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Abstract

Most of the existing researches only focus on some performances of the bio-asphalt binders instead of the asphalt mixtures, and the
relationship between the performance of bio-asphalt binder and the performance of the mixture has been rarely reported. To analyze the
gray relational entropy of high temperature performance of bio-asphalt binder and mixture, the bio-asphalt modified by 1% SBS with the
concentrations of 0% (50#), 5%, 10%, 15%, and 20% by the weight of bio-asphalt binder, respectively, was used in this study. The per-
formance indexes of bio-asphalt binder were tested through the conventional performance test and Superpave test of asphalt. The cor-
relation between the performance indexes of the asphalt binder and the dynamic stability of the mixture was studied through the gray
relational entropy method. The results showed that the high temperature performance of bio-asphalt had a certain degree of reduction
before RTFO with the incorporation of bio-oil. The binder test parameters showed different changes in the law with the changes of bio-
oil content. The dynamic stability of bio-asphalt mixtures decreased with an increase in bio-oil content. The RTFO aging had a great
influence on the entropy correlation between the performance indexes of the bio-asphalt binders and the dynamic stability of the mixture.
The non-recoverable creep compliance of bio-asphalt with low content (1%) of SBS modifier was weakly correlated with the dynamic
stability of the mixture. The dynamic viscosity of bio-asphalt and the dynamic stability of the mixture exhibited the highest gray entropy
correlation, which could be used as the key index of high-temperature performance evaluation of bio-asphalt.
� 2018 Chinese Society of Pavement Engineering. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

1.1. Background

With the development of asphalt pavement technology,
and the increase in highway pavement construction and
maintenance, the demand of asphalt materials has been
https://doi.org/10.1016/j.ijprt.2018.02.001
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overall rising in the past decades. At the same time, the
oil resources used to produce petroleum asphalt are also
declining. Therefore, seeking alternative asphalt materials
has become the focus of the current road engineering [1].
In a variety of renewable energies, biomass energy has
good advantages such as wide distribution and large
reserves, etc. [2,3]. And biomass could be used to extract
bio-oil for further processing. The bio-oil could be mixed
with petroleum asphalt or added some additives under
different conditions, thus the bio-asphalt could be made,
which has become a new material in the field of pavement
engineering. The environmental concerns and the
ommons.org/licenses/by-nc-nd/4.0/).
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compatibility of bio-oil with petroleum asphalt have also
been explored in previous studies [4].

In recent years, there has been much research on mate-
rials about bio-oil. Fini et al. employed the short-term
aging properties of bio-asphalt prepared from pig manure
as raw material. The results showed that the viscosity of
bio-binders decrease more compared with the base binders
after rolling thin film (RTFO) [5–7]. Onochie et al. studied
the high-temperature viscosity and rheological behavior of
composite modified bio-asphalt prepared with nano-clay
and nano-silica. The results indicated that the addition of
nano-clay to the bio-modified asphalt improved its high
temperature performance [8]. Yang et al. evaluated the
mechanical performance of asphalt binders and mixtures
modified by bio-oils generated from waste woods [9,10].
Raouf et al. tested the high temperature of bio-asphalt bin-
der properties prepared from oak flour, switch grass, and
corn stover. It was found that the viscosity of bio-binder
was affected by the bio-oil type during the first test hour
and the viscosity results were affected by the bio-oil type,
the modifier type and the temperature [11,12]. Wang
et al. studied the complex shear modulus, phase angle, rut-
ting factor and viscosity of bio-asphalt. The research
showed that the high temperature performances of bio-
binder decreased with the increase in bio-oil content and
testing temperature when the testing temperature was
below than 135 �C [13,14]. He et al. conducted tests for
penetration, softening point and ductility among other
conventional properties of modified bio-asphalt. The test
results indicated that the high temperature performance
of two kinds of bio-asphalt is good based on the analysis
of the temperature stability of modified bio-asphalt [15].
Rodrigo et al. studied the relationship between nonlinearity
of asphalt binders using a Dynamic Shear Rheometer and
asphalt mixtures permanent deformation using cylindrical
samples. The results showed that there is a strong correla-
tion between the mixture nonlinearity and the binder non-
linearity [16]. Sungun et al. analyzed the relationship of
three binder properties with three rutting test data using
correlation (R2). It was found that the binder properties
could be reliably used for the estimation of the rut potential
of asphalt mixtures [17]. Although more extensive
researches has been done on bio-asphalt in recent years
and some researches on the relationship between asphalt
binder and mixture were also done, most of the existing lit-
eratures focus on the bio-asphalt binders instead of the
asphalt mixtures, especially the relationship between the
performance of bio-asphalt binder and the performance
of the mixture has been rarely reported.

Based on the current research status, this paper aims to
test the performance indexes of bio-asphalt binder and
study the correlation between the performance indexes of
the asphalt and the dynamic stability of the mixture. The
performance indexes of bio-asphalt binder were evaluated
through the conventional performance test and Superpave
test of asphalt. The correlation was determined by the gray
relational entropy method. This study will provide a more
systematic perspective for the further study of the high tem-
perature performance evaluation of bio-asphalt.
1.2. Objective

The main objective of this study is to evaluate the high
temperature performance of bio-asphalt binder and to ana-
lyze the gray relational entropy of high temperature perfor-
mance of bio-asphalt binder and mixture. The bio-asphalt
binders were produced in the laboratory incorporating 1%
content of SBS and four concentrations (5%, 10%, 15%,
and 20% by the weight of bio-asphalt binder) into the vir-
gin asphalt. The performance indexes of bio-asphalt binder
were tested through the conventional performance test and
Superpave test of asphalt. The dynamic stability of the mix-
ture was tested through rutting test. The correlation
between the performance indexes of the asphalt binder
and the dynamic stability of the mixture was studied
through the gray relational entropy method. Fig. 1 shows
the flow chart of the experimental and analyzing proce-
dures followed in this study.
2. Materials and test program

2.1. Materials and mixtures design

2.1.1. Bio-asphalt

A 50 penetration grade virgin asphalt binder (denoted as
50#) taken from a construction site in Maoming, China
was used in this study. The styrene–butadienestyrene
(SBS) modifier type was 1301-1, and its performance indi-
cators are shown in Table 1. The bio-oil (Fig. 2) was
extracted from wood chips, and it was produced by Tor-
oyal New Energy Company located in Shandong province,
China, its viscosity is 0.895 Pa�s at 135 �C. The bio-asphalt
was prepared from the above raw materials, such as virgin
asphalt, SBS and bio-oil. The content of SBS was 1% (by
mass fraction) of virgin asphalt, it was mixed with virgin
asphalt, and SBS modified asphalt was made. Then 5%,
10%, 15%, and 20% of the bio-oil was mixed with prepared
SBS modified asphalt, respectively, which were named as
S105, S110, S115 and S120, respectively. The asphalt con-
taining only 1% SBS without bio-oil was named S100.

2.1.2. Aggregate and filler

The coarse and fine aggregates used in this study were
limestone in Luquan, Hebei Province, China, and the filler
was grinded from limestone. The technical indices of the
aggregates are shown in Tables 2 and 3.

2.1.3. Mixtures design

The gradation of asphalt mixture is shown in Table 4.
The optimum asphalt content was determined to be 4.3%
through the Marshall test based on the test method [18].
Further, the performance tests of the asphalt mixture were
conducted.

https://doi.org/10.1016/j.ijprt.2018.02.001
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Fig. 1. Flow chart of the experimental and analyzing procedures.

Fig. 2. Bio-oil.

Table 1
Performance indicators of SBS.

Density (25 �C) (g/cm3 S/B (mass ratio)Ultimate Elongation (%)Tensile strength (MPa))

30/70700180.92
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2.2. Test program

2.2.1. Binder test

The indexes that could better characterize the high tem-
perature performance of asphalt binder were selected, and
the influence of the bio-asphalt’s aging on its performance
was also considered, the dynamic viscosity at 135 �C, pen-
etration and softening point before and after rolling thin
film oven (RTFO) were measured according to the stan-
dard test methods [19]. At the same time, the Superpave
performance indicators including rutting factor G*/sind
and the modified rutting factor G*/(sind)9 proposed by
Aroon Shenoy [20] before and after RTFO were measured
and calculated. Because the change of (sind)9 to phase
angle (d) is more sensitive than the change of sind, besides
the lower the temperature, the greater the difference in sen-
sitivity, G*/(sind)9 is better able to characterize the changes
of phase angle (d) and better to reflect the changes of high
temperature performance of asphalt binder.

https://doi.org/10.1016/j.ijprt.2018.02.001


Table 2
Technical indices of coarse aggregates.

Test results of coarse aggregateRequirementsTechnical indices

3–5/mm10–20/mm 5–10/mm

Apparent relative density � 2.6942.6972.6872.60
Water absorption/% � 0.51.01.02.0

0.20.20.2<1.0<0.075 mm particles content/%
Elongated content � 3.46.2618

Table 3
Technical indices of fine aggregate.

RequirementsTest resultsTechnical indices

2.732Apparent relative density �2.5
80Sand equivalent/% �60
9.5<0.075 mm content/% �10

Fig. 3. MSCR test device.
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In addition, the irreversible creep compliance Jnr0.1 and
Jnr3.2 of virgin asphalt and bio-asphalt at 0.1 kPa and 3.2
kPa stress were tested and calculated through multiple
stress creep recovery tests (MSCR) based on AASHTO
TP 70-10 [21]. The MSCR test device is shown in Fig. 3.
The multiple stress creep recovery test process is as follows:
Two levels of creep stress such as 0.1 kPa and 3.2 kPa were
used for continuous testing, each stress level loads for
10 cycles, each cycle lasts for 10 s, which was divided into
1 s creep stage and 9 s unloading recovery stage, the dura-
tion of the test is 200 s. The device automatically collects
the strain data for each creep recovery cycle. The ratio of
residual strain to creep stress is defined as unrecoverable
creep compliance through the time–strain change graph
obtained by the experiment. The unrecoverable creep com-
pliance was calculated for each different cycle according to
Eq. (a). Test temperature was selected as 64 �C for it is clo-
ser to the actual high temperature of road surface. The
MSCR test has been applied to evaluate the high tempera-
ture performance of asphalt modified by bio-oil generated
from waste wood and to compare with the dynamic shear
rheometer (DSR) test [22].

Jnr ¼ enr
s

ðaÞ

wherein enr is residual strain, and s is creep stress.

2.2.2. Mixture test

The rutting test is a good method to evaluate the high
temperature performance of asphalt mixture. It has been
shown that the dynamic stability of rutting can reflect the
rutting resistance of asphalt mixture. Therefore, the rutting
test for the control asphalt and bio-asphalt mixtures was
conducted at 60� C according to standard test [19].
Table 4
Gradation of asphalt mixture in this study.

4.759.513.216Sieve size/mm 19

47758895100Passing rate/%
3. Gray relational entropy analysis method

The gray relational analysis is the factor analysis of the
system, which is based on the difference or similarity of the
development trend of the system factors to measure the
correlation between the factors and the system behaviors
[23]. The gray relational entropy analysis method was
improved on the basis of the gray correlation analysis
method [24]. The gray correlation analysis method is to
take the simple arithmetic average of the gray correlation
coefficients at each time point as the gray relational degree,
which will cause the loss of information and the tendency
that the local point measurement value controls the whole
gray relational order. The method of gray relational
entropy can effectively control the influence of the local
point correlation coefficient on the entire sequence correla-
tion degree [25]. So by using the method of gray relational
entropy, it is possible to avoid the loss caused by the gray
relational degree when it is determined. Therefore, it can be
more effective to distinguish the main and secondary fac-
tors which have the impact on the entire system. Based
on its characteristics, this method has been applied in the
researches of bio-asphalt binder and bio-asphalt mixtures
[26,27].
0.0750.150.30.61.182.36

68.512172332
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3.1. Gray correlation degree

The steps used to calculate the gray correlation degree
are listed as follows:

Step 1: Selection of reference sequence and comparison

sequence
Evaluation data were collected and matrix (n � m) was

established. X is defined as the gray correlation factor set.
X0 is defined as the reference sequence, Xi is defined as
the comparison sequence.

X 0 ¼ fX 0ðkÞjk ¼ 1; 2; . . . ; ng ¼ fX 0ð1Þ;X 0ð2Þ; . . . ;X 0ðnÞg
ð1Þ

X i ¼ fX iðkÞjk ¼ 1; 2; . . . ; ng
¼ fX ið1Þ;X ið2Þ; . . . ;X iðnÞgði ¼ 1; 2; . . . ;mÞ ð2Þ

Step 2: Normalization of reference sequence and comparison

sequence
It is difficult to compare different factors directly,

because the dimension of different factors in system is not
always consistent and the order of magnitude of different
values has a great difference. Therefore, normalization is
necessary for eliminating the dimension influence [28,29].
The equalization method was adopted for dimensionless
treatment and normalization. X0 and Xi were processed,
and the sequence of numbers is as follows:

X 0
i ¼ fX iðkÞjX ijk ¼ 1; 2; . . . ; ngði ¼ 0; 1; 2; . . . ;m ðÞ 3Þ
Step 3: Calculation of the correlation coefficient

The correlation coefficient between Xi and X0 is:

riðkÞ ¼
min

i
min

k
jX 0ðkÞ �X iðkÞj þ nmax

i
max

k
jX 0ðkÞ �X iðkÞj

jX 0ðkÞ �X iðkÞj þ nmax
i

max
k

jX 0ðkÞ �X iðkÞj
ð4Þ

wherein, |X0 (k) � Xi (k)}| is the absolute difference of X0

(k) with Xi (k)}; min
i

min
k

jX 0ðkÞ � X iðkÞj is the minimum of

the minimum absolute difference; max
i

max
k

jX 0ðkÞ � X iðkÞj
is the maximum of the maximum difference; n is a distin-
guishing coefficient which is changed from 0 to 1, and the
value of n is usually assumed as 0.5. The correlation coef-
ficient is a reflection of the distance between two points.
3.2. Gray correlation entropy

To calculate the gray correlation entropy, there are two
steps listed as follows:

Step 1: Calculation of density value of distribution

X is the discrete sequence, x0 2 x is the reference
sequence, x1 2 xði ¼ 1; 2; . . . ;mÞ comparisontheis
sequence,

Ri ¼ riðkÞ ¼ fr½x0ðkÞ; xiðkÞ�k ¼ 1; 2; . . . ; n; i ¼ 1; 2; . . . ;mg
ð5Þ
Ph,
r½x0ðkÞ; xiðkÞ�

Xn

k¼1

r½x0ðkÞ; xiðkÞ�
; Ph 2 P iðh ¼ 1; 2; . . . ; n ðÞ 6Þ

wherein Ph is density value of distribution.
Step 2: Introduction of gray correlation entropy

The definition of gray entropy was firstly introduced.
Assume Z ¼ ðz1; z2; . . . zsÞ, 8i, zs P 0 , and

P
zs ¼ 1,

then the following function

HðZÞ,�
X

zs ln zs ð7Þ

is defined as the gray entropy of sequence Z, and zs is attri-
bute information.

The gray entropy of sequence Z has the same structure
as the Shannon entropy function. However, there are two
differences between them. One of the differences is that
the Shannon entropy is a kind of probability entropy and
gray entropy is non-probability entropy. The second differ-
ence is that gray entropy is gray, while the Shannon
entropy is deterministic. The grayness of gray entropy is
determined by the grayness of the gray sequence. The
attribute information zs in the gray sequence is completely
different from the probability information ps in the Shan-
non entropy information space. For a given information
space, ps is a definite value, and zs can only be regarded
as a realistic whitening point of the gray sequence [24,30].

Gray correlation entropy is a kind of gray entropy, and
gray correlation entropy of X i is introduced as follows:

HðRiÞ,�
Xn

h¼1

Ph ln Ph ð8Þ

The entropy law shows that when the gray correlation
entropy of the sequence is maximal, it means that the dis-
tances between the points are more equal to each reference
point, that is, Xi is closer to the geometry of the reference
sequence, and Xi is the strongest correlation sequence.
3.3. Entropy correlation degree

The entropy correlation degree of sequence Xi is

EðxiÞDHðRiÞ=Hm ð9Þ

wherein Hm is maximum value of gray entropy and
HmðxÞ ¼ ln n represents the maximum entropy of discrep-
ancy information column consisting of n attribute elements.

According to the entropy correlation criterion, the
greater the entropy correlation degree of the comparison
sequence is, the stronger the correlation between the com-
parison sequence and the reference sequence will be. The
greatest entropy correlation degree indicates that the change
of the comparison sequence is closest to the change of the
reference sequence. Therefore, using the above model, the
dynamic stability of the bio-asphalt mixture was taken as
the reference sequence while the indicators of bio-asphalt
binder were taken as the comparison sequence, thus the

https://doi.org/10.1016/j.ijprt.2018.02.001
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degree of correlation between the bio-asphalt binder and the
dynamic stability of the mixture was determined.
50# S100 S105 S110 S115 S120
40

45

50

55

60

65

Fig. 5. Softening point of different asphalt binders before and after
RTFO.
4. Results and discussion

4.1. Test results of binder and mixture of bio-asphalt

The conventional performance test and the Superpave
performance test of different test samples before and after
the rolling thin film oven (RTFO) aging were carried out.
The test samples conclude the 50 penetration grade virgin
asphalt (that is 50#), asphalt S100 and bio-asphalt S105,
S110, S105 and S120 binders. In addition, the rutting tests
of the different mixtures were conducted.

Fig. 3 shows the penetration of different asphalt binders
before and after RTFO. And it may have a closer relation-
ship to the deformation resistance.

As shown in Fig. 4, before RTFO, compared with S100,
the penetration of bio-asphalt at 25 �C increased by 2.2%,
10.8%, 15.6% and 21%, respectively, with the increase in
bio-oil content before RTFO. This showed that with the
incorporation of bio-oil, asphalt became soft, its high tem-
perature performance had a certain degree of reduction.
After RTFO, when the bio-oil content was 5%, the penetra-
tion of bio-asphalt reduced compared with S100, but the
reduction was minimal, when the bio-oil content was
10%, the penetration increased, and gradually decreased
from S110, and the difference of the penetration before
and after RTFO increased with the increase in bio-oil. This
indicated that with the increase in bio-oil content, the aging
degree of bio-asphalt gradually increased, but the aging
was relatively low when the bio-oil content was 10%.

The softening point of different asphalt binders before
and after RTFO is shown in Fig. 5. Before RTFO, com-
pared with S100, the softening point decreased by 2.7%,
2.9%, 3.1% and 5.3%, respectively, with the increase in
bio-oil content. After RTFO, the softening point of bio-
asphalt increased with the increase in bio-oil content. The
softening point of bio-asphalt showed the opposite of the
S120S115S110S105S10050#
10

20

30

40

50

60
 Before RTFO
 After   RTFO

Fig. 4. Penetration of different asphalt binders before and after RTFO.
law of change before and after short-term aging, this is
due to the presence of bio-asphalt after heating to a certain
degree of aging. The same trend was found in previous
studies as regards the effect of bio-oil content on asphalt
aging [31,32].

The mass loss of different asphalt binders after RTFO is
shown in Fig. 6. As can be seen from Fig. 6: With the
increase in bio-oil content, the mass loss of bio-asphalt
increases, indicating that the addition of bio-oil causes
the asphalt to be aged. The mass loss of S100, S105 and
S110 was �0.286%, �0.357% and �0.57% respectively,
which satisfies the requirements of Technical Specification
for Construction of Highway Asphalt Pavements (JTG
F40-2004) [18], while the mass loss of S115 and S120 could
not satisfy the specification.

Fig. 7 shows the viscosity at 135 �C of different asphalt
binders. When the SBS was added to the virgin asphalt, the
dynamic viscosity of S100 at 135 �C increased. Compared
with S100, the dynamic viscosity at 135 �C gradually
decreased with the increase in the bio-oil content. It
showed a good law of change.
S120S115S105 S110S10050#
0.0

-0.5

-1.0

-1.5

-2.0

-2.5

-3.0

)
%(ssolssa

M

Different asphalt binders

Fig. 6. Mass loss of different asphalt binders after RTFO.

https://doi.org/10.1016/j.ijprt.2018.02.001


50# S100 S105 S110 S115 S120
0

5

10

15

20

25
 Before RTFO
 After   RTFO

Fig. 8. G*/sind of different asphalt binders before and after RTFO.
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Fig. 9. G*/(sind)9 of different asphalt binders before and after RTFO.
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Fig. 8 and Fig. 9 show G*/sind and G*/(sind)9 before and
after RTFO at 64 �C. As shown in Fig. 8 and Fig. 9,
G*/sind and G*/(sind)9 had the same law of change, and
G*/(sind)9 sensitivitytemperaturegreaterahad [20].
G*/(sind)9 was selected to analyze the change with the addi-
tion of bio-oil. Before the short-term aging, G*/(sind)9

decreased with the increase in bio-oil content, however,
when the bio-oil content was 20%, G*/(sind)9 increased
by 7.8% compared with that of the 15% content of bio-
oil, which was due to the variation of bio-oil and the addi-
tion of bio-oil. G*/(sind)9 was the largest after short-term
aging when the bio-oil content was 10%. It was shown that
the anti-rutting ability of bio-asphalt S110 was the largest
after aging.

As can be seen from Fig. 10, with the increase in bio-oil
content, bio-asphalt’s non-recoverable creep compliance
showed a downward trend, this showed that after short-
term aging, the incorporation of bio-oil could increase
the anti-rutting deformation ability of bio-asphalt. The
unrecoverable creep compliance of S115 was larger than
that of S110 and S120, which was due to the variation of
its performance after short-term aging when the bio-oil
content was 15%. Meanwhile, at the stress level of 3.2
kPa, the non-recoverable creep compliance of different
asphalt was larger than that of 0.1 kPa stress level, which
indicated that the anti-rutting ability of the asphalt is
affected by the stress generated by the vehicle load on the
road.

Fig. 11 shows the dynamic stability of different asphalt
binders. As can be seen from Fig. 11, when the bio-oil
was added to S100 asphalt binder, the dynamic stability
of bio-asphalt mixtures was lower than the base asphalt
mixture, while the dynamic stability of bio-asphalt mix-
tures decreased with the increase in bio-oil content.

From the analysis of the test results of conventional per-
formance test and the Superpave performance test of differ-
ent test samples before and after the rolling thin film oven,
different parameters such as penetration, softening point,
G*/sind at 64 �C before and after RTFO, G*/(sind)9 at 64
S120S115S110S105S10050#
0.0

0.2

0.4

0.6

0.8

1.0

Fig. 7. Viscosity at 135 �C of different asphalt binders.

S120S115S110S105S10050#
0.2

0.4

0.6

0.8

1.0

Fig. 10. Unrecoverable creep compliance of different asphalt binders at
64 �C.
�C before and after RTFO, Jnr3.2 and Jnr0.1 at 64 �C
showed different changes in the law with the changes of
bio-oil content. The fact of how to further characterize

https://doi.org/10.1016/j.ijprt.2018.02.001
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Fig. 11. Dynamic stability of different asphalt binders.
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the high temperature performance of bio-asphalt needs fur-
ther analysis.
4.2. Gray relational analysis between binder and mixture of

bio-asphalt

In order to further analyze high temperature perfor-
mance of bio-asphalt and to better analyze the relation
between the binder and the mixture, the results of different
asphalt binders and asphalt mixtures were numbered from
0 to 11 and listed in Table 5.

The dynamic stability X0 of bio-asphalt mixture was
taken as the reference sequence while the indexes of bio-
asphalt binder shown in Table 5 were taken as the compar-
ison sequence, the indicators listed in Table 5 from top to
bottom were defined as X1to X11. Then the data normaliza-
tion was taken, the results are presented in Table 6.

The absolute difference between the two sequences was
calculated according to the sequence generated by the
equalization method in Table 6, and the gray relational
coefficients were calculated, as shown in Table 7.

Fig. 12 shows the entropy correlation degree between
asphalt binder indicators and dynamic stability of bio-
asphalt mixtures. They were successively shown as follows:
Table 5
Results of different asphalt binders and asphalt mixtures.

50#Parameters NO.

Dynamic stability/times_smm�1 2546.550
Penetration at 25 � 53.001C before RTFO/0.1 mm
Softening point before RTFO/� 49.502C
Penetration at 25 � 36.253C after RTFO/0.1 mm
Softening point after RTFO/� 55.604C
Dynamic viscosity at 135 �C/(Pa_ 0.755ss)
G*/sind at 64 � 2.7546C before RTFO/kPa
G*/sind at 64 � 8.0627C after RTFO/kPa
G*/(sind)9 at 64 � 2.8178C before RTFO/kPa
G*/(sind)9 at 64 � 8.6369C after RTFO/kPa
Jnr3.2 at 64 �C /kPa�1 1.31710
Jnr0.1 at 64 �C /kPa�1 1.25511
E(x1) = 0.9925, E(x2) = 0.9981, E(x3) = 0.9983, E(x4) =
0.9953, E(x5) = 0.9988, E(x6) = 0.9962, E(x7) = 0.9928,
E(x8) = 0.9959, E(x9) = 0.9949, E(x10) = 0.9741, E(x11) =
0.9716. As can be seen, E(x5) > E(x3) > E(x2) > E(x6) > E

(x8) > E(x4) > E(x9) > E(x7) > E(x1) > E(x10) > E(x11), that
is, dynamic viscosity at 135 �C > Penetration at 25 �C after
RTFO > softening point before RTFO > G*/sind at 64 �C
before RTFO > G*/(sind)9 at 64 �C before RTFO > soften-
ing point after RTFO > G*/(sind)9 at 64 �C after RTFO >
G*/sind at 64 �C after RTFO > Penetration at 25 �C before
RTFO > Jnr3.2 at 64 �C > Jnr0.1 at 64 �C. According to the
entropy correlation criterion, the greater the entropy
correlation degree of the indicators of bio-asphalt binder’s
high temperature is, the stronger the correlation between
the indicators of bio-asphalt binder’s high temperature
performance and the dynamic stability reflecting the high
temperature performance of asphalt mixtures will be.
Because the dynamic stability could well reflect the high
temperature performance of the asphalt mixture, the
greater the correlation of indicators with the dynamic sta-
bility is, the better the indicators could characterize the
high temperature performance of the binder. Therefore,
the dynamic viscosity at 135 �C had the highest correlation
with the dynamic stability, penetration after RTFO and the
softening point before RTFO were second, and the correla-
tion of Jnr3.2 and Jnr0.1 at 64 �C were the least correlated
with dynamic stability Table 8.

In order to more intuitively explain the application of
gray relational entropy analysis method, according to
Table 6, the normalized data of reference sequence and
six representative sequences, X0 (Dynamic stability), X5

(Dynamic viscosity at 135 �C), X3 (Penetration at 25 �C
after RTFO), X2 (Softening point before RTFO), X1

(Penetration at 25 �C before RTFO), X10 (Jnr3.2 at 64 �C),
X11 (Jnr0.1 at 64 �C), were selected to be compared in one
figure, as shown in Fig. 13. As can be seen from the figure,
the closest change (the geometric shape of the curve) to X0

was X5, followed by X3 and X2, while the change (the geo-
metric shape of the curve) of X11 was the most different
from X0. This also showed that entropy correlation degree
can accurately characterize the relationship between differ-
ent comparison sequences and the reference sequence.
S120S115S110S105S100

2010.212095.782423.082497.322710.62
60.5057.8055.4051.1050.00
48.3049.4049.5049.6051.00
24.4929.2136.0733.8834.25
66.0063.6058.2057.9057.20
0.6760.720.760.7650.86
2.3652.2192.2902.6663.447
15.13018.81019.51012.40010.890
2.4212.2462.3402.7343.583
21.33023.43424.32714.35412.537
0.4050.4710.4100.7690.889
0.3700.4370.3910.7140.820
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Table 6
The sequence generated by the normalization.

Parameters XNO. S120S115S110S105S10050#

Dynamic stability/times_smm�1 X0 0.840.881.021.051.141.07
Penetration at 25 �C before RTFO/0.1 mm X1 1.111.061.010.940.920.97
Softening point before RTFO/�C X2 0.971.001.001.001.031.00
Penetration at 25 �C after RTFO/0.1 mm X3 0.760.901.111.051.061.12
Softening point after RTFO/�C X4 1.101.060.970.970.960.93
Dynamic viscosity at 135 �C/(Pa_ss) X5 0.900.951.011.011.140.99
G*/sind at 64 �C before RTFO/kPa X6 0.900.850.871.021.311.05
G*/sind at 64 �C after RTFO/kPa X7 1.071.331.380.880.770.57
G*/(sind)9 at 64 �C before RTFO/kPa X8 0.900.830.871.021.331.05
G*/(sind)9 at 64 �C after RTFO/kPa X9 1.221.341.400.820.720.50
Jnr3.2 at 64 �C /kPa�1 X10 0.570.660.581.081.251.85
Jnr0.1 at 64 �C /kPa�1 X11 0.560.660.591.071.231.89

Table 7
Gray relational coefficients between asphalt indexes and dynamic stability.

S120S115S110S105S100Parameters 50#

r1 0.60920.69780.99120.78300.64730.8047
r2 0.75890.77870.95640.89540.78960.8531
r3 0.82420.94870.80910.99560.83660.8905
r4 0.61170.69020.90380.83700.69340.7467
r5 0.89010.84900.97330.91961.00000.8429
r6 0.87810.92260.73890.92620.70060.9539
r7 0.64460.47640.53060.70490.52680.4508
r8 0.88100.90050.73480.92640.67970.9482
r9 0.51960.46920.52070.64480.49410.4164
r10 0.59970.65370.48210.92430.78460.3431
r11 0.58770.64800.48830.94190.81140.3335

The density value of distribution was calculated based on the gray rela-
tional coefficient, and the gray relational entropy was calculated as shown
in Table 8.

X10 X11X8 X9X6 X7X5X4X3X2X1
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dynamic stability of bio-asphalt.

Table 8
Gray relational entropy between asphalt indexes and dynamic stability.

Parameters H(R1 H(R) 2 H(R) 3 H(R) 4 H(R)

1.71.78331.78881.78831.7783Gray relational entropy
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The analyses above showed that: (1) The irreversible
creep compliance Jnr had a good correlation with the rut-
ting performance of polymer modified asphalt [33], but
the content of SBS modifier in this study was lower than
that of conventional SBS modified asphalt (3–6%) [34,35],
which may be the reason for the weak correlation between
the creep compliance and dynamic stability. (2) In the
determination of rutting factor, the frequency of load
had some difference with the actual conditions on the road,
and its determination was based on linear viscoelasticity.
The viscosity of bio-asphalt was large, therefore, there were
some shortcomings using the rutting factor and G*/(sind)9

to evaluate the high temperature performance of the
bio-asphalt in this study, and the relevance ranking was
relatively centered. (3) Softening point characterizes the
temperature at the same viscosity, and it has a weak corre-
lation with the high temperature performance of asphalt
pavement, although the softening point before RTFO
was relatively advanced, it was not sufficient to regard it
as a key indicator. (4) The entropy correlation degree rank-
ing of penetration before and after RTFO were 9 and 2,
respectively; the rank of softening point before and after
RTFO was 3 and 6, respectively; the rankings of G*/sind
before and after RTFOwere 4 and 8, respectively; the rank-
ings of G*/(sind)9 ranking before and after RTFO were 5
and 7, respectively. The order of the above indexes changed
greatly, it was shown that the aging of RTFO had a great
influence on the performance of bio-asphalt, and the
influence of aging should be taken into account in the per-
formance analysis. (5) The viscosity of asphalt could reflect
the ability of asphalt pavement to resist rutting at high
temperatures, the larger the value, the smaller the shear
deformation under loads. The dynamic viscosity of 135 �
C not only reflected the high temperature performance of
asphalt but also reflected the situation of bio-asphalt after
a certain degree of aging, and it had the best correlation
5 H(R) 6 H(R) 7 H(R) 8 H(R) 9 H(R) 10 H(R) 11)

1.74081.74531.78271.78441.77881.7850897
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with the dynamic stability of the mixture in the gray corre-
lation entropy analysis. Therefore, it could be used as the
key index of high-temperature performance evaluation of
bio-asphalt.

5. Conclusion

In this study, to analyze the gray relational entropy of
high temperature performance of bio-asphalt binder and
its mixture, the performance indexes of the asphalt binder
and the dynamic stability of the mixture were tested, and
the correlation between the indexes of the asphalt binder
and the dynamic stability of the mixture was studied
through the gray correlation entropy method. From these
test results, the following conclusions were drawn:

(1) With the incorporation of bio-oil, the penetration of
softening pointtheincreased andbio-asphalt

decreased before RTFO, and the penetration
decreased and the softening point increased after
RTFO. The bio-asphalt became soft and its high
temperature performance had a certain degree of
reduction before RTFO. While it became hard after
RTFO, which was due to the aging of the addition
of some bio-oil.

(2) The dynamic viscosity at 135 �C gradually decreased
with the increase in the bio-oil content. It showed a
good law of change. G*/(sind)9 was the largest after
short-term aging when the bio-oil content was 10%.
The anti-rutting ability of bio-asphalt S110 was the
largest after aging. With the increase in bio-oil con-
tent, bio-asphalt’s non-recoverable creep compliance
showed a downward trend.

(3) The dynamic stability of bio-asphalt mixtures
decreased with an increase in bio-oil content. The
binder test parameters showed different changes in
the law with the changes of bio-oil content.
(4) The ranking of the entropy correlation degree
between asphalt indicators and dynamic stability of
bio-asphalt is different. The RTFO aging had a great
influence on the entropy correlation between the
same performance indexes of the bio-asphalt deter-
mined and the dynamic stability of the mixture.

(5) The creep compliance of the bio-asphalt with a low
content (1%) of SBS modifier was weakly correlated
with the dynamic stability of the mixture. The
dynamic viscosity of bio-asphalt and the dynamic
stability of the mixture had the highest gray entropy
correlation, which could be used as the key indicators
of the high-temperature performance evaluation of
bio-asphalt.
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