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Generally, the conventional rejuvenator contains many mineral oils to supply the missing
components of aged bitumen. The mineral oils could recover the performance of aged
bitumen go through a long-term aging process. However, the mineral oils are easy to
volatilize at higher recycling temperature. The higher volatilization will reduce the effect
of rejuvenator and limit proportion of reclaimed asphalt pavement (RAP) in recycled
asphalt mixture (RAP contents less than 30%). The main components of vegetable
oil are straight chain higher fatty acids and glycerides. The esters of straight chain
higher fatty acids and glycerol are not volatile at high temperature. Therefore, they
can be used to recover the micro chemical composition of bitumen and a change in
colloidal stability of asphaltene. In this research, two newly kinds of bitumen rejuvenator
were developed by replacing mineral oil with waste cooking corn and soybean oil. The
two kinds of vegetable and a mineral bitumen rejuvenators were utilized to recover
aged bitumen with 2-10% by weigh. The objectives of the research are evaluating
the rheological properties, high temperature and fatigue performance of the recovered
bitumen. The Dynamic Shear Rheometer Test and Rotational Viscosity Test were
conducted according to the AASHTO and ASTM standards. Additionally, the crack
resistance of bitumen was evaluated by using the bending beam rheometer (BBR)
test at —12 and —18°C. The result of laboratory test and statistical analysis of ANOVA
showed that the vegetable oil rejuvenators effectively reduce the viscosity and stiffness
of aged bitumen. It will improve both the fatigue resistance and low temperature crack
resistance. In addition, when the content of vegetable oil is higher, the rejuvenating agent
can make the recovered bitumen have lower viscosity and stiffness. Considering that the
rutting resistance under high temperature, it is suggested that 6 and 8% vegetable oil
be used to recover the aged bitumen.

Keywords: aged bitumen, laboratory evaluation, rejuvenating agent, temperature sensitive, vegetable oil

INTRODUCTION

In recent years, with more and more pavement reconstruction and maintenance projects have been
conducted in China, hundred millions of tons of reclaimed asphalt pavement (RAP) materials
are produced every year (West and Willis, 2013). RAP as a kind of construction waste, if not
properly treated, it will not only occupy land resources, but also pollute soil and groundwater,
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causing irreparable damage to the environment (West and
Willis, 2013). The hot mix recycling asphalt technology,
by using RAP instead of virgin mineral aggregates and
bitumen, has great advantages in solving RAP accumulation,
reducing natural aggregates and bitumen consumption
(Huang et al., 2005).

At present, due to the performance of Recycled Asphalt
Concrete (RAC), the proportion of RAP in hot mix RAC
in China is generally less than 30% (Garciaa et al., 2010).
However, in order to improve the economic and environmental
benefits, the trend of adding more RAP materials in the
production of recycling asphalt mixture is more and more
obvious (Holleran et al., 2006). In order to the same road
performance of hot mix recycling asphalt mixture with the
virgin asphalt mixture, the aged bitumen in RAP must be
recovered by using rejuvenator and the gradation of aggregates
shall meet the design criteria (Widyatrnoko, 2003; Romera et al.,
2006; Dony et al, 2013). The characteristics of rejuvenators
play a key role, because it shall be able to recover the
properties of aged bitumen during the manufacturing of the
RAC. According to Kallas (1984) and Shen et al. (2009), the
rheological properties of bitumen deteriorate during the aging
process for two main mechanisms: a change in the micro
chemical composition of bitumen and a change in colloidal
stability of asphaltene.

The traditional rejuvenators usually contain heavy fuel
oils to supply the light oil component of bitumen which
decreases throughout a long-term aging process (Leandri et al,,
2012; Zargar et al, 2012). Nonetheless, the heavy fuel oils
can easily volatilize at a high recycling temperature (above
180°C), leading to the limited proportion of RAP materials
used in recycled asphalt mixture (with recycling rates less
than 30%). There have been a great number of researches in
recent years on developing the highly effective aged bitumen
rejuvenators to improve the recycling rate in the RAC (Anderson
and Bonaquist, 2011; Navaro et al., 2012; Ali et al, 2013;
Miliutenko et al., 2013).

Similar to the light oil component, the main components of
vegetable oil are straight chain higher fatty acids and glycerides.
The esters of straight chain higher fatty acids and glycerol are
not volatile at high temperature. According to the bitumen
aging and rejuvenation theory, they can be used to recover the
aged bitumen. In some US patents, it have been mentioned
that the waste cooking oils can be utilized as a rejuvenator
for recovering aged bitumen (Corbett, 1975; McGovern, 1987;
Lukens, 1998; Takamura, 2008). In addition, Asli et al. (2012)
utilized physical properties to investigate the possibility and
effects of waste cooking oil as the rejuvenator for aged bituminous
pavement. Chen et al. (2014) conducted a laboratory investigation
on the high temperature properties of the recovered bitumen
with waste cooking oils. The researchers proved that waste
cooking oil can be utilized as a rejuvenator to improve the
properties of aged bitumen to the similar grade of those of
virgin bitumen. However, due to the different properties between
vegetable oil and mineral oil, too much or too little percentages
of rejuvenator will significantly affect the properties of the
recovered asphalt.

The previous researches mainly focused on the applicability
of different kinds of waste edible oil to the performance
recovery of aging asphalt. However, limited research was found
to systematically evaluate the influence of different kinds and
different amounts of waste edible oil on the performance of
recycled aging asphalt from the aspects of high temperature
stability, low temperature crack resistance and fatigue resistance.
As a temperature sensitive material, the road performance of
recycled asphalt with waste edible oil at high temperature, low
temperature and normal temperature still needs in-depth and
systematic research.

RESEARCH OBJECTIVE

The purpose of this study is to use waste edible corn oil and
soybean oil instead of mineral oil as bitumen regeneration
components, so as to restore the light components in the aged
bitumen and improve its rheological properties. The effects
of different proportions of waste edible vegetable oil on the
road performance of recycled asphalt, such as high temperature
deformation resistance, low temperature crack resistance and
normal temperature fatigue resistance, were studied.

MATERIALS AND METHODS

Materials

The type and composition of organic matter in waste cooking
oil are important factors affecting the composition change and
performance recovery of aged bitumen. Therefore, the types
and compositions of organic compounds in waste edible corn
oil and soybean oil were determined by gas chromatography-
mass spectrometry (GCMs), as shown in Table 1. Based on the
composition of a commercial asphalt rejuvenator, two kinds of
vegetable oil-based asphalt rejuvenators were developed by using
waste edible vegetable oil instead of mineral oil.

The control virgin bitumen was Superpave™ PG 64-22
sample in this study. The Aged asphalt was extracted from RAP
material obtained from a construction site near Beijing, China.
The performance indexes of original asphalt and aged asphalt are
shown in Table 2.

TABLE 1 | Chemical properties of used cooking oil in this study.

Chemical compound Corn oil (%) Soybean oil (%)

Hexadecanoic acid, methyl ester 10.23 7.97
Pentadecanoic acid 2.41 0.95
9,12-Octadecadienoic acid, methyl ester 38.19 39.21
9-Octadecadienoic acid(Z), methyl ester 34.6 31.42
6-Octadecadienoic acid, methyl ester(2) 1.28 1.46
Octadecanoic acid, methyl ester 3.95 3.71
9,12-Octadecadienoic acid(Z,2) 8.08 13.9

(2)6,(2)9-Pentadecadien-1-ol 0.95 0.76
Tetracosanoic acid, methyl ester 0.24 0.32
Docosanoic acid, methyl ester 0.12 0.3

Total 100 100
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TABLE 2 | The properties of virgin and aged bitumen.

Test items Standard PG 64-22 Aged bitumen
Penetration (0.1 mm) ASTM D5 72 20.8

at 25°C

Softening point (°C) ASTM D36 46 60.8
Ductility (cm) at 15°C ASTM D113 115 8.9
Rotational viscosity ASTM D4402 405.5 1,079
(mPa.s) at 135°C

G*/sind (kPa) AASHTO T315 1.325 at 64°C 1.404 at 82°C
Stiffness (MPa) AASHTO T313 188 at —12°C 269 at 0°C
m-value AASHTO T313 0.416 at —12°C 0.358 at 0°C
Experimental

The detailed experimental scheme includes the preparation of
recovered asphalt, characterization of basic physical properties,
high temperature viscosity, high temperature stability, low
temperature crack resistance and fatigue resistance, indicated
in Figure 1.

A commercial asphalt rejuvenator (based on mineral oil,
referred to as M) and two developed rejuvenators (based on
corn oil, referred to as C, based on soybean oil, referred to as S)
were added into the aged asphalt according to the weight ratio
of 2-10%, the regeneration process was shown in Figure 2. The
regeneration temperature was 135°C, and the mixing speed was
1,000 rpm for 1 h.

Fundamental Properties
The physical properties of recovered asphalt are evaluated by the
following tests:

e Penetration test at 25°C in accordance with
standard ASTM D5.

e Softening  point  test in  accordance  with
standard ASTM D36.

e Ductility test in accordance with standard ASTM D113.

High Temperature Viscosity Test
Rotational viscosity test in accordance with standard ASTM
D4402 is introduced by the Superpave™ to determine the

One source RAP > Aged bitumen
Extracted l
Rejuvenators (M, C and S)
|
v v v ¥ v
2% 4% 6% 8% 10% PG 64-22
l ] | ] ]
v W
Unaged RTFO+PAV
1 |
v v v ¥ ¥
Fundamental Rotational DSR BBR
physical properties Viscosity

FIGURE 1 | Experimental microphotographs plan for the recovered bitumen tests.

Thermometer

FIGURE 2 | The recycling process of aged bitumen. (A) Preheating device for aged asphalt; preheating temperature 135°C. (B) Regenerative storage equipment;
storage temperature 25°C. (C) High speed shear mixer; mixing speed was 1,000 rpm for 1 h. (D) Static device of recycled asphalt; static temperature 135°C.
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mix and compact temperatures based on the viscosity values
at an elevated temperature. In this study, recovered asphalt
samples were thermally stabilized for 1 h at five different
temperatures (120-180°C). The test torque is 45% and the
speed is 20 rpm.

Dynamic Shear Rheometer (DSR) Test

According to AASHTO T315, DSR was used to measure the
rheological properties of each recovered asphalt sample at
different temperatures. In this study, a 25 mm diameter plate with
a gap of 1 mm was used to measure the complex shear modulus
(G*) and phase angle (8) of all asphalts to calculate the rutting
factor (G*/sin 8). In addition, the asphalt aged by RTFO and PAV
was measured with a plate with a diameter of 8 mm and a gap of
2 mm, and the fatigue factor (G* sin §) was calculated. Finally,
the high temperature performance and fatigue performance of
recovered asphalt were evaluated by using these two factors.

Bending Beam Rheometer (BBR) Test

According to AASHTO T313, bending beam rheometer (BBR)
test was used to evaluate the stiffness of recycled asphalt at —12
and —18°C.

In order to further verify, the viscosity of each asphalt sample
was tested for three times, and the effects of main influencing
factors such as temperature, type of rejuvenating agent and
the content of rejuvenating agent on the properties of recycled
asphalt were evaluated by DSR and BBR characteristic tests and
ANOVA analysis results.

RESULTS AND DISCUSSION

Fundamental Properties
Figures 3-5 shows the test results of fundamental properties such
as penetration, softening point and ductility of original PG 64-22,
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for the aged asphalt (extracted from RAP material) and recovered
asphalt with different types and contents of rejuvenators.

It can be seen from Figure 3 that the penetration increases
linearly with the increase of rejuvenator content in aged asphalt.
The penetration rate of asphalt with C and S is higher than
that of asphalt with M the same content. This shows that the
rejuvenator efficiency of the regeneration agent based on waste
edible vegetable oil is higher, and it can reduce the hardness of
the aged asphalt more effectively.

When the content of vegetable oil-based rejuvenator is 6%
and mineral oil-based is 8%, the penetration of recovered asphalt
is restored to the standard of original asphalt PG64-22. In
addition, through the statistical analysis of the experimental
results, the average coeflicient of variation of recovered asphalt
with vegetable oil-based rejuvenator is 0.32%, which is 60% lower
than that with mineral oil-based rejuvenator (CV = 0.56%). It
is proved that the workability of recovering aged asphalt with
vegetable oil-based rejuvenator is obviously better than that of
recovering aged asphalt with mineral oil-based rejuvenator.

The softening point test results of different recovered asphalt
are shown in Figure 4. According to the test results, the
softening point of recovered asphalt decreases significantly with
the increase of rejuvenator content in aged asphalt. When the
amount of vegetable oil-based rejuvenator is 6% and the amount
of mineral oil-based rejuvenator is 10%, the softening point of
recovered asphalt will meet to the standard of original asphalt
PG 64-22. In addition, the average variability of the test results
of vegetable oil-based recovered asphalt is less than that of
mineral oil-based recovered asphalt, which is consistent with the
statistical analysis of penetration test results.

The ductility test results of different recovered asphalt are
shown in Figure 5. The test results show that the ductility
of recovered asphalt increases significantly with the increase
of rejuvenator content in aged asphalt. When the content of
vegetable oil-based rejuvenator is 6% and the content of mineral
oil-based rejuvenator is 8%, the ductility of recovered asphalt

reaches the original asphalt PG 64-22 standard. It shows that the
rejuvenator based on waste edible vegetable oil can improve the
plasticity of aged asphalt more effectively. In addition, the average
variability of the test results of vegetable oil-based recovered
asphalt is less than that of mineral oil-based recovered asphalt,
which is consistent with the statistical analysis of penetration
and softening point test results. Compared with mineral oil, the
vegetable oil has high temperature stability, and the volatility of
vegetable oil is reduced during the process of recycling, so the
amount of vegetable oil-based rejuvenators is reduced.

High Temperature Viscosity

Viscosity index is used to evaluate the flow performance of
asphalt at high temperature. And it is used to determine the
workability in the process of production and construction of
asphalt mixture. In the process of hot recycling of asphalt
mixture, similar to the production of traditional hot mix asphalt
mixture, the appropriate production and recycling temperature
should be determined according to the relationship curve
between viscosity and temperature of asphalt.

The high temperature viscosity test results of different
recovered asphalt are shown in Figure 6. The type and content of
rejuvenator have an obvious effect on the viscosity of recovered
asphalt. When the amount of vegetable oil-based rejuvenator
is 6% and the amount of mineral oil-based rejuvenator is 8%,
the high temperature viscosity of recovered asphalt reaches
the standard of original bitumen PG 64-22. The results show
that vegetable oil-based rejuvenator can effectively reduce the
viscosity of aged asphalt and disperse asphaltene in aged asphalt
(Lu and Isacsson, 2009).

In order to quantify the relationship between the influencing
factors and the viscosity of recovered asphalt, the linear
regression method was used to analyze the viscosity and
temperature of recovered asphalt. The expression is as follows
(Specht et al., 2007; Dessouky et al., 2011).

log(V)y=a-T+b (1)
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on soybean oil). (C) Rejuvenator M (based on fuel oil).
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FIGURE 6 | Viscosity of recovered bitumen with C, S, and M rejuvenators at different temperature. (A) Rejuvenator C (based on corn oil). (B) Rejuvenator S (based

TABLE 3 | Regression parameters for viscosities of recovered bitumen.

Contents (%) Rejuvenator C

Rejuvenator S Rejuvenator M

a b R? a b R2 a b R?
2 —0.0201 5.5446 0.999 —0.0201 5.5529 0.999 —0.0200 5.6011 0.999
4 —0.0204 5.4088 0.998 —0.0203 5.4171 0.998 —0.0202 5.4954 0.998
6 —0.0205 5.3118 0.998 —0.0205 5.3187 0.997 —0.0203 5.4001 0.996
8 —0.0206 5.2378 0.997 —0.0206 5.2577 0.996 —0.0204 5.3423 0.996
10 —0.0207 5.2032 0.996 —0.0206 5.2378 0.996 —0.0205 5.2948 0.996

Wherein, V (viscosity of the recovered bitumen, mPa.s), T
(temperature, °C), a and b (the regression parameters).

The two regression parameters “a” and “b” are of great
significance to characterize the high temperature viscosity of
recovered asphalt. Where a represents the slope of the equation,
which represents the rate of viscosity change of recycled asphalt
with temperature. When “a” value is larger, the temperature
sensitivity of recovered asphalt increases.

The results of regression parameters between viscosity and
temperature of different recovered asphalt are shown in Table 3.
The correlation coefficient reaches or exceeds 0.99, which
indicates that equation (1) can well fit the relationship between
viscosity and temperature of recovered asphalt. Although the
increase of parameters "a" and "b" will help to reduce the viscosity
of aged asphalt, if the parameter "a" is too high, the temperature
sensitivity of recovered asphalt will be improved, which is not
conducive to the recovered asphalt to obtain higher viscosity to
improve the rutting resistance at service temperature. Therefore,
corresponding to the original asphalt PG 64-22, the regression
parameters "a" and "b" of recovered asphalt should be 0.02 and

5.41, respectively. Under this standard, the amount of vegetable

as shown in Table 4. In addition, a single factor analysis
of variance (ANOVA) was used to evaluate the influence of
blending ratio of vegetable oil-based and mineral oil-based
rejuvenator on the viscosity of recovered asphalt. The analysis
results are shown in Table 5. The results of single factor
analysis of variance show that the influence of mineral oil-
based rejuvenator on the viscosity of recovered asphalt is lower
than that of vegetable oil-based, which means that vegetable
oil-based rejuvenator plays a stronger role in reducing viscosity
and mixing resistance. At the same time, the test results show
that the influence of vegetable oil-based rejuvenator in the
range of 0-8% on the viscosity of recycled asphalt is more
significant than that in the range of 8-10%, which means
that the effect of excessive waste edible vegetable oil-based
rejuvenator on degrading the viscosity of aged asphalt and
reducing the mixing resistance of mixture is reduced. Therefore,
it is not recommended to use more than 8% vegetable

TABLE 4 | Two-factor ANOVA on the viscosity of recovered bitumen (a = 0.05).

oil-based rejuvenator should be 4%, while the amount of mineral ~ Rejuvenators  Source of §s df Ms F  P-value
oil-based rejuvenator should be 8%. variation (mPa.s) (mPa.s)

In this study, the statistical analysis of variance (ANOVA) Temperature 4525511 4 1131.283 16.004 5E-06
was used to analyze the three factors that affect the high Contents 1698.847 5 340486 4.804 0.0048
temperature viscosity of recovered asphalt, including the type g Temperature 4710512 4 1205.682 17.277 GE-06
of rejuvenator, content and temperature. The results of variance Contents 1639.210 5 482.397 4.809 0.0047
analysis show that the viscosity of recycled asphalt is significantly Temperature  6132.201 4 1533.548 26.475 1E-06
affected by the type, dosage and temperature of recycled agent, Contents 1396.557 5 279.621 4.823  0.0047
Frontiers in Materials | www.frontiersin.org 6 March 2021 | Volume 8 | Article 650809


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Suo et al.

Recovering of Aged Bitumen

TABLE 5 | One-factor rejuvenator contents ANOVA on viscosity of recovered bitumen (a = 0.05).

Rejuvenators contents Rejuvenator C

Rejuvenator S Rejuvenator M

F P-value F P-value F P-value
0-2% 21.282 0.000388 20.154 0.002074 17.018 0.006440
2-4% 19.462 0.003078 19.024 0.003702 16.541 0.007062
4-6% 16.799 0.006727 16.698 0.006859 12.685 0.011695
6-8% 10.321 0.014182 9.722 0.014770 10.541 0.013962
8-10% 2.7153 0.081243 2.581 0.111243 8.254 0.019338

- 2%
—-— 3%
—~— 6%
—— 8%
-o- 10%
—— PG 64-22

G*/sInd (kPa)
=

G*/sin3 (kP’a)

52 58 64 70 76 82 2 ss
Temperature (°C)

(B) Rejuvenator S (based on soybean oil). (C) Rejuvenator M (based on fuel oil).

Temperature (°C)

FIGURE 7 | Rutting resistance factors for the recovered bitumen with different contents of C, S, and M rejuvenators. (A) Rejuvenator C (based on corn oil).

70 76 82

Temperature (°C)

oil-based rejuvenator to recover the performance of aged asphalt,
considering that the high content of rejuvenator will increase the
cost of asphalt recycling.

Rutting Resistance Factor (G*/sing)

Rutting is a common disease of asphalt pavement caused by
irrecoverable deformation accumulation during the use of asphalt
mixture. The high temperature stability of asphalt mixture is
directly related to the rheological properties of asphalt. When the
rutting factor G*/sin8 of asphalt is higher, the asphalt mixture will
have good rutting resistance.

Figure 7 shows the effect of type and content of rejuvenator
on rutting resistance factor of recovered asphalt at different
temperatures. The results show that the anti-rutting coefficient
of recovered asphalt decreases significantly with the increase
of rejuvenator content. At the same temperature, the G*/sin8
value of vegetable oil-based recovered asphalt is lower than that
of mineral oil-based recovered asphalt. When the content of
vegetable oil-based regenerant is 6% and the content of mineral
oil-based regenerant is more than 8%, the G*/sind value of
recovered asphalt sample is similar to that of virgin asphalt
(PG 64-22). In addition, in the temperature range of 64-70°C,
the rutting resistance factor of recovered asphalt samples with
excessive waste edible vegetable oil rejuvenator (more than 6%)
is less than 1.0 kPa, which means that the high temperature
resistance of recovered asphalt is one grade lower than that of
virgin asphalt PG 64-22.

The variance analysis method (ANOVA) is also used to
examine the influence of different factors on the rutting resistance
factor of recovered asphalt, as shown in Table 6. It can be

seen from the table that the influence of type, content and
temperature on rutting resistance factor of recovered asphalt is
very significant. In addition, a single factor analysis of variance is
used to evaluate the influence of different types of rejuvenators
on G*/sin § of recovered asphalt, as shown in Table 7. The
results show that the influence of mineral oil-based rejuvenator
on G*/sind of recovered asphalt is lower than that of vegetable
oil-based rejuvenator in the range of 0-10%. At the same time, the
significant effect of vegetable oil-based regenerant decreased with
the increase of content, and there was no significant difference in
the range of 8-10%.

Fatigue Resistance Factor (G*sind)

The fatigue resistance of asphalt concrete refers to its ability to
bear repeated bending and tension without fracture. The fatigue
resistance of asphalt mixture is directly related to the rheological
properties of asphalt at room temperature. When the fatigue
resistance factor G*sin8 of asphalt is higher, asphalt mixture has
better fatigue resistance.

TABLE 6 | Two-factor ANOVA on the G*/sin$ of recovered bitumen (a = 0.05).

Rejuvenators  Source of SS df MS F P-value
variation (mPa.s) (mPa.s)

C Temperature  4467.415 6 241212 19.64 0.005412
Contents 4752.665 5 293.846 26.28 0.005541

S Temperature  4512.387 6  344.621 20.29 0.006338
Contents 4022520 5 362513 29.28 0.006732

M Temperature 3183.355 6 534.984 38.16 0.013609
Contents 2792.741 5 560.520 40.16 0.013723
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TABLE 7 | One-factor rejuvenator contents ANOVA on G*/sind of recovered bitumen (a = 0.05).

Rejuvenators contents Rejuvenator C

Rejuvenator S Rejuvenator M

F P-value F P-value F P-value
0-2% 41.257 0.000407 40.129 0.000624 37.058 0.002102
2-4% 37.729 0.003232 37.879 0.002998 36.019 0.004698
4-6% 35.612 0.007063 35.223 0.007408 28.419 0.009748
6-8% 25.348 0.014891 23.364 0.013952 30.795 0.010219
8-10% 10.854 0.125305 10.653 0.100142 19.018 0.021078
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FIGURE 8 | Fatigue factors for the recovered bitumen with different contents of C, S, and M rejuvenators. (A) Rejuvenator C (based on corn oil). (B) Rejuvenator S

(based on soybean oil). (C) Rejuvenator M (based on fuel oil).
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The fatigue resistance factor test results of vegetable oil-
based recovered asphalt and mineral oil-based recovered asphalt
at different temperatures are shown in Figure 8. The figure
shows the change rule of fatigue resistance factor of different
types of recovered asphalt. The test results show that the fatigue
resistance factor of recovered asphalt increases continuously with
the increase of rejuvenator content. At the same temperature, the
G*sin8 value of recovered asphalt with vegetable oil is lower than
that of recovered asphalt with mineral oil. It is proved that the
fatigue resistance of vegetable oil based recovered asphalt is better
than that of mineral oil based. When the amount of vegetable
oil rejuvenator reaches 6% and mineral oil rejuvenator reaches
10%, the G* sin 3 value of recovered asphalt is similar to that of
virgin asphalt (PG 64-22). In addition, at the temperature range
of 22-25°C, when the amount of vegetable oil-based rejuvenator
reaches 8%, the fatigue resistance factor of recovered asphalt is
less than 5,000 kPa. This means that the fatigue resistance of
recovered asphalt is one grade higher than that of virgin asphalt.

The results of variance analysis (ANOVA) of fatigue resistance
factor of recovered asphalt are shown in Table 8. It can
be seen from the table that the type of rejuvenator, content
of rejuvenator and temperature will significantly affect the
fatigue resistance factor of recovered asphalt. In this study,
a single factor analysis of variance was used to evaluate the
influence of vegetable oil and mineral oil-based rejuvenator
on the fatigue resistance factor (G*sin 3) of recovered asphalt,
as shown in Table 9. The results of variance analysis show
that vegetable oil-based rejuvenator has more significant effect
on the fatigue resistance factor of recovered asphalt. In

addition, with the increase of the amount of vegetable oil-
based rejuvenator, the influence of fatigue resistance factor of
recovered asphalt decreases. When the amount of vegetable oil-
based rejuvenator is more than 8%, the effect of rejuvenator on
the fatigue factor of recovered asphalt tends to be consistent.
Therefore, from the perspective of engineering economy, it is
suggested that the amount of vegetable oil-based rejuvenator
should not exceed 8%.

Low Temperature Stiffness

In order to evaluate the low-temperature performance of
recovered asphalt, this research uses BBR test to determine
the creep stiffness of vegetable oil-based recovered asphalt
and mineral oil-based recovered asphalt at —12 and —18°C
temperature, as shown in Figure 9 (Xiao et al, 2011). The
test results of low temperature creep stiffness show that
the low temperature stiffness of recovered asphalt decreases

TABLE 8 | Two-factor ANOVA on the G*sind of recovered bitumen (« = 0.05).

Rejuvenators  Source of SS df MS F P-value
variation (mPa.s) (mPa.s)

C Temperature  7034.484 7 102.254 26.288 0.001747
Contents 4096.652 4  100.324 19.643 0.001451

S Temperature  7321.741 7 106.554 23.272 0.002724
Contents 4262.684 4  104.798 22.842 0.002421

M Temperature  9893.552 7  141.151 21.707 0.005173
Contents 4975.451 4 124.458 19.103 0.005088
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greatly with the increase of the amount of rejuvenator. This
shows that the rejuvenator can significantly improve the
flexibility of recovered asphalt, so as to improve the low
temperature cracking resistance of asphalt pavement. At the
reference temperatures of —12 and -18°C, when the amount
of vegetable oil-based rejuvenator reaches 6% and mineral
oil-based rejuvenator reaches 8%, the low-temperature creep
stiffness of recovered asphalt is similar to that of virgin
asphalt PG 64-22.

According to the requirements of Superpave specification
(AASHTO M320), the low temperature creep stiffness of asphalt
should be less than 300 mPa, and the stiffness change rate
(m value) should be greater than 0.3. When the amount of
vegetable oil-based rejuvenator reaches 6% and mineral oil-based
rejuvenator reaches 8%, the creep stiffness of recovered asphalt
is similar to that of virgin asphalt, which is less than 300 mPa at
—12°C. When the amount of vegetable oil-based rejuvenator is
more than 8%, the creep stiffness of recovered asphalt will be one

TABLE 9 | One-factor rejuvenator contents ANOVA on G*sind of recovered bitumen (a = 0.05).

Rejuvenators contents Rejuvenator C

Rejuvenator S Rejuvenator M

F P-value F P-value F P-value
0-2% 32.324 0.00301 30.988 0.00322 27.342 0.004905
2-4% 23.877 0.00592 23.342 0.00619 21.546 0.009043
4-6% 14.678 0.01432 14.109 0.01845 19.342 0.012423
6-8% 6.452 0.021730 5.926 0.024827 12.875 0.021234
8-10% 4.156 0.059202 3.563 0.065582 9.136 0.018094
A 600 ) B 1200
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FIGURE 9 | Low temperature stiffness on recovered bitumen at =12 and —=18°C. (A) Temperature at —12°C. (B) Temperature at —18°C.
TABLE 10 | Two-factor ANOVA on the low temperature stiffness of recovered bitumen (« = 0.05).
Temperature Source of variation SS (mPa.s) df MS (mPa.s) F P-value
-12°C Rejuvenator types 178.228 2 89.114 9.275 0.025438
Contents 1403.990 4 350.998 36.532 0.001521
-18°C Rejuvenator types 408.415 2 20.207 9.075 0.027735
Contents 318.365 4 79.591 36.532 0.001812

TABLE 11 | One-factor ANOVA on low temperature stiffness of recovered bitumen (« = 0.05).

Rejuvenators contents Rejuvenator C

Rejuvenator S Rejuvenator M

F P-value F P-value F P-value
0-2% 51.456 0.001201 50.988 0.001528 35.278 0.004654
2-4% 25.721 0.008922 23.454 0.009527 21.224 0.010438
4-6% 14.541 0.013117 14.109 0.013418 19.851 0.012423
6-8% 7.587 0.017730 7.096 0.017944 12.321 0.015234
8-10% 5.122 0.064221 4.563 0.074641 8.642 0.018094
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grade higher than that of virgin asphalt, and it is still less than 300
mPa at -18°C.

Variance analysis is also used to evaluate the low temperature
creep stiffness of vegetable oil-based recovered asphalt and
mineral oil-based recovered asphalt, as shown in Table 10 and
Table 11. From the analysis of variance of low temperature creep,
it can be seen that the type of regenerant, content of rejuvenator
and temperature all have significant effects on the creep stiffness
of recovered asphalt. In the range of 0-10%, the effect of vegetable
oil-based rejuvenator on the creep stiffness of recovered asphalt
is more significant than that of mineral oil-based rejuvenator.
With the increase of the amount of rejuvenator, the significant
effect of rejuvenator on the creep stiffness of recovered asphalt
gradually decreases. When the amount of vegetable oil-based
regeneration was 8 and 10%, the level of significance was
consistent. Therefore, it is not recommended to use more than
8% vegetable oil rejuvenator to recover the low temperature creep
stiffness of aged asphalt.

CONCLUSION

In this study, two vegetable oil-based rejuvenators and one
mineral oil-based rejuvenator were used to recovered the
aged asphalt. The fundamental properties, high temperature
viscosity, rheological properties and low temperature properties
of recovered asphalt are systematically evaluated in laboratory.
Through the method of variance analysis, the influence of the
type of rejuvenator, the content of rejuvenator and temperature
on the performance of recovered asphalt is analyzed. The
preliminary conclusions are as follows:

(1) According to the results of penetration test, softening
point test and ductility test, the fundamental physical
properties of vegetable oil-based recovered asphalt have
stronger recovery ability. At the same time, the workability
of vegetable oil-based recovered asphalt is better than that
of mineral oil-based recovered asphalt.

(2) Compared with mineral oil-based rejuvenator, the two
kinds of waste edible vegetable oil-based rejuvenator have
stronger effect on reducing viscosity and mixing resistance
of aged asphalt. This means that using waste edible
vegetable oil-based rejuvenator can effectively reduce the
recycling temperature.

(3) In addition, when the amount of vegetable oil-based
rejuvenator exceeds 8%, the high temperature stability of
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