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Abstract

The properties of asphalt are known to change significantly when modified with polymer, and such shift is often attributed
to polymer content, structure and density. On the other hand, there is a significant difference in polymers’ properties with
constant density and structure but varying molecular weight. In this research work, the effect of styrene butadiene styrene
(SBS) polymer molecular weight on the hot storage stability, viscosity, rutting, and fatigue resistance of asphalt binder was
investigated using the standard test methods on SBS-modified binders. Three SBS polymer with different molecular weight
was used to modify 60/70 pen grade unmodified asphalt binder at 3%, 5%, and 7% by weight of the unmodified asphalt binder.
It was found that increase in the polymer content and the molecular weight within the modified asphalt binder showed a
significant improvement in the rutting resistance of the binder. The effect of the molecular weight on the rutting behaviour
of the modified binder was more evident at 5% and 7% polymer content with up to 92% reduction from the unmodified non-
recoverable creep compliance. The IG*|.sind parameter of the fatigue resistance analysis shows that the higher molecular
weight of the polymer led to the improvement of the anti-fatigue performance parameter. The use of polymer with a high
molecular weight value is not suitable for hot storage and reduces the viscosity of the binder.

Keywords Styrene butadiene styrene - Modified asphalt binder - Molecular weight

Introduction

Asphalt binder is a thermoplastic viscoelastic material
used in the manufacturing of asphalt concrete for road pav-
ing. Natural asphalt and asphalt extracted from petroleum
products are thermally sensitive and, therefore, susceptible
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to thermal-induced pavement distress [1-6]. One way to
prolong the service life of the pavement is by modifying
the asphalt with materials that have higher thermal change
tolerance.

In the last four decades, a large interest has focused
on improving asphalt binder’s thermo-rheological prop-
erties. Materials such as polymer, clay, nanomaterials,
recycled waste plastics, natural rubber, and other additives
have been applied to polymer with each set of materials
improving a given thermo-rheological parameter. Modified
asphalt binder tends to behave differently unlike unmodi-
fied asphalt binder [7, 8]. For example, unmodified asphalt
binder’s viscosity measurement is independent of shear
rate and directly proportional to temperature, whereas pol-
ymer-modified asphalt binder’s viscosity measurement is
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dependent on both shear rate and temperature. As a result
of these differences in behaviour, the SHRP-A-369 report
stated that the linear viscoelastic model of asphalt could
be applied to “unmodified” and modified asphalt, but “the
model should be applied with caution to modified asphalt
cement” [9]. Furthermore, specification standards devel-
oped for unmodified asphalt binder material design have
been reported to have a lower correlation for designs with
modified asphalt binder [10].

One approach to understanding the complexity of
asphalt behaviour is the use of the colloidal theory of
asphalt. Asphalt is made up of asphaltene and maltene.
The maltene component can be further disassociated into
saturates, aromatics, and resins. Each component pos-
sesses a distinctive property that controls the behaviour
of the asphalt binder. The molecular weight (M,,) of these
asphalt components is one of the dominant properties. On
the other hand, asphaltene, which represents between 5
and 20 wt.% of paving grade asphalt, has the highest Mn
up to 3500 g/mol [7]. Asphaltene exists in asphalt as a dis-
persed solid particle (micelles) in the maltene and domi-
nates the stiffness properties of the paving grade asphalt
[7]. Also, the asphaltene requires the peptization of resins
to remain stable in the maltene matrix [11].

Research carried out over the years has shown that
asphaltene controls the stiffness behaviour of asphalt [12].
However, polymers and other materials used in asphalt
modification have a large molecular weight of 500,000 g/
mol.

Available literature has not investigated the effect of
the molecular weight of polymer on the behaviour of
asphalt binder while maintaining a constant density. In
this research, the change in molecular of SBS polymers
with the same density was investigated on the hot stor-
age stability, viscosity, rutting, and fatigue performance
criteria of asphalt binder.

Materials and methods
Materials

This study utilised a 60/70 Pen grade asphalt for the unmodi-
fied binder and in the production of the modified binders.
The SBS polymers used were Kraton ® D1152 ESM and
D1101 ASM polymers designated as PMB-I and PMB-II,
respectively. The properties of the asphalt and the polymers
are summarised in Table 1 and composition of the polymer
modified bitumen (PMB) is presented in Fig. 1.

Characterisation of SBS polymers

The characterisation of the polymer molecular weight was
carried out using the gel permeation chromatography (GPC)
technique. The samples were prepared by dissolving 0.1%
wt. of tetrahydrofuran (THF) solution in a 1.5-pm vial and
taken through a 0.2-um filter to remove the undissolved pol-
ymer [13]. The characterisation was carried out with Agilent
1260 Infinity Quaternary LC gel permeation chromatogra-
phy as shown in Fig. 2.

Sample preparation

The addition of SBS polymer was made by the weight of
the asphalt. For each SBS polymer, 3%, 5%, and 7% wt.
were used to modify the 60/70 Pen grade asphalt with a
lower shear mixer (2000 revolutions per minute -RPM) at
a temperature of 175 °C. The polymer content was selected
based on the results from previous literature that specified 5
to 6% as the optimal SBS content [14, 15]. The SBS polymer
used was milled powder which was added at a temperature
lower than the disassociation temperature of SBS to achieve
phase inversion.

Table 1 Physical and chemical

. Parameters Asphalt D1152 ESM D1101 ASM D1184 ASM
properties of asphalt and PMB-I PMB-II PMB-III
polymers

Penetration @25 °C (dmm) 63 - - -
Softening point (°C) - - - -
Viscosity @135 (Pa s) - - - -
Solution viscosity @25% (Pa s) - 1.0 1.24 4.2
Structure - Linear Linear Branch
Styrene—butadiene ratio - 29.5/70.5 31/69 30/70
Melt flow rate 200 °C/5000 g (g/10 min) - 7.2 - -
Particle size <200 um% wt - 4.8 10 7
Molecular weight, M,, (g/mol) 158,270 357, 600 506, 920
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Fig. 1 Composition of a pre- »
pared polymer-modified binder Unmodified BB
(PMB) Asphalt
D1152 ESM
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olymer 39 S0 T,
A T
D1101 ASM
pol PMB-I1-3 PMB-II-5 PMB-I1-7
olymer 30 S0 7oy
D1184 ASM
PMB-III-3 PMB-III-5 PMB-III-7
Polymer
3% 5% 7%

Fig.2 GPC experimental setup Agilent 1260 Infinity Quaternary LC
equipment

Storage stability

The hot storage stability of SBS and asphalt was evaluated
by comparing the top polymer-rich-phase (PRP) and the
bottom asphalt-rich-phase (ARP) samples taken from oven-
conditioned samples. The blended samples were placed in an
aluminium tube of 36 mm in diameter and 150 mm in height.
The preparation of the samples for the hot storage stability of
the polymer-modified binder was in accordance with BS EN
13,399:2010. The aluminium tube was filled between 100 and
120 mm in height and allowed to cool to room temperature
and thereafter stored vertically in the oven for 48 and 72 h at

163 °C and 180 °C, respectively. The hot stored samples were
removed from the oven and cooled to room temperature and
thereafter stored for 4 h at — 5 °C. After the removal of the
aluminium foil, the samples were divided into three equal por-
tions and the softening point test was performed on the top and
bottom parts in accordance with ASTM D36-11.

Rheological measurements

Mechanical Dynamic Analysis consists of the viscosity and
viscoelastic rheological test.

Using a Brookfield rotational viscometer (RV), the viscos-
ity test was performed on samples with 5% polymer content
at 135 °C, 155 °C, and 175 °C between 3.3 and 16.9 1/s shear
rate. 5% polymer content was chosen based on reports from
the literature that indicated optimum SBS content [14, 15].
The test was conducted according to procedures outlined in
the ASTM D4402-11 [16]. The Brookfield rotational viscom-
eter only measures the torque in revolution per minute (rpm).
Equation 1 was used to calculate the shear rate. The viscosity
measurements were obtained in centipoises with spindle No.
27 rotating in the thermo-cell containing the asphalt and 5%
SBS-modified asphalt binder.

The shear rate was calculated using the Newton law for
viscosity;

-
. (1)

Where shear stress 7 = ﬁ, 2
N
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dsh ) 20)R3R§
and shear strainy = ————~—— 3
(- ) @

w is the rotational speed in radians/second, R, is the spindle
radius, R, is the radius of the mould and x radial location
where the shear rate is measured.

The viscoelastic rheological analysis was measured
using a HAAKE Rheostress 6000 dynamic shear rheome-
ter (DSR). The test was conducted according to the ASTM
D7175-11 specification guideline [17].

The viscoelastic rheological test was carried out on
un-aged, short-term, and longer-term aged binders. A
frequency sweep test was performed on each sample for
un-aged, short-term, and longer-term aged conditions.
The frequency sweep for the un-aged and short-term aged
samples was performed with a 25 mm parallel plate and
I mm gap, whereas an 8-mm parallel plate with a 2-mm
gap was used on long-term aged samples.

Assessment of G*/sind parameter: The variation of the
parameter was investigated on an un-aged binder at tem-
peratures between 46 and 76 °C at 6 °C increments. The
test was carried out according to the procedures specified
in SHRP-410 [18] and evaluated at a frequency of 10 rad/s.

The Multiple Stress Creep Recovery Test (MSCRT):
The MSCRT was investigated at a temperature of 64 °C.
The test was carried out in accordance with the specifica-
tion of the AASHTO MP19 on samples conditioned with
a rolling thin film oven (RTFO) [19].

Fatigue property test: The long-term aged samples con-
ditioned with a pressure-ageing vessel (PAV) test was used
on an 8-mm parallel plate with a 2-mm gap to measure
the parameters for fatigue property evaluation. The test
was carried out in accordance with the ASTM D7175-11
standard specification between 16 and 31 °C at 3 °C incre-
ments [17, 18].

Fig.3 Storage stability of sam- 70
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Results and discussion

Effect of SBS molecular weight on the storage
stability of PMB

In this research, a hot storage test was used to determine the
degree of phase separation between the asphalt and polymer-
rich phases. The test was conducted at temperatures 163 and
180 °C for 48 and 72 h to evaluate short and medium stor-
age. The temperatures and storage duration were selected
and captured based on the conditions specified in ASTM
D36-11 and BS EN13399:2010 [20, 21]. The results were
evaluated based on the softening point difference between
ARA and PRP on the modified binder samples.

Figures 3 and 4 illustrate the behaviour of the samples.
The effect of polymer density was kept constant throughout
the experiment by selecting polymers with the same density
and allowing for effective measurement of the molecular
weight effect on storage stability. Figure 3 shows the sof-
tening point difference of the top and bottom sections after
48 h of hot storage at 163 °C and 180 °C. At 163 °C storage
temperature, all the samples except PMB-1-3 were unstable
for hot storage. Similarly, only PMB-I-3 at 163 °C was stable
after 72 h of storage. It can be observed that the softening
point difference of the top and bottom sections increased
with the increase in SBS M,,. According to evidence in pub-
lished literature [22, 23], resins and maltenes fraction of
asphalt are responsible for peptising and stabilising asphal-
tene in asphalt colloidal systems and polymer in polymer-
modified asphalt. Therefore, more maltenes will be required
to maintain the thermodynamic stability of a blend when the
molecular weight of the polymer is increased in the blend.
Furthermore, the increase in storage temperature and dura-
tion did not have a significant effect on the phase separation
compared to the M|, of the SBS polymer. Since the mixing
temperature did not exceed the disassociation temperature of

m163°C m180°C
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the polymer, the SBS polymer existed as micelles. In addi-
tion to the asphaltene present in the asphalt, it increased
the M, of micelles within the PMB. At higher storage tem-
peratures, un-peptised micelles due to excessive molecular
weight disassociate from the matrix and float under gravity
as a result of weaker London-van der Waals force which held
the colloidal dispersion phase resulting in phase separation.
For example, PMB-1-3, PMB-II-3 and PMB-III-3 contain
3 wt.% of SBS polymer. However, only PMB-I-3 achieved a
stable storage at 163 °C hot storage temperature.

Effect of molecular weight on the viscosity PMB

The quiviscous temperature for asphalt concrete construc-
tion was developed by the Asphalt Institute in 1962 which
recommended the mixing and compaction temperatures for
a binder with a viscosity of 0.17+0.02 and 0.28 +0.03 Pa s,
respectively. These values are applied to both the Marshal
mix and SuperPave mix designs [10]. However, the Super-
Pave manual noted that these viscosity value ranges are not
valid to be used for modified binder mixing and compaction
temperatures. The manual recommended the manufacturers'
specifications for modified binders [10].

The effect of the molecular weight on the binder viscosity
was investigated at 135 °C using a Brookfield viscometer
between 3.38 and 16.91 1/s shear rate.

The results in Fig. 5 show the behaviour of the samples.
It also confirms the Newtonian behaviour of unmodified
asphalt. Furthermore, in samples with low M, the results
show a slight deviation in the values of the viscosity from
the Newtonian region towards the non-Newtonian region
which is governed by the shear rate. The dependency on the
shear rate increased with molecular weight. The same effect
was also observed in the unmodified binder.

Furthermore, the results showed the relationship between
the M, and shear rate. The modification of the asphalt

S

H163°C m180°C

x\\' N

&

5 N x\’ x*’
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altered the molecular structure of the asphalt from Newto-
nian to a non-Newtonian fluid. The behaviour of non-New-
tonian fluid is a complex one, and the stress tensor, as well
as its derivatives, is a function of the velocity gradient [24].

The increase in the shear rate was observed to decrease
the dependency of the viscosity on the M,,. At a high shear
rate, the intermolecular forces are destroyed, and this results
in a decrease in the viscosity at a particular temperature.

In the case of unmodified asphalt which has a weak
bond between the asphalt molecules [25], the bonds were
broken at much lower shear rates and temperatures when
compared with PMB held together by networks of polymer
entanglement.

Furthermore, the polymer structure also influences the
viscosity. PMB-III modified with branched polymer has a
lower viscosity at a high temperature despite its high molec-
ular weight. The behaviour can be attributed to the lower
melting point associated with branched polymer chains [14,
15].

Rutting parameter characterisation of SBS-modified
asphalt binder

The G*/Sind of an asphalt binder extracted from the DSR
test is recognised by SuperPave specification for the evalua-
tion of the rutting performance of a binder. The specification
requires a minimum value of 1.0 and 2.2 kPa for the un-aged
and RTFOT binder, respectively, at a reference pavement
temperature (AASHTO M 320, 2010) to meet the rutting
resistance performance of asphalt pavement [18]. The results
obtained for varying SBS polymer molecular weight are pre-
sented in Fig. 6 for the RTFOT samples.

The results show that increase in the testing temperature
led to a decrease in the G*/Sind value, while increase in
the molecular weight of the polymer increased the G*/Sind
value. Beyond 64 °C, the unmodified binder did not meet the
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minimum requirement of 2.2 kPa specified for RTFOT-aged
samples. The PMB-II and III met the requirement of up to
76 °C temperatures indicating a good resistance to rutting
in the pavement.

The higher value of the G*/Sind parameter associated
with PMB-III with a higher M, indicates the dependency
of binder stiffness on the M, for a given PMB at constant
density.

Further analysis shows that the glass transition tempera-
ture of the SBS monomers influences the rutting parameter.
The PMB-II with 31% polystyrene content of SBS poly-
mer has higher rutting resistance. This could be attributed
to the behaviour of the polystyrene monomer in SBS. It is

@ Springer

important to note that SBS exhibits two glass transition
temperatures: — 100 °C and 70 °C for polybutadiene and
polystyrene phases, respectively, and is expected to shift the
glass transition temperature of asphalt [26]. This phenom-
enon was observed between 46 and 70 °C at 5% polymer
content. PMB-II recorded the height G*/Sind value.

Multiple Stress Creep Recovery (MSCR)
characterisation of SBS-modified asphalt binder

The Multiple Stress Creep Recovery Test is generally used
in the evaluation of the rutting performance of an asphalt
binder [27-30]. In this research, the commonly used stand-
ard stress levels of 0.1 and 3.2 kPa were applied at 64 °C,
and the corresponding induced strains were measured
accordingly.

The importance of the MSCR test is to investigate the
stress sensitivity of an asphalt binder for a given traffic
load condition using the non-recoverable creep compliance
(J,;) parameter. The parameter (J/,,.) can be calculated using
Eq. (4) for both 0.1 and 3.2 kPa stress levels;

10
Jr (kP27 = %{Z} (?)} “

where e,,=adjusted strain after recovery for each cycle and
7 is the applied stress level.

A detailed approach for the estimation of the J,, is given
in [31].

The non-recoverable creep compliance (J,,) parameter
measures the ratio of the strain that is not recovered at the
end of the recovery section of the applied strain. The results
of the J,, at 1.0 and 3.2 kPa stress levels which corresponds
to what is recommended by AASHTO MP19 [19] for the
evaluation of binders for different traffic conditions are pre-
sented in Fig. 7. It is observed that increase in the molecular
weight of the SBS resulted in a decrease in J,, values. There
was a significant reduction in the value of the unmodified J,,.
and the modified binders.

Figure 7 further shows that at 5% SBS content, there
was a 71%, 90%, and 92% reduction from the unmodified
binder J,. at 1.0 kPa for PMB-I-5, PMB-II-5, and PMB-III-5,
respectively. Further, at 3.2 kPa stress level, the J, . reduc-
tion from the unmodified binder for PMB-I-5, PMB-II-5,
and PMB-III-5 were 84%, 88%, and 90%, respectively. With
respect to the adjusted strain recovery (e,o) at the end of
0.1 kPa and 3.2 kPa applied stress, the unmodified binder’s
adjusted strain recovered was 0.216 and 9.059, respectively.
However, with the addition of 5% SBS polymer, there was
an 85%, 92%, and 93% reduction in the adjusted strain
recovered at 0.1 kPa for PMB-I-5, PMB-II-5, and PMB-
III-5, respectively. With an increase in the stress to 3.2 kPa,
the adjusted strain recovered at the end was 83%, 88%, and
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89% for PMB-I-5, PMB-II-5, and PMB-III-5, respectively.
This indicates that the increase in the SBS molecular weight
decreases the J,, parameter of the binder and improves its
susceptivity to permanent deformation. Furthermore, Kumar
et al. [32] reported higher elastic recovery with binder modi-
fied with branch polymer when compared with those modi-
fied with linear polymer.

Fig.6 Variation G*/Sind with 250 S

temperature for RTFOT samples a5
200 '
150

|G*|/Sind (kPa)

Fig.7 J, Values for study 35
samples

2.890

The results of the statistical analysis of two-factor
ANOVA on the variation test samples with Jnr100 and
Jnr3200 are presented in Table 2. The higher variation
between F-value and F-critical, and the reduced P value
(0.02) lower than the alpha value resulted in the rejection of
the proposed null hypothesis that the mean of observation is
the same, in favour of the alternative that there is a variation

EBB HPMB-I-3
& PMB-II-3 HPMB-III-3
PMB-I-5 NPMB-II-5
PMB-III-5 @EPMB-I-7
E@PMB-II-7 EPMB-III-7

Temperature °C

TN
a
22
St
=
=
2 NS NS N hy b w ) D D
< n = = n = = " = =
- : = - : = - : =
= g 2 = g = = g 2
a E E ~ E E ~ E E
Table 2 Two-factor ANOVA on Source of variation SS df MS F P-F crit value
the samples Jnr100 and Jnr320
Rows 8.900934 9 0.988993 31.94582 8.97E-06 3.178893
Columns 0.277348 0.277348 8.958731  0.015124 5.117355
Error 0.278626 9 0.030958
Total 9.456908 19
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in the mean. This suggests that the increase in M, has a
significant effect on the variation of J, of the asphalt binder.

Fatigue parameter characterisation of SBS-modified
asphalt binder

Figure 8 shows the variation of IG*|.sind parameter with the
temperature for all studied samples.. The IG*|.sind parameter
of an asphalt binder is used in the evaluation of the fatigue
property of the binder as detailed in the AASHTO M 320
specification [18]. The standard specified a maximum IG*|.
sind value of 5000 kPa for a given asphalt binder to meet the
anti-fatigue performance criteria. All the study samples were
not suitable for resisting fatigue at 16 °C. In general, with
the increase in temperature, the study shows that an increase
in the polymer content which increases the stiffness of the
binder reduces its potential for resisting fatigue in pavement.
Furthermore, it can be observed that PMB-III-3 performed
better in fatigue resistance. Also, PMB-III modified with
branched polymer chain from the 5000 kPa limiting line in
Fig. 8, and within each SBS content, PMB-III with a higher
M, was observed to have a reduced IG*|.Sind parameter
when compared with the corresponding PMB-I and PMB-
II. This tends to indicate resistance to binder ageing.

The fatigue failure for PMB-I and PMB-III at 5% SBS
polymer content is expected to occur at a temperature below
25 °C. Both modifiers have a similar polystyrene-polybuta-
diene ratio of approximately 30/70. However, the PMB-II
fatigue failure at 5% polymer content is expected to occur at
a temperature below 28 °C.

Cost-benefit analysis

In this section, the principles of cost-benefit analysis are
outlined. The cost-benefit analysis (CBA) of the modifica-
tion of asphalt with polymers of varying molecular weight
was analysed and the results are discussed with respect to
the rutting properties of asphalt binder.

The philosophy of cost—benefit analysis is to provide
an economic outlook on an alternative system based on
the evaluation of the cost, benefit, and effectiveness of the
system. The cost—benefit analysis in this research was esti-
mated to ascertain the economic suitability of modifying
60/70 penetration grade asphalt with SBS polymer of dif-
ferent molecular weights. The analysis considered only the
rutting properties.

The polymer material cost was obtained from Kraton
polymer and the asphalt cost was obtained from Alibaba.
com. The price of asphalt obtained from Alibaba.com did
vary with location and suppliers. Although there are lim-
ited 60/70 pen grade suppliers on Alibab.com online market,
the price range difference in each location is within 15 €/
Mt. The average price obtained from suppliers in Turkey is
224.49 €/Mt [33].

Other costs that were associated with polymer modi-
fication include heating and mixing of the polymer and
asphalt. The estimation was carried out based on technical
data of IKA PMB Plant DR 2000/10 PB, electricity tariff,
and labour in Turkey. According to Enerjisa 2019 Annual
Report, Turkey’s average electricity tariff was 0.063 €//kWh
and the IKA PMB electricity input and production output are
25 kW and 2500 L/h [34].

15 N —
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— Q —
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Fig.8 Variation IG*|.Sind with temperature
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Estimation cost of electricity per hour = 25 * 0.063 = 1.575€/
Totaloutput per hour = 2500L

The volumes were converted to mass by multiplying them
by the density. The density of the two mixtures is estimated
as follows:

1 _ mass fraction of polymer = mass fraction of asphalt

p  density of polymer

density of asphalt
&)
Determination of mass fraction at varying polymer
content:

= % conc*1000cm>*density

(6)

Assume 5 € for labour per hour to produce PMB. There-
fore, the cost of producing PMB with different polymer con-
tent is 302 €/mt for PMB-I and PMB-II, and 312 €/mt for
PMB-III for all polymer content. The machine's hourly rate
was 5 € per hour.

The cost-effectiveness analysis was carried out by com-
paring the cost incurred to obtain the benefit and cost of
the existing system. In this study, a simplified approach was
adopted to calculate the cost-effectiveness;

expected performance

cost-effectiveness =

unit cost @
The cost-benefit was determined by taking the ratio of
the cost-effectiveness of the unmodified binder to that of the
modified binder. The ratio was estimated between 46 and
64 °C for rutting resistance and the J,, parameter.
The results of the cost-effectiveness of modifying
asphalt with SBS polymer with varying molecular weights
with respect to rutting resistance are presented in Fig. 9.

In the figure, it can be observed that at 46 °C pavement
temperature, the benefits of modifying 60/70 pen grade
asphalt with Kraton D1152 polymer at 3, 5, and 7% poly-
mer content were 1.53, 2.23, and 2.5, respectively. Fur-
ther, for binder PMB incorporated with Kraton D1184,
which has a high molecular weight, the gained benefits at
46 °C were 2.12, 2.26, and 3.30 for 3, 5, and 7% polymer
content, respectively. This is an indication that increased
polymer content has a significant increase in economic
benefit. Also, the increase in the molecular weight of the
polymer was observed to yield a significant benefit across
the test temperatures.

At high temperatures, the cost—benefit was observed to
increase significantly with an increased molecular weight
of the polymer. For example, the cost-effectiveness ratio
of PMB-III-7 increases at an average of 1.46 from 46 to
64 °C temperatures. The PMB-II-7 and PMB-I-7 increased
at an average of 1.24 and 0.89 respectively from 46 to
64 °C temperatures. Similarly, the trend was also observed
with 3 and 5% polymer content. The results of the cost-
effectiveness ratio are in agreement with data presented in
[35, 36] which reported a 2.6 cost-effectiveness ratio for
polymer-modified asphalt concrete.

The gained benefits calculated using the J,, parameter
are presented in Fig. 10. The cost-effectiveness values
obtained for 3% polymer content show 4.09, 3.82, and 3.66
gain for using PMB-I, PMB-II, and PMB-III respectively.
However, at 5% and 7% polymer content, PMB-III shows
17.05 and 63.20 respectively for 1.0 kPa stress level, and
at 3.2 kPa, 14.60 and 31.37. The benefit decreased as the
SBS molecular weight decreased. It is worth noting that
using SBS with high molecular weight would increase the
cost—benefit of pavement surfacing.
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Conclusions

The study investigated the effect of polymer molecular
weight on the thermal-rheology behaviour of SBS polymer-
modified asphalt binder. Nine SBS polymer-modified asphalt
binder samples were prepared by modifying the unmodified
binder with three different SBS polymers at 3, 5, and 7 wt.%.
The influence of the SBS polymer molecular weight was
investigated on the hot storage stability, viscosity, rutting,
and fatigue performance of the modified binder.

1. The hot storage stability results show that the SBS poly-
mer molecular weight has a significant influence on the
degree of modified binder stability stored at elevated
temperatures. The results supported the colloidal theory
of asphalt which requires the resins to peptise the high
molecular weight micelles in order to stabilise the sam-
ple.

2. The viscosity evaluation of the modified binder indicated
the dependency of the value on the SBS polymer molec-
ular weight and shear rate at 135 and 155 °C. However,
at 175 °C, a test temperature close to the disassociation
temperature of SBS, the viscosity value is controlled by
the butadiene/styrene content.

3. The result of the rutting performance of the SBS-mod-
ified binder shows that at lower polymer content of 3%,
there is no appreciable influence of M, on the G*/ sind
and recovery strain for both 0.1 and 3.2 kPa stress. How-
ever, with the increasing polymer content, a significant
difference was observed in the M, influence on the rut-
ting performance parameters.

4. Furthermore, the non-recoverable creep compliance (J,,,)
parameter analysis shows that there was a significant
reduction in the value of the unmodified J,, which is
proportional to polymer content and molecular weight.
Also, the ANOVA analysis indicated that increase in M,
assists in improving the J, . of the binder.

@ Springer

5. The increase in the M, was observed to induce lower
IG*|.sind parameter at intermediate temperature.

6. The analysis of the cost—benefit of using SBS polymer
with high molecular weight indicated that there is a sig-
nificant benefit to using high molecular weight SBS pol-
ymer. For the G*/sind parameter, the cost-effectiveness
ratio of PMB-III-7 increases at an average of 1.46 from
46 to 64 °C temperatures. The PMB-II-7 and PMB-I-7
increased at an average of 1.24 and 0.89, respectively,
from 46 to 64 °C temperatures. For the J,, parameter, for
PMB-III with an average molecular weight of 500 kDa
at 5% and 7% for 1.0 kPa stress level was 17.05 and
63.20, respectively. At a higher stress level of 3.2 kPa,
the benefit increased to 14.60 and 31.37, respectively.
The PMB-II and PMB-I cost-effectiveness value was
lower than that of PMB-III indicating the economic
potential of using SBS with high molecular weight.
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