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Abstract

Ballast grains in railway tracks progressively wear due to the efforts exerted by the continuous passage of trains and the
periodic maintenance operations. The initial sharp edges and vertices of the grains tend to become smoother and the surface
texture is removed. This change in morphology plays a key role on the proper behaviour of the ballast layer and, conse-
quently, on the frequency maintenance required on the track. The object of this paper is to improve the understanding of the
wear process by tracking the morphology of a sample of grains submitted to an accelerated ageing using the Micro-Deval
standard test. To this goal, X-ray Computed Tomography is used to scan a sample of grains at different states of wear and
the resulting images are compared using 3D image analysis. A description of morphology evolution at different scales is
provided using scalar parameters and spherical harmonic analysis, proving that the general form is not significantly changed
during a standard Micro-Deval test. Thus a detailed analysis at the asperity level is performed, showing the key role of the

edge broadening and vertex smoothing phenomena on ballast wear.
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1 Introduction

Ballast, as the layer of coarse grains located immediately
below the sleepers, plays a key role in the degradation of the
railway track. After some years of high-speed railway lines
(HSL) in France, ballast grains proved not to be resistant
enough, suffering a fast degradation.

Ballast layer is formed by centimetric-sized, ranging from
25 to 50 mm, sharp aggregates with a very homogeneous
grain size distribution. The mineralogy of the grains will
usually depend on the available materials in the country and
in the closer quarries. However, due to its high performance
and availability, granite is the first option for most French
railway lines, especially for HSL. Hence, ideal ballast has

< Ivan Deiros Quintanilla
ivan.deirosq @ gmail.com

Gaél Combe

gael.combe @3sr-grenoble. fr
1" Université Grenoble Alpes, 3SR, F-38000 Grenoble, France
2 CNRS, 3SR, F-38000 Grenoble, France

SNCF Réseau, Direction Ingénierie et Projets,
93574 La Plaine Saint-Denis, France

Published online: 13 March 2019

an homogeneous size and it is clean from fine particles, it
presents a high angularity and a high resistance to wear.
However, even with the strictest selection methods, under
the combination of both the dynamic stress imposed by traf-
fic and maintenance operations, ballast is gradually worn
by fragmentation of grains and attrition at the contacts. The
direct consequence of this degradation is the evolution of
grain size and form: the grading curve is shifted toward
smaller particles, steadily producing fine particles in the
process, and grain form tends toward more rounded grains
that progressively lose the characteristic sharpness and angu-
larity of new ballast.

The loss of angularity reduces the interlocking forces and
the anisotropy of the contact network, which results in a
gradual decrease of the shear strength of the layer [4]. This
decrease in the track performance consequently reduces the
time before track defaults reappear, leading to progressively
shorter maintenance cycles. Eventually, ballast layer needs
to be substituted in what represents a costly operation for
the railway industry, thus this is a well-known problem of
all countries that have traditionally invested in ballasted
tracks and many efforts have been put into extending ballast
lifespan.
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Several works have been focused on identifying the
sources and influence of fine particles and particle breakage
on the behaviour of the ballast layer [18, 25, 38]. Other have
tried to correlate the resistance indexes of the aggregates
resulting from standard tests performed in the quarry, such
as Micro-Deval and Los Angeles, with the lifespan of bal-
last [24, 30].

On the other hand, the influence of particle form on the
mechanical behaviour of granular media, included ballast,
has been much studied [3, 27, 36]. Grain angularity has been
proven to improve significantly the shear resistance of the
layer, and discrete element simulations have been improved
in consequence to take into account this phenomenon. Par-
ticle form modelling has evolved from simple spheres to
clusters of spheres [10, 19, 26, 29, 41] or polyhedra [2, 35,
37,39, 40]. And the continuous increase of computer capac-
ity and the optimization of modelling techniques opens the
door to the usage of realistic particles, detailed up to the
point of generating the desired angularity to model the state
of wear of the grains [34].

The evolution of grain form is thus required to assess the
rate grains lose their angularity. In long-term systems such
as river flows, this process was studied by Domokos et al.
[9], identifying two separate phases, involving a decrease of
angularity before a significant modification of the general
form.

In this paper a detailed analysis of the morphology evolu-
tion during the first phases of wear is presented, focusing on
the loss of surface roughness and angularity for the particu-
lar case of granite ballast grains. To that purpose, a sample
of grains are subjected to an accelerated ageing using the
Micro-Deval standard attrition test. An image analysis using
X-ray Computed Tomography is then performed at different
states of wear.

2 Experimental campaign
2.1 Test procedure and tools
2.1.1 Micro-Deval

Attrition resistance of ballast aggregates is experimentally
assessed in a Micro-Deval device, following the corre-
sponding European railway standards [32, 33]. In this test,
a sample of 10 kg of ballast (= 100 grains) is left turning for
140 min at 100 rpm inside a steel hollow cylinder 400 mm
long and with an inner diameter of 200 mm. The numerous
contacts within the device, both between grains and with
the steel drum, produce an accelerated wear in the aggre-
gates, producing fine particles and causing changes in their
morphology.
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This test is hence convenient to produce an accelerated
ageing in the grains. Besides, the device allows for stop-
ping the rotation as desired, making it possible to track the
evolution of the sample along the test. For this purpose, a
sample of 10 kg of granite aggregates, fulfilling the stand-
ard requirements for HSL ballast in terms of resistance and
grain-size distribution, was selected and tested in the Micro-
Deval. The test was performed in dry conditions (i.e. no
addition of water in the cylinder). From the sample, seven
different ballast grains were identified and marked as shown
in Fig. 1. These seven grains were arbitrarily chosen search-
ing for heterogeneity in terms of forms and colours, although
slightly above the average concerning size. They were then
scanned at different states of wear in order to track their
morphology changes.

Previous works on the Micro-Deval test [8] showed that
the wear rate along the test is progressively decreased, tend-
ing to a constant production of fine particles, i.e. during the
first half of the test grains lose a significant higher amount
of mass compared to the second half. Consequently and in
order to better track this phenomenon, during this morphol-
ogy analysis, scans were not programmed at regular inter-
vals, but instead at 0, 10, 30, 70 and 140 min of cumulated
Micro-Deval time.

2.1.2 X-ray computed tomography

At the beginning of the experimental campaign (new grains)
and at each of the programmed stops, all seven grains are
removed from the 10 kg sample, scanned using X-ray CT
and reintroduced to the sample for the next Micro-Deval
cycle. X-ray CT was used due to the availability of the
device in the laboratory, although other methods such as
3D scans are often used for ballast scanning [34].

During a CT slice, an X-ray source emits rays towards
the specimen having a detector screen on the opposite side.
The density of the material through which the X-rays have
to pass will determine the grey scale on the output image [1,
16]. Taking several slices at different angles, it is possible
to reconstruct a 3D image of the specimen. The resolution
chosen for this project is 50 pm/voxel , which is high enough

Fig. 1 Sample of seven ballast grains used for the morphology analy-
sis. For identification purposes, grains were named as SX, being X
the number noted on the grain surface
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to describe all the features of the surface of ballast grains
and low enough to be able to scan up to seven grains in a sin-
gle day. The reconstruction of each grain is then performed
using 1440 projections per full tomography, obtaining an
STL mesh file, output that is later processed using Python
and MeshLab.

2.2 Qualitative comparison

Along the Micro-Deval test, grains change form as they
wear: surfaces become smoother losing their initial rough-
ness and sharp angles are progressively rounded. These fea-
tures can be observed in Fig. 2, which shows the scan of the
grain S6 new and after 140 min of Micro-Deval. Although
the grain is still recognizable and the general form is con-
served, the initial sharpness of edges and vertices has been
significantly reduced and some tips have been removed from
the grain.

Two different mechanisms of wear are observed when
analysing the intermediate scans. The first one is a slow but
constant degradation affecting faces, edges and vertices all
along the test, continuously removing layers of matter and
consequently smoothing the different surfaces and angles.
The second one correspond to occasional local breakages
of weak parts of the grain, affecting mainly to grain verti-
ces due to their reduced cross-section, which remove larger
chunks of matter and change the form of the grain. These
local breakages do not always happen and when they do so,
they usually affect small parts of the grain. Big breakages
that split a grain in two parts of similar size are possible
but rare. As a reference, from the seven grains of study, S6
shown in Fig. 2 was the one suffering the largest amount of
local breakages along the test.

2.3 Evolution of the mass of the grains

Grains were weighted at each wear state in order to track the
evolution of their mass and to identify the variability among

Fig.2 State of specimen S6 before (left) and after (right) of a stand-
ard Micro-Deval test (140 min)

the sample. In addition, the mass of the full 10 kg sample
was also tracked for comparison. Incidentally, darker grains
were found to be slightly denser (~ 3%) than lighter ones.

Figure 3 shows the decrease in percentage of the mass of
each individual grain and of the whole sample of 10 kg. It
can be noticed that all grains have a higher loss rate at the
beginning of the test and it tends to a constant rate by the
end. This is the same trend already observed in the previ-
ous Micro-Deval tests [8]. Furthermore, except S6, which
suffered some relatively big breakages all along the test, all
other specimens show approximately a mass loss of between
2% and 3% by the end of the test, which is of the same order
of magnitude as the full sample. The particular form of each
grain does not seem to affect significantly the final amount of
wear. The larger the size of the grains, the higher the prob-
ability of eventual weaker parts, which could explain why all
of them are slightly above the average wear of the sample,
but the difference is neither significant nor concluding.

3 Evolution of grain descriptors

In order to describe the morphology of a particle, there is
a large number of quantities, parameters and definitions
used in the literature. Implicitly or explicitly, most of these
parameters characterizing the morphology are classified or
ordered using different levels or scales, depending on how
general or how in detail the parameter describes the grain.
Some authors [31] divide this classification into three differ-
ent levels: form (macro-scale), angularity (meso-scale) and
texture (micro-scale). This transition in scale is considered
in the following sections.

3.1 Form parameters (Zingg’s diagram)

The typical way of describing the general form of a grain
is by defining its three characteristic lengths, which are

0%
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Fig.3 Cumulated mass percentage lost along the Micro-Deval test by
each of the seven grains and by the whole package of grains

@ Springer



30 Page 4 of 12

. Deiros Quintanilla et al.

given by inscribing the grain into a rectangular prism
(Fig. 4). The lengths correspond then to the sides of that
cuboid: S (shortest), I (intermediate) and L (longest).
There are multiple ways of choosing the definition of the
circumscribing prism, which give slightly different results.
The method applied in this project defines the three sides
of the prism following the three principal directions of
inertia of the grain. As it will be observed, this choice is
not determinant on the conclusions extracted.

From these three characteristic lengths, several parame-
ters describing the form can be defined [5, 22], all of them
presenting approximately the same trends. As an example,
in this paper the evolution of the Elongation Ratio (ER)
and Flatness Ratio (FR) will be shown:

ER=1I/L ()

FR=S/I 2
According to the presented definitions, both parameters

range from O to 1, the latter value corresponding to the case
of either a sphere or a cube. Table 1 shows the initial values

S

Fig.4 Characteristic lengths of a particle: L (long), I (intermedi-
ate) and S (short). They are defined using a circumscribed rectangu-
lar prism oriented following the principal directions of inertia of the
grain

of the mass, the three characteristic lengths and the form
parameters ER and FR for all seven specimens.

ER and FR are commonly represented together in Zingg’s
diagram [43]. Zingg proposed a basic classification of four
different grain forms (blades, rods, disks and spheroids), by
establishing an arbitrary threshold at 2/3 for both parameters
as it can be seen in Fig. 5.

Figure 5 shows the evolution within Zingg’s diagram
of the seven grains along the Micro-Deval test. It can be
observed that grains present almost no evolution of the form.
Only S1 and S6 present a slight change in form due to the
local breakages suffered. However, not even these two grains
present a change in Zingg’s category, and they do not show
neither a trend towards the form of a sphere (upper-right
corner).

In conclusion, a standard Micro-Deval test (140 min),
despite clearly wearing the grains, has proven not to be aggres-
sive enough to produce significant changes on the general form
of the grains. The imperceptible change on the general form
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Fig.5 Zingg’s diagram: representation of the evolution of the param-
eters ER and FR along the Micro-Deval test. As a reference, the
upper-right corner of the plot corresponds to the form of a sphere or
a cube

Table 1 Initial characteristics

Mass (g) L (mm) I (mm) S (mm) ER FR

and form parameters of all

seven specimens S1 146.13 86.98 47.10 42.84 0.542 0.910
S2 142.64 63.80 53.31 47.61 0.836 0.893
S3 126.55 78.86 46.90 33.38 0.595 0.712
S4 155.70 79.92 69.56 28.49 0.870 0.410
S5 179.95 82.69 50.58 44.93 0.612 0.888
S6 148.08 83.75 57.20 33.19 0.683 0.580
S7 103.71 64.63 48.49 32.34 0.750 0.667
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while the angularity is reduced during a first phase of wear was
identified by Domokos et al. [9] for pebbles in rivers.

3.2 Spherical harmonics analysis
3.2.1 Definition and assumptions

When a multi-scale description of the morphology is needed,
other methods that can deal with all three levels of description
are commonly used. Fourier analysis of the contour can be
used when dealing with 2D particles [42], obtaining different
signatures for different scales depending on the frequencies.
If a 3D description is needed two methods are used to ana-
lyse image data: wavelet method [20] and spherical harmonic
analysis (SHS) [11]. The second method has been chosen for
this project, since it was originally used to deal with 3D X-ray
CT data.

The data given by an imaging device such as X-ray tomog-
raphy can be expressed as a discrete cloud of points. It is then
possible to express the coordinates of all points forming the
contour surface of the grain using spherical coordinates on the
form R(6, ¢), where R is the radial distance from the centre
of mass of the particle to each surface point, 6 € [0, z]is the
polar coordinate and ¢ € [0, 2x). The idea of this method is
to describe the morphology of the grain using spherical har-
monic series, where as we consider more and more coefficients
(longer series), the detail of the description becomes higher.
By establishing thresholds, it is possible to describe all three
scales of morphology: form, angularity and texture.

The spherical harmonic series are expressed as:

ROP) =D, D V10, ¢) 3)

n=0 m=-n

where Y”" are the spherical harmonic functions:

204 1) - (n—m)! |
Y20, %) = \/ ( ”4:'2’1 ffm)’!")  PP(cos(@) - €™ (4)

where P are the associated Legendre polynomials. The sys-
tem can then be solved using a matrix notation of the form
Rivsry = Yiuse) X Gy [23], where L= (n,,, + 1)* and N
the number of voxels of the surface. The description of form,
angularity and surface texture is then based on the signatures
given by the coefficients a,,,, by using the thresholds pro-
posed by Masad et al. [28]:

4 n
Form = Z Z la,,,| (®)]

n=1 m=-n

n

25
Angularity = Z Z |, (6)

n=5 m=-n

Minax

> Y la,l @)

n=26 m=—n

Texture =

As areference, for a perfect sphere all three signatures would
be equal to 0.

Due to their intrinsic definition, the development of
these series quickly requires a large amount of computa-
tional memory and time. Therefore some restrictions had
to be introduced, searching for a compromise between the
computational time and the precision on the result. For this
reason, following the work of Masad, a limit of n,,,. = 30
was considered. This way, it is possible to define form and
angularity following the thresholds set at n = 4 and n = 25,
and there are still five coefficients remaining to give informa-
tion about texture.

In addition, a simplification of the original meshes was
required to reduce the number of elements from ~ 5 mil-
lion to 250,000 elements. The reduction of elements was
made by decimation using an internal algorithm of MeshLab
called Quadratic Edge Collapse Decimation [12, 15], which
resulted in a very acceptable simplification preserving all
the topological features. A convergence analysis was per-
formed on all three SHS morphology signatures by compar-
ing meshes from 5000 to 500,000 elements. It was observed
that, after 100,000 elements, the error on the measurements
was stabilized below 0.1%. However, since the computa-
tional cost was still acceptable, meshes of 250,000 elements
were used. These reduced meshes were also used on the
asperity analysis in Sect. 4.

3.2.2 Evolution of SHS signatures

Figure 6 shows the evolution in percentage of all three SHS
signatures along the Micro-Deval test for each individual
grain. It can be observed that all three parameters decrease
all along the test tending to a more rounded particle. The
decrease follows the same trend as the mass, it is more prom-
inent during the first minutes of test tending to reach a stable
decreasing rate by the end of the test. However, whereas the
general form presents a relatively small evolution (< 2%),
confirming the conclusion of the previous Sect. 3.1, angular-
ity and texture present a cumulated decrease of more than
10% by the end of the test.

Angularity is affected by those asperities lying on the
edges and vertices, it shapes the external profile of the grain
and thus slightly influences the general form of the grain
and also its micro-morphology. On the other hand, texture
is mainly given by asperities lying on the faces of the parti-
cle, not affecting the general form of the grain but only the
micro-morphology. However, from a micro-scale point of
view, both parameters are strongly related to the asperities of
the particle, only differing on the location of those asperities.
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Fig.6 Evolution for all seven grains of the three signatures of the SHS analysis corresponding to the three scales of morphology: general form,

angularity and surface texture

In conclusion, except for eventual major breakages, most
of wear comes from smoothing edges and vertexes and
removing the surface texture, reaffirming the visual inspec-
tion of grain wear presented in Sect. 2.2. Convex features
are the most exposed to external contacts so, in a system
with a random distribution of impacts and contacts such as
within the Micro-Deval cylinder, these convex asperities
tend to suffer a higher number of them. In addition, small
tips and sharp edges present smaller cross sections by defi-
nition, which renders them weaker and eventually unable
to resist aggressive wear. To obtain direct confirmation of
these hypotheses, a detailed analysis at the asperity scale is
presented in the following section.

4 Analysis at the asperity scale
4.1 Definition of curvature and asperity radius

In order to study the morphology at the asperity scale, the
evolution of local curvature (or its reciprocal, the radius of
the asperity) has been analysed. For planar 2D curves, cur-
vature at any point P can be defined as the rate of change
of the tangent line, which is equivalent to the reciprocal of
the radius of the best-fitting osculating circle at that point
P[13,21]:

k=2 ®)
where R is the radius of the circle (Fig. 7). For surfaces,
curvature is more complicated to define due to the fact that
it needs to capture the rate of change of the surface from the
tangent plane, but the concept of a best-fitting sphere, which
radius is the reciprocal of the curvature, can still be applied
to compute the mean curvature. This approach is used by the

@ Springer
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Fig.7 Definition of curvature as the inverse of the radius of the best-
fitting circle at each point of the curve. This concept can be extrapo-
lated for the 3D case using spheres. The neighbour points are taken
into account for the fitting in a larger or lower scale depending on a
filter scale parameter

algorithm called Algebraic Point Set Surfaces [14] included
in MeshLab package.

This algorithm shows robustness and a good fit to the
actual morphological features of the grain. Furthermore, it
includes a filter scale parameter, which determines the radius
of surrounding area that will be considered when comput-
ing the best-fitting the sphere, i.e. how locally the curvature
will be computed. Figure 8 shows the result of applying the
algorithm at different filter scales.

A smaller scale gives information about finer details but
loses information about the local convexity of the surround-
ing area. For this project, an arbitrary choice of filter scale
= 10 was made, searching for a compromise between detail
but also considering the area usually involved on ballast-
ballast contacts. This value of filter scale allows for studying
asperities presenting a radius larger than 0.3 mm. This is an
arbitrary choice based only on qualitative data, an optimal
answer does not exist. However, results extracted when using
the previous and next scale values (8 and 12) do not differ
significantly with respect to 10, leading to the same conclu-
sions. Concerning finer asperities (R < 0.3 mm) which could
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SCALE =2

Fig.8 Computation of curvature over the surface of S7 consider-
ing different filter scales. Negative curvature corresponds to concave
asperities and positive to convex ones. An arbitrary choice of Scale

have a role on the contact behaviour, it will be shown in the
following sections that small asperities (R < 1 mm) tend to
quickly disappear from the specimens. There is no reason
to think that this behaviour is not also extended to smaller
asperities. The smoothing of these small asperities is, in any
case, taken indirectly into account when computing the aver-
age local curvature of the grain.

Finally, for a more intuitive understanding of the results,
the asperity radius was considered for the analysis instead of
the curvature, computing first the curvature using the algo-
rithm described above and then obtaining the radius of the
asperity as the reciprocal of the curvature. The sign conven-
tion used considers concave asperities as negative curvature
or radius, and hence convex features as positive.

4.2 Evolution of asperity radii

One way to observe the evolution of the asperity radii
throughout the test is to compare the radii histograms before
and after erosion. Figure 9 shows the difference between the
normalized histograms before the test (0 min) and after a
standard Micro-Deval test (140 min), negative values repre-
senting a decrease in the number of asperities in that range
of radii. As it can be observed, all grains behave in a similar
way regardless of their form. This similar distribution and
evolution of asperities, allows for treating all the asperities
of all the grains as if they belonged to a single grain without
making distinctions. This will be applied in the following
plots and analyses for better visualization and of the results.

Concave asperities tend to always decrease in number as
the grains is worn. A possible explanation could be that, in
an overall convex shape like that of an aggregate, in order
to have a concave feature, it must be necessarily surrounded
(closer or further) by convex features. Therefore, when
the neighbour area is eroded, concavity is automatically
decreased. In particular, very concave areas are especially
sensitive to changes in the surroundings due to their small
radius.

>1.0

0.0

Curvature [mm-1]

<-1.0

= 10 was made, searching for a compromise between a good asperity
detail and the inclusion of the neighbour area around the asperity
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Fig.9 a Normalized histograms of the asperity radii of the seven
specimens for O min and 140 min of Micro-Deval test. b Difference
of the histograms in (a) for each individual grain. Negative values
indicate a decrease in number of asperities of that specific radius, and
vice versa
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The number of convex features, however, present different
trends depending on their radius before erosion. These fea-
tures are the most exposed to external contacts and impacts.
Sharp tips and edges are also weak points of the grain, facili-
tating eventual breakages. Thus, these features are likely to
quickly disappear from the grains. The direct consequence
is that these surface points are automatically transferred to
a higher radius category.

In Fig. 9, a threshold at an asperity radius of approxi-
mately 2 mm can be detected for all the grains, below which
the number of asperities tend to decrease and vice versa.
It is important to remark that this is a population balance
problem: evidently features with larger radii than 2 mm also
wear and evolve towards even larger radii, but the rate these
features disappear is lower than the creation rate resulting
from the evolution of smaller asperities.

However, the trends observed so far are extracted from
the overall distribution of asperities and, although unlikely,
it could be the consequence of a random process tending
to a generally more convex shape of the grain, but not a
direct evolution of individual features. In order to confirm
the hypotheses, a monitoring of the evolution of the radius
of each surface point is required. To do so, a K-D Tree algo-
rithm was used [6], which consists on a space-positioning
data structure for organizing points in a space of dimension
K. It allows for associating each point within the original
mesh with its best-fitting point within a second mesh.

Figure 10 shows a 3D normalized histogram (density
represented by the colour) where, in the X-axis, the original
asperity radii (i.e. grain before erosion) is plotted, and, in
the Y-axis, it is plotted the increment in radius that those
asperities suffered during the first 10 min of test. For convex
asperities, an increase of the radius means a smoothing pro-
cess, whereas a decrease means a sharpening process. For
concave asperities, since their radius is originally negative, it
is the opposite. The diagonal line y = x represents, therefore,
the surface points that doubled their radius.

The core of the density plot, formed basically by convex
features of radius from 0.5 to 1.5 mm, is entirely located on
the smoothing zone. These asperities consistently suffered
an increase in radius but they rarely doubled their initial
radius. This plot is almost identically reproduced on the suc-
cessive cycles of erosion. The only difference, represented
with the arrow in the figure, is that the density core and its
associated dispersion cone are progressively shifted to the
right. This is a consequence of sharpest asperities disap-
pearing from the grain, resulting in new asperities (most
likely with a larger radius) becoming the sharpest ones. The
process is then repeated but shifted to slightly higher radius.

Figure 11 shows the location and evolution of convex and
sharp asperities, i.e. 0 < R < 3 mm, on specimen S3 during
all five states of wear. As expected, these convex asperities
are mainly located along the edges and on the vertexes.
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Fig. 10 Normalized 3D histogram (density represented by the colour)
of the evolution of asperity radii during the first 10 min of Micro-
Deval test. As the test proceeds, the trend remains similar but pro-
gressively shifting towards the right (larger radii), due to small asperi-
ties being smoothed or removed (colour figure online)

When the grain is new, the edge is narrow and sharp,
with radius below 1.5 mm all along the line. During the
first 10 min, these edges and vertexes wear, quickly evolving
either by being removed or smoothed, while the points sur-
rounding them remain relatively protected from contacts. As
edges and vertexes are smoothed, neighbour points become
more exposed and erosion starts happening over a larger
area. Consequently, the edge enlarges presenting for every
cycle a wider band of convex points. The overall radius is
also increased and asperities ranging between 1.5 and 2.5
mm of radius become progressively more common on the
edge.

4.3 Role of asperity radius on the wear process

In order to visualize and quantify the wear over the sur-
face of the grains, the scans were pre-orientated using their
principal directions of inertia and aligned using the built-in
function of MeshLab by Iterative Closest Point [7]. Meshes
are then compared in pairs in order to extract the difference
using Haussdorf Distance [17], which provides a quality
map over the surface of one of the two meshes. Henceforth,
wear will be described as the distance between scans, and
not in volume or mass.

Figure 12 shows the erosion of specimen S3 during all
four erosion cycles. As expected, wear is happening mostly
on edges and vertexes, whereas faces remain almost intact.
At the beginning of the test, erosion is deeper and focused
on the very edge of the grain, i.e. the area of influence is
narrow but the maximal wear is higher. Sharp edges and
tips get aggressive erosion due to their high exposition to
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Fig. 11 Evolution of the radii of convex asperities of specimen S3.
Sharp asperities, i.e. small radius, are mainly located on edges and
vertices. These asperities are progressively smoothed reducing their

0-10 MIN 10 — 30 MIN

Max=1.11mm Max=1.10mm

30—-70 MIN

Max=0.92 mm

Asperity radius
[mm]

I 3.0
2.5

2.0

140 MIN

L [15

1.0

0.5

0.0

radius and enlarging their area of influence, broadening the edges and
exposing new surface points to potential contacts

Wear [mm]
™ 0.0

70 — 140 MmN

0.2

0.4

0.6

0.8
Max=0.77 mm

Fig. 12 Wear on specimen S3. Asperities suffering wear are coloured from light yellow to dark red, no wear is represented in black. Wear is
mainly produced on edges and vertices, where sharp asperities are located. It shows a strong correlation with Fig. 11 (colour figure online)

contacts and intrinsic weakness, due to their associated small
contact area and reduced cross section. As the test goes on,
the area of influence of wear gets progressively wider, but
the maximal local wear decreases, even though each cycle
is longer than the previous one. As long as the weak parts
are removed, edges and vertexes present a larger radius and
thus a larger contact area and cross section, becoming more
resistant to impacts and reducing the local wear rate. This
behaviour is consistent with the results shown in the previ-
ous section and specifically in Fig. 11.

The smoothing of roughness (i.e. surface texture) on
the faces is a more subtle phenomenon. It is mostly pro-
duced due to the destruction of isolated sharp asperities,

which produce a reduction on the roughness measurements.
However, there is also a very fine smoothing process of
the overall surface that is combined with the inclusion of
some fines between the micro-asperities. This layer of fines
can occasionally become so stuck to the grain that it is not
removed by washing the grain with water. All in all, it leads
to more even surface that can be felt just by touching the
grain. Hence faces do not contribute significantly to the total
production of fines, but there is indeed some wear happen-
ing on them.

This behaviour is confirmed by Fig. 13, which shows the
normalized histogram of the asperities suffering at least 0.5
mm of wear. It can be observed that, within the range of a

@ Springer
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Fig. 13 Normalized histogram by asperity radius of asperities wear-
ing more than 0.5 mm for each of the Micro-Deval intervals

standard Micro-Deval test, aggressive wear is almost exclu-
sive of convex asperities with a radius below 5 mm.

There are however, some changes as the test evolves. Dur-
ing the first 10 min, wear mainly happens in asperities below
2 mm of radius. Asperities with a radius close to 0.5 mm
generally present a very high absolute wear, even higher than
their own radius, confirming that these sharp asperities are
very exposed to contacts and are fast removed.

As the test progresses, sharper asperities disappear so
they can no longer contribute to wear, shifting the peak of
the histogram towards the next group of sharp asperities. In
addition, the surrounding areas become more exposed to
contacts and the area of influence of wear becomes wider, as
it was observed in Figs. 11 and 12. This results in a progres-
sively wider histogram.

As asperities become large enough, wear becomes a more
stable process, which explains the curve of mass loss (Fig. 3
and [8]) and its trend towards a constant mass loss rate by
the end of the Micro-Deval test.

5 Conclusions

The Micro-Deval test served as a way to artificially obtain
an accelerated ageing of High-Speed Railway ballast grains.
The evolution of the morphology of the grains was tracked
by scanning a sample of seven grains using X-ray CT at five
different states of wear.

A standard Micro-Deval test has proven not to be enough
to change the general form of granite grains. Form param-
eters do not show a clear trend or change all along the test,
with the exception of occasional major breakages. Grains

@ Springer

remain recognisable all along the test. On the other hand,
SHS analysis showed a significant decrease in angularity and
surface texture descriptors. Thus a detailed analysis of the
evolution of the asperity radius was performed.

Convex asperities, especially sharper areas (i.e. higher
curvature or smaller asperity radius), are generally the most
exposed to eventual contacts and impacts with other bal-
last grains or with the metallic cylinder. In addition, due to
their smaller cross-section, these sharp asperities show a
weaker resistance to contacts. Thus they tend to disappear on
the first minutes of the test, either by getting progressively
rounded or by small breakages. As the asperities become
rounder, contact area and cross section increases, improving
the resistance to wear. Wear may then expose other asperities
to contacts, so far protected by sharper features. This leads to
an evolution of edges from narrow sharp weak lines to wider
and stronger bands, reducing the wear rate of the grain.

Angularity is a desired feature in ballast grains that helps
to increase the shear resistance of the layer. However, it rep-
resents its main weakness against wear and, therefore, an
important source of fine particles to the track.
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