
Research Article
Performance Characterization of Polymer Modified
Asphalt Binders and Mixes

Nikhil Saboo and Praveen Kumar

Department of Civil Engineering, Indian Institute of Technology, Roorkee 247667, India

Correspondence should be addressed to Nikhil Saboo; niks.iitkgp88@gmail.com

Received 3 November 2015; Revised 12 January 2016; Accepted 19 January 2016

Academic Editor: Ghassan Chehab

Copyright © 2016 N. Saboo and P. Kumar. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Fatigue sensitivity of four different asphalt binders and three different asphalt mixes was evaluated in the study. Binders were
subjected to Linear Amplitude Sweep (LAS) test at three temperatures of 10, 20, and 30∘C. Four-point beam bending test (4PBBT)
was conducted on the asphalt mixes at a temperature of 20∘C for strain amplitudes varying from 200 to 1000microstrains. Tests like
retained Marshall Stability and indirect tensile strength (ITS) were also carried out to judge the mix performance. Experimental
studies demonstrated that elastomeric modified binder and mixes gave the best performance in fatigue. Plastomeric modification
was found to be highly strain susceptible and resulted in poor fatigue performance. The fatigue life of stone mastic asphalt (SMA)
was found to be almost five times higher than the dense graded mixes. For similar strain levels, the results of LAS test could be
linearly correlated with the 4PBBT results.

1. Introduction

High stresses due to heavy vehicular loading, increase in tem-
perature, and introduction of new axle configuration demand
effective strengthening of pavements.Use ofmodified binders
is among themost common techniques, employed to improve
the strength characteristics of bituminous mixes [1–3]. Amid
various forms of modification, polymers tend to increase the
viscoelastic response of binder and reduce its temperature
susceptibility [4–8]. Polymer increases the stiffness of the
binder at higher temperature, while upholding flexibility at
lower temperatures.

The current superpave specification for performance
grading was developed mainly for unmodified binders and
has been proved to be misleading for predicting rutting and
fatigue properties of modified bitumen [9–13]. The method
employs the parameter |𝐺

∗

| ⋅ sin 𝛿 to quantify the asphalt
binder fatigue resistance. |𝐺

∗

| is the complex shear modulus
while 𝛿 is the phase lag between the stress and strain
amplitudes. It is based on the concept that lower dissipated
energy per loading cycle (𝜋 ⋅ 𝛾

0

2

⋅ |𝐺
∗

| ⋅ sin 𝛿) will lead to
lower distress accumulation. 𝛾

0
is the strain amplitude for

constant strain testing. Hence, the intermediate temperature

is determined, such that |𝐺
∗

| ⋅ sin 𝛿 is less than 5000 kPa [14].
This stiffness based parameter, which is a development of
Strategic Highway Research Program (SHRP), is measured
at a fixed frequency (10 rad/sec) ensuring the strain to be
below the linear viscoelastic regime of the bitumen. The
recommended strain value is 1-2%. The test was developed
based on the speculation that binder in pavements functions
mostly in the linear viscoelastic range and is not likely to affect
bitumen’s properties. This simple test cannot describe the
actual complicated fatigue phenomena in which the binder
is exposed to higher strain levels and varied frequency levels.

Fatigue is one of the three (rutting, fatigue cracking, and
low temperature cracking) major failure modes in flexible
pavements which results in degradation of the pavement
materials and finally the pavement structure [15]. The mate-
rials in pavement are subjected to short time load amplitudes
upon passage of a vehicle. Higher amplitudes of this repeated
loading result in reduction of material stiffness and its
subsequent accumulation with time may lead to complete
failure [16].

Over the past 40 years, different test methods have
been developed to simulate the fatigue behavior of hot
mix asphalt (HMA) materials, with varying success [17–24].
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Tangella et al. [25] listed the general categories of different
test methodologies which included simple flexure, supported
flexure, diametral test, triaxial test, direct axial test, fracture
test, and wheel tracking test. In the SHRP-A-404 report [26],
a comprehensive evaluation was performed based on which
the repeated flexure beam test (third/four-point bending)was
given the highest rank. Usually, two types of loading modes
are adopted in laboratory fatigue testing: constant stress
(controlled-stress) mode and constant strain (controlled-
strain) mode. In the constant stress loading mode, the stress
is kept constant and the strain increases with load cycles,
whereas, in the constant strain mode of loading, the strain
is maintained constant in all the loading cycles and the stress
decreases subsequently. In the field, the loading conditions
aremore complex and are usually combinedmodes of loading
[27]. Researchers [25, 28] have suggested that controlled-
strain testing might be used for relatively thin pavements
with HMA less than 50mm (2 in.), because the strain in
thin asphalt layer is governed by the underneath layers and
is merely affected by the decrease in stiffness of the asphalt
mix. The controlled-stress testing might be more appropriate
for thicker pavements of more than 152mm (6 in.) where
the main load-carrying component is the top layer. For
intermediate thicknesses, a combination of constant stress
and constant strain exists. It has been found that the fatigue
life obtained from constant stress testing condition is shorter
than the life obtained from constant strain testing condition
[26]. In this study, constant strain mode has been adopted
assuming that the thickness of the wearing course is not high.

A plethora of studies have indicated the improvement
in rheological and mechanical properties of bitumen with
addition of polymers [8, 29–31]. In general, elastomeric mod-
ification has been found to improve the lower temperature
susceptibility of binders while plastomeric modified binders
tend to improve the high temperature properties [8, 32–
34]. Few studies also demonstrated the increase in fatigue
properties with use of plastomeric modified binders [35].
Specifically, the change in properties are a function of the
type and amount of modifier used and also the base chemical
properties of the base bitumen. Study on variation of fatigue
life with change in strain amplitudes for modified binders is
however a new area to be explored.

(1) Objective of the Study. Although studies have reported the
fatigue characteristics of different asphalt binders and mixes;
very few have focused on correlating and comparing the
binders fatigue life using LAS test with the fatigue behavior
of asphalt mixes. Since LAS is a new test method, a critical
study is required using different binders and checking its
validity with the fatigue performance of different asphalt
mixes. The main objective of the study is to compare and
correlate the fatigue response of different asphalt binders and
mixes corresponding to different strain levels.

2. Materials

2.1. Bitumen. Four binders were used in the study. VG 10
and VG 30 were the viscosity graded (VG) binder. VG
10 was being modified with elastomeric Styrene Butadiene
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Figure 1: Aggregate gradation adopted in the study.

Styrene (SBS) and plastomeric Ethylene Vinyl Acetate (EVA)
at various percent of modification level. An earlier study
done by the authors [36] found that the interlocked phase
of polymer with the base binder is obtained using 3% SBS
and 5% EVA. Higher percentages yielded binders which
were susceptible to phase separation. Moreover, using lower
percentages did not fully optimize the properties of the
base binder, which resulted in an uneconomical blend. So,
for comparison, only 3% SBS and 5% EVA are considered
in the study. The conventional properties along with the
high temperature performance grade (PG) specification and
true intermediate grade temperature for these binders are
presented in Table 1. In this paper, the polymer modified
bitumen will be represented as PMB (E) and PMB (S)
indicating modification with EVA and SBS. The authors also
studied the optimum blending requirements for both the
polymers. Following the study, PMB (S) was modified at a
temperature of 180∘C using a high shear mixture operated
at 1500 rpm for 60 minutes. PMB (E) on the other hand was
modified at 190∘C, at a shear rate of 600 rpm for 30 minutes.

2.2. Aggregate. Quartzite aggregates were used and obtained
from a local quarry. The conventional properties of aggre-
gates were measured which followed the specifications in
accordance with Ministry of Road Transport and Highways
(MoRT&H), India.

2.3. Gradations Adopted. Three gradations were adopted in
the study, namely, bituminous concrete (BC), dense bitu-
minous macadam (DBM), and stone mastic asphalt (SMA).
The nominal maximum aggregate sizes (NMAS) of 19mm,
26.5mm, and 19mm were used, respectively. The gradation
requirements are as perMoRT&H. BC andDBMare amongst
the dense graded mixes most commonly used in India for
the surface and binder courses, respectively. SMA on the
other hand is a gap-graded mix used as a wearing course
with high rut resistant properties. Usually, SMA is used at
places with extreme conditions of temperature and loading.
Figure 1 presents the sieve size distribution for the respective
mixes. Each type of mix was prepared with all the four
binders. For SMA, first, the drain-down test was carried
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Table 1: Conventional properties of binders used in the study.

Binders Penetration,
dmm

Softening
point, ∘C

Penetration
index

Viscosity at
60∘C, Pa⋅s

Storage
stability,

ΔSoft. point,
∘C

High
temperature PG

grade

True grade,
intermediate

temperature, ∘C

VG 10 75 47 −1.01 258 — PG 58-XX 25.3
VG 30 62 49 −0.95 375 — PG 64-XX 20.1
PMB (S) 56 60 1.31 2120 1.5 PG 70-XX 15.7
PMB (E) 49 65 1.92 6120 1.3 PG 76-XX 12.2

Table 2: Drain-down test results.

Type of mix Type of binder Drain-down (%)
(max 0.3)

SMA VG 10 0.57
SMA VG 30 0.43
SMA PMB (S) 0.28
SMA PMB (E) 0.26

out using all the binders. As SMA is a gap-graded mix,
the binders are susceptible to flow out of the mix at high
handling temperatures (near about 163∘C).This phenomenon
is known as drain-downwhich should be less than 0.3% as per
specification outlined in Indian Roads Congress (IRC) SP-
79 2008. Drain-down test was carried out using Schellenberg
method [37]. It was found that only the modified binders
(PMB (S) and PMB (E)) satisfied the maximum drain-down
criteria. So VG 10 and VG 30 were not used for preparing
SMA samples. Moreover, SMA should have high resistance
properties and thus it should have a stiff binder which in this
case cannot be VG 10 or VG 30 as shown by the results in
Table 1. Table 2 presents the results of the drain-down test.

2.4. Mix Design. All the bituminous mixes in the study were
prepared using Marshall Mix design procedure. Samples for
BC and DBM were compacted by applying 75 blows on each
face while SMA was compacted through application of 50
blows on each face, respectively. Sampleswere prepared at five
binder contents for eachmix typewith three identical samples
at each binder content. The procedure as recommended by
NAPAwas used for the determination of the optimumbinder
content (OBC). According to the method, the binder content
corresponding to 4% air void (by weight of the mix) is
determined first and this binder content is used to determine
the values of Marshall Stability, voids in mineral aggregates
(VMA), flow, and percent voids filled with bitumen (VFB).
Each value is compared against the specification value for that
property and if all are found to be within the specification
range, the asphalt content at 4 percent air void is considered as
the optimum.After determination of theOBC corresponding
to 4% air void, threemore samples at that binder content were
prepared for Marshall testing.

3. Experimental Investigation

3.1. Linear Amplitude Sweep (LAS) Test. Linear Amplitude
Sweep test following AASHTO TP 101-14 was conducted to
determine the parameters 𝐴 and 𝐵, to assess the fatigue
life of the binders at different strain levels. 𝐴 and 𝐵 are
the model parameters of the fatigue equation. This test was
done at 10, 20, and 30∘C for all the binders. The results
reported in the study are an average of three samples for each
temperature. The test requires conducting a frequency sweep
test followed by a Linear Amplitude Sweep. The frequency
sweep is conducted at a very low strain level of 0.1% to obtain
undamaged material properties, which is used as an input in
the analysis of amplitude sweep test. The amplitude sweep
test is conducted by linearly varying strain from 0 to 30%,
through 3100 loading cycles at a fixed frequency of 10Hz.The
test begins with 100 cycles of sinusoidal loading at 0.1% strain
followed by incremental load steps of 100 cycles each, at a rate
of 1% increment in strain level.

The frequency sweep test (0.2–30Hz) is used for the
determination of the parameter alpha (𝛼) which is later used
in the analysis of strain sweep data. 𝛼 is the reciprocal of
the straight line slope (𝑚) of log𝐺

 (𝜔) versus log𝜔 curve.
Frequency sweep is conducted at a strain level of 0.1%, so as
to ensure the linear viscoelastic range for the bitumen:

𝛼 =
1

𝑚
. (1)

Amplitude or strain sweep test is conducted at a frequency
of 10Hz, with loading increasing from zero to 30% over the
course of 3100 cycles of loading.The damage accumulation in
the specimen is calculated using the formulae [38]:

𝐷 (𝑡) ≅

𝑁

∑
𝑖=1

[𝜋𝛾
0

2

(𝐶
𝑖−1

− 𝐶
𝑖
)]
𝛼/(1+𝛼)

(𝑡
𝑖
− 𝑡
𝑖−1

)
1/(1+𝛼)

, (2)

where 𝐶(𝑡) is the ratio of |𝐺
∗

|(𝑡) to |𝐺
∗

|initial, which are the
value of complex shear modulus at any time 𝑡 and the initial
undamaged |𝐺

∗

|.
Further, the calculated 𝐶(𝑡) and 𝐷(𝑡) are used to fit a

relation of the form:

𝐶
𝑡

= 𝐶
0

− 𝐶
1

(𝐷)
𝐶
2 , (3)

where 𝐶
0
, 𝐶
1
, and 𝐶

2
are evaluated using curve fitting. 𝐶 at

peak stress is used to calculate the value of𝐷(𝑡) at failure (𝐷
𝑓
)

using the above equation.
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Thebinder fatigue life𝑁
𝐹
is calculated using the equation:

𝑁
𝐹

= 𝐴 (𝛾max)
𝐵

, (4)

where 𝐴 and 𝐵 are the model parameters and are evaluated
using the following equations:

𝐴 =
𝑓 (𝐷
𝑓
)
𝑘

𝑘 (𝜋𝐶
1
𝐶
2
)
𝛼

,

𝐵 = 2𝛼.

(5)

In the above equations, 𝑓 is the frequency (10Hz) and 𝑘 is
calculated as follows:

𝑘 = 1 + (1 − 𝐶
2
) 𝛼. (6)

The above method for characterizing the fatigue is generated
from the viscoelastic continuum damage (VECD) principle,
which starts from the basic Schapery’s equation for damage
(𝐷) rate, written as [39]

𝑑𝐷

𝑑𝑡
= −

𝜕𝑊

𝜕𝐷
. (7)

The above equation for viscoelastic materials was modified to
obey power law based on Paris Law of crack growth:

𝑑𝐷

𝑑𝑡
= (−

𝜕𝑊

𝜕𝐷
)

𝛼

. (8)

𝑊 is the materials energy potential, while 𝛼 is the exponent
determining the energy release rate.

Further, the work done by Park and coworkers [39] for
monotonic loading was implemented for harmonic loading
as typical in flexible pavements. For strain controlled cyclic
shear loading, the dissipated energy during each cycle was
used in place of𝑊 in (8) [12].The dissipated energy is derived
from the work done per unit volume by the material, when
subjected to cyclic loading. It could be written as

𝑊 = 𝜋 ⋅ 𝛾
0

2

⋅
𝐺
∗ ⋅ sin 𝛿. (9)

Using this equation in the above equation yields the solution
as

𝐷 (𝑡) ≅

𝑁

∑
𝑖=1

[𝜋𝛾
0

2

(
𝐺
∗ sin 𝛿

𝑖−1
−

𝐺
∗ sin 𝛿

𝑖
)]
𝛼/(1+𝛼)

⋅ (𝑡
𝑖
− 𝑡
𝑖−1

)
1/(1+𝛼)

.

(10)

Further using (3) in (9) will give
𝑑𝑊

𝑑𝐷
= −𝜋𝐶

1
𝐶
2

(𝐷)
𝐶
2
−1

(𝛾max)
2

. (11)

Equations (11) and (8) create a differential equation, which on
solving will give

𝐷 (𝑡) = [
1

(−𝛼𝐶
2

+ 𝛼 + 1) 𝑡
]

(1/(𝛼𝐶
2
−𝛼−1))

⋅ [
1

(𝜋𝐶
1
𝐶
2
𝜋2)

]

(𝛼/(𝛼𝐶
2
−𝛼−1))

.

(12)

This equation is finally transformed to (4).

(a) Load configuration (b) Failure of specimen

Figure 2: Indirect tension strength test loading and failure process.

3.2. Moisture Susceptibility Test. The susceptibility of asphalt
mixtures to moisture is another measure of the durability.
Retained Marshall Stability test was employed for evaluating
the sensitivity of the mixes and binders to moisture. Ten-
sile strength ratio (TSR) was also calculated for assessing
the moisture susceptibility of bituminous mixes. MoRT&H
requires a minimum of 80% TSR to make the mix resistive to
moisture damage. Marshall Stability of compacted specimens
was determined after conditioning them by keeping in water
maintained at 60∘C for 24 h prior to testing. This stability,
expressed as percentage of the stability ofMarshall Specimens
determined under standard conditions, is the retained sta-
bility of the mix. Tensile strength ratio (TSR) is the average
static indirect tensile strength of the conditioned specimens
expressed as percentage of the average static indirect tensile
strength of unconditioned specimens. Conditioning was
done by keeping the specimens in water maintained at 60∘C
for 24 h and by curing at 25∘C for 2 h before commencing
the test. The test was conducted at 25∘C. Three samples were
prepared for checking the consistency in the results and the
average value was calculated.

3.3. Indirect Tension Strength (ITS) Test. In the study, ITS
test was conducted in accordance with ASTM D 6931, 2012,
at 25∘C. Indirect tensile strength test procedure consists of
applying a load along cylindrical specimen’s diametrical axis
at a fixed deformation rate of 5.1 cm/min until failure and
determining the total vertical load at failure of the specimen
at 25∘C. Failure is defined as the point after which there is no
increase in load. A nearly uniform tensile stress is developed
normal to the direction of the applied load along the same
vertical plane causing the specimen to fail by splitting along
the vertical diameter. Figure 2 shows the loading and failure
phenomena in the test. The maximum load sustained by the
specimen is used to calculate the indirect tensile strength
using the following expression:

𝑆
𝑇

=
2𝐹

3.14 (ℎ𝑑)
, (13)

where

𝑆
𝑇
is indirect tensile strength,

𝐹 is total applied vertical load at failure, N,
ℎ is height of specimen, mm,
𝑑 is diameter of specimen, mm.
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Table 3: Test condition adopted for 4PBB test.

S. number Test parameter Test condition
1 Test temperature (∘C) 20 ± 0.5
2 Strain amplitude (10−6m) 200–1000
3 Loading frequency (Hz) 10
4 Air void content (%) 4 ± 0.2
5 Type of loading Sinusoidal

6 Failure condition
When the flexural stiffness is reduced to 50% of
the initial flexural stiffness or 200000 loading

cycles have been applied, whichever occurs first.

3.4. Four-Point Beam Bending Test (4PBBT). The flexural
fatigue testing protocol of AASHTO T321-2003 and SHRP
M-009 requires preparation of oversized beam specimens
that have to be sawed to the required dimensions. The
final required dimensions are 380 ± 6mm (15 ± 1/4 in.) in
length, 50 ± 6mm (2 ± 1/4 in.) in height, and 63 ± 6mm
(2.5 ± 1/4 in.) in width. No specific procedure is mentioned
for beam preparation. However, several methods including
full scale rolling wheel compaction, miniature rolling wheel
compaction, and vibratory loading have been used over years.

In this study, the beams were prepared adopting a new
method of loading and unloading. The mold used for beam
preparation had an inside dimension of 382mm × 50mm ×

70mm. The final dimension was fixed as 382mm × 50mm
× 50mm to achieve uniform beam sizes for all the types of
mixtures. All the specimens were prepared to achieve a target
air void content of 4%byweight of the totalmix. As the height
of beam was fixed, the weight of the mixture required to
achieve the target air void was precalculated. The aggregates
and bitumen were mixed at the required mixing temperature
and was placed in the preheated mold. A compression testing
machine was used for applying load till the desired height
was reached. The loading was accompanied by an unloading
process to avoid breaking of aggregates due to static loading.
After compaction, the specimen was allowed to cool for 24
hours. The beam was extracted from the mold and the air
void content was measured using the saturated surface-dry
procedure (AASHTO T166). Compacting the specimens is
one of themost difficult tasks, when the target air void content
is fixed. This may be possible but would require many trials.
So an allowance of ±0.2% was given to the required air
void content. The testing protocol mentioned in Table 3 was
adopted for conducting the four-point beam bending (4PBB)
test. Two samples were prepared for each combination of
binder and mix.

The maximum tensile stress and strain were calculated
using the following equations:

𝜎
𝑡

=
0.382 ⋅ 𝑃

𝑏 ⋅ ℎ2
,

𝜀
𝑡

=
12 ⋅ 𝛿 ⋅ ℎ

3 ⋅ 𝐿2 − 4 ⋅ 𝑎2
,

(14)

where

𝜎
𝑡
is maximum tensile stress, Pa,

𝜀
𝑡
is maximum tensile strain, m/m,

𝑃 is applied load, N,
𝑏 is average specimen width, m,
ℎ is average specimen height, m,
𝛿 is maximum deflection at the center of the beam,
𝐿 is length of the specimen, 382mm,
𝑎 is length between the clamps (𝐿/3 = 127.33mm).

The flexural stiffness, phase angle, dissipated energy, and
cumulative dissipated energy are calculated as follows:

𝑆 =
𝜎
𝑡

𝜀
𝑡

,

𝜙 = 360 ⋅ 𝑓 ⋅ 𝑠,

𝐷 = 𝜋 ⋅ 𝜎
𝑡
⋅ 𝜀
𝑡
⋅ sin (𝜙) ,

C.D.E =

𝑁

∑
𝑖=1

𝐷
𝑖
,

(15)

where

𝑆 is flexural stiffness, Pa,
𝜙 is phase angle, degrees,
𝑓 is load frequency, Hz,
𝑠 is time lag, seconds,
𝐷 is dissipated energy per cycle, J/m3,
C.D.E is cumulative dissipated energy, J/m3.

4. Results and Analysis

4.1. Fatigue Behavior of Binders. Figure 3 shows the compari-
son of fatigue lives for all the binders at the three temperatures
considered in the study. It can be seen that PMB (S) outper-
forms all the binders irrespective of any test temperatures.
At 10 and 20∘C, for low strain levels, PMB (E) had higher
fatigue life thanVG 10 andVG30.As the strain level increased
(typically after 10%), the fatigue life decreased steeply for
PMB (E), giving lower values than the conventional binders.
This describes the higher strain susceptibility for plastomeric
PMB (E). Due to higher stiffness at lower temperature, PMB
(E) tends to undergo brittle failure when strained to higher
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Figure 3: Variation of fatigue life at different temperatures.

amplitudes. This is attributed to the crystalline nature of the
polyethylene segment in EVA, which imparts brittle nature
to the binder at lower temperatures. However, at 30∘C, the
fatigue life of PMB (E)was found to be higher thanVG30. It is
hence recommended that plastomeric modified binders such
as EVA should not be used at regions with lower pavement
temperatures and heavily stressed areas. The conventional
binders displayed interesting behavior. VG 10 and VG 30
had lower fatigue lives at lower strain amplitudes. But the
rate of decrease in fatigue life with increase in strain level
was lower than the modified binders. VG 10 had the lowest
strain susceptibility and gave better results than PMB (E)
and VG 30 at higher strain amplitudes. This phenomenon
was compounded in the traditional method of determining
fatigue life. As can be seen in Table 1, the true intermediate
temperature, for |𝐺

∗

| ⋅ sin 𝛿 to be lower than 5000 kPa, is
the lowest for PMB (E), indicating that it would perform
better than all other binders. This is contrary to the ranking
of binder as demonstrated by LAS test results. Moreover, in
the traditionalmethod, thewide spectrumof fatigue behavior
with change in strain level cannot be evaluated. Hence, LAS
test is a better way of judging the relative fatigue performance
of different binders. A statistical test was carried out to see
if the data obtained using LAS test for different combination
of temperature and strain levels were significantly different.

It was found that the 𝐹 statistics values (6.97, 3.65, and
3.35) were higher than the 𝐹 critical value (1.59) at all the
temperatures (10, 20, and 30∘C) at different strain levels
(1–30%) which indicates that the results are significantly
different.The tables are not presented in this paper for brevity.

The fatigue life for all the binders using LAS method
was found to be sensible to the value of 𝛼 and 𝐴. A lower
value of 𝛼 and a higher value of 𝐴 are desirable for superior
performance in fatigue. “𝛼” indicates the rate of reduction
in fatigue life with increase in strain amplitude. A lower
value would indicate lower strain susceptibility. In general, 𝛼

decreases and 𝐴 increases with increase in temperature for
all the binders. But the change in the respective values with
change in temperature is different for each binder. Also, it is
observed that the value of 𝛼 has dependence on the stiffness
of binder. The value increased with increase in stiffness, with
PMB (E) having the highest value. Table 4 presents the values
of the 𝐴 and 𝛼 at all the test temperatures.

Variation of fatigue life with temperature was also eval-
uated corresponding to two different strain levels as can
be seen in Figure 4. Usually, it is assumed that the strain
in the binder is about 50 times that in the mixture [40].
Hence, the fatigue life at two strain levels was evaluated for
comparison. 2.5% and 5% corresponding to 500 microstrains
and 1000 microstrains were reported. In general, the fatigue
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Figure 4: Variation of fatigue life with temperature at two different strain levels.

Table 4: Values of fatigue parameters 𝛼 and 𝐴.

Binders 𝛼 𝐴

10∘C 20∘C 30∘C 10∘C 20∘C 30∘C
VG 10 1.6048405 1.4582551 0.3822351 16892.32 37431.015 65396.962
VG 30 1.7922338 1.6402502 0.3409223 47259.719 54534.01 83388.288
PMB (S) 1.8680149 1.8391338 0.2876897 148400.75 378251.85 1279936.4
PMB (E) 2.0018136 1.8236637 0.2922775 147129.68 132799.17 702093.28

life increases with increase in temperature for all the binders.
The increase in fatigue life with increase in temperature
was the highest for VG 10, indicating higher temperature
susceptibility.

4.2. Marshall Mix Results. Table 5 presents the result of the
optimum binder content and the corresponding Marshall
Mix parameters. The stability of mixes prepared with mod-
ified binders was higher than those prepared with conven-
tional binders. Amongst different mixes, SMA had the lowest
stability values attributed to higher VMA and binder content.
The retained Marshall Stability values were found to be
higher for mixes prepared with modified binders. Moreover,
amongst all the mixes, SMA had the highest retained stability
value. Two outcomes can be derived from this observation.
First, the modified binders have lower temperature suscepti-
bility and secondly higher binder content (as in SMA mixes)
tends to increase the film thickness making the mix more
durable and resistant to moisture damage.

4.3. Indirect Tensile Strength (ITS). Figure 5 presents the ITS
results for the three types of mixes prepared using different
binders. The results revealed that modified binders have
higher values as compared to mixes prepared with conven-
tional binders. Dense graded mixes such as BC displayed
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Figure 5: ITS values for different mixes.

higher values as compared to gap-graded SMA. Though the
ITS values for BC andDBMmixes are higher than SMA, they
will develop cracks due to lower binder content. It is hence
necessary to determine the resistance to cracking for different
mixes from repeated bending test. The TSR values were also
plotted on the secondary axis. Modified binders were found
to be least susceptible to moisture damage. The minimum
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Figure 6: Fatigue life at different strain levels.

Table 5: Results of Marshall Mix design.

Mix properties BC DBM SMA
VG 10 VG 30 PMB (S) PMB (E) VG 10 VG 30 PMB (S) PMB (E) PMB (S) PMB (E)

𝐺
𝑠𝑏

2.712 2.712 2.71
𝐺
𝑏

1.02 1.02 1.03 1.04 1.02 1.02 1.03 1.04 1.03 1.04
𝐺
𝑚𝑏

2.454 2.458 2.451 2.452 2.455 2.458 2.462 2.459 2.324 2.325
𝐺
𝑚𝑚

2.556 2.562 2.554 2.556 2.558 2.561 2.565 2.561 2.422 2.423
OBC, % 4.9 5.1 5.1 5.1 4.7 4.7 4.8 4.8 6.7 6.7
𝑉
𝑎

, % 3.99 4.06 4.03 4.07 4.03 4.02 4.02 3.98 4.05 4.04
VMA, % 13.95 13.99 14.23 14.2 13.73 13.63 13.58 13.68 19.99 19.95
VFB, % 71.39 70.98 71.67 71.34 70.68 70.48 70.42 70.89 79.76 79.73
Stability, Kg 1275 1359 1588 1675 1182 1278 1450 1570 970 1015
Flow, mm 3.1 2.9 3.2 3.4 3.6 3.4 3.1 3.1 3.8 3.7
Marshall quotient 4.11 4.68 4.96 4.92 3.28 3.75 4.67 5.06 2.55 2.74
Retained Marshall Stability, % 62 67 79 82 67 66 80 85 95 96

specification criteria of 80% TSR were not satisfied for mixes
prepared with VG 10. For DBM, VG 30 also displayed slightly
lower value than the minimum required. Hence, for these
mixes, antistripping agent should be used to protect it from
being vulnerable to moisture effects.

4.4. Fatigue Life from 4PBBT. Figure 6 presents the compar-
ison of the fatigue life of different mixes for each binder type.
The results of 200 microstrains are not shown because all the
mixes exhibited fatigue life higher than 2 × 105 cycles. At

400 microstrains, SMA mixes prepared with PMB (S) and
PMB (E) also had higher fatigue life. It was found that, at
lower strain levels (<600 microstrains), mixes prepared with
polymer modified binders exhibited higher fatigue life than
those prepared using conventional binders. Amongst the
polymer modified binders, PMB (S) gave superior results. As
the strain level increased, the fatigue life of PMB (E) reduced
drastically and was almost close to the behavior shown by
conventional binders. PMB (S), on the other hand, displayed
the best performance at all the strain levels. Amongst all
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Figure 7: Fatigue life of different type of bituminous mixes.

the mixes, SMA had the highest fatigue life, which was
almost 5 times the fatigue life of BC and DBM. This may be
attributed to the volumetric of the bituminous mixture. SMA
being a gap-graded mix has high VMA (17–22%), which can
accommodate ample amount of bitumen for a fixed air void
content of 4%. This increases the film thickness inside the
mix, making the mix more durable to the induced strain.

Figure 7 illustrates the fatigue life as a function of strain.
The slope of the curve indicates the sensitivity of the binders
to the change in the magnitude of strain. PMB (E) showed
highest susceptibility to this change while PMB (S) was
found to be least susceptible. It was found that at lower
strain levels (≤400 𝜇m) PMB (E) had fatigue life very close
to PMB (S). But as the strain increased, the fatigue life of
PMB (E) decreased very sharply. At higher strain amplitudes
(≥800𝜇m), the fatigue life of PMB (E) mixes was even
lower than that of the mixes prepared using conventional
binders. This behavior of PMB (E) may be explained as
follows. In PMB (E), the crystalline nature of the polymer
stiffens the binder inducing viscous behavior. At low strains,
due to high stiffness, the binder can take higher number of

load repetitions without any damage. But due to the rigid
nature, it cannot be stretched to higher strain which will
result in formation of cracks. On the other hand, in PMB
(S), the polymers are cross-linked to a three-dimensional
network. The polystyrene end-blocks impart strength while
the butadiene mid-blocks impart exceptional elasticity. This
makes the binder more flexible and increases its capability to
resist higher strains.

4.5. Correlation of LAS and 4PBBT Results. It was attempted
to correlate the fatigue results of asphalt binders with the
fatigue life of asphalt mixtures. Assuming that the strain
in binder is about 50 times the strain in mixtures, four
strain levels (2, 3, 4, and 5%) of LAS test were chosen
corresponding to four similar strain levels (400, 600, 800,
and 1000 microstrains) of 4PBBT. Plotting the results of
the binders against the fatigue life of mixes, it can be seen
from Figure 8 that linear correlation is achieved for all the
mixes. For PMB (E) and PMB (S), the fatigue life for SMA
is also shown. It can be seen that the slope for SMA deviates
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Figure 8: Correlation of fatigue life of asphalt binders and mixes.

considerably compared to that of BC and DBM.This may be
attributed to the higher VMA for SMAmixes as compared to
BC and DBM. The correlation equation however varies with
the type of mix for each binder.

5. Conclusions

Based on the results of the experimental and analytical
investigations on fatigue behavior of different unmodified

and modified bituminous binders and mixes, the following
conclusions have been drawn:

(1) LAS test was found to bemore practical than the exist-
ing intermediate performance criteria of 𝐺

∗

⋅ sin 𝛿.
By LAS test, it was possible to evaluate the complex
behavior of the binder at a wide range of loading
levels. Elastomeric polymer modified binder (PMB
(S)) displayed the highest fatigue life at all the test
temperatures. PMB (E) was found to be susceptible
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to strain amplitudes at 10 and 20∘C at which the
performance degraded at higher strain levels. VG 10
and VG 30 had lower fatigue lives at lower strain
amplitudes. But the rate of decrease in fatigue life with
increase in strain level was lower than the modified
binders. VG 10 had the lower strain susceptibility
and gave better results than PMB (E) and VG 30 at
higher strain amplitudes. However, at 30∘C, PMB (E)
performed better than the conventional binders.

(2) TheMarshall test results indicated higher stability for
dense graded mixtures prepared with polymer mod-
ified bitumen. SMA mixes displayed lower stability
values attributed to high VMA and increased binder
content.

(3) The moisture susceptibility as shown by the retained
Marshall Stability test was higher for conventional
binders. The retained Marshall Stability values for
SMA mixes were found to be higher than the dense
gradedmixes.This is attributable to the higher binder
contentwhich increases the film thicknessmaking the
mix water resistant. ITS values for BC and DBMwere
found to be higher than SMA. Mixes prepared with
modified binders displayed higher strength values in
comparison to viscosity graded binders. VG 10 did not
satisfy the minimum TSR criteria required to satisfy
the moisture susceptibility criteria.

(4) At lower strain levels, mixes prepared with polymer
modified binders had higher fatigue life as compared
to mixes prepared with conventional viscosity graded
binders. At high strain amplitude, mixes prepared
with PMB (E) gave poor performance in fatigue. The
fatigue life PMB (E) mixes were even lower than
the mixes prepared using conventional binders. This
is attributed to the high strain sensitivity of PMB
(E). PMB (S) on the other hand gave best results in
comparison to other binders.

(5) Amongst all the mixes, SMA gave the best perfor-
mance in fatigue. The fatigue life of SMA mixes was
almost five times higher as compared to other bitu-
minous mixtures. This is attributed to the high VMA
percentage, which can accommodate large amount of
binder for a fixed air void content. This increases the
film thickness which reduces the stress and increases
the durability.

(6) It was found that for similar strain levels the fatigue
life of asphalt binders could be linearly correlated
with the fatigue life of asphalt mixes. The correlation
equation varies with the type of mix for each binder.
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