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Abstract: High percentage reclaimed asphalt pavement (RAP) is prevailing in pavement engineering
for its advantages in sustainability and environmental friendliness, however, its fatigue resistance
remains a major concern. Fine aggregate matrix (FAM) is a crucial part in the fatigue resistance of
asphalt mixtures with high RAP content. Hence, the linear amplitude sweep (LAS) test of FAM
has been developed to study the fatigue resistance of asphalt mixtures. However, the torsional
loading mode of the LAS test with a dynamic shear rheometer (DSR) is a limitation to simulate
traffic load. In this paper, an alternative LAS test for FAM with high RAP content was proposed.
Beam FAM specimens were tested using a dual-cantilever flexural loading fixture in a dynamic
mechanical analyzer (DMA). To investigate the influence of RAP content and the rejuvenating agent
(RA), four kinds of FAM mixes were tested with this method to study their fatigue resistance. The test
results suggested that the repeatability of this alternative approach was reliable. A fatigue failure
criterion based on maximum C ×N was defined. Then, fatigue life prediction models based on
viscoelastic continuum damage (VECD) analysis were established according to the LAS test results
and validated by a strain-controlled time sweep (TS) test. It turned out that as RAP content increased,
the modulus of FAM would be significantly raised, accompanied with a drop in the phase angle.
The fatigue life of FAM would be greatly shortened when the RAP binder replacement rate reached
50%. Adding RA could considerably improve the dynamic properties of FAM mixes with high
RAP content, resulting in a decrease in modulus, increase in phase angle and elongating fatigue life,
but could not recover to the level of virgin binder.

Keywords: reclaimed asphalt pavement; fatigue; linear amplitude sweep; fine aggregate matrix;
flexural bending; viscoelastic continuum damage; rejuvenating agent

1. Introduction

Reclaimed asphalt pavement (RAP) technology is an ideal and widely used sustainable technology
in pavement engineering. RAP showed significant advantages against traditional hot mix asphalt
(HMA) pavement, including non-renewable natural resources preservation, relief of landfill pressure,
reducing energy consumption and greenhouse gas emissions [1]. As RAP content increases from 15%
to 40% in HMA, pavement cost will be cut by $3.40 to $6.80 per ton [2]. Based on life cycle assessment
(LCA), when RAP content rises from 30% to 50%, the energy consumption can be reduced by 16%
to 25% [3]. Massive RAP is generated during pavement maintenance and rehabilitation all cross the
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world. According to the National Asphalt Pavement Association (NAPA), 76.2 million tons of RAP
were reclaimed in the United States in 2017 [4]; in all European Union member countries, a total amount
of 50 million tons of RAP were reclaimed in 2015 [5]; in China, this number is over 60 million tons in
recent years [6]. Researchers are working on further raising RAP content, from 20–30% to 40–50%,
even up to 100% [7], in order to achieve better sustainability in pavement construction. Studies have
shown that HMA will become stiffer and more brittle with higher RAP content because aged binder
exists in the mixture. Aged binder can improve the permanent deformation resistance, but also has a
negative effect on the fatigue resistance of pavement [8]. To mitigate stiffness and improve fatigue
cracking resistance, rejuvenating agent (RA) is commonly used in HMA with high RAP content [9].

In order to study the fatigue performance of asphalt pavement with RAP, several classical
laboratory fatigue testing methods have been developed. Since the aged binder in RAP is considered as
the main contributor to the fatigue life, the majority of researchers choose to study its fatigue properties
through a method known as extraction-recovery [10]. However, this approach is not preferred by
researchers for many reasons. The chemical reactions between bitumen and solvent can make the
binder stiffer; studies have also proved that even a small amount of residual solvent can significantly
alter the rheologic properties of the binder [11]. Meanwhile, the aged and virgin binders will be totally
blended, which can camouflage the actual blending level in HMA [12]. Besides, asphalt solvent is also
considered to be harmful to operators and may cause hazardous waste disposal issues.

The classical four-point beam test is another common approach to study the fatigue resistance
of HMA. This test has been widely used by researchers and proved to be one of the most effective
approaches in fatigue study. The only flaw is that four-point beam fatigue test is quite expensive and
time-consuming. In addition, the repeatability of fatigue tests on full-graded HMA is not good due
to the complexity and heterogeneity of materials [13]. A solution to solve the repeatability problem
is to test the fine aggregated matrix (FAM) instead of full-graded HMA [14]. FAM is a mixture
of binder, fillers and fine aggregates, which is supposed to have better homogeneity than coarse
aggregate particles. Micro-cracking in HMA is usually considered to initiate and propagate in the
FAM phase, so studying the fatigue resistance of FAM can help better understand the mechanism of
fatigue cracking [15]. The linear amplitude sweep (LAS) test of cylindrical specimens was developed
to study the fatigue performance of FAM mixes. A solid torsion bar fixture is used to fix the specimen
in dynamic shear rheometer (DSR) [16]. Then, a strained-controlled oscillatory shear is applied to
the FAM cylinder. Since the amplitude of strain is increasing linearly to accelerate internal damage,
this method is called the linear amplitude sweep test. According to LAS test results, a mathematical
model to predict the fatigue lives of FAMs can be established based on viscoelastic continuum damage
(VECD) analysis, which can effectively distinguish the fatigue performance of different FAM mixes [17].
Compared with the traditional four-point beam fatigue test, the LAS test exhibits obvious advantages,
such as time efficiency, repeatability and simplicity, which made it a prevalent test method for fatigue
characterization [18]. However, complex viscoelasticity and anisotropic behaviors can be observed in
asphalt materials, which means its mechanical behavior would be different under different loading
modes. The LAS test with DSR applies torsional load on FAM specimens, while the fatigue of asphalt
pavement is generally subjected to flexural bending caused by traffic load, which are two totally
different loading modes. To address this issue, a LAS test of FAM mixes under flexural bending should
be developed. In the field of polymer study, a solid dual-cantilever flexural loading fixture has been
successfully applied to characterize the dynamic behavior of materials [19]. Since the viscoelasticity of
FAM mixes is similar to polymer materials, the same fixture is employed to study the fatigue resistance
of FAM with high RAP content.

The major objective of this study is to study the influence of RAP content on FAM mixes. A flexural
bending LAS test was employed to study the fatigue performance. In detail, the following tasks need
to be accomplished:
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1. Assess the LAS test method for beam FAM specimens under flexural bending mode which serves
as an alternative approach for the torsional LAS test with DSR.

2. Define a reasonable failure criterion of FAM mixes for LAS test under flexural bending mode.
3. Establish fatigue life prediction models based on VECD analysis according to LAS tests,

and validate the models with measured data from time sweep (TS) tests.
4. Study the influence of high RAP content (over 25%) on the fatigue lives of FAMs and evaluate the

effectiveness of rejuvenating agent.

2. Materials and Test Procedures

2.1. Materials

In this study, a typical virgin bituminous binder AH-70 with 60/80 penetration grade was selected,
which has been widely used in heavy traffic freeways in China. Table 1 lists the technical index of the
virgin binder. Limestone was used as the virgin aggregate. RAP passing through a 2.36 mm sieve was
supplied by a local asphalt mixing plant in Beijing. A rejuvenating agent (RA) based on petroleum
technology was used in this study. According to the recommendations of the producer, the RA content
was 10% of the total weight of asphalt.

Table 1. Technical index of virgin asphalt binder.

Technical Index Unit Value

Penetration 0.1 mm (25 ◦C) 68
Softening point ◦C 49

Ductility cm (5 cm/min, 5 ◦C) 27.8
Viscosity Pa•s (60 ◦C) 0.51

Flash point ◦C 271
Wax content % 1.1

Density g/cm3 (15 ◦C) 1.027

The maximum aggregate size of the FAM was 2.36 mm in this study. The target gradation
and binder content of FAM mixes were determined by solvent extraction of the HMA fine portion
(<2.36 mm), which was suggested by Yuan et al. [20]. This procedure aimed to ensure that the FAM
mixes could represent the fine portion of HMA. The binder content of FAM and RAP were 9.0% and
7.3%, respectively. Figure 1 shows the gradations of HMA, FAM and RAP.

Four FAM mixes were tested as summarized in Table 2. In the first group, FAM mixes were
batched with virgin binder, which served as the control group. In the second group, a 25% RAP binder
replacement was applied, which is commonly used in maintenance and rehabilitation. In the third
group, this rate was raised to 50% to examine the influence of RAP content at higher levels. In the
last group, the RAP binder replacement rate was still 50%, which was consistent with the third group,
but RA was added into the FAM to assess its effect. For all four FAM mixes, the gradation was kept
the same with the target FAM gradation, no matter what the RAP and RA contents were. The virgin
binder and aggregate contents were adjusted according to RAP binder replacement rates in order to
match the target FAM gradation.
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Table 2. Summary of FAM mixes. RA = rejuvenating agent.

Mix
Target
Binder

Content (%)

Binder
Replacement

Rate (%)

Binder
Replacement
Content (%)

Virgin
Binder

Content (%)

RAP
Content

(%)

RA
Content *

(%)

0% RAP

9.0

0 0.0 9.0 0.0 -
25% RAP 25 2.2 6.8 29.7 -
50% RAP 50 4.5 4.5 61.6 -

50% RAP + RA 50 4.5 4.5 61.6 10

* By weight of target binder content.

2.2. FAM Specimen Preparation

FAM cylindrical specimens with 150 mm diameter and 50 mm height were fabricated using a
Superpave Gyratory Compactor. The target air void content of cylindrical specimens was 6%. The FAM
cylinders were cut by a Presi MECATOME precision cutting instrument (Figure 2a) to 60 mm × 45 mm
× 15 mm rectangles, then sliced to 60 mm × 15 mm × 3.5 mm beam specimens. Since the passing
percentage of the 2.36 mm sieve is 100% for FAM specimens, a thickness of 3.5 mm was considered
enough to avoid the scale effect for most of the aggregates smaller than 1.18 mm. Figure 2b shows the
compacted cylindrical specimen, rectangular specimen and beam specimens.

2.3. Test Setup and Procedures

A TA Instruments dynamic mechanical analyzer (DMA) Q800 apparatus (TA Instruments,
New Castle, DE, USA) was used in this study along with a dual-cantilever flexural bending fixture.
The FAM specimen was gripped by two clamps at its ends, then a movable head could apply load
in the center of the beam, as illustrated in Figure 3. In order to examine the repeatability of the tests,
three replicate tests were conducted for each group of FAM mixes.
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2.3.1. Frequency Sweep Test

To evaluate the undamaged dynamic properties of FAMs within the linear viscoelastic (LVE)
region, a frequency sweep test was conducted to test the dynamic modulus and phase angle. The test
temperature was 20 ◦C and loading frequencies ranged from 0.1 Hz to 25 Hz. A viscoelastic parameter
m is indispensable to characterize damage property in VECD analysis, which is defined as the slope
of the master curve (dynamic modulus versus loading frequency on log–log diagram) in the LVE
region [21]. Recent studies have investigated the LVE region of similar FAM mixes and suggested that
a strain level of 0.002% would be small enough to ensure that FAMs remained undamaged during the
test [17,20]. Therefore, the constant amplitude strain of frequency sweep test was set to 0.002%.
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2.3.2. Linear Amplitude Sweep Test

In the LAS test, the testing temperature was 20 ◦C and loading frequency was 10 Hz. The applied
strain was linearly increased from 0.001% to 0.5% in 2000 s, as shown in Figure 4.
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The LAS test can be treated as an approach to accelerate fatigue damage. Combined with VECD
analysis, its results can be used to efficiently determine the regression parameters for the traditional
fatigue equation, which is commonly used in strained-controlled fatigue tests. The relationship between
fatigue life N f and applied strain amplitude εp can be expressed as:

N f = A
(
εp

)−B
(1)

According to Shapery’s work potential theory [22], the damage intensity S of viscoelastic materials
can be expressed in terms of the work performed WR:

dS
dt

=

(
−
∂WR

∂S

)α
(2)

where: t is the time, s; α is equal to 1 + 1/m [23].
According to elastic–viscoelastic correspondence principle [24], the flexural pseudo strain εR can

be defined as follows:

εR =
1

ER

∫ t

0
E(t− ξ)

∂ε
∂ξ

dξ (3)

where: ER is a constant reference modulus, usually selected as 1; E(t) is LVE relaxation modulus, MPa;
ε is the flexural strain, percentage; ξ is an integral variable. The flexural LVE stress σLVE in MPa can be
expressed as:

σLVE =

∫ t

0
E(t− ξ)

∂ε
∂ξ

dξ (4)

Combining Equations (3) and (4), the flexural LVE stress σLVE can be rewritten as:

σLVE = ERε
R (5)

In order to quantify material integrity, pseudo stiffness C(S) can be defined as a damage variable,
as follows:

C(S) =
σ

σLVE
=

σ

εR (6)
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where: σ is the flexural stress, MPa. For viscoelastic materials under periodical loading, the pseudo
flexural strain amplitude εR

Pi in percentage and pseudo stiffness C(S) in cycle i can be separately
rewritten as:

εR
Pi =

1
ER
εPi

∣∣∣E∗LVE

∣∣∣ (7)

C(S) =
σPi

εR
Pi

(8)

where: εPi is the flexural strain amplitude in cycle i, percentage;
∣∣∣E∗LVE

∣∣∣ is the flexural dynamic modulus
in the LVE region, MPa; σPi is the flexural stress amplitude in cycle i, MPa.

The work performed WR in Equation (2) can be quantified using pseudo strain energy density [25],
as follows:

WR =
1
2

C(S)
(
εR

Pi

)2
(9)

Combining Equations (2), (7), (8) and (9) and integrating with a numerical approach, the damage
intensity can be written as a function of time t:

S(t) �
n∑

i=1

[1
2
(Ci−1 −Ci)(ε

R
Pi)

2
] α

1+α

(ti − ti−1)
1

1+α (10)

where: n is the number of loading cycles. The curve of pseudo stiffness C(S) versus damage intensity
S typically follows a power model as follows [15]:

C(S) = 1−C1(S)
C2 (11)

where: C1, C2 are regression coefficients.
Finally, by combining Equations (2), (7), (9) and (11) and integrating, the fatigue life prediction

model can be described as [15]:

N f =
f
(
S f

)1+α(1−C2)

[1 + α(1−C2)](0.5C1C2)
α
(∣∣∣E∗LVE

∣∣∣)2α

(
εp

)−2α
(12)

where: f is the loading frequency, Hz; S f is the damage intensity S at failure point. The fatigue model
coefficients A and B can be written as:

A =
f
(
S f

)1+α(1−C2)

[1 + α(1−C2)](0.5C1C2)
α
(∣∣∣E∗LVE

∣∣∣)2α (13)

B = 2α (14)

2.3.3. Time Sweep Test

To validate the fatigue life prediction model above, strain-controlled TS tests were employed.
Four strain levels (0.07%, 0.08%, 0.09% and 0.1%) were selected with no rest period. The testing
temperature and loading frequency of the TS test was consistent with the LAS test (20 ◦C, 10 Hz).

3. Results and Discussion

3.1. Frequency Sweep Test

The frequency sweep test results of four FAM mixes are illustrated in Figure 5. The dynamic
modulus and phase angle exhibited significant relativities with loading frequency. When RA was
not present in FAM mixes, the dynamic modulus would increase with the RAP content, especially at
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lower loading frequencies. At 0.1 Hz, when the RAP binder replacement rate was 25% and 50%, the
dynamic modulus of FAM mixes was increased by approximately 1.5 and 2.5 times compared with
virgin binder, respectively. However, once RA was added, FAM mixes were softened which resulted in
a drastic drop of modulus. Phase angle displayed a reverse trend of dynamic modulus, which also
implied the effect of RAP and RA. Furthermore, in the linear viscoelastic region, the dynamic modulus
showed a linear relationship with loading frequency on a log–log scale as expected. It can be inferred
from Figure 5a that the slope m was smaller for FAMs with a higher modulus.Materials 2019, 12, x FOR PEER REVIEW 8 of 14 
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3.2. Failure Criterion Definition of LAS and TS Test

The fatigue process of materials starts with the presence of invisible internal microcracks, and then
those microcracks gradually grow up and propagate to macro fractures under repeated loading.
Failure criterion defines the critical point from stable to unstable damage growth stage. A reasonable
criterion is a necessary part of fatigue life prediction models.

As an illustration, Figure 6 exhibits the replicate LAS test results of FAM mixes with virgin binder.
Well-repeatable behaviors were observed for both stress–strain and phase angle–strain curves, with a
mean absolute error (MAE) of 9.2% and 7.3%, respectively. The LAS test results of all four groups of
FAM mixes are plotted in Figure 7. Stress and phase angle kept increasing with strain until a critical
peak point was reached. The corresponding strains for peak stress and peak phase angle were close,
but phase angle reached its peak slightly slower than stress. The maximum stress could be regarded as
a yielding point, beyond which the specimen could not stand more loading. After the specimen yielded,
phase angle started to drop, which means the fatigue damage reached a limit [26]. This phenomenon
followed the yield-failure pattern of materials, and the final failure of FAM specimens was represented
by the drop of phase angle. Thus, the peak phase angle could be regarded as the fatigue failure criterion
in LAS test, which is also a typical failure indicator extensively used in the strain-controlled TS test [27].
It can be inferred from Figure 7 that FAM mixes with higher RAP content showed higher peak stress,
lower peak phase angle and lower failure strain. Once RA was added into the FAM mix with high RAP
content, a significant decrease of peak stress, increase of peak phase angle and higher failure strain
could be clearly observed.
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Another common phenomenological definition to assess fatigue failure is the maximum C×N.
C refers to the pseudo stiffness C(S) in Equation (6), indicating material integrity. N is the number
of loading cycle. Maximum C×N is considered as a reasonable failure indicator in both LAS and TS
test [28]. The numbers of loading cycles at peak phase angle and at maximum C ×N are shown in
Figure 8. Obviously, the maximum C×N and the peak phase angle appeared simultaneously in both
LAS tests and strain-controlled TS tests. According to American Association of State Highway and
Transportation Officials (AASHTO) T321-17, maximum S×N (S refers to stiffness) is used to define
fatigue failure for traditional four-point beam fatigue test of HMA, which is a similar parameter to
maximum C×N [26]. Therefore, maximum C×N was selected as the failure criterion of FAM mixes in
this study to keep consistency with AASHTO standards (T321-17).
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3.3. Fatigue Prediction Model Based on VECD Analysis

Figure 9 shows the damage characteristic curves (C − S) from LAS tests. As damage intensity
S increased, material integrity C gradually reduced from 1 to 0.3–0.4, which was the defined failure
point at maximum C×N. A higher RAP binder replacement rate would lead to faster reduction of C
compared with virgin binder. Also, the addition of RA in FAM mixes with high RAP content would
substantially improve damage resistance but could not fully recover it to the level of virgin binder.
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According to the C−S curve, the fatigue life prediction model could be established as Equation (12)
based on VECD analysis. The regression parameters are listed in Table 3.
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Table 3. Parameters of fatigue life prediction models. VECD = viscoelastic continuum damage.

Mix
VECD-Based Fatigue Model Parameters

|E*
LVE| (MPa) m α Sf C1 C2 A B

0% RAP 1361 0.365 3.743 2735 3.95 × 10−2 0.358 5.66 × 10−4 7.487
25% RAP 2060 0.301 4.322 1940 1.51 × 10−2 0.365 1.42 × 10−5 8.647
50% RAP 2705 0.250 5.008 1550 6.11 × 10−2 0.413 1.30 × 10−7 10.016

50% RAP+RA 1812 0.324 4.085 2225 3.37 × 10−2 0.318 5.64 × 10−5 8.169

Note:
∣∣∣E∗LVE

∣∣∣ is the flexural dynamic modulus in the linear viscoelastic region; m is the slope of dynamic modulus
versus loading frequency. α equals to 1/(1 + m). Sf is damage intensity at failure point. C1 and C2 are regression
coefficients. A and B are fatigue model parameters described in Equations (13) and (14).

The predicted fatigue lives for FAM mixes at four different strain levels are displayed in Figure 10.
As expected, a higher RAP content would negatively influence the fatigue performance, resulting in
a much shorter fatigue life. Compared with virgin binder, the fatigue lives of FAMs with 50% RAP
binder replacement rate were reduced by 80.8%, 86.3%, 89.8% and 92.2% at strain levels of 0.07%,
0.08%, 0.09% and 0.10%, respectively. However, when RA was added into the FAM mixes, their fatigue
lives were greatly extended by 3.2, 4.1, 5.1 and 6.2 times, which were recovered to 61.1%, 55.8%, 51.5%
and 47.9% of virgin binder FAM mixes, respectively. Obviously, the existence of RA in FAM mixes with
high RAP contents would significantly mitigate stiffness and improve cracking resistance, especially at
higher strain levels.
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3.4. Validation of Fatigue Prediction Model from TS Test

The results of strain-controlled TS tests are listed in Table 4. The coefficients of variation ranged
from 2.3% to 15.9%, which was smaller compared with fatigue tests of full-graded HMA. The TS
test results suggested that the fatigue performance ranking of four groups of FAM mixes was virgin
binder, 50% RAP + RA, 25% RAP and 50% RAP from best to worst, which was consistent with
model predictions.
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Table 4. Results of time sweep fatigue test.

Mix
Strain

level (%)
Fatigue
Life Nf

Standard
Deviation

Coefficient of
Variation (%)

Fatigue Performance Ranking

Measured Predicted

0% RAP

0.10 22,432 1664 7.4

1 1
0.09 46,310 3801 8.2
0.08 122,571 19,473 15.9
0.07 329,224 21,940 6.7

25% RAP

0.10 5062 740 14.6

3 3
0.09 11,932 1626 13.6
0.08 35,858 2142 6.0
0.07 116,548 14,384 12.3

50% RAP

0.10 3524 440 12.5

4 4
0.09 15,425 1630 10.6
0.08 65,568 4608 7.0
0.07 282,052 6405 2.3

50% RAP + RA

0.10 6049 575 9.5

2 2
0.09 14,782 736 5.0
0.08 64,868 7005 10.8
0.07 182,665 22,795 12.5

The predicted fatigue lives are plotted along with the measured results in Figure 11. Fairly good
consistency with the line of equality could be observed with a correlation coefficient R2 of 0.975 and
MAE of 17.6%. The fatigue life prediction models based on LAS test results are considered reasonable.
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Table 5 shows the estimated efficiency of the LAS test and strain-controlled TS test. In general,
to acquire the curve of fatigue life for a given FAM mix, the TS test requires 12 individual tests and
will take approximate 27 h, while the LAS test only needs three tests and 3 h. Based on the estimates,
the LAS test is considered more efficient than the TS test.
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Table 5. Efficiency comparison between TS and LAS tests.

Test Method Number of FAM Specimens
Required for Each Mix

Average Total Testing Time for
Each FAM Mix (h)

Time sweep 12 27
Linear amplitude sweep 3 3

4. Conclusions

In this study, a flexural bending test method using DMA for FAM mixes with high RAP content
was proposed. Four groups of FAM mixes were tested with this method to investigate the impact of
RAP content on the fatigue properties and effectiveness of RA. The following conclusions are made:

1. As an alternative test method for torsion bar test with a DSR, the LAS test of FAM mixes under
flexural bending mode can provide acceptable data with good repeatability.

2. The phase angle peak and the maximum appeared simultaneously in both LAS tests and
strain-controlled TS tests. In this study, the maximum was selected as a reasonable parameter for
defining fatigue failure criterions.

3. Based on the maximum failure criterion and VECD analysis, fatigue life prediction models can
effectively capture the fatigue resistance of different FAMs. The predicted fatigue lives were
well-consistent with the measured results of TS tests.

4. Higher RAP content will considerably increase the stiffness of FAM mixes, resulting in a decrease
in phase angle and fatigue resistance. The presence of petroleum-based rejuvenating agents will
soften FAMs, resulting in a significant recovery of the lost fatigue resistance.

To conclude, the LAS test under flexural bending mode is considered as a novel method to test
the dynamic properties and fatigue behaviors of FAM mixes. Its effectiveness and reliability were
demonstrated by multiple tests. The fatigue resistance of FAM mixes could also be greatly influenced
by other factors, such as binder grades, asphalt film thickness, RAP sources, aggregate gradation
superposition and RA type, which should be taken into consideration in further studies.

Author Contributions: Conceptualization, C.Z., X.W., and Z.Q.; Data curation, C.Z.; Formal analysis, C.Z., Q.R.
and Z.Q.; Funding acquisition, X.W. and Z.Q.; Investigation, C.Z., Q.R., and Z.Q.; Methodology, C.Z. and Q.R.;
Writing—original draft, C.Z., Q.R. and Z.Q.

Funding: This research was supported by National Key R&D Program of China (2017YFC0840200).

Acknowledgments: The authors would like to appreciate the support of RIOHTrack Research Center of the
Research Institute of Highway Ministry of Transport (RIOH).

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

References

1. Copeland, A. Reclaimed Asphalt Pavement in Asphalt Mixtures: State of the Practice; FHWA-HRT-11-021;
Turner-Fairbank Highway Research Center: McLean, VA, USA, 2011; pp. 1–5.

2. McDaniel, R.S.; Shah, A.; Huber, G.A.; Copeland, A. Effects of reclaimed asphalt pavement content and virgin
binder grade on properties of plant produced mixtures. Road Mater. Pavement 2012, 13, 161–182. [CrossRef]

3. Yang, R.; Kang, S.; Ozer, H.; Al-Qadi, I.L. Environmental and economic analyses of recycled asphalt concrete
mixtures based on material production and potential performance. Resour. Conserv. Recycl. 2015, 104,
141–151. [CrossRef]

4. Williams, B.A.; Copeland, A.; Ross, T.C. Asphalt Pavement Industry Survey on Recycled Materials and Warm-Mix
Asphalt Usage: 2017, 8th ed.; National Asphalt Pavement Association (NAPA): Lanham, MD, USA, 2018;
pp. 1–11.

5. EAPA. EAPA’s Position Statement on the Use of Secondary Materials, by-Products and Waste in Asphalt Mixtures;
European Asphalt Pavement Association: Brussels, Belgium, 2017; pp. 4–9.

http://dx.doi.org/10.1080/14680629.2012.657066
http://dx.doi.org/10.1016/j.resconrec.2015.08.014


Materials 2019, 12, 1508 14 of 15

6. Lin, J.; Hong, J.; Xiao, Y. Dynamic characteristics of 100% cold recycled asphalt mixture using asphalt
emulsion and cement. J. Clean. Prod. 2017, 156, 337–344. [CrossRef]

7. Zaumanis, M.; Mallick, R.B. Review of very high-content reclaimed asphalt use in plant produced-pavements:
State of the art. Int. J. Pavement Eng. 2015, 16, 39–55. [CrossRef]

8. Tang, S.; Williams, R.C.; Cascione, A.A. Reconsideration of the fatigue tests for asphalt mixtures and binders
containing high percentage RAP. Int. J. Pavement Eng. 2017, 18, 443–449. [CrossRef]

9. Moghaddam, T.B.; Baaj, H. The use of rejuvenating agents in production of recycled hot mix asphalt:
A systematic review. Constr. Build. Mater. 2016, 114, 805–816. [CrossRef]

10. You, Z.; Mills-Beale, J.; Fini, E.; Goh, S.W.; Colbert, B. Evaluation of low-temperature binder properties of
warm-mix asphalt, extracted and recovered RAP and RAS, and Bioasphalt. J. Mater. Civil Eng. 2011, 23,
1569–1574. [CrossRef]

11. Ma, T.; Mahmoud, E.; Bahia, U.H. Development of testing procedure for the estimation of rap binder low
temperature properties without extraction. Transport. Res. Rec. 2010, 2179, 58–65. [CrossRef]

12. Peterson, R.; Soleymani, H.; Anderson, R.; McDaniel, R. Recovery and testing of RAP binders from recycled
asphalt pavements. J. Assoc. Asph. Paving Technol. 2000, 69, 72–91.

13. Kim, Y.; Lee, H.J.; Little, D.N.; Kim, Y.R. A simple testing method to evaluate fatigue fracture and damage
performance of asphalt mixtures. J. Assoc. Asph. Paving Technol. 2006, 75, 755–788.

14. Suresha, S.N.; Ningappa, A. Recent trends and laboratory performance studies on FAM mixtures: A state of
the art review. Constr. Build. Mater. 2018, 174, 496–506. [CrossRef]

15. Kim, Y.R.; Little, D.N.; Lytton, R.L. Use of dynamic mechanical analysis (DMA) to evaluate the fatigue
and healing potential of asphalt binders in sand asphalt mixtures. J. Assoc. Asph. Paving Technol. 2002, 71,
176–206.

16. Lee, H.; Kim, Y.R.; Lee, S. Prediction of asphalt mix fatigue life with viscoelastic material properties.
Transport. Res. Rec. 2003, 1832, 139–147. [CrossRef]

17. Zhu, J.; Alavi, M.Z.; Harvey, J.; Sun, L.; He, Y. Evaluating fatigue performance of fine aggregate matrix of
asphalt mix containing recycled asphalt shingles. Constr. Build. Mater. 2017, 139, 203–211. [CrossRef]

18. Gudipudi, P.P.; Underwood, B.S. Use of fine aggregate matrix experimental data in improving reliability
of fatigue life prediction of asphalt concrete: Sensitivity of this approach to variation in input parameters.
Transport. Res. Rec. 2017, 2631, 65–73. [CrossRef]

19. Shanmugasundaram, N.; Rajendran, I.; Ramkumar, T. Static, dynamic mechanical and thermal properties
of untreated and alkali treated mulberry fiber reinforced polyester composites. Polym. Compos. 2018, 39,
1908–1919. [CrossRef]

20. He, Y.; Alavi, M.Z.; Jones, D.; Harvey, J. Proposing a solvent-free approach to evaluate the properties of
blended binders in asphalt mixes containing high quantities of reclaimed asphalt pavement and recycled
asphalt shingles. Constr. Build. Mater. 2016, 114, 172–180. [CrossRef]

21. Kutay, M.E.; Gibson, N.; Youtcheff, J. Conventional and viscoelastic continuum damage (VECD)-based
fatigue analysis of polymer modified asphalt pavements. J. Assoc. Asph. Paving Technol. 2008, 77, 395–434.

22. Schapery, R.A. Correspondence principles and a generalized J integral for large deformation and fracture
analysis of viscoelastic media. Int. J. Fract. 1984, 25, 195–223. [CrossRef]

23. Masad, E.; Castelo Branco, V.T.F.; Little, D.N.; Lytton, R. A unified method for the analysis of controlled-strain
and controlled-stress fatigue testing. Int. J. Pavement Eng. 2008, 9, 233–246. [CrossRef]

24. Kim, Y.R.; Lee, Y.C.; Lee, H.J. Correspondence principle for characterization of asphalt concrete. J. Mater.
Civ. Eng. 1995, 7, 59–68. [CrossRef]

25. Park, S.W.; Richard Kim, Y.; Schapery, R.A. A viscoelastic continuum damage model and its application to
uniaxial behavior of asphalt concrete. Mech. Mater. 1996, 24, 241–255. [CrossRef]

26. Wang, C.; Zhang, J.X. Characterization on fatigue failure definition and failure criterion of asphalt binder.
J. B. Univ. Technol. 2015, 41, 1574–1583.

http://dx.doi.org/10.1016/j.jclepro.2017.04.065
http://dx.doi.org/10.1080/10298436.2014.893331
http://dx.doi.org/10.1080/10298436.2015.1095895
http://dx.doi.org/10.1016/j.conbuildmat.2016.04.015
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000295
http://dx.doi.org/10.3141/2179-07
http://dx.doi.org/10.1016/j.conbuildmat.2018.04.144
http://dx.doi.org/10.3141/1832-17
http://dx.doi.org/10.1016/j.conbuildmat.2017.02.060
http://dx.doi.org/10.3141/2631-07
http://dx.doi.org/10.1002/pc.24890
http://dx.doi.org/10.1016/j.conbuildmat.2016.03.074
http://dx.doi.org/10.1007/BF01140837
http://dx.doi.org/10.1080/10298430701551219
http://dx.doi.org/10.1061/(ASCE)0899-1561(1995)7:1(59)
http://dx.doi.org/10.1016/S0167-6636(96)00042-7


Materials 2019, 12, 1508 15 of 15

27. Zhang, J.; Sabouri, M.; Guddati, M.N.; Kim, Y.R. Development of a failure criterion for asphalt mixtures
under fatigue loading. J. Assoc. Asph. Paving Technol. 2013, 82, 1–22. [CrossRef]

28. Safaei, F.; Lee, J.; Nascimento, L.A.H.D.; Hintz, C.; Kim, Y.R. Implications of warm-mix asphalt on long-term
oxidative ageing and fatigue performance of asphalt binders and mixtures. Road Mater. Pavement 2014, 15,
45–61. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/14680629.2013.812843
http://dx.doi.org/10.1080/14680629.2014.927050
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Test Procedures 
	Materials 
	FAM Specimen Preparation 
	Test Setup and Procedures 
	Frequency Sweep Test 
	Linear Amplitude Sweep Test 
	Time Sweep Test 


	Results and Discussion 
	Frequency Sweep Test 
	Failure Criterion Definition of LAS and TS Test 
	Fatigue Prediction Model Based on VECD Analysis 
	Validation of Fatigue Prediction Model from TS Test 

	Conclusions 
	References

