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Abstract: Styrene-butadiene-styrene-modified asphalt binder (SBSMA), crumb rubber–modified asphalt binder (CRMA), and high-
viscosity-modified asphalt binder (HVMA) have been widely used in porous asphalt concrete. However, the aging of the modified
asphalt binder significantly affects the performance of the porous asphalt concrete. The main aim of this research is to quantitatively
assess the aging degree of finished product–modified asphalt binders of SBSMA, CRMA, and HVMA at high, medium, and low
temperatures, and to explore the aging mechanism at the microscopic level. This study used rolling thin-film oven and pressurized
aging vessel to simulate the aging of asphalt binders. Dynamic shear rheometer, bending beam rheometer, Fourier transform infrared
spectrometry, thin-layer chromatography with flame ionization detection, and scanning electron microscopy were employed to inves-
tigate how aging affects the rheological and microscopic properties of finished product–modified asphalt binder. The results showed
that at high temperatures, short-term aging significantly impacted HVMA [change rate of the rutting factor ðCRRFÞ ¼ 18.9%], while
long-term aging had an enormous influence on CRMA (CRRF ¼ 179.5%). Short-term aging had the greatest effect on the fatigue
property at medium temperature of CRMA [change rate of Nf ðCRNfÞ ¼ 59.9%], followed by SBSMA (CRNf ¼ 46.1%) and HVMA
(CRNf ¼ 26.2%). However, the effect of long-term aging on the fatigue properties of HVMA (CRNf ¼ 99.2%) is the largest, followed
by that of CRMA (CRNf ¼ 95.8%) and SBSMA (CRNf ¼ 56.6%). At low temperature, compared with CRMA and HVMA, aging had
the greatest influence on the low-temperature rheological properties of SBSMA. In addition, the three finished product–modified
asphalt binders exhibited similar changes in microscopic level after aging. DOI: 10.1061/(ASCE)MT.1943-5533.0004330. © 2022 American
Society of Civil Engineers.

Author keywords: Finished product–modified asphalt binder; Asphalt aging; Aging degree; Rheological properties; Microscopic level.

Introduction

Porous asphalt concrete is a kind of pavement material with a
porosity of 16% to 25% (Jiang et al. 2018; Cai et al. 2019). Com-
pared with traditional dense pavement materials that have full area
contact between aggregates, aggregates in porous asphalt concrete
have point contact with each other (Jiang et al. 2018; Zhang et al.
2020; Han et al. 2021). This leads to the reduction of bonding

contact area between porous asphalt concrete aggregate (Jiang
et al. 2020). Therefore, modified asphalt binders are usually used
in porous asphalt concrete to ensure its strength, stability, and
durability (Alvarez et al. 2010; Cong et al. 2010). Generally,
elastomer-modified asphalt binders with polymer-rich phases such
as styrene-butadiene-styrene-modified asphalt (SBSMA), crumb
rubber–modified asphalt (CRMA), and high-viscosity-modified as-
phalt (HVMA) have widely been used in porous asphalt concrete
due to their excellent road performance (Leng et al. 2018; Wei et al.
2019; Hu et al. 2020b). However, due to different application envi-
ronments, there are differences in the selection of modified asphalt
binders in different regions. SBSMA and CRMA are always used
in the United States and Europe (Frigio et al. 2015). In China,
Japan, and Singapore, HVMA is commonly used (Moriyoshi et al.
2013). However, modified asphalt binder is prone to aging during
the construction and service stages of asphalt pavements (Hossain
et al. 2018; Cai et al. 2020). The aging conditions of the modified
asphalt binder can be divided into two parts: short- and long-term
aging. Short-term aging refers to the aging process of an asphalt
binder during construction, whereas long-term aging occurs during
the pavement service period. Currently, the methods used for sim-
ulating the short- and long-term aging processes of asphalt binders
are rolling thin-film oven test (RTFOT) and pressurized aging
vessel (PAV), respectively (Bi et al. 2020).

Some researchers and engineers have explored the influence of
aging on the properties of modified asphalt. Studies have indicated
changes in the physical properties of modified asphalt binder before
and after aging, such as penetration, softening point, and ductility

1Ph.D. Student, School of Highway, Chang’an Univ., Xi’an, Shaanxi
710064, PR China. Email: ddy@chd.edu.cn

2Professor, School of Highway, Chang’an Univ., Xi’an, Shaanxi
710064, PR China; Professor, Key Laboratory for Special Area Highway
Engineering of Ministry of Education, Chang’an Univ., Xi’an, Shaanxi
710064, PR China (corresponding author). Email: jiangwei@chd.edu.cn

3Assistant Professor, School of Civil Engineering, Chang’an Univ.,
Xi’an, Shaanxi 710061, PR China. Email: xiaojj029@sina.com

4Ph.D. Student, School of Highway, Chang’an Univ., Xi’an, Shaanxi
710064, PR China. Email: zheng.tong@hds.utc.fr

5Ph.D. Student, School of Highway, Chang’an Univ., Xi’an, Shaanxi
710064, PR China. Email: mengjia@chd.edu.cn

6Ph.D. Student, School of Highway, Chang’an Univ., Xi’an, Shaanxi
710064, PR China. Email: jhshan@chd.edu.cn

7Ph.D. Student, School of Highway, Chang’an Univ., Xi’an, Shaanxi
710064, PR China. Email: atchaniogbon@yahoo.com

Note. This manuscript was submitted on May 18, 2021; approved on
December 9, 2021; published online on May 24, 2022. Discussion period
open until October 24, 2022; separate discussions must be submitted for
individual papers. This paper is part of the Journal of Materials in Civil
Engineering, © ASCE, ISSN 0899-1561.

© ASCE 04022174-1 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2022, 34(8): 04022174 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

C
H

A
N

G
'A

N
 U

N
IV

E
R

SI
T

Y
 o

n 
06

/1
0/

22
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.1061/(ASCE)MT.1943-5533.0004330
mailto:ddy@chd.edu.cn
mailto:jiangwei@chd.edu.cn
mailto:xiaojj029@sina.com
mailto:zheng.tong@hds.utc.fr
mailto:mengjia@chd.edu.cn
mailto:jhshan@chd.edu.cn
mailto:atchaniogbon@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1061%2F%28ASCE%29MT.1943-5533.0004330&domain=pdf&date_stamp=2022-05-24


(Wu et al. 2006). In fact, these physical properties cannot effec-
tively describe the viscoelastic characteristics of modified asphalt
binders (Yan et al. 2019a). Therefore, the rheological properties
measured using a dynamic shear rheometer (DSR) and bending
beam rheometer (BBR) are commonly used to evaluate the aging
degree of modified asphalt binders. Zhu (2015) used a DSR to com-
pare the effects of aging on the rheological properties of neat as-
phalt, 3.0% SBSMA, and 7.5% SBSMA. The results showed that
the rheological properties of 7.5% SBSMA were the least suscep-
tible to aging, followed by 3.0% SBSMA and neat asphalt. Fethiza
Ali et al. (2020) investigated changes in the complex modulus of
CRMA after aging. The results showed that CRMA became hard
and brittle after aging, and the complexmodulus increased. Ma et al.
(2017) and Ding et al. (2019) demonstrated that the properties of
CRMA are similar to those of SBSMA after aging. Hu et al.
(2020c) studied the changes in the rheological properties of neat
asphalt, HVMA, and SBSMA during the aging process. The results
indicated that the rotational viscosity and strain recovery of HVMA
initially decreased and then increased with aging. The aging resis-
tance of HVMA was better than that of neat asphalt and SBSMA.
However, there are relatively few comparisons of the rheological
properties of SBSMA, CRMA, and HVMA after aging. In addition,
with the development of science and technology, researchers have
focused on the microstructure of the modified asphalt binder after
aging. A series of modern tests have been applied, such as Fourier
transform infrared spectrometry (FT-IR), thin-layer chromatogra-
phy with flame ionization detection (TLC-FID), and scanning elec-
tron microscopy (SEM) (Liu et al. 2018; Wang et al. 2018; Ye et al.
2019). After aging, asphalt will undergo a series of chemical reac-
tions, resulting in short-chain compounds undergoing additive,
polymerization, oxidative dehydrogenation, and other reactions.
The complex structures of cyclic compounds and carbonyl, sulfox-
ide, and other polar functional groups are generated. Increasing the
molecular weight of asphalt by increasing the fraction of light com-
ponents such as aromatic to heavy components such as asphaltene,
causes asphalt hardening, fatigue cracking, and other diseases.

Based on the preceding analysis, rheological properties and mi-
crostructure tests have significant advantages for research on modi-
fied asphalt aging. Many researchers have conducted systematic
studies on the aging behavior of modified asphalt binders prepared
in small batches in the laboratory and achieved meaningful results.
However, few researchers have focused on the aging behavior of
finished product–modified asphalt binders. In fact, research on the
aging behavior of finished product–modified asphalt binders has
practical significance in engineering. Therefore, the finished product–
modified asphalt binders of SBSMA, CRMA, and HVMAwere se-
lected as the research objects of this study.

The main aim of this research is to quantitatively assess
the aging degree of finished product–modified asphalt binders
SBSMA, CRMA, and HVMA at high, medium, and low temper-
atures, and to explore the aging mechanism at a microscopic level.
First, SBSMA, CRMA, HVMA, and reference neat asphalt were
aged using RTFOT and PAV. Second, a series of rheological prop-
erty tests, such as the temperature sweep test, linear amplitude
sweep (LAS) test, and BBR test, were used to study the effects
of aging on the rheological properties of the finished product–
modified asphalt binders. Subsequently, the FT-IR, TLC-FID,
and SEM tests were used to investigate microscopic properties
in the finished product–modified asphalt binders during the aging
process. Finally, a series of aging degree indexes, such as the
change rate of the rutting factor (CRRF), change rate of Nf
(CRNf), and change rate of ΔTc ðCRΔTcÞ, were proposed to
compare the aging resistance of the finished product–modified
asphalt binders.

Experimental Materials and Methodologies

Materials

In this study, three types of modified asphalt binders were analyzed:
SBSMA, CRMA, and HVMA. Additionally, the neat asphalt
SK-90 was used as a reference. The neat asphalt was produced
by SK Holdings (Seoul). SBSMA, CRMA, and HVMA are fin-
ished product–modified asphalt binders, which were supplied by
local manufacturers in China. The contents of SBS, crumb rubber,
and high-viscosity modifier in SBSMA, CRMA, and HVMAwere
4.5% (Sumit et al. 2022), 15% (Israel et al. 2020), and 12% (Jiang
et al. 2021), respectively. For SBSMA, the SBS was linear, and the
ratio of styrene to butadiene was 30:70. The temperature of mixing
was 170°C, the shear rate was 2,900 rpm, and the duration of
mixing was 120 min. For CRMA, the crumb rubber was obtained
by treating radial tire at ambient temperature, which size is 60
mesh. The temperature of mixing was 185°C, the shear rate was
2,900 rpm, and the duration of mixing was 120 min. For HVMA,
the viscosity enhancer was synthetic based. The temperature of
mixing was 180°C, the shear rate was 4,500 rpm, and the duration
of mixing was 30 min. Table 1 lists the main physical properties of
the neat asphalt, SBSMA, CRMA, and HVMA.

Test Methodologies

This study was conducted according to the procedures shown in
Fig. 1. First, a short-term aging and long-term aging experiment
was carried out in the laboratory on the three asphalt binders
and the neat asphalt. Second, the rheological properties of different
modified asphalt binders at high, medium, and low temperatures
were studied as well as the changes in the microscopic level of
the asphalt binders after aging were investigated. Finally, the aging
characteristics of the different asphalt binders were compared.

Laboratory Aging

The short-term aging and long-term aging of the four asphalt sam-
ples were simulated using the standard RTFOT (163°C, 85 min,
15 rpm, 4,000 mL=min) and PAV tests (100°C, 20 h, 2.1 MPa) ac-
cording to ASTM D2872-19 (ASTM 2019b) and ASTM D6521-
19a (ASTM 2019a), respectively.

Dynamic Shear Rheometer Test

A TA HR-1 DSR (TA Instruments, New Castle, Delaware) was
used to test the high-temperature properties and fatigue properties
(at medium temperature). One sample per replicate was used in the
temperature sweep test. However, repeated tests were performed on
several samples, and the deviations of the repeated tests were small
because of the high precision of the DSR. Thus, in this study, the
temperature sweep tests were not replicated. The linear amplitude
sweep test was replicated three times and the average of those three
tests was used to determine the results.

Temperature sweep tests were performed to study the high-
temperature properties of the asphalt binders. The temperature

Table 1. Properties of neat asphalt, SBSMA, CRMA, and HVMA

Property
Neat
asphalt SBSMA CRMA HVMA

Penetration at 25°C (0.1 mm) 97.1 64.0 51.1 49.3
Softening point (°C) 47.4 94.2 63.2 94.2
Ductility at 5°C (cm) — 45.7 13.3 48.6
Dynamic viscosity at 60°C (Pa·s) 140.3 14,169.2 3,177.7 99,635.4
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sweep tests were conducted at 30°C, 40°C, 50°C, 60°C, 70°C, and
80°C at an angular frequency of 10 rad=s.

LAS tests were used to study the asphalt binder fatigue proper-
ties at medium temperature. Two steps were involved: a frequency
sweep test (the strain was 0.1% and the frequency ranged from 0.1
to 30 Hz) and an amplitude sweep test (the frequency was 10 Hz
and the strain was 0.1%–30%) at 25°C.

Bending Beam Rheometer Test

BBR tests (ASTM 2016) were used to evaluate the low-temperature
properties of the aged binders. The tests were implemented at
−12°C, −18°C, and −24°C. The tests were conducted using a
TE-BBR (Cannon, Tokyo). Three replicate samples were used in
the BBR test, which met the requirements of the specifications
issued by ASTM/AASHTO [ASTM D6648-08(2016) (ASTM
2016); AASHTO TP 125 (AASHTO 2016a)].

Fourier Transform Infrared Spectrometry Test

FT-IR is regarded as a promising method to evaluate the aging effect
on a binder because of its accuracy and sensitivity (Yan et al. 2018;
Fini et al. 2011). Infrared spectra were obtained using a Thermo Fisher
Scientific Nicolet iS5 FT-IR spectrometer (Thermo Fisher Scientific,
Shanghai, China). Three replicate samples were used in the FT-IR test,
and the average of three replicate tests was used as the final result.

Thin-Layer Chromatography with Flame Ionization
Detection Test

The TLC-FID test is a rapid, convenient, efficient, and accurate
method for the analysis of asphalt components (asphaltenes, resins,
saturates, aromatics). The test was executed according to ASTM
D4124-18 (ASTM 2018). The instrument used in TLC-FID analy-
sis was a SF-16A by Zibo Shanfen Analytical Instrument Co., Ltd
(Shanfen Analttical Instrument, Zibo, China).

Scanning Electron Microscopy Test

The asphalt binder samples were examined by FEI Quanta FEG250
scanning electron microscope (Hillsboro, Hillsboro, Oregon). First,
the asphalt binders were heated to a molten state. Second, a thin
layer of asphalt binders was scraped on the test bench. In addition,
because the asphalt binders are not conductive, it is necessary to
spray gold on the thin-layer sample.

Results and Discussion

High-Temperature Properties Analysis

Complex Modulus and Phase Angle
The complex modulus (G�) can be used to measure the high-
temperature deformation resistance of the asphalt binder (Gao
et al. 2019). The phase angle (δ) can indicate the viscosity and elas-
ticity ratio of bitumen to some extent (Dai et al. 2021). Fig. 2 shows
the G� and δ values of the four asphalt samples under different
aging conditions. It can be seen that the free volume of the asphalt
binder increases while the asphalt binder intermolecular force de-
creases. There were few changes in the complex moduli of the four
asphalt samples after RTFOT. After PAV, there was an increase in
all complex moduli. Except for the unaged SBSMA, phase angles
of the other bitumen increased as temperature increased. In unaged
SBSMA, the phase angle exhibits a descending trend with increas-
ing temperature. This tendency trend is attributed to the dominance
of the polymer phase at high temperatures. At high temperatures,
the viscosity of neat asphalt is low enough for the polymer network
to exert more influence on the mechanical properties of the modi-
fied binder, and thus it exhibits a lower phase angle (Yan et al.
2019b). Some studies showed the phase angle of SBSMAwill de-
cline at lower frequency (Airey 2003; Asgharzadeh et al. 2013;
Yusoff et al. 2013) (which correspond to high temperature

Fig. 1. Procedure of this study.
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according to the time–temperature equivalence rule). Phase angle
decreased with aging for neat asphalt, suggesting that hardening
was occurring due to aging. However, phase angles did not change
regularly after aging for SBSMA, CRMA, and HVMA. This was
probably due to the swelling or degradation of SBS, crumb rubber,
and high-viscosity modifier after RTFOT and PAV aging, which
changes the elastic and viscous ratio of the modified asphalt
(Naderi et al. 2014; Tang et al. 2019).

Fig. 3 shows the complex modulus change rate of different as-
phalts before and after aging. The rate of change of the complex
modulus can be calculated using Eq. (1). A higher change rate in
the complex modulus indicates aging has a greater influence on the
asphalt binder’s complex modulus (Wang et al. 2020; Lyu et al.
2021). In Fig. 3, PAV aging had a greater effect on the complex
modulus than RTFOT aging for all four asphalt samples. When

compared with modified asphalt binders, PAV aging had the great-
est effect on neat asphalt. For SBSMA, CRMA, and HVMA, PAV
aging had the greatest effect on SBSMAwhen the temperature was
less than 55°C. When the temperature was higher than 55°C, PAV
aging had the greatest effect on CRMA. This may be caused by the
activity of the SBS modifier increasing when the temperature ex-
ceeded 55°C. In comparison with SBSMA and HVMA, RTFOT
aging has the greatest effect on CRMA

Change rate of complexmodulus

¼ Aged complexmodulus − Unaged complexmodulus
Unaged complexmodulus

× 100

ð1Þ

Rutting Factor and Its Change Rate
The rutting factor (G�= sin δ) is an index that expresses the rutting
performance of asphalt at high temperature (Zhang et al. 2018).
Fig. 4 illustrates the rutting factors for neat asphalt, SBSMA,
CRMA, and HVMA under different conditions. As seen in Fig. 4,
the rutting factors of neat asphalt, SBSMA, CRMA, and HVMA
increase with aging. This indicates that aging can enhance the
high-temperature stability of asphalt binder. For neat asphalt, this
may have been due to thermal oxidation. For SBSMA, CRMA, and
HVMA, it may have been caused by the thermal oxidation of neat
asphalt and the swelling and decomposition of the polymer modi-
fier (Li et al. 2020a).

The CRRF can be used to determine the aging degree of the
asphalt binder at high temperatures (Zhang and Jia 2019). The for-
mula for calculating the CRRF is shown in Eq. (2). Higher CRRF
normally indicates more serious aging degree of the asphalt binder
(Zhang et al. 2018). Previous studies have generated promising
results to adopt CRRF at 60°C. Fig. 5 presents the CRRF of neat
asphalt, SBSMA, CRMA, and HVMA. It can be seen that the

Fig. 2. Changes in the complex modulus and phase angle with temperature: (a) neat asphalt; (b) SBSMA; (c) CRMA; and (d) HVMA.

Fig. 3. Change rate of the complex modulus of different asphalts after
aging.
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CRRF of the four samples after RTFOT is as follows: neat asphalt
(22.6%) > HVMA (18.9%) > SBSMA (12.6%) > CRMA (7.1%).
The ranking of CRRF after PAV is neat asphalt (682.8%) > CRMA
(179.5%) > SBSMA (159.0%) > HVMA (19.3%). As compared
to the modified asphalts, neat asphalt showed the greatest CRRF,
indicating that aging affected it the most at high temperatures.

The effect of aging on the modified asphalts was different;
short-term aging significantly affected HVMA, whereas long-term
aging had an enormous impact on CRMA. Modified asphalt aging
is caused by the simultaneous oxidation of neat asphalt and deg-
radation of the modifiers. The degree of degradation of the modi-
fiers as well as the thermal-oxidative aging of neat asphalt at
different aging stages may cause this effect

CRRF ¼ Aged rutting factor − Unaged rutting factor
Unaged rutting factor

× 100 ð2Þ

Medium-Temperature Properties Analysis

Response Analysis of LAS
Fig. 6 shows the complex shear moduli of the neat asphalt,
SBSMA, CRMA, and HVMA. The moduli of the four asphalt sam-
ples increased with frequency because the binder is a viscoelastic
material and has a lag reaction to loads. In the loading process, it
does not compress instantaneously or rebound immediately upon
unloading. The energy that has been accumulated through loading
cannot be instantly released. Therefore, a high loading frequency
indicates significant energy accumulation. After aging, the asphalt
binder’s modulus increased because the binder hardens and the
elasticity of the binder increases. In addition, the modulus of the
binders after PAV was higher than that after RTFOT. This indicates
that long-term aging has a more powerful impact on the properties
of binders than short-term aging.

Fig. 7 shows the stress–strain responses of the LAS tests.
Stress–strain curves of asphalt binder exhibit similar trends. The
shear stress of the binder has a peak value, which can be defined
as the point of fatigue failure (AASHTO 2016b). The coordinates
of the fatigue failure point are used to obtain yield stress and strain.

Fig. 4. Changes in rutting factor with temperature: (a) neat asphalt; (b) SBSMA; (c) CRMA; and (d) HVMA.

Fig. 5. CRRF of neat asphalt, SBSMA, CRMA and HVMA:
(a) RTFOT; and (b) PAV.
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After some time, the shear stress decreased sharply, indicating that
the sample was damaged. As the asphalt binder aged, its yield stress
increased as its aging condition deepened. However, for the yield
strain, there is no apparent trend in the change after aging, sug-
gesting that the yield stress or strain only represents the asphalt’s
stress–strain capacity with repeated loads. The fatigue properties of
asphalt binders cannot be fully characterized by yield stress or
strain.

Fatigue Life and Its Change Rate
In this study, the fatigue life of an asphalt type is computed as
(AASHTO 2016b)

Nf ¼ A35ðγmaxÞ-B ð3Þ
where Nf = fatigue life; γmax = maximum expected strain of the
pavement structure, which is 5.0%; and A35 and B are calculated
as follows:

Fig. 6. Complex shear modulus from frequency sweep tests: (a) neat asphalt; (b) SBSMA; (c) CRMA; and (d) HVMA.

Fig. 7. Stress–strain responses of LAS tests: (a) neat asphalt; (b) SBSMA; (c) CRMA; and (d) HVMA.
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1. Material constant in undamaged state α is defined as

α ¼ 1þ 1

m
ð4Þ

where m = fitting slope of the modulus master curves obtained
from the frequency sweep test.

2. Parameter B is computed as

B ¼ 2α ð5Þ
where α = material constant in an undamaged state.

3. Damage variable DðtÞ can be presented as

DðtÞ ≅ XN

i¼1

½πIDγ20ðjG�j sin δi−1-jG�j sin δiÞ�
α=ð1þαÞ

× ðti−ti−1Þ1=ð1þαÞ ð6Þ

where ID = initial modulus when the strain is equal to 1% (MPa);
γ0 = strain amplitude; G� = modulus (MPa); δ = phase angle
(degrees); α = material constant in the undamaged state; and
t = test time.

4. The parameters C0, C1, and C2 are determined as

jG�j · sin δ ¼ C0-C1ðDÞC2 ð7Þ
where G� = complex shear modulus (MPa); δ = phase angle
(degrees); and D = damage variable.

5. Parameter k is evaluated as

k ¼ 1þ ð1 − C2Þα ð8Þ
where C2 = parameter calculated in Step 4; and α = material
constant in the undamaged state.

6. Parameter A35 is determined as

A35 ¼
fðDfÞk

kðπIDC1C2Þα
ð9Þ

where f = frequency (Hz).
The predicted fatigue lives of neat asphalt, SBSMA, CRMA,

and HVMA under different conditions as listed in Table 2. ANOVA
was implemented in SPSS software to compute the fatigue lives
of four asphalt samples under different conditions. A multiple-
comparison procedure based on the Tukey honestly significant dif-
ference (HSD) statistical groupings was implemented on the means
in ANOVA, with the confidence level of 95%. Letters are used to
represent the Tukey HSD statistical groupings: A, B, C, and D in-
dicating a statistically performance property from best to worst. It
was found that the rank order of Nf in the unaged condition was
HVMA > CRMA > SBSMA > neat asphalt. The neat asphalt had
the shortest fatigue life under the unaged condition. After RTFOT
aging, the rank order ofNf was HVMA > SBSMA > CRMA > neat
asphalt. However, the rank order of Nf after PAV aging was
SBSMA > HVMA > CRMA > neat asphalt. The fatigue life

sequence of SBSMA and HVMA changed after the aging of PAV,
which might be related to the properties of the modified asphalt.
Moreover, the fatigue resistance decreased through aging due to
a reduction in fatigue life at 5.0% strain. In addition, increasing
the degree of aging could decrease the fatigue life.

Accordingly, CRNf was used as an indicator for evaluating
the degree of aging of the asphalt binder at medium temperatures.
A larger CRNf indicates that aging has a greater influence on
the medium-temperature fatigue properties of asphalt binders. The
equation of CRNf is

CRNf ¼ jAgedNf−UnagedNfj
UnagedNf

× 100 ð10Þ

Fig. 8 displays the CRNf of the asphalt binder after RTFOT and
PAV. It can be observed that among the four asphalt samples after
RTFOT, CRMA has the largest CRNf (59.9%), indicating that
aging had the most significant influence on the medium-temperature
fatigue properties of CRMA. After PAV, compared with neat as-
phalt (78.1%), CRMA (95.8%), and SBSMA (56.6%), HVMA
(99.2%) had the highest CRNf . The fatigue property of HVMA
appears to be most influenced by long-term aging at medium
temperature.

Table 2. Predicted fatigue lives of neat asphalt, SBSMA, CRMA, and HVMA

Asphalt type

Unaged RTFOT PAV

Average
Standard
deviation Grouping Average

Standard
deviation Grouping Average

Standard
deviation Grouping

Neat asphalt 53,009.41 201.00 D 23,292.49 239.44 D 11,627.72 474.23 D
SBSMA 524,987.58 987.08 C 282,748.38 984.12 C 227,707.29 832.95 A
CRMA 564,200.21 817.76 B 226,222.92 111.26 B 23,552.04 812.36 C
HVMA 8,714,880.00 1,707.89 A 6,430,230.00 1,071.15 A 68,284.45 1,072.90 B

Fig. 8. Values for CRNf of SBSMA, CRMA and HVMA: (a) RTFOT;
and (b) PAV.
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Low-Temperature Properties Analysis

Stiffness Value and m-Value
When it comes to evaluating the low-temperature cracking resis-
tance of an asphalt binder, creep stiffness and creep rate can be used
as critical indexes in the BBR test (Xiao et al. 2017). Generally, a
higher creep stiffness reflects a higher tensile stress, whereas the
low creep rate implies less stress relaxation (Jia et al. 2019). The
creep stiffness and creep rate of the four binders in the unaged and

aged states are illustrated in Figs. 9 and 10, respectively. As a result,
aged asphalt binders exhibited significantly more creep stiffness
and less creep rate than unaged binders, indicating that aging de-
creases the low-temperature properties of the asphalt binder. After
aging, the asphalt’s low molecular weight components decreased,
while its macromolecular components increased. This led to the
modified asphalt binders becoming stiff and brittle. Furthermore, it
can be seen that with increasing temperature, the creep stiffness of all
binders decreased, while the creep rate increased. This indicated

Fig. 9. Creep stiffness of modified asphalt binders versus temperature: (a) neat asphalt; (b) SBSMA; (c) CRMA; and (d) HVMA.

Fig. 10. Creep rate of modified asphalt binders versus temperature: (a) neat asphalt; (b) SBSMA; (c) CRMA; and (d) HVMA.
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that these specimens are less inclined to crack at higher
temperatures.

The low-temperature properties of the binder demand a creep
stiffness smaller than 300 MPa and creep rate higher than 0.30
(Chen et al. 2019). The low-temperature properties of the modified
asphalt binders reflected by creep stiffness and creep rate were con-
sistent. Unaged binders exhibited better properties at low temper-
atures than RTOFT-aged binders, while RTFOT-aged binders
exhibited better properties than PAV-aged binders.

Parameter ΔTc and Its Change Rate
ParameterΔTc can predict the age-related embrittlement of asphalt
binders at low temperature. The ΔTc calculated from the BBR re-
sults can be used to understand the relaxation properties of asphalt
binders. It is defined as the difference between Tc;S and Tc;m

(Fig. 11) (Lesueur et al. 2021), as shown in Eq. (11). When ΔTc
is positive, the performance grade of the asphalt binder is controlled
by the creep stiffness (S-controlled). When ΔTc is negative, the
performance grade of the asphalt binder is governed by the creep
rate (m-controlled). Creep stiffness–governed asphalt binders fall
below 300 MPa at a temperature higher than the creep rate temper-
ature. In comparison, creep rate–governed asphalt binders exceed
0.3 creep rate at a temperature higher than the creep stiffness
temperature

ΔTc ¼ Tc;S-Tc;m ð11Þ

where Tc;S = temperature at which the creep stiffness of the binder
reaches 300 MPa; and Tc;m = temperature at which the creep rate
reaches 0.3; both parameters are measured in the BBR test after a
loading time of 60 s.

The ΔTc values of neat asphalt, SBSMA, CRMA, and HVMA
under different aging conditions are shown in Fig. 12. This illus-
trates that the length of aging influences the measured values of
ΔTc. A very clear trend is that as the level of aging increases, ΔTc
reduces. This indicates that asphalt binders that cannot shed stresses
become less flexible, more brittle, and more prone to cracking if sub-
jected to applied stresses. After aging, ΔTc for SBSMA, CRMA,
and HVMA remained positive, and thus they are S-controlled. In the
unaged condition, the neat asphalt indicates a positive value ofΔTc,
and hence it is S-controlled. However, RTFOTand PAVaging caused
the neat asphalt to become m-controlled as indicated by the nega-
tive ΔTc.

The CRΔTc can reflect the aging degree of the asphalt binder
at low temperature. A higher ΔTc indicates poor anticracking
properties at low temperature. The equation of CRΔTcis

Fig. 12. Values for ΔTc of asphalt binders under different conditions.

Fig. 13. CRΔTc of neat asphalt, SBSMA, CRMA and HVMA:
(a) RTFOT; and (b) PAV.

Fig. 11. Graphical concept of Tc;S and Tc;m.
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CRΔTc ¼
jAgedΔTc − UnagedΔTcj

UnagedΔTc
× 100 ð12Þ

Fig. 13 shows the CRΔTc of neat asphalt, SBSMA, CRMA, and
HVMA under different aging conditions. It can be seen that the
three asphalt binders had a different CRΔTc after aging. A deeper
degree of aging resulted in a greater CRΔTc. For the RTFOT aging
condition, the CRΔTc values of neat asphalt, SBSMA, CRMA, and
HVMA were 102.3%, 80.6%, 16.1%, and 8.4%, respectively. For
the PAV aging condition, the CRΔTc values of neat asphalt,
SBSMA, CRMA, and HVMA were 102.8%, 80.6%, 37.8%, and
50.7%, respectively. Therefore, the CRΔTc ranking order of the
four asphalt samples after RTFOT aging was neat asphalt >
SBSMA > CRMA > HVMA. The order after PAV aging was neat
asphalt > SBSMA > HVMA > CRMA. According to the results,
neat asphalt had the worst low-temperature cracking resistance after
aging. As for modified asphalt, compared with CRMA and HVMA,
SBSMA had the worst low-temperature cracking resistance.

Microscopic Analysis

FT-IR Analysis
Fig. 14 shows the infrared spectra of the four aged samples. Here,
the region in which the peaks indicate the presence of carbonyl and

sulfoxide was between 650 and 2,000 cm−1. The peak areas of the
carbonyl and sulfoxide functional groups were also calculated. The
carbonyl index (CI) and sulfoxide index (SI) (Wang et al. 2018; Hu
et al. 2018; Cavalli et al. 2018) were introduced to assess the degree
of aging, as shown in Eqs. (13) and (14), respectively. First the peak
intensity was normalized for calculating the CI and SI, considering
the entire area under the curve to eliminate specimen thickness
(Lamontagne et al. 2001)

CI ¼ Vð≈ 1,700Þ
VðvrefÞ

ð13Þ

SI ¼ Vð≈ 1,030Þ
VðvrefÞ

ð14Þ

where VðvrefÞ = peak area at 650–2,000 cm−1; Vð≈ 1,700Þ = peak
area at 1,700 cm−1; and Vð≈ 1,030Þ = peak area at 1,030 cm−1.
The results are presented in Fig. 14.

Fig. 15 shows that the CI of the four asphalt samples increases
with aging, and the more serious the aging degree of asphalt, the
larger the CI. This is due to an increase in the most polar compo-
nents of the higher molecules (Zhang et al. 2011). Compared to
neat asphalt, the modified asphalt had a higher CI, indicating that
the three types of modified asphalt have different degrees of
oxidation reaction in preparing the modified asphalt.

Fig. 14. FT-IR spectra of asphalt binders: (a) neat asphalt; (b) SBSMA; (c) CRMA; and (d) HVMA.
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For neat asphalt, the SI increased after aging, indicating
that some sulfur-oxygen double bonds (S=O) were formed. For
SBSMA and CRMA, the SI increased after RTFOT, indicating that
S=O formation accompanied the oxidation reaction of SBSMA and

CRMA after short-term aging. However, the SI decreased after
PAV. This is due to the moderately decomposed modifier under
long-term aging, resulting in an increased sulfur content (Hou
et al. 2018; Li et al. 2020b). For HVMA, the SI decreased after
RTFOT, indicating that the modifier began to decompose after
short-term aging. The deeper the aging degree, the greater was
the decomposition of the modifier (Hu et al. 2020a).

TLC-FID Analysis
Fig. 16 shows the change of asphaltenes, resins, aromatics, and sat-
urates of neat asphalt, SBSMA, CRMA, and HVMA in unaged,
RTFOT, and PAV conditions. It can be seen that the saturates con-
tent was basically unchanged, the aromatics content decreased, and
the asphaltenes and resins content increased after aging. After
RTFOT, the asphaltenes content of neat asphalt, SBSMA, CRMA,
and HVMA increased 19.1%, 5.4%, 2.6%, and 4.9%, respectively.
Meanwhile, the resins content of neat asphalt, SBSMA, CRMA,
and HVMA increased 14.3%, 13.5%, 11.9%, and 10.1%, respec-
tively. The aromatics content of neat asphalt, SBSMA, CRMA, and
HVMA decreased 9.2%, 6.8%, 9.5%, and 8.9%, respectively.
Compared to modified asphalt binder, the components of neat as-
phalt have a higher change rate after RTFOT. For SBSMA, CRMA,
and HVMA, the order change rate of components is SBSMA >
HVMA > CRMA. The change of asphalt components after PAV
also has the same order after RTFOT.

SEM Analysis
Fig. 17 shows the SEM images of neat asphalt, SBSMA, CRMA,
and HVMA in unaged, RTFOT, and PAV conditions. The same
behavior can be found in Figs. 17(a–c). With the increase of aging
degree, it can be seen that the large molecular content of neat as-
phalt increased. Clusters were observed from Figs. 17(b and c),
which may be due to the aromatization of perhydro aromatic rings
(Singh and Kumar 2019). For SBSMA, CRMA, and HVMA, there
are large polymer networks in unaged conditions as shown in
Figs. 17(d, g, and j). After RTFOT, the polymer network begins
to degrade as can be seen in Figs. 17(e and k). From Figs. 17(f, i,
and l), it can be observed that the polymer network was more
degraded and had an asphalt-rich phase after PAV.

Fig. 15. (a) CI; and (b) SI of four asphalt samples under different aging
conditions.

Fig. 16. Four components change of four asphalt samples under different aging conditions.
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Conclusions

This paper assessed the aging degree quantitatively of finished
product–modified asphalt binders of SBSMA, CRMA, and HVMA
at high, medium, and low temperatures, and explored the aging
mechanism at the microscopic level. The main conclusions are
summarized as follows.

• Compared with SBSMA, CRMA, and HVMA, aging has the
greatest impact on the high-, medium-, and low-temperature
neat asphalt properties.

• Aging can enhance the high-temperature stability of asphalt
binders. The effects of the aging degree on the high-temperature
properties of the polymer-modified asphalt binders were differ-
ent. After short-term aging, the CRRFs of SBSMA, CRMA, and

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 17. SEM images of four asphalt samples under different aging conditions: (a) neat asphalt-unaged; (b) neat asphalt-RTFOT; (c) neat asphalt-PAV;
(d) SBSMA-unaged; (e) SBSMA-RTFOT; (f) SMSBA-PAV; (g) CRMA-unaged; (h) CRMA-RTFOT; (i) CRMA-PAV; (j) HVMA-unaged;
(k) HVMA-RTFOT; and (l) HVMA-PAV.
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HVMAwere 12.6%, 7.1%, and 18.9%, respectively. After long-
term aging, the CRRFs of SBSMA, CRMA, and HVMA were
159.0%, 179.5%, and 19.3%. Short-term aging significantly
impacted HVMA, while long-term aging had an enormous in-
fluence on CRMA.

• Aging could decrease the fatigue resistance of an asphalt binder.
Moreover, increasing the degree of aging could decrease the
fatigue life. After short-term aging, the CRNf values of SBSMA,
CRMA, andHVMAwere 46.1%, 59.9%, and 26.2%, respectively.
After long-term aging, the CRNf values of SBSMA, CRMA, and
HVMA were 56.6%, 95.8%, and 99.2%, respectively. Short-term
aging had the most significant influence on the fatigue property at
medium temperature of CRMA, followed by SBSMA and HVMA.
The effect of long-term aging on the fatigue properties of HVMA
was the largest, followed by that of CRMA and SBSMA.

• SBSMA, CRMA, and HVMA are S-controlled asphalt binders
under different aging conditions. Aging caused the binders to
become brittle and crack easily. After short-term aging, the
CRΔTc values of SBSMA, CRMA, and HVMA were 80.6%,
16.1%, and 8.4%, respectively. After long-term aging, the
CRΔTc values of SBSMA, CRMA, and HVMA were 80.6%,
37.8%, and 50.7%. Short-term aging had the most significant
influence on the low-temperature properties of SBSMA, fol-
lowed by CRMA and HVMA. The effect of long-term aging
on the low-temperature properties of SBSMA was the largest,
followed by that of HVMA and CRMA.

• During the aging process, the oxidation reaction of asphalt was
accompanied by the formation of sulfur-oxygen double bonds.
After aging, the saturates content was basically unchanged, the
aromatics content decreased, and the asphaltenes and resins con-
tent increased. With the increase of aging degree, it can be seen
that the large molecular content of neat asphalt increased. For
SBSMA, CRMA, and HVMA, the polymer network begins to
degrade after aging.

• In this study, the influence of thermal-oxidative aging on SBSMA,
CRMA, and HVMAwas discussed; however, the influence of ul-
traviolet aging on modified asphalt was not considered. In future
research, the aging behavior of different modified asphalts under
different aging times and coupled aging will be studied. This work
studied SBSMA, CRMA, and HVMA. The follow-up study will
consider comparing more types of modified asphalt.
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