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Highlights

*+ The effect of long-term aging on the viscoelastic properties of HVMA is higher than that of
short-term aging.

+ Aging improves the high-temperature property and reduces the low-temperature property of
HVMA.

*  The combination effect of neat asphalt binder and modifier causes the property changes of HYMA

*  The anti-aging performance of HYMA exceeds the one of SK-90 and CRMA.

Abstract

This work investigated the aging effects on the rheological properties of high viscosity

modified asphalt (HVMA). First, the high- and low-temperature rheological properties were

measured by a dynamic shear rheometer and a bending beam rheometer, respectively.

The aging mechanism was then tested using an Fourier transform infrared spectroscopy

and a scanning electron microscope. Besides, a study was performed to compare the

aging effects on the rheological properties of HVYMA, crumb rubber modified asphalt



(CRMA), and neat asphalt (SK-90). The experimental results showed that the effects of the
long-term aging on HVMA exceeded those of short-term aging. The complex shear
modulus of the HVMA was improved by the aging in the whole frequency range. The
complex shear modulus of the HVYMA after the long-term aging was larger than after the
short-term aging. Thus, the aging improved the high-temperature viscoelastic
performance of HVMA. With a decrease in temperature from -12 °C to -24 °C, the
low-temperature viscoelastic performance of HVYMA decreased since its stiffness modulus
and low continuous grading temperature increase. Both of the short- and long-term aging
of HVMA were caused by an oxidation reaction, while modifier swelling also happened
after long-term aging. Compared to CRMA and SK-90, aging had a limited influence on the
high- and low-temperature rheological properties of HYMA.

Keywords:

High viscosity modified asphalt; Rheological properties; High-temperature; Low-temperature; Aging

mechanism

1 Introduction

Asphalt ages during its production, transportation, construction, and service life (Cao et al., 2020;
Ferrotti et al., 2018; Liu, X. et al., 2018; Wang, H. et al., 2020). Aging conditions of asphalt can be
divided into two parts: short- and long-term aging (Osmatri et al., 2019; Singh and Kumar, 2019). Aging
happens in the mixing and paving processes is called short-term aging. Thin-film oven test (TFOT) and
rolling thin film oven test (RTFOT) are two conventional methods to simulate short-term aging (Hofko et
al., 2017; Jiang et al., 2020b; Jing et al., 2019b). In TFOT, 50 g of asphalt binder is put into a
stainless-steel sample container. The thickness of the asphalt binder film is 3.2 mm. The test lasts for
five hours at a rotary table rate of 5.5 r/min at 163 °C (ASTM, 2009). However, the TFOT has low
reproducibility rates, and the effects of TFOTs various from one sample to another. For RTFTO, the test
heats the asphaltic material in a rolling thin film oven for 85 minutes at 163 °C. The thickness of the

asphalt binder (5-10 ym) in RTFTO approximates the thickness of the membrane in the asphalt



concrete. The aging conditions in the RTFOT tests are similar to the real mixing processes of asphalt
concrete. Also, RTFOT keeps the modifier agitating during simulation, which avoids the segregation of
modifier and asphalt binder. Compared with short-term aging, the aging during the service period is
called long-term aging (Dhasmana et al., 2019). Pressurized aging vessel (PAV) is a widely-used and
standard method for examining the effects of long-term aging (ASTM, 2013). In PAV, the aging

temperature, aging time, and the container aeration pressure are 90-110°C, 20 h, and 2.1 MPa,

respectively. Some existing studies have indicated that PAV was suitable to simulate the aging of
asphalt binders in the first five years (Xu et al., 2016).

In recent years, many studies have used dynamic shear rheometers (DSRs) and bending beam
rheometers (BBRs) to measure the rheological properties of asphalt after aging, such as
time-temperature equivalent effects (Behera et al., 2013; Ye et al, 2019) and viscoelastic
characteristics (Abdelmagid and Feng, 2019; Fu et al., 2019; Wu, 2017). Some studies tried to correlate
the chemical and morphological composition of asphalt with its properties after aging (Hofko et al., 2017;
Jing et al., 2019a). Many methods have been used to analyze the chemical and morphological changes
of asphalt after aging, such as the use of Fourier transform-infrared spectroscopy (FT-IR) (Wang, F. et
al., 2020), scanning electronic microscope (SEM) (Liu, H. et al., 2018; Singh and Kumar, 2019), gel
permeation chromatography (GPC) (Hou et al., 2018), and atomic force microscope (AFM) (Yuan et al.,
2020). Among these methods, FT-IR and SEM are efficient and convenient tools (Feng et al., 2016; Luo
et al., 2020; Mazumder et al., 2018).

High viscosity modified asphalt (HVMA) is described by the concept of a type of asphalt whose
dynamic viscosity exceeds 20,000 Pa-s (Chen et al., 2019). The scientific excitement about HYMA
originates in the fact that it can significantly improve pavement performance (e.g., high-temperature
stability and low-temperature crack resistance) because of its strong adhesion to aggregates (Hu et al.,
2020; Jiang et al., 2018; Qin et al., 2018). Zhang et al. (Zhang and Hu, 2017; Zhang et al., 2018) studied
the influence of plasticizer and crosslinker on the rheological properties. The results indicated that the
plasticizer declined the rutting resistance of HYMA. Meanwhile, the crosslinker led to the formation of a
polymer network, which improved the compatibility between the modifier and neat asphalt. Tan et al.

and (Yourong et al., 2019) investigated the cohesion and adhesion of HYMA. The results showed that



the HVMA outperformed the neat asphalt binder on the cohesion at different temperatures. Besides, the
cohesion of HYMA increased with an increase in the temperature. Compared to other modified asphalt
binders, the HVMA had the best adhesion. Cai et al. (Cai, J. et al., 2019) prepared three new types of
HVMA with waste materials, in which the experiments of pavement performance demonstrated the
advantage of the new types of HVMA in temperature sensitivity, high-temperature properties,
low-temperature properties, and storage stability. They concluded that crumb rubber powder, recycle oil
and appropriate additives improved the performance of HYMA. In summary, many groups have made
numerous contributions to the understanding of HYMA properties. However, there are few studies on
HVMA aging.

Therefore, this work focuses on the aging effects on the rheological properties of HYMA. The high-
and low-temperature rheological performance of the aged HVMA was first evaluated by DSR and BBR
tests. An FT-IR and SEM were then used to investigate the aging mechanism of HYMA. Besides, a
study was performed to compare the aging effects on the rheological properties of HYMA, crumb rubber
modified asphalt (CRMA), and neat asphalt (SK-90). The main contribution of this study was the founds
of differences between the effects of short- and long-term aging on the aging mechanism of HVMA.
More precisely, the long-term aging of HYMA was postponed by the modifier swelling, while the short-
and long-term aging of HYMA were both influenced by the oxidation reaction. The rest of the paper is
organized as follows. Section 2 starts with describing the material preparation and the experimental
details. Section 3 presents the experimental results and discussion. The conclusions are summarized in
Section 4. Table 1 provides the abbreviations in the paper.

Table 1 Nomenclature of this study.

Abbreviation Full name

HVMA High viscosity modified asphalt binder
RTFOT Rolling thin film oven test

PAV Pressurized aging vessel

DSR Dynamic shear rheometer

BBR Bending beam rheometer

FT-IR Fourier transform infrared

SEM Scanning electron microscopy



TFOT Thin-film oven test

SHRP Strategic Highway Research Program

CRMA Crumb rubber modified asphalt binder

SINOTPS-B High viscosity modified asphalt modifier

VAI Viscosity aging index

MSCR Multiple stress creep recovery test

Jor Non-recoverable creep compliance

R Percent recovery

Jnr-aiff Percent difference between J, at 0.1 kPa and 3.2 kPa
LT Low-temperature continuous grading temperature
LTAI Low-temperature continuous grading temperature aging index
Cl Denominator of the carbonyl functions index

Sl Sulfoxide functions index

CAl Chemical aging index

2 Materials and methods

2.1 Raw materials

SK-90 neat asphalt (SK Holdings, South Korea) was used to prepare HVMA in this study. Table 2 and
Table 3 presents the conventional properties of SK-90 and the high viscosity modified asphalt modifiers

(SINOTPS-B), respectively.

Table 2 Conventional properties of SK-90.

Iltem SK-90
Penetration at 25 °C, 0.1mm 97.1
Softening point, °C 47.4
Ductility at 5 °C, 5 cm-min™, cm /
Viscosity at 60 °C by vacuum capillary viscometer, Pa-s 140.3

Table 3 Conventional properties of SINOTPS-B.

Item SINOTPS-B
Particle size, mm 4
Density, g/cm® 0.9

Water absorption rate, 0.3




2.2 Sample preparations and tests

As shown in Fig.1, the procedure of the sample preparations and tests can be summarized as follows.
The HVMA was first prepared, as well as the CRMA and SK-90. The rheological properties of CRMA
and SK-90 were used to compare to those of the HYMA. RTFOT and PAV were utilized to simulate the
short- and long-term aging of HVYMA, CRMA, and SK-90. DSR and BBR tests were performed to
evaluate the high- and low-temperature viscoelastic properties of the three types of asphalt, respectively.

An FT-IR and SEM were used to analyze the aging mechanism of the asphalt.

Fig.1 The flow chart of the research procedure

2.2.1 Specimens preparation

For the preparation of HVYMA, the neat asphalt (SK-90) was first heated to 170 °C by a heating furnace.
Then, the SINOTPS-B was added to the neat asphalt. The mass of the SINOTPS-B was 12% mass of
the neat asphalt. Then, a FLUKO FM300 batch high shear was used to shear the mixture of neat asphalt
and SINOTPS-B at 2,000 r/min for 10 min, afterward at 5,000 r/min for 30 min. Finally, the sheared
mixture as HYMA was heated in the oven at 175 °C. The heating process lasted for 10 min. The SK-90

and CRMA were considered as the reference asphalts. Table 4 presents the conventional properties of



HVMA and CRMA.

Table 4 Conventional properties of HYMA and CRMA.

Iltem HVMA CRMA
Penetration at 25°C, 0.1mm 51.1 51.1
Softening point, °C 84.3 63.2
Ductility at 5°C, 5 cm-min™, cm 64.3 13.3
Viscosity at 60 °C by vacuum capillary viscometer, Pa:-s 38696.9 3177.7

2.2.2 Laboratory aging

RTFOTs were conducted on the three kinds of asphalt (SK-90, CRMA, and HVMA) to simulate the
short-term aging, according to ASTM D2872 (ASTM, 2012). Each type of the three asphalt was first
heated to guarantee its flow ability. Then, the asphalt was poured into a glass container. Finally, the
glass container was put into an SYD-0610 rolling thin-film oven for the simulation of short-term aging.
The simulation time, temperature, rotation rate, airflow rate was 85 min, 163 °C, 15 r/min, 4000 mL/min,
respectively.

PAV simulated the long-term aging following ASTM D6521 (ASTM, 2013). First, each type of the
three asphalt binders was aged by a rolling thin-film oven. Second, residues after RTFOT were placed in

a sample tray. Finally, the asphalt was aged in a Prentex 9500 PAV (100 °C, 2.1 MPa, 20 h).

2.2.3 Dynamic viscosity tests

Dynamic viscosity tests were conducted to measure the asphalt viscosity. A type of asphalt, whose
viscosity is higher than 20,000 Pa-s, is defined as HVMA. In this study, a SYD-0620B type dynamic
viscosity tester was used to measure the dynamic viscosities of asphalt binders. The test temperature
and control vacuum were 60 °C and 40 kPa, respectively. The procedures of a dynamic viscosity test
referred to ASTM D2171 (ASTM, 2010). The aging degree of the asphalt is characterized by a viscosity

aging index (VAI) (Cai, X. et al., 2019; Mousavi et al., 2016) as



VAI=""2 1)

Vb

Here, v, and v, are the values of aged and unaged dynamic-viseesities at 60 °C.

2.2.4  Dynamic shear rheometer (DSR) tests

In this study, a TA HR-2 DSR was used to measure the high-temperature properties of unaged and
aged asphalt binders as follows.

(1) Amplitude sweep test. The amplitude sweep tests were used to determine the linear viscoelastic
deformation limit of the asphalt binder. Fig.2 presents an example of the linear viscoelastic deformation
limit of HYMA with a curve of complex shear modulus G* vs. strain. The subsequent DSR tests were
conducted based on the linear viscoelastic deformation limit. In this study, the strain amplitude was

controlled at 1.0%.

G* (Pa)

0.01 0.1 1 10 100
Strain (%)

Fig.2 Linear viscoelastic deformation limit of HVMA.

(2) Frequency sweep test. In the study, the frequency sweep test was performed from 0.1 to 100 rad/s
with five test temperatures (30 °C, 40 °C, 50 °C, 60 °C, 70 °C).

It is difficult to test the temperature and frequency changes of the asphalt accurately owing to the
limitation of the current testing methods, such as the DSR test. Therefore, the modulus master curves
were used to broaden the temperature and frequency range. The procedures to acquire the modulus
master curves and the aging index (/4) can be summarized as follows.

Step 1. Compute the shift factor ay as

f=arxf @)



and

_-C(I-1y)
log a7= Cy+T-Ty

®)
Here, f' and f are the conversion and unconversant load frequency (rad/s), respectively; ar is the shift
factor; Cy =13 and C, = 112 are empirical constants; T is the test temperature (°C); T, is the
reference temperature (°C), which equal to 30 °C in this study.

Step 2. Fit a complex shear modulus master curve with a Sigmoidal function as (Gao et al., 2018; Jia

etal., 2019)

lg|G*|:17+ 4)

1+eﬂl+7mg/)
where G is the complex shear modulus (Pa); nis minimum modulus (Pa); ais the length value of
modulus; B and y are the shape parameters.

Step 3. Compute the area between the Sigmoidal function curves of the unaged and aged asphalt

binders as

1= 35108 G (Z,,,) 108G (&, ppea) € (5)
Here, ¢ is the logarithms of the diminished frequency among the integral limits (rad/s). The area was
defined as an aging index (/4) in a previous study (Cavalli et al., 2018; Xia et al., 2018).

(3) MSCR test. According to ASTM D7405 (ASTM, 2015), two creep stress levels (0.1 kPa and 3.2
kPa) were used for the MSCR tests. The two stress levels were carried out for 20 cycles and 10 cycles,
respectively. Each cycle was divided into a creep phase of one second and a unloading recovery phase
of nine seconds. The total duration is 300 s.

In the MSCR tests, non-recoverable creep compliance (J,.), percentage of recovery (R), and

percentage difference (J,,._qi) Were computed as (Stempihar et al., 2018)

Tt (6)
R= Fl;_?“ (7
P
— Jnr(3.2)-Jpr(0.1)
o™ o ®

where ¢, and ¢, are the unrecoverable strain (%) and the peak strain (%), respectively; o is the loading



stress (Pa); and J(3.2) and J,(0.1) are the values of J, under 3.2 kPa and 0.1 kPa, respectively. The
high-temperature rutting phenomenon is evaluated by the value of J,,, and R indicates the ability to

restore from deformation in a specific recovery time; J,. ., measures the relative difference of

irrecoverable creep compliances under 3.2 kPa and 0.1 kPa.
2.2.5 Bending beam rheometer (BBR) tests

In BBR tests, three test temperatures (-12°C, -18°C and -24°C) were selected to evaluate the
low-temperature performance of the three asphalt binders. The deflection in the middle of the beam
under a load of 980 mN was measured. The creep stiffness and m-value, respectively, were then
calculated as

PP

S()= 4bI5(t)

9)

m=d lg S(1)/d g t (10)

Here, S(t) is the stiffness modulus at the t-moment (MPa); m is creep rate; P is an applied constant load

(980 mN); and 1=102.0mm, b=12.7mm, h=6.25mm are the length, width, height of an asphalt beam,
respectively; &(f) is the center deflection of the asphalt beam at the t-moment (mm).

The creep stiffness and m-value were used to calculate the low-temperature continuous grading

temperature (LT). The LT of creep stiffness (LTs) was calculated as

_ IOglo(PS)'IOgm(Pl) _
LTs=I+ (log]O(Pz)-logm(Pl)) (Tz Tl) (1)

and the LT of m-value (LT,,) was calculated as

Here, LTs and LTy, is calculated by the creep stiffness and m-value, respectively, (°C); and Ps is equal
to 300 MPa. The final value of LT is the maximum value between LTs and LT,, The aging degree of

asphalt can be characterized by an LT aging index (LTAI) as

(LT)() “unage: -(LT)H ‘age
LTAJ=— el (13)
(2 T)qunaged

2.2.6  Aging mechanism tests



(1) Fourier transform infrared (FT-IR) test. A portable Fourier transform infrared spectrometer Thermo

Scientific Nicolet iS5 was utilized to analyze the chemical changes of the asphalt in this study. The

wavenumber range was 650 cm™'- 4,000 cm™! with a 4 cm™ resolution. The number of scanning was 32
times, and the attenuated total reflectance with crystal ZnSe was used for the spectrum collection. The
peak area ratios were then calculated based on Lambert-Beer’s law (Sun et al., 2011). Finally, the
changes in the peak area ratios between the unaged and aged asphalt were used to characterize the
aging degree. Additionally, carbonyl function index (Cl) and sulfoxide function index (SI) (Hu et al., 2018;
Jiang et al., 2020a; Marsac et al., 2014; Wang et al., 2018), as two metrics for the evaluation of chemical

aging, can be expressed as

= VELT0) (14)
V(Vrcf/')
V(=1,030)
1= 1

where V(v,) is the peak area in 1,376 cm™'- 1,455 cm-1, V(=1,700) and V(=1,030) are the peak areas

of 1700 cm™" and 1,030 cm™*, respectively. The sum of Cl and Sl is defined as the chemical aging index
(CAl) (Cavalli et al., 2018; Mousavi et al., 2016).

(2) Scanning electron microscopy (SEM) test. An SEM (FEI Quanta FEG250 scanning electron

microscope) was utilized to observe the morphological changes of HYMA after aging. In SEM, it is used
to bombard the sample surface with a fine focusing an electron beam under the vacuum state. And the
secondary electrons are used to generate the image on the computer screen. In the preparation of SEM
test samples, the asphalt was first heated to the molten state and mixed evenly. Then, asphalt samples
were scraped a thin layer on the test bench with a scraper. Moreover, the asphalt sample was sprayed
with gold for 15 s at 40 mA in a fully automatic magnetron ion sputtering apparatus owing to the non-

conductivity of asphalt.

3 Results and discussion

3.1 Rheological test analysis



3.1.1 Dynamic viscosity tests

Fig.3 shows the dynamic viscosities of SK-90, HYMA, and CRMA. The dynamic viscosities of SK-90,
HVMA, and CRMA before the short-term aging was 1.2, 0.1, and 1.1 times after the short-term aging,
respectively. The dynamic viscosities of the three-asphalt increased 12.4, 2.1, and 10.9 times after the
long-term aging. This was because the light components in the asphalt were volatilized, and a part of the
small molecules converted to the macromolecules. Therefore, the average molecular weights of the
three types of asphalt increased, which led to an increase in the dynamic viscosities.

The VAls of the three types of asphalt are presented in Fig.4. The VAls of the three asphalt after
short-term aging is smaller than after long-term aging. Thus, the effects of short-term aging on the
dynamic viscosity were not as significant as those of long-term aging. After both short- and long-term
aging, the VAls of the HVMA is the minimum. Therefore, the HVMA has the optimal anti-aging property

among the three types of asphalt.

Fig.3 Asphalt dynamic viscosity at 60 °C.
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Fig.4 Viscosity aging index of three kinds of asphalt

3.1.2  Aging effects on high-temperature rheological properties

(1) Frequency sweep tests analysis.
Fig.5 presents the complex shear modulus master curves of the SK-90, HVMA and CRMA. The
complex shear modulus of the SK-90, HVYMA, and CRMA increased with an increase in frequency. This
was because there were the lag processes of asphalt in response to the load. The asphalt was not able
to deform instantaneously at the moment of loading or unloading. Therefore, the accumulated energy of

the loading stress was not released immediately.

*

rteot |” |Gunaged| in the whole frequency range

Fig.5 also demonstrated that there were |G;AV > |G
for SK-90, HVMA, and CRMA. This indicated that the aging effect improved the deformation resistance
of asphalt, which was mainly due to the transformation of asphalt components. Some light components
of the asphalt binders were transferred into the heavy components. The transformation made the
asphalt stiffen.

The complex shear modulus of SK-90, HVMA, and CRMA after short- and long-term aging were close
at the high-frequency stage (Fig.5). However, at the low-frequency stage, the complex shear modulus of
each type of the asphalts after long-term aging was larger than that after short-term aging. As the
time-temperature equivalent, a low-frequency stage stands for a high-temperature condition. Thus, the
high-temperature rheological properties of the asphalt increased after aging. Compared to short-term
aging, long-term aging had more significant effects on the asphalt.

According to Eq. (5), the I results of the three types of asphalt were calculated, as shown in Fig.6.
The value of |, after long-term aging was larger than after short-term aging. This indicated that long-term
aging had more significant effects than short-term aging. After aging, compared to CRMA and SK-90,

HVMA had the desirable anti-aging ability as I (SK-90) > I (CRMA) > |4 (HVMA).
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Fig.5 Complex shear modulus master curve: (a) SK-90; (b) HVMA,; (c) CRMA
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Fig.6 Modulus master curves aging index of three types of asphalt

(2) MSCR tests analysis

Fig.7 presents the strain responses of the SK-90, HYMA, CRMA. The strain levels, as responses to
stress, increased at specified stress levels. Thus, the curves had obvious creep recovery stages. The
curves of the HYMA and CRMA showed an exponential growth type. With an increase in the recovery
time, the delayed elastic deformation continuously recovered in the HYMA and CRMA. However, the
deformation recovery of the SK-90 did not continue with the increase in time. In the recovery stage, the
three kinds of asphalt had no fully elastic recovery, as shown in Fig.7.The HYMA and CRMA showed
delayed elastic deformation in the creep phase, but the deformation of the SK-90 did not restore
permanently after unloading.

After aging, all three kinds of asphalt had small deformations and poor recovery abilities at a certain
stress level. This indicated that aging had negative effects on the recovery abilities of the asphalt
binders. For the HVMA, the recovery abilities after long-term aging outperformed that after short-term
aging. This was because the swelling effects of the high viscosity modifiers decreased after long-term
aging, which led to the reconstitution of the small particles in the HYMA under the thermal oxidation. The
reconstitution improved the recovery abilities of the HVYMA.

In Fig.8 (a) and (b), there are J,, (3.2) > J,,(0.1) and R (3.2) <R (0.1) for all of the three asphalt
binders. Thus, the rutting resistance and recovery ability decreased with an increase in the stress. This
was because of the stress sensitivity of asphalt binders, in which the increase in the stress improve the

viscous components of each asphalt, as well as the decrease in the elastic component. The values of



Jyrand R in the HVYMA was the minimum and maximum, respectively. This indicated that the rutting
resistance and recovery ability of the HVYMA was optimal.

After aging, J,,/'s values in the three types of asphalt decreased, but R increased, as shown in Fig.8.
This indicated the aging improved the rutting resistance and the recovery ability, which was due to the
hardening and brittleness of the asphalt. Besides, the long-term aging had lower J,,, and higher R than
the short-term aging. This demonstrated that the effect of long-term aging outweighed that of short-term
one.

In Fig.8 (c), the value of J,, 4+ in the HYMA and CRMA decreased after aging, which demonstrated
the decrease in the stress sensitivity of the two asphalt binders after aging. This was because that the
aging led to the small-particle reconstitution and sub-structure change in the modifier. As for the SK-90,

the values of J,. 4 increased after short-term aging but decreased after long-term aging. This might be

owing to the effects of repeating creep loads and aging.



Fig.7 Shear strain at 0.1 kPa: (a) SK-90; (b) HVMA,; (c) CRMA
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Fig.8 MSCR parameters of different kinds of asphalt: (a) average non-recoverable creep compliance; (b) average percent

recovery; (c) percent difference between Jnr (0.1) and Jnr (3.2)

3.1.3 Aging effects on high-temperature rheological properties

(1) Low-temperature flexural creep stiffness
Fig.9 presents the low-temperature stiffness modulus with the change of the loading time. The stiffness
modulus of the SK-90, HYMA, and CRMA was close with the change of the loading time. The stiffness

modulus decreased with an increase in the loading time. The change rates are illustrated in Table 5. The

temperature of -12 °C had the largest effect on the stiffness modulus, followed by the temperature of

-18 °C and -24 °C. Thus, a low temperature had a limited influence on the stiffness modulus. Table 5

also showed that the change rate of stiffness modulus decreased after aging. The change rate of



long-term aging is smaller than that of short-term aging, indicating that the effect of long-term aging is
greater than that of short-term aging on the stiffness modulus. However, the change rates of stiffness
modulus in the three asphalt binders were different. This might be due to the four-components of asphalt
(saturates, aromatics, resins, and asphaltenes) impact the low-temperature property and aging property
of asphalt, and the content of the four-components will also change with the modification and aging of

asphalt.



Fig.9 Relationship between flexural creep stiffness and loading time: (a) -12 C; (b)-18 C; (c) -24 C.

Table 5 Change rates of flexural creep stiffness.

Samples -12°C -18°C -24°C
Unaged 91.4% 82.3% 70.6%
SK-90 RTFOT 88.6% 79.1% 65.4%
PAV 83.1% 71.9% 62.7%
Unaged 92.8% 79.6% 72.0%
HVMA RTFOT 88.6% 78.4% 70.6%
PAV 86.7% 77.2% 69.9%
Unaged 88.2% 86.8% 76.1%
CRMA RTFOT 88.0% 84.9% 73.0%
PAV 87.9% 81.5% 68.7%

(2) Low-temperature continuous grades

Fig.10 shows the BBR test results of the SK-90, HVMA, and CRMA under different aging conditions.
The stiffness moduli of the three types of asphalt increased, but the creep rates decreased after aging.
In the study, LT was also used to evaluate the low-temperature performance of aged asphalt. As shown
in Fig.11, the LTs of the three asphalt binders increased after both short- and long-term aging. This was
because the aging decreased the oil contents (aromatics and saturation) and increased the proportion
of asphaltene, which reduced the plasticity and ductility of asphalt binders.

Fig.11 presents the LT of HVYMA is larger than that of CRMA. This was because the modifiers particles
decomposed when HVMA and CRMA were prepared. However, the rubber in the CRMA only swelled

during the preparation process. The SINOTPS-B in the HYMA both swelled and cross-linked during the



preparation processes. This led to the desirable low-temperature performance of HYMA. Additionally,
the increase in the values of LT in the HVMA was the smallest in the three asphalt binders after both
short- and long-term aging. This indicated that the HVMA outperformed the CRMA and SK-90 on the
anti-aging properties.

Fig.12 presents the LTAI results of the three kinds of asphalt. The LTAIs of the SK-90, HYMA, CRMA
after short-term aging were all less than those after long-term aging. This indicated that the effects of
short-term aging on LTAI were less than the ones of long-term aging. After aging, the LTAI of the HYMA
was the minimum. Thus, the aging resistance of HYMA exceeded those of CRMA and SK-90.
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Fig.10 BBR test results under different aging conditions: (a) stiffness modulus; (b) m-values.
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3.2 Aging mechanism analysis by FT-IR and SEM

FT-IR is an efficient method to analyze the chemical functional groups of asphalt binders (Wang, W. et
al., 2020). Fig.13 showed the FT-IR spectrum of SK-90, HYMA, CRMA at different aging conditions. The
characteristic peaks within 774-836 cm™ represent the stretching vibration of S-O. The bending vibration
peak of olefin (CH) is at 941-981 cm™. The stretching vibration within 980-1145 cm™ represents alcohols
(C-OH). The characteristic peaks within 1238-1280 cm™ stand for the stretching vibration of C-O-C,
indicating the existence of epoxy propane in the asphalt. The peak at 1351-1489 cm™ is the variable
angle vibration peak. The stretching vibration peak within 1556-1598 cm™ demonstrates the existence

of olefin. The peak at 1713 cm indicates the stretching vibration of C=0. The peaks within 2878-2978



cm™ are considered as the -CH, stretching vibration. The stretching vibration of the -OH group in the
binder molecules should be observed at 3200-3500 cm™.

In Fig. 13(a), the unaged HVMA and CRMA exhibited the vibration peaks at 774-836 cm™, 941-981
cm™, 980-1145 cm™, 1238-1280 cm™, and 3200-3500 cm™. This indicated that in the process of
preparing HYMA and CRMA formed some functional groups, such as S-O, CH, C-OH, C-O-C, -OH.

After short-term aging (Fig.13(b)), the stretching vibration of the -OH group (3200-3500 cm™) of the
three asphalt binders was close. This indicated that the short-term aging of three asphalt binders is
accompanied by oxygenation. The HVMA had the strongest absorption peak at 774-836 cm™, 980-1145
cm™, 1351-1489 cm™, 1556-1598 cm™, 2878-2978 cm™, followed by CRMA and SK-90. However, the
values of these peaks in the CRMA were larger than those in the HVMA after long-term aging. This
might be the swelling of crumb rubber was generally weakened and the oxidation of asphalt was
intensified. Additionally, there were obvious absorption peaks at 1713 cm™ after both short- and

long-term aging, which indicated the obvious existence of oxidation reaction in the three asphalts.



Fig.13 FT-IR spectra of asphalt: (a) unaged; (b) RTFOT,; (c) PAV.

Fig.14 presents the CAl results of the three asphalt binders based on the infrared spectra in Fig.13.
The CAl of three asphalt binders increased after aging. This indicated that there was an accumulation of
oxidation reaction in the three kinds of asphalt during aging. After short-term aging, the CAI growth rate
of SK-90, HVMA, and CRMA was 54.9%, 143.8%, and 12.5%, respectively. This indicating that the
short-term aging had the most significant effect on HVMA, followed by SK-90 and CRMA. The long-term
aging had the largest effect on SK-90, followed by CRMA and HVMA. The CAI growth rate of SK-90,
HVMA, and CRMA was 81.9%, 38.2%, and 42.8%.

The change of CAl in the HVMA was different from that of SK-90 and CRMA. The CAI of short-term
aging larger than that of long-term aging. This might be because the swelling effect of the SINOTPS-B

modifiers modifier is much greater than the oxidation reaction after long-term aging.
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Fig.14 Chemical aging index of three asphalt binders.

Fig.15 shows the SEM images of the SK-90, HVYMA, and CRMA. The network structures of HYMA
and CRMA can be found in Fig.15(d)-(i). The structures were generated with the infiltration and diffusion
of the light components in the neat asphalt binder into the SINOTPS-B modifiers and crumb rubber
modifiers during the processes of mixing and blending. These network structures continuously
disappeared during aging, such as shown from Fig. 15(d) to Fig. 15(f). This indicated that the contents of
small molecules decreased, and the contents of large molecules increased after aging, which led to the
asphalts stiffen. The influence of long-term aging was more obvious than that of short-term aging since
the network structures after long-term aging was less obvious than those after short-term aging.

Fig.15 (e) and Fig.15 (f) show the SEM images of HVMA after short- and long-term aging,
respectively. The SINOTPS-B modifiers degraded into an unstable phase, which led to an asphalt rich
phase with some segregated polymer patches. After long-term aging, the SINOTPS-B modifiers were
further degraded, in which there were few modifiers in the asphalt. Thus, the interface areas between
the SINOTPS-B modifiers and asphalt binder were reduced. A similar phenomenon was also found in

the CRMA.
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Fig.15 SEM photos of asphalt binders (10 000x): (a) SK-90-unaged; (b) SK-90-RTFOT; (c) SK-90-PAV; (d) HVMA-unaged; (e)

HVMA-RTFOT; (f) HYMA-PAV; (g) CRMA-unaged; (h) CRMA-RTFOT; (i) CRMA-PAV.
4 Conclusions

A study of the aging effects on HVMA is presented and the main conclusions can be summarized as
follows:

(2) In the evaluation of the high-temperature performance, the dynamic viscosity and complex shear
modulus of HYMA were stable and desirable after the short- and long-term aging. The complex shear

modulus of the HVYMA was improved by the aging in the whole frequency range. The effects of



short-term aging are less than those of long-term aging. Additionally, the HVMA had good adaptability to
stress change and low-stress sensitivity after aging.

(2) After aging, the low-temperature stiffness modulus and low continuous grading temperature of the
HVMA increased. Compared with the CRMA and SK-90, the HVYMA had the maximum LT both before
and after aging. The short- and long-term aging have little effect on the low-temperature property of
HVMA.

(3) The aging mechanism of the HVMA was different between the short- and long-term aging. The
short-term aging mainly depended on the oxidation reaction. However, the long-term aging was affected

by both the oxidation reaction and the modifier swelling.
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