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ABSTRACT: This article presents a laboratory evaluation
of conventional, fundamental, rheological, and morpholog-
ical characteristics of styrene-butadiene-styrene (SBS) and
ethylene vinyl acetate (EVA) polymer modified bitumens.
Polymer modified bitumen (PMB) samples have been pro-
duced by mixing a 50/70 penetration grade unmodified
(base) bitumen with SBS and EVA copolymer at different
polymer contents. The fundamental viscoelastic properties
of the PMBs were determined using dynamic (oscillatory)
mechanical analysis and presented in the form of tempera-
ture and frequency-dependent rheological parameters.
The morphology of the samples as well as the percent
area distribution of polymers throughout the base bitumen
have been characterized and determined by means of
fluorescent light optic microscopy and Qwin Plus image

analysis software, respectively. The results indicated that
polymer modification improved the conventional and
rheological properties of the base bitumen. It was also
concluded that the temperature and frequency had a sig-
nificant effect on complex modulus of PMBs. The behavior
of EVA and SBS PMBs had exhibited quite difference at
50�C. Moreover, it was found out that at low polymer
contents, the samples revealed the existence of dispersed
polymer particles in a continuous bitumen phase, whereas
at high polymer contents a continuous polymer phase has
been observed. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
122: 3122–3132, 2011
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INTRODUCTION

Bitumen has been widely used as an adhesive mate-
rial in pavement mixtures, surface dressing, bridge
deck waterproofing, overlays, and the protection of
buildings, for example waterproofing roof and joint
and crack seals. This is because asphalt is strong,
readily adhesive, highly waterproof, and durable.1

Bituminous binders used in pavement mixtures
must perform adequately under a wide temperature
regime. The binder must remain flexible enough to
withstand sudden stresses without cracking at low
temperatures during winter, but remain cohesive at
high summer temperatures.2

The rheological behavior of bitumen is very
complex phenomenon, varying from purely viscous
to elastic, depending on loading time and tempera-
ture. Bitumen modification offers one solution to
overcome the deficiencies of bitumen and thereby
improves the performance of asphalt mixtures.
The best known form of modification is by means

of polymer modification, traditionally used to
improve the temperature susceptibility of bitumen
by increasing binder stiffness at high service tem-
peratures and reducing stiffness at low service
temperatures.3

Currently, the most commonly used polymer for
bitumen modification is the styrene-butadiene-sty-
rene (SBS) followed by other polymers such as ethyl-
ene vinyl acetate EVA, styrene butadiene rubber
(SBR) and polyethylene.4 SBS block copolymers are
classified as elastomers that increase the elasticity of
bitumen and they are probably the most appropriate
polymers for bitumen modification. SBS copolymers
derive their strength and elasticity from physical
and crosslinking of the molecules into a three
dimensional network. The polystyrene end blocks
impart the strength to the polymer while the polybu-
tadiene rubbery matrix blocks give the material its
exceptional viscosity.5 When SBS is blended with bi-
tumen, the elastomeric phase of the SBS copolymer
absorbs the oil fractions from the bitumen and
swells up to nine times as much as its initial volume.
At suitable SBS concentration, a continuous polymer
phase is formed throughout the polymer modified
bitumen (PMB) and significantly modifies the base
bitumen properties.6
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EVA based polymers are classified as plastomer
that modify bitumen by forming a tough, rigid,
three-dimensional network to resist deformation.
Their characteristics lie between those of low density
polyethylene, semirigid, translucent product and
those of a transparent and rubbery material similar
to plasticized polyvinyl chloride (PVC) and certain
types of rubbers.7 This type of polymers has
revealed as good modifiers, which improve perma-
nent deformation and thermal cracking.8

In spite of the significant research which has been
carried out related to the SBS and EVA modified
PMBs in road applications, more studies have to be
undertaken on the compatibility and in the interac-
tion between the SBS, EVA polymer and the base bi-
tumen. This article aims to characterize the funda-
mental properties of the SBS and EVA based PMBs
by using conventional test methods and dynamic
(oscillatory) mechanical analysis as well as to evalu-
ate the morphology by assessing the state of disper-
sion of elastomeric and plastomeric polymers and bi-
tumen phases. The distribution of polymers in the
base bitumen on the area basis has also been eval-
uated by Qwin-Plus image analysis software.

EXPERIMENTAL

Materials

The base bitumen with a 50/70 penetration grade
was procured from Aliaga/Izmir Oil Terminal of the
Turkish Petroleum Refinery. To characterize the
properties of the base bitumen, conventional test
methods such as; penetration test, softening point
test, ductility test, etc. were performed. These tests
were conducted in conformity with the relevant test
methods that are presented in Table I.

The SBS polymer used was Kraton D-1101 supplied
by the Shell Chemicals Company. Kraton D-1101 is a
linear SBS polymer in powder form that consists of
different combinations made from blocks polystyrene
(31%) and polybutadiene of a very precise molecular
weight.9 These blocks are either sequentially polymer-
ized from styrene and butadiene and/or coupled to
produce a mixture of these chained blocks.
The EVA polymer used was EvataneVR 2805 sup-

plied in pellet form by the Arkema Company,
Turkey. EvataneVR 2805, which contains vinyl acetate
content of 27–29% is a highly flexible plastomer
designed for bitumen modification and especially for
road paving.10 The properties of the Kraton D-1101
and EvataneVR 2805 polymers are presented in Table II.

Preparation of SBS and EVA modified bitumens

The SBS and EVA modified bitumen samples were
prepared by means of a high and a low shear labo-
ratory type mixer rotating at 1100 and 125 rpm,
respectively. In preparation, the base bitumen was
heated to fluid condition (180–185�C), and has been
poured into a 2000 mL spherical flask. The SBS and
EVA polymers were then added slowly to the base
bitumen.
The concentrations of SBS Kraton D-1101 in the

base bitumen were chosen as 2–6% by weight. The
utilization of this content is based on past research
made by Isacsson and Lu.11 They concluded that, a
significant improvement in the properties of base bi-
tumen was observed when the SBS content was
increased from 2 to 6% by weight. On the other
hand, the EvataneVR 2805 concentrations were chosen
as 3–7% according to the manufacturers.
The temperature was kept constant at 185�C, and

the mixing process continued for 2 h. The uniformity

TABLE I
Properties of the Base Bitumen

Test Specification Results
Specification

limits

Penetration (25�C, 0.1 mm) ASTM D5 63 50–70
EN 1426

Softening point (�C) ASTM D36 49 46–54
EN 1427

Viscosity at 135�C (Pa s) ASTM D4402 0.51 –
Thin film oven test (TFOT)
(163�C, 5 h)

ASTM D1754
EN 12607–1

Change of mass (%) 0.07 0.5 (max)
Retained penetration (%) ASTM D5 51 50 (min)

EN 1426
Softening point after ASTM D36 51 48 (min)
TFOT (�C) EN 1427

Ductility (25�C) (cm) ASTM D113 100 –
Specific gravity (gr/cm3) ASTM D70 1.030 –
Flash point (�C) ASTM D92 þ260 230 (min)

EN 22592
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of dispersion of SBS and EVA in the base bitumen
was confirmed by passing the mixture through an
ASTM 100 sieve. After completion, the samples were
removed from the flask and divided into small con-
tainers, covered with aluminum foil and stored for
testing.

Test method

Following the determination of the properties of the
materials used in this study and preparation of the
PMB samples, conventional test methods, differential
scanning calorimetry test, dynamic mechanical analy-
sis, fluorescence microscopy, and Qwin Plus image
analysis were performed on each of the PMB samples.

Conventional tests

The base, SBS and EVA PMBs were subjected to the
following conventional bitumen tests; penetration,
softening point, thin film oven test (TFOT), penetra-
tion, and softening point after TFOT and storage sta-
bility test (EN 13399). Six replicates of each PMB
sample containing different polymer contents were
prepared for bitumen testing. The storage stability
value was determined by the difference of softening
point temperatures of PMB samples taken from the
top and bottom of cylindrical mold (32 mm diameter
and 160 mm height) after they were stored vertically
at 163�C in an oven for 72 h. In addition, the tem-
perature susceptibility of the modified bitumen sam-
ples was calculated in terms of penetration index
(PI) using the results obtained from penetration and
softening point tests. Temperature susceptibility is
defined as the change in the consistency parameter
as a function of temperature. A classical approach
related to PI was given in the Shell Bitumen Hand-
book1 as shown in the following equation:

PI ¼ 1952� 500� logðPen25Þ � 20�SP
50� logðPen25Þ � SP� 120

(1)

where, Pen25 is the penetration at 25�C and SP is the
softening point temperature of PMB.

Dynamic mechanical analysis

At present, the most commonly used method of fun-
damental rheological testing of bitumen is by means
of dynamic mechanical methods using oscillatory-
type testing, generally conducted within the region
of linear viscoelastic (LVE) response. These oscilla-
tory tests are undertaken using dynamic shear rhe-
ometers (DSRs).
The DSR test was performed on SBS and EVA

PMBs by using a Bohlin DSRII rheometer. The test
was performed under controlled-stress loading con-
ditions using frequency sweeps between 0.01 and 10
Hz at temperature between 10 and 80�C. The tests
were carried out with 8 mm diameter, 2 mm gap
parallel plate testing geometry between 10 and 30�C,
and with 25 mm diameter, 1 mm gap geometry
between 30 and 80�C. Dynamic shear rheometer test
configuration is given in Figure 1.3 The stress ampli-
tude for all the tests was confined within the linear
viscoelastic response of the bitumen.
The principal viscoelastic parameters obtained

from the DSR are magnitude of the complex shear
modulus (G*) and phase angle (d). G* is defined as
the ratio of maximum (shear) stress to maximum
strain and provides a measure of the total resistance
to deformation when the bitumen is subjected to
shear loading.12 The complex modulus consists of
the storage modulus, G0 and the loss modulus, G00.

TABLE II
The Properties of Kraton D-1101 and EvataneVR 2805 Polymer

Composition Specification Kraton D-1101 EvataneV
R

2805

Molecular structure – Linear Linear
Physical properties
Specific gravity (gr/cm3) ASTM D792 0.94 0.92
Tensile strength at break (Mpa) ASTM D412 31.8 33.0
Shore hardness (A) ASTM D2240 71 82
Physical form – Powder, pellet Powder, pellet
Melt flow rate ASTM D1238 <1 5–8
Processing temperature (�C) – 150–170 65–80
Elongation at break (%) ASTM D 412 875 700–1000

Figure 1 Dynamic shear rheometer testing configuration.3
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The storage modulus, which is the elastic (recover-
able) component, represents the amount of energy
stored in the sample during each loading cycle. The
loss modulus, which is the viscous (nonrecoverable)
component, represents the amount of energy lost
during each loading cycle. When the phase angle is
zero degrees, elastic behavior, the complex modulus
consists solely of the storage modulus. Likewise,
when the phase angle is 90�, viscous behavior, the
complex modulus consists solely of the loss modu-
lus.12,13 A graphical description of the phase angle
with respect to the complex modulus is shown in
Figure 2.

Fluorescence microscopy and Q-win image analysis

In describing the microstructure interacting between
bitumen and polymer, the term ‘‘morphology’’ is of-
ten used.14 A fluorescence microscopy has been used
to investigate the morphology of the SBS and EVA
PMBs by determining the state of dispersion of the
polymer within the base bitumen as well as to char-
acterize the nature of the continuous and discontinu-
ous phase.

By far, fluorescent microscopy is the most valua-
ble method for studying the phase morphology of
polymer modified bitumen, as it allows the observa-
tion of the homogeneity and the structure in the raw
state.15

Fluorescent microscopy is based on the principle
that polymers swell due to the absorption of some
of the constituents of the base bitumen and due to
the fluorescence effect in ultraviolet light.3 The bitu-
men rich phase appears dark or black, whereas the
polymer rich phase appears light.

Samples of each PMB were prepared (for imaging
purposes) by using a standard sample preparation
method. The method involves a heating and homog-
enizing procedure, a sample cooling regime as well
as a surface preparation procedure over thin films of
the samples.16

PMB samples were examined at room temperature
under a Leica DM EP microscope with fluorescent
light (generated from a high pressure Xenon lamp)

at magnification levels of 10�. Images were then
taken by a 7.2 Mp Leica DFC 320 color camera (fit-
ted in line with the optic axis of the microscope by
means of an attachment to the trinocular observation
head). The camera digitizes the image and stores the
data as an image file in the permanent memory of
workstation.
Digital image processing and analysis techniques

were used in this study to quantify the polymer dis-
tribution area throughout the PMB samples. The
polymer distribution area is expressed as the relative
proportion of polymer phase to composite image
based on each polymer content.
Along with the system mentioned in previous

part, Qwin Plus image analysis program has been
used to extract significant information from the cap-
tured images. The Qwin Plus image analyzer is ver-
satile software capable of providing full measure-
ments of polymer distribution. Although digital
image processing has increasingly been used in char-
acterizing a number of civil engineering materials,
its use in quantifying the distribution of polymers in
the base bitumen on the area basis has not been
evaluated.
After the images had been captured by means of

color camera, they were transformed to gray scale.
Using the algorithms within the Qwin Plus program,
operations including shading corrections, contrast/
brightness optimizing, white tophat (function to
enhance the white detail and to remove the
unwanted art effects), and sharpen, enhancement
were then applied to transform the original image to
binary image which has a bit depth of only two, i.e.,
it consists of areas/features of either black (0) or
white phases (1). The main purpose of this step is to
isolate polymers from composite images, therefore to
prepare the images that are ready for quantified
measurements.

RESULTS AND DISCUSSION

Conventional binder test results

The effect of SBS and EVA polymer modification
on the properties of the base bitumen can be seen in
Table III as a decrease in penetration values and an
increase in softening points with the increasing poly-
mer contents. This trend is relatively uniform on the
EVA modified samples, however there is a signifi-
cant large decrease in the penetration values and a
considerable increase in the softening point tempera-
tures of SBS modified samples at polymer content of
3 and 5%, respectively. The increase in softening
point (which is an indicator of the stiffening effect of
PMBs) is favorable since bitumen with higher soften-
ing point is less susceptible to permanent deforma-
tion (rutting).17

Figure 2 Relationship between complex modulus and
phase angle.12
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Polymer modification reduced temperature sus-
ceptibility (as determined by the PI) of the bitumen.
Lower values of PI indicate higher temperature sus-
ceptibility. Asphalt mixtures containing bitumen
with higher PI are more resistant to low temperature
cracking as well as permanent deformation.18 As
seen in Table III, both SBS and EVA modified PMB
samples exhibit less temperature susceptibility com-
pared to base bitumen with increasing of polymer
content. SBS modified samples yield higher PI val-
ues compared to EVA modified samples especially
at high polymer contents (5–6%).

The age hardening of the bitumen during bulk
storage is evaluated by the mass loss, retained pene-
tration, and softening point temperature difference
in the TFOT. The mass losses corresponding to each
SBS and EVA PMB samples are almost identical as
seen in Table III. However, the retained penetration
values and difference in the softening point tempera-
ture are higher for the EVA modified samples. This
result indicates that, the EVA PMB samples are
affected by aging in the TFOT which simulates the
aging (hardening) of bitumen during the bulk stor-
age period.

Softening point test results on SBS and EVA sam-
ples taken from the top and bottom of the tube in
the storage stability test indicate that, the SBS tends
to separate from bitumen at high temperatures and

thus SBS PMB is not storage stable compared to
EVA samples.
The rotational viscosity values for both PMB sam-

ples together with the modification indices are pre-
sented in Table IV.
The results show a consistent increase in viscosity

by polymer modification. As with the penetration
and softening point results, the viscosities also give
an indication of the stiffening effect of SBS and EVA
modification. The viscosity values and modification
indices related to EVA modified samples are higher
than SBS modified samples as seen in Table IV. This
may be due to the melting of EVA polymer at lower
temperatures compared to SBS polymer, conse-
quently it exists in liquid form at temperatures of
135�C and higher. The increment in viscosity is not
favorable since it requires higher mixing, compac-
tion and laying temperatures and thus more energy
consumption. The results indicate that mixtures pre-
pared with EVA PMB (due to high viscosity values)
require more mixing and compaction temperatures
compared to mixtures prepared with SBS PMB.

Dynamic mechanical analysis test results

The variation of complex modulus of the base,
6% SBS and 7% EVA polymer modified bitumens
with frequency and temperature are presented in

TABLE III
Conventional Properties of Polymer Modified Bitumen

Property Type

Content (%)

0 2 3 4 5 6 7

Penetration (1/10 mm) SBS Kraton D-1101 63 61 51 49 48 48 –
Softening point (�C) 49 50 54 57 67 69 –
Penetration index (PI) �0.92 �0.73 �0.16 0.35 2.18 2.46 –
Change of mass (%) 0.07 0.06 0.06 0.07 0.07 0.07 –
Retained penetration after TFOT (%) 51 41 31 24 21 21 –
Softening point difference after TFOT (�C) 2 4 4 2 3 2 –
Storage Stability (�C) – 3 3 2 3 2 –
Penetration (1/10 mm) EvataneVR 2805 63 – 53 52 49 48 47
Softening point (�C) 49 – 54 57 59 61 62
Penetration index (PI) �0.92 – –0.13 0.49 0.79 1.14 1.24
Change of mass (%) 0.07 – 0.04 0.06 0.05 0.07 0.06
Retained penetration after TFOT (%) 51 – 30 31 32 33 34
Softening point difference after TFOT (�C) 2 – 6 6 5 4 5
Storage Stability (�C) – – 1 1 0 1 2

TABLE IV
Rotational Viscosities Related to SBS and EVA Modification

Property Type

Content (%)

0 2 3 4 5 6 7

Brookfield viscosity at 135�C (Pa s) SBS Kraton D 1101 0.51 0.55 0.62 0.76 1.20 1.50 –
Modification index (gPMB/gbase) 1 1.08 1.22 1.49 2.35 2.94 –
Brookfield viscosity at 135�C (Pa s) Evatane 2805 0.51 – 0.98 1.24 2.16 2.98 3.41
Modification index (gPMB/gbase) 1 – 1.92 2.43 4.24 5.84 6.69
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Figure 3. Figure 4 also depicts the variation on phase
angles of base and modified bitumens versus fre-
quency at 50�C. It is seen that the phase angles
decrease with the increase in frequency. An incre-
ment in the complex modulus with the decrease of
phase angles indicates higher elastic part, thus an
improved elastic behavior.

As depicted in Figure 3, which are drawn on log-
log scale, for all samples as the frequency increases,
the complex modulus increases as well. This is due
to the rheologic behavior of the bitumens since bitu-
mens under shorter loading times exhibit elastic
behavior.

For the same frequency level, the increase in
temperature decreases the complex modulus as pre-
sented in Figure 3. This indicates that, the tempera-
ture has a significant effect on the level of complex
modulus. This effect is more obvious at low fre-
quency level (0.01 Hz).

Also, the complex moduli of the PMB samples are
greater than the complex modulus of base bitumen
as seen in Figure 3. Among the PMB samples, the
complex modulus of 6% SBS sample is greater than
the complex modulus 7% EVA sample at all fre-

quencies at 10 and 80�C. However at 50�C, the com-
plex modulus of 7% EVA polymer modified bitumen
sample is greater than the complex modulus of 6%
SBS polymer modified bitumen sample at a fre-
quency level lower than 1 Hz. This indicates that
EVA polymer has a dominant polymer network
within the modified bitumen at 50�C and at a fre-
quency level lower than 1 Hz.
Along with the complex modulus, the effect of

polymer addition was also evaluated by the modifi-
cation index determined by the ratio of the complex
modulus of PMB to the complex modulus of base
bitumen. The effect of SBS content and temperature
on modification index at low (0.01 Hz) and high
(1 Hz) frequency is presented in Figures 5 and 6,
respectively.
The modification indices increase regularly with

the increase in temperatures at low and high fre-
quency as seen in Figures 5 and 6. The complex
modulus exhibits no significant variation at low tem-
peratures (up to 30�C), however on reaching the
high temperature region, significant difference in the
increment of complex modulus is observed.
The PMB sample containing 6% SBS polymer

exhibits a superior performance than other SBS
involving PMB samples at 80�C as depicted in

Figure 3 Complex modulus frequency relationship of
base, SBS and EVA PMB.

Figure 4 Phase angle frequency relationship of base, SBS
and EVA PMB at 50�C.

Figure 5 Modification index temperature relationship of
SBS modified bitumen at 0.01 Hz.

Figure 6 Modification index temperature relationship of
SBS modified bitumen at 1 Hz.
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Figures 5 and 6. Utilization of 5 and 6% SBS,
increases the complex modulus as � 8 and 15 times
than those of the base bitumen at 80�C and at 0.01
Hz. However, the improvement effect of SBS content
at high frequency at 80�C (Fig. 6) is not as high as it
is at low frequency. So, it can be concluded that the
frequency has a slight effect on the complex modu-
lus at high temperatures and high frequency com-
pared to complex modulus values at high tempera-
ture and low frequency.

The effect of EVA content and temperature
on modification index at low (0.01 Hz) and high
(1 Hz) frequency is presented in Figures 7 and 8,
respectively.

As seen in Figure 7 for all contents of EVA PMB
samples, the modification index increases with
increasing temperature, the index reaches a peak at
50�C then decreases gradually. The complex modu-
lus tends to be similar at low temperatures and there
is not a significant difference in the increment of
complex modulus on reaching high temperatures
(80�C).

Among the modification index values at 50�C, as
EVA content increases, the modification index
increases as well. This indicates that PMB containing
high proportion of EVA (7%) exhibits decreased
thermal susceptibility compared to base bitumen at
low frequency and especially at 50�C. Besides, the
mixtures prepared by EVA modified binders with a
high percentage can resist rutting at low traffic
speeds and at high temperatures.

As seen in Figure 8, the modification index
increases regularly between 10 and 80�C. Besides,
the improvement effect of EVA at high frequency is
not as high as it is at low frequency when consider-
ing the intermediate temperatures such as 50�C.

The increase in complex modulus at low and high
frequency exhibits similar characteristics at 80�C as
depicted in Figures 7 and 8. Utilization of 6 and 7%
EVA, increases the complex modulus approximately
four and five times than those of the base bitumen

at 80�C for both 0.01 and 1 Hz. Therefore, it can be
concluded that the frequency does not effect on the
complex modulus at high temperatures (80�C).
Among the modification index values related to

6% EVA and 6% SBS polymer modified bitumen
samples at 50�C and at 0.01 Hz, it is seen that the
improvement effect of EVA on complex modulus is
much higher than the effect of SBS. However, when
the comparison is made at 80�C the reverse situation
is occurred, that is, the improvement effect of SBS
on complex modulus is much higher than the effect
of EVA.

Morphology and image analysis

Fluorescent microscopy images of PMBs captured by
7.2 Mp color camera are presented in Figures 9 and 10.
A distinction can be made between the PMBs

whose continuous phase is bitumen matrix with
dispersed polymer particles and samples whose
continuous phase is a polymer matrix with dis-
persed bitumen globules. In the images, the swollen
polymer phase appears (light) while the bitumen
phase appears dark.
A clear distinction regarding the nature of the

phases is observed between SBS- and EVA-based
samples as seen in Figures 9 and 10. Among SBS-
and EVA-based PMBs having the same polymer con-
tent (4%); EVA based samples reveal the finest dis-
persion of polymers whereas polymer distribution is
more pronounced in SBS based samples. Neverthe-
less in all cases, the appearance of continuous poly-
mer matrix begins at 5–6% polymer content.
As depicted in Figure 9, the images show a clear

change in morphology of the SBS based PMBs as
polymer content increases. At polymer content below
5%, the small polymer globules that are swollen by
the base bitumen compatible fractions are spread
homogenously in a continuous bitumen phase.
At polymer content above 5%, a continuous poly-

mer phase with dispersed bitumen phase is

Figure 7 Modification index temperature relationship for
base and EVA PMB at 0.01 Hz.

Figure 8 Modification index temperature relationship for
base and EVA PMB at 1 Hz.
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observed. In this situation, the properties of the mix-
ture are mainly determined by the polymer phase,
therefore by the type of the polymer. The PMB sam-
ples with this phase morphology have the properties
of high softening point and viscosity.

At about 5% polymer content, two twisted contin-
uous phases are observed. The two interlocked
phases form a network structure which could
enhance the properties of the bitumen. Brule et al.
found that the phase morphology of two interlocked
continuous phases was an ideal microstructure for
polymer modified road asphalt, and the optimum
polymer content was determined based on the for-

mation of the critical network between asphalt and
polymer.17

As indicated in Figure 10, no significant variation
in morphology is observed with the EVA PMBs
especially at polymer contents below 5%. The dis-
persion of the polymers begins at a polymer content
of 5%. However, at the polymer content of 6–7%, a
continuous polymer phase with a dispersed bitumen
phase is observed.
The binary representation of the distribution of

the polymers within the composite image is deter-
mined using the functions in Qwin Plus image
analysis software. An example of the binary

Figure 9 Fluorescent images of SBS PMB samples with 100X magnification. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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conversion of the resulting image is presented in
Figure 11.

As shown in Figure 11, the white spots represent
the region of interest—the polymer phase—and the
black constitutes the bitumen phase. The determina-
tion of the region of interest (ROI) is significant as it
is recognized by the software based on color depth
(either black or white).

Having identified the region of interest, the math-
ematical parameter related to the ROI, based on pre-
defined criteria (which is the polymer distribution
area in this study), is calculated for each polymer
content.

Figure 12 presents the relationship between the
polymer content and polymer distribution area (%)
of SBS and EVA polymers. It should be noted that
the calculated polymer distribution areas are the av-
erage values taken from the measured ROI’s per
each polymer content.
Based on the evaluation shown in Figure 12, it can

be concluded that a relationship exists between the
polymer content and polymer distribution area
related to SBS KratonVR D1101 and EvataneVR 2805. It
should be noted that, the relationships illustrated in
Figure 12 are valid only for SBS content of 2–6% and
EVA content of 2–7%. It should be also mentioned

Figure 10 Fluorescent images of EVA PMB samples with 100� magnification. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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that the phase properties of the PMB samples is not
totally dependent on the polymer dispersion area,
which means the high values of polymer dispersion
area does not always reflect the continuous polymer
phase.

CONCLUSION AND RECOMMENDATIONS

The properties of road bitumens are improved by
means of SBS and EVA polymer modification as
identified by both conventional and dynamic me-
chanical analysis.

Conventional tests have demonstrated the
increased stiffness (hardness) and improved temper-
ature susceptibility of the SBS and EVA modified
PMBs. In terms of this article, the conventional bitu-
men tests can quantify the differences in the proper-
ties of SBS and EVA PMBs produced with different
contents for the same base bitumen.

Dynamic mechanical analysis indicated that the
degree of modification generally increases with poly-
mer content. It also varies with test conditions such
as temperature and frequency. Based on all PMB
samples, the complex modulus increases with
increasing frequency and decreasing temperature.
The effect of polymer addition is also evaluated

by the modification indices. In terms of modification
index values, the frequency has a slight effect on the
complex modulus at high temperatures (80�C) for
SBS based PMB, however, same conclusion cannot
be made for EVA PMB. A clear distinction between
the two polymer types is observed at 50�C and at
frequencies lower than 1 Hz. In the light of findings
from modification index values, it is possible to con-
sider that the utilization of EVA polymer under
heavy traffic conditions (low frequency) and at inter-
mediate temperature (50�C) whereas the utilization
of SBS polymer at high temperatures is suitable.
Fluorescent microscopy can be used to group SBS

and EVA type PMBs either by displaying a continu-
ous polymer rich phase with dispersed bitumen
phase, or by displaying a continuous bitumen rich
phase with dispersed polymer phase or displaying
two interlocked phases. For the investigated PMBs,
phase inversion from a continuous bitumen phase to
continuous polymer phase occurs when polymer
content is around 5%. This content can be accepted
as intertwisted phase which is an ideal microstruc-
ture for polymer modified road asphalt. A clear dis-
tinction between the images indicates that at a given
polymer content of 4%, the EVA based PMB sample
exhibits the finest polymer dispersion whereas the
dispersion of polymers is more pronounced with the
SBS based samples.
The conclusion of this study covers the utilization

of one type of SBS and EVA polymer and

Figure 12 Area of distribution of SBS and EVA based polymers in base bitumen.

Figure 11 An example of an image transformed to binary
image of black and white phases.
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penetration grade bitumen. More research should be
carried out by using different kinds of polymers
such as linear, radial, diblock as well as the base
bitumen obtained from different crudes.
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