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Featured Application: This paper presents the trends in the rheological, chemical, and morpho-
logical properties of SBS-modified asphalt-binders under multiple cycles of aging and rejuvena-
tion. The results from this study may provide guidance for the future development of rejuvena-
tors and application of repeated penetrating rejuvenation.

Abstract: To investigate the influence of multiple cycles of aging and rejuvenation on the rheologi-
cal, chemical, and morphological properties of styrene-butadiene—styrene (SBS)-modified asphalt-
binders, the asphalt-binders were aged using two laboratory simulation methods, namely a rolling
thin film oven (RTFO) test for short-term aging and pressure aging vessel (PAV) for long-term aging.
The asphalt-binders were then rejuvenated with three types of rejuvenators (Type I, II, and III) with
different dosages (i.e., 6%, 10%, and 14% for the first, second, and third rejuvenation, respectively). A
dynamic shear rheometer (DSR) was then used to analyze the effect of rejuvenators on the rheological
properties of all the asphalt-binders. The changes in the functional groups and microscopic morphol-
ogy in the process of multiple aging and rejuvenation cycles were studied using Fourier transform
infrared (FTIR) and atomic force microscopy (AFM). The results indicated that the three rejuvenators
could soften the stiffness and restore the microstructures of the aged asphalt-binders in the process of
repeated aging and rejuvenation from DSR and AFM testing. Considering the rutting and fatigue
properties, the Type I rejuvenator exhibited the potential to achieve the desired rejuvenation effects
under multiple rejuvenation cycles. During the multiple aging and rejuvenation cycles, the aging
resistance of SBSMA decreased gradually from the FTIR results. This inherently limited the number
of repeated rejuvenation cycles. This research is conducive to promoting the application of repeated
penetrating rejuvenation.

Keywords: multiple aging and rejuvenation cycles; SBS modified asphalt; morphological properties;
DSR; FTIR; AFM

1. Introduction

Due to the mature production process, cost-effectiveness, and the outstanding perfor-
mance in terms of rutting, cracking, and moisture resistance, styrene-butadiene—styrene-
modified asphalt-binder (SBSMA) is one of the most commonly used asphalt-binders for
pavement construction, particularly as a surfacing layer [1]. The principle idea is to take
advantage of the good binding and hardening properties of the SBS polymer to achieve
effective modification of the bituminous material [2]. Thus, SBSMA has broad market
prospects and accounts for more than 50% of the modified asphalt-binder around the
world [3].
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Nevertheless, SBSMA is inevitably prone to aging during the service life of the pave-
ment as a result of the negative effects of oxygen, heat, and ultraviolet (UV) light, which
ultimately lead to the hardening and embrittlement of the asphalt-binder [4,5]. These
effects usually result in the degradation of the SBS polymer and oxidation along with
the volatilization of light components and the polycondensation of the asphalt-binder,
consequently causing a decay in the physico-rheological properties [6-8]. Many researchers
have observed an increase in the complex modulus (G*), elastic modulus (G') and creep
recovery (R), but a reduction in phase angle (J) and non-recoverable creep compliance (Jnr)
with the deepening of the aging by DSR, which means that the viscous behavior of the
asphalt-binder has partly moved to elastic behavior [9-11].

SBSMA's performance decay accelerates pavement distresses and shortens its service
life under traffic loading and fluctuating environmental conditions. It is essential to make a
proper decision to restore the physico-rheological properties of the asphalt-binder at an
appropriate time during the life cycle of the pavement [12]. Therefore, rejuvenators are often
added to aged asphalt-binders to soften them and make the rejuvenated asphalt-binders
more fluid. Specifically, the effects of the rejuvenators on the asphalt-binders include an
increase in the penetration grade, ductility, phase angle, m-value, and a corresponding
decrease in the softening point, viscosity, shear complex modulus, rutting factor, and
stiffness, respectively [13,14].

During the aging and rejuvenation processes, the change in the physico-rheological
properties of the SBSMA can be attributed to the chemical composition and microstruc-
tures. Fourier transform infrared (FTIR), atomic force microscopy (AFM), environmental
scanning electron microscope (ESEM), and other new technologies have been successfully
applied to analyze the aging mechanism and rejuvenating process of SBSMA at a micro
scale [11,15-25]. FTIR was used to investigate the aging and rejuvenation mechanism of
SBSMA as well as the relationship between the chemical and rheological characteristics
by identifying the differences between the absorption peaks which represent the func-
tional groups and contents in the asphalt-binder based on Lambert-Beer’s Law [15-18].
Yang et al. [20] found that the oxygen content of the asphalt-binder increased greatly after
thermal aging, leading to an increase in the polar functional groups such as carbonyl and
sulfoxide groups in the asphalt-binder. In terms of rejuvenation, rejuvenators regularly
decreased the carbonyl and sulfoxide indices [21]. The AFM can obtain the microscopic
morphology of the asphalt-binder surface [10]. Guo et al. [22] observed that the bee struc-
tures slightly increased after PAV aging, and rejuvenator made the microstructures larger.
Ozdemir et al. [23] studied aging effects of varying processing parameters on the phase
structure of SBSMA. Cong et al. [24] observed a decrease in the surface roughness with
aging. Aghazadeh Dokandari et al. [25] observed that tiny bee structures appeared with
the addition of the rejuvenator.

The rejuvenation of aged SBSMA and reuse of asphalt mixtures reduces the environ-
mental impacts, such as land occupation and consumption of nonrenewable resources [4].
Rapid in-place pavement recycling at an appropriate time is a very promising technology
for preventive maintenance, and has an advantage of time- and cost-efficiency [26]. How-
ever, one cycle of rejuvenation has become inadequate to meet the current environmental
and traffic demands. Considering the availability of bitumen and its price uncertainty;,
the need for multiple instances of maintenance in road construction has become essential.
Three or four instances of maintenance has been proposed to extend the service life by
10-15 years with over 50% cost savings [12].

With the above background, it is therefore imperative to conduct a laboratory study
on the multiple aging and rejuvenation cycles of asphalt-binder where rejuvenated asphalt-
binder is widely used. Furthermore, multiple-cycle rejuvenation is expected to be a com-
mon practice in the future. To explore the mechanisms of multiple cycle aging and reju-
venation, various technological methods including FTIR and AFM were applied in this
study for quantitatively evaluating the chemical and morphological properties of SBSMA
through repeated aging and rejuvenation laboratory testing. Another aim of this study
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was to investigate the effects of multiple aging and rejuvenation cycles on the rheological
parameters of SMSMA and the potential for repeated rejuvenation of flexible pavements,
so laboratory experimentations were accomplished by using DSR for investigating.

2. Materials and Test Methods

SBSMAs were separately blended with three types of rejuvenators at different dosages
in multiple aging and rejuvenation cycles. Basic performance tests, namely DSR, FTIR, and
AFM, were used to test the original, aged, and rejuvenated asphalt-binder samples. The
high-temperature rutting parameters and intermediate-temperature fatigue parameters
were obtained using the DSR test device [27]. The functional group changes of the asphalt-
binder samples were obtained by analyzing the results from FTIR [20]. The microstructures
of asphalt-binder samples were observed and characterized with AFM [10].

2.1. Materials

The main materials used in this study were asphalt-binder and three types of rejuve-
nators, namely Type I, Type II, and Type 111, respectively.

2.1.1. Asphalt-Binder

The physical properties of the SBS-modified asphalt-binder (SBSMA) used in this
study were acquired from SHELL Co., Ltd. The physical properties of SBSMA are listed in
Table 1.

Table 1. Technical indices of SBS modified asphalt-binder (SBSMA).

. . .. RTFO PAV
Technical Index Unit Virgin Residue Residue Test Method
Penetration (25 °C,100g,5s) 0.1 mm 50.6 35.0 224 ASTM D5
Softening point, TreB °C 78.9 81.0 83.2 ASTM D36
Ductility (5 °C, 5 cm/min) cm 25.2 14.7 2.0 ASTM D113

2.1.2. Rejuvenators

The three different types of rejuvenators were asphaltene-free cationic rejuvenating
emulsions fabricated from petroleum-based oil. The principal properties and infrared spec-
tra of the three rejuvenators used are listed in Table 2 and shown in Figure 1, respectively,
all indicating nearly similar components and chemical structures.

2.2. Experimental Design Plan

Laboratory short-term aging was carried out using the rolling thin-film oven test
(RTFO, 163 °C, 1.0 MPa, 85 min) to simulate aging during storage, mixing, transport,
and placing. Thereafter, the pressurized aging vessel test (PAV, 100 °C, 2.1 MPa, 20 h)
was performed to roughly simulate 5 years of field aging [28] in accordance with ASTM
D2872 [29] and ASTM D6521 [30]. The virgin SBSMA was subjected to RTFO and PAV
aging to obtain the first aged SBSMA.

Table 2. Technical indices of the rejuvenators.

Technical Index Unit Type I Type II TypeIll  Test Method
Viscosity @25 °C SFS 25~150 20~60 25~150 ASTM D7496
Residue % >64 60~65 >65 ASTM D6934
Particle charge — Positive Positive Positive ASTM D7402
Asphaltenes Y% <11.5 2~4 <11 ASTM D2006
Maltene distribution ratio
(PC+A1)/(S+Ag) 1 — 0.8~1.4 0.5~0.9 0.7~1.1 ASTM D2006
PC/S ratio — >1.2 >1.2 >0.5 ASTM D2006

1 PC = Polar Compound; Al = First Acidaffins; A2 = the Second Acidaffins; S = Saturated Hydrocarbons.
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rejuvenators.

For the purpose of investigating the influence of multiple aging and rejuvenation
cycles on the SBSMA in the field, 6%, 10%, and 14% by weight (wt%) of the asphalt-binder
were selected as the rationale dosage of the rejuvenator for the first, second, and third
rejuvenation, respectively, in accordance with previous research studies [26]. The first aged

SBSMA was heated to 140~160 °C for

melting and blended with three rejuvenators for

30 min to prepare the first rejuvenated SBSMA. Thereafter, the first rejuvenated SBSMA
was directly placed in the PAV (100 °C, 2.1 MPa, 20 h) for long-term aging (rather than
RTFO first) to obtain the second aged asphalt-binder on account of the in-place penetrating
rejuvenation without the need for heated construction. The second rejuvenated asphalt-
binder was prepared by adding 10 wt% of the rejuvenator to the second aged SBSMA. The
third aged asphalt-binder and the third rejuvenated asphalt-binder were obtained by the
same method. Figure 2 illustrates the experimental design plan for this research study:.

| Virgin SBSMA | l RTFO Residue !
' PAV | |
I
: - 1 | Blend with 6% rejuvenator —— - 1
I’ First aged SBSMA ‘ | First rejuvenated SBSMA ‘|
1 PAV | :
! |
: 1 | Blend with 10% rejuvenator ‘ - !
i|  Second aged SBSMA | | Second rejuvenated SBSMA ‘:
' PAV | !
I | |
1 Blend with 14% rej
1 Third aged SBSMA “ enc wit rejuvenator ‘I Third rejuvenated SBSMA “
e e e e e e e e e e e e e e e e e e e = - - — -
| DSRTests | | FTIR Analysis | | AFM Analysis |

Figure 2. Experimental flow chart.
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2.3. Laboratory Testing
2.3.1. Rheological Property Tests

The dynamic rheological properties of the SBSMA at different cycles of aging and
rejuvenation were measured using the DSR test device (Kinexus Pro+, Malvern, Wolver-
hampton, UK).

Temperature sweep tests were carried out under the strain-controlled loading mode
at a constant frequency of 10 rad-s~! in accordance with the ASTM D7405 [31]. The
temperature range was 58~82 °C for the rejuvenated asphalt-binders, and 22~34 °C for
the aged asphalt-binders. The applied strain levels for the temperature sweep tests were
controlled in the linear viscoelastic range. The rejuvenated asphalt-binder samples were
molded to a diameter of 25 mm by 1 mm thick whilst the aged asphalt-binder samples to a
diameter of 8 mm by 2 mm thick.

Multiple Stress Creep Recover (MSCR) tests were conducted at 76 °C in line with
the ASTM D7405 [31] test specification at standard stress levels of 0.1 kPa and 3.2 kPa,
respectively. After subjecting the asphalt-binder samples to 10 loading cycles, each level
with a 1 s loading period followed by a 9 s recovery period, two major rheological parame-
ters, namely the percentage recovery (R) and non-recoverable creep compliance (Jnr), were
calculated automatically at both stress levels of the DSR test.

Linear Amplitude Sweep (LAS) tests were performed using the DSR test device with
8 mm parallel plates and 2 mm gap to determine the asphalt-binders’ resistance to fatigue
damage in accordance with the AASHTO T391-20 [32] test specification. The LAS test
procedure consisted of two phases. Firstly, the frequency sweep test was performed at
0.1% strain level with a frequency range of 0.1~30 Hz to obtain the undamaged property
of the samples («). Then, in the amplitude sweep, the load was applied from 0 to 30%
strain at 10 Hz for 300 s under strain-controlled loading mode. The LAS test data were
processed using a Visco-Elastic Continuum Damage (VECD) model approach to determine
the fatigue parameters A and B. In this study, all the LAS tests were performed at a room
temperature of 25 °C.

2.3.2. FTIR Tests

FTIR tests were performed using a Bruker Alpha FTIR spectrometer (Germany)
equipped with a reflection diamond ATR accessory to analyze the functional groups of sam-
ples qualitatively or quantitatively with an accumulation of 32 scans in a 400~4000 cm ™!
range and a resolution of 4 cm~! (Figure 3a). The samples were directly placed on a
zinc selenide horizontal ATR crystal, which should be totally cleaned using kerosene and
alcohol after each test operation [33]. The raw FTIR data were processed and analyzed
using a software program called OPUS.

Figure 3. Microscopic analysis equipment: (a) FTIR-ATR; (b) AFM.
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2.3.3. AFM Tests

Atomic force microscopy (AFM, Bruker Dimension ICON, USA) was used to in-
vestigate the micro-morphology of the asphalt-binder at different cycles of aging and
rejuvenation using the tapping mode (see Figure 3b). Because of the AFM requirement for
a smooth surface of the sample molded, all the asphalt-binder samples for the AFM tests
were prepared using the thermal method. This was necessary to avoid toxic solvents from
dissolving and damaging the microstructures of the asphalt-binder [10].

A hot liquid drop of asphalt-binder (160 °C) was placed on a 10 x 10 x 2 mm glass
substrate and put into the oven at a constant temperature of 145 °C for about 5 min and
thereafter, cooled to the ambient temperature. The AFM samples with a flat and smooth
surface were obtained and then moved to a closed dust-free container for storage before
AFM observations.

Height and Z-images were scanned using an etched silicon probe. The probe (NANOSEN-
SORTM, PPP-NCL-20) was used under the tapping mode. All the experiments were con-
ducted at a temperature of 25 °C. The scanning range of 10 x 10 pm was used for the
microstructure of the sample surfaces, and the range of 30 x 30 pum for analysis of the mor-
phology was deemed a good statistical representation of the overall asphalt-binder samples.

2.3.4. Sample Replicates

For each rejuvenator type, content, aging condition, and test type, three sample
replicates were tested. Overall, a total of 261 asphalt-binder samples (153 samples for the
DSR tests, 54 samples for the FTIR tests, and 54 samples for the AFM tests) were prepared
and tested.

3. Test Results, Analyses, and Discussion
3.1. Rheological Properties

The rheological properties of the asphalt-binders from the DSR test were used to
evaluate the high-temperature rutting resistance and intermediate-temperature fatigue
resistance of the modified asphalt-binder in the process of multiple aging and rejuvenation
cycles. The specific DSR test results are presented and discussed below.

3.1.1. Temperature Sweep Analysis

The DSR temperature sweep tests were conducted with an isochronal plot to evaluate
the temperature sensitivity of the asphalt-binder. The complex shear modulus (G*) and
phase angle (6) were measured for subsequent computation of the analyzed rutting factor
(G*/sind) and fatigue factor (G*-sind).

The rutting factor (G*/sind) reflects the deformation resistance of asphalt-binders at
high temperatures [21]. Asphalt-binders with larger rutting factors have better rutting
resistance at high temperatures. Figure 4 shows that the G*/siné values of the rejuvenated
asphalt-binders decreased with an increase in temperature, and that the logarithm of
G*/sind had a linear correlation with temperature.

After the second rejuvenation cycle, the G*/sind values of the asphalt-binders with
Type I and Type III rejuvenators were comparatively close to those of the RTFO residue.
However, only the third rejuvenated SBSMA with Type I rejuvenator had a G*/sind that
was approximately equivalent to that of the RTFO residue. The superiority rank or-
der of the rutting factors of the first, second, and third rejuvenated asphalt-binders was
Type Il > Type I > Type III, respectively. With an increase in the rejuvenation cycles, the
rutting factor of the rejuvenated asphalt-binder with the Type II rejuvenator increased
steadily, while that with the Type III rejuvenator decreased. Notably, the rutting factor of
the aged SBSMA could be rejuvenated close to that of the RTFO residue by adding the
Type I rejuvenator.
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Figure 4. Rutting factor of SBS asphalt-binders at different rejuvenation cycles: (a) First cycle; (b) Second cycle; (c) Third cycle.

As the rejuvenation cycles increased, the dispersion of the rutting factor increased,
indicating that repeated rejuvenation had a great influence on asphalt-binder’s rutting
resistance. In general, the following was observed: (a) Type Il rejuvenator enhanced the
rutting resistance of the asphalt-binder, (b) Type III rejuvenator exhibited the potential to
reduce the rutting resistance, and (c) Type I rejuvenator indicated the potential to help
maintain the rutting resistance of the rejuvenated asphalt-binder.

The fatigue factor (G*-sind) reflects the anti-fatigue property of the asphalt-binder
at intermediate temperatures [21]. Figure 5a,b show that the fatigue factors of the aged
asphalt-binders decreased with an increase in temperature, and that the logarithm of
G*-sind had a linear correlation with temperature. The G*-sind values of the second aged
asphalt-binders with the three rejuvenators were close to that of the first aged asphalt-
binder, whereas only the third aged SBSMA with Type I rejuvenator had nearly the same
values as that of the PAV residue.
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Figure 5. Fatigue

factor of SBS asphalt-binders at different aging cycles: (a) Second cycle; (b) Third cycle.

From Figure 5, the fatigue factors of the third aged asphalt-binders ranked as follows:
Type II > Type I > Type III. The fatigue property of the third aged asphalt-binders with the
Type I rejuvenator was closest to that of the PAV residue, whilst that with the Type II reju-
venator was deemed as poor. The Type III rejuvenator, on the other hand, was found to be
satisfactory and better than the other two types in terms of potential for fatigue resistance.

It was interesting to note that the widest dispersion of the fatigue factor was produced
by the third aged asphalt-binders, followed by the second aged asphalt-binders as shown in
Figure 5, indicating that the repeated aging process had a great influence on the rheological
properties of the SBSMA. By comparison, the fatigue factor of the second and third aged
asphalt-binders with the Type I rejuvenator were seen to be close to those of the PAV
residue. This observation suggested that the expected rejuvenation performance can be
achieved by blending with the Type I rejuvenator.

Theoretically, low continuous grade of the asphalt-binders at high temperature means
poor high-temperature rutting resistance. As the number of rejuvenating cycles increased,
the high-temperature continuous grade of SBSMA with Type I and III rejuvenators de-
creased continuously, while the grade of the asphalt-binder with Type II rejuvenator
maintained an increasing trend. After the third cycle of rejuvenation, with an increase in
high temperature, the grade of the asphalt-binder with Type II demonstrated an insuffi-
cient effectiveness of the repeated rejuvenation with Type II. By contrast, Type I and III
rejuvenators could be applied to the repeated rejuvenation of SBSMA to reduce its high
temperature grade. However, the grade reduction associated with the Type I rejuvenator



Appl. Sci. 2021, 11, 9242 90f 19

was relatively low. On the other hand, whilst the third rejuvenated asphalt-binder reached
84.1 °C, the third rejuvenated asphalt-binder with Type III was only 79.8 °C (see Figure 6a).
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Figure 6. Failure temperature of SBS asphalt-binders at different aging and rejuvenation cycles: (a) High-temperature
continuous grade; (b) intermediate-temperature continuous grade.

For asphalt-binders rejuvenated with Type I and II rejuvenators, the intermediate
temperature continuous grade decreased to 18.3 °C and 18.7 °C (Type I and Type I,
respectively), and then increased by 19.0 °C and 21.6 °C (Type I and Type II, respectively)
with an increase in the number of aging cycles. For the asphalt-binders rejuvenated with
Type 111, the continuous grade at the intermediate temperature decreased with the aging
cycles (see Figure 6b). The continuous grading temperature of the first, second, and third
aged asphalt-binders rejuvenated with Type I were extremely close, showing that the
fatigue properties of SBSMA rejuvenated with Type I could satisfactorily reach the virgin
asphalt-binder level. Based on the results of the rutting and fatigue behavior of the asphalt-
binders in different aging and rejuvenation cycles, Type I was considered to achieve the
expected rejuvenation effects among the three types of rejuvenators evaluated.

3.1.2. MSCR Analysis

Percentage recovery (R), which reflects the recovery deformation for a period of ten
creep and recovery cycles at each stress level, represents the elastic recovery performance
of an asphalt-binder [34]. The larger percent recovery (R) indicates better rutting resistance
of asphalt-binders [35]. Figure 7a shows the recovery response of the rejuvenated SBSMA
with different rejuvenators at different rejuvenation cycles measured at 0.1 kPa and 3.2 kPa
stress levels, respectively.

From Figure 7, it is evident that as the rejuvenation cycles increased, the percentage
recovery of the asphalt-binder decreased under the same stress level. This meant a decline
in the percentage recovery ability of the asphalt-binders after rejuvenation and the conver-
sion promotion of the rejuvenators to the viscous component of the asphalt-binder. The
percentage recovery of the third rejuvenated asphalt-binder with the Type III rejuvenator
was 25.62% (3.2 kPa), which compared to the RTFO residue and the third rejuvenated
asphalt-binder with Type II, represents a reduction factor of three. At the same stress level,
the superiority ranking of the percentage recovery of SBSMA after similar rejuvenation
cycles was Type II > Type I > Type III.
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Figure 7. MSCR rutting evaluation of the repetitively rejuvenated asphalt-binders: (a) Recovery; (b) non-recoverable creep
compliance (Jnr) (Red bars: the asphalt-binders rejuvenated with Type I; blue bars: the asphalt-binders rejuvenated with
Type II; green bars: the asphalt-binders rejuvenated with Type III).

The non-recoverable creep compliance (Jnr) reflects the residual strain level of asphalt-
binders after the loading-recovery cycle, which represents the rutting resistance of asphalt-
binder. With an increased number of rejuvenation cycles, the rejuvenated asphalt-binders
with Type I and Type III rejuvenators exhibited an increasing trend in the J,r value and the
non-recoverable strain at the same stress level (see Figure 7b). This implies a continuous
drop in the rutting resistance. Particularly, the ;0.1 and [n32 values of the third rejuve-
nated asphalt-binder with Type III reached 0.684 kPa~! and 0.959 kPa~!, over 3 times the
corresponding values of the RTFO residue. On the contrary, the rejuvenated asphalt-binder
with Type II exhibited a continuously decreasing trend, indicating an improvement in
the rutting resistance of the asphalt-binder. These findings are consistent with the results
from temperature sweep tests and further illustrate that the Type II rejuvenator had a poor
repeated rejuvenation effect.

When comparing the differences of the MSCR evaluation indices (R and J,;) under
the two stress levels shown in Figure 7, the results showed that the differences in J01 and
Jnra 2 of the rejuvenated asphalt-binders with the Type I and III rejuvenators increased with
an increase in the rejuvenation cycles. The discrepancy between Jy1 and Jn,32 revealed
that the stress sensitivity of the asphalt-binder, namely an increasing sensitivity of the
rejuvenated SBSMA to the variation of stress loading as the rejuvenation cycles increased.
The trend was mainly attributed to the degradation of the SBS polymer in the SBSMA
asphalt-binder during the repeated rejuvenation, which weakened the modification effects
of the asphalt-binder.

Comparing Figures 7a and 8a, the percentage recovery of the asphalt-binder slightly
increased after aging, pointing to improved resistance to permanent deformation. This
increase in percentage recovery indicates a potential increase in elasticity of the asphalt-
binders due to aging. Figure 7a also shows that under the same stress level, the creep
recovery of the asphalt-binder decreased when the rejuvenation cycles increased. This
indicates that the addition of the rejuvenators could supplement the viscous component of
the asphalt-binder to effectively compensate and delay the aging of the asphalt-binder [36].
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Figure 8. MSCR rutting evaluation of repetitively aged asphalt-binders: (a) recovery; (b) non-recoverable creep compliance

(Jnr) (Red bars: the asphalt-binders rejuvenated with Type I; blue bars: the asphalt-binders rejuvenated with Type II; green

bars: the asphalt-binders rejuvenated with Type III).

Comparing Figures 7b and 8b, it is observed that the non-recoverable creep compliance
of the aged asphalt-binder declined significantly. This indicates that aging partly provided
an improvement in elasticity and that the elasticity of the asphalt-binders after rejuvenation
was obviously restored. With an increase in the aging cycles, the asphalt-binders with Type I
and Type III rejuvenators exhibited an increasing trend in ], whilst the aged asphalt-binder
with Type II exhibited a decreasing trend at 0.1 kPa and 3.2 kPa, respectively (see Figure 8b).
Under the same stress level, the superiority ranking of the non-recoverable creep compliance
of SBSMA in the equivalent aging cycle was Type I =~ Type III > Type I, and that of SBSMA
in the equivalent rejuvenation cycle was Type III > Type I > Type II, respectively.

3.1.3. LAS Analysis

To evaluate the fatigue life (N¢) of the asphalt-binders with the parameters A and B,
strain levels of 2.5%, 5%, and 10% were used in this study. The fatigue behavior of the
rejuvenated SBSMA significantly depends on the applied strain loading and the rheological
property of asphalt-binder as well as the type of rejuvenators. The results in Figure 9 show
a significant decrease in the fatigue life of asphalt-binders at elevated strain levels. That is,
high strain loading significantly weakened the fatigue resistance of the SBSMA.

At low strain levels, thermal oxidative aging did not appear to significantly affect the
fatigue life of the asphalt-binders. In fact, there was an increase in the fatigue life at lower
strain levels. However, this was not the case at the 10% strain level. This may be explained
from the perspective that the increase in viscosity and stiffness of the asphalt-binder due
to aging promoted the asphalt-binders to convert to more linear-elastic behavior at low
strain levels with a logical decline in the fatigue life under the adverse effects of aging at
high strain levels [37]. As the aging and rejuvenation cycles increased, both the aged and
rejuvenated asphalt-binders roughly showed a decreasing trend in fatigue life at the high
strain level.
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Figure 9. LAS fatigue life results: (a) rejuvenated asphalt-binders; (b) aged asphalt-binders.

3.2. FTIR Analysis

To quantitatively investigate the influence of multiple aging and rejuvenation cycles
on the SBSMA chemical structure and the vibration of the functional groups under repeated
aging and rejuvenation, the 600~2000 cm~! functional group peak area was selected as a
reference to calculate the butadiene (CH=CH), carbonyl (C=0), and sulfoxide (S=O) relative
contents. This helped to eliminate the influence of the thickness and concentration of the
asphalt-binders. The chemical aging indices, namely butadiene index (BI), carbonyl index
(CI), and sulfoxide index (SI), were determined using Equations (1)—(3) [38]:

1

CI — Area of the carbonyl centered around 1700 cm™

= 1
Area of spectral bands between 2000 and 600 cm~1 @

Area of the sulfoxide centered around 1030 cm !

2
Area of spectral bands between 2000 and 600 cm~1 @

SI =

BI — Area of the butadiene centered around 966 cm ! 3)
~ Area of spectral bands between 2000 and 600 cm !

Figure 10 gives more intuitive information about the changes in the functional groups.
As the aging cycles increased, repetitively aged asphalt-binders showed an obviously
increasing trend in the CI value. The indistinctive increasing and decreasing trends in
the SI and BI values, respectively, are obvious. In the aging process of SBSMA, due to
oxidation, dehydrogenation, and cross-linking reactions of the asphalt-binder and SBS
polymer, degradation occurred simultaneously, and the spatial network structure was
destroyed [39,40]. By comparing the aged and rejuvenated asphalt-binders, it can be seen
that the rejuvenating effect was obvious in each aging and rejuvenation cycle, and that the
decrease in the BI, CI, and SI values were significant.



Appl. Sci. 2021, 11, 9242 13 of 19

B PAV Residue W 2nd-AG+6% ™ 3rd-AG+10% B RTFO Residue M 1st-RE+6%
0.08 - m 2nd-RE+10% 3rd-RE+14%
0.08 -
% 0.06 x
o < 0.06 - I
k= 5 I I
= 0.04 = 0.04 -
o (o
o o
< 0.02 2 0.02 -
[ (4]
O O
0.00 . . 0.00 - - -
Type I Typell  Typelll Typel ~ Typell — Typelll
Binder Type Binder Type
(@) (b)
B PAV Residue B2nd-AG+6% M 3rd-AG+10% B RTFO Residue M 1st-RE+6%
B 2nd-RE+10% 3rd-RE+14%
0.10 - 0.06 -
é 0.08 %5 - ) -
£ 0.06 £ 004 +
Q (o]
Tg 0.04 g
0.02 A
£0.02 £
A A
o Typel  Typell  Type Il 000 - ' '
ype ype ype Typel  Typell — Typelll
Binder Type Binder Type
(©) (d)
m PAV Residue ®m2nd-AG+6% M 3rd-AG+10% B RTFO Residue M 1st-RE+6%
B 2nd-RE+10% 3rd-RE+14%
0.06 - 0.06 -

=}
o
=

0.04

Butadiene Index
o
=)
N
Butadiene Index
o
o
N
1

o
o
S

=
= ==
T 1

Typel Type Il Type III

o

o

(e}
1

Typel Type Il Type IlI

Binder Type Binder Type

(e) ()

Figure 10. Chemical aging indices of repetitively aged and rejuvenated SBSMA: (a) AG—CI; (b) RE-CI; (c) AG—-SI;
(d) RE-SI; (e) AG—BI; (f) RE-BL

Based on the theory of compositional harmonic on rejuvenation mechanisms [41],
the rejuvenators rich in aromatics are added to the aged asphalt-binder to dilute the aged
asphalt-binders, enhance the proportion of maltenes, and harmonize the different fractions
in the asphalt-binder. This was not simply the reversal of the transformation from aromatics
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into asphaltenes during the aging process, expressing that the aromatics were consumed
and asphaltenes increased.

However, as the dosage of rejuvenators increased in each cycle, the CI and SI values
of the rejuvenated asphalt-binders also increased, whilst the value of BI decreased during
the repeated aging and rejuvenation cycles. In other words, the aging of the rejuvenated
asphalt-binder was faster than the asphalt-binder after RTFO aging. This might be ex-
plained by the decrease of the aging resistance due to the oxidative degradation of SBS
polymer in the multiple aging process [42]. Meanwhile, the oxidation and breaking of
polybutadiene (PB) segments of SBS would produce more oxygen-containing groups such
as “OH, C=0, -COOH, etc. [43,44]. Hence, the increased aromatic hydrocarbon oil might
have also led to the acceleration of the asphalt-binder aging. The addition of the rejuvenator
indicated the potential to improve the rheological properties of the aged asphalt-binders
but could not restore the chemical aging indices to the same level as the RTFO residue.
As a result, the rejuvenating effect was not significant enough to achieve an appreciable
repeated rejuvenation.

With an increase in the rejuvenation cycles, the CI value decreased, especially for the
Type III rejuvenator. This indicated that all the three types of rejuvenators had certain
rejuvenating effects on the aged asphalt-binders, with the Type III rejuvenator being more
impactful. On the other hand, the SI value of the third rejuvenated asphalt-binder with
Type Il was the smallest while the third rejuvenated asphalt-binder with Types I and III
had the largest SI value in magnitude. These results indicated that the Type II rejuvenator
was relatively more effective at inhibiting aging of the asphalt-binder. By contrast, the BI
value of the rejuvenated asphalt-binder with Type II had the lowest rate of decay, whilst
that of the asphalt-binder with Type III declined rapidly. A possible explanation for this
could be that the Type II rejuvenator had some chemical components to minimize the SBS
degradation, whilst Type III had more maltenes to dilute the contents of SBS [45].

3.3. AFM Analysis
3.3.1. Microstructure of the Asphalt-Binder Surface

By means of the NanoScope Analysis software [46], the AFM height images of various
SBSMA asphalt-binders after being subjected to multiple aging and rejuvenation cycles are
shown in Figure 11. The roughness indices of the asphalt-binders determined from these
images are shown in Figure 12.

-23.5 nm -34.1 nm

Height Sensor 2.0 um

Figure 11. Cont.
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Figure 11. Microstructures obtained from AFM images of the asphalt-binders: (a) Virgin; (b) RTFO
Residue; (c) PAV Residue; (d) 1st—RE I + 6%; (e) 2nd—AG I + 6%; (f) 2nd—RE I + 10%; (g) 3rd—AG
1+10%; (h) 3rd—RE I + 14%.

Figure 11 shows the two-dimensional (2-D) AFM images of different asphalt-binders
subjected to multiple aging and rejuvenation cycles to illustrate the influence of multiple
aging and rejuvenation cycles on the microstructure evolution of the asphalt-binder’s
surface. The appearance of many beelike structures with different sizes could be clearly
seen on the surface of the virgin SBSMA (see Figure 11a). After aging, the number of
large-sized beelike structures in the PAV residue declined noticeably.

With the addition of the rejuvenator, tiny beelike structures appeared on the rejuve-
nated asphalt-binder samples with increased morphological undulations. Compared to
the asphalt-binder before aging, the size of the beelike structures in the second and third
aged asphalt-binders decreased considerably, with the height of the beelike structures
increasing as well. By contrast, the quantity, size, and height of the beelike structures of
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the second and third rejuvenated asphalt-binder increased substantially. However, the
quantity declined in contrast to the asphalt-binder before rejuvenation (see Figure 11d-h).
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Figure 12. AFM roughness analysis: (a) rejuvenated asphalt-binders; (b) aged asphalt-binders.

3.3.2. Morphological Features of the Asphalt-Binder Surface

The surface roughness indices reflected the degree of development of the beelike
structure. Figure 12 shows the roughness indices that were calculated from the height of
30 x 30 pm AFM images. The roughness indices selected for analysis were the average
roughness (Ra) and root-mean-square roughness (Rq).

After multiple aging and rejuvenation cycles, the Ra and Rq values of the asphalt-
binders with different rejuvenators had a similar response trend. After aging, the Ra and
Rq values of the asphalt-binder surface decreased. By contrast, the roughness indices
appeared to have been restored after rejuvenation, which is similar to the findings reported
by Yu et al. [47]. This could be because the molecular movement of the asphalt-binders
decreased after aging, with the accumulation and nucleation of the polar components
being hindered. This led to the reduction in the size and height of the beelike structures.
The addition of the rejuvenator to supplement maltenes could promote the mobility of
the asphalt-binder molecules. Therefore, the size and height of the beelike structures of
rejuvenated asphalt-binder were greater than those of the aged asphalt-binder. This helps
to explain the mechanism responsible for the formation of the beelike structures during the
rejuvenation process.

However, the three rejuvenators showed different rejuvenation effects. The surface of
the asphalt-binders with the Type III rejuvenator were the roughest and had the greatest
beelike structures in height. The asphalt-binders with the Type II rejuvenator had the least
roughness, with the lowest height in the beelike structures. After three rejuvenation cycles,
the roughness of the rejuvenated asphalt-binder with Type IIl was more than twice that of
the asphalt-binder with Type II. This might be because the Type III rejuvenator replenished
most of the light components and greatly improved the mobility of the maltene molecules.
By contrast, Type II only slightly promoted the accumulation of the polar components.
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4. Conclusions and Recommendations

This study investigated the effects of the three aging and rejuvenation cycles with
three types of rejuvenators designated as Type I, II, and III with different dosages (6%, 10%,
and 14%, respectively). The rheological (thermal, rutting, and fatigue resistance), chemical,
and morphological characteristics of SBSMA were evaluated using the DSR, LAS, FTIR,
and AFM tests. From this study, the following conclusions were drawn:

o  The superiority ranking for the rutting factor of the repetitively aged asphalt-
binders and fatigue factor of the repetitively rejuvenated asphalt-binders was
Type Il > Type I > Type IlI, respectively. Multiple rejuvenation cycles reduced the
percentage recovery of the SBSMA with varying rejuvenators and made the asphalt-
binder depend more sensitively on the strain levels. The fatigue life of the rejuvenated
SBSMA with the three rejuvenators increased at low stress level and decreased at
high strain level as the rejuvenation cycles were increased. Considering the high- and
intermediate-temperature performance, the Type I rejuvenator exhibited a satisfactory
rejuvenation effect.

e  From FTIR analysis, the carbonyl and sulfoxide groups of SBSMA increased whilst
the chain segments of butadiene decreased after repeated aging and rejuvenation
cycles. The addition of the rejuvenator could not restore the chemical aging indices
to the same level as the RTFO residue. During the multiple aging and rejuvenation
cycles, the aging resistance of SBSMA gradually decreased. This inherently limited
the expected rejuvenation effects under the repeated rejuvenation cycles.

e  From AFM morphological analysis, PAV aging decreased the quantity of the beelike
structures and the surface roughness of the asphalt-binders. The rejuvenators sig-
nificantly changed the microscopic morphology and phase dispersion of the aged
asphalt-binders. The three rejuvenators showed different rejuvenation effects, but
generally increased the morphological undulations and surface roughness.

Overall, plausible results were obtained in this laboratory study with promising
potential for using rejuvenators to improve the rheological properties of asphalt-binders.
The study has also shown that rejuvenators have the potential of achieving satisfactory
repeated aging and rejuvenation in terms of performance characteristics (rutting, thermal,
and fatigue cracking resistances) and morphological features of SBSMA. Nonetheless, the
conclusions drawn are not exhaustive nor exclusive as the test results presented herein
pertain to the specific materials evaluated in this study. Future research should include a
wide array of different materials including high-activity rejuvenators to further supplement
this study’s findings including field application trials and validation.
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