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Influence of SBS on the Aging Properties of High-Content
Terminal Blend Rubber Modified Asphalt

Sheng Wang'; Weidong Huang?; Xueyan Liu®; and Peng Lin*

Abstract: The goal of this study was to investigate the effect of styrene-butadiene-styrene (SBS) polymer on the aging properties of
high-content terminal blend rubber modified asphalt (HCTBMA). All asphalt was tested for chemo-rheological properties using an attenuated
total reflection—Fourier transform infrared spectroscopy (ATR-FTIR) test, temperature sweep test, frequency sweep tests, and multiple stress
creep recovery (MSCR) test. According to ATR-FTIR observations, SBS can retard the oxidation effect of HCTBMA during short-term
aging, but its inhibitory effect is reduced during long-term aging. Furthermore, aging aggravates the degree of desulfurization of crumb
rubber in HCTBMA as the SBS content increases. Compared with HCTBMA, neat asphalt has a lower elasticity at high temperatures
and a higher elasticity at low temperatures. The addition of SBS to HCTBMA improves the elasticity of the material. The elasticity of
HCTBMA decreases and then increases after aging, and SBS can reduce the aging degree of HCTBMA after aging. Moreover, based
on Pearson correlation analysis, the correlation between the desulfurization of rubber and the degradation of polybutadiene in HCTBMA
during aging is high. DOI: 10.1061/JMCEE7.MTENG-15506. © 2023 American Society of Civil Engineers.

Author keywords: High-content terminal blend rubber modified asphalt (HCTBMA); Chemo-rheological properties; Aging properties;

Oxidation effect; Pearson correlation.

Introduction

Rubber modified asphalt (RMA) with excellent properties of high
temperature, aging resistance, and fatigue resistance can be ob-
tained by processing waste tires into crumb rubber (CR) and modi-
fying neat asphalt (Bressi et al. 2019; Picado-Santos et al. 2020;
Lo Presti 2013; Sienkiewicz et al. 2017; Wang et al. 2017). The
use of RMA in road pavement construction can not only save the
amount of neat asphalt but also consume a large number of waste
tires, which is of great significance to environmental protection
(Shen et al. 2017). Scholars have investigated the performance of
RMA (Bressi et al. 2019; Picado-Santos et al. 2020; Lo Presti 2013;
Sienkiewicz et al. 2017). Wang et al. (2012) investigated the low-
temperature performance of RMA with CR content of 10%, 15%,
20%, and 25%, respectively, and discovered that increasing the CR
content improved the low-temperature performance of RMA, but
the difference in low-temperature performance between the CR
content of 20% and 25% was not significant. Dong et al. (2011)
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evaluated a pre-desulfurized RMA with a content level of 25%
and found that the pre-desulfurized RMA had excellent fatigue per-
formance compared with conventional RMA. However, due to the
lack of sufficient chemical interaction between CR and asphalt,
most CR exists in asphalt in the form of swelling, forming a
solid-liquid two-phase system, resulting in poor RMA storage sta-
bility and thus limiting the amount of CR (Han et al. 2016).
The terminal blend (TB) process is a preparation method that
can increase the CR content in RMA (Wang et al. 2021c, 2022a).
Under high temperatures and long-time mixing conditions, termi-
nal blend rubberized asphalt (TBRA) is carried out with CR and
neat asphalt, thus allowing full desulfurization and degradation
of CR (Wang and Huang 2021). Compared with RMA produced
by conventional processes, TBRA has the advantages of high
stability, excellent low-temperature ductility, high fatigue, and less
susceptibility to segregation (Jones et al. 2008; Qi et al. 2006;
Santucci 2009). Nazzal et al. (2017) studied TBRA and found that
the mixing speed of TBRA affects its properties and that TBRA had
better indirect tensile strength, water damage resistance, low-
temperature crack resistance, and rutting resistance. Lo Presti et al.
(2012) tested the influence of CR particle size, doping, and process-
ing temperature and found that the rate of desulfurization of TBRA
increased with increasing temperature, but that excessive temper-
atures caused the aging of TBRA. The workability of TBRA has
been greatly improved, which can well meet engineering needs.
However, the long chains of CR are broken during the desulfuri-
zation process and its relative molecular mass is significantly re-
duced, resulting in a decrease in the TBRA’s high-temperature
property (Abdelrahman 2006). The results of the previous studies
indicate that the high-temperature performance of RMA under the
TB process is poor, and to achieve the TB process with RMA tech-
nology, other modifiers need to be compounded to improve the
indicators. One of the most used modifiers in engineering is
styrene-butadiene-styrene (SBS), and studies have shown that SBS
can improve the high-temperature performance of RMA without
significantly affecting other properties of TBRA (Lin et al. 2017;
Tang et al. 2018). The formation of a network structure of CR
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and SBS in asphalt improves TBRA’s high-temperature perfor-
mance. However, both TBRA and SBS composite-modified asphalt
require higher temperatures than pure asphalt during production
and paving and are therefore more affected by oxidation (Li et al.
2021; Liu et al. 2020). Moreover, during the use of modified as-
phalt pavements, the asphalt often undergoes aging reactions and
becomes brittle and hard due to the action of oxygen and sunlight
(Xing et al. 2022), which in turn affects the performance of asphalt
pavements and is susceptible to cracking under traffic loads and
temperature stresses. Therefore, the aging performance of modified
asphalt materials is of great concern. In previous studies, the con-
tent of CR in TBRA and SBS composite-modified asphalt was less
than 20% (Apeagyei 2011; Arega et al. 2011; Asli et al. 2012;
Safari et al. 2014; Stimilli et al. 2014). There are few studies on
different contents of RMA prepared by the TB process with SBS
(Al-Mansob et al. 2022; Al-Sabaeei et al. 2022), and the research
on the aging behavior of high-content terminal blend rubber modi-
fied asphalt (HCTBMA) with SBS is not comprehensive.

In this paper, the effect of SBS on the aging properties of differ-
ent contents of RMA prepared by the TB process was investigated.
The chemical composition and rheological properties of TBRA
with SBS were analyzed using the attenuated total reflection—
Fourier transform infrared spectroscopy (ATR-FTIR) test, temper-
ature sweep (TS) test, frequency sweep tests, and multiple stress
creep recovery (MSCR) test before and after aging, respectively.
The aging resistance of TBRA with SBS was assessed by the
rheological indexes. In addition, correlations between chemical and
rheological indexes of different contents of RMA prepared by the
TB process were studied.

Material and Methods

Materials

In this paper, neat asphalt (PG 64-16) supplied by ESSO asphalt
company (Exxon Mobil Corporation, Olathe, Kanas) and CR
(40% of the HCTBMA weight) were used to produce HCTBMA.
The RMA with 20% CR content was prepared to compare the
performance of the HCTBMA. The HCTBMA and the RMA with
20% CR content were prepared by the TB process, referring to Wang
and Huang (2021). The high-speed shear rate for the TB process in
this trial was 6,000 rpm and because the modified binder was pre-
pared in an oxygen-sealed vessel, the aging degree of the modified
binder is very low. CR (30 mesh) was produced in Jiangyin, China,
containing 54% natural rubber and synthesis rubber. The calculated
ratio (3%, 5%) of linear SBS by weight of RMA and the RMA
(20% and 40% by weight CR) was selected to prepare the binders
by adding 3% by weight SBS and 5% by weight SBS to RMA for
60 min at 180°C, respectively. The SBS has a molecule weight of
120,000 g/mol. The details of the composition of RMA containing
different contents of CR and SBS are given in Table 1.

Table 1. Composition of RMA containing different contents of CR
and SBS

Modification plan

Sample CR (%) SBS polymer (%)
Neat_E 0 0
20TB_3SBS 20 3
20TB_5SBS 20 5
40TB_3SBS 40 3
40TB_5SBS 40 5
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Aging Procedures

Rolling thin-film oven test (RTFOT) aging and pressure aging ves-
sel (PAV) were carried out on the RMA containing different con-
tents of CR and SBS according to JTG E20-2011 (Ministry of
Transport of the People’s Republic of China 2011), respectively.

ATR-FTIR Test

In this paper, the chemical structures of the RMA containing differ-
ent contents of CR and SBS before and after aging were tested
employing ATR-FTIR (Wang et al. 2021a, b). The spectra were
collected for 32 scans in the wavenumber range 4,000-600 cm™!.
The aging process of asphalt results in the production of carbonyl
groups. Therefore, the carbonyl index (Ic,) was chosen in this
study to assess the degree of oxidation of the RMA containing dif-
ferent contents of CR and SBS (Wang et al. 2020). The desulfuri-
zation of the CR occurs during the aging process (Wang et al.
2022b; Wang and Huang 2021), resulting in the destruction of
the original cross-linked structure of the CR, which allows a large
amount of silica from CR to enter the asphalt, resulting in an in-
crease in the silica index (Ig;_o_s;) of the asphalt. In this paper,
silica index (Is;_o_s;) and polybutadiene index (Ipg) were chosen
to analyze the level of desulfurization of CR from RMA prepared
by the TB process and the degradation of polybutadiene from RMA
prepared by the TB process during aging.

The five infrared reference peak indexes commonly used in the
aging evaluation of HCTBMA are shown in Fig. 1. In the study of
aging, the reference peaks are selected to be less affected by aging.
The reference peak area was taken as the stable methyl umbrella
vibration at 1,376 cm™'. Table 2 provides the I¢a, Igi_o_gi» and
Ipg calculation methods.

Measurements of Rheological Properties

TS tests were performed on the RMA containing different contents
of CR and SBS before and after aging using a dynamic shear rhe-
ometer (DSR) to obtain the complex modulus (G*) and phase angle
(6) in the range of 34°C to 88°C.

Master curves for G*, 6, storage modulus (G), and loss modulus
(G'") were constructed on the RMA containing different contents of
CR and SBS before and after aging from frequency sweep tests in
the 5°C to 75°C range with a temperature increment of 10°C. The
test frequencies ranged between 0.1 and 30 Hz. Based on the test
results of the frequency sweep, the master curves of G*, §, G', and
G'" were constructed using the sigmoidal model with the time-
temperature superposition principle (TTSP) and 25°C as the refer-
ence temperature (which is representative of the service life of
asphalt pavements), and the shift factors were automatically ad-
justed according to the model to obtain the best fit. The rheological
master curves can correspond to the stress—strain response of the
asphalt at different loading frequencies and different loading tem-
peratures, thus simulating the asphalt rheological behaviors data
over a large time (frequency) interval in a short test time.

According to AASHTO M 332-14 (AASHTO 2014), the MSCR
tests were performed on the RMA containing different contents of
CR and SBS before and after aging (unaged condition, RTFOT
aging, PAV aging) from 64°C to 82°C with a temperature increment
of 6°C to study the influence of aging on the rheological index of
the MSCR test. Parallel plates with a diameter of 25 mm (gap of
1 mm) were used for measurements above 30°C and parallel plates
with a diameter of 8 mm (gap of 2 mm) were used for tests below
30°C for these tests on DSR.

J. Mater. Civ. Eng.
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Fig. 1. Five infrared reference peak indexes used in the aging evaluation.

Table 2. I, Isi_o_s;, and Ipg calculation methods

Index Calculation method
_ Al —1
Ica Iea = A7 700 om/ AT 376 em
_ Al —1
Isi o-si Isio-si = Al 100 cm/A],376 cm

— Al —1
Tpp Tpp = A966 cm/A1376 cm

Results and Discussion

ATR-FTIR Analysis

Fig. 2 shows the FTIR spectra of the RMA with different contents
of CR and SBS before and after RTFOT and PAV. Fig. 3 shows the
values of Ipg. Alca, and Alg;_o_g; that are used to quantify the
degree of oxidation and level of desulfurization of CR of RMA
(Wang et al. 2020). The difference in I, between unaged and aged
RMA is Alg,, and Alg_o_g; is calculated in the same way as
Alca. The Algp and Alg;_o_g; values are listed in Tables 3 and 4.
Under RTFOT and PAV, the Ic, of the RMA containing different
contents of CR and SBS is lower than that of the Neat_E. More-
over, as described in Table 3, the Alq, of the RMA containing
different contents of CR and SBS after RTFOT and PAV aging
is lower than that of the Neat E, indicating that the degree of
oxidation of RMA containing different contents of CR and SBS
is lower than that of Neat_E. The 20TB_5SBS and 40TB_3SBS
have the smallest Al-, values under RTFOT and PAYV, respectively.
The Alc, ranking is 20TB_5SBS < 20TB_3SBS < 40TB_5SBS <
40TB_3SBS < Neat_E after RTFOT and the Alg,’s ranking is
40TB_3SBS < 20TB_3SBS = 40TB_5SBS < 20TB_5SBS <
Neat_E after PAV aging. It is shown that increasing the SBS content
can retard the oxidation of HCTBMA during RTFOT, but an in-
crease in SBS content during PAV leads to a decrease in inhibiting

© ASCE

04023260-3

the oxidation of HCTBMA. This is due to the higher silica index of
40TB_3SBS compared with 40TB_5SBS after PAV aging (as
shown in Table 4), indicating a higher degree of desulfurization
of 40TB_3SBS, which has a softening effect and inhibits the pro-
duction of carbonyl groups, improving the resistance of 40TB_
3SBS to PAV aging.

According to Table 4, the Ig;_g_g; ranking is Neat_E = 0 < 20
TB_5SBS < 20 TB_3SBS < 40 TB_5SBS < 40 TB_3SBS before
aging, indicating that compared with Neat_E, RMA containing dif-
ferent contents of CR and SBS has silica and as the CR in the RMA
increases, the proportion of silica in the RMA also increases. The
silica index of 20TB_3SBS is greater than that of 20TB_5SBS, and
the silica index of 40TB_3SBS is greater than that of 40TB_5SBS.
The reason is that after adding SBS to HCTBMA, the different con-
tent of SBS leads to a different degree of cross-linking reaction be-
tween SBS and HCTBMA, which influences the effect of silica
release in CR flowing into HCTBMA. It also shows that the silica
in CR is more easily released into HCTBMA when the SBS content
in HCTBMA is relatively low (3%). Besides, from RTFOT to PAV
aging, the Ig;_o_g; increases for the same RMA, indicating that CR
continues to carry out a desulfurization reaction with the aggrava-
tion of aging, resulting in the release of silica from CR to the
bituminous phase. The Alg;_o_g; ranking after RTFOT and PAV
is 20TB_3SBS < 40TB_3SBS < 20TB_5SBS < 40TB_5SBS, in-
dicating as SBS content increases, aging can aggravate the flow of
silica in CR into asphalt phase. Meanwhile, as shown in Fig. 3,
compared with the RMA containing different contents of CR and
SBS, the Ipg of Neat_E is lower under unaged conditions and the
Ipg ranking under unaged conditions is Neat_E < 20TB_3SBS <
20TB_5SBS < 40TB_3SBS < 40TB_5SBS, indicating that a
higher content of CR and SBS leads to a higher content of poly-
butadiene polymer in RMA. The Ipg values of RMA containing
different contents of CR and SBS increase and then decrease
with aging due to the short-term aging of RMAs dominated by

J. Mater. Civ. Eng.
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Fig. 2. ATR-FTIR spectra of RMA containing different contents of CR and SBS before and after aging.
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Table 3. Alc, of RMA containing different contents of CR and SBS before and after aging

Neat_E 20TB_3SBS 20TB_5SBS 40TB_3SBS 40TB_5SBS
Aglng state ICA AICA ICA AICA ICA AICA ICA AICA ICA AICA
Unaged 0.08 — 0.03 — 0.02 — 0.04 — 0.06 —
RTFOT aging 0.16 0.08 0.07 0.04 0.05 0.03 0.10 0.06 0.10 0.05
PAV aging 0.28 0.20 0.20 0.17 0.20 0.19 0.20 0.16 0.23 0.17
Table 4. Alg;_o_g; of RMA containing different contents of CR and SBS before and after aging
Neat_E 20TB_3SBS 20TB_5SBS 40TB_3SBS 40TB_5SBS
Aging state Isio-si Algi_o_si Isi—o-si Algi_o-si Lsio-si Algi_o-si Isio-si Algi_o_si Isi—o-si Algi_o_si
Unaged 0 0 0.300 — 0.185 — 0.664 — 0.458 —
RTFOT aging 0 0 0.309 0.009 0.234 0.049 0.702 0.038 0.627 0.169
PAV aging 0 0 0.334 0.034 0.256 0.070 0.721 0.057 0.650 0.192
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Fig. 4. (a) G*; and (b) § of RMA containing different contents of CR and SBS.

the desulfurization of CR and their long-term aging dominated by
the degradation of polybutadiene (Wang et al. 2021b).

TS Test Result Analysis

Evaluation of G* and 6 before Aging

Fig. 4 shows the changes in G* and ¢ of the RMA containing vari-
ous CR and SBS contents. The G* of Neat_E is higher than that of
the other RMA at 34°C, indicating that compared with RMA,
Neat_E has greater elasticity at 34°C. This may be because the
CR in the RMA prepared by the TB process produces a desulfuri-
zation, causing it to lose rubber elasticity, resulting in a decrease in
the elasticity of the RMA at 34°C (Han et al. 2016). When the tem-
perature exceeds 70°C, the G* ranking is Neat_E < 40TB_3SBS <
40TB_5SBS < 20TB_3SBS < 20TB_5SBS, indicating that the
increase of CR content makes HCTBMA soft, which is because
HCTBMA is prepared under high-temperature stirring conditions.
In the TB process, the reticulated macromolecular structure in
CR becomes a large number of small reticulated structures at high
temperatures, thus obtaining partial plasticity, but also losing the
elasticity of CR, and the higher the CR content, the more elasticity
HCTBMA loses (Tang et al. 2016). The G* value of Neat_E is
smaller than that of the RMA containing different contents of
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CR and SBS. The § ranking is the inverse of that of G* at 76°C,
which is 20TB_5SBS < 20TB_3SBS < 40TB_5SBS < 40TB_
3SBS < Neat_E, indicating that adding the SBS in HCTBMA
results in decreases of § and increases of G*, leading to an improve-
ment in the elasticity of HCTBMA. The Neat_E’s ¢ is higher than
the RMA containing different contents of CR and SBS. The reason
for this phenomenon is the rigid network structure formed by the
polymers in SBS and CR in the RMA, which provides additional
elasticity to the RMA.

Evaluation of G* and 6 after Aging

The G* and 6 of the RMA containing different contents of CR and
SBS before and after aging are shown in Fig. 5. The G* of the RMA
containing different contents of CR and SBS before and after aging
decreases gradually from 34°C to 88°C. Compared with the RMA
containing different contents of CR and SBS, after RTFOT the in-
crease of G* of Neat_E is more obvious, indicating that the aging
degree of the RMA containing different contents of CR and SBS
after RTFOT is less serious than Neat_E. Compared with Neat_E,
the increase of G* of 20TB_5SBS, 40TB_3SBS, and 40TB_5SBS
after PAV aging is less obvious, indicating that Neat_E has lower
long-term aging resistance than HCTBMA. As described in
Figs. 5(a and b), from RTFOT to PAV, the 6 of Neat_E and
20TB_3SBS decreases gradually. Besides, based on Figs. 5(c—e),

J. Mater. Civ. Eng.



1.0E+06 90 1.0E+06 70
80
1.0E+05 1.0E+05 6
< ]
A 70 , &~ 60
& ) I 3 .
E 1.0E+04 g £ 1.0E+04 £
=
= 60 & g 55 &
= $ E ] 2
5 108403 = Z 108403 =
= s0 A B 50 &
g —a&— G*-Virgin g —8— G*-Virgin
O —e— G*-RTFOT —e— G*RTFOT
1.0E+02 | -y 0 © e | —+—G*-PAV 2
=-=&--§-Virgin ==@=--§-Virgin
-6+ §-RTFOT --6--§-RTFOT
--&--3-PAV —ohot3-PAV
1.0E+01 30 1.0E+01 40
34 40 46 52 58 64 70 76 82 88 34 40 46 52 58 64 70 76 82 88
(a) Temperature, °C (b) Temperature, °C
1.0E+06 90 1.0E+05 90
85 85
,:éJ:::b::::é:::
1.0E+05 80 80
- LOE+04 | N\ <o
BV 75 £ 75
- o - °
% . .
5 1.0E+04 0 8 5 70 9
= = = )
=] = =
S 65 = S 1.0E+03 65 «
=] % £ 2
% 1.0E+03 60 >e 60 S
) ) = =
= a 2 ~
g —=—G*Vigin 53 g —=— G*-Virgin 35
) —e— G*-RTFOT o LOE+02 —e— G*-RTFOT
1.0E+02 —a— G*-PAV 50 —+— G*-PAV 50
=-=3=-§-Virgin ==&=-3-Virgin
-=@=-§-RTFOT 45 --G--- §-RTFOT 45
--A--§-PAV k- 5.PAV
1.0E+01 — — - 40 1.OE+01 40
34 40 46 52 58 64 70 76 82 88 34 40 46 52 58 64 70 76 82 88
(c) Temperature, °C (d) Temperature, °C
1.0E+05 90
85
80
1.0E+04
<
g 75
& s
= 70 <
z 2
T 1.0E+03 65
= 2
«
2 60
—E_ &
— 55
—8— G*-Virgin
S 1.0E+02 e GrRTFOT
—&— G*-PAV 50
==B=-§-Virgin
-=&=- §-RTFOT 45
-=&--§.-PAV
1.0E+01 40
34 40 46 52 58 64 70 76 82 88
(e) Temperature, °C

Fig. 5. G* and ¢ of RMA containing different contents of CR and SBS after RTFOT and PAV: (a) Neat_E; (b) 20TB_3SBS; (c) 20TB_5SBS;

(d) 40TB_3SBS; and (e) 40TB_5SBS.

the & values of 20TB_5SBS, 40TB_3SBS, and 40TB_5SBS in-
crease after aging. This phenomenon is because Neat_E hardens
with aging, causing a drop in ¢. In addition, aging degrades the
SBS in HCTBMA, softening the asphalt and weakening the
asphalt’s hardening effect after aging, resulting in an increase in
¢ after aging in HCTBMA. Fig. 5 shows that the G* and § curves
of the same HCTBMA in different aging states overlap at many
temperatures. This is because the changes in the viscoelastic prop-
erties of HCTBMA during aging are jointly affected by the three
processes of asphalt phase oxidation, CR desulfurization, and SBS
degradation. The oxidation of the asphalt phase makes HCTBMA
hard, leading to the increase of modulus and the decrease of 6.
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Additionally, CR desulfurization and SBS degradation cause dam-
age to the polymer network, making HCTBMA soft, resulting in
modulus reduction and 6 increase. The three reactions occur simul-
taneously in the aging process. Therefore, when the G* and 6
curves of HCTBMA 1in different aging states coincide at the same
temperature, it means that HCTBMA has the same viscoelastic
properties after oxidation of the asphalt phase, CR desulfurization,
and SBS degradation at this temperature.

Aging Resistance
The aging resistance of the RMA containing different contents of

CR and SBS was assessed by the complex modulus aging index

J. Mater. Civ. Eng.
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Fig. 8. Master curves of (a) G*; and (b) 6 of RMA containing different contents of CR and SBS.

(CAI) and phase angle aging index (PAI) (Wang et al. 2020,
2021a). The CAI is calculated from the ratio of the G* after aging
to the G* before aging, and PAI is calculated in the same way as
CAL The bigger the CAI and the smaller the PAI, the worse the
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resistance to aging. Fig. 6 shows the CAI and PAI of the RMA
containing different contents of CR and SBS after RTFOT aging,
respectively. As described in Fig. 6(a), the CAI of the RMA con-
taining different contents of CR and SBS is lower than that of

J. Mater. Civ. Eng.
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Fig. 9. G* master curves of RMA containing different contents of CR and SBS after RTFOT and PAV: (a) Neat_E; (b) 20TB_3SBS; (c) 20TB_5SBS;

(d) 40TB_3SBS; and (e) 40TB_5SBS.

Neat_E. In addition, the CAI ranking from 34°C to 70°C after
RTFOT aging is 20TB_5SBS < 40TB_5SBS < 40TB_3SBS <
20TB_3SBS < Neat_E, and the CAI ranking from 70°C to 88°C
after RTFOT aging is 20TB_5SBS < 40TB_3SBS < 40TB_5SBS <
20TB_3SBS < Neat_E. In Fig. 6(b), the PAI values of the RMA
containing different contents of CR and SBS are higher than that
of Neat_E, indicating that HCTBMA has better short-term anti-
aging properties than Neat_E. This is due to the action of the
antiaging agent and carbon black in HCTBMA, which improves
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the aging resistance of HCTBMA (Wang et al. 2020; Wang and
Huang 2021).

Fig. 7 lists the CAI and PAI of the RMA containing different
contents of CR and SBS after PAV aging. According to Fig. 7,
the CAI of the RMA containing different contents of CR and
SBS decreases significantly compared with Neat_E. The ranking
of CAI is 40TB_5SBS < 20TB_5SBS < 40TB_3SBS < 20TB_
3SBS < Neat_E after PAV. In addition, Neat_E shows the lowest
PAI at 40°C, and the CAI of 40TB_5SBS is the lowest from 40°C to

J. Mater. Civ. Eng.
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Fig. 10. 6 master curves of RMA containing different contents of CR and SBS after RTFOT and PAV: (a) Neat_E; (b) 20TB_3SBS; (c) 20TB_5SBS;

(d) 40TB_3SBS; and (e) 40TB_5SBS.

82°C, indicating SBS can enhance the long-term antiaging proper-
ties of HCTBMA. The reason for this phenomenon is that the deg-
radation of SBS in HCTBMA reduces the age-hardening effect of
HCTBMA.

Master Curves Result Analysis

Evaluation of Master Curves before Aging

Fig. 8 shows the master curves of G* and ¢ of the RMA containing
different contents of CR and SBS. As shown in Fig. 8(a), in the
low-temperature region (high-frequency region), Neat_E has the
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largest G* master curves, while Neat_E shows the lowest G* master
curves in the high-temperature region (low-frequency region).
Furthermore, as shown in Fig. 8(b), the ranking of 6 master curves
of Neat_E and the RMA containing different contents of CR and
SBS is similar to that of 6 ranking in Fig. 4(b). These results show
that compared with Neat_E, RMA containing different contents of
CR and SBS has high elasticity at high temperatures. This is due to
the addition of CR to the asphalt binder, forming a CR cross-linked
structure. Carbon black plays the role of filling and reinforcement
in CR, which can improve the strength of CR and effectively im-
prove the elastic properties of RMA.

J. Mater. Civ. Eng.
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Evaluation of Master Curves after Aging

Figs. 9 and 10 show the master curves of G* and ¢ of the RMA
containing different contents of CR and SBS at various aging
conditions. As shown in Figs. 9(a and b), the G* master curves
of Neat_E and 20TB_3SBS show an increasing trend with
aging. Based on Figs. 9(c—e), aging has a small effect on the
G* master curves of 20TB_5SBS, 40TB_3SBS, and 40TB_
5SBS. In other words, the G* master curves of Neat_E and
20TB_3SBS increase significantly after aging compared with
20TB_5SBS, 40TB_3SBS, and 40TB_5SBS. From Fig. 10,
with the aging degree deepening, the 6 master curves of Neat_E
present a monotonous downward trend in the full frequency
range. This is because the neat asphalt does not contain a pol-
ymer phase, and the only asphalt phase has an enhanced elastic
response after oxidation, driving the asphalt’s 6 down. The §
master curves of 20TB_5SBS, 40TB_3SBS, and 40TB_5SBS
increase after aging. This indicates that the elasticity of 20TB_
5SBS, 40TB_3SBS, and 40TB_5SBS decreases with aging,
which is due to SBS degradation in 20TB_5SBS, 40TB_3SBS,
and 40TB_5SBS.

The master curves of G’ and G'' are sorted in terms of types
of the RMA containing different contents of CR and SBS and
presented in Fig. 11. With increasing frequency (lowering the
temperature), the master curves of G’ and G'’ of the RMA con-
taining different contents of CR and SBS increase. After aging, an
increase in the logarithmic coordinates corresponding to the in-
tersection point between the G’ master curves and G’/ master
curves indicates softening of the asphalt. Table 5 displays the log-
arithmic coordinates corresponding to intersection points of the
RMA containing different contents of CR and SBS. As shown
in Table 5, the logarithmic coordinate corresponding to the inter-
section point of Neat_E decreases with more severe aging, indi-
cating that the viscous components of Neat_E decrease with
aging. The coordinates of the intersection point of the RMA con-
taining different contents of CR and SBS increase and then de-
crease from the unaged state to the PAV state, implying that
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Table 5. Intersection points of RMA containing different contents of CR
and SBS

Logarithm of frequency corresponding to the
intersection point (Hz)

Sample Virgin RTFOT PAV
Neat_E 2.081 1.66 1.101
20TB_3SBS 1.685 1.875 0.712
20TB_5SBS 1.395 1.691 1.401
40TB_3SBS 3.479 3.546 3.087
40TB_5SBS 3.238 3.305 2.891

the elasticity of HCTBMA decreases and then increases after
aging.

MSCR Test Result Analysis

Evaluation of J,,. and R before Aging

Nonrecoverable creep compliance (/) and recovery (R) were used
as evaluation indexes to assess the rutting resistance of the RMA
containing different contents of CR and SBS (D’ Angelo 2009). The
J,, is denoted as J,,o; and J,,3, at two stress levels of 0.1 and
3.2 kPa, respectively, and Ry; and R;, are defined in the same
way. Based on Figs. 12 and 13, compared with the RMA containing
different contents of CR and SBS, Neat_E has a higher J,,¢ 1,
and the ranking of J,s;, is 20TB_5SBS < 20TB_3SBS <
40TB_5SBS < 40TB_3SBS < Neat_E. The rankings of R,; and
R, are Neat_E < 40TB_3SBS < 40TB_5SBS < 20TB_3SBS <
20TB_SSBS, illustrating that the rutting resistance of the RMA
containing different contents of CR and SBS is better than that
of Neat_E. Furthermore, the addition of SBS can enhance
HCTBMA'’s rutting resistance. This indicates that the interaction
between SBS and HCTBMA has an important effect on the final
performance of the modified asphalt. The increase of SBS
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admixture increased the number of elastic bodies in the asphalt, and
the chemical reaction between SBS and CR formed a more com-
plex continuous network structure, which had a positive effect on
the significant improvement of the high-temperature rheological
properties of SBS composite HCTBMA.

Evaluation of J,, and R after Aging

The J,,3, and R;, indicators reflect changes in the viscoelastic
properties of the asphalt. The smaller the value of J,,3, and the
larger the value of Rj; ,, the more elastic the asphalt. Fig. 14 depicts
the changes in J,,5, of the RMA with different CR and SBS con-
tents before and after aging. According to Fig. 14(a), the J,,3, of
Neat_E and 20TB_3SBS decreases gradually with more severe
aging. This is due to the hardening and elasticity of the asphalt after
aging. As described in Figs. 14(c—e), from RTFOT to PAV, the
J,3, value of 20TB_5SBS, 40TB_3SBS, and 40TB_5SBS in-
creases and then decreases. Fig. 15 shows the R;, of the RMA
containing different contents of CR and SBS before and after aging.
The R;, of the RMA containing different contents of CR and SBS
is the opposite of the ranking of J,,,. From RTFOT to PAV, the R;,
of 20TB_3SBS, 20TB_5SBS, 40TB_3SBS, and 40TB_5SBS first
decreases and then increases. This shows that the viscoelastic
change of asphalt in R;, after aging is consistent with thatin J,,,3 »,
and SBS degradation plays a leading role in the aging process,
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reducing the hardening degree of HCTBMA after aging. In Fig. 14,
the overlap between the J,, curves of unaged asphalt and the J,,,
curves of aged asphalt is because the viscoelastic properties of
HCTBMA after aging are the result of a game between three proc-
esses (desulfurization of CR, SBS phase degradation process, and
asphalt phase hardening). The crossing of the unaged J,,, curve and
the aged J,,. curve indicates that the viscoelastic properties of the
unaged and aged HCTBMA are the same at this temperature.

Correlation Analysis

Pearson correlation analysis was performed in SPSS version 21
software to further investigate the relationship between chemical
and rheological indexes of different contents of RMA prepared
by the TB process. The P value represents the Pearson correlation
coefficient, and the N value represents the number of samples. The
Pearson correlation of chemical and rheological indexes of different
contents of RMA prepared by the TB process are presented in
Table 6. Here, G;o"cy 670°Cs JnrOAl.7O°C» ler3A2,7O°C7 R0A1,70°C’ and
R3, 7¢oc indicate these rheological indexes at 70°C. As shown in
Table 6, it can be seen that the absolute value of the Pearson
correlation coefficient between Ipg and Ig;_o_g; is the largest
(|r] = 0.801), followed by Ry i 70°c (|r| = 0.670), J,r0.170°¢ (|7 =
0.578), é7p0c (Jr| =0.510), intersection points (|r| = 0.238),
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Fig. 14. J,,3, of RMA containing different contents of CR and SBS after RTFOT and PAV: (a) Neat_E; (b) 20TB_3SBS; (c) 20TB_5SBS;

(d) 40TB_3SBS; and (e) 40TB_5SBS.

Ica (7] =0.230), Ryz90°c (|r] = 0.174), Jy3290¢ (7] = 0.115),
and G (|r| = 0.001), indicating that there is a good correlation
between Ipg and Ig_o_g;, and that the correlation between CR
desulfurization and polybutadiene degradation in RMA prepared
by the TB process during aging is high. However, the absolute
value of the Pearson correlation coefficient between G7 .~ and
Jur01700cs Jur3ag0ec, and Ry 70ec are 0.507, 0.704, and 0.501,
respectively. These results indicate the correlation between G,
Jur0.1.70°0s Jur32g0ec, and Rog0oc is not high, perhaps because
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the DSR oscillation test’s indexes and MSCR test’s indexes of
different contents of RMA prepared by the TB process are not
well correlated. Additionally, compared with the absolute value
of the Pearson correlation coefficient between the DSR oscilla-
tion test’s indexes and chemical indexes, the absolute value of
the Pearson correlation coefficients between the MSCR test’s in-
dexes and chemical indexes are bigger, indicating the correla-
tions between the MSCR test’s indexes and chemical indexes
are high.
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Conclusion

In this research, the effect of SBS on the aging properties of dif-
ferent contents of RMA prepared by the TB process were investi-
gated by chemo-rheological methods. The following are the main
conclusions:

© ASCE

ATR-FTIR observations show that SBS can retard the oxidation
effect of HCTBMA during RTFOT, but the inhibitory effect of
SBS during PAV is reduced. CR in HCTBMA continues to carry
out desulfurization reactions with the aggravation of aging. In
addition, SBS content can retard the oxidation of HCTBMA
during RTFOT, but an increase in SBS content during PAV leads
to a decrease in inhibiting the oxidation of HCTBMA. The Ipg

04023260-13

and Ig;_o_g; can be recommended as chemical indicators to
judge the degree of desulfurization of HCTBMA.

Compared with HCTBMA, Neat_E has low elasticity at
high temperatures and high elasticity at low temperatures.
The addition of SBS can enhance HCTBMA'’s rutting resis-
tance, and the combination of SBS and HCTBMA is recom-
mended to improve the high-temperature performance of the
pavement.

Compared with Neat_E, HCTBMA has better short-term and
long-term aging resistance due to some carbon black and silica
entering the asphalt during the aging degradation of CR and
forming part of HCTBMA, which slows down the aging of
HCTBMA to some extent.
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Table 6. Pearson correlation analysis results index

Correlation Intersection
Index type index Ica Lsico-si Ipp Glpec e points Jur0.1.70°C Jur3270°C Ro.1700¢ R35700¢
Ica P 1 —0.055 —0.230 0.189 0.382 —0.224 0.050 —0.068 —0.428 —0.267
N 15 15 15 15 15 15 15 15 15 15
Isi—o_si P —0.055 1 0.801 —0.286 —-0.074 0.047 —0.201 0.344 0.266 —-0.234
N 15 15 15 15 15 15 15 15 15 15
Ipg P —0.230 0.801 1 0.001 —-0.510 0.238 —0.578 —0.115 0.670 0.174
N 15 15 15 15 15 15 15 15 15 15
Gl P 0.189 —0.286 0.001 1 —0.701 0.100 —0.507 —0.704 0.501 0.806
N 15 15 15 15 15 15 15 15 15 15
bq00c P 0.382 —-0.074 —-0.510 —0.701 1 —0.358 0.799 0.733 —0.949 —0.880
N 15 15 15 15 15 15 15 15 15 15
Intersection P —0.224 0.047 0.238 0.100 —0.358 1 —0.370 —0.307 0.454 0.215
points N 15 15 15 15 15 15 15 15 15 15
Jr0.1.70°C P 0.050 —0.201 —0.578 —0.507 0.799 —-0.370 1 0.821 —0.840 —0.576
N 15 15 15 15 15 15 15 15 15 15
J wr32.70°C P —0.068 0.344 —0.115 —0.704 0.733 —0.307 0.821 1 —0.668 —-0.722
N 15 15 15 15 15 15 15 15 15 15
Ro.1 70°C P —0.428 0.266 0.670 0.501 —0.949 0.454 —0.840 —0.668 1 0.727
N 15 15 15 15 15 15 15 15 15 15
R3570°c P —0.267 —0.234 0.174 0.806 —0.880 0.215 —0.576 —0.722 0.727 1
N 15 15 15 15 15 15 15 15 15 15

Note: P = pearson correlation; and N = sample number.

» Pearson correlation analysis shows a strong correlation between
CR desulfurization and polybutadiene degradation in RMA pre-
pared by the TB process during aging. Additionally, compared
with the DSR oscillation test’s indexes, the correlations between
the MSCR test’s indexes and chemical indexes are high during

aging.
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