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Abstract Asphalt aging often leads to rapid degra-

dation of road performance, which seriously affects

the service life of asphalt pavement. Exploring the

influence of asphalt oil sources, asphalt grades, and

filler types on asphalt microcharacteristics in the

asphalt aging process can provide an essential refer-

ence to guide asphalt pavement maintenance. In this

study, we selected seven kinds of asphalt and three

fillers commonly used in China for research. The

pressurized aging vessel (PAV) and homemade ultra-

violet (UV) aging equipment were used to perform

thermo-oxidative aging and UV aging tests,

respectively, of asphalt. The microcharacteristics of

asphalt before and after aging were analyzed via

attenuated total reflectance fourier transformation

infrared spectroscopy and nuclear magnetic resonance
1H spectroscopy. The results show that the oil source

of asphalt exerted the most significant influence on the

microcharacteristics of the aged asphalt, while the

effect of the asphalt grade was relatively limited. The

addition of fillers did not affect the aging mechanism

of asphalt. UV and PAV aging generated apparent

differences in the changes in the aged asphalt

microstructure.

Keywords Road materials � Oil source of asphalt �
Grade of asphalt � Thermo-oxidative aging �
Ultraviolet aging � Microcharacteristics

1 Introduction

Asphalt pavement is the most widely used pavement

type for high-grade highways in various countries.

However, in production and use, asphalt binder is

inevitably impacted by light, heat, water, and other

environmental factors, which can degrade its perfor-

mance, weaken the adhesion between asphalt and

aggregate and cause pits and cracks and other distress

[1, 2]. These pavement distresses also seriously affect

the driving comfort and durability of roads. Therefore,
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researchers have notably researched the aging mech-

anism of asphalt.

The aging process of asphalt can be divided into

two stages. The first stage involves the short-term

aging caused by material production and mixture

paving, and the second stage involves long-term aging

during service. These two processes are mainly

thermo-oxidative aging processes [3, 4]. However,

ultraviolet (UV) aging inevitably affects the asphalt on

the pavement surface [5]. Among these processes,

thermo-oxidative and UV aging of asphalt can cause a

series of chemical changes, seriously affecting the

asphalt service performance [6, 7]. The research team

of Peterson began to study the thermo-oxidative aging

phenomenon of asphalt as early as the 1970s [8].

Asphalt is a complex mixture composed of relatively

high-molecular weight hydrocarbons and nonmetallic

derivatives containing millions of molecules. There-

fore, it is not easy to completely characterize the

molecular structure, chemical formula, and oxidation

products of asphalt. However, modern component

detection technology and computer simulation tech-

nology have revealed that the main products in the

thermo-oxidative aging process of asphalt include

ketones, sulfoxides, and other functional groups

[9, 10]. The hardening mechanism of asphalt after

oxidation is mainly caused by the strong molecular

force between polar molecules and oxygen-containing

functional groups in asphalt [11]. UV aging of asphalt

only occurs within a few microns of the pavement

surface, but it significantly impacts the asphalt

performance. Generally, the energy value of ultravi-

olet light is higher than that needed to break the

chemical bonds in asphalt molecular chains. There-

fore, the breaking speed of molecular chains in asphalt

is accelerated after irradiation by ultraviolet light,

resulting in a free radical chain reaction. Although the

depth of the UV aging effect is very shallow, the

performance of asphalt on the pavement surface

seriously declines, which can aggravate aggregate

detachment and crack generation and can accelerate

the damage process of the pavement structure [12–14].

Thermo-oxidative aging of asphalt mainly leads to

the volatilization of components and chemical

changes, eventually changing the asphalt composition.

According to the properties of each component in

asphalt, asphalt can be divided into four segments:

saturates, aromatics, resins, and asphaltenes [15]. The

proportions between these components correspond to

different asphalt properties. The oxidation of asphalt

components leads to the transformation of lightweight

components into heavy components, while the

volatilization of lightweight components can further

increase the content of heavy components [16, 17]. In

the oxidative aging process of asphalt, the relative

content of saturates remains basically unchanged,

while the aromatics undergo oxidation reactions to

become asphaltenes or resins, resulting in a decrease

in the aromatic content and an increase in the

asphaltene content. In addition, in the mixing process,

the heating temperature of the aggregate is often close

to 200 �C. When hot aggregate comes into contact

with the asphalt, the aromatic components in asphalt

are also rapidly volatilized [18]. With increasing

aging, the content of each component in asphalt

gradually changes, and the structure of asphalt colloids

is also altered. The increase in oxygen-containing

functional groups leads to an increase in the content of

polar components, the asphaltene aggregation effect,

and the destruction of the stable structure of asphalt

colloids, which worsens the properties of asphalt

materials [19–21]. The results show that the penetra-

tion, ductility, and softening point of asphalt after

aging strongly correlate with the asphalt component

content change. The viscosity index exhibits the

highest correlation with aging time. The phase angle

is a suitable parameter to evaluate the aging degree

[22, 23]. Studies have also confirmed the correspond-

ing relationship between the change in functional

groups and the rheological properties of specific

asphalt types after thermo-oxidative aging, showing

a strong linear correlation [24, 25]. However, different

test methods yield different results for the fatigue

performance of aged asphalt. Based on the stress or

strain sweep test method, it was concluded that the

fatigue life of asphalt increases after aging. The

relaxation test method determined that the fatigue life

of asphalt is attenuated after aging [26].

UV aging of asphalt mainly depends on ultraviolet

radiation A (UVA, 320–400 nm) and ultraviolet

radiation B (UVB, 280–320 nm) in sunlight. Asphalt

exhibits different sensitivities to different wavelengths

of ultraviolet light [27]. Under the same aging

conditions, ultraviolet radiation within the range of

350–370 nm exerts the most severe impact on asphalt

aging, followed by ultraviolet radiation within the

ranges of 340–380 nm and 200–400 nm [28]. Within

0–24 h from the beginning of UV aging, the asphalt

  250 Page 2 of 18 Materials and Structures          (2022) 55:250 



aging depth rapidly increases, and the growth trend

conforms to the power exponential growth model.

When UV aging continues for more than 24 h, the

aging depth of asphalt gradually tends to stabilize,

which agrees more with the linear model [29, 30].

After UV aging, white powder products, rigid films,

and local cracks are formed on the asphalt surface. The

microhardness and elastic modulus of the asphalt

surface rapidly increase [31, 32]. Moreover, adding

short-chain alkanes or multibranched long-chain alka-

nes can inhibit the UV aging effect and improve the

crack resistance of asphalt [33].

The aging effect of modified asphalt mainly

includes oxidation aging of asphalt components and

aged degradation of modifier materials [34, 35].

Generally, after short-term aging, polymer modifiers

are notably degraded and eventually exhibit a

medium-sized molecular structure. As a result, the

performance of modified asphalt is reduced, but the

aged asphalt can still maintain a particular modifica-

tion effect. After long-term aging, almost all of the

polymer modifiers have been degraded, and their

modification effect has been lost [36, 37]. Therefore,

modified asphalt’s long-term aging performance is

equivalent to that of ordinary aged asphalt, and

negligible chemical reactions occur between the

asphalt and the modifier [38–40]. Therefore, the study

of the aging mechanism of base asphalt has a

fundamental significance for analyzing asphalt per-

formance changes. Researchers have also conducted

much research work in this area. However, there are

many sources of asphalt, and asphalt can be divided

into different grades according to its performance

characteristics. There are few studies on the change in

the microstructure of asphalt materials considering

different oil sources and grades under different aging

conditions.

Research on the aging mechanism of asphalt has

been widely performed. However, the aging charac-

teristics of asphalt from the perspective of different oil

sources and grades under different conditions have yet

to be thoroughly analyzed.Moreover, the aging degree

of different asphalt types remains to be determined.

Therefore, this paper selected the seven kinds of

asphalt most commonly used in China, created UV and

thermo-oxidative aging conditions in homemade UV

aging equipment and pressurized aging vessel (PAV)

tests, respectively, and analyzed the influence of

different oil sources, grades, and fillers on the

microcharacteristics of aged asphalt based on nuclear

magnetic resonance (NMR) 1H spectra, attenuated

total reflectance fourier transformation infrared spec-

troscopy (ATR-FTIR) spectra, and thermogravimetric

test data. The composition changes in different asphalt

materials under different aging conditions can be more

deeply understood through the research in this paper. It

is hoped that the study could provide a technical

reference for proposing pavement maintenance

schemes and enhancing pavement durability.

2 Materials

2.1 Asphalt binder

The study objective is to systematically analyze the

aging characteristics of different asphalt types under

different aging conditions. Seven asphalt types

derived from four oil sources were selected for

analysis, combined with the commonly used asphalt

types in various regions of China. The specific asphalt

conditions are listed in Table 1.

2.2 Filler

Among all aggregates of asphalt mixtures, the specific

surface area of fillers is the largest, and asphalt mortar

consisting of filler and asphalt exerts a notable impact

on the performance of asphalt mixtures. Therefore,

different kinds of fillers were selected to prepare

asphalt mortar with a mass ratio of asphalt to filler of

1:1. Furthermore, the influence of fillers on the aging

performance of asphalt under different aging condi-

tions was explored. The three fillers selected in this

study were obtained by grinding rocks. Their particle

size range is summarized in Table 2.

3 Testing methods

The aging process of asphalt during service mainly

involves thermo-oxidative and UV aging. Generally,

the rolling thin-film oven test (RTFOT) is used to

characterize the short-term aging process of asphalt

during mixing and paving, and the PAV test method is

used to characterize the long-term aging process of

asphalt during service[41, 42]. However, due to the

high temperature during mixing and paving, light
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components of asphalt are volatilized. Therefore, the

thermogravimetric test method was also employed in

this study to explore the component volatilization

degree of the different asphalt types during thermal

aging. Furthermore, homemade ultraviolet-acceler-

ated aging equipment was used to conduct asphalt UV

aging tests [31]. The microstructure and composition

of aged asphalt vary, and the material macroproperties

are determined by the microproperties. Therefore, this

study relied on the ATR-FTIR and NMR 1H test

methods to analyze the microscopic characteristics of

the different asphalt types under different conditions.

3.1 Thermo-oxidative aging test of asphalt

Thermo-oxidative aging of asphalt mainly refers to the

AASHTO T240 and AASHTO R28 specifications

[41, 42]. First, the RTFOT test of asphalt (163 �C,
85 min) was conducted to simulate the aging stage

during the construction phase. Then the RTFOT aged

samples were subjected to the PAV aging test (100 �C,
2.1 MPa, 20 h) to characterize the long-term aging

process of asphalt during service. Seven kinds of

asphalt after PAV aging were used as thermo-oxida-

tive aging test samples.

3.2 Thermogravimetric test of asphalt

The thermogravimetric test (TG) method can evaluate

the change in the sample quality under specific

temperature changes. This method is widely used in

thermal stability and component analysis studies of

materials. In this study, a synchronous thermal anal-

ysis infrared gas chromatography instrument of

PerkinElmer company was used for TG analysis.

When preparing the samples, the asphalt was firstly

kept at 0 �C for 2 h, and the tweezers and scrapers

were used to take a small number of samples. The

sample mass was approximately 10 mg, and the

sensitivity of the balance was 0.1 lg. The test mainly

evaluated the volatilization characteristics of the

different asphalt types under heating conditions. To

eliminate the mass increase effect caused by oxida-

tion, the test was performed in a nitrogen environment.

In the test, the instrument temperature was increased

Table 1 Asphalt applied in this research

Type of asphalt Abbreviation Oil source Application

Gao Fu (50#/70#/

90#)

GF Venezuelan heavy crude, onshore oilfields South and Southeast China

SK (70#/90#) SK South Korea SK asphalt plant, Middle East oil source,

onshore oilfield

Central and midwestern regions

of China

An Da (90#) AD Production in Panjin, China, Liaohe oilfield, onshore Source Northern China

Zhen Hai (70#) ZH Production at the Zhenhai Refinery Plant in Ningbo, China,

offshore oilfield

Central and eastern regions of

China

50 #, 70 # and 90 # are the median of asphalt penetration and represent different grades of asphalt

Table 2 Gradation of the

fillers
Type Particle size (mm) Sieve residue (%)

Jinshan limestone filler (JS) 0.3 4.1

0.15 11.7

0.075 and below 84.2

Lishu limestone filler (LS) 0.3 1.0

0.15 4.2

0.075 and below 94.8

Basalt special filler (BS) 0.15 0

0.075 and below 100
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to 160 �C within half an hour, and a constant

temperature was maintained for 2 h.

3.3 UV aging test of asphalt

Ultraviolet radiation is the critical factor driving the

photooxidation aging process of asphalt, and selecting

an ultraviolet light source is essential. Since the

spectral distribution of Philips UVA fluorescent tubes

is very close to that of the ultraviolet region of

sunlight, a series of these tubes were selected as UV

aging equipment in this study. The test temperature

was 65 �C, close to the maximum temperature of the

road surface in summer [31]. Considering that ultra-

violet light may accelerate the oxidation reaction of

asphalt, the ventilation system was opened to ensure

sufficient oxygen. The preparation method of the

asphalt sample for the UV aging test is consistent with

that of the PAV test in AASHTO R28. During the test,

the average irradiation intensity of the UV lamp is

102.3 W/m2, and the distance between the sample’s

surface and the lamp is 8 cm. The total test time is

960 h, equivalent to 3–5 years of in-service aging in

the field in Heilongjiang Province, China.

3.4 Attenuated total reflectance Fourier

transformation infrared spectroscopy test

Attenuated total reflectance Fourier transformation

infrared spectroscopy (ATR-FTIR) is based on the

total reflection characteristics of a unique prism, in

which a light beam is reflected multiple times on the

surface of the test piece. Therefore, this technique can

not only be used to measure elastic or viscous samples

that are not easy to dissolve or melt and are difficult to

crush but can also improve the test accuracy. The

typical absorption peak of the infrared spectrum of

asphalt is shown in Fig. 1.

As the asphalt binder generated no evident charac-

teristic fingerprint within the wavenumber range of

1800–2400 cm-1, the absorption peak within this

range was not reflected in the spectrum. According to

previous research results, the carbonyl index and

sulfoxide index were used as evaluation indices of the

aging degree of asphalt samples [43–45]. The carbonyl

index and sulfoxide index can be calculated with

Eqs. (1)–(3).

Sulfoxide Index (SI) =
A1030P

A
ð1Þ

Carbonyl Index (CI) =
A1700P

A
ð2Þ

X
A ¼ Að2924;2855Þ þ A1700 þ A1600 þ A1460 þ A1378

þ A1030 þ A864 þ A812 þ A748 þ A726

ð3Þ

3.5 Nuclear magnetic resonance 1H spectrum test

The nuclear magnetic resonance hydrogen spec-

troscopy (1H-NMR) technique is an effective means

to analyze the distribution and content of hydrogen

atoms in different structures of molecules. In the

spectrum, the position of the peak represents the

hydrogen atom position, and the area of the peak

represents the hydrogen atom content. The change in

molecular structure can be further analyzed by deter-

mining the distribution and content of hydrogen

atoms. In this study, the AVANCEIIIHD 500 MHz

NMR spectrometer of Bruker company was used for

the test. Considering the dissolution characteristics of
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Fig. 1 Infrared spectrum of

asphalt
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asphalt, special deuterated chloroform was selected as

the test solvent. Deuterated chloroform solvent usually

contains a small amount (usually 0.1%) of tetram-

ethylsilane (TMS) or chloroform (CHCl3) for the

calibration of chemical shifts. The 1H NMR chemical

shift in asphalt and its attribution are provided in

Table 3 [46, 47]. Considering that the metal compo-

nents in the filler can adversely affect or even damage

the normal operation of the NMR spectrometer, 1H

spectrum scanning of asphalt mortar mixed with filler

was not conducted in the study.

4 Results and discussion

4.1 Results of thermo-oxidative aging

4.1.1 Influence of the asphalt oil source on thermo-

oxidative aging

(1) The changing trend of SI and CI indexes

The asphalt types with the same grade but different

oil sources, as listed in Table 1, were selected to study

the microscopic aging characteristics. The influence of

thermo-oxidative aging on the microproperties of

asphalt derived from various oil sources was analyzed

via ATR-FTIR. Two control groups were set for

asphalt derived from the different oil sources. AD90#,

GF 90#, and SK90# comprised one control group, and

ZH70#, GF70#, and SK70# comprised the other

group. Infrared spectral analysis was performed of

virgin asphalt and PAV-aged asphalt samples, with at

least three parallel tests for each sample, and the

results are the average value of the three tests. SI and

CI of the different asphalt types were calculated

according to Eqs. (1)–(3). The changes in the infrared

spectra and functional group indices of the asphalt

types derived from the different oil sources are shown

in Fig. 2.

According to aging theory, the main products of

aged asphalt include sulfoxide and ketone. The

absorption band of sulfoxide occurs near 1030 cm-1,

and that of ketone occurs near 1700 cm-1. In regard to

90# asphalt, the sulfoxide absorption band of GF90#

changed the most obviously after aging, and the SI

value increased by 8.4 times. The change in the SI

value of SK90# was the smallest, increasing by 1.1

times. However, the SI value of AD90# before aging

was also considerable. As sulfoxide is the main

product during the rapid reaction period, it may be

that the asphalt had aged to a certain extent during

long-term storage or molding of the test piece. The

change in the ketone content in SK90# after aging was

the largest, and the CI value increased by 12.9 times.

The CI value of GF90# exhibited the slightest change

and increased by 3.7 times after aging. The changes in

the functional groups of 90# asphalt with the same

grade but different oil sources obviously differed after

thermal-oxidative aging.

Figure 2 shows that in regard to 70# asphalt, the

change degree of the SI value of GF70# was the

highest after aging, increasing by 8.7 times. The SI

change degree of ZH70# was the lowest, which

increased by 1.1 times after aging. However, the SI

value of ZH70# before aging was also high, so it may

be that some asphalt aging occurred during long-term

storage or molding of the test piece. The CI value of

SK70# increased by 11.3 times after aging, and this

change was the most obvious. The CI change in

ZH70# was the smallest, and the value increased by

2.4 times. From the perspective of the aging index, the

ZH70# asphalt provided the highest resistance to

thermo-oxidative aging.

Table 3 Chemical shifts and attributions of the 1H NMR spectrum [46, 47]

Types of H

atoms

Chemical shift d
(ppm)

Positional attribution of the H atom

Ha 2.0–4.0 Hydrogen on the carbon atom of the a-position alkyl substituent on the aromatic ring

Hb 1.0–2.0 Saturated alkane hydrogen and hydrogen on aromatic ring b-alkyl substituent carbon

Hc 0.5–1.0 Hydrogen on the carbon atom at the c-position or more distant substitution position of the

aromatic ring

Har 6.0–9.0 Hydrogen attached to an aromatic ring
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The increase of carbonyl, sulfoxide, and other

oxygen-containing functional groups after aging of

asphalt leads to a significant increase in the polarity of

asphalt molecules, the intermolecular force and the

intermolecular aggregation. As a result, the inter-

molecular micelles of asphalt becomemore and larger,

and the fluidity of asphalt becomes worse.

(2) Changes in the types of hydrogen atoms

The NMR test can distinguish the chemical envi-

ronment of hydrogen atoms in asphalt. According to

the chemical shift and the area of the peak in the

spectrogram, the types and contents of hydrogen

atoms can be obtained. Based on this method, we

could analyze the changing trend of the asphalt

microstructure under different aging conditions. Two

control groups were established for asphalt obtained

from various oil sources, which is consistent with the

setting method of the ATR-FTIR tests. In addition, 1H-

NMR tests were performed on virgin and PAV-aged

asphalt specimens. The 1H-NMR test results for the

asphalt specimens derived from the different oil

sources are listed in Table 4.

After thermo-oxidative aging, the changing trends

of Har and Ha of the different 90# asphalt specimens

were different, but the content of Hb increased after

aging, and the change range of GF90# was the largest.

In contrast, the content of Hc decreased after aging.

Overall, the content of Hb ? Hc increased after aging,

indicating that the relative content of hydrogen atoms

in the side chains of asphalt molecules increased after

thermo-oxidative aging. Among the specimens, the

hydrogen atom type of GF90# asphalt changed most

significantly after thermo-oxidative aging, while the

changing trend of SK90# was the lowest.

The contents of Har and Ha in 70# asphalt decreased

after thermo-oxidative aging, indicating that the

condensation dehydrogenation reaction occurred in

the aromatic structure of asphalt during aging. How-

ever, the content of Hb increased after aging, and the

changing trend of Hcwas not consistent. Moreover, the

content of Hb ? Hc increased after aging, indicating

that the relative content of hydrogen atoms in the side

chain of asphalt molecules increased after thermo-

oxidative aging. The hydrogen atom content in GF70#

changed most significantly after aging, and the trend

of ZH70# was the lowest. The increase of Hb and

Hb ? Hc of asphalt thermal-oxidative aging products

indicates that the fat-side chain length increases during

the aging process, which leads to more internal friction

when asphalt molecules move. Therefore, compared

with the virgin sample, the aged asphalt needs a higher

temperature to have the same relative displacement.

Thus, the viscosity and softening point of asphalt will

increase after aging [48–50].

4.1.2 Influence of the asphalt grade on thermo-

oxidative aging

(1) The changing trend of SI and CI indexes

Asphalt specimens with the same oil source but

different grades were selected for grouping. GF50#,

GF70#, and GF90# comprised one control group, and

SK70# and SK90# comprised the other group. ATR-

FTIR tests of virgin and PAV-aged asphalt specimens

were conducted, and CI and SI values were calculated

according to Eqs. (1)–(3). The changes in the infrared

spectra and the functional group indices of the asphalt

specimens of different grades are shown in Fig. 3.

Table 4 Comparison of the 1H NMR spectra of the asphalt specimens derived from the different oil sources (PAV)

Types of H atoms AD 90# GF 90# SK 90# ZH 70# GF 70# SK 70#

Virgin PAV Virgin PAV Virgin PAV Virgin PAV Virgin PAV Virgin PAV

Har 0.8 0.5 1.1 2.3 12.1 5.1 11.1 10.5 18.9 8.6 1.4 0.4

Ha 12.5 3.4 17.2 1.5 3.2 9.9 13.1 4.8 17.7 9.9 7.8 3.6

Hb 65.5 79.8 54.9 71.1 64.7 67.0 34.5 40.3 53.3 69.6 56.9 79.7

Hc 21.2 16.3 26.7 25.1 20.0 18.1 41.3 44.4 10.2 12.0 33.9 16.3

Hb ? Hc 86.7 96.1 81.6 96.2 84.7 85.1 75.8 84.7 63.5 81.6 90.8 96.0

  250 Page 8 of 18 Materials and Structures          (2022) 55:250 



600 800 1000 1200 1400 1600 2400 2800 3200 3600 4000

1.7 2.0 2.2

8.4
10.5 10.3

GF 50# GF 70# GF 90#
0

10

C
I 

(1
0-3

)

Virgin
PAV

4.6 4.4 4.1

40.1 42.7 38.6

GF 50# GF 70# GF 90#
0

20

40

60

SI
 (1

0-3
)

Virgin
PAV CISI

17
00

GF 90#

GF 70#

29
24

28
55

16
00

14
60

13
78

10
3086
4

81
2

74
8

A
bs

or
ba

nc
e

Wave number (cm-1)

Virgin
PAV

72
6

GF 50#

(a) Infrared spectra of the GF asphalt specimens

600 800 1000 1200 1400 1600 2400 2800 3200 3600 4000

1.8 1.5

22.1 20.8

SK 70# SK 90#
0

10

20

30

C
I 

(1
0-3

)

Virgin
PAV

4.3 4.4

11.4
9.3

SK 70# SK 90#
0

10

S
I 

(1
0-3

)

Virgin
PAV 

CISI

17
00

SK 90#

SK 70#

29
24

28
55

16
00

14
60

13
78

10
3086
4

81
2

74
8

A
bs

or
ba

nc
e

Wave number (cm-1)

Virgin
PAV

72
6

(b) Infrared spectra of the SK asphalt specimens

772%

871% 842%

394% 425%
368%

GF50# GF70# GF90#
0

200

400

600

800

1000
SI
CI

C
ha

ng
e 

ra
te

 o
f S

I (
%

)

0

200

400

600

800

1000

 C
hange rate of C

I (%
)

165%

111%

1128%

1287%

SK70# SK90#
0

100

200

300

400
SI
CI

C
ha

ng
e 

ra
te

 o
f S

I (
%

)

0

200

400

600

800

1000

1200

1400

1600

 C
hange rate of C

I (%
)

(c) Index change in the GF asphalt specimens (d) Index change in the SK asphalt specimens

Fig. 3 Comparison of the infrared spectra of the asphalt specimens of the different grades (PAV)
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Among the three kinds of GF asphalt specimens

with different grades, the changing trend of the

functional groups of the asphalt specimens after

thermo-oxidative aging was very similar. In addition,

the CI and SI values showed similar changes. This

indicates that among the GF asphalt specimens with

the same oil source, the grade change slightly affected

the thermal-oxidative aging process of asphalt.

The changing trend and range of the infrared

spectral curves of asphalt after thermo-oxidative aging

were also very close between the two kinds of SK

asphalt specimens with different grades. This shows

that for the SK asphalt specimens with the same oil

source, the influence of the grade on thermal-oxidative

aging was relatively limited. According to the research

results in the previous section, the effect of the asphalt

oil source on the thermo-oxidative aging process was

much more significant than that of the asphalt grade.

The grade of the asphalt specimens produced from the

same oil source slightly affected the thermal-oxidative

aging results.

It can be seen from Fig. 3c, d that the sulfoxide

group of GF asphalt increases significantly during

aging, while the carbonyl group of SK asphalt

increases significantly. Therefore, in the anti-aging

design of asphalt binders, different inhibition schemes

can be proposed according to the types of asphalt.

(2) Changes in the types of hydrogen atoms

Regarding asphalt with the same oil source, the

influence of the asphalt grade on the change in

hydrogen atoms after thermo-oxidative aging was

explored. GF50#, GF70#, and GF90# were set as one

control group, and SK70# and SK90# were set as

another group. The 1H-NMR hydrogen atom

distribution in the asphalt specimens before and after

aging is provided in Table 5.

The variation in the hydrogen atoms in GF50# was

the lowest after aging, and the variation in the

hydrogen atoms in GF90# was the highest after aging.

Among the three GF asphalt specimens, no change

rule for Har and Hc could be determined before and

after aging. However, the content of Ha decreased

after thermo-oxidative aging, indicating that the a-
carbon content in the aromatic structure of the GF

asphalt specimens decreased after aging. In contrast,

the contents of Hb and Hb ? Hc increased after aging,

indicating that the relative content of hydrogen atoms

in the fat side chain of the asphalt molecules increased

after aging. In general, the hydrogen atom slightly

changed with the asphalt grade.

After aging, the Har content in the two kinds of SK

asphalt decreased, indicating that condensation dehy-

drogenation occurred in the aromatic structure of these

asphalt specimens during aging. In contrast, the

contents of Hb and Hb ? Hc increased after thermo-

oxidative aging, showing that the relative content of

hydrogen atoms in the side chain of the asphalt

molecules increased after aging. However, the relative

degree of hydrogen atom change in SK70# was higher

than in SK90#.

The oil source and grade of asphalt could signif-

icantly impact the hydrogen atom distribution in

asphalt after thermo-oxidative aging. However,

according to the results in Sect. 4.1.1, the effect of

the asphalt oil source on the change in functional

groups after thermo-oxidation was highly significant,

whereas the impact of the asphalt grade was relatively

limited.

Table 5 Comparison of the 1H NMR spectra of the asphalt specimens of the different grades (PAV)

Types of H atoms GF 50# GF 70# GF 90# SK 70# SK 90#

Virgin PAV Virgin PAV Virgin PAV Virgin PAV Virgin PAV

Har 11.2 12.5 18.9 8.6 1.1 2.3 1.4 0.4 12.1 5.1

Ha 14.9 6.7 17.7 9.9 17.2 1.5 7.8 3.6 3.2 9.9

Hb 54.1 61.4 53.3 69.6 54.9 71.1 56.9 79.7 64.7 67.0

Hc 19.8 19.5 10.2 12.0 26.7 25.1 33.9 16.3 20.0 18.1

Hb ? Hc 73.9 80.9 63.5 81.6 81.6 96.2 90.8 96.0 84.7 85.1
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4.1.3 Influence of fillers on the thermal-oxidative

aging performance of asphalt

Asphalt mortar is the primary source of cementation in

asphalt mixtures, which is significant for the perfor-

mance of asphalt mixtures. Therefore, the influence of

different fillers on the aging performance of asphalt

was studied. Choosing AD90# and three kinds of

asphalt mortars as the control group, the effect of

fillers on asphalt functional groups during thermal-

oxidative aging was analyzed. As the filler is mainly

composed of inorganic compounds, the infrared

spectrum of the asphalt mortar mixed with filler

greatly changes, so it is not appropriate to conduct

quantitative analysis according to the absorption peak

area in the spectrum. The infrared spectra of AD90#

and corresponding asphalt mortars before and after

aging are shown in Fig. 4. The infrared spectra of the

three asphalt mortars showed higher and wider

absorption peaks within the wave number ranges of

820–880 cm-1 and 1300–1500 cm-1. These positions

mainly included characteristic absorption peaks

caused by the filler composition. Through PAV aging

curve analysis, the addition of the different fillers

slightly affected the thermo-oxidative aging perfor-

mance of asphalt, showing that the interaction between

filler and asphalt did not significantly impact the aging

process of asphalt.

4.2 Component volatilization results

of the thermogravimetric test

Asphalt will undergo aging during mixing and paving

under high-temperature. However, at the same time,

this could dramatically promote the volatilization of

lightweight components in asphalt, causing a change

in the asphalt component proportion and performance.

Therefore, the influence of asphalt sources, asphalt

grades, and filler types on the volatilization of light

components in asphalt was analyzed via the TG test

method. The results are shown in Fig. 5.

The results show that the volatilization amounts of

the various asphalt types derived from different oil

sources were significantly different. Among them,

SK90# yielded the most considerable volatilization

amount, and the mass loss in 2 h at 160 �C was

approximately 4%. In contrast, AD90# exhibited the

least volatilization, and the total volatilization amount

reached around 0.2%. The volatilization amount of

SK90# was 20 times that of AD90#, indicating a

significant difference. This also could result in appar-

ent differences in the change degree of the perfor-

mance of these two asphalts after long-term service

when only considering the volatilization of light-

weight components. The volatilization amount could

also differ among asphalt types with the same oil

source but different grades. In regard to GF asphalt,

the volatilization amount of GF70# was the largest,

while that of GF50# was the smallest. However, the

volatilization amount of the three GF asphalt
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Fig. 4 Comparison of the infrared spectra of AD 90# asphalt with the different fillers (PAV)
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specimens ranged from 0.8 to 1.2%, and the range of

the change degree was relatively small. It may be that

the compositions of the asphalt specimens of the same

oil source were generally similar. However, there were

also differences in the composition between the

asphalt specimens of the different grades, resulting

in different volatilization effects. In addition, the

volatilization-related change in the light components

of asphalt after filler addition was limited, which was

controlled at 0.2%, indicating that the filler slightly

affected the volatility of the lightweight components

in asphalt.

4.3 Results of UV aging

4.3.1 Influence of the asphalt oil source on UV aging

(1) The changing trend of SI and CI indexes

The mechanism of UV aging of asphalt is different

from that of thermo-oxidative aging. Therefore, UV

aging of asphalt derived from different oil sources was

conducted, and the changes in the functional groups

were analyzed via ATR-FTIR. AD90#, GF90#, and

SK90# were set as the control group, and a 960-h UV

aging test was performed with homemade equipment.

The infrared spectra of asphalt before and after aging

are shown in Fig. 6. Compared to the thermo-oxida-

tive aging effect of asphalt described in Sect. 4.1.1, the

infrared spectrum of asphalt after UV aging greatly

changed. Compared to PAV aging, UV aging gener-

ated two new absorption peaks at approximately

1090 cm-1 and 3255 cm-1. The absorption peak

position of the alcohol group (C–OH) is near

1090 cm-1, while the absorption peak position of

hydrogen-bonded alcohol is near 3255 cm-1. UV

aging produced more alcohols in asphalt, which led to

hydrogen bonding and intensified the aggregation

between asphalt molecules. This also shows that the

effect of UV aging on asphalt was more potent than

that of thermo-oxidative aging. AD90# exhibited the

most apparent change near 1090 cm-1, indicating that

it produced the most alcohol after UV aging. There-

fore, the changing trend of the hydrogen bond

absorption peak of AD90# near 3255 cm-1 was also

the most notable. However, SK90# exhibited no

significant change near 1090 cm-1, so its hydrogen

bond absorption peak generated a slight change trend

near 3255 cm-1. Regarding SI, the value of GF90#

changed the most after UV aging, increasing by 2.6

times. The SI value of AD90# exhibited the slightest

change, rising 8%. Regarding CI, AD90# showed the

most apparent change after UV aging, with the value

increasing 24.4 times. The CI value of GF90# changed

slightly, rising by 5.8 times. The SI and CI values of

SK90# varied between those of AD90# and GF90#.

(2) Changes in the types of hydrogen atoms

1H-NMR tests were performed on virgin and UV-

aged asphalt samples derived from three oil sources.

The test results are provided in Table 6. After UV

aging, the changing trends of Har and Ha of the

different asphalt types were different. However, the

content of Hb decreased after aging, which showed

that cleavage of aliphatic branched chains occurred

in the three asphalt specimens during UV aging. In
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  250 Page 12 of 18 Materials and Structures          (2022) 55:250 



addition, the change range of Hb of AD90# was the

largest. On the other hand, the content of Hc

increased after aging, indicating that the content of

alkyl substituents in the aromatic rings increased

during UV aging. Moreover, the change range of Hc

in AD90# was the largest, and that of the SK90#

asphalt specimen was the smallest. Overall, the

change degree of the hydrogen atoms in SK90# after
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Fig. 6 Comparison of the infrared spectra of the 90# asphalt samples derived from the different oil sources (UV)

Table 6 Comparison of the
1H NMR spectra of the 90#

asphalt specimens from the

different oil sources (UV)

Types of H atoms AD 90# GF 90# SK 90#

Virgin UV Virgin UV Virgin UV

Har 0.8 2.7 1.1 1.6 12.1 11.4

Ha 12.5 11.4 17.2 4.7 3.2 7.9

Hb 65.5 46.4 54.9 53.0 64.7 53.9

Hc 21.2 39.6 26.7 40.7 20.0 26.8

Hb ? Hc 86.7 86.0 81.6 93.7 84.7 80.7
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UV aging was minimal. Compared to the thermo-

oxidative aging effect of asphalt described in

Sect. 4.1.1, the content change trends of Hb and Hc

were the opposite. The results showed that thermo-

oxidative and UV aging of asphalt generated differ-

ent effects, and the impact of UV aging was more

notable.

4.3.2 Influence of the asphalt grade on UV aging

(1) The changing trend of SI and CI indexes

UV aging tests were carried out on asphalt samples

with the same oil source but different grades. SK70#

and SK90# samples were used as the control group.

The infrared spectrum and functional group changes in

the SK asphalt samples before and after aging are

shown in Fig. 7. The changing trend and degree of the

infrared spectrum after UV aging were relatively

similar between the two kinds of SK asphalt samples

with different grades. Regarding SI and CI, the change

degree of SK70# after aging was slightly higher,

indicating that the UV aging resistance of SK70# was

lower than that of SK90#. Compared to the change

shown in Fig. 3, UV aging of SK asphalt produced a

more significant change than thermo-oxidative aging,

indicating that the UV aging effect was more signif-

icant. From the perspective of the infrared spectrum

change degree and the functional group growth trend,

the asphalt oil source exerted a more significant effect

on UV aging. In contrast, the asphalt grade slightly

affected the UV aging process.
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Fig. 7 Comparison of the infrared spectra of the SK asphalt samples with the different grades (UV)
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(2) Changes in the types of hydrogen atoms

The 1H-NMR hydrogen atom distribution in the SK

asphalt samples before and after UV aging is provided

in Table 7. After UV aging, the change trends of Har

and Ha of the SK asphalt samples were different, but

the change trends of Hb and Hc were the same. The

content of Hb decreased after aging, which indicates

that the SK asphalt samples experienced fat branch

chain cracking during UV aging. The content of Hc

increased after aging, indicating that the content of c-
hydrogen in asphalt increased after UV aging, and the

alkyl substituents on the aromatic rings of the asphalt

molecules increased. The relative change degree of

hydrogen atoms in SK90# after UV aging was higher

than that of SK70#. Compared to the hydrogen atom

distribution data for thermo-oxidative aging listed in

Table 5, the change trends of the Hb and Hc contents

after UV aging were the opposite, which also shows

that UV and thermo-oxidative aging yielded different

effects on asphalt.

4.3.3 Influence of fillers on UV aging of asphalt

UV aging and ATR-FTIR tests were conducted

involving AD90# and its asphalt mortars, and the

results are shown in Fig. 8. After UV aging, the

infrared spectral curves of the different asphalt

mortars were almost the same, indicating that the

addition of different fillers slightly affected the UV

aging performance of asphalt. The result is also close

to that of thermo-oxidative aging, showing that filler

addition did not exert a significant impact on either

thermo-oxidative or UV asphalt aging.

5 Conclusions

Based on thermo-oxidative and UV aging processes,

this study systematically analyzed the influence of

asphalt oil sources, asphalt grades, and fillers on the

asphalt aging effect and microstructure change. For

the seven asphalts in this paper, the conclusions are as

follows:

(1) SI and CI can be used to evaluate the aging

degree of asphalt quantitatively. Considering

the aging resistance design, GF asphalt should

pay more attention to the inhibition of sulfoxide

generation, and SK asphalt should focus on the

inhibition of carbonyl generation.

Table 7 Comparison of the 1H NMR spectra of the SK asphalt

samples of the different grades (UV)

Types of H atoms SK 70# SK 90#

Virgin UV Virgin UV

Har 1.4 3.9 12.1 11.4

Ha 7.8 2.8 3.2 7.9

Hb 56.9 53.3 64.7 53.9

Hc 33.9 40.0 20.0 26.8

Hb ? Hc 90.8 93.3 84.7 80.7
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Fig. 8 Comparison of the infrared spectra of the AD 90# asphalt samples with the different fillers (UV)
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(2) UV aging of asphalt will produce more alcohols

or ethers and form more hydrogen bonds than

thermo-oxidative aging. Therefore, in the

design of resistance to UV aging, special

consideration can be given to adding materials

that inhibit the production of alcohols or ethers.

(3) The parameters Hb, Hc, and Hb ? Hc of 1H-

NMR can be used to evaluate the aging

degree of asphalt qualitatively. After thermo-

oxidative aging of asphalt, the fat-side chain

length tends to increase. However, after UV

aging, the fat-side chain undergoes a certain

degree of cracking reaction, and the content of

alkyl substituents on the aromatic ring tends to

increase.

(4) The influence of oil sources on asphalt aging is

most significant. When SK asphalt is used as the

binder, the oil compensation design can be

appropriately increased to reduce the impact of

its volatilization effect. In addition, the interac-

tion between the filler and asphalt slightly

affects the aging mechanism of asphalt.

This study mainly focuses on analyzing the

microcharacteristics of different asphalts under dif-

ferent aging conditions. The follow-up research will

focus on the changing rules of the macroscopic

properties of these asphalts after aging. The aging

characteristics of different asphalts can be explained

more comprehensively through the combination of

micro-analysis and macro performance.
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