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Performance properties of polymer modified asphalt (PMA) binders with Styrene-isoprene-styrene (SIS), petroleum resin (PE),
and ground tire rubber (GTR) were evaluated at high, intermediate, and low temperatures. Styrene-butadiene-styrene (SBS) PMA
binder of PG 76-22 was used as a base binder. 0e PG76 SBS PMA binders were blended with SIS, PE, and three different GTR
contents (0, 5, and 10%). 0e binders were artificially short-term and long-term aged using rolling thin film oven (RTFO) and
pressure aging vessel (PAV) procedures. Superpave binder tests were conducted on the binders through rotational viscometer
(RV), dynamic shear rheometer (DSR), and bending beam rheometer (BBR). Multiple stress creep recovery (MSCR) test was also
performed to evaluate the rutting property. 0e results of this study indicated that (1) the addition of PE can decrease the binder
viscosity, (2) although the incorporation of GTR and SIS significantly improve the rutting resistance of the binders, the effect of PE
is found to be insignificant, (3) PE is observed to have positive effect on the cracking properties of control PG76 SBS PMA binder
blended with SIS and GTR, and (4) incorporation of PE might be an useful option to improve the workability of high performance
PMA binder in lieu with maintaining good rutting and cracking resistance.

1. Introduction

0ese days, flexible pavement is exposed to severe condi-
tions, including heavier traffic loads and harsh climate. 0e
addition of polymer materials has been emerged and applied
to extend the pavement’s service life. Not only the perfor-
mance but also economic benefit can be obtained by the use
of polymer materials in the asphalt industry. Even though
polymer modified asphalt (PMA) binder increased initial
construction cost compared to the unmodified conventional
mixes, overall life cycle cost savings over 40 years is sub-
stantial [1].

SBS is the most common polymer which is used to
produce high quality PMA binder [2]. SBS modified
binder is known to be durable pavement material which
has improved bonding strength with aggregate based on a
three-dimensional network [3]. 0e formation of network
improves not only rutting resistance but also cracking

resistance at low temperature by microdamage accumu-
lation [4]. 0erefore, the SBS modified asphalt binder is
mostly used for the construction of highway that are
exposed to high traffic volume and heavy loads. Due to the
rapid increase of heavy traffic volume and demand of
longer service life of pavement, it is required to incor-
porate new and sustainable materials to develop the
properties of binder which has better resistance to the
rutting and cracking.

Ground tire rubber (GTR) is one of the popular additives
in asphalt industry. 0e huge amount of scrap tires (ap-
proximately 40 million of tires) are disposed on landfills in
the United States [5]. 0e use of GTR in asphalt pavement is
already accepted as a great solution which consumes these
wasted tires resulting in environmental benefits and solving
the landfill issue. Also, the addition of GTR improves the
rutting property due to increased stiffness and elasticity at a
high temperature [6]. It extends the fatigue life of mixture
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through enhanced asphalt film which coated the aggregate in
mixture [7]. GTR modification takes significant role in
improving the asphalt binder through reduced stiffness at a
low temperature, decreased traffic noise, and reduced
maintenance costs [8–18]. In previous research [19], the
incorporation of GTR and SBS has been evaluated and it
showed enhanced performances for rheological properties at
high and low temperature.

In addition, the use of SIS is emerged in asphalt in-
dustry as a relatively new polymer additive. According to
the previous research [20, 21], the molecule chain of
isoprene in SIS increases the complex modulus at high
temperature and due to its branch methyl in the isoprene
group it has better tenacity and compatibility with other
materials. Although it needs specific temperature control
and mixing time, the dispersion of SIS in asphalt binder is
homogeneous like SBS PMA binder. Completely dis-
persed polymers caused a change in the molecular
structure of the asphalt binder [22].

Even though the addition of several polymers improves
binder performances, it also increases the viscosity. High
viscosity generates other concerns such as more fuel con-
sumption and carbon generation. According to the previous
research [23], the application of petroleum resin (PE) is
effective to improve the performance of SBS modified
binder. Also, it is expected that the addition of PE may
decrease the binder viscosity. As a result, if the incorporation
of PE can develop PMA binder without increasing the
viscosity, it might be considered to apply for high perfor-
mance asphalt pavement.

0e purpose of this study is to evaluate the performances
properties of SBS PMA binders containing SIS, GTR, and PE
modifiers. 0e binders were aged through the RTFO and
PAV procedures. Superpave binder tests were conducted to
characterize at three aging states (original, short-term aging,
and long-term aging). Furthermore, the multiple stress creep
recovery (MSCR) test was applied to more effectively
evaluate the rutting property of asphalt binders. Figure 1
shows a flow chart of the experimental design.

2. Experimental Design

2.1. Materials. Commercial SBS modified binder of PG 76-22
was used as a base binder for this study. Table 1 exhibits the
base binder properties. SIS contains the isoprene (2-methyl-
1,3-butadiene; C5H8) which is produced by many plants and
animals. Its polymers are the main component of natural
rubber. 0erefore, the addition of SIS is expected to result in
higher aging resistance and good blend stability and improve
elastic response, superior cohesion, tensile strength, and low-
temperature flexibility. 0e SIS of 5% by the weight of binder
was added and mixed with PG 76-22 binder. 0e mixing
conditions were followed: 177°C for 60 minutes by an open
blade mixer at 700 rpm.

Figure 2 shows the C9 petroleum resin (PE). 3% of C9
PE is added into SBS PMA binder containing SIS. C9 have
the potential to further improve the properties of PMA
binders without viscosity increase. It is expected that the
performance and grade of SBS PMA binders with SIS are

able to be tuned and modified cheaply. C9 PE is from C9
aromatic fractions produced in steam crackers of petro-
chemicals to produce ethylene and propylene. 0e mixing
conditions were as follows: 177°C for 1 minute by an open
blade mixer at 700 rpm.

High performance PMA binders were mixed with sur-
face treated GTR. Table 2 shows the gradation of GTR. 0e
percentages of GTR were 5% and 10% by weight of the base
PMA binder. 0e swelling and degradation of rubber par-
ticles are highly dependent by mixing temperature and time
[24, 25]. 0e wet process was applied to produce rubberized
PMA binder in the laboratory at 177°C for 30 minutes at a
blending speed of 700 rpm considering the modification
mechanism of polymer additives. 0e consistency of the
PMA binder samples was maintained using only one batch
of GTR during the study.

2.2. Superpave Binder Tests. Superpave asphalt binder tests
are used to measure asphalt’s performance at three stages
of its life: in its original state, after mixing and con-
struction, and after in-service aging. In this study, the
selected binder test procedures included the viscosity test
(AASHTO T 316), the dynamic shear rheometer (DSR)
test (AASHTO T 315), and the bending beam rheometer
(BBR) test (AASHTOT 313). 0ree replicate samples were
tested, and the results were reported as the average of
these tests. A 10.5 g sample of binders was tested with a
number 27 spindle in the Brookfield rotational viscometer
at 180°C. In the DSR test, the binders (Original, RTFO
residual, and RTFO + PAV residual) were tested at a
frequency of 10 radians per second which is equal to
approximately 1.59 Hz. Each asphalt binder in both the
original state (unaged) and short-time aged state is used to
determine the G∗/sin δ. 0e G∗sin δ at intermediate
temperature was measured to evaluate the fatigue
cracking property for RTFO + PAV residual binders. 0e
BBR test was conducted on asphalt beams
(125 × 6.35 ×12.7mm) at −12°C, and the creep stiffness (S)
of the binder was measured at a loading time of 60 s. A
constant load of 100 g was then applied to the beam of the
binder, which was supported at both ends, and the de-
flection of center point was measured continuously.
Testing was performed on long-term aged state
(RTFO + PAV residual samples).

2.3. Multiple Stress Creep Recovery (MSCR) Tests. DSR
equipment is used to conduct MSCR test for the rub-
berized PMA binders. 0e test is conducted according to
AASHTO TP 70 specification at 76°C. All binders were
tested in short-term aged state. 0e samples are tested in
creep and recovery at two stress levels: 0.1 kPa and 3.2 kPa.
Two parameters are derived from analyzing the MSCR
test, that is, the nonrecoverable creep compliance (Jnr) and
percent recovery (%rec). As shown in Figure 3, the binder
is subjected to creep loading and unloading cycle of 1 sec
and 9 secs, respectively, at stress levels of 0.1 kPa and
3.2 kPa and ten cycles of loading are applied at each stress
level. 0e output of MSCR test is used to calculate

2 Advances in Civil Engineering



nonrecoverable creep compliance (Jnr) and percent re-
covery (%rec) for quantifying the rutting susceptibility of
asphalt binders. 0e nonrecoverable creep compliance
(Jnr), which is determined by dividing nonrecoverable
shear strain by the shear stress, is used to evaluate the
rutting potential of the asphalt binder.

2.4. Statistical Analysis Method. A statistical analysis was
performed using the Statistical Analysis System (SAS)
program to conduct an analysis of variance (ANOVA) and
Fisher’s Least Significant Difference (LSD) comparison
with α� 0.05. 0e ANOVA was performed first to de-
termine whether significant differences among sample

Polymer modified asphalt (PMA) binder

PMA binder with SIS 5%
Blending time: 1hour
Blending temperature: 177°C
Blending speed: 700rpm

(i)
(ii)

(iii)

PMA binder with PE 3%

(1)

Blending time: 1minute
Blending temperature: 177°C
Blending speed: 700rpm

(i)
(ii)

(iii)

Same testing
procedures as (1)

PMA binder containing GTR Production
Blending time: 30minutes
Blending temperature: 177°C
Blending speed: 700rpm
3 GTR contents: 0, 5, and 10%

(i)
(ii)

(iii)
(iv)

Same testing
procedures as (1)

PMA binder with 10% GTR
(c)

PMA binder with 5% GTR
(b)

PMA binder with 0% GTR
(a)

Same testing procedures as
(b)

No aging

Rotational viscometer:
(i) Viscosity at 180°C

DSR:
(i) G∗/sin δ at 76°C

DSR:
(i) G∗/sin δ at 76°C

MSCR:
(i) Jnr and % rev at 76°C

DSR:
(i) G∗/sin δ at 25°C

BBR:
(i) Stiffness & m-value at –12°C

Artificial short-term aging
procedure:
RTFO

Artificial short-term and
long-term aging procedures:

RTFO + PAV

Same testing procedures as
(b)

Figure 1: Flow chart of experimental design procedures.

Table 1: Properties of base asphalt binder (PG 76-22).

Aging states Test properties Test result

Unaged binder Viscosity @ 135°C (Pa-s) 3.244
G∗/sin δ @ 76°C (kPa) 1.9

RTFO aged residual G∗/sin δ @ 76C (kPa) 3.3
G∗sin δ @ 25°C (kPa) 3650

RTFO+PAV aged residual Stiffness @ −12°C (MPa) 285
m value @ −12°C 0.302
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means existed. In the analyses of this study, the signifi-
cance level was 95, indicating that each finding had a 95%
chance of being true. Upon determining that there were
differences among sample means using the ANOVA, the
LSD was then calculated. 0e LSD is defined as the ob-
served differences between two sample means necessary to
declare the corresponding population means difference.
Once the LSD was calculated, all pairs of sample means
were compared. If the difference between two sample
means was greater than or equal to the LSD, the

population means were declared to be statistically dif-
ferent [26].

3. Results and Discussion

3.1. Rotational Viscosity. 0e mixing temperature of the
asphalt mixture is generally selected based on the binder
viscosity which indicates the ability to pump and coat the
aggregate from the asphalt plant. Figure 4 shows the
experimental values of the viscosities measured at 180°C.
0e viscosity values were not measured at standard testing
temperature (135°C), due to the high viscosity charac-
teristics associated with the addition of SIS.0us, viscosity
results measured at 180°C exhibited to have better com-
parisons and trends. Application of GTR is obviously
effective to increase the viscosity. In addition, all binder
viscosity values are almost proportionally increased with
the increase of GTR contents in all PMA binders. PG 76-
22 binder with SIS showed higher viscosity compared to
control PMA binder without SIS. However, the viscosity
of these binders is observed to have decreased by ap-
proximately 10% with addition of PE. 0is indicates that
PE is effective to reduce the binder viscosity as expected.

0e statistical significance of the viscosity as a function of
GTR percentages and the incorporation of SIS and PE are
examined and the results are shown in Table 3. 0is data
illustrates that GTR contents has a significant effect on
viscosity values regardless of types of modified binder. 0e
addition of SIS has significantly influenced the viscosity in all
GTR contents. Also, the results are found to be statistically
significant on the effect of PE which reduced the binder
viscosity.

3.2. Rutting Property. 0e higher G∗/sin δ from the DSR
test shows the binders are stronger against rutting or
permanent deformation at high pavement temperatures.
In original state and short-term aged state, the binders
were tested to measure the G∗/sin δ values at 76°C. 0e
results are shown in Figure 5. 0e addition of GTR
resulted in higher G∗/sin δ values compared to control
PG76 binder with/without SIS in original state. Also, the
PG76 with SIS showed higher G∗/sin δ values compared to
the PG76 without SIS. 0e similar trends were observed in
short-term aged state. It indicates that both additives,
GTR and SIS, are effective to improve the rutting property.
On the other hand, PG76 + SIS5% + PE3% binders showed
insignificant differences on G∗/sin δ values compared to
the corresponding same GTR percentage contents of
PG76 + SIS5% without PE regardless of aging state. It
indicates that the application of PE to PG76 + SIS5%
binder can maintain high rutting resistance with better
workability due to the less binder viscosity. On average,
the G∗/sin δ values of PG76 + SIS5% + PE3% +GTR are
decreased by less than 0.5 kPa at both aging states com-
pared to the corresponding binders without PE.

0e statistical significance of the change in the G∗/sin
δ value as a function of the addition of SIS, PE, and GTR
contents was examined and results are shown in Table 4.

Figure 2: Petroleum resin (PE).

Table 2: Gradation of GTR used in this study.

Sieve no. (μm)
GTR

% retained % cumulative retained
30 (600) 0 0.0
40 (425) 3.6 3.6
50 (300) 68.5 72.1
80 (180) 11.1 83.2
100 (150) 10.0 93.2
200 (75) 6.1 99.3

Recovery portion

10 cycles under 3.2kPa

10 cycles under 0.1kPa

St
ra

in
 (%

)

Time (s)

Figure 3: 10 cycles of creep and recovery at two stress levels of
0.1 kPa and 3.2 kPa.
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0e significant difference is observed with the addition of
SIS at both aging states. In addition, the GTR contents
have a significant effect on the G∗/sin δ value within each
aging state. However, it is found that the statistical dif-
ference with the incorporation of PE is insignificant at
both aging states compared to the corresponding same
GTR percentage contents without PE.

3.3. Multiple Stress Creep Recovery (MSCR) Test. Short-term
aged binder samples were used to conduct the MSCR test
according to AASHTO TP 70. MSCR test and specification
represent a technical improvement over the current per-
formance grade (PG) specification for better characteriza-
tion of the high temperature property of an asphalt binder
[27]. Nonrecoverable creep compliance Jnr represents the
rutting of the PMA binder at high temperature. % recovery
characterizes the delayed elastic response of the asphalt
binder. 0e high delayed elastic response is an indication
that the asphalt binder has a significant elastic component at

the test temperature. Figure 6 shows the variation of creep
compliance at 3.2 kPa stress level and percent recovery of the
PMA binders with GTR at 76°C. 0e addition of GTR
significantly decreased the Jnr values in PMA binders as
shown in Figure 6(a). In general, all binders observed to have
reduced the nonrecoverable creep compliance (Jnr) of the
base PMA binders with the addition of GTR. Addition of SIS
reduces Jnr to very low value of approximately 0.5. %rec is
also found to have increasing trend with increase of GTR
contents for all PMA binder types. As GTR addition in-
creased by 5%, %rec increased by approximately 24% for
control PG76 binders. 0e addition of SIS was also signif-
icantly increased the %rec with comparison to the base PMA
binders without GTR. It is considered that the addition of
SIS and GTR have positive effect on rutting resistance as-
sociated with elastic component. On the other hand, it was
found that the difference between PG76 + SIS5%+PE3%+
10% and PG76 + SIS5%+GTR10% without PE binder in-
significant. 0e effect of PE to reduce %rec is observed to be
compensated by high GTR content.
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0
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ity

 (c
P)

0% 5%
PG76 + GTR PG76 + SIS5% + GTR

GTR content in PMA binder

PG76 + SIS5% + PE3%
+ GTR

10% 0% 5% 10% 0% 5% 10%

Figure 4: Viscosity of the PMA binder with SIS, PE, and GTR at 180°C.

Table 3: Statistical analysis results of the viscosity at 180°C as a function of SIS, PE, and GTR content (α� 0.05).

Viscosity PG76 +GTR PG76+ SIS5%+GTR PG76 + SIS5%+PE3%+
GTR

0% 5% 10% 0% 5% 10% 0% 5% 10%

PG76+GTR
0% − S S S S S S S S
5% − S S S S S S S
10% − S S S S S S

PG76 +GTR+ SIS5%
0% − S S S S S
5% − S S S S
10% − S S S

PG76 +GTR+ SIS5%+PE3%
0% − S S
5% − S
10% −

N: nonsignificant; S: significant.
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Table 5 presents the statistical analysis results of the
MSCR as a function of addition of SIS, PE, and GTR content.
In statistical analysis of Jnr, it is shown that there was no
significant difference by SIS and PE and GTR content except
for PG76+GTR5% and 10%, meaning that the effect of
additives including SIS, PE, and GTR is insignificant on Jnr
result.0e results of %rec showed that there was a significant
difference due to the two additives and GTR content.

However, there was insignificant difference between
PG76 + SIS5%+GTR10% and PG76 + SIS5%+PE3% with
the same 10% GTR as shown in Figure 6(b).

3.4. Fatigue Cracking Property. 0e values of G∗ sin δ from
the DSR are used to identify a fatigue cracking characteristic,
where G∗ represents stiffness and δ is a viscous or elastic

Table 4: Statistical analysis results of the G∗/sin δ as a function of addition of SIS, PE, and GTR content (α� 0.05).

G∗/sin δ at 76°C PG76 +GTR PG76+GTR+ SIS5% PG76 +GTR+ SIS5%+
PE3%

0% 5% 10% 0% 5% 10% 0% 5% 10%
(Original)

PG76 +GTR
0% − N S S S S S S S
5% − S S S S S S S
10% − S S S S S S

PG76 +GTR+ SIS5%
0% − S S N S S
5% − S S N S
10% − S S N

PG76+GTR+ SIS5%+PE3%
0% − S S
5% − S
10% −

(RTFO)

PG76 +GTR
0% − S N S S S S S S
5% − S S S S S S S
10% − S S S S S S

PG76 +GTR+ SIS5%
0% − S S S S S
5% − S S N S
10% − S S N

PG76+GTR+ SIS5%+PE3%
0% − S S
5% − S
10% −

N: nonsignificant; S: significant.
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GTR content in PMA binder

Figure 5: G∗/sin δ of the PMA binders with SIS, PE, and GTR at 76°C.
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indicator. Low values are desirable attribute due to resistance
to fatigue cracking. 0e G∗sin δ values of the binders
(RTFO+PAV residual) were measured using the DSR at 25°C
and the results are illustrated in Figure 7.0eGTR 0% binders
exhibited the highest G∗sin δ value in each base binder type.
However, addition of GTR significantly decreased the G∗sin δ
values. GTR 10% resulted in the lowest G∗sin δ value as
expected. 0ese results indicate that the GTR has positive
effect on the resistance of fatigue cracking. 0e binders
modified with SIS and PE also showed improved cracking
resistance. As a result, PG76+ SIS5%+PE3%+GTR10%
exhibited the lowest G∗sin δ value, suggesting that the sub-
sequent addition of SIS and PE gradually improves the
cracking performance of binders at intermediate temperature.

0e statistical results of G∗sin δ values are shown in
Table 6. In general, the results showed that, within each
base binder type, the GTR contents have a significant
difference in the G∗sin δ value. Also, the data indicates
that the presence of SIS has a significant effect on fatigue
cracking property.

3.5.8ermalCrackingProperty. Creep stiffness andm value
from BBR test are the parameters considered for thermal
cracking at low temperature. Creep stiffness is the re-
sistance of the asphalt binder to creep loading, and the m
value is the change in the creep stiffness with time during
loading. A maximum creep stiffness of 300MPa and a
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Figure 6: Variations in creep compliance and percent recovery of the PMA binder with SIS, PE, and GTR at 76°C; (a) Jnr and (b) %rec.
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minimum m value of 0.300 are required by Superpave
binder specifications. 0e decrease in stiffness leads to
smaller tensile stresses in the asphalt binder and less
chance for low-temperature cracking. 0e BBR test was
performed at −12°C to observe the effect of addition of SIS,
PE, and GTR content on the low-temperature cracking
properties of the PMA binders. Figures 8 and 9 illustrate
the creep stiffness and m values of the PMA binders with
GTR, respectively. It is observed that the addition of GTR
to the PMA binders resulted in lower values of creep

stiffness, regardless of the base PMA binder types. Fur-
thermore, the sequential addition of SIS and PE showed a
decrease in stiffness values depending on each additive.
0e PG76 + SIS5% with GTR showed relatively lower
stiffness values compared to the corresponding binders
without SIS. 0e effect of PE which improved fatigue
cracking property is not much evident in the result of
stiffness value, but all values are lower than some PMA
binders without PE. 0is suggests that the addition of PE
improves cracking performance. In addition, the m values

Table 5: Statistical analysis results of the MSCR as a function of addition of SIS, PE and GTR content (α� 0.05).

PG76 +GTR PG76+ SIS5%+GTR PG76+ SIS5%+PE3%+
+GTR

0% 5% 10% 0% 5% 10% 0% 5% 10%
Jnr

PG76 +GTR
0% − S S S S S S S S
5% − S S S S S S S
10% − N N N N N N

PG76+GTR+ SIS5%
0% − N N N N N
5% − N N N N
10% − N N N

PG76+GTR+ SIS5%+PE3%
0% − N N
5% − N
10% −

%rec

PG76 +GTR
0% − S S S S S S S S
5% − S S S S S S S
10% − S S S S S S

PG76 +GTR+ SIS5%
0% − S S S S S
5% − S S N S
10% − S S N

PG76+GTR+ SIS5%+PE3%
0% − S S
5% − S
10% −

N: nonsignificant; S: significant.
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Figure 7: G∗sin δ of the PMA binders with SIS, PE, and GTR at 25°C.
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Table 6: Statistical analysis results of the G∗sin δ as a function of addition of SIS, PE, and GTR content (α� 0.05).

G∗sin δ at 25°C (RTFO+PAV) PG76 +GTR PG76+ SIS5%+GTR PG76 + SIS5%+PE3%+
GTR

0% 5% 10% 0% 5% 10% 0% 5% 10%

PG76+GTR
0% − S S S S S S S S
5% − S N S S S S S
10% − S S S S N S

PG76+GTR+ SIS5%
0% − N S N S S
5% − S N S S
10% − S S N

PG76+GTR+ SIS5%+PE3%
0% − S S
5% − S
10% −

N: nonsignificant; S: significant.
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Figure 8: Stiffness of the PMA binders with SIS, PE, and GTR at −12°C.
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Figure 9: m value of the PMA binders with SIS, PE, and GTR at −12°C.
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did not seem to change much depending on the additives,
although all values are higher than minimum 0.3 sug-
gested by Superpave.

Using one-way analysis of variance, the statistical
significance of the difference in the stiffness and m value
was examined (as shown in Tables 7 and 8). For all base
PMA binders, the GTR content were found to have sig-
nificant difference in terms of stiffness, whereas the
changes in stiffness between each 10% GTR content of all
PMA binders were statistically insignificant. 0is result
indicates that the effect of SIS and PE is not effective to
reduce the stiffness values of PMA binders with 10% GTR.
With respect to the m value, it was evident that the
changes in stiffness by different base PMA types and GTR
contents were statistically insignificant.

4. Summary and Conclusions

To evaluate the performance properties of SBS PMA binders
containing SIS, PE, and GTR, three different GTR percentage
contents (0, 5, and 10%) were added into PG76 SBS
PMA+5% SIS and PG76 SBS PMA+5% SIS+ 3% PE. All
sample binders were produced with wet process and artifi-
cially short-term and long-term aged using the RTFO and the
PAV procedures. A series of Superpave binder tests were

carried out using the RV, the DSR, and the BBR to determine
the physical and rheological properties (viscosity, rutting,
fatigue cracking, and low-temperature cracking) of the
binders. Also, MSCR test was conducted to deeply investigate
the rutting properties. Based on the results, the following
conclusions were made for the materials used in this study.

(1) Both the GTR and SIS modifiers increased the vis-
cosity of the PMA binder, whereas the addition of PE
significantly reduced the viscosity, indicating that the
production and paving temperature of the PMA
mixes can be decreased using the PE.

(2) In general, SBS PMA binders modified with SIS and
GTR were found to be effective in increasing rutting
resistance compared to the control SBS PMA binder.
It is important to note that the addition of PE which
caused lower viscosity seemed to have similar level of
rutting resistance.

(3) According to the MSCR test results, the addition of SIS
modifier significantly decreases the Jnr value. In the case
of %rec, although it showed a tendency to decrease due
to the addition of PE, the addition of 10% of rubber
could offset the decreasing effect to have similar level of
rutting resistance related to the elastic property.

Table 7: Statistical analysis results of the stiffness as a function of addition of SIS, PE, and GTR content (α� 0.05).

Stiffness PG76 +GTR PG76+ SIS5%+GTR PG76+ SIS5%+PE3%+
GTR

0% 5% 10% 0% 5% 10% 0% 5% 10%

PG76+GTR
0% − S S S S S S S S
5% − S N N S N S S
10% − S S N S S N

PG76+GTR+ SIS5%
0% − S S N S S
5% − S N N S
10% − S S N

PG76+GTR+ SIS5%+PE3%
0% − S S
5% − S
10% −

N: nonsignificant; S: significant.

Table 8: Statistical analysis results of the m value as a function of addition of SIS, PE, and GTR content (α� 0.05).

m value PG76 +GTR PG76+ SIS5%+GTR PG76 + SIS5%+PE3%+
GTR

0% 5% 10% 0% 5% 10% 0% 5% 10%

PG76+GTR
0% − N N S S N S N N
5% − N N N N N N N
10% − S S N S N N

PG76+GTR+ SIS5%
0% − N N N S N
5% − N N N N
10% − N N N

PG76+GTR+ SIS5%+PE3%
0% − N N
5% − N
10% −

N: nonsignificant; S: significant.
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(4) From the DSR test at intermediate temperature, it is
exhibited that the GTR content and SIS are con-
sidered to have positive effects on fatigue cracking
resistance, and the addition of PE was useful to
improve this effect.

(5) From the BBR at −12°C, stiffness values were de-
creased by SIS and GTR content. 0is result indicates
that both additives positively influence the low-
temperature cracking resistance, as expected. In
general, the addition of PE into the PMA binder with
SIS and GTR content is observed to improve the
stiffness at low temperature.

(6) It is recommended that the incorporation of PE can
be considered in order to modify the SBS PMA
binders with SIS and GTR to achieve better cracking
resistance and more temperature reduction for
mixing and compaction without negative effect on
rutting resistance.
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