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ABSTRACT

This research aims to investigate the aging resistance of asphalts from different crude oils

based on molecular structure and rheological properties. The average molecular structure

of five types of asphalt from different crude oils were analyzed with the element analyzer,

nuclear magnetic resonance, gel permeation chromatograph, and the improved Brown–

Ladner method. The rheological properties of the asphalts were tested by the dynamic shear

rheometer before and after laboratory aging. The antiaging properties of the asphalts were

evaluated by the rheological aging index (RAI). The findings indicate that there were significant

differences in the molecular structures among the five types of asphalt. The asphalt with the

least hydrogen–carbon ratio (H/C), the largest aromatic carbon ratio (fA), and the largest con-

densation index (CI) had the lowest rate of decline in rheological properties and therefore, the

best antiaging performance. The H/C, fA, and CI had good correlations with RAI, which indi-

cated that it was feasible to use these molecular structure parameters to evaluate the

differences in the aging resistance of various asphalts.

Keywords

asphalt, aging resistance, rheological property, molecular structure, correlation

Introduction

Asphalt pavement is widely used in the world because of its advantages, such as having no

joints, comfort when driving, low noise, wear resistance, short construction period, and
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convenient maintenance.1–3 Within the service life of pavements, asphalt is subject to the long-term coupling

effect of heat, oxygen, ultraviolet exposure, and other factors, which leads to performance degradation.4–6 By

conducting aging tests on asphalts at different times, researchers gained a deep understanding of the changes

in physical indicators and the decay of properties after aging.7–9 It is generally believed that various asphalts have

different aging resistances but that the law of performance changes are similar.10 With the increase of aging time,

the penetration and ductility of the asphalts decreased, and the softening point increased, while the viscosity,

complex shear modulus, and creep stiffness gradually increased.11–13 This indicates that aging causes asphalt

to becomemore elastic, less temperature sensitive, and less resistant to fatigue cracking, which shortens the service

life of the pavement. Therefore, it was necessary to fully understand the aging mechanism of asphalt to improve its

aging resistance.

Asphalt is an organic mixture, and its complex aging mechanism has been the focus of researchers’ atten-

tion.14–17 Researchers believe that the main causes of asphalt aging are volatilization of light components and

internal structural changes (changes in chemical composition and molecular structure caused by oxidation, pho-

topolymerization, and thermal condensation), which also provides some insight into understanding why various

asphalts have different aging resistances. Wang and Ye18 explored the aging properties of asphalts produced from

different crude oils and found that the asphalts with the same penetration grade showed different aging resis-

tances. Zhao et al.19 conducted Thin-Film Oven Test (TFOT) on 18 types of asphalt and found that the aging

resistance of asphalt primarily depends on its crude oils. This is because asphalts from different crude oils have

dissimilar chemical composition and molecular structures.20–22

To investigate how asphalt chemical composition influences aging resistance, Michalica et al.23 compared the

effects of aging on the rheological properties, chemical composition, andmolecular structure of two kinds of asphalts

from different crude oils and found that the same aging condition produced different effects on these asphalts;

namely, the higher the asphaltene content and heteroatom content, the lower the aging sensitivity of the asphalt.

Mansourkhaki24 explored the effect of chemical components on the rheological properties of asphalt before and after

aging. It was found that using asphaltene content as an index was more reliable for investigating the effects of aging.

Weigel25 investigated 11 kinds of asphalt samples in different aging states by chemical, rheological, and adhesion-

related methods. The results showed that chemical properties have some significant effects on the physical, rheo-

logical, aging, and adhesion behavior of the binders and that asphaltenes play a decisive role. However, there was

limited research on the relationship between the molecular structure and the aging resistance of asphalts, which is

essential to fully understand the aging mechanism and improve the aging resistance of asphalts.

In order to investigate the antiaging properties of asphalts with specific molecular structures, in this paper,

the average molecular structures of five kinds of asphalt from different crude oils were analyzed by the element

analyzer, nuclear magnetic resonance (NMR), gel permeation chromatograph (GPC), and the improved Brown–

Ladner method, respectively. The rheological properties of the asphalts before and after TFOT and pressurized

aging vessel (PAV) were tested, and the degradation of rheological properties of asphalts after aging was evaluated

by the RAI. Finally, the correlations between the asphalt molecular structure and RAI were established. The

research flow diagram of the paper is depicted in figure 1.

Experimental

MATERIALS

Five types of asphalt with a 60/80 penetration grade from different refineries were used in this study, namely,

QZ70, GZ70, ZH70, BH70, and HD70. Their physical properties and the processing techniques are listed in

Tables 1 and 2, respectively.

AGING METHODS

In order to simulate the aging process in the field in a short time, the TFOT was used to simulate the aging

effect of asphalts in the mixing process, and PAV was used to simulate the aging state of pavements operating
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TABLE 1
Physical properties of various asphalts

Sample Softening Point, °C Penetration/0.1 mm, 25°C Viscosity/Pa·s, 60°C

QZ70 49.0 64 250

GZ70 48.7 65 247

ZH70 49.3 65 283

BH70 48.1 70 224

HD70 48.2 80 221

FIG. 1 Research flow diagram.

TABLE 2
Processing technique of various asphalts

Sample Crude Oils Manufacturing Process

QZ70 Oman Straight run

GZ70 Saudi Arabia Blend

ZH70 Cabinda Straight run

BH70 Suizhong 36-1 Straight run

HD70 Marry-16 Straight run
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for 5–10 years. Standardized conditions of 163°C and 5 h were used in TFOT (ASTM D1754, Standard Test

Method for Effects of Heat and Air on Asphaltic Materials (Thin-Film Oven Test)), and 2.1-MPa air pressure,

100°C, and 20 h after short-term aging were used in PAV (ASTM D6521, Standard Practice for Accelerated

Aging of Asphalt Binder Using a Pressurized Aging Vessel (PAV)), respectively.

AVERAGE MOLECULAR STRUCTURE CHARACTERIZATION

Element Content

The element analyzer (Vario EL cube, Germany) was used to analyze the content (mass fraction) of carbon,

hydrocarbon, nitrogen, and sulfur in the asphalt, and the content of oxygen was obtained by the subtraction

method. The element content was used to calculate the average molecular structure of the asphalt.

Hydrogen Atom
1H-NMR (A Bruker AVANCE III HD, Switzerland) was used to detect the hydrogen atoms in asphalt. Deuterated

chloroform (CDCl3) was used as the solvent, and 6 mg of asphalt was dissolved into 6 mL of solvent. The test was

performed with tetramethylsilane as the internal standard. The different types of hydrogen atoms were divided as

shown in Table 3. The chemical shifts of hydrogen atoms were identified in 1H-NMR spectra, and the hydrogen

distribution (Hα, Hβ, Hγ, and Har) was calculated.

Average Molecular Weight

The GPC (Waters 1515, U.S.) was used to characterize the molecular weight and distribution of the asphalt. The

instrument was equipped with an ultraviolet/visible light detector and a differential refractive index detector. The

asphalt was first dissolved into tetrahydrofuran to make the solutions at target concentration (3 mg/mL) and then

injected through a 0.2-μm filter to filter out the undissolved impurities. Each sample was tested over a 15-min

elution period. The signal of different molecular weight grades was monitored by the detector to obtain the

number average molecular weight (Mw), weight average molecular weight (Mn), and molecular weight distribu-

tion (Pd) of the asphalt.

Molecular Structure Parameters

The improved Brown–Ladner method proved to be reliable for calculating the molecular structure parameters

of the asphalts.26–28 In order to facilitate comparisons, some structural parameters were selected for calculations,

as follows:

H=C =
Hð%Þ × 12
Cð%Þ × 1

(1)

CT =
Cð%Þ ×Mn

12
(2)

HT =
Hð%Þ ×Mn

1
(3)

TABLE 3
Types of hydrogen atoms in 1H-NMR spectrum

Types Chemical Shift, Parts per Million Attribution

Har 6.0–9.0 Hydrogen directly linked to aromatic carbon

Hα 2.0–4.0 Hydrogen attached to the Cα of the aromatic ring

Hβ 1.0–2.0 Hydrogen on the Cβ of the aromatic ring and on the CH2 and CH groups farther than Cβ

Hγ 0.5–1.0 Hydrogen on the Cγ of the aromatic ring and on the CH3 groups farther than Cγ
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f A =
CT= −

�
Hα
HT

+ Hβ

HT
+Hγ=HT

�
=2

CT=HT
(4)

CI = 2 − ðH=CÞ − f A (5)

whereH/C is the molar ratio of hydrogen to carbon, CT is the total number of carbon atoms,HT is the total number

of hydrogen atoms, fA is the ratio of the number of aromatic carbon atoms to the total number of carbon atoms, and

CI is the condensation degree of ring structure.

The smaller H/C and the larger fA and CI represented more aromatic ring structures and fewer aliphatic

structures in the asphalt, and vice versa.

RHEOLOGICAL PROPERTIES

Dynamic Viscoelastic Properties

A dynamic shear rheometer (MCR-102, Antor Paar, Austria) was adopted to investigate the dynamic viscoelastic

properties of the asphalts. The stress-controlled mode was adopted. The test parameters are shown in Table 4.

Repeated Creep Recovery Test

The repeated creep recovery test was used in the research to evaluate the deformation resistance of the asphalts.

The test was also performed by a dynamic shear rheometer (DSR) at a stress level at a specified temperature. The

shear deformation of the sample in the loading of 1 s and the unloading of 9 s was recorded, and the deformation

recovery rate (R) was calculated according to equation (6).

R =
εc − εr
εc − ε0

(6)

where ε0 was the initial value of the strain during the loading phase, εc was the strain value at the end of the

loading phase, and εr was the strain value at the end of the tenth second test.

The asphalts and aged asphalts were tested at 50°C according to AASHTO TP 70-13. The stress level was

0.1 kPa, and the loadings were repeated 10 times.

RAI

In order to further evaluate the influence of aging on the rheological properties of asphalts with different molecular

structures, the RAI at specific temperatures, including complex modulus index (CMI), phase angle index (PAI),

rutting factor index (RFI), loss tangent index (LTI), and the deformation recovery rate index (RI) of the asphalt were

calculated by equations (7)–(11). The RAIs at specific temperatures were selected to compare the differences in the

aging resistance of various asphalts in a clear way. The closer the RAI was to 1, the closer the asphalt was to retaining

the properties of the original asphalt after aging; that is, the asphalt had better aging resistance.

CMI =
G�
Aged asphalt

G�
Original asphalt

(7)

PAI =
δAged asphalt
δOriginal asphalt

(8)

TABLE 4
The test parameters of the dynamic viscoelastic properties

Temperature Scanning Frequency Heating Rate Diameter of Plates Gap of Plate

High-temperature sweep 30°∼80°C 10 rad/s 2°C/min 25 mm 1 mm

Low-temperature sweep −10°∼30°C 10 rad/s 2°C/min 8 mm 2 mm
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RFI =
G�
Aged asphalt= sin δAged asphalt

G�
Original asphalt= sin δOriginal asphalt

(9)

LTI =
tan δAged asphalt
tan δOriginal asphalt

(10)

RI =
RAged asphalt

ROriginal asphalt
(11)

Results and Discussion

AVERAGE MOLECULAR STRUCTURE OF ASPHALTS

The element composition of asphalts is shown in Table 5. It can be seen from Table 5 that except for the similar

content of carbon, the contents of other elements were quite diverse.

Different hydrogen atom contents of the asphalts from 1H-NMR are shown in Table 6. In Table 6, it can be

found that there were significant differences in the contents of hydrogen atoms in asphalts produced from

TABLE 5
The element composition of asphalts

Element Content, wt % QZ70 GZ70 ZH70 BH70 HD70

C 83.35 82.89 82.04 83.37 82.55

H 9.31 10.34 10.34 10.90 11.08

N 0.50 0.47 0.45 0.81 0.79

S 5.23 5.17 6.17 3.25 4.26

O 0.96 0.75 0.87 1.20 1.31

TABLE 6
Different hydrogen atom content of asphalts

QZ70 GZ70 ZH70 BH70 HD70

Hα 0.019 0.095 0.021 0.014 0.234

Hβ 0.690 0.706 0.700 0.816 0.378

Hγ 0.234 0.182 0.261 0.144 0.332

Har 0.016 0.018 0.018 0.026 0.056

TABLE 7
Mn, Mw, and Pd of asphalts

QZ70 GZ70 ZH70 BH70 HD70

Mn 742 716 664 640 649

Mw 1,004 975 851 833 910

Pd 1.35 1.36 1.28 1.30 1.38

TABLE 8
The average molecular structure of asphalts

QZ70 GZ70 ZH70 BH70 HD70

H/C 1.340 1.497 1.512 1.569 1.611

fA 0.368 0.265 0.258 0.236 0.202

CI 0.292 0.238 0.23 0.195 0.187
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FIG. 2 Complex modulus of all samples at the temperature of 30°∼80°C; (A) original; (B) TFOT; (C) PAV.

FIG. 3

CMI of asphalt with

different molecular

structure under the

conditions of TFOT and

PAV aging at a

temperature of 40°C.
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FIG. 4 Phase angle of all samples at the temperature of 30°∼80°C; (A) original; (B) TFOT; (C) PAV.

FIG. 5

PAI of asphalts with

different molecular

structure under the

conditions of TFOT and

PAV aging at a

temperature of 40°C.
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different crude oils. Among the four kinds of hydrogen atoms, the content of Hβ had the most content, followed

by Hγ and then Hα, with Har having the least.

The Mn, Mw, and Pd of asphalts from the GPC is shown in Table 7. It can be seen from the

molecular weight results (Table 7) that the molecular weights of the five asphalts and their distributions

differed greatly. The QZ70 has the largest molecular weight, and BH70 has the smallest molecular

weight.

The average molecular structures of the asphalts, calculated using the improved Brown–Ladner

method, are listed in Table 8. The hydrogen–carbon ratio (H/C), aromatic carbon ratio (fA), and condensation

index (CI) were also different. Among the five types of asphalt, the H/C of all asphalts from small to large

sequencing was followed by QZ70, GZ70, ZH70, BH70, and HD70. The ranking of fA and CI was HD70 <
BH70 < ZH70 <GZ70<QZ70. The QZ70 had the smallest H/C and the largest fA and CI, which were 1.340,

0.368, and 0.292, respectively. The HD70 had the largest H/C and the smallest fA and CI, which were 1.611,

0.202, and 0.187, respectively. This shows that QZ70 had the most aromatic ring structures and minimal ali-

phatic structures and that HD70 had minimal aromatic ring structures and the most aliphatic structures to

some extent.

FIG. 6 Rutting factor of all samples at the temperature of 30°∼80°C; (A) original; (B) TFOT; (C) PAV.
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HIGH-TEMPERATURE RHEOLOGICAL PROPERTIES OF ASPHALTS BEFORE AND AFTER AGING

Complex Modulus

The complex modulus (G*) was used to represent the measure of the material’s total resistance to deformation

under repeated shear stress load. The larger the complex modulus of the asphalt was, the better the shear de-

formation resistance was. The relationship between temperature and complex modulus of asphalts with different

molecular structures under different aging conditions is shown in figure 2. Figure 2A shows that there were

differences in the complex modulus of five kinds of asphalt before aging. At 40°C, the G* of the five asphalts

were 1.33 × 105 Pa, 1.25 × 105 Pa, 1.05 × 105 Pa, 9.90 × 104 Pa, and 6.50 × 104 Pa, respectively, which was double

the difference. Figure 2B and 2C shows that the G* of asphalts increased significantly after aging. However, the

variation rule of complex modulus of different asphalts under the same aging condition was diverse, reflecting the

difference of aging resistance of asphalts with different molecular structures.

In order to clearly compare the differences in antiaging properties due to molecular structures, the CMI of

asphalts with different molecular structures at 40°C under the conditions of TFOT and PAV aging and calcu-

lated by equation (7) is shown in figure 3. It can be seen from figure 3 that the CMI of the five asphalts are in

the following order: HD70 > BH70 > ZH70 >GZ70 >QZ70 > 1. It shows that QZ70 (with the least H/C, the

largest fA, and the largest CI) has the best resistance to shear deformation, whereas HD70 (with the largest H/C,

FIG. 7

RFI of asphalts with

different molecular

structures under the

conditions of TFOT and

PAV aging at the

temperature of 40°C.

TABLE 9
The RCT of all samples

Sample

RCT, °C ΔRCT, °C

Original TFOT PAV TFOT PAV

QZ70 71.9 72.1 74.3 0.2 2.4

GZ70 72.1 73.6 76.9 1.5 4.8

ZH70 70.4 72.7 75.8 2.3 5.4

BH70 71.1 74.1 79.2 3.0 8.1

HD70 69.6 73.4 79.8 3.8 10.2
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the least fA, and the least CI) was the worst. The mechanism could be that with the increase of fA and CI and the

decrease of H/C, the aromatic ring structure in the asphalt was more complex and the number of aromatic rings

increased, resulting in an increase of rigidity and decrease of flexibility in the internal molecules, which were

less prone to mutual displacement between molecules. As a result, the elasticity of the asphalt increased, the

viscosity decreased, the resistance to external loading increased, and the flow deformation was less likely to

occur under the action of external forces. At the same time, it also hindered the occurrence of some aging

reactions and the volatilization of small molecules. Therefore, the asphalt with higher fA and CI and less

H/C exhibited better aging resistance.

Phase Angle

The phase angle reflects the relative proportions of the elastic and viscous components of the asphalt. The

larger the δ was, the higher the viscosity ratio of the asphalt. The asphalt produced more plastic deformation

under stress and was more prone to rutting at high temperatures. Figure 4 shows the relationship between

temperature and the δ of asphalts with different molecular structures under different aging conditions. With

the increase of temperature, the δ of all asphalts increased gradually. Figure 4A shows that the δ of asphalts

with different molecular structures before aging are different. The molecular structure of an asphalt also

FIG. 8 Complex modulus of all samples at a temperature of −10°∼30°C; (A) original; (B) TFOT; (C) PAV.
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affected the ratio of its viscous components to elastic components. Among the five types of asphalt, the δ at

40°C was 78.3°, 78.0°, 76.2°, 75.8°, and 73.7°, respectively, and the difference between the maximum and

minimum was 4.6°. Figure 4B and 4C shows that the δ of asphalt decreases greatly after aging, which

indicates that aging could promote the transformation from viscous component to elastic component in

asphalt.

The PAI of asphalts with different compositions at 40°C, calculated by equation (8), is shown in figure 5. It

shows that the PAI of the five asphalts were in the following order: HD70< BH70< ZH70<GZ70<QZ70< 1.

Therefore, QZ70 had the best antiaging ability, which is consistent with the conclusion obtained from complex

modulus. The increase in fA and CI led to an increase in stiffness and a decrease in the flexibility of the asphalts,

which resulted in a decrease in δ for the asphalts.

Rutting Factor

Following the standard Strategic Highway Research Program (SHRP), the rutting factor (G*/sinδ) of asphalts can
be used to characterize the antirutting deformation ability of the asphalt binder. The larger the value, the stronger

the antirutting deformation ability, and vice versa. The G*/sin δ of asphalts with different molecular structures

before and after aging are plotted in figure 6. It was clear that with the increase in temperature, the G*/sinδ of all
samples presented a decreasing trend. By calculating the RFI (fig. 7), the change rate of G*/sinδ after aging was
obtained: HD70> BH70> ZH70>GZ70>QZ70> 1.

The rutting critical temperature (RCT) when G*/sin δ reached 1 kPa and 2.2 kPa, respectively, before and

after aging was regarded as the highest service temperature of the asphalt. To further verify the previous con-

clusion, the RCTs and ΔRCTs (increment of RCT) of all samples are listed in Table 9. Before aging, the RCTs of

the five asphalts were 69.6°C, 70.4°C, 71.1°C, 71.9°C, and 72.1°C. After aging, the RCTs were increased to varying

degrees. The results show that aging had the weakest effect on QZ70.

LOW-TEMPERATURE RHEOLOGICAL PROPERTIES OF ASPHALTS BEFORE AND AFTER AGING

Complex Modulus

Figure 8 shows the complex modulus of asphalt samples before and after aging at −10°∼30°C. Before aging, the
complex modulus of five kinds of asphalt at 0°C was 1.24× 108 Pa, 1.17× 108 Pa, 1.03× 108 Pa, 8.85× 107 Pa, and

FIG. 9

CMI of asphalts with

different molecular

structure under the

conditions of TFOT and

PAV aging at a

temperature of 0°C.
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5.65× 107 Pa, respectively. By comparing the complex modulus of five kinds of asphalt before and after aging,

it was found that different samples still show different changes under the same aging conditions. The calculated

CMI at a low temperature is shown in figure 9. It is seen from figure 9 that the CMI of the five asphalts were in the

following order: HD70> BH70> ZH70>GZ70>QZ70> 1. It shows that QZ70 (with the leastH/C, the largest fA,

and the largest CI) also had the best resistance to shear deformation at a low temperature among the five kinds of

asphalt.

Phase Angle

Figure 10 plots the δ of different asphalt samples at a low temperature. It is shown by figure 10 that asphalt

samples had a higher phase angle at a low temperature. The proportion of elastic component increased at low

temperature, and the recovery ability became better after deformation. Before aging, the δ at 0°C was 25.4°, 26.4°,

29.2°, 29.4°, and 33.7°, respectively. The difference between different asphalts reached 8.3°, which was greater than

that at 40°C. The PAI of asphalts with different molecular structures under different aging conditions at 0°C is

shown in figure 11. QZ70 with lower H/C and higher fA and CI had a phase angle closer to the original asphalt

than other asphalts.

FIG. 10 Phase angle of all samples at a temperature of −10°∼30°C; (A) original; (B) TFOT; (C) PAV.
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FIG. 11

PAI of asphalts with

different molecular

structure under the

conditions of TFOT and

PAV aging at the

temperature of 0°C.

FIG. 12 Loss tangent of all samples at a temperature of −10°∼30°C; (A) original; (B) TFOT; (C) PAV.
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Loss Tangent

Loss tangent (tan δ) is the ratio of loss modulus and storage modulus of an asphalt. It describes the ratio of viscous

component and elastic component of an asphalt and is often used to characterize the viscoelastic properties of

asphalt. Figure 12 shows tan δ of different asphalts before and after aging. It can be seen from figure 12 that the

tan δ of each asphalt sample increases in varying degrees with the increase of temperature. During the aging

process, asphalt hardens because of aging; the loss modulus (viscous component) of the asphalt decreases rapidly,

while the storage modulus (elastic component) increases. The variation (from fig. 13) of loss factors of different

asphalts was similar to the conclusion obtained from the aforementioned test. The asphalt with rich aromatic

rings has good aging resistance.

REPEATED CREEP RECOVERY PROPERTIES OF ASPHALTS BEFORE AND AFTER AGING

Repeated creep and recovery tests can effectively simulate the strain mode of pavements under practice

loading, which can reflect the viscoelastic properties of asphalts. Figure 14 displays the repeated creep and

recovery curves of all samples in 10 cycles at a temperature of 50°C. Figure 15A shows the R of asphalts with

different molecular structures under different aging conditions at 50°C. It can be seen that the strain of the

asphalt increases with the increase of action time. With the deepening of aging degree, the strain R of asphalt

increases, indicating that aging can promote the internal viscous components of an asphalt to transform to

elasticity. The R of the five kinds of asphalts were 4.6 %, 5.4 %, 7.5 %, 8.7 %, and 9.8 %, which increased to

5.1 %, 7.4 %, 11.8 %, 14.6 %, and 23.3 % after TFOT, respectively, and increased to 15.2 %, 15.8 %, 26.5 %,

31.97 %, and 44.2 % after PAV. This is because aging leads to an increase in the content of polar chemical

functional groups, such as carbonyl and subpeak groups in the asphalt, and an increase in molecular weight.

As a result, the rigidity of the asphalt was increased. Under the action of external forces, only bond rotation and

intermolecular cross-linking occurred in the molecular structure of the asphalts, while intermolecular slip was

reduced. This allowed the asphalt to remain in its original state for a certain period of time, increasing the strain

recovery rate.

The RI of various asphalts under different aging conditions is shown in figure 15B. It can be seen from

figure 15B that the RI of the five asphalts was in the following order: HD70> BH70> ZH70>GZ70>
QZ70> 1, which indicates that QZ70 with lower H/C and a higher fA and CI had the closest permanent defor-

mation resistance to the original asphalt and the best antiaging performance.

FIG. 13

LTI of asphalts with

different molecular

structure under the

conditions of TFOT and

PAV aging at the

temperature of 0°C.
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CORRELATION OF RAI AND MOLECULAR STRUCTURE OF ASPHALTS

In order to investigate the effects of different molecular structure on the aging properties of asphalts, the relation-

ship between the hydrogen–carbon ratio/fA/CI and RAIs is established in this research. A positive correlation

represented more molecular structure content with a larger RAI, and the negative correlation represented more

molecular structure content with a smaller RAI. The absolute value of the correlation coefficient was closer to 1,

which means the correlation was stronger. A relationship was established to verify the feasibility of using the

average molecular structure to research the aging resistance of different asphalts. Origin Pro 8.0 was used

for a Pearson correlation analysis with a bilateral confidence level of 0.05.

The correlations between the molecular structure (includingH/C, fA, and CI) and the RAI of asphalts are shown

in the Table 10. According to the Pearson correlation coefficient in Table 10, three kinds of molecular structure

characteristics had a good correlation with the RAI. Taken overall, the CI had the highest correlation, followed byH/C

and fA. The correlation coefficients of the CI and the RAI reached above 0.910 under both TFOT and PAV conditions,

and the correlation coefficients for all other structural parameters and the RAI also reached above 0.840, except for the

CMI at 0°C. For the RAI, the high-temperature rheological properties of asphalts had the highest correlation with

FIG. 14 Repeated creep and recovery property of all samples at 50°C; (A) original; (B) TFOT; (C) PAV.
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molecular structures, followed by the creep recovery properties and the low-temperature rheological properties. The

results of the correlation analysis exhibited the same experimental conclusion as the rheological experiments; i.e., the

asphalt exhibited better aging resistance with decreasing H/C and increasing fA and CI. Therefore, it was feasible to

use these three molecular structure parameters to evaluate the differences in the aging resistance of various asphalts.

Conclusions

In this paper, the average molecular structures of five types of asphalt from different crude oils were analyzed. The

rheological properties of the asphalts before and after aging were tested. The correlations between molecular

structure and RAI were established. The conclusions were as follows:

(1) There were significant differences in the molecular structure of asphalts from different crude oils. Among
five kinds of asphalt, the H/C, fA, and CI of asphalts ranged from 1.340–1.611, 0.202–0.368, and 0.187–
0.292, respectively. The QZ70 had the smallestH/C, the largest fA and CI, and the HD70 had the largestH/
C and the smallest fA and CI. It showed that QZ70 had the most aromatic ring structures and a minimal
aliphatic structure, whereas HD70 had minimal aromatic ring structures and the most aliphatic structure
to some extent.

FIG. 15 R and RI of asphalts with different molecular structure under the conditions of TFOT and PAV aging at 50°C;

(A) R; (B) RI.

TABLE 10
The result of the calculated Pearson correlation coefficient

Molecular Structure Aging Condition

Dynamic Viscoelastic Properties Creep Recovery

40°C 0°C 50°C

CMI PAI RFI CMI PAI LTI RI

H/C TFOT 0.905 −0.978 0.915 0.734 −0.901 −0.904 0.942

PAV 0.878 −0.962 0.881 0.697 −0.956 −0.949 0.878

fA TFOT −0.876 0.978 −0.887 −0.719 0.861 0.867 −0.924
PAV −0.847 0.948 −0.851 −0.683 0.939 0.935 −0.840

CI TFOT −0.934 0.962 −0.943 −0.745 0.947 0.946 −0.954
PAV −0.911 0.969 −0.911 −0.706 0.965 0.957 −0.922
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(2) High- and low-temperature dynamic viscoelastic performance of various asphalts showed that the QZ70,
with the leastH/C, largest fA, and largest CI, had the RAIs closest to 1; i.e., the asphalt had the lowest rate of
decline in rheological properties, which meant it had the best antiaging properties. Meanwhile, the HD70,
with the largest H/C and the least fA and CI, had the RAIs furthest from 1, which means it had the worst
antiaging properties.

(3) Repeated creep recovery tests showed that various asphalts had different recovery rates before and after
aging. The R of the original asphalt was 4.5∼10 %, which increased to 10∼34 % after TFOT and increased
to 20∼54 % after PAV. The RI showed that the RI of QZ70 with the leastH/C and the largest fA and CI was
closer to 1, showing better antiaging performance.

(4) According to the Pearson correlation coefficient, the three kinds of molecular structures of asphalts had good
correlations with RAIs, and the correlation between CI and RAI was the best, followed byH/C and fA. For the
RAI, the high-temperature rheological properties of asphalts had the highest correlation with molecular
structures, followed by the creep recovery properties and the low-temperature rheological properties.
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