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The research has been initiated to develop the asphaltmixtureswhich are suitable for the surface of asphalt concrete directly fastened
track (ADFT) system and evaluate the performance of the asphalt mixture. Three aggregate gradations which are upper (finer),
medium, and below (coarser). The nominal maximum aggregate size of asphalt mixture was 10mm. Asphalt mixture design was
conducted at 3 percent air voids using Marshall mix design method. To make impermeable asphalt mixture surface, the laboratory
permeability test was conducted for asphalt mixtures of three different aggregate gradations using asphalt mixture permeability
tester. Moisture susceptibility test was conducted based on AASHTO T 283. The stripping percentage of asphalt mixtures was
measured using a digital camera and analyzed based on image analysis techniques. Based on the limited research results, the finer
aggregate gradation is the most suitable for asphalt mixture for ADFT system with the high TSR value and the low stripping
percentage and permeable coefficient. Flow number and beam fatigue tests for finer aggregate asphalt mixture were conducted
to characterize the performance of asphalt mixtures containing two modified asphalt binders: STE-10 which is styrene-butadiene-
styrene (SBS) polymer and ARMA which is Crum rubber modified asphalt. The performance tests indicate that the STE-10 shows
the higher rutting life and fatigue life.

1. Introduction

Hot mix asphalt (HMA) was first developed for applying to
the track structure to partly replace the conventional granular
material and now is selectively considered as an option for
newmainline tracks, yards, and terminal construction due to
lower delivering and placing cost compared to conventional
granular subballast [1].Hensley andRose [2] found thatHMA
mat is capable of performing as an elastic layer under the
railway instead of open-graded unbound ballast layer. HMA
is suitable for railway substructure to enhance performance,
support dynamic, and vibrated loading especially at the
effective depth of 0–2 meters [3]. Viscoelastic strength and
modulus of HMA can make it more sustainable for using
as high-speed railway substructures [4] and also no damage
or crack of the asphalt is detected after many years of heavy
traffic under various conditions [5]. Fang et al. [6] concluded
that air voids content and permeability of asphalt mixture

is strongly affected by the aggregate gradation but not cor-
related with normal maximum aggregate size. Rose et al.
[7] suggested that the loading conditions in trackbeds are
different from those in highway pavements, so the asphalt
content of HMA trackbeds should be 0.5% higher than that
considered optimum for highway applications with air voids
of 1 to 3% to facilitate adequate strength and an impermeable
mat. Sangsefidi et al. [8] postulated to adopt the optimum
mixture; the aggregate gradation is considered as an impor-
tant characteristic, since it affects the rutting resistance and
the moisture susceptibility of the asphalt mixtures. Merusi
et al. [9] applied a digital image analysis method to identify
the stripping surface to quantitatively evaluate the stripping
resistant of asphalt mixture. It offers a good observation and
qualification of stripping. The impermeable asphalt layer can
prevent stripping and possible contamination of the lower
layer by vertical hydraulic transport of mud and fines [10].
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Figure 1: Aggregate gradations in 0.45 power.

The purposes of this study are to evaluate the asphalt
mixtures with three aggregate gradations, upper, medium,
and below, to evaluate which are suitable for the surface
of Asogakt Concrete Directly Fastened (ADFT) system. The
Marshall mix designmethodwas conducted to determine the
optimum asphalt binder content for asphalt mixes with dif-
ferent aggregate gradation. Digital images captured from wet
indirect tensile (IDT) test were analyzed and compared with
its TSR obtained from dry and wet conditioned specimens
in AASHTO T 283 test. The falling head permeameter was
used to determine the permeability of the asphalt mixtures
in the laboratory in order to find the impermeable mixtures
correlated with the aggregate gradations. The performance
of asphalt concrete mixtures which has upper gradation was
investigated using flow number and beam fatigue test using
two types of modified asphalt binders.

2. Materials and Mix Design

2.1. Materials. Asphalt binder STE-10 which is styrene-buta-
diene-styrene (SBS) polymer was used for evaluating aggre-
gate gradations. The aggregates with three gradations, upper
(finer),medium, and below (coarser), have bulk specific grav-
ities,𝐺sb, of 2.563, 2.578, and 2.594 g/cm

3, respectively, deter-
mined according to AASHTO T 85 [11] and AASHTO T
84 [12] tests. The aggregate gradations were chosen between
the upper and lower control limits without passing through
the restricted area based on Superpave mix design method
with aggregate maximum size of 12.5mm [4]. The details of
aggregate gradations are shown in Figure 1.

2.2. Mix Design. Asphalt mix design is conducted based on
Marshall mix design method [4], and samples of asphalt
mixtures were preparedwith three replicates at three different
asphalt contents.The optimumasphalt contents selected at an
air void of 3% were 5.5%, 5.2%, and 5.3% for upper, medium,
and below mixes, respectively. As shown in Table 1, asphalt
mixture with below gradation did not meet the flow value
criteria as 43.1.

Table 1: Marshall test results at the optimum asphalt content.

Marshall properties Criteria limit Upper Medium Below
Optimum AC (%) At 3 5.5 5.2 5.3
Marshall stability (kgf) >500 2536.7 2162.9 1776.1
VMA (%) >13 13.6 13.0 12.9
VFA (%) 70–80 79.3 78.8 77.9
Flow (0.01 cm) 20–40 35.8 31.8 43.1
𝐺mb(g/cm

3) — 2.344 2.353 2.358

3. Evaluation of Aggregate Gradations

3.1. Indirect Tensile (IDT) Test. HMA moisture susceptibility
is mostly determined based on the AASHTO T 283 [13].
The damage due to moisture is controlled by the specific
limits of the tensile strength ratios (TSR). All specimens were
compacted by the gyratory compactor and had air voids of
7±0.5%. Total six specimens were separated into two subsets:
one subset for dry IDT test and the other for wet IDT test.The
maximum load was recorded from the indirect tensile tester
and the corresponding IDT strength was calculated by

𝑆
𝑡
=
2000𝑃

𝜋𝐷𝑡
, (1)

where 𝑆
𝑡
is the IDT strength, kPa, 𝑃 is the maximum load,

𝑡 is the thickness of specimen, and 𝐷 is the diameter of
specimen. The tensile strength ratio (TSR) is determined by
the following equation from the dry and wet IDT test results:

TSR =
𝑆
𝑊

𝑆
𝐷

, (2)

where 𝑆
𝑊
is the average wet IDT strength and 𝑆

𝐷
is the aver-

age dry IDT strength. Figure 2 indicates that the aggregate
gradation affects to some extent themoisture susceptibility of
the asphalt mixtures. The mixtures with upper, medium, and
below gradations have TSR values of 82.5%, 80.2%, and 81.7%,
respectively. Accordingly, all the mixtures met the criteria
of a minimum TSR value of 80% [13], and the mixes with
upper (finer) gradation showed better TSR than mixes with
medium or below (coarser) gradation. Basically, the water
penetration depends on the gradation of aggregate: dense
or open graded. Since finer materials tend to fill voids and
increase the density, therefore its reduction also affected the
TSR in coarser graded mixes. Furthermore, due to breaking
of coarser aggregate during compaction, uncoated surface
absorbs the water more than the other particles and then
leads to stripping. There is low amount of fine material in
medium and below aggregate gradation. As a result, although
the asphalt mixture with medium aggregate gradation has
high dry and wet IDT strength values (Figure 2(a)), but, as
seen in Figure 2(b), its moisture resistance or TSR value is the
lowest as compared to the others.

3.2. Image Analysis. Two-halves of the samples from the wet
IDT test were kept for image stripping analysis. The images
were captured to the fractured surface by digital camera
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Figure 2: Indirect tensile (IDT) test result.
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Figure 3: Image analysis result.

(SONY DSC-T100 8.1 mega pixels) in an adequate and
indirect light condition to prevent creation of light reflection.
It is recommended to use a light green color as background
during taking picture.With this color, background separation
can be done accurately and evenly. Moreover, the angle of
images capturing should be perpendicular to the surface of
sample. The image analysis program developed using Matlab
[14] was employed for determining stripping percentage.The
numbers of black andwhite pixels were counted to determine
the stripping area. By determining a threshold value within
the grayscale, white and black pixels can be distinguished in
binary image. Applying different threshold levels indicated
that the global threshold values between 0.16 and 0.17 did not
significantly affect the stripping percentage results; however,
for an accurate comparison, the analyses of all the images
should be done with the same threshold value. The threshold
value of 0.165 was chosen to distinguish the white and black
pixels. This threshold level seems to be a realistic value to
recognize the stripping percentage.

In image analysis test, the lower the stripping percentage
is, the less the moisture damage occurs. As seen in Figure 3,
the results indicate that the image analysis is basically reliable

when its results, stripping percentage, have almost the same
trend with the wet IDT values. The IDT test result of the
asphalt mixture with medium aggregate gradation is high,
and also the image analysis indicates a high stripping resis-
tance (lower stripping percentage), relatively matching the
wet IDT strength value. In this study, the stripping percentage
values have yet denoted the correlation with TSR values.

3.3. Permeability Test. The permeability of asphalt concrete
samples was measured by the permeameter developed by
Florida Department of Transportation (FDOT) for testing in
the laboratory [15]. The permeable coefficient was computed
according to (3).Three replicated tests on the same specimen
were performed and averaged:

𝑘 =
𝑎𝐿

𝐴𝑡
ln(ℎ1
ℎ
2

) 𝑡
𝑐
, (3)

where 𝑘 is the permeable coefficient, 𝑎 is the inside cross-
sectional area of the graduated cylinder, 𝐿 is the average
thickness of the test specimen, 𝐴 is the cross-sectional area
of the test specimen, 𝑡 is the elapsed time between ℎ

1
and ℎ
2
,

ℎ
1
and ℎ

2
are initial and final head across the test specimen,

and 𝑡
𝑐
is the temperature correction for viscosity of water.

According to FDOT’s criteria for impermeable asphalt mix-
ture, the permeable coefficient measured by the falling head
permeameter must not exceed 0.1 cm/s. The permeability
of asphalt concrete is mostly affected by the porosity and
air voids distribution. As seen in Figure 4, all mixtures met
criteria for impermeable mixture; however, the permeability
of the mix with below (coarse) gradation is higher by far than
the others. All the air void contents are almost at the same
level. Therefore, it is noted that the upper and mediummixes
can produce smaller air void pockets than the below.

4. Performance Evaluation

According to the previous work [16], the modified asphalt
mixtures are suitable for railway substructures compared to
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Figure 4: Permeability test result.

the original one. For performance evaluation, asphalt mix-
tures with two types of modified asphalt binder, STE-10 and
ARMA, were used for flow number and four point beam
fatigue tests.

4.1. Flow Number. The flow number (FN) is a measure of the
rutting potential of asphalt mixes [17]. Mixes with high flow
number are more resistant to permanent deformation and
vice versa. The cylindrical specimen geometry is similar to
the dynamic modulus test. Asphalt specimens were subjected
to repeated haversine axial cycle with 0.1 and 0.9 sec loading
time and rest period, respectively. The test was performed
under unconfined conditions at 54∘C and deviatoric stress of
600 kPa. The failure criterion is determined at 15,000 cycles
or 50,000 microstrain, whichever occurs first. During FN
test, the mix follows three different stages of deformation:
primary (Consolidation), steady state, and tertiary [17]. Flow
number is the number of load cycles at the minimum
rate of permanent axial strain (e.g., constant volume) at
which tertiary flow begins. The minimum strain rate was
determined at the junction point in between the steady state
and tertiary of deformation.The following equation is applied
to calculate the strain rate;

𝛿
𝑠𝑖

𝛿
𝑁

=
𝜀
𝑁𝑖+1
− 𝜀
𝑁𝑖−1

2Δ𝑁
, (4)

where 𝛿
𝑠𝑖
/𝛿
𝑁
is the strain rate at 𝑁th cycle, 𝜀

𝑁𝑖+1
is the strain

at (𝑖 + 1)th cycle, 𝜀
𝑁𝑖+1

is the strain at (𝑖 − 1)th cycle, and Δ𝑁
is the number of cycles in between (𝑖 + 1)th and (𝑖 − 1)th
cycle. In this study, the test was conducted on two replicates
with an average FN of 733 and 226 cycles for STE-10 and
ARMA mixtures, respectively. Figure 5 represents the strain
rate evolution for the two replicates of STE-10 mixtures.
Results suggest that the asphalt mixture containing STE-10
exhibits the higher rutting life compared to that of ARMA.

4.2. Four Point Beam Fatigue Test. This test was conducted to
determine the fatigue life of asphalt pavement using a 380 ×
63× 50mmbeam.Repeated loadswere applied until reaching

fatigue. Fatigue life is the number of cycles recorded at the
failure of asphalt mixtures according to AASHTO T 321 [18].

An in-house steel mold was used to fabricate 405 × 240 ×
75mm asphalt concrete slab. The slab is compacted by a steel
rod to reach target air voids of 7 to 9%. The slab was sawn
approximately 6mm from all sides to avoid the air voids
clustering at the edge of the slab due to themold temperature.
After that, two standard beams of 380 × 63 × 50mmwere cut
from the slab.

The beams were tested by four point loading clamps. The
loads on the two inner clamps were cycled with a repeated
haversine (sinusoidal) load at frequency of 10Hz while the
outer ones remained fixed to provide a reaction support,
providing a constant bending moment over the center part of
the beam.The deflection caused by the loading ismeasured at
the center of the beam.The deformation of the beam centroid
was calculated to produce the tensile strain values in the
bottom fiber of the beam and collects load and deformation
data every 100 cycles.

The test was performed on a strain-controlled condition
using a strain level of 650 microstrain at room temperature
of 19 ± 1∘C. The sample was conditioned in a chamber for
about two hours at the testing temperature prior to testing.
As loading is applied, the beam resilience reduces gradually.
The test was terminated when the beam stiffness reduced to
50% of the initial stiffness, and the number of cycles at that
time is referred to as the fatigue life. The flexural stiffness (𝑆)
is determined using

𝑆 =
𝜎
𝑡

𝜀
𝑡

, (5)

where 𝜎
𝑡
and 𝜀
𝑡
are the maximum tensile stress and strain

determined as follows:

𝜎
𝑡
=
0.357𝑃

𝑏ℎ2
,

𝜀
𝑡
=
12𝛿ℎ

3𝐿2 + 4𝑎2
,

(6)

where 𝑃 is the applied load by actuator, 𝑏 is the average
beam width, ℎ is the average beam height, 𝛿 is the maximum
deflection at center of beam,𝐿 is the average beam length (m),
and 𝑎 is the space between inner clamps (0.119m). Examples
of the normalized fatigue stiffness reduction with number of
cycles for all mixtures are shown in Figure 6. Results suggest
that the STE-10 exhibits the higher fatigue life with 50 times
greater than the other.

5. Conclusions

The ADFT system requires a durable and impermeable
asphalt layer under the sleepers. Three types of mixes made
with combination of three different aggregate gradationswere
designed and evaluated for their moisture susceptibility and
permeability. The mixtures were designed by Marshall mix
design method and tested with IDT test, image analysis
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Figure 5: Permanent strain rate curves.
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Figure 6: Beam fatigue test.

method, and permeability test. Only below aggregate grada-
tion mix does not meet the design criteria of Marshall flow
and VMA values at 3 percent air voids. The results indicate
that the mix prepared by using upper aggregate gradation
has the best performance on moisture susceptibility with the
optimum asphalt content of 5.5 percent; however, the IDT
strength ofmediummixture is the highest among all. Further,
themixes of upper andmediumgradation have lower value of
permeable coefficient and stripping percentage. The authors
suggest developing threshold value in image analysis method
for different types of mixtures and conditions and learning
more about the relationship between stripping percentage
and IDT test results. Based on the test results and authors’
experience, it is recommended to use aggregate gradations
between medium and upper (fine graded aggregate) for
ADFT system due to their appropriate moisture resistance
and permeability. Also, the modified asphalt binder STE-10
which provides higher fatigue life and rutting life for the

asphalt mixture is more suitable for ADFT system compared
to the ARMA.
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