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ABSTRACT

The purpose of this study was to evaluate the reliability of a novel high-efficiency procedure for aggregate
gradation determination of the railway ballast by means digital image processing technique (DIP). This new method is
based on the “information” of high-resolution photographic images of the railway tracks and on specific algorithms, which
allows to obtain the ballast aggregate gradation curve. The methodology has been applied to a new Italian railway line and
allows finding the ballast particle size distribution for many track sections (straight, circular curve, transition curve). The
results obtained by means the field observations were compared to those acquired from laboratory analysis. The research
shows that the DIP could be implemented into the High speed track recording cars (diagnostic trains) together the laser and
ultrasonic equipment (used for the rails scansions) for the Railway Infrastructure Monitoring (RIM).
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INTRODUCTION

The Ballast is a layer of broken stones placed
and packed below and around sleepers for distributing
load from the sleepers to the formation [1]; ballast bed
can absorb considerable compressive stresses, but not
tensile stresses [2]. In a railway track, the ballast serves
the following functions:

= provides a level and hard bed for the sleepers to the
rest on;

=  holds the sleepers in position during the passage of
trains;

= transfer and distributes load from the sleepers to a
large area of the formation;

= provides the necessary resistance to the track for
longitudinal and lateral stability;

= provides elasticity to the track for riding comfort;

= provides effective drainage to the track.

Some of the more commonly used types of

ballast are: sand ballast, Moorum ballast, Coal ash or
cinder, broken stone ballast. Other types of ballast such
as the brickbat ballast, gravel ballast, kankar stone
ballast are used only in exceptional circumstances.
Angular stones are better to naturally rounded stones, to
achieve the best interlock properties and resistance to
longitudinal and lateral movement under dynamic
loading [3].
For a good distribution of load on the formation, the
minimum depth of the ballast is given by equation d =
(SP-WS)/2, where SP is the sleeper spacing and WS is
the width of the sleepers. The optimum thickness is
usually 25 to 30 cm measured from the lower side of the
sleeper but can varies depending upon the maximum
speed of trains, the maximum axle loads carried and the
gross annual tonnage expected.

Ballast normally is comprised of particles
ranging in size from 1,18 to 63 mm, with majority of

articles in the 28 to 50 mm size range [1]. For instance,
a comparison of particle sizes for British (Network
Rail), German (Deutsche Bahn AG) and Indian (Indian
railways systems) is given in Table-1 [4, 5, 6].

Generally, to guarantee the railway safety only

the rails geometry and wears are evaluated over times
by means diagnostic trains equipped with laser scanner
(e.g. the “Archimede train”, “Talete train” and
“Diamante Train™).
This devices allows to detect the track geometric
parameters (gauge, alignment, longitudinal level, cross
level, superelevation defect, etc.) and the state of rail
wear (vertical, horizontal, 45-degree, etc.) with very
high accuracy, but not the ballast quality.

In fact, nowadays not any quantitative
evaluation of the ballast degradations, and especially its
particle size distribution, are required by international
guidelines with references of the railway into operation.
Nevertheless, the ability to characterize the aggregates
over times with respect to size will result in better
management of resources and increase the life of
railway track. As a matter of fact, ballast particles can
suffer degradation due to the action of traffic. The edges
of the grains can become rounded and lose their
interlocking effect or particles can break or crush under
repeated loading [3].

Also, over time the proportion of grain distance
forming an additional finer material, the filling grain
that after an operating load of several million cycles
encloses the skeletal grains. Thus, the internal friction
angle of the material is going to be smaller, the shear
strength is reduced and so the carrying capacity [7].

In the light of the previous considerations, a
specific procedure has been developed for determining
railway ballast particle size distribution for railway into
operation by means of the digital image processing
technique (DIP) [8].
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In the next future DIP Technique could be used widely
for the Railway Infrastructure Monitoring (RIM) - that
represents one of the most important parts of an Asset
Management System (AMS) - to improve the detection
of railway track irregularities.

DIP is a technique by which a scene is captured,
digitized into a pixel image and then processed so that
information can be extracted from the image. During the
past few years, DIP techniques have found widespread
applications in many disciplines [9, 10], including civil
and transportation engineering [11, 12, 13]. One of the
main difficulties with the DIP technique is that only the
two-dimensional projection of the particles is captured
and measured. The third dimension of the particles is
not directly obtainable from the DIP results. For this
reason, the DIP results have to be expressed in terms of
area fractions rather than mass fractions [4, 14].

The equipment used in the present research
comprises on high-resolution 16.1 MP camera placed on
a tripod at a prefixed height (0.80 m) from ballast
surface. Many field experiments have been conducted
in a new railway (“La Malfa - Cardillo” in Sicily, Italy)
because on the ballast were already available the grain-
size laboratory analysis (traditional methods), carried
out in compliance with the Italian Railway Network
Specifications [6].

The results of the research shows that DPI are
equally accurate than traditional methods and less time
are required for analysis. The principal phases for DIP
techniques used for the determination of the ballast
aggregate gradation curve are as follows:

= Digital image segmentation;
= Threshold segmentation;

= Digital image binarization.

Table-1. Particle size distribution of the ballast

British German Indian
Network Rail Railways Railways

Size Cumulative  Size Cumulative  Size Cumulative

mm % Passing mm % Passing mm % Passing
63 100 63 100 65 95-100

50 70-100 50 65-100 40 40-60

40 30-65 40 30-65 20 0-2

315 025 315 025

224 03 25

23' >50

DIP TECHNIQUE APPLIED TO RAILWAY
BALLAST

The first phase of DIP is the digital image
segmentation in which an image is divided into regions
that are homogeneous with respect to a prefixed quality

(Region of Interest, ROI — in this case the stone
aggregates of the railway ballast). This implementation
has started by adopting Otsu’s method [15] for a
preliminary threshold segmentation. Denoting with K
the number of color intensities, can be obtained the
number n; (i = 1,2,. . .,k) of pixels having color i that are
in the studied image as well as to calculate the
frequency of occurrence of the j color. Consequently,
the following equations hold:

p=t ()
Sn, =N )
Yp =1 (3)

Denoting as k* the generic pixels in the image analyzed,

they may belong to one of two separate classes:

= (o, in which the pixels have an intensity not lower
than k*;

= C,, in which the pixels have an intensity higher
than k*.

The probability P() that a pixel will belong to classes Cy

is given by:

k*

K* n.
P(Cy) =y, (k*) = épi =>—

izt N (4)
k* o in.
by (k%) = 2iP(|C,) = > —P
5y (k*) )
o2 (#) = S[i (P PiC,) = S LR 0T R
i=1 i= ‘I/o(k ) (6)

Instead the probability P() for the class C; is given by:

K K n
P(C) =y, (k)= Xp, = X —=1-y,(k¥)
i=k*+1 i=kt+1 N

%
KooK ip u(K) = (k%)
(k)= ¥ iPGC) = o
mb= 2 PG = % 6 pe) ®)
oi (k= 3 [i-mknrpijc) = 3 Lom0TR:
=k =k v, (k*) )

Where u() and o*) are the average and variance
respectively. In addition, the variance between the two
classes is given by the following equation:

[p(K), (k) -, (k)P
o (k¥1- 7 (k)] (10)

2 (k)=
%0,1")=
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K
k)= X ip, (11)
i=1

Therefore, it is possible to adopt the value k* as
a heuristic threshold that maximizes the interclass
variances.

Then, the procedure extracts the grain
boundaries from the original image by means of the
iterative algorithm discussed in [16, 17, 18, 19]. Once
closed and connected regions of grains, their boundaries
have been processed via a specifically adapted
watershed-type algorithm [15]. By assuming a unique
threshold value, the image is divided into different
regions with closed and connected boundaries. Each
region comprises only one pixel whose intensity is
lower or higher than the threshold value. For instance,
in the image of Fig. 2 the application of Otsu’s method
develops the binary image. With the aim to eliminate or
reduce the irregularities obtained after segmentation, a
morphological boundary operator have been used to
detect and close small white cracks within each grain
surface. To extract the boundary contours {C} between
grains from the image a specific binary morphological
function has been used [16, 17, 18] that encodes every
grain perimeter, which, in this image, also represents the
possible separation surface from the background.

el

Figure-2. Otsu’s method
on the complement image

Figure-3. The Watershed
algorithm application.

Figure-4. The Watershed
transform boundaries.

For each contour point {C} some clearer pixels
which do not belong to grains microwrinkles can be
detected near its edge. For every chromatic plane of the
analyzed image, a median filter is applied by following
this relation:

M =A*B (12)

where template B, in this specific case, has a definite
dimension [3x3] and a coefficient equal to (1/9).

111
B:l* 111 (13)
111

Relation (13) represents the pixel mean of the
neighboring eight values. The implemented procedure
iteratively applies the previous filter so as to spread the
numerical values of all the pixels which certainly belong
to a colorimetrically homogeneous region, located at
either the background of each grain. The image at time t
(iteration step) derives from the initial image convolved
with the median filter, or:

A, 5,0 = Ay (i, DxM(, j.1) (14)

where (i,j) are the pixel position indices within the
original Matrix A and ‘*” represents the convolution
operator. Moreover, since the expanded mean filter (14)
tends to remove the information on the edge details, this
effect should be mitigated by applying another operator
which, instead, emphasizes the rail edge.

In light of the above, downstream from the earlier
convolution (14), an edge extraction operator called
range operator was applied [21]. For each deviation (i,j)
from template B, the value of the central pixel can
therefore be formalized as follows:

RAD=Max(y 5 A AL A A F AL A j) = (15)

Min(4 AL

1A AL AP AL A )]

To this end the range values of every [3x3]
boundary of all the pixels belonging to the original
image A have been sought and highlighted. The
following equation (16) formalizes the previous
difference operation.

Therefore, given a generic iteration step t, the suggested
algorithm is able to lower the pixel intensities which
mark the grain edge of the plane section.

Then were detected some uncertainty areas
along the edges where the profiles of grains in the eight
directions marked a rough variation or, in any case, a
skip over a precise threshold level, localized by three
constants [Ti, To, Ts] [21]. Such constants are
automatically determined by the algorithm in relation to
the maximum, minimum and mean deviation values of
the profiles. In these areas, for each iterative step t the

2620



VOL. 9, NO. 12, DECEMBER 2014

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

==
©2006-2013 Asian Research Publishing Network (ARPN). All rights reserved. @

www.arpnjournals.com

pixel values fill in the matrixes Si and G;, well distinct
from the matrixes S and G, which instead are almost
certainly background and grains. Therefore, at the
iterative step t we have:

Sl(la.]’t) :J(lr.]ytaTlsTo) (18)
G, (1,5,0)=JG .t Ty, Tg) (19)
S, j,) =13, j,t,Ts) (20)

The suggested algorithm is able to define the
matrix CF(i,j) of the final edge, which is formalized by
the following relation:

CF(, j,t) = F(SG, j,t),Si(i,j,t),Gi(i,j,t), G(, j, 1) @1

where F is the function which formalizes the belonging
of the pixel to the grains boundary or to the background.
Moreover, the Watershed algorithm has been applied for
better analyzing the shape of closed and connected
regions previously obtained and for their eventual
correction.

The final outcome of the Watershed algorithm
applied to Figure-1 is illustrated in Figure-4 where the
grain boundaries and separation surfaces downstream of
the Watershed transform have been isolated.

By means the procedure above presented, that also has

been implemented in MATLAB®, some geometric

quantities which characterize the ballast have been

carried out, as follows:

= Area (A): expressed in terms of number of the
pixels representing the object;

=  Perimeter (P): expressed in terms of number of the
pixels constituting the boundary, denoted with P;

= Compactness (C): given by the following ratio
C=P2/A (the square of the perimeter makes the ratio
independent of the real object dimensions).

=  Minor axis of the ellipse: centred on the barycentre
of every grain and with the same normalized
second-order central moment;

= Major axis of the ellipse: centred on the barycentre
of every grain and with the same normalized
second-order central moment.

=  Sphericity: is among a number of indices that have
been proposed for measuring the form in terms of
three dimensions.

Spericity =3 dsd'2d1 (22)
1

Where d; is the longest dimension, di the intermediate
dimension and ds the shortest dimension.

=  Roundness

=2
Roundness =P (23)
4TA

Where pand A are respectively the perimeter and area
of the 2-dimensional projection of a grain.

ANALYSIS AND RESULTS

The proposed methodology has been tested in a
new Italian railway line (“La Malfa — Cardillo railway”
in Sicily [19]); the first results of the research was
published in [8]; more results are presented in the
present paper. The parameters of interest (area,
dimension, orientation of the minimum diameter of each
segmented grain) have been extracted from many
images of different railway track sections.

These geometric parameters have been
calibrated in order to convert every quantity measured
in the image, expressed in pixel, into the real one [22,
23].

Each pictures taken on the ballast surfaces was
transformed into the equivalent binary image, as the one
represented in Figure- 4, and analyzed via the algorithm
detailed before.

For each image, the distribution of the size, perimeter,
surface and roundness of the single grains detected in
the exposed surface was determined.

The following Figures 5, 7, and 9 show the size
distributions ~ measured by  sieving  (manual
measurements) and by DIP, relatively to three different
sections (straight, circular curve, transition curve).

The Figures 6, 8 and 10 show the values of the grains
perimeter and roundness, obtained by means the
equation (23).

It can be observed from the results shown that the
differences A between the size distributions measured
by sieving and by DIP are very small for each sieve size
(22,4; 31,5; 40; 50; 63 mm) and in any case is lower
than 5%.

Table-2. Passing sieve, Section n. 1 (straight).

Sieve size (mm) 224 31,5 40 50 63

Real passing sieve (%) 295 18,690 43,68 81,89 100

Average estimated passing 2,78 17,04 48,61 84,48 100
sieve (%)

A (%) 0,17 1,65 493 259 0
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CONCLUSIONS

Monitoring the wear condition of the railway
track is one of the key points to guarantee an adequate
safety level of the railway transport system. With regard
to such a field, in this paper a novel unconventional
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procedure has been examined to determine the ballast
wear of the railway into operation, based on the image
processing method (DIP). The method, founded on the
analyses of high-resolution photographic images of the
ballast, has required the working out and the following
implementation of specific mathematical algorithms
able to provide the grains size. In particular, DIP was
used for determining the aggregate gradation curve of
the railway ballast; this method is very quickly and do
not require any laboratory analysis. For the objective of
the research, the image segmentation methods by Otsu
and watershed have been used.

The new methodology has been tested on one
Italian railway line. For three section of the railway
track (straight, circular curve, transition curve), the
aggregate gradation curves have been determined with
DIP method and afterward they have been compared
with those obtained through laboratory analyses.

The deviation A between the two curves
(manual measurements and DIP) is very low
(A < 5%) for each sieve size; therefore, the proposed
DIP method confirms its precision, as well as speed
analysis respect to traditional methods.

For this reasons, in the next future the DIP
technique could be used, with specific equipment, into
the High-speed track recording cars, with the aim to
allow the monitoring of railway ballast over its useful
life.
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