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Styrene-butadiene-styrene- (SBS-) modified asphalts were prepared by mixing different base asphalts, SBS modifier, extracting oil,
and stabilizing agents.The contact angles between SBS-modified asphalt and distilled water, glycerol, and formamide were detected
by the sessile dropmethod. Based on the surface energy theory, the surface free energy and cohesive power of SBS-modified asphalt
were calculated. The influence of the raw materials composition, such as the virgin asphalt and SBS modifier types as well as the
extracting oil and stabilizing agent contents, on the cohesive characteristics of SBS-modified asphalt was discussed. The results
showed that virgin asphalt was compatible with SBS modifiers to improve cohesiveness. The cohesive power of branched SBS-
modified asphalt was larger than that of linear SBS-modified asphalt. The cohesion of SBS-modified asphalt was improved as the
SBS modifier and stabilizer contents increased but was reduced for excessive extraction oil contents. The cohesive characteristics
of the SBS-modified asphalt were improved by the formation of stable three-dimensional network structures by cross-linking,
winding, and grafting among different raw materials.

1. Introduction

Asphalt is a mixture of crude oil refining residue and various
chemical components, widely used in the road pavement
industry as an aggregate binder, because it offers good adhe-
sion, viscoelasticity, and strength [1]. However, further appli-
cations are restricted by disadvantages including high-tem-
perature rutting and low-temperature cracking [2]. Heavier
vehicle loads, increased traffic volumes, and extreme weather
conditions can cause pavement damage such as permanent
deformation [3, 4]. In order to improve the quality of asphalt,
various polymers can be incorporated by mechanical mixing
or chemical reaction, thereby improving the mechanical
properties, heat sensitivity, and aging resistance of the asphalt

[5, 6]. The most commonly used polymers are styrene-
butadiene-styrene (SBS) block copolymers. SBS block copoly-
mers are known to improve the low- and high-temperature
performance of bitumen [7].

SBS-modified asphalt is a composite prepared by mixing
neat asphalt, SBS modifier, extracting oil, and stabilizing
agents [8]. For SBS block copolymersmixedwith neat asphalt,
the system gradually becomes a two-phase structure in which
polymer phases formed by maltenes-swelling polymers are
dispersed in the asphalt-rich phase [9]. Therefore, the com-
patibility between asphalt and SBS is considered critical, with
a profound impact on the thermal mechanical properties,
rheological properties, and morphology [10, 11]. Generally,
asphalt comprises saturated hydrocarbons, aromatics, resins,
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Table 1: Properties of neat asphalts.

Performance Unit Binder A Binder B Binder C
Penetration (25∘C, 100 g, 5 s) 0.1mm 85.5 84.3 87.6
Softening point (ring ball method) ∘C 45.6 48.7 47
Ductility (5 cm/min, 15∘C) cm >100 >100 >100

Residue after aging under rotary film oven (163∘C, 85min)
Loss of quality % 0.07 0.18 0.12
Penetration ratio % 70 64 61
Ductility (5 cm/min, 10∘C) cm 9.0 6.5 8.0

and asphaltenes in solvents, the ratio of which is commonly
referred to as the SARA fraction [1]. However, each compo-
nent has a different solubility parameter and thus a different
level of compatibility with the polystyrene (PS) and polybu-
tadiene (PB) blocks in the SBS. Some efforts [12, 13] have
investigated the compatibility between asphaltic components
and SBS copolymers. As a rule of thumb, asphalt with high-
aromatic contents or linear SBS can form compatible and
stable SBS-modified asphalt [14, 15]. Moreover, incompatibil-
ity between asphalt and polymer can be avoided by adding
aromatic oils or stabilizing agents to the mixture [12, 16].
While some authors have studied the effects of the raw
materials on the performance of SBS-modified asphalt roads
to guide the production and application of SBS-modified
asphalts, the cohesion characteristics of SBS-modified asphalt
are still unclear.

Moisture damage of asphalt pavement, related to the
breakdown of the asphalt composite, can be caused by losses
in asphalt-asphalt cohesion and/or aggregate-binder adhe-
sion [17, 18]. Cohesion is the molecular attraction existing
between two similar objects in close contact, such as the
internal binding interactions in asphalt [19, 20]. The work of
cohesion of the asphalt binder is strongly related to the fatigue
cracking characteristics of asphalt mastics and mixtures [21].
The cohesive properties of the binder and mastic determine
the fracture resistance of asphalt concrete [22]. The surface
free energy of the asphalt binder can be used to characterize
the work of cohesion [23, 24]. Cheng et al. found that
aging processes can decrease the cohesion of asphalt via
an investigation of the cohesion characteristics of asphalt
binders based on surface free energy [25]. Tan andGuo tested
the cohesion and adhesion of asphalt mastic using the surface
free energy method, reporting that the work of cohesion of
neat asphalt is greater than that of modified asphalt [26].
Most previous studies have focused on the surface free energy
of neat and modified asphalt binders [27–29]. However, few
have considered the influence of raw materials composition
on the cohesion characteristics of SBS-modified asphalt.

The objective of this study was to investigate the influence
of the raw materials composition on the cohesion character-
istics of SBS-modified asphalt using the surface free energy.
SBS-modified asphalts were prepared by mixing different
base asphalts, SBS modifier, extracting oil, and stabilizing
agent. The contact angles between SBS-modified asphalt and
distilled water, glycerol, and formamide were detected by the
sessile drop method. Based on surface energy theory, the

surface free energy and cohesive power of the SBS-modified
asphalts were calculated. The influence of the raw materials
composition, such as virgin asphalt, SBS modifier types, and
contents of extracting oil and stabilizing agent on the cohesive
characteristics were discussed for SBS-modified asphalt.

2. Raw Materials and Preparation Method of
SBS-Modified Asphalt

2.1. Raw Materials

2.1.1. Neat Asphalt. Three kinds of asphalt used in the Gansu
area, such as binder A, binder B, and binder C, were selected
as virgin asphalts. They were provided by Gansu Luqiao
Construction Group Maintenance Technology Co., Ltd. The
main technical properties were tested according to Standard
Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering (JTGE20-2011) and results were shown
in Table 1.

2.1.2. Modifier. SBS modifiers can be divided into linear and
branched types according to their molecular structures. In
this study, linear and branched SBS modifiers were used to
prepare SBS-modified asphalt. The main technical indicators
were tested according to thermoplastic elastomers styrene-
butadiene block copolymer (SH/T 1610-2011) and results are
shown in Table 2.

2.1.3. Furfural Extraction Oil. Furfural extraction oil was
selected as a compatibility agent for preparing SBS-modified
asphalt because it contains a high-aromatic fraction that can
improve the proportion of matrix asphalt, promote compati-
bility betweenmodifier and asphalt, and improve the compat-
ibility of the SBS-modified asphalt. Furfural extraction oil can
also improve the low-temperature plasticity and ductility of
SBS-modified asphalt. In this study, the furfural extraction oil
was provided by PetroChina’s Lanzhou Refining Company.
The main technical indicators of furfural extraction oil were
tested according to ASTM D2007-91 MOD and results are
shown in Table 3.

2.1.4. Stabilizer. Some stabilizer was added during the prepa-
ration of the SBS-modified asphalts in order to prevent
internal phase separation and improve storage stability. In
this study, a high-efficiency stabilizer developed by the Gansu
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Table 2: Properties of SBS modifiers.

Index Liner Branched
Block ratio (S/B) 30/70 40/60
Volatile content % 0.50 0.50
300% Tensile stress, MPa 1.7 1.7
Tensile strength, MPa 12.0 12.0
Elongation at break % 700 600
Shore hardness, A 75 ± 7 82 ± 7
Melt flow rate (g/10min) 0.50∼5.00 0.00∼1.00

Table 3: Properties of furfural extraction oil.

Appearance Viscosity (40∘C) (Pa⋅s) Flash point, ∘C Aromatic content, %
Brown-black 2500 200 55.0

Table 4: Properties of stabilizer.

Appearance Apparent density (g/cm3) Melting point, ∘C Residue at 80-mesh sieve, % Water content, %
Gray-black 0.5∼0.7 120 0.1 0.2

Modi�erFurfural extraction oilNeat asphalt

Stabilizer Mechanical stirrerSBS-modi�ed asphalt

140
∘C 175

∘C

Figure 1: Preparation process of SBS-modified asphalts.

Provincial Engineering Research Center for Pavement Engi-
neering is used. The main technical properties of the high-
efficiency stabilizerwere tested according to SyntheticHydro-
talcite Thermal Stabilizer (HG/T 4495-2013) and results are
shown in Table 4.

2.2. Preparation of SBS-Modified Asphalts. In order to com-
pare the influence of different raw materials and their
contents on the adhesion properties of the SBS-modified
asphalts, each SBS-modified asphalt sample was prepared
using the same process. Figure 1 shows the preparation
process of SBS-modified asphalts. First, furfural extraction oil
was added to the flowing virgin asphalt and quickly heated to
175∘C–180∘C.Then, SBS modifier was added and the mixture
was stirred for 5min using a mechanical stirrer. The mixed
asphalts were continuously sheared for 35min at a speed
of 5500 rpm using a shearing and dispersing emulsifier. The
high-efficiency stabilizer was added in the last 10min of the
shearing process. The mixed asphalts were placed in an oven
for 2 h at 170∘C for growth.

3. Surface Free Energy Theory and Experiment

3.1. Surface Free EnergyTheory. Surface free energy is defined
as the work by a material in a vacuum necessary to produce a
new interface per unit area. According to analyses by Fowkes
and Good, the surface energy of a material mainly comprises
a polar component and nonpolar dispersive component
[30, 31]. Generally, the polar component of the surface free
energy is the acid force and alkali force, while the dispersive
component is composed of the Keesom orientation force,
Debye induction force, and London dispersion force [32].
The surface free energies of liquid and solid materials can be
expressed as follows [32]:

𝛾𝑙 = 𝛾𝑑𝑙 + 𝛾𝑝𝑙 , (1)

𝛾𝑠 = 𝛾𝑑𝑠 + 𝛾𝑝𝑠 , (2)

where 𝛾𝑙 is the surface free energy of a liquid material; 𝛾𝑠 is
the surface free energy of a solid material; 𝛾𝑑𝑙 is the dispersive
component of surface free energy for liquid materials; 𝛾𝑝

𝑙
is the polar component of surface free energy for liquid
materials; 𝛾𝑑𝑠 is the dispersive component of surface free
energy for solid materials; and 𝛾𝑝𝑠 is the polar component of
surface free energy for solid materials.

Fowkes indicated that the dispersive force between liquid
and solid could be expressed as the geometric mean of the
dispersive components of the liquid and solid surface free
energies. Simultaneously, Owens and Wendt developed a
similar method for the polar component [33]. Therefore,
the surface free energy of the liquid-solid interface can be
expressed as follows:

𝛾𝑠𝑙 = 𝛾𝑠 + 𝛾𝑙 − 2√𝛾𝑑𝑠 𝛾𝑑𝑙 − 2√𝛾𝑝𝑠 𝛾𝑝𝑙 . (3)
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Table 5: Surface free energy of three probe liquids at 25∘C.

Test the liquid 𝛾𝐿 𝛾𝑑𝐿 𝛾𝑝𝐿 𝛾+𝐿 𝛾−𝐿
Distilled water 72.8 21.8 51.0 25.50 25.5
Glycerin 64.0 34.0 30.0 3.92 57.4
Formamide 58.0 38.0 19.0 2.28 39.6

Liquid

Solid

Gas

O

gs

gl

ls

Figure 2: Young contact angle diagram.

Figure 2 shows the Young contact angle diagram between
solid and liquid. The polar and dispersive components of
the surface free energy can be calculated using the Young
equation, which relates the surface free energy and liquid-
solid contact angle and is expressed as follows [33]:

𝛾𝑙 cos 𝜃 = 𝛾𝑠 − 𝛾𝑠𝑙. (4)

Fowkes proposed an equation to calculate the surface free
energy though the dispersive component and contact angle.
Oss calculated the surface free energy using the dispersion
and polar components by developing (3) and (4) into (5) [33]:

1 + cos 𝜃 = 2√𝛾𝑑𝑠 (√𝛾𝑑𝑙𝛾𝑙 )+ 2√𝛾𝑝𝑠 (√𝛾
𝑝

𝑙𝛾𝑙 ). (5)

The surface free energy of a solid can be calculated using
(5), generally expressed as follows:

1 + cos 𝜃2 𝛾𝑙√𝛾𝑑
𝑙

= √𝛾𝑑𝑠 + √𝛾𝑝𝑠 (√𝛾𝑝𝑙𝛾𝑑
𝑙

). (6)

The dispersive component √𝛾𝑑𝑠 and polar component√𝛾𝑝𝑠 can be obtained through linear analysis by (6).

3.2. Cohesive Power of Asphalt. The work of cohesion is
defined as the energy necessary to produce two new surfaces
in a homogeneous material and is equal to twice the surface
free energy. The equation for the work of cohesion is as
follows [26]:

𝑊cohesion = 2𝛾𝑎, (7)

where 𝛾𝑎 is the surface free energy of asphalt.

CA_， = 104.449
∘ CA_２ = 104.449

∘ CA_A６ = 104.449
∘

 as
s

a

Figure 3: Schematic of the contact angle formed between a probe
liquid and asphalt surface.

3.3. Contact Angle Measurement. In order to calculate the
cohesion index of the asphalt, the surface free energy and
its components must be obtained. According to the analysis
of (5), the surface free energy and its components can be
calculated using the contact angle between the solid asphalt
and three liquids with known surface energy parameters
[24, 31, 34]. In this study, the three liquids of distilled water,
glycerin, and formamidewere used as probe liquids in contact
angle measurements. The surface free energy parameters of
the three probe liquids are shown in Table 5.

The sessile drop method was used to conduct the surface
free energy measurements in this study. This is an optical
contact angle technique used to measure the contact angles
between asphalt and the probe liquids [24, 34]. A schematic
of the contact angle formed between the probe liquid and
asphalt surface can be seen in Figure 2. The asphalt binder
samples were prepared by heating at 163∘C and then pouring
into small plates, which had been previously placed on a
heater to attain the constant temperature of 60∘C. The plates
with asphalt binder were heated by another heater to 163∘C
for approximately 5min to create an even, thin film coating
on the surface of the plate. Afterward, the samples were
cooled to room temperature and kept in desiccators for 12 h
at room temperature before testing. As shown in Figure 3,
the instrument used to measure the contact angle is a drop
shape analyzer (Binder A200KB) made in USA which is
composed of an illumination device, a charge-coupled device
(CCD) camera, three microsyringes with needles built into
the machine, and image analysis software (Figure 4). The
measurement was performed at room temperature. Each liq-
uid drop was individually dropped at five different locations
of the asphalt film and the contact angle was measured. The
average contact angle from the five measurements per film
was recorded.
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Table 6: Contact angle and its variation coefficient for the SBS-modified asphalts.

Distilled water Glycerol Formamide

Average value (∘) Coefficient of
variation (%) Average value (∘) Coefficient of

variation (%) Average value (∘) Coefficient of
variation (%)

Binder A 102.6 0.43 92.6 0.36 86.1 0.32
Binder B 100.6 0.48 93.8 0.28 86.9 0.63
Binder C 103.8 0.25 97.8 0.48 92.0 0.47
Binder A + linear
SBS 94.0 0.29 89.6 0.39 82.0 0.18

Binder B + linear
SBS 96.6 0.44 89.2 0.35 83.0 0.39

Binder C + linear
SBS 95.4 0.50 90.6 0.50 84.1 0.29

Binder A +
branched SBS 92.4 0.53 87.2 0.17 79.6 0.47

Binder B +
branched SBS 95.6 0.35 88.0 0.57 80.9 0.48

Binder C +
branched SBS 94.7 0.44 89.6 0.50 82.5 0.57

Binder A + 3.5%
SBS 96.2 0.31 89.8 0.38 83.8 0.46

Binder A + 4.0%
SBS 94.9 0.35 89.4 0.64 82.9 0.52

Binder A + 4.5%
SBS 94.0 0.29 89.6 0.39 82.0 0.18

Binder A + 5.0%
SBS 93.6 0.31 86.8 0.39 78.9 0.38

Binder A + 0%
extraction oil 96.8 0.25 90.4 0.40 84.3 0.31

Binder A + 2.5%
extraction oil 93.3 0.37 88.0 0.52 81.5 0.43

Binder A + 3.5%
extraction oil 94.0 0.29 89.6 0.39 82.0 0.18

Binder A + 4.5%
extraction oil 93.4 0.33 87.4 0.32 81.0 0.39

Binder A + 0%
stabilizer 97.2 0.35 91.0 0.28 85.2 0.17

Binder A + 0.1%
stabilizer 95.3 0.45 88.6 0.52 82.5 0.30

Binder A + 0.2%
stabilizer 94.0 0.29 89.6 0.39 82.0 0.18

Binder A + 0.3%
stabilizer 92.8 0.40 86.1 0.25 78.5 0.52

4. Results and Discussion

4.1. Contact Angle and Its Variation Coefficient. The con-
tact angles and variation coefficients for the SBS-modified
asphalts prepared with different raw materials and the three
probe liquids were measured by the sessile drop method.The
variation coefficient is the ratio of the standard deviation
to the average value of the contact angle between the SBS-
modified asphalts and each of the three probe liquids,
used to investigate whether the contact angle test has good
repeatability.The results are shown in Table 6. From statistical
analysis, it is found that the coefficient of variation of the

contact angle test results is in the range of 0.18%–0.64%.These
results indicate that the contact angle test results of the SBS-
modified asphalts prepared with different raw materials and
three probe liquids have good reproducibility.

4.2. Surface Energy of Modified Asphalt. The surface free
energy parameters of the three test liquids and the contact
angles between them and each of the SBS-modified asphalts
were substituted into (5).The component values of the surface
free energy of each SBS-modified asphalt were calculated
by solving (6). According to (2), the surface free energies
of the individual SBS-modified asphalts were obtained. The
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Table 7: Surface free energy of SBS-modified asphalts.

Asphalt type Surface energy and its components
Surface free energy Dispersion component Polar component

Binder A 18.47 17.17 1.30
Binder B 18.84 18.06 0.77
Binder C 15.10 14.00 1.10
Binder A + linear SBS 22.14 21.96 0.18
Binder B + linear SBS 19.60 17.40 2.20
Binder C + linear SBS 19.68 18.39 1.29
Binder A + branched SBS 23.38 22.63 0.74
Binder B + branched SBS 22.12 20.74 1.38
Binder C + branched SBS 21.10 20.14 0.96
Binder A + 3.5% SBS 18.93 16.58 2.35
Binder A + 4.0% SBS 20.15 18.49 1.66
Binder A + 4.5% SBS 22.14 21.96 0.18
Binder A + 5.0% SBS 24.12 23.27 0.85
Binder A + 0% extraction oil 18.84 16.75 2.09
Binder A + 2.5% extraction oil 20.89 19.02 1.88
Binder A + 3.5% extraction oil 22.14 21.96 0.18
Binder A + 4.5% extraction oil 20.91 18.66 2.25
Binder A + 0% stabilizer 18.12 15.87 2.25
Binder A + 0.1% stabilizer 19.72 17.30 2.42
Binder A + 0.2% stabilizer 22.14 21.96 0.18
Binder A + 0.3% stabilizer 23.89 22.68 1.21

Figure 4: Drop shape analyzer.

surface free energies of the different SBS-modified asphalts
range from 15.10mJ/m2 to 23.38mJ/m2, which is close to the
range of surface free energy reported in the literature [35].
As shown in Table 7, the dispersion component is the major
part of the surface free energy of the asphalt, compared to the
polar component.Wei et al. also reported a similar conclusion
and attributed it to the main component of the asphalt being
nonpolar hydrocarbons [28]. In addition, with the increase
of the content of SBS modifier, the total surface energy and
dispersion component of the SBS-modified asphalt are grad-
ually increased, while the polarity components of the SBS-
modified asphalts generally decline at the different degrees.
The surface free energy of the SBS-modified asphalt first
increases and then decreases with increasing extraction oil
content. For the extraction oil content of 3.5%, the surface free

energy of SBS-modified asphalt is maximized. The surface
free energy of SBS-modified asphalt increases as the amount
of stabilization agent increases.

The reliability and effectiveness of the surface free energy
results were evaluated using a method developed by Kwok
and Neumann [34]. They conclude that the values of 𝛾𝑙 cos 𝜃
and 𝛾𝑙 should show a linear relationship for a given solid with
a variety of liquids. If the resulting curve is nonlinear, the
results must be remeasured. Using the surface free energy
result of asphalts with different SBS modifier contents as an
example, the illustration of 𝛾𝑙 cos 𝜃 and 𝛾𝑙 for asphalt is given
in Figure 5. It is observed that each asphalt sample shows a
good linear fit between 𝛾𝑙 cos 𝜃 and 𝛾𝑙, with the coefficient
of determination (𝑅2) values varying from 0.9612 to 0.9995.
According to this method, 𝛾𝑙 cos 𝜃 and 𝛾𝑙 of other groups of
SBS-modified asphalts and test liquids are regressed; all show
linear correlation coefficients >0.95. This indicates that the
contact angles between the SBS-modified asphalts prepared
with different raw materials and the three probe liquids by
the sessile drop method are accurate and that the surface free
energy results of the SBS-modified asphalts can be used.

4.3. The Influence of Neat Asphalt Type on Cohesive Work of
SBS-Modified Asphalt. Figure 6 presents the results of the
cohesive work of different neat asphalts and SBS-modified
asphalts. In general, the cohesive work of binder B asphalt is
the highest among the three neat asphalts, while the cohesive
work of binder C asphalt is the lowest. For asphalts with linear
modifiers, the cohesive work of the binder A + SBS-modified
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Figure 6:The cohesivework of SBS-modified asphalt prepared from
different neat asphalts.

asphalt is the highest, while that of binder B + SBS-modified
asphalt is equal to that of binder C + SBS-modified asphalt.
The cohesion of binder A, binder B, and binder C asphalts is
increased by 19.86%, 4.04%, and 30.34%, respectively, when
the same amounts of linear SBS modifiers are added. For the
three types of branched SBS-modified asphalt, the cohesive
power ranks in the order of binder A + branched SBS-
modified asphalt, binder B + branched SBS-modified asphalt,
and binder C + SBS-modified asphalt. From the above results,
it can be seen that the same SBS modifier has different
modification effects on different neat asphalts, demonstrating
the compatibility problems between SBS modifiers and neat
asphalts from the perspective of cohesive properties.

4.4. Effect of SBS Type on Cohesive Work of SBS-Modified
Asphalts. In order to compare and analyze the influence of
SBS type on the surface energy of SBS-modified asphalt, the
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Figure 7: The cohesive work of SBS-modified asphalts prepared by
different SBS types.

cohesive work values of the nine asphalt samples obtained
in the previous section are arranged according to different
SBS modifiers with the same kinds of asphalt (Figure 7).
The results are shown in Figure 6. The cohesive work of
the asphalts prepared with the linear SBS modifier is higher
than that of the neat asphalt but lower than that of the
asphalt modified by the branched SBS modifier. The results
show that the SBS modifier type has a significant effect on
the cohesive properties of asphalt. Specifically, the branched
SBS-modified asphalt has the strongest resistance to self-
cracking, the linear SBS-modified asphalt has intermediate
resistance, and the neat asphalt has the least resistance
to internal cracking during use. This is because the SBS
modifiers comprise styrene and butadiene block copolymers,
which form stable three-dimensional network structures by
interlocking between styrene and butadiene blocks with the
help of the highly aromatic extraction oil and stabilizer.
The network structures enhance the cohesive properties of
asphalt. Simultaneously, the SBS modifier absorbs the light
components in the neat asphalt, which increases the asphalt
polarity. Eventually, the cohesion of the asphalt increases with
the addition of SBS modifier [36]. In addition, the branched
SBS modifier has better modifying effects on asphalt because
it has a higher molecular weight and a more compact
structure, which promote the best resistance to cracking.

4.5. Effect of SBS Contents on Cohesive Work of SBS-Modified
Asphalts. Figure 8 shows the relationship between the SBS
content and cohesive work of SBS-modified asphalt. The
cohesive work of SBS-modified asphalt gradually increases
with the increase of SBS modifier. Asphalt modified with
5% SBS shows the highest resistance to cracking within the
range of SBS contents, which has good resistance to water
damage. Increased contents of SBS modifiers in a certain
range strengthen the cross-linking and winding between the



8 Advances in Materials Science and Engineering

0

5

10

15

20

25

30

35

40

45

50
C

oh
es

iv
e w

or
k 

(m
J/m

2
)

4.0 4.5 5.03.5
SBS content (%)

Figure 8: The cohesive work versus SBS content of SBS-modified
asphalts.

modifier and pitch, which reinforces the three-dimensional
network structure. Simultaneously, increasing the level of
SBS modifier absorbs the aromatic light components of neat
asphalt, which further extends the effect of SBS modification
and enhances the internal intermolecular forces of the SBS-
modified asphalts. Any amount of SBS improves the cohesive
performance of the modified asphalt. In addition, the growth
rate of the asphalt cohesive work is 6.48%, 9.85%, and 8.93%
for SBS content increases of 3.5% to 4%, 4% to 4.5, and 4.5%
to 5%, respectively. This is because the modifier fully absorbs
the aromatic components and promotes dispersibility when
the amount of SBS is small, but the network structure in this
range is weak, which causes cohesiveness to increase at a low
rate [37].

4.6. Effect of Extraction Oil Content on Cohesive Work of
SBS-Modified Asphalt. Figure 9 illustrates the changes in
the cohesive work of SBS-modified asphalts with increasing
contents of extraction oil. It can be seen that the cohesive
work of SBS-modified asphalt increases and then decreases
with increasing extraction oil contents. With 2.5% extrac-
tion oil, the cohesive work of the SBS-modified asphalt is
increased by 10.87% relative to oil-free asphalt, while the
cohesive work increases by 5.97% for the addition of 3.5%
extraction oil compared to that with 2.5%. That is because
the optimal amount of furfural extraction oil promotes
the swelling and dispersing of the SBS modifier, thereby
assisting microstructural formation with uniform particle
size, obtaining better three-dimensional network structures
by interparticle interactions, and increasing the cohesive
work of SBS-modified asphalt [38]. It should be noted that
the cohesive work of the SBS-modified asphalt decreases
for oil contents exceeding 3.5%, dropping by 5.57% with
4.5% furfural oil. This is because of the excessive dilution of
light components when the content of the highly aromatic
extraction oil exceeds that required for SBS swelling and
dispersing. Negative correlation relationships exist between
the surface energy and aromatic content that decrease the
cohesive power of SBS-modified asphalt. It can be concluded
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Figure 9: The cohesive work versus furfural extraction oil contents
of SBS-modified asphalts.
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Figure 10: The cohesive work versus stabilizer content of SBS-
modified asphalt.

from the above results that the SBS-modified asphalt with
the best cohesive work can be obtained by adding the proper
amount of extraction oil as a compatibility agent.

4.7. Effect of Stabilizer Content on Cohesive Work of SBS-
Modified Asphalt. Figure 10 illustrates the changes in the
cohesive work of SBS-modified asphalt with increasing stabi-
lizer contents.The cohesive work of the SBS-modified asphalt
clearly increases with increasing contents of stabilizer. The
increments of cohesive work of the SBS-modified asphalts are
8.82%, 12.28%, and 7.9% with 0.1%, 0.2%, and 0.3% stabilizer,
respectively. This is because the microstructure of the SBS-
modified asphalt from the addition of stabilizer causes reac-
tions between the SBS and neat asphalt. The distribution of
SBS modifier in asphalt is changed from bead-like structures
to a fine network structure, and interfacial adsorption layers
form between the polymer phase and the neat asphalt phase
in the modified asphalt [39]. Thus, the cohesive properties of
the SBS-modified asphalt are effectively improved.
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5. Conclusions

(1) When evaluating surface free energy of the SBS-modified
asphalt, the sessile drop method is an appropriate method
because the contact angle measurements show good repeata-
bility for the SBS-modified asphalts prepared with different
raw materials and three probe liquids.

(2) The cohesive work of SBS-modified asphalt can be
increased by selection the most suitable bitumen and SBS
modifier to improve the compatibility. And the cohesive
properties of asphalt are maximal with branched SBS, inter-
mediate with linear SBS, and minimal in neat asphalt.

(3) The addition content of admixtures, including SBS
modifier, stabilizer, and extraction oil can affect cohesive
work of SBS-modified asphalt differently. The cohesive work
of SBS-modified asphalt increases with the increase of SBS
modifier and stabilizer contents, while it increases and then
decreases with increases of extraction oil content.

(4) The writers envision that continued development of
other intuitive detection method to cohesion characteristics
of SBS-modified asphalt in the future will contribute toward
implementation of the moisture susceptibility.
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