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Abstract: Reclaimed asphalt pavement (RAP) has been widely used in asphalt pavement. However,
the fatigue performance of hot-mix asphalt (HMA) with RAP is a critical factor to ensure durability.
In this study, fatigue tests using an Overlay Tester (OT) were conducted using a novel load-controlled
mode. RAP contents were 0, 25% and 50%, respectively. In the cyclic loading, fatigue life and energy
parameters were measured. Results indicated that RAP decreased both the fracture energy and
tensile strength. Fatigue life was determined using two methods. RAP was proved to be beneficial
in prolonging the fatigue life using the two methods at 25 °C. However, opposite conclusions were
made about the effect of RAP on fatigue life at —10 °C. At —10 °C, compared to HMA without RAP,
the cumulative dissipated energies decreased by 49.1% and 77.3% when RAP contents were 25% and
50%, respectively. At 25 °C, compared to HMA without RAP, the inclusion of 25% RAP increased
the cumulative energy by 31.1%, while 50% RAP decreased the cumulative energy by 41.2%. The
developments of the dissipated energy and the cumulative energy were consistent with the fatigue
life results determined by the first method.

Keywords: fatigue cracking; RAP; fatigue life; dissipated energy; cumulative energy

1. Introduction

Asphalt pavement occupies a dominant proportion of pavements around the world.
However, the coupled effects of traffic loading and environmental impacts could induce
many types of distress, among which fatigue cracking is a major form. For asphalt pave-
ment, fatigue cracking can be classified into two types: top-down cracking and bottom-up
cracking [1-3]. The initiation of top-down cracking and bottom-up cracking mainly de-
pends on the thickness of a pavement surface layer. Fatigue cracking is caused by a repeated
or fluctuating stress less than the tensile strength of the HMA. In most cases, fatigue crack-
ing is easier to be induced due to the generated stress by repeated traffic loading and
environmental factors being lower than the ultimate tensile strength. Fatigue cracking
could induce and accelerate the development of other distresses, such as moisture damage,
potholes, etc. It is of great significance to investigate the fatigue resistance of hot-mix
asphalt (HMA).

The fatigue resistance of a pavement is closely related to the fracture performance
of HMA. Generally, due to the viscoelastic nature of asphalt, linear fracture mechanics

Copyright: © 2023 by the authors.

Licensee MDPIL Basel Switzerland. and elastic-plastic fracture mechanics are adopted at low temperatures and intermediate

temperatures, respectively [4,5]. Stress intensity factor and J-integral are used to charac-
terize the fracture roughness in these two scenarios. In addition, fracture energy is also
commonly used to characterize the fracture resistance. As asphalt’s performance is strongly
dependent on temperature, as temperature significantly affects the fracture potential. The
effect of material properties on fracture behaviors has been clearly addressed and formu-
40/). lated by many studies. Li et al. [5] conducted statistical analysis on the influential factors
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on fracture behaviors of HMA and found that aggregate type and air void content were
significant factors. Wang et al. [6] found that crumb rubber (CR)-modified binder could
provide better fracture resistance than the unmodified binder. However, there was an
optimum CR content (20%) at which the fatigue life was larger. Guo et al. [7] investigated
the cracking performance of fiber-reinforced HMA at low temperatures. It was reported
that the addition of fiber decreased the moduli and increased the ultimate tensile strain,
and improved the fracture toughness. The effects of nano-SiO, and nano-calcium carbonate
on the fracture performance of HMA were also investigated, and generally, the addition of
the nanomaterials enhanced the fracture performance [8,9].

On the other hand, lots of reclaimed asphalt pavements (RAP) are generated during
the pavement maintenance and rehabilitation. Due to the increasingly strict environmental
regulations, it is a great challenge for authorities to dispose of this type of waste. Stockpiling
occupies land and causes environmental pollution. The application of RAP in preparing
new HMA has been proved to be a sustainable approach to consuming RAP. On the other
hand, RAP contains parts of aged binder and high-quality aggregate. The utilization of
RAP in HMA definitely benefits the conservation of natural resources and environmental
protection. However, the binder coating RAP aggregate suffers aging for a long time. The
aging effect leads to the variation of the chemical composition, leading to the increase
in toughness and brittleness of asphalt. Thus, the low cracking temperature of HMA
containing RAP is a critical concern for authorities.

Lots of studies have been conducted to evaluate the cracking resistance of HMA with
the inclusion of RAP. Song et al. [3] evaluated the effect of RAP on the mode I fracture
performance of HMA at both low and intermediate temperatures. Tests indicated that RAP
significantly undermined the low-temperature fracture resistance and increased the fracture
energy at an intermediate temperature. Although RAP deteriorates fracture resistance,
which hinders the widespread use of high-content RAP, some additives could be used
to counteract the negative effect of RAP. It should be noted that the effect of RAP on the
fracture behaviors of HMA is dependent on the RAP source [10,11]. Obaid et al. [11]
found that the RAP source had a significant effect on the fatigue cracking resistance,
especially when the RAP content was more than 30%. The addition of rejuvenator could
partially improve the fracture resistance due to the softening effect of the rejuvenator
on the aged asphalt [3,12]. The blending of RAP binder and virgin binder increased
the content of asphaltene, which was proved to have a stronger correlation with MSCR
parameters than other indicators [13]. The addition of a rejuvenator could restore the
chemical compositions. Besides the rejuvenator, warm-mix techniques were proved to
enhance the cracking resistance [14-16], which was ascribed to the fact that warm mix
additives lowered the mixing and compaction temperatures, and thus the secondary
aging of RAP binder was weakened, which could enhance the performance of HMA.
Willis et al. [17] found that the cracking resistance of HMA can be improved by increasing
the content of virgin binder when RAP was added; on the other hand, the replacement of
the original binder by a softer-grade binder could be beneficial for the cracking potential
when RAP was inclusive. Manke et al. [18] found that when the virgin PG 64-22 binder
was replaced by a novel bio-derived binder, HMA with 50% RAP could yield satisfactory
fracture resistance. Other than rejuvenator, the incorporation of fiber was proved to be
a feasible method to enhance the fracture resistance [19,20]. However, the enhancement
depends on the fiber type and fiber content. Some other studies were also conducted
to investigate the effect of the anti-stripping agent, nanomaterials, and polymer on the
cracking resistance of HMA [21,22].

The aforementioned studies were mainly about the fracture performance of HMA
with the incorporation of RAP under monotonic loading. Regarding the cracking under
fatigue loading, although some methods could be adopted, these tests are indirect methods,
or cannot present the crack propagation behaviors. The dissipated creep strain energy
(DCSEy) derived from the indirect tensile test (IDT) is an indicator presenting the fatigue
performance of HMA [23]. The larger the value of DCSE;, the higher energy restored in



Coatings 2023, 13,1318

3of 14

the mixture to resist cracking distress, namely, the better fatigue resistance of the asphalt
mixture. The four-point bending test could derive the accurate fatigue life based on the
50% stiffness-reduction method [24,25]. Luo et al. [26] developed a pseudostrain energy
approach to accurately characterize the fatigue performance by separating fatigue cracking
from permanent deformation in terms of energy consumption. Ozer et al. [1] found that the
flexibility index derived from the static IL-SCB test and the fracture energy derived from the
static disc-shaped compact tension (DCT) test correlated well with the fatigue life obtained
from the accelerated pavement test. Safaei et al. [27] established a relationship between
the fatigue of binder and the fatigue performance of HMA using viscoelastic continuum
damage modeling. The parameter, G*-sind, derived from the dynamic shear rheometer test
correlates well with the fatigue performance of a binder. A low G*-sind generally represents
a better fatigue performance. Some of the methods aforementioned are indirect, which set
up some correlations between indices and fatigue life.

Currently, the overlay tester (OT) is gaining great popularity in characterizing the
fracture behaviors of HMA under fatigue loading. The concept of the OT test was first
proposed in [28]. Zhou et al. [29] conducted the OT test to detect the crack initiation and
propagation under cyclic loading. Results indicated that OT could be used to investigate
the fracture potential of HMA under fatigue loading. Wu et al. [2] investigated the crack-
ing resistance of OGFC pavements using OT. The effects of tack coat rate and interface
contamination on fatigue cracking were quantificationally explored. Besides the fatigue
cracking resistance, OT is also commonly used to reveal the reflective cracking behaviors
of HMA [30,31]. However, the fatigue cracking test is conducted using the displacement-
controlled model. In this model, the parameter-critical fracture energy, which initiates a
crack, is more important than the dissipated energy within each loading cycle. However,
the critical fracture energy is sometimes difficult to determine since the maximum load
within the loading cycle should be determined first [32]. In the direct tensile load-controlled
model, the dissipated energy in each cycle could be directly used to analyze the fracture
behaviors, since the specimen withstands continuous tensile loads in both the loading
stage and the unloading stage. Therefore, the load-controlled model would be adopted in
this study.

The objective of this study is to investigate the fracture behaviors of HMA with
different contents of RAP under fatigue loading. Two types of tests, the monotonic test and
the fatigue test, were conducted using the OT device. Fatigue loading was applied using
a load-controlled model, which was modified from the displacement-controlled model
in the original OT test. In the monotonic test, the tensile failure strength and fracture
energy were selected to characterize the fracture resistance. In the fatigue test, fatigue life
was determined using two approaches: (1) the cycle number at the end of the OT test;
(2) the cycle number determined by the 50% modulus reduction method. Dissipated energy
in each cycle and the cumulative energy were also adopted to characterize the fatigue
damage accumulation.

2. Materials and Methods
2.1. Materials and Mixture Design

In this study, two types of binder were used, including styrene butadiene styrene (SBS)
modified binder and RAP binder. The basic properties of the two binders are shown in
Table 1. The tests in Table 1 were conducted according to the Chinese Standard (JTGE20-
2011, [33]). RAP binder was extracted from RAP using trichloroethylene. The binder
content in RAP was determined to be 4.3%. Currently, although scholars investigated the
performance of HMA with high RAP content, even up to 100%, the RAP content used in
the surface layer is still low. Therefore, RAP contents in this study were 0, 25% and 50%,
respectively. For all HMAs in this study, the optimum binder content was 6.2%, which
was determined based on the Marshall design method. The complex moduli and phase
angles of the blended binder with different contents of RAP binder were presented in
Figures 1 and 2. It can be seen that the addition of RAP binder significantly increased the



Coatings 2023, 13,1318

4 of 14

complex modulus, which was caused by the aging effect of the RAP binder. The larger
content of RAP binder, the stiffer the blended binder. The phase angle of the virgin binder
(SBS-modified binder) presented a small range of variation, fluctuating around 65° with
increasing temperature. This was due to the fact that the cross-linking exists between the
SBS modifier and the binder to ensure the viscosity and elasticity of the SBS binder. Thus,
there existed a plateau value. The phase angles of the binder with 25% RAP binder were
larger than those of the virgin binder at all temperatures. However, for the binder with 50%
RAP, when the temperature was no more than 52 °C, the phase angles were lower than
those of the virgin binder. From 56 °C, the phase angle difference between binders with
25% RAP and 50% RAP was very slight, and the phase angles increased along with the
increase in temperature. The storage modulus and viscous modulus were obtained and
shown in Figure 3. It can be seen that at all temperatures, the viscous moduli of the virgin
binder with 25% RAP were larger than those of the virgin binder.

Table 1. Basic properties of SBS-modified binder and RAP binder.

Indexes Unit Requirement of SBS Binder SBS RAP
Penetration (25 °C,100 g, 5 s) 0.1 mm 30-60 57 43.6
Ductility (5 cm/min, 5 °C) cm >20 47.5 6

Softening point °C >60 82.3 57.3
Kinematic viscosity (135 °C) Pa-s <3.0 1.98 /
Elastic recovery (25 °C, 10) % >75 95 /
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Figure 1. Complex moduli of SBS-modified binder and binders with 25% and 50% RAP.
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Figure 2. Phase angles of SBS-modified binder and binders with 25% and 50% RAP.
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Figure 3. Two parts of the modulus: (a) Storage modulus; and (b) viscous modulus.

The virgin aggregate and RAP aggregate are both limestones. RAP size varied within
the interval between 4.75 and 16 mm. The aggregate gradation, after combining the virgin
aggregate and different content of RAP, is shown in Figure 4. The RAP contents selected in
this study were 0, 25%, and 50%, respectively.

100
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—®— Gradation

80
--A - Lower limit

60

40

Percentage passing (%)

20

Sieve size (mm)

Figure 4. Aggregate gradation of all mixtures.

2.2. Overlay Tester (OT) Setup

To prepare the OT specimen, a Superpave Gyratory Compactor (SGC, Controls, Milano,
Italy) was used to compact the cylinder specimen with a diameter of 150 mm and a height
of 115 &+ 5 mm. The cylinder was then cut to the OT specimen with a length of 150 mm, a
width of 76 mm, and a thickness of 38 mm, as shown in Figure 5. Trial compaction was
conducted to determine the porosity of the specimen as 4%. The OT specimen was glued
to two steel plates. The distance between the two plates was 2 mm. The OT test setup is

shown in Figure 6.
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Figure 5. OT specimen preparation.
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Figure 6. OT test setup.

Two types of tests were conducted using the OT test devices, the monotonic test and
the fatigue test. Before the tests, specimens were cured in an environmental cabinet with
the defined temperature for 4 h. In the monotonic test, OT specimens were loaded until
fracture failure under a constant rate of 0.5 mm/min. The tensile load was obtained for
each type of specimen. Fracture energy was used to characterize the fracture resistance. It
was calculated as the ratio between the area underneath the load-displacement curve to
the ligament area, as shown in Equation (1). The fatigue test in this study was a modified
version of the displacement-controlled test specified in Tex-248-F [34], in which each cycle
composes of 5 s loadings and 5 s unloading with the maximum displacement of 0.635 mm.
In this study, a sinusoidal stress loading mode with the frequency of 1 Hz at —10 °C and
25 °C was adopted. The cyclic loading was applied using the stress-controlled model with
a stress ratio of 0.6, which means the peak load in each cycle was 0.6 times the peak load
obtained in the monotonic test (Figure 7). For the monotonic test and fatigue test, triplicate
specimens were tested.

G =W/ Ay M)

where G is the fracture energy (J/ mm?), W is the area underneath the load—displacement
curve (), and Ay is the ligament area of the specimen (mm?).

—a— (0 —0—25% RAP ——50% RAP‘ 1.50

—=—0 —e—25% RAP —— 50% RAP|

Load (kN)

1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (s) Time (s)
(a) (b)

Figure 7. Applied load in fatigue loading: (a) —10 °C; (b) 25 °C.

To determine the fatigue life, two methods were adopted in this study: (1) the cycle
number at the end of the OT fatigue test; (2) the cycle number determined by a 50%
reduction in modulus or stiffness [24,35]. The 50% modulus or stiffness reduction method
is defined as a 50% decrease in the maximum value of the stiffness or modulus. Some
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studies have indicated that the 50% decrease in stiffness or modulus is a valid failure
criterion irrespective of the test conditions used [36,37].

3. Results and Discussion
3.1. Monotonic Test Results

OT tensile strength during the monotonic test is shown in Figure 8. The tensile strength
was calculated as the ratio between the peak load and the alignment area. It can be clearly
observed that due to the visco-elastic behaviors, temperature presented a significant effect
on the strength. When the temperature increased from —10 °C to 25 °C, a remarkable
reduction in the strength can be seen for each type of specimen. On the other hand, at both
—10 °C and 25 °C, the incorporation of RAP significantly deteriorated the tensile behaviors.
Compared to the specimens without RAP, 50% RAP decreased the tensile strengths by
41.8% and 33.3% at —10 °C and 25 °C, respectively.

2.8 T T T T T T 0.9

—m—-10°C
241 | —@—25°C | L 0.8

2.0 H

N
1
T T
=3 =}
[=2) ~
OT tensile strength at 25°C (MPa)

OT tensile strength at -10°C (MPa)

1.2 T T T T T T 0.5
0 10 20 30 40 50

RAP content (%)

Figure 8. OT failure strength.

Figure 9 presents the facture energies at different temperatures. At the same tempera-
ture, the incorporation of RAP significantly decreased the fracture energy, indicating RAP
weakened the fracture resistance. Compared to HMA without RAP, 50% RAP reduced the
fracture energies by 78.7% and 89.8% at —10 °C and 25 °C, respectively.

5000 —

4000

3000

2000

Fracture energy (J/mm?)

1000

0 10 20 30 40 50
RAP content (%)

Figure 9. Fracture energy in OT monotonic test.
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3.2. Cyclic Loading Test
3.2.1. Fatigue Life

Figure 10 shows the displacement evolution during the cyclic loading. It can be
clearly observed that three stages existed in the displacement curves. In the first stage,
the displacement increased quickly. The second stage is the stable stage, in which the
displacement increased linearly along with the increase in the cycle number; micro-cracking
was formed in this stage. In the third stage, micro-cracks propagated and developed into
macro-cracks, the displacement increased remarkably and the specimen failed quickly. The
durations of the first and third stages were relatively short.

4

w
Il

25% RAP

Displacement (mm)
8]
1

50% RAP

0

T
200

T
400

T T T T T N ) T T T T T 1
600 800 1000 0 500 1000 1500 2000 2500 3000

Cycle number Cycle number
() (b)

Figure 10. Displacement vs. load cycle at different temperatures: (a) —10 °C; (b) 25 °C.

When specimens failed, the fatigue life could be determined. The effect of RAP content
on the fatigue life can be observed in Figure 11. At —10 °C, when the stress ratio was 0.6,
RAP decreased the fatigue life clearly. When RAP content was 50%, fatigue life was reduced
by 15.2%. At 25 °C, 25% RAP content increased the fatigue life; when the RAP content
increased from 25% to 50%, fatigue life decreased subsequently. However, when the fatigue
life was determined by the 50% modulus reduction method, as shown in Figure 12; no
matter under —10 °C or 25 °C, the inclusion of RAP could enhance the fatigue resistance.
At —10 °C, HMAs with 25% and 50% RAP showed an 11.3% and 4.3% increase in fatigue
life in contrast to HMA without the addition of RAP. At 25 °C, 25% and 50% RAP increased
the fatigue life by 58.9% and 626.4%, respectively. The difference between Figures 11 and 12
indicated that although the cycle number of HMA without RAP may be larger when the
specimen reached failure, the modulus decrease rate of HMA with RAP was lower than
the specimens without the inclusion of RAP. It should be noted that data at 25 °C showed
a large dispersion. More specimens are suggested to be tested in the future. However,
the conclusion can be also drawn that RAP could enhance the fatigue resistance at the
intermediate temperature. Zhou et al. [38] also conducted the fatigue test using the SCB
test protocol. It was reported that RAP inclusion deteriorated the fatigue performance at
both 15 °C and 25 °C, which was slightly different from this study. The result differences
between this study and [38] lie in the difference in the basic properties of the binders and
the RAP content.

3.2.2. Energy Evolution during the Fatigue Test

The dissipated energy in each cycle and the cumulative dissipated energy were mea-
sured to characterize the fracture performance. In the fatigue test, dissipated energy could
represent the fatigue damage within each cycle and the cumulative dissipated energy
represents the overall fatigue resistance. The larger the cumulative dissipated energy, the
better the fracture resistance. Figure 13 shows the load vs. displacement hysteresis loops of
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Fatigue life

the 1st, 200th, 500th and 1000th loading cycles at —10 °C. The area within the hysteresis
loop is the dissipated energy, which represents the difference between the energy provided
to the specimen during the loading stage and the energy released during the unloading
stage [39]. The dissipated energy could also be obtained using Equation (2). At —10 °C,
the monotonic tensile strength decreased as the RAP increased from 0 to 50%, as shown
in Figure 8. Therefore, the maximum loads, which were 0.6 times the tensile failure loads,
presented obvious differences. In this study, the dissipated energy in each cycle could be
obtained by conducting the integration within the loop.

3000
1000 T
2500
\\ T
750 4 \ 2000 T
‘2 X ICLAL
5 s 5
190900090999
= 1500 - 0.0.0‘0.0.0‘0.0
g R
500 E R R
1000 T
2504 RO RNOONOIOYY AN TR RS R
500 -
0 T T T 0 T T T T T
0 25 50 0 25 50
RAP content (%) RAP content (%)
(a) (b)
Figure 11. Fatigue life at the end of OT test: (a) —10 °C; (b) 25 °C.
1100 300
250 - ]
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"""""""""""""""""""""""""""""""""""""""""" 200
£ 900+ T e 5000000
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RAP content (%) RAP content (%)
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Figure 12. Fatigue life determined by 50% modulus reduction method: (a) —10 °C; (b) 25 °C.

W; = mtoje; sin @;

@

where W; is the dissipated energy in cycle i (J), 0; is the stress level in cycle i (Pa), ¢; is the
strain level in cycle i, and ¢; is the phase angle in cycle i.

Figure 14 shows the dissipated energy evolution during the fatigue test. At both
—10 °C and 25 °C, the dissipated energies of the first few cycles were relatively large, which
was possibly caused by the test setup. This stage was of very short duration. With the
increase in the cycle number, dissipated energy decreased and increased subsequently. The
trend of the dissipated energy was similar to the SCB test results under fatigue loading [39].
In the fatigue test, the increase in displacement was rapid during the first several cycles,
which can be seen in Figure 10. Therefore, the loops of the first several cycles may cover a
larger displacement range, and then the dissipated energies were larger. At —10 °C, the
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Dissipated energy (J)

inclusion of RAP significantly decreased the dissipated energy in each cycle; the larger
the RAP content, the lower the dissipated energy in each cycle. As RAP decreased the
dissipated energy in each cycle, the cumulative dissipated energy of HMA without RAP
would be larger, indicating more energy would be dissipated during the fatigue test.
Therefore, the fracture resistance of HMA without the inclusion of RAP would be superior.
At 25 °C, HMA with 25% RAP generated the highest dissipated energy, followed by HMA

with 0% and 50% RAP.
4 44
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— s B
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z z
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Figure 13. Hysteresis loops at different cycles at —10 °C: (a) 1st cycle; (b) 200th cycle; (c) 500th cycle;
and (d) 1000th cycle.
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Figure 14. Dissipated energy evolution during the fatigue test: (a) —10 °C; (b) 25 °C.
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The cumulative dissipated energies for all mixtures are shown in Figure 15. Generally,
with the increase in the loading cycle, the cumulative energy increased linearly. As the
specimen approached failure, the cumulative energy increased more quickly, especially
at —10 °C. The slope of the cumulative dissipated energy vs. the cycle number curve
represents the increasing rate of the cumulative energy. At —10 °C, the increasing rate
of the cumulative energy of HMA without the addition of RAP was larger than other
mixtures. The cumulative dissipated energy of HMA without the addition of RAP was
also larger, indicating more energy is required for the fatigue failure. With the increase in
RAP content, less energy is required. Compared to HMA without RAP, the cumulative
dissipated energies decreased by 49.1% and 77.3% when RAP contents were 25% and 50%,
respectively. At 25 °C, the energy-increasing rate and the cumulative energy of HMA with
25% RAP was larger. However, when RAP content continued to increase from 25% to 50%,
the energy increase rate and the cumulative energy both decreased. Compared to HMA
without RAP, the inclusion of 25% RAP increased the cumulative energy by 31.1%, while
50% RAP decreased the cumulative energy by 41.2%. The results indicated that the effect
of RAP on the fatigue performance of HMA was strongly dependent on temperature. The
results in Figure 15 were consistent with the fatigue life, which was the cycle number at the
end of the OT test.
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Figure 15. Cumulative dissipated energy: (a) —10 °C; (b) 25 °C.

Due to the viscoelastic nature of asphalt, the phase angle would be generated between
the applied load and the outcoming displacement. Generally, the larger the phase angle,
the more viscous the binder. Three stages can be observed in the phase angle evolution
curves (Figure 16). A Savitzky—Golay filter [40] was used to process the data and the fitting
lines were plotted. During the first stage, the phase angle increased quickly, which may
be caused by the heat release during the initial test cycles [41]. The phase angle stably
increased during the second stage, corresponding to the stable increase in damage. The
last several cycles were within the third stage, in which there existed a sharp increase in
the phase angle, corresponding to the quick failure of the specimen. At —10 °C, with the
increase in RAP content, the phase angle decreased, indicating that the viscous effect was
weakened. At 25 °C, at the same cycle number, the phase angles of HMA with 25% RAP
were slightly larger than those of HMA without the inclusion of RAP; and HMA with 50%
RAP presented the least phase angles. The results indicated that 25% RAP inclusion made
the HMA more viscous at 25 °C, which was caused by the basic properties of the virgin SBS
binder and the RAP binder (Table 1). During the fatigue test, the deformation was caused
by the viscous effect of the binder. The larger the phase angle, the more viscous the binder.
As shown by Equation (2), the dissipated energy of each cycle depends on the phase angle
at that cycle; the larger the phase angle, the larger the dissipated energy, and the cumulative
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energy would be larger. Figure 2 just shows the phase angles above 40 °C; the results in
Figure 16 could be used for the phase angle predictions under low temperatures.
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Figure 16. Phase angle evolution during the fatigue test: (a) —10 °C; (b) 25 °C.

4. Conclusions

This study investigated the fatigue behaviors of HMA with different contents of RAP.
Fatigue tests were conducted using the OT device under —10 °C and 25 °C, respectively.
Tension monotonic test and load-controlled fatigue test were conducted. Fatigue life, dissi-
pated energy, and cumulative energy were selected to characterize the fatigue resistance of
HMA. Based on the results and analysis, the following conclusions can be drawn:

(1) With the increase in RAP content, the monotonic fracture behaviors of HMA, in terms
of the fracture strength and fracture energy, were significantly deteriorated at both
—10°Cand 25 °C.

(2) Two methods were adopted to determine the fatigue life of HMA with different
contents of RAP: the cycle number when the specimen fractured in the OT fatigue
test; and the cycle number determined by the 50% modulus reduction method. RAP
was proved to be beneficial in prolonging fatigue life using the two methods at 25 °C.
However, opposite conclusions were made about the effect of RAP on fatigue life at
—10°C.

(3) At —10 °C, the incorporation of RAP significantly reduced the dissipated energy and
the cumulative energy, indicating the fatigue cracking resistance was weakened. At
25 °C, HMA with 25% RAP presented the superior fatigue-cracking resistance in
terms of the cumulative dissipated energy. The developments of the dissipated energy
and the cumulative energy were consistent with the fatigue life results, determined as
the cycle number at the end of the OT test, indicating fatigue life determined by the
50% stiffness reduction method may be not appropriate for fatigue characterization
under the constant load-controlled mode.

(4) Fatigue tests under other stress ratios should be conducted in the future. On the other
hand, virgin binder and RAP binder with varied properties should be used in the
future to further reveal the relationship between phase angle and dissipated energy.
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