundamental properties of asphalt binders.

Properties Unit Virgin Binder Aged Binder

Penetration (25 ◦C, 100 g, 5 s) 0.01 mm 55.6 23.5
Ductility (5 cm/min, 5 ◦C) cm 30.2 5

Softening point ◦C 78.9 86.3
Kinematic viscosity (135 ◦C) Pa·s 1.98 -
Elastic recovery (25 ◦C, 10) % 95 -

Residue after RTFOT

Mass loss % 0.024 -
Penetration ratio (25 ◦C) % 75 -

Ductility (5 cm/min, 5 ◦C) cm 17.2 -

The virgin aggregate and RAP aggregate used for the modified boiling test and the
rock substrate used for the pull-off test are all basalt, as shown in Figure 2.

Figure 2. Aggregates and rock substrate for testing. (a) aggregate; (b) rock substrate.
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3.2. Sample Preparation and Pretreatment

There are four formations of binders used for the study: the virgin binder (VB), the
aged binder (AB), the blended binder (BB), and the composite binder (CB), shown in Table 2.
The virgin binder and the aged binder are the new SBS binder and the old binder extracted
from the RAP, respectively. The blended binder was obtained by mixing the virgin binder
and the aged binder thoroughly with a mass ratio of 1:1 at a high temperature, which could
be considered as a uniform mixture that is often referred to as rejuvenated binder. The
composite binder is a two-layered combination made with a layer of virgin binder and
a layer of aged binder, which was used in the study as a simulation for considering the
various integration degrees between the virgin binder and aged binder.

Table 2. Various formations of binders considered in the study.

Binder Type Formation Schematic Description

Virgin binder (VB) New SBS asphalt

Aged binder (AB) Extracted from RAP

Blended binder (BB) A mixture of virgin and aged binders

Composite binder (CB) A two-layered combination of virgin
binder and aged binder

For the fabrication of the composite binder sample, the virgin and aged binders were
first separately poured into a cylindrical rubber mold with 25 mm in diameter and 1 mm in
thickness. After the binders were hardened, the virgin binder sample was stacked on top
of the aged binder sample and placed in a rubber mold with 2 mm in thickness (Figure 3)
to form the composite sample.

Figure 3. Preparation of virgin-aged composite sample. (a) rubber molds; (b) composite sample.

The thermostatic treatment was performed by preheating the samples in an oven for a
certain duration, to attribute the composite binder (CB) with various integration degrees.
After the treatment, the composite sample with different degrees of integration in the
interfusion zone was achieved. In order to accelerate the interfusion between the virgin
binder and the aged binder and, meanwhile, prevent the binders from aging, 120 ◦C was
selected for the thermostatic treatment, and the duration was set to 0, 20, 40, 60, 90, 120,
and 150 min for the samples.

Drying and wetting conditioning were also carried out on the samples used for
the modified boiling and pull-off tests to reveal the impact of moisture on the adhesion
properties of the binder-aggregate system. For the drying conditioning, the samples were
placed in a dry environment around 20 ◦C for 24 h, and an immersion of samples in a water
bath at 40 ◦C for 24 h was followed for the samples with wetting conditioning.
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4. Methodology and Experiments
4.1. Tests for Fundamental Properties

Temperature-frequency sweep tests were conducted using the dynamic shear rheome-
ter (DSR, SmartPave 102, manufactured by Anton-Paar Inc., Ashland, VI, USA) to investi-
gate the rheological characteristic of the binders. To ensure that the binder samples were
tested within the liner viscoelastic (LVE) limits, a strain level of 1% was maintained for
the tests. The test temperature was designed from 10 to 70 ◦C with an interval of 10 ◦C,
and the sweep frequency was 0–30 Hz. The multiple stress creep recovery (MSCR) tests
and the linear amplitude sweep (LAS) tests were also performed based on the DSR to
explore the creep recovery property and fatigue resistance of the binders at 64 ◦C and 25 ◦C,
respectively.

4.2. Modified Boiling Test

Based on the conventional boiling method, a modified boiling test was employed
for the evaluation of the adhesive performance of the asphalt-aggregate system. During
the test, the sample was boiled in the water at a full boiling condition in 2 h, and in this
condition, the intrusion of water on the interface between asphalt film and aggregates was
enhanced and the stripping in the sample is more prone to occur. In order to reduce the
influence of deviation in the thickness of the asphalt film on the testing results, the total
asphalt content was controlled as 5.5% to provide full and uniform covers on aggregates,
and the gradation of aggregates was maintained identical for all mixtures. The treatment
effects were considered after the preparation of samples to evaluate the time dependency
of the quality of binder coating. The samples before and after the boiling tests are shown in
Figure 4.

Figure 4. Samples before and after boiling test.

The percentage of residual binder on the aggregate was used to quantify the adhesion
performance of the binder-aggregate system, as in Equation (1), and a greater %_residual
binder usually represents a better adhesion of the binder to the aggregate.

%_residual binder =
m2 − m0

m1 − m0
× 100% (1)

where, %_residual binder is the percentage of residual binder on the sample, %; m0 is the
mass of the aggregate; m1 is the mass of the sample before boiling; m2 is the mass of the
sample after boiling.

4.3. Pull-Off Test

The adhesion characteristics between asphalt binders and aggregates were evaluated
with the bonding strength and failure states from the pull-off tests. By comparing the
changes in bonding strength and failure state before and after water immersion treatment,
the moisture susceptibility of the recycled asphalt mixture could be analyzed. In this study,
the CH-LB-02 intelligent pavement interlayer pull-off tester (manufactured by, Hunan
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Chenhao Technology Co., LTD, Hunan Province in China) was used to conduct the test.
The setups for the pull-off test are presented in Figure 5.

Figure 5. Setups for the pull-off test. (a) Schematic diagram of pull-off test; (b) Failure interface before
and after wetting conditioning.

Figure 6 demonstrates the setups of the pull-off test. The cylindrical sample with
a height of 25 mm and a diameter of 70 mm was cored and cut from a rock used as the
substrate, and the surface of samples was roughened with sandpapers to enhance the
adhesion. The aged binder, virgin binder, and blended binder were heated and molded
into thin slices with 50 mm in diameter, while the aggregate substrate and pull-stub were
heated in an oven at 170 ◦C for 1 h. The aged binder and virgin binder were placed on the
aggregate substrate and pull-stub, respectively. A copper coil with 0.2 mm in diameter was
placed on top of the substrate to ensure the thickness of the binder sample was controlled as
0.2 mm. The pull-stub was then pressed onto the substrate, and at that time the aggregate
block and pull-stub were both at a sufficiently high temperature to soften the binder, and
the excess binder was squeezed out by applying sustained pressure. Hence, a virgin-aged
composite binder-aggregate sample with a film thickness of 0.2 mm was produced for the
pull-off test, as shown in Figure 6c.

Prior to testing, the thermostatic treatment and wet conditioning were subjected to the
binder samples by placing them in an oven at 120 ◦C for a certain duration and immersing
them in the water with 40 ◦C in 24 h, as specified previously. After the pretreatments on the
samples, the aggregate substrate was glued to a stable base and the samples and pull-stub
were then mounted on the pulling device, as shown in Figure 6e. After initiating the test, the
device applied a loading rate of 10 kPa/s for the test and recorded the data automatically.
The testing parameters and corresponding treatment and conditioning methods for the
binders are summarized in Table 3.
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Figure 6. Main procedures for the pull-off test. (a) Samples of binder and aggregate; (b) Placement
of binder sample; (c) The sample of binder-aggregate system; (d) Sample conditioning; (e) Sample
installation; (f) The testing process.

Table 3. Test parameters and pretreatment methods for the samples.

Test Objective
Thermostatic Treatment Conditioning

Test Setting
Temperature Duration Dry Wet

DSR Rheological
characteristics

120 ◦C
0, 20, 40, 60, 90,

120, 150 min

Not
applicable

Not
applicable

10–70 ◦C,
0–30 Hz

MSCR Creep resilience 64 ◦C
LAS Fatigue resistance 25 ◦C

Modified
boiling test Moisture susceptibility 24 h in air at

20 ◦C
24 h in water

at 40 ◦C
Full boiling

Pull-off test Adhesion performance 20 ◦C

The pull-off test strength (POTS), which is the ultimate tensile strength obtained
from the test, was used to characterize the bond strength between asphalt binder and
aggregate. In conjunction with POTS and the type of interfacial damages (failure states),
the effect of the thermostatic treatment duration on the adhesion performance of the virgin-
aged composite binder-aggregate system could be derived. The residual strength ratio
after water-immersion conditioning was defined as the moisture damage index (MDI) to
characterize the water damage resistance of asphalt-aggregate system [30]. The POTS and
MDI were calculated according to the following equations.

POTS =
F

π
4 d2 (2)

MDI =
POTSwet

POTSdry
× 100 (3)

where, POTS is the ultimate tensile strength, MPa; F is the maximum tensile load, N;
d is the diameter of the pull-stub, d = 50 mm; MDI is the moisture damage index, %;
POTSdry and POTSwet are the ultimate tensile strength before and after water immersion
conditioning, MPa.
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5. Results and Discussions
5.1. Fundamental Performances of the Binders
5.1.1. Rheological Properties

The master curve of the modulus (phase angle) of the binder, which describes the
rheological properties of the asphalt material, can be obtained by the Time-Temperature
Superposition (TTS) principle. In a complex shear modulus (phase angle)-frequency dia-
gram, a selected test temperature was taken as the reference temperature, and the curves
measured at other temperatures were shifted towards the curve at reference temperature to
construct the viscoelastic master curve over a wider temperature range or a wider frequency
range. The WLF empirical formula was used to determine the shift factor of the curve for
each temperature, as in Equation (4).

lgαT =
−C1(T − Tr)

C2 + (T − Tr)
(4)

where, T and Tr is test temperature and reference temperature, respectively, ◦C; C1 and
C2 are constants related to material properties and can be derived by fitting to experimen-
tal data.

In this study, 40 ◦C was selected as the reference temperature to build the master curve.
As illustrated in Figure 7, the virgin-aged composite binder (CB) was taken as an example,
when the shear modulus |G*| was given a certain value, for each curve the corresponding
frequency value could be obtained according to the curve variation law, and thus the shift
factor at the reference temperature (40 ◦C) could be calculated. The shift factors for each
curve from 10 ◦C to 70 ◦C were 2.414, 1.451, 0.661, 0, −0.785, −1.479 and −2.070. The
results were fitted by WLF formula, as shown in Figure 8, which reveals that the shift
factors were well correlated with the temperature, and the constants C1 and C2 were 37.2
and 503.3, respectively. Similarly, shift factors and master curves for other binder samples
could be obtained.

Figure 7. Shear modulus vs. frequency.
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Figure 8. Shift factor-temperature.

The master curve of shear modulus and the phase angle of binders are shown in
Figure 9. The modulus of binders gradually increased with the increasing frequency. At the
same frequency, the modulus of AB was the highest, followed by the BB, and the VB, while
the moduli of CB with various treatment durations all fell in between the VB and BB. In the
low frequency region, more noticeable difference could be observed between the moduli of
the binders, while the difference became smaller in the high frequency region. Theoretically,
when the frequency increases to a certain level, the modulus would not keep increasing
with the frequency, but tend to reach a constant value, which is the glassy modulus. It could
be inferred from the results that the glassy modulus of AB was smaller than that of other
binders, while the glassy modulus of VB, BB and CB were relatively close to each other. The
differences between the results of CB at various thermostatic durations were insignificant,
and ranged between the VB and the BB. The phase angle of AB and BB decreased gradually
with the increasing frequency. Parabolic curves, which first increase, then decrease, were
observed for the VB and CB varying with the increased frequency, and the phase angles of
CB were basically lower than that of VB. The master curve of the phase angle of CB did
not show a significant pattern with the various thermostatic treatment durations, which is
similar to the results of the modulus.

Apparently, from the results of DSR, the effect of extending the thermostatic-treatment
duration on the rheological properties of the virgin-aged composite binder was insignificant
at 120 ◦C for the range from 0 min to 150 min. This was possibly due to the fact that
the thickness of the virgin binder and the aged binder film (both 1 mm) in the laboratory
experiments was too thick compared to the actual practice (lower than 10 µm), and although
the interfusion between the virgin binder and the aged binder has been generated, the
degree of integration was relatively low, and the aged binder in the lower layer behaved
like the “fixed bottom plate” due to its relatively high stiffness. In this case, due to the
limitations of the test method, the rheological properties of the virgin-aged composite
binder were more dominated by the virgin binder.
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Figure 9. Shear modulus and phase angle of various binders. (a) Master curve of shear modulus;
(b) Master curve of phase angle.

5.1.2. Creep Recovery Capacity

As illustrated in Figure 10, the percent recovery, R, and non-recoverable creep com-
pliance, Jnr, of the binders were obtained from the MSCR tests. The R3.2 represents the
percent of elastic recovery at 3.2 kPa calculated by the ratio of recoverable strain to unrecov-
erable strain, and it reflects the recovering capacity of the binders after being subjected to
loads or stresses. The Jnr3.2 is the non-recoverable creep compliance at 3.2 kPa calculated
by unrecoverable strain and applied stress, and the lower the Jnr3.2, the stiffer and the
better rutting resistance of the binder. With the extension of the duration of thermostatic
treatment, the creep recovery capacity of the CB gradually decreased, but the reduction
was insignificant. The creep recovery capacity of CB was overall similar to that of VB, but
much higher than that of the AB and BB. The creep recovery capacity of CB under various
thermostatic treatment durations was about 4.5 times as that of AB and about 2.3 times
as that of BB. The non-recoverable creep compliance of CB fluctuated between 0.07 and
0.11 kPa−1, which was slightly less than that of VB, but much lower than that of the AB
and BB.

Figure 10. Results from MSCR tests for various binders. (a) R3.2; (b) Jnr3.2.
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In terms of those results, it was observed that the creep deformation and recovering
capacity of the CB were mainly determined by the virgin binder and the binder in the
interfusion zone between the virgin binder and the aged binder, to some extent. Obviously,
if the construction process is not well controlled in the actual practice, it is possible that the
integration degree between the virgin binder and the aged binder would be inadequate
and the aged binder does not interfuse well with the virgin binder. In this case, the role of
the RAP in the recycled mixtures is more like a “black stone” with a poor adhesion to the
virgin binder.

Based on the specification of AASHTO R 92-18 [31] and some references [12,32], the
curve of R versus Jnr could be used to identify the elastic characteristic of the binder. If
the results of R3.2 versus Jnr3.2 fall above the curve, the binder is considered to have a
significant elastic response for the associated value of creep, indicating that the binder
has been successfully enhanced and its elastic characteristic has been improved. In terms
of the results illustrated in Figure 11, the results of CB were very close to that of the VB,
implying that the virgin-aged composite binder exhibited similar elastic properties as the
virgin binder, which is consistent with the results from the DSR and MSCR tests, whereas,
the results of BB and AB fell below the curve (beneath the red-dash line in Figure 11),
and correspondingly they displayed relatively weaker elastic characteristics. Furthermore,
with the extension of the thermostatic-treatment duration (from 0 min to 150 min), the
results of CB gradually moved downwards, which manifests that the gradual increasing of
the integration degree between the virgin binder and the aged binder would lead to the
reduction of elasticity of the whole composite binder, but the integration degree was still
much lower than the completely miscible state, as in the BB.

Figure 11. The results of R3.2 vs. Jnr3.2.

In this study, we expected to obtain different interfusion degrees of virgin-aged com-
posite binder through various thermostatic treatment durations and establish a connection
between the interfusion degree and the adhesive performance or moisture-damage re-
sistance. However, the DSR and MSCR tests showed no significant differences in the
rheological properties and creep recovery capacity of virgin-aged composite binder at
various durations. In fact, in the plant production, the thickness of asphalt film is usually
below 10 µm, where the interfusion state between the virgin binder and aged binder has
a significant impact on its performance. However, the binder sample used in the DSR
tests (1 mm aged binder + 1 mm virgin binder) was too thick, compared to plant practices
in which, although integration and diffusion occurred at the contact surfaces during the
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thermostatic treatment, the interfusion zone was insignificant in relation to the thickness of
the two-layered composite binder sample, as shown in Figure 12. During testing, the lower
layer (RAP binder) played a role of a “fixed plate or hard plate” in part due to its higher
stiffness. The properties exhibited by the samples, at this point, were basically determined
by the upper layer (virgin binder), and no significant difference could be observed on the
properties of the binder samples in the effect of the thermostatic treatment process. This
implies that the DSR test could not effectively recognize and differentiate the integration
state of the composite binder samples, nor could it recognize the effect of the thermostatic
treatment on the interfusion degree between the two layers of binders.

Figure 12. Schematic diagram of the composite binder in the DSR test. (a) two-layered composite
binder; (b) Schematic diagram of DSR test.

5.1.3. Fatigue Resistance

Figure 13 illustrates the fatigue life, Nf, of the asphalt binders at 2.5% strain level from
the LAS test. It can be observed that the fatigue resistance of AB was much lower than
that of the other binders due to the hardening and the reduction of resilience induced by
the aging of the material. The fatigue life of BB was in between that of the VB and AB,
which manifests a relatively intermediate state of the binder being integrated. However,
the fatigue life of CB with thermostatic treatments (from CB-0 min to CB-150 min) were all
in between the AB and BB, and in general showed a tendency to increase with the increased
treatment duration. This suggests that by promoting the interfusion between the virgin
binder and aged binder through the thermostatic treatment, the fatigue resistance of the
virgin-aged composite binder could be improved to some extent, and the higher the degree
of integration, the longer the fatigue life of the composite binder.

Figure 13. Fatigue life of binders at 2.5% strain level.
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5.2. Adhesion Characteristics of Aggregate-Binder
5.2.1. Results from Modified Boiling Tests

The results from the modified boiling test are presented in Figure 14. The %_residual
binder values for the virgin aggregates were overall higher than those of the RAP aggregates,
which implies that the virgin aggregates exhibited better bonding performance to the
asphalt binder under the action of water damages. Due to the variability of RAP materials,
the coefficient of variation for the results of RAP aggregate was much greater than those
for virgin aggregate. It was clear that although the same rock was used for testing, both
basalts, the virgin aggregate exhibited stronger bonds with the asphalt binders with lower
variabilities.

Figure 14. Results from the modified boiling tests.

The AB exhibited better adhesion performance to the aggregates than those of the
VB and BB. This is because the asphalt binder that has undergone aging, on the one hand,
the average molecular weight and viscosity of the binder increased due to the increased
content of asphaltene and pectin, which results in an enhanced cohesive strength of the
asphalt binder itself. On the other hand, the aged binder contains more asphaltene; thus,
the number of hydrogen bonds between the binder and the silicon dioxide increased,
which could furthermore strengthen the interaction between the aged binder and siliceous
aggregate.

In the production of recycled asphalt mixtures, the asphalt coated on the RAP ag-
gregate was a compound of virgin and RAP binder. Therefore, a combination of RAP
aggregate and virgin-aged composite binder was selected for the boiling test to explore
the moisture susceptibility of the binder-aggregate system (Figure 15). It was observed
that the CB samples with a certain duration of the thermostatic treatment (from the CB-20
min to CB-150 min) presented a higher than those without the thermostatic treatment (the
CB-0 min, BB, AB, and VB). The overall trend of increasing %_residual binder value for
CB with increasing the thermostatic treatment duration indicated that the thermostatic
treatment was beneficial in improving the adhesion properties.

Furthermore, it is worth mentioning that the stripping of the asphalt film usually did
not occur on the binder-aggregate interface, due to the softening of the asphalt binder
under high temperature and the divulsion of sustaining boiling bubbles during the testing
process. This also reveals that the boiling method, to some extent, has a lack of accuracy
and validity in regard to the evaluation of the adhesion performance between asphalt
binder and aggregate.
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Figure 15. Results of binders-aggregate system with various thermostatic treatments.

5.2.2. Failure Behaviors of the Binder-Aggregate System

As shown in Figure 16, there are four typical debonding failure states of binder-
aggregate system in the pull-off tests: cohesive failure (denoted as C), adhesive failure
(denoted as A), rock failure (denoted as R), and hybrid failure (denoted as C/A or C/B).

Figure 16. Various failure states of asphalt-aggregate system. (a) schematic diagram of various failure
states; (b) various failures observed from tests.

The results of pull-off tests for all samples were summarized in Table 4. It was noticed
that the binder-aggregate system mainly suffered cohesive failure and hybrid failure in
dry conditions. In contrast, the hybrid failure and adhesive failure mainly occurred for the
samples that had suffered water-immersion conditioning. This confirms the conclusion
that water invasion could deteriorate the bonding strength of the asphalt binder to the
aggregate due to the better affinity of the aggregate to water; thus, the failure state would
be more inclined from cohesive failure to hybrid failure and adhesive failure. This was
consistent with the findings in Moraes et al. [25,27]. In addition, occasionally if there was
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damage on the surface of the rock substrate, the rock failure or hybrid failure could be
observed partially on the bonding interface between the aggregate and the binder.

Table 4. Summarized results from pull-off tests.

Binder Type Thermostatic
Treatment

Drying Conditioning Wetting Conditioning

POTS

Failure State

POTS

Failure StateAverage
(MPa)

Cov
(%)

Average
(MPa)

Cov
(%)

Virgin binder (VB) - 1.51 3.07 C 1.38 9.26 C/A

Aged binder (AB) - 2.76 2.10 C/R 2.54 2.25 C/A

Virgin-aged
composite binder

(CB)

0 min 1.67 6.14 C 1.17 7.10 A
20 min 1.96 1.44 C 1.42 7.06 A
40 min 2.23 4.48 C 1.72 2.58 C/A
60 min 2.28 1.28 C/A 2.25 0.94 C/A
90 min 2.37 3.37 C/A 2.38 1.83 C

120 min 2.51 0.51 C 2.54 2.25 C
150 min 2.65 3.41 C 2.69 3.59 C

Blended binder (BB)

0 min 1.80 3.90 C/A 1.64 5.49 C/A
20 min 2.08 2.65 C/A
40 min 2.27 6.58 C/A
60 min 2.53 1.29 C
90 min 2.56 8.54 C

120 min 2.61 4.26 C
150 min 2.65 4.29 C

5.2.3. Adhesion Characteristics and Moisture-Damage Resistance

The bonding strength obtained from pull-off tests (POTS) for binder-aggregate samples
without thermostatic treatment are shown in Figure 17. In the dry condition, the AB
exhibited a higher POTS than the BB and CB binders due to the increased internal cohesion
of the asphalt binder and enhanced adhesion of the binder to the aggregate induced
by aging, which is consistent with the results reported in the references [27,30,33]. The
bonding strength of CB was in-between the virgin binder and aged binder due to the
common influence of the virgin binder and the aged binder.

Combined with the failure states listed in Table 4, it was found that after the water-
immersion conditioning, the adhesion strength of the binder to the aggregate was impaired
and more hybrid failures could be observed in this case. The moisture damage index (MDI)
for the VB, AB, and BB was 91.61%, 91.86%, and 91.00%, respectively, whereas the MDI for
the CB was only 70.40%. Obviously, compared to the BB samples, the integration degree
between the virgin and aged binders in the CB samples was relatively lower, no matter how
long the thermostatic treatment duration is. Therefore, it could be inferred that the lower
the integration degree, the weaker the bonding connections between the virgin binder
and the aged binder. Moreover, water could intrude not only into the asphalt-aggregate
interface, but also into the virgin and aged binders’ interface, resulting in a weaker ability
of the system to resist the moisture damage. Conversely, increasing the interfusion degree
between the virgin binder and aged binder and making the binder integrated uniformly in
the transition zone could improve the moisture stability of the recycled asphalt mixture.

The thermostatic treatment could not only promote the interfusion between the virgin
and aged binder but strengthen the bonding strength of asphalt binder to aggregate. It could
be interpreted by comparing the results of the VB-aggregate samples to the BB-aggregate
samples after thermostatic treatments, as shown in Figure 18. As the components of the
virgin binder and the aged binder in the BB were mixed and distributed fairly uniform,
it could be assumed that the cohesion hardly changed with the thermostatic treatment
duration, and the increase in POTS values was mainly determined by the adhesion between
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the binder and the aggregate. With the extension of the thermostatic-treatment duration,
the bonding strength of both BB and CB increased. When the duration reached 60 min,
the growth rate of the POTS of BB was retarded, and the failure state changed mostly
from hybrid failure to cohesive failure. This implies that the adhesion between binder and
aggregate was mainly enhanced in the early stage of the thermostatic treatment, and when
the duration exceeded 60 min, the adhesion strength of the binder to the aggregate became
higher than the internal cohesion of the binder, and after that the bonding strength for the
system was then mainly determined by the cohesion of the binder. The cohesive strength
of CB was enhanced more significantly by the continuous thermostatic treatment than the
BB. With the extension of treatment, the bonding strength of CB increased much faster than
that of the BB, and it became more remarkable after 60 min.

Figure 17. Results for various binder-aggregate systems.

Figure 18. Bonding strength of BB and CB binder-aggregate systems.
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The POTS and MDI results of the CB-aggregate system at various interfusion degrees
are shown in Figure 19. The POTS and MDI both gradually increased with the thermostatic
treatment from 0 min to 150 min, which proves that the interfusion degree and bonding
strength between the virgin binder and aged binder could be improved by the thermostatic
treatment. In conjunction with the failure states of the samples, in the early stage of the
thermostatic treatment (from 0 min to 40 min), the adhesion between the binder and the
aggregate was relatively weak. During the water-immersion treatment, moisture could
easily intrude into the binder-aggregate and binder-binder interfaces and undermine their
connections. When the duration was longer than 60 min, the asphalt binder and the rock
substrate could bond more tightly with the increased adhesion and it was difficult for
the moisture to invade the binder-aggregate interface. When the thermostatic-treatment
duration reached 90 min, the POTSwet for the samples after wetting conditioning were
greater than the POTSdry for the samples in drying condition, and at that time the MDI
exceeded 100%.

Figure 19. Results for CB-aggregate system under various treatment durations.

Based on the above analysis, it could be concluded that the thermostatic-treatment
duration had a great influence on the interfusion degree between the virgin and the
aged binders as well as the bonding strength (including adhesion and cohesion) of the
binder-aggregate system, which further effected its moisture susceptibility. Extending the
thermostatic-treatment duration could simultaneously improve the cohesion and adhesion
of the binder-aggregate system and enhance its ability to resist moisture damage. Given this,
it was suggested that in the actual practice the mixing time of the recycled asphalt mixture
could be suitably prolonged to obtain a better integration for the materials, or a certain
pre-fusion time could be provided for a part of the virgin asphalt or regenerating agent
(if needed) to infiltrate into the RAP before the mixing process, such as set an atomizing-
spray system in the RAP storage silo to moisture the material with the virgin binder or
regenerating agent.

6. Conclusions and Recommendations

In this study, an experimental investigation was conducted on the adhesion charac-
teristics and moisture susceptibility of the virgin-aged composite binder and the binder-
aggregate system. Based on the results, the following conclusions can be drawn:
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(1) The modulus of AB (aged binder) was much higher than that of the BB (blended
binder) and VB (virgin binder), while the moduli of CB (virgin-aged composite binder) with
various treatment durations all fell in between the VB and BB. No apparent difference could
be observed on the rheological and creep properties of the CB with various thermostatic-
treatment durations. The creep recovery capacity of CB was overall similar to that of VB,
but much higher than that of the AB and BB. The fatigue resistance of AB was much lower
than that of the other binders due to the aging. The fatigue life of CB with thermostatic-
treatment durations were in-between the AB and BB, and in general showed a tendency to
increase with the increased treatment duration.

(2) The bonding performance between the virgin aggregate and the binders was better
than that of the RAP aggregate, whereas the adhesion of the aged binder (RAP binder) to
the aggregate was stronger than that of the virgin binder. However, the modified boiling
test was not so convincing as to distinguish the difference in adhesion for the CB binders
under various interfusion degrees. For the aggregate coated with CB, the thermostatic
treatment could promote the interfusion between the virgin binder and aged binder, as
well as the adhesion of the binder to the aggregate.

(3) The bonding strength and the moisture damage index obtained from the pull-off
tests were effective to reflect the adhesion characteristics and moisture susceptibility of the
binder-aggregate system. With the extension of the thermostatic-treatment duration, the
integration degree between the virgin binder and the aged binder in the CB was facilitated,
and the cohesion of the asphalt binder and the adhesion between the binder and the
aggregate could be both enhanced to some extent. There were four failure states of the
binder-aggregate system observed in the tests, and the failure state changed along with the
variation of cohesion and adhesion and affected by the actions of moisture.

Author Contributions: Conceptualization, H.W. and Y.Z.; methodology, S.X. and Y.Z.; validation,
H.W.; writing—original draft preparation, H.W., S.X. and Y.Z.; writing—review and editing, W.S. and
S.B.; supervision, H.W.; funding acquisition, H.W. and W.S.; resources, Y.Z. and S.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Grant No.
51778638 and 52008405) and Natural Science Foundation of Hunan Province (Grant No.: 2021JJ30845
and 2020JJ5744), and Science and Technology Progress and Innovation Program of Hunan Provincial
Department of Communications (Grant No.: 202110).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data, models, and codes generated or used in this study are
included in the submitted manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xiao, F.; Su, N.; Yao, S.; Amirkhanian, S.; Wang, J. Performance grades, environmental and economic investigations of reclaimed

asphalt pavement materials. J. Clean. Prod. 2019, 211, 1299–1312. [CrossRef]
2. Al-Qadi, I.L.; Elseifi, M.; Carpenter, S.H. Reclaimed Asphalt Pavement—A Literature Review; FHWA-ICT-07–001; Illinois Center for

Transportation: Rantoul, IL, USA, 2007.
3. Alharbi, F.; Alshubrumi, F.; Almoshaogeh, M.; Haider, H.; Elragi, A.; Elkholy, S. Sustainability Evaluation of Cold In-Place

Recycling and Hot Mix Asphalt Pavements: A Case of Qassim, Saudi Arabia. Coatings 2022, 12, 50. [CrossRef]
4. Song, W.; Huang, B.; Shu, X. Influence of warm-mix asphalt technology and rejuvenator on performance of asphalt mixtures

containing 50% reclaimed asphalt pavement. J. Clean. Prod. 2018, 192, 191–198. [CrossRef]
5. Xu, J.; Hao, P.; Guo, X.; Li, H.; Zhang, B.; Le, C. Review of Mix Design Method of Hot In-plant Recycled Asphalt Mixture. China J.

Highw. Transp. 2021, 34, 72–88.
6. Zhan, Y.; Wu, H.; Song, W.; Zhu, L. Molecular Dynamics Study of the Diffusion between Virgin and Aged Asphalt Binder. Coatings

2022, 12, 403. [CrossRef]
7. Song, W.; Xu, Z.; Xu, F.; Wu, H.; Yin, J. Fracture investigation of asphalt mixtures containing reclaimed asphalt pavement using an

equivalent energy approach. Eng. Fract. Mech. 2021, 253, 107892. [CrossRef]

http://doi.org/10.1016/j.jclepro.2018.11.126
http://doi.org/10.3390/coatings12010050
http://doi.org/10.1016/j.jclepro.2018.04.269
http://doi.org/10.3390/coatings12030403
http://doi.org/10.1016/j.engfracmech.2021.107892


Coatings 2022, 12, 1413 20 of 20

8. Caro, S.; Beltrán, D.P.; Alvarez, A.E.; Estakhri, C. Analysis of moisture damage susceptibility of warm mix asphalt (WMA)
mixtures based on Dynamic Mechanical Analyzer (DMA) testing and a fracture mechanics model. Constr. Build. Mater. 2012, 35,
460–467. [CrossRef]

9. Zhang, Y.; Bahia, H.U. Effects of recycling agents (RAs) on rutting resistance and moisture susceptibility of mixtures with high
RAP/RAS content. Constr. Build. Mater. 2021, 270, 121369.

10. Goli, H.; Latifi, M. Evaluation of the effect of moisture on behavior of warm mix asphalt (WMA) mixtures containing recycled
asphalt pavement (RAP). Constr. Build. Mater. 2020, 247, 118526. [CrossRef]

11. Doyle, J.D.; Mejias-Santiago, M.; Brown, E.; Howard, I.L. Performance of high RAP-WMA surface mixtures. J. Assoc. Asph. Paving
Technol. 2011, 80, 419–458.

12. Xu, S.; Wu, H.; Song, W.; Zhan, Y. Investigation of the aging behaviors of reclaimed asphalt. J. Clean. Prod. 2022, 356, 131837.
[CrossRef]

13. Showkat, B.; Singh, D. Perceiving moisture damage of asphalt mixes containing RAP using survival analysis based on Kaplan-
Meier estimator and Cox proportional hazards model. Constr. Build. Mater. 2022, 320, 126249. [CrossRef]

14. Fakhri, M.; Mottahed, A.R. Improving moisture and fracture resistance of warm mix asphalt containing RAP and nanoclay
additive. Constr. Build. Mater. 2021, 272, 121900. [CrossRef]

15. Ghabchi, R.; Singh, D.; Zaman, M. Evaluation of moisture susceptibility of asphalt mixes containing RAP and different types of
aggregates and asphalt binders using the surface free energy method. Constr. Build. Mater. 2014, 73, 479–489. [CrossRef]

16. Caro, S.; Masad, E.; Bhasin, A.; Little, D.N. Moisture susceptibility of asphalt mixtures, Part 1: Mechanisms. Int. J. Pavement Eng.
2008, 9, 81–98. [CrossRef]

17. Caro, S.; Masad, E.; Bhasin, A.; Little, D.N. Moisture susceptibility of asphalt mixtures, Part 2: Characterisation and modelling.
Int. J. Pavement Eng. 2008, 9, 99–114. [CrossRef]

18. Jiménez Del Barco Carrión, A.; Carvajal-Muñoz, J.S.; Lo Presti, D.; Airey, G. Intrinsic adhesive and cohesive assessment of the
moisture sensitivity of bio-rejuvenated recycled asphalt binders. Road Mater. Pavement Des. 2019, 20, S347–S364. [CrossRef]

19. Li, X.; Gao, S.; Ye, P.; Shao, H.; Wang, C. Effect of Waterborne Epoxy Resin on Adhesion of SBR Modified Emulsified Asphalt to
Aggregate. J. Mater. Sci. Eng. 2022, 40, 116–122.

20. AASHTO. Standard Method of Test for Determining Asphalt Binder Strength by Means of the Binder Bond Strength (BBS) Test; AASHTO:
Washington, DC, USA, 2011.

21. Zhou, L.; Huang, W.; Lv, Q.; Zhang, Y.; Yan, C.; Jiao, Y. Effects of Multiple Modifiers on Adhesive and Self-Healing Properties of
Asphalt Based on Bitumen Bond Strength Test. J. Tongji Univ. (Nat. Sci.) 2021, 49, 670–679.

22. Xu, G. Study on Performance of Foamed Asphalt Cold Recycled Mixture Based on Virgin-Aged Asphalt Fusion Characteristics; Dalian
Maritime University: Dalian, China, 2019. (In Chinese)

23. Xu, Q. Multi-scale Analysis and Evaluation Method of Asphalt-Aggregate Adhesion Chongqing; Jiaotong University: Shanghai, China,
2020. (In Chinese)

24. Gan, X. The Surface Character Analysis of Bitumen and Aggregates and the Evaluation of the Adhesion Between Them; Chang’an
University: Xi’An, China, 2017. (In Chinese)

25. Moraes, R.; Velasquez, R.; Bahia, H.U. Measuring the Effect of Moisture on Asphalt-Aggregate Bond with the Bitumen Bond
Strength Test. Transp. Res. Rec. 2011, 2209, 70–81. [CrossRef]

26. Rahim, A.; Thom, N.; Airey, G. Development of compression pull-off test (CPOT) to assess bond strength of bitumen. Constr.
Build. Mater. 2019, 207, 412–421. [CrossRef]

27. Yan, C.; Huang, W.; Lv, Q. Study on bond properties between RAP aggregates and virgin asphalt using Binder Bond Strength test
and Fourier Transform Infrared spectroscopy. Constr. Build. Mater. 2016, 124, 1–10. [CrossRef]

28. Cardone, F.; Virgili, A.; Graziani, A. Evaluation of bonding between reclaimed asphalt aggregate and bitumen emulsion
composites. Constr. Build. Mater. 2018, 184, 565–574. [CrossRef]

29. Canestrari, F.; Ferrotti, G.; Cardone, F.; Stimilli, A. Innovative testing protocol for evaluation of binder-reclaimed aggregate bond
strength. Transp. Res. Rec. 2014, 2444, 63–70. [CrossRef]

30. Ingrassia, L.P.; Cardone, F.; Canestrari, F.; Lu, X. Experimental investigation on the bond strength between sustainable road
bio-binders and aggregate substrates. Mater. Struct. 2019, 52, 1–14. [CrossRef]

31. AASHTO. Standard Practice for Evaluating the Elastic Behavior of Asphalt Binders Using the Multiple Stress Creep Recovery (MSCR) Test;
AASHTO: Washington, DC, USA, 2018.

32. Liu, H.; Zeiada, W.; Al-Khateeb, G.G.; Shanableh, A.; Samarai, M. Use of the multiple stress creep recovery (MSCR) test to
characterize the rutting potential of asphalt binders: A literature review. Constr. Build. Mater. 2021, 269, 121320. [CrossRef]

33. Rajib, A.I.; Shariati, S.; Fini, E.H. The effect of progressive aging on the bond strength of bitumen to siliceous stones. Appl. Surf.
Sci. 2021, 550, 9. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2012.04.035
http://doi.org/10.1016/j.conbuildmat.2020.118526
http://doi.org/10.1016/j.jclepro.2022.131837
http://doi.org/10.1016/j.conbuildmat.2021.126249
http://doi.org/10.1016/j.conbuildmat.2020.121900
http://doi.org/10.1016/j.conbuildmat.2014.09.042
http://doi.org/10.1080/10298430701792128
http://doi.org/10.1080/10298430701792144
http://doi.org/10.1080/14680629.2019.1588778
http://doi.org/10.3141/2209-09
http://doi.org/10.1016/j.conbuildmat.2019.02.093
http://doi.org/10.1016/j.conbuildmat.2016.07.024
http://doi.org/10.1016/j.conbuildmat.2018.07.016
http://doi.org/10.3141/2444-07
http://doi.org/10.1617/s11527-019-1381-6
http://doi.org/10.1016/j.conbuildmat.2020.121320
http://doi.org/10.1016/j.apsusc.2021.149324

	Introduction 
	Objective and Scope 
	Materials and Sample Preparation 
	Materials 
	Sample Preparation and Pretreatment 

	Methodology and Experiments 
	Tests for Fundamental Properties 
	Modified Boiling Test 
	Pull-Off Test 

	Results and Discussions 
	Fundamental Performances of the Binders 
	Rheological Properties 
	Creep Recovery Capacity 
	Fatigue Resistance 

	Adhesion Characteristics of Aggregate-Binder 
	Results from Modified Boiling Tests 
	Failure Behaviors of the Binder-Aggregate System 
	Adhesion Characteristics and Moisture-Damage Resistance 


	Conclusions and Recommendations 
	References

