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Multicycle repeated utilization of reclaimed asphalt pavement (RAP) is a quite recent development of sustainable pavement
materials technology. To investigate ageing rules and recycling possibility of asphalt binders in repeatedly used asphalt mixture,
virgin asphalt AH-70 samples were heated by the rolling thin film oven test (RTFOT) at 163°C, respectively, for 40, 85, 180, 240,
and 300 minutes to simulate different ageing degrees, and then the aged ones were rejuvenated by adding a self-made rejuvenator.
.is ageing and recycling process was repeated altogether for 5 cycles to simulate repeated use of RAP binders. In repeated
recycling, rejuvenator contents for different cycle numbers or ageing durations were not the same, and the optimum ones were
initially estimated by an empirical formula and finally obtained by comparative tests. Empirical rheological tests and the infrared
spectral (IR) analysis were done before and after each cycle of recycling. Results indicate that for impact on deterioration of asphalt
binders, ageing time is more important than cycle number. Meanwhile, the asphalt after multicycle repeated ageing and recycling
can be restored to the empirical rheological indices level of the virgin asphalt and meet specifications requirements.

1. Introduction

.e amount of global reclaimed asphalt pavement (RAP)
increases every year because ofmaintenance or rehabilitation
of more andmore asphalt concrete pavements reaching their
service life.With the increase of the environmental awareness
of people and the cost for petroleum-based asphalt as the
binder of asphalt concrete, use of RAP has been the common
construction practice for several decades in some countries or
areas, such as the USA, Japan, and Europe. A recent survey
shows that in theUSA, the average percentage of RAP used in
asphalt mixtures has increased from 15.6 percent in 2009 to
20.5 percent in 2016, and many U.S. state agency specifica-
tions allow up to 30 percent [1]. Across Europe, many studies
have been conducted with the objective of promoting RAP
contents in asphalt mixtures as much as 60%, and especially
in Netherlands, one challenge is to produce base course

mixtures even with RAP contents 70% [2, 3]. In Japan, present
recycling ratio of recycled asphalt pavement, which has been
recommended to utilize by law since 2000, is close to 100% [4].

Deterioration characteristics of aged asphalt binders in
RAP may stiffen the mixture and cause cracking failure of the
pavement if not treated carefully [5–9]. To stimulate the
reasonable use of RAP, it is urgent to research the ageing
behavior of asphalt under high temperature and oxidative
condition and suitable rejuvenator added to the aged asphalt
with appropriate dosage. In recent years, many researchers
have investigated ageing behavior based on macro- and
microperformance by simulating long-term ageing in labo-
ratory [10]. Optimum contents and effects of rejuvenators on
performance-basedproperties of recycled asphalt binders have
been studied [11–13]. Analysis of binders’ ageing rate shows
that selecting the proper rejuvenator can extend the binders’
service life up to 10 years more than that softened by a less
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effective rejuvenator [14]. .e focus has been mainly on the
asphalt after once ageing and recycling; however, the fact is that
certain RAP materials have already experienced multicycle
repeated ageing and recycling during the past decades. Re-
cently, some researchers began to concern properties changes
and recovering effects of the bitumen or asphalt mixture after
two or three cycles of ageing and recycling. In the European
project Re-Road-End of Life Strategies of Asphalt Pavements
[15], a multiple recycling study was made to investigate the
effect of recycling a mixture containing polymer modified
bitumen for 3 recycling cycles on the performance of the
resulting mixtures. .e result shows that the commonly used
hot recycling process can be repeated three times considering
moderate contents (50%) of RAP in new hot mixtures. Luo
and Ji [16] investigated the properties of the common asphalt
(60–80 penetration) and SBSmodified asphalt after two cycles
of ageing and recycling by adding rejuvenator and analyzed
their antiageing capacities. Montepara et al. [17] evaluated the
possibility of reusing three different cold recycling mixtures
composed by the same RAP as aggregate base but different
asphalt emulsions as added binders to obtain a new second-
generation material. However, ageing behavior and rejuve-
nating effects after multicycle (3 cycles more) ageing and
recycling process are still unclear and need further research.

In this study, the Rolling .in Film Oven Test (RTFOT)
was adopted to simulate various degrees of long-term ageing
effect of the common virgin asphalt by changing its duration
in the oven. Commonly the RTFOT is applied to simulate
asphalt’s short-term ageing, and the Pressure Ageing Vessel
(PAV) test is used for long-term ageing simulation. How-
ever, research shows the RTFOT with expanding time or
higher temperatures is also applicable for long-term ageing
simulation with the advantages such as less experimental
time, simpler operation, and lower equipment price af-
fordable for the user compared with the PAV at 100°C
[18, 19]. Our self-made rejuvenating agent was added to the
asphalt at a certain content after each ageing cycle, and
empirical rheological indices of asphalt, including pene-
tration, softening point, and ductility, were measured before
and after each recycling cycle. Chemical changes of asphalt
before and after each recycling cycle were assessed by In-
frared Spectral (IR) analysis. In this study, five groups of the
same common asphalt, respectively, experienced five-cycle
ageing by RTFOT at 163°C with respective ageing duration
and recycling by adding rejuvenator at certain content.
Empirical rheological indices changing rules with duration
and cycle number were analyzed and feasibility of multicycle
recycling of pavement asphalt was discussed.

2. Experimental Program

2.1.Materials. .eAH-70 (60–80 penetration) asphalt binder
from China widely used in Chinese highway construction was

adopted as the virgin asphalt in this research. .e self-made
rejuvenating agent added to the aged asphalt was composed of
epoxy resin, vegetable oil, and softernewasphalt of typeAH-90
(80–100 penetration) at certain proportion which were pre-
heated and blended fully. In Europe, RAP recycling can be
realized by adding a soft enough virgin binder, the penetration
grade of which is normally determined by the log penetration
rule [20], and inmanycases, atnotveryhighRAPcontents, real
rejuvenator is not necessary. However, study has shown that
asphalt rejuvenators can allow more recycled materials to be
incorporated in asphalt mixtures than soft binders alone [21].
In this research, to promote multicycle recycling effectiveness
and feasibility, soft new asphalt and real rejuvenator such as
epoxy resin and vegetable oil, whichwe totally call rejuvenator,
were added into the aged asphalt. Tables 1 and 2, respectively,
show related properties of the virgin asphalt and the re-
juvenator meeting the requirements of current Chinese
specifications [22, 23].

2.2. Multicycle Ageing and Recycling Method. .e virgin
asphalt was divided into six groups (groups 0∼5). .e six
batches of sample were aged using the Rolling .in Film
Oven (RTFO) [24] at 163°C, respectively, for 0 (i.e., the
virgin asphalt), 40, 85, 180, 240, and 300 minutes to simulate
different asphalt ageing degrees varying from short-term
ageing in asphalt mixture production and paving to long-
term ageing effect of pavement asphalt. Related empirical
rheological indices and chemical changes of the aged asphalt
binder were measured after ageing.

.e rejuvenator was added to the aged asphalt samples at
different contents by weight according to the respective
ageing duration and cycle number (e.g., for group 1 asphalt
sample, though the second and the third cycle ageing du-
rations are the same 40min, rejuvenator contents for these
two cycles recycling may be different). In detail, see the
section of rejuvenator dosage determination. .e aged as-
phalt and the rejuvenator were blended at 120°C and stirred
by a small high-speed shearing mixer for 30 minutes at speed
10,000 rpm to ensure fully mixing.

Table 1: Properties of virgin asphalt (AH-70).

Property Penetration (25°C, 0.1mm) Softening point (°C) Ductility (15°C, cm)
Value 66.1 56.0 150.0

Table 2: Properties of rejuvenator.

Property Value
Proportion by weight of three components in
rejuvenator (epoxy resin : vegetable oil : new asphalt
AH-90)

4 : 6 : 90

Penetration (25°C, 0.1mm) of rejuvenator 186.1
Penetration (25°C, 0.1mm) of new asphalt AH-90 in
rejuvenator 88.8

Softening point (°C) of new asphalt AH-90 in
rejuvenator 56.0

Ductility (15°C, cm) of new asphalt AH-90 in
rejuvenator 150.0
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For group 1, during the �rst cycle of ageing and recy-
cling, the virgin asphalt sample was aged for 40min by
RTFOTat 163°C. �e �rst aged asphalt is recycled by adding
the rejuvenator at certain content (resp., adding the re-
juvenator at three di�erent contents for indices comparative
tests and obtaining the best one) to recover original level.
�e �rst recycled asphalt at the best content then underwent
the second ageing and recycling, which was the same process
as the �rst cycle including the same ageing duration 40min.
�is process has been repeated altogether for �ve cycles. For
groups 2∼5, the multicycle ageing and recycling process was
the same as group 1, except for changing the ageing duration
respectively for 85, 180, 240, and 300 minutes. �e exper-
imental plan is given in Figure 1.

2.3. Empirical Rheological Tests. In this study, key empirical
rheological indices of the asphalt binder such as penetration,
softening point, and ductility were measured after each
ageing or recycling cycle. Penetration at 25°C of the aged
asphalt or recycled in each cycle was obtained following
present Chinese test speci�cations [25]. Softening point was
measured following standard ball and ring testing method
[26]. Ductility test at 15°C was conducted strictly according
to the procedure stipulated in speci�cations [27].

To avoid additional ageing, preparation of specimens for
tests should be done with subprocesses such as preheating,
heating, and molding completed one time. Molding tem-
perature of specimens should be controlled at 135∼145°C.

2.4. Infrared Spectral Analysis. Fourier Transform Infrared
Spectroscopy (FTIR) (Nicolet 6700,�ermoFisher Scienti�c,
USA) was used to investigate chemical changes of asphalt
binders. �e FTIR parameters were revolution 4 cm−1, scan
number 32 times, and test range 4000∼400 cm−1. �e in-
strument was installed in air-conditioned room (17∼27°C).

�e asphalt sample was blended with potassium bromide
(KBr) at asphalt/KBr ratio about 1 : 3, grinded fully, and
�nally tabulated to circularity about 1mm thick. Immedi-
ately, the prepared circular specimen was put into FTIR and
scanned by infrared light. �e infrared spectra of the asphalt
binder were obtained at a 4 cm−1 revolution.

2.5. Rejuvenator Dosage Determination. In this paper, the
self-made rejuvenator composed of epoxy resin, vegetable
oil, and new asphalt was adopted. For aged asphalt samples
with di�erent ageing time periods or ageing cycle numbers,
rejuvenator contents were selected as below.�e rejuvenator
content was �rstly estimated by empirical equation (1),
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Figure 1: �e experimental plan.

Advances in Materials Science and Engineering 3



which is converted from viscosity blending charts and re-
vised based on a great number of related asphalt re-
juvenating experimental data [28]. Equation (1) shows how
the penetration of the rejuvenated asphalt blended by the old
asphalt and the rejuvenator is calculated:

Pr � X
a lgPa −C( 􏼁 +(1−X)

a lgPo −C( 􏼁 + C, (1)

where Pr is the expected penetration of the rejuvenated
asphalt (0.1mm), X is the rejuvenator content by weight
(decimal), a is the index for deviation (selected to be 1.02 for
the rejuvenator used in this paper), Pa is the penetration of
the added rejuvenator (0.1mm), Po is the penetration of the
old asphalt (0.1mm), and C is a constant, which is equal to
4.6569.

.e estimated value of the rejuvenator content calculated
from (1) was revised for three different ones in certain range,
and the rejuvenator was added respectively at these three
contents for indices comparative tests. According to the tests
result, the best one was obtained, and the recycled asphalt at
this content was used for FTIR test and the next cycle ageing
and recycling. Table 3 shows related empirical rheological
indices of the aged and rejuvenated asphalt samples of group
4 (e.g., the 4th cycle), respectively, at rejuvenator contents
52%, 55%, and 58%. From Table 3, it is found that the
optimum rejuvenator content of the asphalt sample group 4
in the 4th recycling cycle after 240min ageing is 55% with
the best rejuvenating effect.

3. Results and Discussion

3.1. Asphalt Empirical Rheological Indices Changes after
Multicycle Ageing and Recycling Process. Figures 2–4, re-
spectively, show results of penetration at 25°C, softening
point, and ductility at 15°C after different ageing time pe-
riods for each ageing cycle. It is firstly found that at all ageing
cycles’ indices exhibit an exponential function relationship
with ageing time, which is consistent with the first-order
reaction kinetic model of asphalt ageing [29, 30].

In the asphalt ageing process, oxidation and conden-
sation reactions decrease the aromatic constituent concen-
tration and adversely increase the asphaltene content. .e
first-order reaction means that chemical reaction rate is
calculated as follows:

−dC

dt
� kC, (2)

where C is the reactant concentration, t is the ageing time,
and k is a constant. By integrating on both sides of (2) and
assuming related macroperformance indices directly or
inversely proportional to the reactant concentration [31, 32],

relationship between empirical rheological indices and
ageing time is expressed uniformly as

M � Ae
Bt

, (3)

where M represents penetration at 25°C and softening point
or ductility at 15°C, t is the ageing time (min) and bothA and
B are constants (B is negative for penetration or ductility and
positive for softening point). Exponential regression equa-
tions in Figures 2–4 show that the absolute value of ageing
rate coefficient B increases with ageing cycle number.

Based on theoretical analysis and experimental in-
vestigation, it is concluded that related empirical rheological
indices show an exponential deterioration trend with ageing
time in any ageing cycle, and the deterioration rate relatively
becomes faster with ageing cycle number increasing.

Figures 5–7, respectively, present changing rule of pen-
etration at 25°C and softening point and ductility at 15°C of
the asphalt samples with ageing cycle number for the same
ageing time period. It is found that empirical rheological
indices worsen with ageing cycle number, but the impact of
ageing cycle number on empirical rheological indices espe-
cially penetration at 25°C is relatively less than that of ageing
time. For penetration at 25°C in Figure 5, the maximum
decreases appear between the 3rd and the 4th cycles without
exception. However, for softening point in Figure 6 or
ductility at 15°C in Figure 7, the maximum changes occur
between the 1st and the 2nd cycles with the exception of
85min or 40min.

3.2. Infrared Spectral Analysis Results and Discussion. Infrared
spectral analysis is one of the most widely used methods in
the study of chemical structure of polymers. .is technique
was adopted to obtain the characteristics of the functional
groups in asphalt binders by observing the changes in the
absorption peaks of the main functional groups and get the
further understanding of the asphalt multicycle ageing and
recycling process based on chemical changes.

Figure 8 shows the infrared spectra of the virgin asphalt
and the asphalt in five ageing cycles for 180min, and Figure 9
presents those of the virgin asphalt and the asphalt in five
recycling cycles for 180min. By comparing spectra of the
asphalt in ageing or recycling cycles with those of the virgin
asphalt, strong absorption peaks are observed at the same
wavenumber but with relatively weaker or stronger intensity,
such as the strongest bands with peak at 2923 cm−1 (shoulder
peak at 2851 cm−1), and the second strongest bands with peak
at 1455 cm−1 (shoulder peak at 1375 cm−1 and neighbor
peak at 1610 cm−1). In the strongest bands, absorption peaks
correspond to C–H stretching vibration in the alkanes of the

Table 3: Results of comparative tests of group 4 (e.g., the 4th cycle).

Index Asphalt after
240min ageing Virgin asphalt

Rejuvenated asphalt (rejuvenator content)
52% 55% 58%

Penetration (25°C,
0.1mm) 24.9 66.1 58.3 62.2 63.1

Softening point (°C) 75.7 56.0 62.4 58.5 57.8
Ductility (15°C, cm) 6.8 150.0 125.6 130.4 131.1
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asphalt. In the second strongest bands, absorption peak at
1610 cm−1 is caused by C�C skeleton vibration in the aro-
matic ring of the asphalt and those at 1455 cm−1 and
1375 cm−1 are caused by C–H bending vibration in the al-
kanes of the asphalt.

Newabsorptionpeak appears at 1720 cm−1 on the spectral
curve of asphalt in each ageing or recycling cycle, owing to
carbonyl group produced in the aged asphalt. �e carbonyl
group exists in products of asphalt oxidation such as alde-
hydes, ketones, and esters [33]. At 1030 cm−1 on all spectral
curves including the virgin asphalt, absorption peak intensity
increases with the cycle number. �is absorption peak is
related with sulfoxide group formed by sulfur element in the
asphalt under sustained heat and oxygen condition.

In the asphalt ageing process, polar functional groups
such as carbonyl and sulfoxide produced in chemical re-
action accelerate intermolecular interactions and lead to
constituent changes and empirical rheological indices de-
terioration of the asphalt. However, asphalt recycling pro-
cess is the reverse and physical one, which by adding �t
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rejuvenator reduces the polar functional groups contents,
adjusts the component, and realizes empirical rheological
indices recovery of the asphalt.

To further investigate ageing behavior and rejuvenating
e�ect of asphalt in multicycle ageing and recycling process,

quantitative calculation is necessary. In this study, two
chemical indices including carbonyl index (CI) and sulf-
oxide index (SI) are calculated to evaluate the asphalt ageing
degree. Taking into consideration that thickness deviation of
IR specimen tablet will in¡uence transmittance and ab-
sorption peak intensity, relative values are adopted. �e
carbonyl index is the ratio of the absorption peak area near
1720 cm−1 caused by carbonyl group to that near 1455 cm−1
on the same spectral curve caused by saturated C–H bending
vibration. �e sulfoxide index is the ratio of the absorption
peak area near 1030 cm−1 caused by sulfoxide group to that
near 1455 cm−1. Table 4 shows CI and SI results of the virgin
asphalt and the asphalt in each ageing or recycling cycle for
180min.

From results in Table 4, CI and SI increase with ageing
cycle number, indicating that some ageing damage accu-
mulates and ageing degree is related with ageing cycle
number. It corresponds to the relationship between em-
pirical rheological indices and ageing cycle number. CI in
the 3rd ageing cycle is 0.156, whereas CI in the 4th ageing
cycle is 0.307, which corresponds to an increase of ap-
proximately 100%. SI also increases about 100% between the
3rd and the 4th ageing cycles.�emaximum change of CI or
SI occurs between the same two cycles with those of pen-
etration, which indicates that empirical rheological index
penetration has good correlation to CI or SI. An interesting
phenomenon can also be found in Table 4 that CI and SI of
each recycling cycle are less than those of the same ageing
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cycle; however, decrease in degree of CI is much more
obvious than that of SI (e.g., CI of the �rst recycling is 0.051,
whereas that of the �rst ageing cycle is 0.116, which cor-
responds to a decrease of 56%; in the same case, SI decreases
only 12%). �e mechanism of this phenomenon is to be for
further research.

3.3. Rejuvenator Dosage Analysis and E�ect Evaluation of
Asphalt Multicycle Ageing and Recycling. As mentioned in
the section of rejuvenator dosage determination, the best
rejuvenator content by weight was obtained by comparative
tests based on initial estimated value by (2). Optimum re-
juvenator contents for each recycling cycle of all �ve groups
(1∼5) aged asphalt with di�erent ageing time periods are
shown in Table 5.

From results in Table 5, the optimum rejuvenator
content increases with the ageing time and the ageing cycle
number, indicating that asphalt rejuvenating capability is
related with the two factors above. It corresponds to the
relationship between empirical rheological indices and
ageing time or ageing cycle number. It is the same as the

penetration that the maximum change of optimum re-
juvenator content for any group asphalt sample occurs
between the 3rd and 4th ageing cycles, which indicates that
penetration is an important empirical rheological index to
evaluate asphalt rejuvenating e�ect.

Currently there are two methods, the macro- and
microevaluation, to evaluate asphalt rejuvenating e�ect [34].
�e macroevaluation focuses on performance of recycled as-
phalt, with evaluation indices such as penetration, softening
point, ductility, and viscosity. However, the microevaluation
utilizes constituents and molecular weight distribution analysis
to evaluate the asphalt rejuvenating e�ect. Because empirical
rheological indices are related to asphalt pavement perfor-
mance, the macroevaluation is more commonly used in
practice. In this study, the two-level monitoring index eval-
uation system has been established, namely penetration as the
main index for partly re¡ecting asphalt rheological properties
and softening point and ductility as the auxiliary indices.

Figures 10–12, respectively, show results of penetration
at 25°C and softening point and ductility at 15°C after each
recycling cycle of di�erent ageing time periods. Penetration
at 25°C after each recycling cycle should be strictly controlled
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at the range between 60 (0.1mm) and 80 (0.1mm) according
to present Chinese speci�cations [22]. Figure 10 shows that
penetration values satisfactorily meet the requirement. It is
indicated in Figure 11 that all the softening point values of
recycled asphalt in each cycle are recovered at the range of
55∼60°C, completely meeting the demand of over 45°C in
current Chinese speci�cations [22]. Figure 12 shows that the

ductility values at 15°C after the 1st and 2nd recycling cycle
are restored to the 150 cm of virgin asphalt. �ough the
values in the other three cycles for some longer ageing time
periods are not restored satisfactorily, the lowest value oc-
curring in the 5th recycling cycle for 300min reaches 110 cm
meeting the requirement of over 100 cm stipulated in related
Chinese speci�cations [22].
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Selecting suitable rejuvenator with the right dosage, it is
feasible for asphalt in multicycle ageing and recycling
process to be recovered to empirical rheological indices level
of virgin one and satisfy the demand stipulated in specifi-
cations. .e good practical rejuvenating effect verifies ef-
fectiveness of rejuvenator dosage determination method.

4. Conclusions

.is paper presents a study of AH-70 virgin pavement as-
phalt ageing behavior and rejuvenating possibility in five
cycles with repeated ageing and recycling for different ageing

time periods. .is study is based on RTFOT, empirical
rheological tests, IR analysis, rejuvenator dosage compara-
tive tests, and rejuvenating effect macroevaluation system.

Empirical rheological indices analysis indicates that the
deterioration degree of the asphalt in themulticycle ageing and
recycling process mainly depends on two factors, ageing time
and ageing cycle number. With regard to the impact on em-
pirical rheological indices, the former ismuchmore important
than the latter, exhibiting an exponential relationship with
indices values. For the latter, the maximum decrease of pen-
etration values appears between the 3rd and 4th cycles, being
consistent with IR quantitative calculation results.

Table 4: FTIR test CI and SI of virgin asphalt and asphalt after each ageing or recycling cycle for group 3.

Index Virgin asphalt
Asphalt after each 180min ageing cycle Asphalt after each recycling cycle

1st 2nd 3rd 4th 5th 1st 2nd 3rd 4th 5th
CI (—) 0 0.116 0.148 0.156 0.307 0.311 0.051 0.073 0.091 0.182 0.191
SI (—) 0.043 0.065 0.071 0.082 0.162 0.171 0.057 0.063 0.070 0.126 0.145

Table 5: Optimum rejuvenator contents for each recycling cycle with different ageing durations (groups 1∼5).

Ageing time (min)
Optimum rejuvenator content by weight (%) Average optimum rejuvenator content of each group

(%)1st 2nd 3rd 4th 5th
40 (group1) 19 20 21 24 25 21.8
85 (group2) 29 30 31 34 35 31.8
180 (group3) 46 46 47 51 51 48.2
240 (group4) 49 50 51 55 56 52.2
300 (group5) 53 54 54 57 58 55.3
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Figure 9: Infrared spectra of asphalt in each recycling cycle for 180min.
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In IR analysis, appearance of new absorption peaks and
intensity increase of some absorption peaks show that polar
functional groups are produced and constituents and mo-
lecularweightdistribution is changed in themulticycle ageing
and recycling process. Increase of CI and SI with ageing cycle
number shows that some ageing damage is accumulative.

A method of empirical formula combined with com-
parative tests was adopted to determine the optimum re-
juvenator content, which is veri�ed e�ective by the good
practical rejuvenating e�ect on the multicycle aged asphalt.
In the two-level rejuvenating e�ect macroevaluation system,
penetration is the master monitoring index, which is veri�ed
being of good correlation to chemical indices. Evaluation
results indicate that the asphalt after multicycle ageing and
recycling can be restored to the empirical rheological indices
level of the virgin asphalt and meets related speci�cations
requirements.

Selecting suitable rejuvenator with the right content,
pavement asphalt multicycle ageing and recycling is feasible.
In the �rst-stage study, related multicycle rejuvenating
mechanism is still unknown, for example, obvious di�erence
of rejuvenator recovering e�ects on CI and SI, which is the
main aim in further research.
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