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Abstract

The microstructure control of modified asphalt, especially the micro-dispersion of the SBS modifier in the mortar
transition zone, is a critical technology for the performance design of modified asphalt. To characterize the micro-
dispersive morphology of SBS modifiers, thin-section preparation techniques that can be used to analyze the original
microstructure of the asphalt mixture were proposed and introduced in this study. Flexible resin is filled into the
mixture at vacuum conditions to ensure accepted sample conditions for preparing thin sections of asphalt mixture.
The morphology parameters, including SBS area ratio, box dimension, SBS average particle area and its coefficient

of variation, area-weighted average axis ratio, and coefficient of variation, were plotted from fluorescence images to
characterize the micro-morphological distribution of the SBS modifier in detail. Results have shown that the area ratio
increased with the increase in SBS content, while the box dimension was reduced and the distribution uniformity of
the particles decreased. The superfluous SBS modifier in the binder at a too high adding ratio will decrease the value
of the box dimension. Lower modification temperature worsened the SBS modifier in the mixture, resulting in a wide
range of particle size, higher axis ratio, and higher area ratio. The micro-morphologies of SBS in the asphalt mixture
phase varied a lot from the asphalt binder phase. The additional materials of mineral filler and fine aggregate, together
with the other heating processes, will significantly influence the swelling state and particle size of the SBS modifier.

Keywords: Asphalt mixture, Asphalt modifier, SBS modified asphalt, Fluorescence microscopic image, Thin section

Introduction

Asphalt pavement is laid and compacted from an asphalt
mixture, considered a composite material with coarse
aggregates, fine aggregates, mineral filler, asphalt binder,
and other additives. The performance of the asphalt
binder plays a vital contribution to the final road perfor-
mance of asphalt pavement, although it is only weighted
at around 5% of the whole mixture. Many innovative
modifiers, including fibers [1, 23], polymers [26, 31], and
Nano-clay [20], were developed to enhance the perfor-
mance of asphalt binder. Among these modifications, SBS
(Styrene—butadiene—styrene) modified asphalt binder is

*Correspondence: xiaoy@whut.edu.cn
State Key Laboratory of Silicate Materials for Architectures, Wuhan
University of Technology, Wuhan 430070, China

@ Springer Open

the most widely accepted material for prolonging the ser-
vice life of asphalt pavement.

The microstructure of modified asphalt binder and the
inner structures of a mixture are believed to influence the
binder’s performance and its corresponding mixture sig-
nificantly. Many research methods have been developed
for micro-scale inner structure analysis of asphalt mix-
tures. Wang et al. [24] used digital image processing tech-
niques to quantify aggregate skeleton structure, including
orientation, distribution, and contact properties of the
aggregate. In collaboration with other laboratories, Has-
san et al. [10] used X-ray computed tomography and
optical microscopy to observe the internal structure of
the mixture, especially the distribution of internal voids
in recycled asphalt mixture. Navaro et al. [18] proposed
a microscopic observation technique for observing the
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interface between new binder and aged binder in recy-
cled asphalt pavement, then quantified the influence of
production parameters, material temperature, and mix-
ing time on the surface morphology of binder clusters.
Xiao et al. [25] studied the SBS morphologies in asphalt
binder with fluorescence technology and concluded the
relationship between SBS morphologies and viscoelastic
binder properties.

The modifier morphologies in asphalt mixtures are also
widely studied but were seldom quantitatively character-
ized. The asphalt binder is widely accepted as a colloidal
structure [8, 19], with a colloidal index describing the
structure stability [13, 16]. Such structuring in asphalt
binder is a big challenge for asphalt modification. Suf-
ficient distribution of modifiers and interfacial bonding
are the critical issues for ensuring a high-performance
modified binder. The Atomic force microscope, which
can map different materials in the tested area, was used
many years ago to study asphalt microstructures [9, 14].
Shan et al. [22] used small-angle neutron to characterize
the structure of the neat binder, SBS modifier, and SBS
modified binder at the nanoscale and confirmed that the
mechanism of SBS modification was a physical modifica-
tion of the nanoscale structure.

However, only limited literature focused on the micro-
morphologies of SBS modifiers in the mortar transition
zone of asphalt mixtures. The relationship between SBS
morphologies in the asphalt binder situation and the
situation in the asphalt mixture is still unknown. Moreo-
ver, research on the internal morphology structure of the
SBS modifier in the asphalt mixture is of great signifi-
cance for improving the service performance of the final
asphalt pavement. Fluorescence microscopy technology,
an image-based analysis technique, has played a vital role
in polymer-modified asphalt research.

Therefore, the objectives of this research are:

1. Propose and prove a feasible specimen preparation
method for fluorescence microscopy analysis. The
specimen should be qualified for fluorescence image
analysis to characterize the micro-dispersive mor-
phology of SBS modifiers.

Table 1 Physical properties of the used grade asphalt binder

Page 2 of 14

2. Define the image processing and analysis techniques
to characterize SBS micro-dispersive morphologies
in mortar transition zone in asphalt mixtures.

3. Characterize the SBS modifier in the mortar transi-
tion zone in an asphalt mixture, with cross-section
specimens to provide an excellent technique to
enhance the quality of the SBS modified binder and
its corresponding mixture through improving the
SBS morphologies in the mixture.

Materials and research program

Materials

As Table 1 shows, an asphalt binder with a 69 penetra-
tion value and a 46°C softening point was used in this
research for modified binder and asphalt mixture design.
The Linear chemical structure SBS modifier, with physi-
cal properties displayed in Table 2, was used to modify
the asphalt binder. Basalt was used under the mixture
gradation design guide for asphalt mixtures. The finalized
aggregate gradation of AC-13 was presented in Table 3,
with an optimal binder content of 4.9 wt%.

The SBS modifier was added into the liquid asphalt
binder gradually with a high-speed shear mixer, with the
following modification process: First, the asphalt binder
was heated to 145°C to ensure an acceptable low viscos-
ity for adding the modifier. Secondly, a certain amount
of SBS modifier was added into the liquid state of the
asphalt binder, which was kept in a heated environment
to ensure stable temperature conditions. Thirdly, the SBS

Table 2 Physichemical properties of the SBS modifier used for
asphalt modification

SBS types YH-792
S/B ratio 20/80
Volatile content <0.7%
Ash content <0.2%
Tensile strength 24 MPa
Elongation ratio >730%
Failure strain <55%
Configuration Linear
Number average molecular weight 1.0x10°

Physical properties Test results

Requirements Specifications

Penetration (25°C, 100g, 55), 01 mm 69
Softenning point, °C 46
Ductility (5cm/min, 15°C), cm >100
Viscosity (135°C), Pass 284.5

60~80 T0604-2011
>44 T0606-2011
>40 T0605-2011
- T0625-2011
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Table 3 Aggregate gradation that used in this research

Size (mm) 16 132 9.5 4.75 2.36 118 0.6 03 0.15 0.075
Percent passing by weight (%) 100.0 943 804 504 284 210 15.0 113 8.8 6.9

modifier was mixed with the liquid binder with a high-
speed shear machine at a specific shear rate for 1h to
obtain a homogeneous modifier distribution. In the end,
the SBS modified binder was placed in an oven at 100°C
for at least 30min to promote the swelling of the SBS
modifier [7, 21]. Then, these modified asphalt binders
were used for asphalt mixture design.

The literature claims that the modification process,
including SBS adding content, conditioning temperature,
high-speed shearing duration, and shearing rate, has a
significant impact on the final properties of SBS binder
due to the different distribution status of SBS modifier
in asphalt binder resulting from different modification
conditions [2, 30]. Therefore, the influence of SBS add-
ing content, modification temperature, and shearing
rate on the SBS morphologies was studied. Investigated
conditions include the modification conditions of 2 wt%,
3wt%, 4wt%, 5wt%, and 7wt% for SBS adding content,
130°C, 145°C, 160°C, and 175°C for shearing condition-
ing temperature, and 2000 rpm, 3500 rpm, and 5000 rpm
for shearing rate.

Research program

Figure 1 describes the research program using fluores-
cence microscope analysis to characterize the morpholo-
gies of SBS particles in the asphalt mixture with the help
of the thin section preparation method. The SBS modifier
was first added to the original asphalt binder under the
modification conditions discussed in the previous sec-
tion, and then the AC-13 asphalt mixture was mixed and
compacted. The thin section preparation method, which
will be detailed explained in the section of the Micromor-
phology characterization method, was adapted to obtain
the cross-section of asphalt mixtures. In the end, thin
sections of the SBS modified mixture were placed under
a fluorescence microscope to characterize the SBS mor-
phologies quantitatively.

Micromorphology characterization method

Thin section preparation

Microscope analysis of material surface inspection always
requires a flat surface with very low roughness to ensure
precise imaging results [6, 27]. Asphalt mixture, a porous

Original asphalt binder

SBS modifier

Modification conditions:
SBS content:

<

\ 4

SBS modified binder

\4

Asphalt mixture design

v

Temperature:
135, 145, 160 and 175 °C;
Shear speed:
2000, 3500 and 5000 rpm;

A\ 4

Morphology
characteristics

Influence law
of modification
conditions

Fig. 1 Research program for SBS morphology characterization in asphalt mixture
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solid material containing hard and soft constituents, can
not be directly used for microscope surface analysis [5,
12, 18]. The rough surface of the asphalt mixture will
significantly decrease the imaging efficiency. Therefore,
the thin section preparation method was proposed and
approved to obtain a flat surface of asphalt mixture that
enables precise imaging analysis. The experimental flow
of thin section preparation is shown in Fig. 2, with steps
of epoxy filling, cutting, and grounding. The detailed
steps can be described as follows:

1. Specimens of asphalt mixture were cut into blocks
of 2cm x 2cm x 5¢m or drilled into cylinders with a
diameter of 3cm.

2. Epoxy was then filled into the air voids in the mixture
by placing the specimen in liquid epoxy under vac-
uum for 5min and then placed at room temperature
for another 10h for epoxy hardening to avoid micro-
cracks during the second cutting stage for the thin
specimen. The vacuum condition in which the speci-
men was placed was used in this research to ensure
all trapped air was removed and replaced with liquid
epoxy before hardening.

3. Epoxy-filled mixtures were then cut into thin speci-
mens with a thickness of approximately 3mm. A spe-
cialized cutting machine (Fig. 2) was used in this step,
a Struers Minitom cutting machine with an accuracy
of 0.01 mm.

4. The planned observation surface was grounded and
then cleaned with a polishing machine and an ultra-
sonic washing machine. Ultrasonic washing of thin
sections can then be used for fluorescence micro-
scopic analysis.

With this thin section preparation method, a flat cross-
section of asphalt mixture that retains its original inner
micro-structure can be obtained for further microscope
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image analysis. Because alteration was not made even
during the polishing stage, heat or reagents that could
affect the morphology were not used. So the fluorescence
microscopy study was carried out on the original asphalt
mixture. Figure 2 shows an example of a fluorescence
image of SBS-contained mortar in an asphalt mixture.

Micromorphology characterization

After the thin section of asphalt mixture was prepared,
a fluorescence microscope was used to quantitatively
analyze the dispersion form of the SBS modifier in the
mortar transition zone between aggregates in the asphalt
mixture. MATLAB (Matrix Laboratory) performed RGB
(Red Green Blue) image analysis and processing with
microscopic fluorescence images of the asphalt mixture.
RGB means RGB color system. It constructs all the colors
from the combination of the Red, Green, and Blue colors.
The Red, Green, and Blue use 8 bits each, with integer
values from 0 to 255 [15, 17].

Figure 3 presents the SBS morphology characteriza-
tion steps. The distribution of the SBS modifier in the
mortar area of the asphalt mixture is shown in Fig. 3a.
This area contains a minimal amount of coarse aggregate
(dark black-green part), mineral powder, fine aggregate,
asphalt, and SBS modifier (bright green-yellow area).
The fine mortar with a binder, mineral powder, and fine
aggregate shows a light brown color. Firstly, to reduce
the influence of the background caused by uneven light,
the MATLAB imopen function was used to get the back-
ground of the analyzed image, and then the MATLAB
imsubtract function was used to remove this background,
which is presented in Fig. 3c. Secondly, RGB color image
analysis and processing were conducted to define the
pixel threshold of the SBS phase, mineral powder, and
fine aggregate. As Fig. 3d indicates, the black and white
map of SBS distribution at the mortar transition zone
in the asphalt mixture is obtained by self-programming,

1. Asphalt mixture;
2. Epoxy filling;
3. Cutting; 4. Polishing;

= Cross section of
asphalt mixture
with flat surface
Fig. 2 Thin section preparation of asphalt mixture for fluorescence microscopic analysis

* Fluorescence image of
mortar in asphalt mixture
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d: SBS modifier
Fig. 3 Explanation of SBS morphology characterization steps

and the right one shows the mineral powder and fine
aggregate distribution, while the left one shows the SBS
modifier.

The six parameters used to characterize the SBS mor-
phologies in the mortar transition zone are SBS area ratio,
SBS box dimension, area-weighted average axis ratio of
SBS, coefficient of variation in axis ratio, SBS average parti-
cle area, and coefficient of variation in average particle area.
A wider range of microscope images of 1000*1000 pixels
was used in the statistical evaluation to ensure the accuracy
of image analysis. Furthermore, these six indicators are
calculated by self-programming in MATLAB. Their repre-
sentative physical meanings are explained in Table 4. The
more uniform the particle distribution in the two-dimen-
sional area is, the closer the box dimension of the region is
to 2. Figure 4 explains the relationship between box dimen-
sion and particle distribution uniformity in areas of the
same size. The exact number of particles of the same size
are placed in the same block but with different distribution

uniformity. Obviously, the better the uniformity is, the
closer the box dimension is to 2.

The axis ratio of the SBS modifier was calculated from
fluorescence image analysis to quantify the shape of SBS
particles in the mixture phase. It is defined as the axis ratio
of the equivalent oval-shaped area of the analyzed two-
dimensional SBS particle. The area-weighted average axis
ratio was then defined and used to minimize the influence
of particle areas. The area-weighted average axis ratio can
be calculated with Eq. (1), and Eq. (3) explains the calcula-
tion of the coefficient of variation in the axis ratio.

_ Z?:lAi X Pl' (1)
?:l Aj

M
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Table 4 Physical meaning of the used microscopic morphological parameters

Microscopic morphological parameters

Physical meaning

SBS area ratio [%]

SBS box dimension (D)

Area-weighted average axis ratio of SBS
Coefficient of variation in axis ratio

SBS average particle area [um?]

Coefficient of variation in SBS average particle area

Volume fraction of SBS modifier in
mortar at two-dimensional condition

Distribution uniformity of SBS modifier
SBS particle shape

SBS particle shape distribution

SBS particle size

SBS particle size distribution
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Fig. 4 Graphic explanation of the relation between box dimension and particles distribution uniformity

S
C.V = 7 x 100% 3)

Where M is the area-weighted average axis ratio, A4; Is
the area of no. i particle, P; is the equivalent oval-shaped
area of no. i particle, N is the particle number in the ana-
lyzed area, S is the standard deviation of axis ratio, C.V is
the coefficient of variation in axis ratio.

Results and discussion

SBS micro-morphologies in mix

The influence of modification conditions on SBS micro-
morphologies in asphalt mixtures was studied with the
help of the thin section preparation method and fluo-
rescence image analysis. Magnification of 200 times for
fluorescence images was presented in Figs. 5, 8, and 11.
In this research, the modification conditions have the fol-
lowing three categories.

+ The SBS adds ratio dependency: the SBS adding
ratios include 2wt% (weight), 3wt%, 4wt%, 5wt%,
and 7wt%, under the shearing conditions 160°C for
temperature and 3500 rpm for shearing rate.

+ Modification temperature dependency: the modifica-
tion temperatures include 130°C, 145°C, 160°C, and
175°C, under a shearing rate of 3500 rpm and a 30%
adding ratio.

+ Temperature dependency: the modification tempera-
tures include 130°C, 145°C, 160°C, and 175°C, under
a shearing rate of 3500 rpm and a 30% adding ratio.

o The Shearing rate dependency: the shearing rates
include 2000 rpm, 3500 rpm, and 5000 rpm, under a
modification temperature of 160°C SBS adding ratio
was 2wt% and 7 wt%.

SBS adding ratio dependency

Figure 5 shows the fluorescence microscopy images of
the SBS modifier in the asphalt mixtures under blue
excitation light. It illustrates that the cross-section of an
asphalt mixture with a flat surface can be successfully
used in fluorescence microscopy analysis. The distribu-
tion of the SBS modifier in the mortar transition zone
can be detected under blue excitation light. Higher SBS
content in the asphalt binder will result in a more bright
green-yellow area in the fluorescence microscopy images
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of the mortar transition zone, representing a higher area
ratio of the SBS modifier in the asphalt mortar.

The morphology parameters were then plotted in Fig. 5
for further analysis. Figures 6 and 7 presents how the six
micromorphology parameters of the SBS modifier vary
with modifier content. It can be seen from Fig. 6 that
with the increase in SBS content, the SBS area ratio in
asphalt mortar first rises and then decreases, reaching
the highest value of 7.86% at 5wt% content, indicating
that the asphalt mixture preparation process of differ-
ent SBS content has different effects on the SBS area
ratio. Figure 6 also shows that with the increase in SBS
content, the box dimension increased initially. The rea-
son is that the number of polymer particles in the 3wt%

SBS sample significantly increased compared with the
2wt% sample, which improves the dispersion uniform-
ity in asphalt mortar. So the detected image morpholo-
gies of SBS particles in the mortar transition zone will
be changed, resulting in a different SBS area ratio. When
SBS content is increased to 5wt%, the SBS particle size in
asphalt mortar is more prominent, and the distribution is
denser than in the lower content samples. However, due
to the SBS dispersion in asphalt mortar becoming worse,
which is related to the superfluous SBS modifier in the
binder at too high a ratio, the box dimension decreases
significantly.

Figure 7 illustrates that when the content increases
from 3wt% to 7wt%, the particle area first rises sharply

15 2
[ —e—Arearatio
| —e—Box dimension - 1.9
C
10 T S
et - 1.8 2
5 E
9 o I 17 ©
<5+ S
O m
- 1.6
0 } } } } 1.5
2% 3% 4% 5% 6% 7%
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Fig. 6 Influence of SBS content on the area ratio and box dimension in mix
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and then decreases, so it has no linear relationship with
the SBS content in a binder. The trend of the area vari-
ation coeflicient is similar to the particle area curve.
When the adding ratio increases from 5wt% to 7 wt%, the
size difference between SBS particles in asphalt mortar
becomes smaller, and the dispersion is better. In addition,
Fig. 7 shows that the area-weighted average axis ratio in
asphalt mortar fluctuates in the range of 1.732 to 1.916,
and the coefficient of variation remains at a low level,
indicating that the content has little effect on the shape of
polymer particles in the asphalt mortar.

Modification temperature dependency
Figure 8 presents interesting differences in fluorescence
images resulting from different modification tempera-
tures. Specimens with binder modified at 130°C have
the brightest color of SBS particles, while specimens
with binder modified at other three higher tempera-
tures have a darker color. The reason is that 130°C is not
enough to ensure a homogenous distribution. The size
of shining particles of 130°C specimens varied from 8 to
40 um, illustrating that the SBS modifiers were not well
dispersed [3, 7, 21]. When the modification temperature
increases, the size of dispersed SBS particles decreases,
and therefore, the fluorescence image gets a bit darker.
Figure 9 presents the influence of modification temper-
ature on the particle area and axis ratio of the SBS modi-
fier in the mortar transition zone. It agrees with Fig. 8
that the SBS particles got much smaller when their modi-
fication temperature increased from 130°C to 145°C.
Specimens with binder modified at 145°C, 160°C, and

175°C had similar values of particle area of SBS modi-
fier. The coefficient of variation in particle area presents
the same changing law. The parameter of the average axis
ratio and its coefficient of variation had the same rela-
tion to modification temperature as that of particle areas.
Specimens with binder prepared at a modification tem-
perature of 145°C have the lowest average axis ratio. It
illustrates that a higher modification temperature is nec-
essary to decrease the SBS particle size and axis ratio.

Figure 10 concludes the relationship between area ratio
and modification temperature, as well as the relationship
between box dimension and modification temperature.
The box dimension of tested specimens varies from 1.63
to 1.72, showing no apparent relationship with the modi-
fication temperature. Higher modification temperature
would result in smaller SBS particles in the mortar area,
resulting in a change of area ratio from 5.34 to 1.5% when
the modification temperature increased from 130°C to
145°C. However, higher modification temperatures of
160°C and 170°C will promote the swelling process of the
SBS modifier, resulting in a slight increase in area ratio
[11, 28, 29].

Shearing rate dependency

Figure 11 shows the fluorescence microscopy images of
the SBS modifier in the mixtures with binder modified
by the different shearing rates. Firstly, the fluorescence
images of the 2wt% SBS group and the 7wt% SBS group
had significant differences. Specimens of the 7wt% SBS
group had significantly brighter fluorescence images than
those of the 2wt% SBS group. Secondly, the influence of
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Fig. 8 Fluorescence images of SBS modifier in mixtures at different conditioning temperature (image size: 1.4mm x 1.0mm)
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Fig. 9 Influence of modification temperature on the particle area and axis ratio in the mix

the shearing rate was highlighted in the case of the 7wt%
SBS group. Differences in fluorescence images due to
increasing shear rate were negligible when a 2 wt% modi-
fied binder was used, while there were apparent differ-
ences with a 7wt% modified binder.

Table 5 concludes the micro-morphologies of SBS par-
ticles in mixtures with asphalt binder modified at differ-
ent shearing rates. It shows that the area ratio increases
with the increase in shearing rate, both in the 2wt% SBS
group and the 7wt% SBS group. Specimens of the 7wt%
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Fig. 11 Fluorescence images of SBS modifier in mixtures at a different shearing rate (image size: 1.4 mm x 1.0mm)

Table 5 Influence of shearing rate on the micro-morphologies of SBS in the mix

SBS adding ratio [wt%)] 2% 7%

Shear rate [rpm] 2000 3500 5000 2000 3500 5000
Area ratio [%] 0373 2412 247 3.959 5.126 5971
Box dimension 1.355 1.639 1415 1.659 1.660 1619
Area-weighted average axis ratio 1.608 1.732 1.851 2171 1.823 2124
Coefficient of variation in area-weighted average axis ratio 0.508 0.336 0.385 0.306 0316 0.335
Average particle area [um?] 6.408 11.648 6.096 15.452 15.191 27.685

Coefficient of variation in average particle area 1470 2264 1576 3.034 1.666 2.500
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SBS group almost have a linear relationship between area
ratio and shearing rate, while their box dimension stays
constant. Specimens of the 2wt% SBS group have the
highest area ratio and box dimension at the shearing rate
of 3500rpm. Specimens of the 7wt% SBS group have a
highest average particle area than those of the 2wt% SBS
group, while specimens with 5000rpm and 7wt% SBS
have the highest particle area of 27.7 um? The coefficient
of variation in the area-weighted average axis ratio and
the coefficient of variation in average particle area show
the same relationship to the shearing rate.

Micro-morphologies in mixtures and their corresponding
binder

Besides the micro-morphologies of the SBS modifier
at the transition zone in asphalt mixtures, SBS micro-
morphologies in asphalt binder were also studied by the
same image processing methods described in Micromor-
phology characterization method section. Moreover, the
micro-morphologies of SBS in the asphalt binder phase,
including area ratio, box dimension, area-weighted aver-
age axis ratio, and average particle area, were compared
to the characteristics of their corresponding mixtures to
illustrate the changes of SBS particles from the binder
phase to the mixture phase.

Figure 12 presents the differences in area ratio for the
SBS modifier in the asphalt binder and their correspond-
ing mixtures. It shows that the area ratio of the SBS mod-
ifier in asphalt mixtures is lower than that in the binder,
with only one exception. Mortar in the asphalt mixture
includes asphalt binder, filler, and fine aggregate. The
filler occupies a specific volume in the mortar, resulting
in a lower area ratio of the SBS modifier [14]. Specimens
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prepared at 3wt% adding ratio, 130°C modification
temperature, and 3500rpm shear rate present a slightly
opposite trend. The modification temperature of 130°C
was not high enough to ensure sufficient swelling for SBS
particles in the modified binder. At the same time, hot
mixing conditions would additionally promote the swell-
ing process, resulting in a more significant area ratio of
SBS particles in the mixture than in its binder [7, 28].

Figure 13 compares the differences in average parti-
cle area for the SBS modifier in the asphalt binder and
their corresponding mixtures. When the average par-
ticle area in the asphalt binder is higher than 50 um?, it
will lower the average particle area in its mixture. When
it is lower than 50 um?, a higher value of average particle
area will be obtained in its mixture. For instance, in the
cases of 4%-160C, 5%-160C, 7%-160C, 7%-2000 rpm, and
7%-5000rpm, the average particle area was significantly
reduced from the binder situation to the mixture situa-
tion. It illustrated that when the average particle area is
big enough, the friction stress between fine aggregates
and filler during the compaction process might further
separate the SBS modifier, resulting in a lower value of
average particle area from binder condition to mixture
condition [4, 24].

The binder prepared at 130°C of modification tem-
perature has the highest increasing average particle area
from the binder phase to the mixture phase. It agrees
with Fig. 11 that the hot mixing process will promote
the swelling of SBS particles that have not got sufficient
swelling due to the low modification temperature.

Figure 14 illustrates that all the box dimension values
of SBS particles in the asphalt mixture are lower than
those in the asphalt binder. According to the definition
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of box dimension, the closer to 2 box dimensions, the Conclusions

better the particle distribution will be. The differences
described in Fig. 14 indicate that the distribution of the
SBS modifier in the asphalt mixture is worse than in
the asphalt binder. Fine aggregate and filler, which have
particles with a similar diameter to SBS particles vary-
ing around 75 um, would negatively influence the distri-
bution of the SBS modifier. The area-weighted average
axis ratio of the SBS modifier described in Fig. 15 shows
slight differences from the binder phase to the mixture
phase. Most of them were lower than 2, a pretty low
value that means good sphericity of the SBS modifier.

A quantitative analysis of the SBS distribution charac-
teristics in the asphalt mixture was introduced in this
study. The influence of the SBS modification condition
on the final SBS micro-morphologies was also quanti-
fied. From the discussed results, the following conclu-
sions can be drawn:

1. The introduced cross-section preparation and fluo-
rescence microscopy image analysis can be used to
determine the SBS micro-morphology characteristics
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in the mortar transition zone of the asphalt mixture
quantitatively. The life extension of the SBS modified
asphalt mixture can be improved with a better dis-
tributed SBS modifier in the mixture.
SBS content significantly affects the volume fraction
of SBS particles in asphalt mortar. With the increase
of SBS adding content, SBS average particle area,
area-weighted average axis ratio, and their coefficient
of variation increase. While superfluous SBS modifi-
ers in the binder at a higher ratio, for instance, 7 wt%,
as proved in this study, will decrease the value of the
box dimension.

Too much lower modification temperature worsens

the SBS modifier in the mixture, resulting in a wide

range of particle size, higher axis ratio, and higher
area ratio. The area ratio increases with the shear-
ing rate and adding ratio, while a higher shearing rate
would break the SBS network and weaken the final
mechanical properties. Specimens at 3500 rpm have
the lowest coefficient of variation in area-weighted
average axis ratio, indicating a better homogeneous

SBS particle shape.

. 'The micro-morphologies of SBS in the asphalt mix-
ture phase varied from the asphalt binder phase. The
area ratio of the SBS modifier in the mixture phase
was lower than that in the binder phase, and the
binder prepared at 130°C had the highest increasing
percentage of average particle area from the binder
phase to the mixture phase. The mineral filler and
fine aggregate, together with an additional heating
process from the mixing stage, will significantly influ-
ence the swelling state and particle size of the SBS
modifier.
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