
Journal of Testing and Evaluation, Vol. 39, No. 5
Paper ID JTE103472

Available online at: www.astm.org

This paper has been modified from the original to correct the pagination. No other material has been changed.

 

P. Anbazhagan,1 Indraratna Buddhima,2 and G. Amarajeevi3

Characterization of Clean and Fouled Rail Track
Ballast Subsurface Using Seismic Surface
Survey Method: Model and Field Studies

ABSTRACT: The efficiency of track foundation material gradually decreases due to insufficient lateral confinement, ballast fouling, and loss of
shear strength of the subsurface soil under cyclic loading. This paper presents characterization of rail track subsurface to identify ballast fouling and
subsurface layers shear wave velocity using seismic survey. Seismic surface wave method of multi-channel analysis of surface wave (MASW) has
been carried out in the model track and field track for finding out shear wave velocity of the clean and fouled ballast and track subsurface. The shear
wave velocity (SWV) of fouled ballast increases with increase in fouling percentage, and reaches a maximum value and then decreases. This
character is similar to typical compaction curve of soil, which is used to define optimum and critical fouling percentage (OFP and CFP). Critical
fouling percentage of 15 % is noticed for Coal fouled ballast and 25 % is noticed for clayey sand fouled ballast. Coal fouled ballast reaches the OFP
and CFP before clayey sand fouled ballast. Fouling of ballast reduces voids in ballast and there by decreases the drainage. Combined plot of
permeability and SWV with percentage of fouling shows that after critical fouling point drainage condition of fouled ballast goes below acceptable
limit. Shear wave velocities are measured in the selected location in the Wollongong field track by carrying out similar seismic survey. In-situ
samples were collected and degrees of fouling were measured. Field SWV values are more than that of the model track SWV values for the same
degree of fouling, which might be due to sleeper’s confinement. This article also highlights the ballast gradation widely followed in different coun-
tries and presents the comparison of Indian ballast gradation with international gradation standards. Indian ballast contains a coarser particle size
when compared to other countries. The upper limit of Indian gradation curve matches with lower limit of ballast gradation curves of America and
Australia. The ballast gradation followed by Indian railways is poorly graded and more favorable for the drainage conditions. Indian ballast engi-
neering needs extensive research to improve presents track conditions.
KEYWORDS: Railway track, ballast, gradation, fouling, shear wave velocity
Introduction

Railways are massive transport system, which carry goods as well
as passengers. Derailing of trains causes major accidents in many
countries particularly in India. Mechanical aspects such as broken
rails, faults in the train and its wheels, geotechnical aspects like
misaligned rails due to track foundation problems and functional
aspects of excessive speed can cause derailing. Most of the time
geotechnical aspects play a vital role when compared to mechanical
and functional aspects. The geotechnical components of rail tracks
are a layered foundation consisting of ballast followed by com-
pacted sub ballast or a capping layer placed above the formation
soil. Ballast is a coarse granular medium (usually hard rock) placed
above the sub ballast and below the rails. The load from the sleepers
is distributed to the sub ballast and compacted earth through the
main ballast section. A rail ballast bed acts as the main foundation
for the above capping layers and performs many roles for the proper
functioning of the railway networks. Rail ballast is a uniformly
graded coarse aggregate produced from crushing locally available
rocks such as granite, basalt, limestone, slag or gravel.

The efficiency of track foundation material gradually decreases
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due to insufficient lateral confinement, ballast fouling, and loss of
the shear strength of soil due to local phenomena of liquefaction
and clay pumping. A high lateral movement of ballast may occur
due to the over limit of wheel load and ballast fouling. Ballast con-
tamination or the filling of voids due to ballast breakdown and in-
filtration of other materials from the ballast surface or infiltration
from the base of the ballast layer is called ballast fouling. The foul-
ing of ballast can be from the surrounding dust, slurried (pumped)
formation soil (soft clays and silts liquefied under saturated condi-
tions) and coal from freight trains as well as ballast degradation
(fine particles then migrating downwards). High maintenance costs
in the railways are mainly due to the above geotechnical problems.
Finding proper means of reducing the maintenance costs and the
frequency of regular repair cycles has been a priority for most rail-
way organizations. Extensive researches have been conducted in
geotechnical engineering particularly on sand, clay, road base and
rock fills (for dams). But limited research has been conducted on
geotechnical issues related to the rail track worldwide particularly
in India.

This paper presents the characterization of rail ballast and sub-
surface using seismic surface survey to identify problems related to
ballast fouling and to measure strength of capping and sub grade
layers. A model rail track was built with nine sub-sections, each
having different fouling characteristics. MASW survey was per-
formed on the top of each section of ballast. Shear wave velocity
has been measured and used to characterize ballast bed and the lay-
ers below. Detailed discussion on model study for ballast fouling
can be found in Anbazhagan et al. [1]. Shear wave velocities were
measured three times in each section and average values were cal-

culated. Measured shear wave velocity of clean and fouled ballast
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versus percentage of fouling form a curve similar to the typical
compaction curve of soil, which is used to define optimum and
critical fouling percentage. Coal fouled ballast reaches optimum
and critical fouling point before sandy clay fouled ballast. An in-
crease in degree of fouling decreases the drainage conditions of the
track. Combination of permeability and SWV versus percentage
fouling shows that permeability fouled samples after critical foul-
ing point goes below acceptable limit of drainage condition. De-
fined optimum and critical fouling points are comparable with field
performance of rail tracks in Bellambi (NSW) and Rockhampton
(Queensland) in Australia. Model track SWV results are also com-
pared with SWV from field experimental studies at Wollongong,
NSW rail tracks. Field SWV values are more than model track
SWV values for similar ballast fouling condition, which might be
due to sleeper confinement in the field track. Railway ballast grada-
tion of American Railway, French Railway, British Railway, and
Australia Railway are summarized by highlighting its role and im-
portance in the track performance. Indian ballast gradation is com-
pared with internationally accepted ballast gradation. Further,
present status of Indian railway track ballast fouling and gradations
are discussed by collecting in-situ samples from different locations.
Fouled ballast samples of different age groups were compared. In-
dian rail ballast is poorly graded when compared other countries
ballast gradations. Limited research has been carried out in India to
improve ballast gradation and to study ballast fouling.

Track Maintenance and Ballast Fouling

The foundation of rail tracks deforms vertically and laterally under
repeated wheel loads (cyclic loading) causing a deviation from the
design geometry. Even though the deviations are apparently small,
but they are irregular and depends on the geotechnical properties of
the track foundation, which in turn further worsens the track align-
ment and stability. Worldwide, rail track maintenance is an expen-
sive and routine exercise. A major portion of the maintenance bud-
get is being spent on geotechnical problems [2–4]. Maintenance is
mandatory because of ballast fouling and the weakening of track
subsurface layers (sub ballast and sub grade). Fouling is a term that
indicates the contamination of ballast by the presence of fines. The
major fouling reported worldwide is attributed to the breakdown of
ballast (fine ballast), outside contamination by coal dust from trains
carrying coal, and soil intrusions from the base. Fouled ballast can
cause many major problems including reduction in vertical resis-
tance, reduction in the void space thereby leading to a considerable
decrease in the movement of particles through the ballast, poor

FIG. 1—Sectional details of the model track c
drainage of water falling on the track and vegetation growth over
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the rail track. It is therefore mandatory to identify the degree of
fouling and to remove the fine materials before critical problems
occur, so as to increase the performance of the rail track. The scales
that are widely used to determine fouling quantities are the Fouling
Index, Percentage of Fouling, the D-Bar method, and Percentage
Void Contamination [1]. The percentage of fouling (% fouling) is
the ratio of the dry weight of material passing through a 9.5 mm
sieve to the dry weight of the total sample [5]. The first three mea-
sures are commonly used; the fourth one is used by Queensland
Railways. These methods are laboratory based and require field
sampling and testing, which are normally carried out by digging
out trenches with even spacing. These processes require a lot of
resources (i.e., time, money and man power). The non-destructive
testing of ground penetration radar, infrared imaging, seismic sur-
veys and electrical resistivity are the other popular methods for
identifying fouling in the field [1]. Various studies have been car-
ried out using non-destructive testing of Ground Penetration Radar
(GPR) to map the sub-surface of ballast sections. GPR is a modern
geophysical approach, which can provide information about the
formation of the track-bed interface [6]. Most GPR results depend
on a visual interpretation and are qualitative in nature. However, a
railway engineer still needs quantitative numbers to establish an ap-
propriate design and maintenance program. GPR can be used to
obtain the information on fouling depth but it cannot clearly define
the degree or type of fouling. Reference 1 measured shear wave
velocity and density in the model track sections and estimated shear
modulus of clean and fouled ballast. Authors have highlighted that
MASW gives shear stiffness of ballast bed and are more effective
than any other methods but it may require more time to carry out
test in the field.

Model Rail Track

A section of full-scale railway track has been built in the Civil En-
gineering Laboratory, University of Wollongong for this study. The
model track has all of the components of a Railway track system,
including sub grade, capping layer, and ballast (clean/fouled). No
loading tests were carried out on the model track and hence a box
was constructed with two layers of plywood boards. The internal
dimensions of the box were 4.76 m (length), 3.48 m (width), and
0.79 m (height). A sub grade layer of sandy clay, a capping layer of
road base material and a ballast layer, forms the track. The thick-
ness of these layers were 15 cm for the sub grade, 15 cm for the
capping layer and 49 cm for the ballast. Figure 1 shows the cross
section across the model track up to top of the rail. The sub grade

cted for the study (all dimensions are in cm).
and capping layers were being compacted and combined using a
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handheld vibrating compactor. In this study MASW was carried
out before placing the sleeper and rails i.e., the total section height
equal to 57 cm. The clean and fouled ballast were placed layer-by-
layer having a thickness of 4–6 cm and compacted using handheld
vibrating plate. During compaction, plywood boards were inserted
between 2 sections as partitions to secure a distinct vertical inter-
face between adjacent sections. A layer of Geotextile was placed
between adjacent sections to prevent fouling materials flowing
from one section to another. Two long timber bars with notches
were used to fix the partitions. The materials used in the construc-
tion were clean ballast (CB), fine ballast/ pulverized rock (FB), coal
(C), and clayey sand (SC). Figure 2 shows particle size distribution
of materials used to construct model track. Table 1 shows sectional
details with fouling charter and density. A handheld vibrating plate
was used for compacting equal layers of ballast of clean sections (6
and 8). The dense clean ballast in Sec. 8 was built by using more
layers than in Sec. 6. The fouled sub-sections were prepared by fol-
lowing two different methods. In Sections 1 to 5, a layer of fouling
material was placed on top of a layer of clean ballast before the
compaction. During the preparation, a layer of clean ballast was
first placed in the section, and then the corresponding fouling ma-
terial of quantity calculated according to a certain percentage of
fouling value was spread uniformly on the ballast surface. After
that, the ballast together with the fouling material was compacted
using a hand-held compactor. For Secs. 7 and 9, by considering the
volume of fouling materials, the ballast and fouling materials were
mixed together using a concrete mixer and then compacted in the
sections layer by layer as above. Detailed discussion on construc-
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FIG. 2—The particle size distribution of the materials used to construct model
track.

TABLE 1—Sectional detail with degr

Section Description Fouling Per

1 Ballast+Coal 4.94

2 Ballast+Coal 11.51

3 Ballast+Fine Ballast 20

4 Ballast+Clayey sand 19.35

5 Ballast+Clayey sand 8.76

6 Clean Ballast-I 0

7 Ballast+Clayey sand 32.43

8 Clean Ballast-II 0

9 Ballast+Coal 20.64
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tion of model track and materials used can be found in Anbazhagan
et al. [1].

Seismic Surface Wave Survey

A number of seismic methods have been proposed for near-surface
characterization and measurement of shear wave velocity using
great variety of testing configurations, processing techniques and
inversion algorithms. The most widely used techniques are Spectral
Analysis of Surface Waves (SASW) and Multichannel Analysis of
Surface Waves (MASW). The SASW method was being used for
subsurface investigation for several decades [7–11]. MASW is the
new improved technique by incorporating a multichannel analysis
of surface waves using active sources [12–14]. The MASW has
been found to be a more efficient method for unraveling the shallow
subsurface properties [12,15,16]. MASW is extensively applied to
earthquake geotechnical engineering for the seismic microzonation
and site response studies [17–20]. In particular, the MASW is used
in geotechnical engineering for the measurement of shear wave ve-
locity and dynamic properties [21–23], identification of subsurface
material boundaries and spatial variations of shear wave velocity
[24].

MASW systems consisting of 24 channel SmartSeis seismo-
graph with 12 geophones of 10 Hz capacities were used. The seis-
mic waves were created by impulsive source of 1 kg sledgehammer
with 70 mm�70 mm aluminum plate with a number of shots. 12
geophones were arranged parallel to the y-axis along Secs. 1–9 and
survey was carried out. Figure 3(a) and 3(b) shows typical arrange-
ment of geophones in the model track and field track with typical
photograph image. Source to receiver distance and spacing of geo-
phones were investigated, and a good signal was obtained for a geo-
phone spacing ��X� of 0.25 m and source to first receiver spacing
�X� of 0.5 m in the model track. These spacing were adjusted in the
field based on sleeper locations and a good signal was obtained for
�X of 0.6 m and X of 1.2 m. This configuration was used to survey
all the sections and was similar to hard material (pavement) map-
ping field configuration [22]. Each section had been surveyed three
times and the seismic signals were recorded at a sample interval of
0.125 ms and record length of 256 ms [1].

Shear Wave Velocity Of Ballast

Shear wave velocity (SWV) of the subsurface material is an impor-
tant dynamic property which is mainly used in vibration analysis.
SWV is also a recognized parameter to indicate the behavior of

fouling and densities of model track.

ge Density �ton/m3�
Average Shear

Wave Velocity (m/s)

1.675 141.24

1.807 148.78

2.017 142.75

2.096 142.0

1.753 137.69

1.587 125.0

1.899 125.29

1.636 155.00

1.770 100.53
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subsurface materials during earthquake. Dynamic moduli of ballast
and subsurface are widely used to understand and model the sub-
surface behavior of track structure and below layers due to train
loading. Properties of ballast considering the small-strain tests
were appropriate to model the track and below layers as the re-
peated load induced by the train cause small strain in most of the
cases. Even though SWV is an important parameter in many geo-
technical applications, but its usage in railway engineering practice
(ballast or subsurface layers) is very limited. It may be due to direct
associated problems of carrying out SWV tests in the track beds,
particularly on the field track. Seldom attempts have been made by
the researchers to measure the shear wave velocity of ballast in the
laboratories. Bei [25] carried out free-free Resonant Column Test
[26] in a clean ballast sample of density 1.75 ton/m3 considering
two vacuum levels of 37 kPa and 64 kPa. Author reported that the
shear wave velocity of clean ballast is 156.4 m/s and 169.4 m/s for
above vacuum levels. Ahlf [27], Narayanan et al. [28], and Suiker et
al. [29] have also reported shear modulus of fresh ballast.

Measurement of shear wave velocity using non-destructive field
testing is very popular in road and pavement engineering. But very
limited literature is available for the field based shear wave velocity
measurement in the rail track. In this study, an attempt has been
made to measure the shear wave velocity of ballast bed and subsur-
face by constructing large-scale model track in the laboratory and
in the field rail tracks. Sequences of experimental seismic data were
recorded using geophones in the model and the field track, which
were used to get dispersion curves of the rail track sections. The
dispersion curve is generally displayed as a function of phase ve-
locity versus frequency. Phase velocity can be calculated from the
linear slope of each component on the swept-frequency record. The
accuracy of a dispersion curve can be enhanced by the analysis and
removal of noise on data. High frequency seismic signals were used
to get a dispersion curve with a high signal to noise ratio of the each
sections of ballast. The dispersion curves were constructed by con-

Source
Geophones

Geophones arrangements in Field and
model track(a)

(c

Rails

Sleepers

Ge
Source

FIG. 3—Typical arrangement of geophones over a ballast (a) model track;
sidering frequencies of 25 to 100 Hz and had a signal to noise ratio
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of 60 and above. Typical dispersion curve of model track is shown
in Fig. 4. An inversion analysis must be carried out by an iterative
inversion process that requires the dispersion data to profile the
shear wave velocity of the subsurface medium. Typical shear wave
velocity profile obtained for Sec. 8 is shown in Fig. 5 and the inter-
pretation will be presented in the next section. Figure 5 also gives
sectional details of model track with SWV. The top layer has an
average SWV of about 148 m/s, which corresponds to clean ballast
having a bulk density of 1.66 ton/m3. An average SWV of 135 m/s
corresponds to the second layer of clean ballast having a bulk den-
sity 1.59 ton/m3. The average SWV of 115 m/s and 103 m/s cor-
responds to the capping layer and sub-grade layer below the ballast
layer. Below the sub-grade the SWV values increase because of the
concrete floor under the model track. Shear wave velocity obtained
for clean ballast is well comparable with Bei [25] results.

Results of Model Track

The shear wave velocity of model track Secs. 1–9 was determined
by averaging three sets of results, which has a standard deviation of
less than 9. The average shear wave velocity of clean ballast and
fouled ballast are given in Table 1 column 4. Shear wave velocity of
Sec. 6 is slightly less than Sec. 8, which may be due to the differ-
ence in the densities (see Table 1). Here it should be noted that the
typical density of Australian rail tracks ballast is 1.587 ton/m2

[30]. Density of 1.6 ton/m3 and shear wave velocity of 135 m/s
can be taken as a reference value for clean ballast. The average
SWV of clayey sand fouled ballast and coal-fouled ballast sections
are given in Table 1. Ballast fouled by fine ballast, i.e., Sec. 3 (bro-
ken pieces) has SWV of 142.75 m/s for a density 2.017 ton/m3.
From the above results it can be observed that the SWV of fouled
ballast is more than that of the clean ballast for lower percentage of
fouling and less than clean ballast for higher percentage of fouling.

Geophone

Cross section of rail track with geophones
(b)

es

ction of typical rail track with geophones; and (c) testing in the field track.
)

ophon
The slightly higher shear wave velocity in coal fouled ballast in
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lower percentage of the fouling may be attributed by the particle
size of the coal (see Fig. 2). The particles of coal may break down in
the concrete mixer, which could lower the shear wave velocity of
fouled ballast more than the ballast fouled by clayey sand. How-
ever, a higher degree of fouling with coal leads to a lower shear
wave velocity.

In total, a single clean ballast and three-fouled ballast SWV
(four points) were available for each type of fouling materials.
These points were connected using second order polynomial hav-
ing R2 value of 0.9 for the further discussion and interpretation.
Figure 6 shows the variation of SWV with respect to the percentage
of fouling. From Fig. 6 it can be observed that the SWV of the
fouled ballast initially increased from clean ballast SWV and
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reached the maximum value, and then started decreasing. This can
be explained better using Fig. 7(a)–7(c). Figure 7(a) shows a typi-
cal fresh clean ballast where there is no fouling and breakdown of
ballast. This has a good load carrying capacity and drainage criteria
according to design requirements. As time passes, ballast gets
fouled by different means. When the degree of fouling is less i.e.,
enough to fill the voids in clean ballast, the ballast section becomes
denser and compacted (see Fig. 7(b)), which increases the strength
and reduces the drainage condition when compared to clean ballast
(Fig. 7(a)). Filling of voids attributes to the increase of SWV in the
lower degree fouling. When all the voids in clean ballast are filled,
fouled ballast attains maximum strength and there will be consid-
erable reduction in the permeability. Degree of Fouling keeps on

btained from the model track.
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increasing beyond filling of voids due to trains and wagon move-
ment. Filled fouling materials try to separate the ballast particles
from being in contact with each others (loose contact of particles);
typical illustration is shown in Fig. 7(c). At this stage, the strength
and drainage conditions become considerably less than that of
clean ballast(Fig. 7(a)) and all voids filled condition(Fig. 7(b)). If
the fouling material fills all the ballast voids and the ballast is also
in good contact with each other, the corresponding degree of foul-
ing can show a maximum strength/SWV. These phenomena can
also be observed in Fig. 6. The point corresponding to highest shear
wave velocity because of ballast fouling, this can be called as the
optimum fouling point (OFP). OFP of coal-fouled ballast is 8 %
and clayey sand is 15 %. Beyond this peak point, the shear wave
velocity decreases. Even though the SWV of fouled ballast de-
creases after the OFP, it is greater than the SWV of clean ballast
which means that the track may be sufficiently resilient during this
period. The shear wave velocity of fouled ballast reduces below
shear wave velocity of clean ballast, which may not be acceptable
in terms of strength and bearing capacity of the track. The degree of
fouling corresponding to this point can be defined as critical foul-
ing point (CFP) and beyond this point finer materials will be domi-
nating. This study shows that Coal fouled ballast has CFP of 15 %
and clayey sand fouled ballast has CFP of 25 %. It is noted that coal
fouled ballast reaches the OFP and CFP before clayey sand fouled
ballast. This may be attributed by the specific gravity difference
between clayey sand fouled ballast and coal-fouled ballast. Differ-
ent ballast Fouling scales and the influence of specific gravity of
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fouling materials were presented by Anbazhagan et al. [1] and In-
draratna et al. [31].

Testing In The Field Track

MASW survey has been carried out in the field track in Wollon-
gong Railway Station after necessary training and safety approval
from New South Wales (NSW), Australia Rail Corporation. Three
rail tracks have been indentified for the study, out of which one
track is still used for parking the engine (called as up sliding track)
and other two tracks are discarded for running and parking of
trains. Survey carried out in the up sliding track has been presented
in this section. Survey has been carried out in the two locations in
the up sliding track. Instrument used for field track is similar to the
model track but the spacing of geophones and source distances are
adjusted according to sleeper spacing in the field rail track. Differ-
ent source distance has been examined for constant geophone spac-
ing of 0.6 m (equal to sleeper spacing in the rail track). The source
distances of 0.6 m and 1.2 m have found to give good results with
high resolution at top surface. Figure 3(c) shows geophone arrange-
ments in the field track. Seismic signals are recorded and used for
dispersion analysis to extract shear wave velocity as discussed pre-
viously. Typical shear wave velocity profiles obtained from both the
locations in the up sliding track are shown in Fig. 8. Average shear
wave velocity of 150 m/s for location 2 and 173 m/s for location 2
up to depth of 0.07 m was obtained. Shear wave velocity of subsur-
face is more than 180 m/s for both the locations indicating good sub
ballast and sub-grade. Here it can be noted that both field ballast
shear wave velocities are much more than model track shear wave
velocities. In order to find out the degree of fouling in the up sliding
field track, ballast samples were collected and tests were carried out
in the laboratory.

Ballast section has been identified upto a depth of 55 cm in the
location 1, below which the capping layer was found. Similarly bal-
last section has been identified upto a depth of 50 cm in the location
2, below which the hard layer was found which may be a weathered
rock. Figure 9 shows particle size distribution of the field ballast
samples with particle size distribution of clean ballast used in
model track. Field ballast 1 had greater fines than field sample 2.
Fouling measurement shows that field Ballast samples 1 and 2 have
an average percentage of fouling of 2.25 and 11.50 %. This clearly
shows that both ballast samples are well before optimum fouling
points. Field ballast sample from location 2 has more fines (more
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ANBAZHAGAN ET AL. ON CLEAN AND FOULED BALLAST BED CHARACTERIZATION   837 
voids are filled so denser) than location 1 sample; this can be also
evidenced by larger shear wave velocity of location 2 sample when
compared with location 1 sample. Here it can also be noted that the
particle size distribution curve of the field sample from location 1 is
close to model track clean ballast gradation and, SWV of field
sample 1 is slightly higher than model track dense clean ballast
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SWV of 144m/s (see Fig. 6, Y axis DCB). It should be noted that
the density of field samples were not measured. But the SWV of the
samples from locations 1 and 2 are higher than the model track
SWV values, which may be attributed by type of fouling materials,
density and ballast confinement by sleepers. It should be remem-
bered that model track study was carried out before placing sleep-
ers i.e., there was no confinement due to sleepers. Closer view of
field fouled ballast samples for location 1 and 2 are shown in Fig.
9(a) and 9(b), respectively. This model track results may be used to
assess the performance of fouled ballast track if ballast fouling is
known. A detailed research is needed in the field track to confirm
the trend of SWV variation in model track and variation of shear
wave velocity for different degree of fouling.

Permeability and Shear Wave Velocity

The shear wave velocity gives an idea about the boundary for the
optimum and critical degree of fouling. The SWV is indicative of
only the strength of ballast foundation. In order to sustain good
track performance, it is essential to maintain proper drainage con-
ditions in the ballasted track apart from strength. The combined
results of strength and permeability/Hydraulic conductivity are not
available in the literature for the fouled ballast samples. Many stud-
ies have reported that the increase in the degree of fouling leads to
the decrease in permeability in the field track and there by reducing
the track resilience modulus, leading to growth of vegetation and
reduction in performance. Permeability of fouled ballast of
10−4 m/s and less is unacceptable [5]. Degree of fouling was re-
lated to permeability of track ballast [5]. In this study the degree of
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fouling is related to SWV of fouled ballast. Anbazhagan et al. [1]
has complied permeability of clayey sand fouled ballast and coal-
fouled ballast from experimental studies at University of Wollon-
gong, Australia. Series of tests were carried out in University of
Wollongong laboratory using large scale testing facility to measure
the permeability of fouled ballast. The permeability can be related
to shear wave velocity with common percentage of fouling in X
axis [1]. The authors highlighted that the permeability is more than
10−4 m/s upto critical fouling point and beyond which permeabil-
ity is less than 10−4 m/s, which is not acceptable. These combina-
tions are also compared with the field performance record and
fouled ballast samples. The coal fouled ballast samples from Bel-
lambi (NSW) and Rockhampton (Queensland) in Australia were
collected with rail industry performance note. According to the rail
industry, the condition of the track at Bellambi was normal but rela-
tively poor at Rockhampton and was recommended for mainte-
nance. The sample from Bellambi showed that the ballast bed could
be categorised as ‘moderately clean’ based on the percentage of
fouling but the sample from Rockhampton was categorised as
fouled. Shear wave velocity of model track with CFP, permeability
of coal fouled ballast and percentage of fouling of known track con-
dition are shown in Fig. 10. The percentage of fouling at Bellambi
was close to the optimum fouling point where the permeability is
acceptable. The percentage of fouling of the Rockhampton samples
falls after critical fouling point is reached and the SWV is less than
the clean ballast; permeability is also unacceptable. These may be
the reasons due to which Rock Hampton track performance is un-
acceptable and required immediate cleaning of ballast.

Derailing and Ballast Gradation

The primary geotechnical component of rail track foundation is the
ballast section. Ballast section performance depends on four main
geotechnical (index and engineering) properties of ballast materi-
als [32]:

(1) Character of constituent particles (size, shape, surface
roughness, particle crushing strength and resistance to at-
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(2) Bulk properties of the granular assembly (particular size
distribution, void ratio or density and degree of saturation)

(3) Loading characteristics (current state of stress, previous
stress history and applied stress path) and

(4) Particle degradation (combined effects of grain properties,
aggregate characteristics and loading).

Many researchers outside India have studied the effects of the
characteristics of constituent particles on the mechanical behavior
of ballast and other coarse aggregates. Kolbuszewski and Fresrick
[33] indicated that the angle of shearing resistance increases with
large particle size. But Marachi et al. [34] and Indraratna et al. [4]
presented experimental data to show that the angle of internal fric-
tion decreases with an increase in the maximum particle size. Par-
ticle shape plays an important role in shear strength. Angularity of
particles increases the frictional interlocking between grains and
thereby increases the shear strength. The angle of internal friction is
remarkably high for angular aggregates when compared to that for
sub-rounded aggregates [4,35–37]. Surface roughness or texture is
the key factor that governs the angle of internal friction. Raymond
et al. [2] concluded that particle shape and surface roughness are
important and influence the track stability. Most of the ballast
specifications stipulate crushed or fractured particles, which are de-
fined as grains having a minimum of three crushed faces [32]. In a
way similar to index properties, engineering properties also play a
major role in track stability. It is interesting to note that the ballast
behavior given by different researchers is indigenous and contra-
dicting and may not be directly applicable to the ballast of the other
countries. Selection of proper ballast (type and gradation) will help
to optimize the track resilience modulus, which also reduces the
breaking of the edges and there by to some extent fouling due to
breakdown. Major problem due to ballast fouling is derailing of
trains; many derails are being reported frequently in India.

Very limited literature or studies are available related to ballast
fouling and its related research in India. In order to understand the
problem in Indian rail tracks an attempt has been made to study the
dimensional requirements of particle size distribution (grading)
and particle shape by collecting different aged track ballast samples
from the field. Poor gradation leads to the misalignment of sleepers
and rails, reduces the bearing capacity of the track and increases the
settlement. This can create track instability and other conse-
quences. They are the major cause for the derailing of trains and
discomfort to passengers. A specified ballast gradation must pro-
vide the following two key objectives:

• Ballast must have high shear strength to provide increased
stability and minimum track deformation. This can be
achieved by specifying broadly graded (well graded) ballast.

• Ballast must have high permeability to provide adequate
drainage conditions; this readily dissipates excess pore water
pressure and increases the effective stress. Specifying uni-
formly graded ballast can ensure this.

These two objectives are different and require optimized par-
ticle distribution without any compromise on quality. The optimum
ballast gradation needs a balance between uniform and broad gra-
dations. Developed countries have optimized ballast gradation
through extensive research, but, in India, ballast gradations are uni-
form. Indian ballast gradations given in IRG-GE-1 [38] have been
compared with the accepted international railway ballast grada-
tions.

Figure 11 show the ballast gradation followed in American Rail-
way Engineering and Maintenance of way Association [39] and In-

dian Railways (U and L indicated in figures represent the upper and
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lower limit). It clearly shows that the lowest particle size used in
American railways is 9.5 mm whereas it is 20 mm in Indian rail-
ways. American railway gradations are relatively well gradated
when compared to Indian railway gradations.

Figure 12 shows the ballast gradation followed by French rail-
ways and British railways [40] in comparison with Indian railways.
About 50% gradations are similar for French and Indian railways.
The gradations followed by British railways almost matches with
Indian Railways. Indian ballast gradation is perhaps comparable
because Indian railway ballast gradations are older and is adapted
from the East Indian Rail Co., without much modification and re-
search. French railway ballast gradation is coarser than Indian rail-
way gradation and the minimum particle size of ballast used is 25
mm.

Figure 13 shows the upper and lower limit gradation followed in
Australian (AU) railways [41] and Indian railways. From Fig. 13 it
can be seen that, lower limit of 70 % passing gradation curves of the
Indian railway ballast matches with the upper limit of the AU rail-
way gradation curve. Lower limit of 70% to 40% passing gradation
curves of Indian railway are in between the upper and lower limit
gradation curves of the AU railway. Less than 40% passing lower
gradation curves and 20% upper limit gradation curves of Indian
railways match with lower limit gradation curve of the AU railways.
The upper limit of Indian railway gradation curve closely matches
with the lower limit of AU railway gradation curve. The upper and
lower limits of Indian railway gradations are very narrow and
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poorly graded. From Figs. 11–13, it is very clear that in Indian rail-
ways the upper and lower gradation curves are narrow band and
have larger particle sizes, which are poorly graded when compared
to American and Australian railways. This means that the Indian
railway gradations fulfill the drainage criteria, but not more favor-
able for stability and settlement criteria. Poor gradation leads to the
misalignment of sleepers and rails, reduces the bearing capacity of
the track and increases settlement with short time. This can create
track instability and other consequences. They are the major cause
for the derailing of trains, and discomfort to the passengers. In-
draratna and Salim [32] suggested modified gradations to Austra-
lian railways based on a cyclic triaxial test considering settlement
and breakage of ballast without a compromise on the drainage re-
quirement. Figure 13 shows a modified gradation curve by In-
draratna and Salim [32] and upper and lower limit gradations fol-
lowed in Indian and Australian railways. Upper and lower limits
gradation curves of the Indian railway closely match with the upper
limit of the modified gradation of AU railways. Indian railway gra-
dations may be modified by research considering the breakage of
ballast, settlement, stability and drainage condition of the track
foundation.

Further ballast samples were collected from the field tracks at
selected locations in India and were analyzed in the laboratory for
gradation and fouling. Ballast samples collected were 2–3 years,
6–7 years and 7–8 years old track. Figure 14 shows gradation of
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ballast samples collected from Indian rail track with Indian ballast
gradations given in IRS-GE-1 [38] and modified gradation given by
Indraratna and Salim [32]. The study shows that as age of track
increases the fines content in the track also increases, because of
ballast fouling and particle breaking. Figure 14 also shows that
after several years Indian ballast gradation is courser than a modi-
fied gradation suggested by Indraratna and Salim [32], which
means that resilience of Indian (course gradation) ballast is lower
than that given by Indraratna and Salim [32]. The new (clean) and
old (fouled) ballast gradation followed in Indian railway is poorly
graded and more favorable for drainage criteria and may not be fa-
vorable for the other important factors like track stability, settle-
ment and breakage of ballast.

Conclusions

Model track has been constructed with different fouling materials
and degree of fouling. MASW survey had been carried out on the
model track and shear wave velocity has been measured. Shear
wave velocity of clean ballast is found to increase due to the addi-
tion of fines (fouling) and reach peak and then decrease below that
of clean ballast. Two degree of fouling points has been defined, de-
gree of fouling corresponding to peak SWV which is defined as the
optimum fouling point and degree of fouling at which SWV of the
fouled ballast equals the SWV of clean ballast which is defined as
the critical fouling point. Variation of SWV with degree of fouling
is similar to the typical compaction curve of soil. SWV of fouled
ballast after reaching optimum fouling point decreases irrespective
of fouling materials. Rate of decrease is more for coal fouled ballast
compared to clayey sand fouled ballast. Coal fouled ballast has
CFP of 15 % and clayey sand fouled ballast has CFP of 25 %. Com-
bined plot of permeability and SWV with percentage of fouling
shows that after the critical fouling point, the permeability of
fouled ballast goes below the acceptable permeability limit. This is
also confirmed by field fouled ballast samples with performance
record. Fouling percentage of running track at Bellambi (NSW) is
within in CFP and Fouling percentage of completely fouled track at
Rockhampton (Queensland) after CFP defined in this study.
MASW survey has been carried out in Australian field track and
samples were collected to measure the degree of fouling. The SWV
of the field samples are much more than that of model track sample
for similar degree of fouling, which may be attributed to the sleeper
confinement in the field track. More field studies may be needed to
confirm the model track SWV values and pattern. Shear wave ve-
locity obtained from MASW can be used to identify the track con-
ditions.

Indian ballast gradation and fouling were evaluated to assess In-
dian railway track condition. Ballast gradation analysis shows that
Indian ballast has larger particle size, which is poorly graded when
compared to American and Australian railways. Indian railway bal-
last gradations are comparable with British and French railways
gradation. Ballast gradation followed in India differs much from
the modified gradation followed in Australia. Degree of fouling in
Indian ballast increases with increase in the age of the track. The
ballast gradation followed by Indian railways is poorly graded and
favorable for drainage. Fouling measurements and identification in
India is in infant stage with limited research.
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