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Abstract

The ballast layer of the railway profile is comps# cubic grains in fractions of between 22.0-
63.0 mm and comprises one of the most importametés of the railways playing a key role in its
behaviour with regard to mechanical and hydrautperties, and track maintenance efficiency.

Due to traffic and maintenance procedures, ovee,tithe ballast material is subjected to
degradation via wear and breakage phenomenondbr to represent this degradation, abrasion
and large-scale tests can be performed. This ppme=ents an overview concerning ballast
degradation due to loading and maintenance proesdand results obtained from samples
submitted to Los Angeles Abrasion and large-scaktst An image-based process was also
employed to evaluate degradation evolution basdtdl@rmundness index.

The objective of this paper is to visualise baldagradation evolution in terms of granulometric
and shape deviations and distinct degradation m&utdgs as the wear and breakage that can occur
as a result of the stresses related to trafficraaidtenance.

The degradation study showed generally, the grametiac deviation from the highest to the
lowest granular fractions, different degradatioatdees specially related to the breakage mode and
an adequate representation of the wear degradatiolution via the use of an image-based
method. Moreover, analysis in full-scale tests stubwa clear difference between the degradation
that occurred at different places around the taéqger unit subjected to traffic and tamping action
The phenomenon of ballast degradation due todraffd maintenance actions is also discussed.
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1. Ballast layer

Ballast is the granular upper layer of the supecstire part of the railway track profile and is
composed of cubic uniformly-graded grains (22.0-68mn a compacted condition and
surrounding voids. This layer is placed betweendleepers and platform (or possibly, sub-
ballast) with functions related to some of the miagportant characteristics of the railway
track in terms of strength, deformability and deaja.

The functions of the ballast layer are basicallptovide a solid foundation for the sleepers,
adequate drainage, uniform load distribution allmyviflexibility and reconstitution of
levelling and furthermore, provide noise and vilmat@bsorption (Selig & Waters, 1994). The
layer performs a fundamental role in railway trdoshaviour resisting to vertical forces by
grains direct resistance while lateral and longitatdforces are equilibrated by the friction
generated between ballast particles and the sleepeérbetween the grains themselves.

The ballast layer capability to perform its functics determined by the physical state of
assembly and grain characteristics in terms of, skhape, and strength among other things.
Oda and Iwashita (1999) argued that the behavibgranular materials is determined by
particle arrangement and inter-particle charadiesis According to Raymond (1985), the
geometrical characteristics of particles are dfaal importance for track stability.

Ballast grains naturally interact with other pddgccreating contact points. Depending on the
stress magnitude due to traffic and/or maintengpiedures at grain contact points,
particles may start to degrade with time, which ksad to loss of mechanical performance.
Therefore, the study of ballast material subjed¢tettaffic and maintenance conditions is an
important task in order to obtain an estimationl@jradation evolution.
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2. Ballast degradation

As a result of traffic accumulation and maintenapececeduresthe ballast layer starts to
degrade and this can lead to a loss of performance in terms of mechanical properties and track
geometric condition. Ballast layer degradation is caused by phenomena related to wear and
grain breakage leading to the filling of granular voids and is known as ballast contamination
/fouling.

Ballast layer contamination is caused by different mechanical and environmental phenomena
such as grain degradation, fine material pumping, external input (i.e. wagons material),
sleeper/grain abrasion, weathering, etc. According to Selig & Waters (1994), data from the
UK showed that the main source of contamination was external input{p2and grain
damage including tamping actions (41%). However,ddg indicate that the most important
source of fouling is grain breakdown (76%) incluglslamage related to traffic, maintenance,
weathering and general stresses (Figure 1). Inrgknthe values presented show the
significance of the amount of fouling material riéisig from ballast grain degradation due to
traffic and maintenance actions. Moreover, stud@sducted by the Association of American
Railroads (AAR) using petrographic analysis indechthat 75-90% of the fouling material
accumulated during 300 million gross tonnes (MGBswrom ballast breakdown, and the
remainder, from external sources.

Figure 1 Contribution of processes to ballast degradation according to data from USA (a)
and UK (b).
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Ballast particles degradation can be understood as grain crushing in terms of breakage and
abrasion and is a decisive factor in ballast behaviour (Indraratna et al., 1998). According to
Lekarp et al. (2000), crushing is a progressive@ss starting at relatively low stresses and
results in gradual changes in granular fabric aadkimg. According to Terzaghi & Peck
(1962), the mechanism of rockfill compression is tasult of the crushing of highly stressed
contact points and particles rearrangement duag lapplication. A similar mechanism is
expected to develop in railway ballast at containhis.
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According to Indraratna & Salim (2003), ballast detation depends on several factors such
as the amplitude, frequency and number of loadesydggregate density, grain angularity,
confining pressures, saturation degree, etc. Homekie most significant factor governing
ballast breakage is the fracture strength of itstituent particles. Other important factors are
the mineralogy and grains shape and size.

Mechanical ballast degradation is related to thenadyic load resulting from traffic
accumulation and track condition. As well as t@ftfrack geometry maintenance actions by
means of tamping for example can also provoke denable grain damage as this method is
considered destructive.

Due to traffic and maintenance actions, ballastemit can degrade in different modes.

According to Raymond & Diyaljee (1979), the ballgsain degradation process can basically
occur in three ways: breakage into approximatetyilarly sized parts, angular projections,

and grinding off of small asperities. Figure 2 skosxamples of grains degraded by wear
(grinding off of small particles) and breakage.

Figure 2 Examples of ballast degradation by wegarid breakage (b).

(b)

Particle breakage is the dissection of grains p#ads occurring generally under high stress
levels, while abrasion is a phenomenon whereby gengll particles disintegrate from the

grain surface, independent of stress level (Indinarat al., 2011). According to Indraratna et
al. (2009), aggregate breakage under rail loading complex mechanism initiating at inter-

particle contacts, followed by breakage of the veegdarticles upon further loading.

Indraratna et al. (2005) identified that most lstllidegradation is primarily the consequence
of corner breakage that with considerable wearsmacan lead to a grain with a relatively
more rounded shape. Under traffic conditions, theck and high pressure induced by the
dynamic load distributed through the contact sw@fiacthe corners between the grains and the
sleeper creates a stress distribution channel. stil@ss concentration at these corners can
provoke its own breakage and tends to grind theigroiof the ballast material under the
sleepers especially.

Since ballast grains are highly inhomogeneous iturea the description of breakage
mechanisms is no easy task. According to Lu (20@8glies heavily on visual observation
requiring a measure of personal judgment.

As a result of ballast grain degradation, matesfatlifferent granular fractions is generated
including fine material (smaller than a specifiamieter, e.g. 14 mm). Generally speaking, an
amount of about 30% of fine material is assumethdicate a fouled granular layer and a

4
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possible end of ballast life (Lichtberger, 2005li¢c& Waters,1994; Esveld,1993). According
to Paderno (2010), the costs of ballast maintenaapeesents approximately 30% of the
annual track maintenance budget.

Under stress from both traffic and maintenance, grenulometry of ballast material is
deviated with consequences to the porous medidedeld void ratio/porosity decrease.
Moreover, degradation also affects grain shapelingato a tendency towards roundness that
is related to the general behaviour of the layerterms of deformability, strength and
permeability. For example, as a results of weaewen breakage, the generation of fine
material can provoke the appearance of unexpeatgdtive pore-pressures (e.g. suction)
leading to changes in strength and permeabilitjatRe to grain changes in terms of size and
shape, degradation can provoke mechanical respaféesting traffic and maintenance
performance.

Track maintenance by means of tamping allows adrgpometry correction but, at the same
time, degrades the grains especially during theriim of vibrating tines. According to
Aursudkij (2007), the insertion of the tines bred&sye aggregates while grain squeezing
causes wear on their surface as occurs duringcttatiding (both produce lower and similar
degradation). Perales et al. (2011) concluded tHraping provokes grain stresses as it is
more like a shock than a phenomenon spread ove, tiach as wear. Nurmikolu (2005)
reported a survey by Chrismer (1988) concernindablimaterial subjected to traffic and
maintenance during a period of three years thatvetosignificant degradation caused by
tamping since the latter changed the granulometserthan traffic did during this period. As
a result of frequent tamping actions, the trackobses involved in a vicious circle where
degradation from tamping constitutes an importaement of dynamic overloads that
accelerate geometry deterioration, thus requiringe&v geometry correction. The final
consequence is that over time, the ballast canitesandamental properties and then can no
longer assume its functions and has to be replaced.

During degradation, the grain shape variation cadicate certain features regarding the
damage processes. According to Mvelase et al. j2@Edmetric indexes such as sphericity
and roundness can be used to evaluate ballast gphaperties. Roundness is defined as the
ratio of the sum of the radius of the corners dreradius of the maximum inscribed circle

divided by the number of evaluated grains (Wade€lB2). This can also be calculated via the
grain area and perimeter.

In order to simulate ballast grain degradationasimn tests such as the Los Angeles (LAA),
Mill (MA) and Micro Deval (MDA) can be employed arate an important basis for ballast
suitability evaluation (Selig & Boucher,1990). Moxer, large-scale triaxial tests (Fortunato,
2005; lonescu, 2004) and traffic/tamping appardRederno, 2010; Aursudkij, 2004) have
been used to evaluate ballast degradation underdit traffic and tamping conditions.

Rothlisberger et al. (2006) stated that LAA tedtevg a correlation with wear induced by

railway traffic unlike the conclusion of AursudKB007) that associated the LAA test results
to tamping degradation. The author also states libHast ageing is primarily related to

maintenance works as observed by Aursudkij (200d) the critical environment of ballast

ageing is limited to the material volume affectgdtdamping.

In order to study ballast degradation, analysesewmgrformed to evaluate degradation
evolution with data from Paderno (2010) using lasgale apparatus to simulate traffic and
tamping conditions, and data from LAA tests caroet using an imaging procedure.
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2.1 Degradation rates

a) Ballast degradation due to tamping process

Since tamping is one the most common maintenamtmigues for restoring track geometry,
the planning of ballast maintenance programs igasficular importance. Studies have been
carried out to verify the influence of tamping aas on ballast degradation.

A study carried out by AAR (1990) through a serdsn-track tests showed the tamping
significance on the fine materiat (¥2” sieve) generation after 10 and 20 tampindrgy(re
3a). Results showed an almost linear relationskigvéen the number of tamping’s and the
fine material amount and a production of betwed®-@.9 Kg of fouling per squeeze. Similar
results concerning the linear trend between foulingterial generation and number of
tamping actions were also found by Rothlisbergé0@ and Aursudkij (2007). According to
the latter author, unlike what occurred with bdllasaterial during tines insertion, material
from the squeezing region was not influenced byninaber of tamping’s.

Zarembski & Newman (2008) reported data compariallabt degradation at both tamping
and stone blowing maintenance methods (Figure3i®.results revealed that a much larger
amount of fine material originated from the tampwith a production of approximately 4 Kg
per action. These rates are similar to those faimdK railways (Selig & Waters, 1994).

Figure 3 Fine material amount produced by numbgaropings for different ballast
materials (a) and different maintenance technidoles
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Perales et al (2011) evaluated the influence otdh®ing process in the ballast degradation
in a real scale track. The results showed fragntientaf particles greater than 50 mm leading
to an increase in the proportion of grains in thanglar fraction of 35.5-50.0 mm. With
regard to wear degradation, the analysis showddthigaseems to become significant when
the number of cycles exceeds 20. According to SkIMyaters (1994), data from UK field
investigations showed that about 20 consecutivestimsertions resulted in a 15-45%
reduction in the 38-51 mm fraction. As far as ttaefion smaller than 13 mm was concerned,
an increase from about 1% to 5% was observed @ftgoing’s.
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It can be asserted that tamping is a very sigmfi¢actor in the degradation of ballast and,
because of this, unnecessary actions must be aloldeording to the studies, the fouling
amount generated seems to be approximately 4 Kgitemvith material in the tines insertion
region being more affected. Moreover, the relatmmsbetween the fouling content and
tamping actions number seems to be proximatelatine

b) Degradation due to traffic

In order to represent the degradation due to railinagffic, laboratory (cyclic tri-axial, ballast

boxes) and large-scale tests can be performedarmitia & Salim (2003) applied cyclic
loading to railway ballast samples, obtaining arddgtion of used ballast of roughly two
times that of a new material. However, ballast ddgtion in cyclic triaxial tests was found to
be very low and thus not to correspond to degradatnder field conditions by Raymond &
Bathurst (1994), among others.

AAR (1989) performed a study of degradation ratelsted to ballast quality in terms of
Abrasion Number (AN=LAA+5MA) and MGT value. The tdts showed a clear difference
in ballast fouling between ballast materials wiitfiedent abrasion values (Figure 4).

Figure 4 Example of ballast fouling relatedjteality and MGT value.
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According to Selig & Waters (1994), UK data congegnsources of degradation and its rates,
show values of approximately 0.2 Kg/sleeper/MGT defgradation resulting from traffic
fouling. The same authors also report onrasitu ballast durability study conducted by AAR
using granulometric analysis over seven years (8Q). After this period, fouling< 4.75
mm) was 5-7 % (initially 1-3%), revealing an incsearate of 0.4-0.6% per year. Linear
extrapolation of the degradation rate to a conditd complete fouling gave unreasonably
long ballast lives, suggesting that degradatioa iahot linear over ballast life
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2.2 Numerical modelling of ballast breakage

Normally, discontinuum-based methods treat rock emt as an assembled model of
particles. Related to fracture, the process camepessented for example by inter-particle
bond breakage.

The dominant stream in discontinuum-based modellighe DEM (Discrete Element
Method). DEM is capable of analysing multiple iateting bodies undergoing displacements
and rotations. Contact detection and interactiorstfze most important aspects in the DEM,
which is distinguished by its ability to detectgate) new contacts during calculation.

In order to represent particle breakage, severghods have been used as for example, the
replacement of particles fulfilling a predefinedidee criterion with an equivalent particle
group and the consideration of each particle asysoagglomerate built by bonding smaller
particles. Figure 5(a) and 5(b) shows examples alfast grains models according to
Indraratna et al. (2010) and Lobo-Guerrero & VallgJ005) respectively.

Figure 5 Portion of assembly showing particle baggk(a) and detail of crushable ballast
representation (b).

Cyclic densification

Lobo-Guerrero & Vallejo (2005) treated the partids porous agglomerate in order to
evaluate the crushing evolution in the granularemaltin a model representative of a railway
ballast layer. A breakage criterion based on therdination number (contacts) and a
comparison between the tensile stresses calcudaig@ threshold value were employed. The
particles were treated as agglomerate composedscs$ of different sizes and if a particle

fulfils the above criterion, it is decomposed, gatieg smaller ones. In another kind of

ballast grain approach, Indraratna et al. (2010jopmed a numerical study of the ballast
material under cyclic loading using the conceptpafallel bonds representing the ballast
grains as an agglomerate of particles.
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3. Ballast degradation analysis

In order to study ballast degradation evolutiomifferent conditions of efforts, two analyses
were performed.

In the first study, laboratory LAA tests were conthd to evaluate the evolution of the ballast
material degradation. The results are presenteterims of granulometric deviations and
grains shape evolution. Different modes of degiadatlated to wear and breakage are also
evaluated.

Moreover, data from Paderno (2010) were used tluateballast degradation during periods
of traffic and maintenance actions. The resultsewadso obtained in terms of granulometric
deviations and ballast material place of collection

3.1 Material

The material studied in both analyses was sanddialiast with 25-30% of hard minerals,
with a particle size of between 22.4 and 63.0 mm BAA values of between 11 and 15
complying with EN 13450, collected from a quarnatttsupplies material for the Swiss
Federal Railways (CFF/SBB). Figure 6 shows the @netric curve of the studied material
while Table 1 shows some material characteristiesparing them with the values prescribed
by Swiss Standard SN 670 110 (Rothlisberger, 2009).

Figure 6 Granulometric curve of studied ballastariat.
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Table 1 Characteristics of ballast matersadiin studies.

Railway ballast 32/50 — Requirements accordingNd6%0 110.

Property Required value Value

Fines <0.5% (mass) 0.1
Shape index <20.0% (mass) =~11-14
Long grains <4.0% (mass) 0-3
Fragmentation resistance  <16/24 (class 1/2) ~14

3.2 Methodology

a)  Abrasion tests

In order to simulate material degradation, a bakasnple was subjected to LAA tests. The
tests were performed without the steel ball norynadled in this kind of abrasion test with the
aim of avoiding excessive shocks and promotingsabinabetween grains.

The sample was tested at 100, 200, 300 and 40Quters. For this purpose, firstly, some of

the grains were randomly selected and numberedder do keep track of them during the

tests. At each revolution stage, all the selectaihg were weighed and the granulometric
curve determined. Furthermore, at each stage,dinedness values of the numbered grains
were calculated through 2D images. Then, at theafrehch stage, the grains were placed
back in the LAA machine for the next testing phase.

In order to obtain the images and visualise thengtagradation during each revolution stage,
an apparatus composed of a tripod, bulkhead arndrés was mounted. From the images
taken for each grain at each stage, the roundralse was calculated and the roundness
evolution during the revolution stages was evalliate

As to the quality of the images, they were adjusterklation to the number of pixels inside
the contour of the object, contrasts and lightavioid any interference related to shadows that
could impair the identification of grain degradaticharacteristics.

Based on the granulometric curve variation over rénelution stages, an evaluation was
performed via the granulometric changes at the ujaanfractions of 0-22.4 mm (fine
material), 22.4-31.5mm, 31.5-40.0mm, 40.0-50.0muoh 30 0-63.0mm.

The granulometric curve deviation was also evatlidte the calculation of certain grading
coefficients, namely: Coefficient of Uniformity (EDsi/D1g) and Coefficients of Curvature
(Cc=Ds¢?/Dego.D10), where Rg, Dgo and D are the 60, 30 and 10% passing material found in
the granulometric curve. These gradation factorsewased to obtain a quantitative measure
of the ballast material degradation at each reimigtage.

10
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With regard to the degradation mode survey, at eaefolution stage, the sample was
granulometrically and visually evaluated to identithe degradation modes and main
characteristics during each phase.

In order to evaluate degradation evolution basedram shapes, the initially selected grains
were submitted to a roundness evaluation. The gina@re photographed and then, after each
LAA test stage, pictures were taken for degradagwaluation by means of the roundness
index. The roundness value (R) was used to supperballast degradation evaluation with
the aim of measuring the sharpness of the edges@mers of individual grains and was
calculated from the ballast grain pictures using plerimeter (P) and area (A) values (R=
4nAIP?) obtained from images.

b)  Full-scale test

In the second study, data from Paderno (2010) thithsame material were used for ballast
degradation evaluation. The data were obtained fdarge scale apparatus construcidd
hoc to simulate traffic and tamping procedures usingtadic-dynamic cylinder and a real-
scale tamper machine respectively. Figures 7(a) /byl shows the test pit used with the
beam for load application and the infrastructuidife installed.

Figure 7 General view of test pit test with therbdar load application (a) and
infrastructure profile (b).
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For the analysis carried out, two scenarios weeduaved:

» Scenario a — Sequence of efforts composed of tiareping actions (depth of 20 mm),
followed by an application of 77000'000 cycles (tbaf 22.5 ton/axle) and three more deeper
tampings (depth of 60 mm) in a soft foundation (B3 MN/n?, Ev2<40 MN/nT).

e Scenario b — four tamping actions (depth of 20mmthe same foundation condition.

The tamping actions were performed with a vibrati@guency of 42 Hz, an amplitude of
8mm and a lift height of 20mm.

After the scenarios had been simulated, ballaspkewere collected around and just below
the sleeper to evaluate different quantitative degtion trends by the determination of

11
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granulometric curves. Based on the granulometni@tran, an evaluation was performed via
the granulometric changes at different granulactivas at the intervals of 0-22.4mm (fine
material), 22.4-31.5mm, 31.5-40.0mm, 40.0-50.0mrd &0.0-63.0mm. The granulometric
curves deviations were also evaluated using theulzded value of the Coefficient of
Curvature (Cc) and Coefficient of Uniformity (Cu).

12
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4. Results

4.1 Abrasive tests

As described, the granulometric curves over thelwion stages were obtained from the
LAA tests performed. Figure 8 (a) and (b) showpeesively these curves with the values of
Cc and Cu and the granulometric distribution vaoragat the granular fractions studied.

Figure 8 Granulometric curves and grading factays(d granular fractions distribution
(b) of tested ballast material.
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Figure 8 shows that after 100 cycles all the grandtactions were affected by the
degradation and the fraction between 0-22.4 alrdadigd to comply with Swiss Standard
(SN 670 110) since that the maximum allowed fos thaction is 3% but just after 100 cycles,
the value was approximately 4.5%. In the subseqguexatiutions, the observed granulometry
deviation was lower with a larger increasing andrelasing trend for the 0-22.4 and 50.0-63.0
mm fractions respectively.

In the material amount generated in the fractiod2@ mm there was a clear increase as
revolutions increased. The same trend was noticeda fraction 22.4-31.5 mm with a large
increase in ballast quantity just after 100 reviohdg and a subsequent low variation. In the
fraction 31.5-40.0 mm the results were not conekisince there was an increase of the
ballast particle amount until 200 revolutions wittsmall subsequent decrease. The granular
fractions of 40.0-50.0 and 50.0-63.0 mm showed milai decreasing trend, far more
accentuated in the latter one especially aftefitee100 revolutions. Figure 8 (a) also shows
an increasing trend of the gradation coefficients &d Cc revealing a loss of grade
uniformity. This tendency was similar to that obtd for ballast material by Boler et al.
(2012) also using the LAA tests.

During the LAA tests performed, different degradatmodes in the analysed particles were
noted. From the material granulometry, image arguali grain observation, weight and
dimension measures, the following types of degradatan be specified:

13
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» Wear degradation — In roughly 64% of particlesgegrddation trend was observed with a
higher loss of mass in the first 100 revolutionsl ansubsequent low decrease in mass loss
accompanied by an approximately constant increasgundness index.

» Breakage with wear degradation — In roughly 36%hef material, a degradation trend in
terms of breakage accompanied by wear was obseitiedhe following different features:

- Partial grain breakage — breakage of a small gdheograin (basically, corners) in the first

number of revolutions (100, 200) with no creatidra approximately similarly sized second

grain and subsequent wear degradation trend. Tipeadiation was characterised by an initial
high loss of mass with a subsequent low mass lelséed to wear and gradual roundness
increase.

- Full grain breakage — grain breakage with the @meadf an approximately similarly size
grain in the first number of revolutions. Subsedlyerthe new grains with their distinct
roundness values followed the wear degradatiordtadraracterised by a gradual roundness
increase.

The conclusions relating to the breakage modesimdataare in accordance with those
mentioned by Raymond & Diyaljee (1979) also forldstl material that stated that the
degradation process of ballast particles occumsutiir particle breakage, angular projection
breakage and the grinding off of small asperities.

a) Wear degradation

In the tests performed, wear degradation was ctearsed by a progressive and more or less
linear increase of the roundness value calculd&iggires 9 shows an example of a grain wear
degradation evolution over the revolution stagehjlevFigure 10 shows the calculated
roundness value increase through the stages fog sbthe ballast grains tested.

Figure 9 Evolution of wear degradation in ballgrstin over tested revolutions.
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Figure 10 Roundness increase for some grains téstmayh the revolution stages.
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Figure 9 shows a sequence related to the wear d@bggra evolution with no breakage and a
rounding trend on its surface, while Figure 10 shavsmooth and approximately linear
roundness increase along the revolutions. Generaitial grain roundness varied from 57 to
83 with most of the grains having a value of betw&@ and 80 and had an increase that
varied by up to 5%.

The general behaviour of wear degradation in tesfmeundness values calculated along the
revolutions revealed an approximately linear trevith correlation values (& varying from
0.5 to 1.0 with most of the grains obtaining valliggher than 0.75 and an average of 0.8.
Equation 1 shows the linear correlation betweenrthendness values and the revolution
number.

R, = A.RN + R, 1)
where:

Ri1,0 = final and initial roundness [-];

RN = revolution number [-];

A= angular coefficient [-].
N.B.: The value of the angular coefficient variestieeen 16 and 10,

With the aim of gaining a better understandinghaf ¢volution of ballast degradation, a brief
statistical analysis via the probability distritmrti of data related to roundness values in the
wear degradation mode was performed. For thisemfft distribution functions were tested
(e.g. Weibull, Normal, Log-normal, Student’s) andtlb Chi-Squared and Kolmogorov-
Smirnov criteria were employed for the determinmatad the distribution function that best
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fitted the data evaluated. The results showedtt®iVeibull distribution function fitted best
for the roundness values calculated at all theestagsted (original to 400 revolutions). The
Weibull distribution has been found to fit fairlyellin several studies conducted focussing on
the particle strength analysis (McDowell et al.,989 Aursudkij, 2007). More details
concerning the methods used exceed the scope op#mer but can be found in Weibull
(1951).

Figure 11 shows examples of histograms and Wedurles for the roundness values found
for grains tested before (original grains) andra2@0 revolutions.

Figure 11 Histograms and Weibull distribution cug¥er roundness values obtained for
original grains (a) and after 200 revolutions (b).
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Table 2 shows the general Weibull factors and aeer&TD and skewness (asymmetry
measure of a certain frequency distribution) valmesr the revolution stages.

Table 2 Weibull and statistic factors over revantstages.
Original 100 200 300 400

a 15.72 15.62 15.51 15.98 15.81

B 77.41 78.52 79.14 79.56 80.49

average 74.86 75.92 76.50 76.97 77.85

STD 5.85 5.97 6.06 5.92 6.05

skewness  -0.8018 -0.7999 -0.7978 -0.8068 -0.8036

The values in this table reveal very little vaoatiof the Weibull factors, denoting that the
data distribution trend remains fairly stable dgrishegradation in the wear mode. Over the
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revolution stages, the average value increasedsalimearly, and in relation to the skewness
values, denoted practically the same asymmetry ielrere the left tail is longer and the mass
of the distribution is concentrated on the rigldiesof the curve, emphasizing that most of the
values are closer to the Weibull average.

Figure 12 shows the variation of the average roassirand the confidence interval (90% of
confidence) determined with the probability denditgction (pdf) according to the Weibull
function considering the original grains and thater 200 and 400 revolutions.

Figure 12 Confidence levels and average evolutidimmpdf through stages.
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The results showed, in general, an approximatelgali behaviour in terms of “rounding
trend” in the case of wear degradation when ther@ea breakage mode involved in the
degradation process.

b) Breakage with wear degradation

In about 36% of the tested particles, a degraddtemd comprising breakage was observed.
The breakage phenomenon was accompanied by the degaadation trend and occurred

with distinct characteristics. Part of the grainffered a breakage of a small part, especially
at the grain corners in the first number of reviolog (100, 200) with subsequent wear
degradation trend and no creation of an approxiwmatmilarly sized second grain. Figure 13

shows an example of a grain in a partial breakageenover the stages while Figure 14 shows
the calculated roundness values variation ovesthges for this degradation mode.

The tests performed showed a breakage processyn@iolrring in the first number of
revolutions and, subsequently, a wear degradatiocegs takes place with a low mass loss
and roundness value increase. In some grains, laftakage, degradation was characterised
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by an initial high loss of mass with a subsequent inass loss mass related to wear during
subsequent revolutions.

Figure 13 Evolution of small breakage after inistdges.
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Figure 14 Roundness evolution in case of part@hgoreakage with subsequent abrasion
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It can also be seen that for some grains that maffpartial breakage, there was just a slight
deviation in the roundness value while for othéreakage produced an important change in
the roundness as this breakage can impose relmatifications in grain shape that in some
cases resulted in different roundness magnitudes.

Still related to the breakage phenomenon, somegaiffered a full breakage characterised
by a clear grain division into approximately twangarly sized parts in the first stages.
Subsequently, the two new grains followed the valemgradation trend with a new roundness
value and a very low mass loss and roundness vadoease. Figure 15 shows the roundness
variation in two grains related to this degradatiode over the revolution stages.
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From Figure 15, it can be seen that in this breakdggradation mode, an initial breakage
produced new particles with independent roundnesses. The newly divided grains then
underwent their own degradation related to the wlegradation mode.

As shown in the wear degradation mode, in breakiegeadation case there was also a good
linear correlation (average of 0.76) between thereiase of the roundness value and the
revolution number.

Figure 15 Roundness evolutions with complete dreeakage with subsequent abrasion
trend.
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As shown in the case of ballast degradation contposéy of wear degradation, the statistical
analysis showed that the Weibull distribution fumetfitted well with the data related to the

wear degradation found in the modes comprisingkarges From this, it can be assumed that
the wear degradation trend was similar in all ddgtian modes during the tests.

With regard to the degradation modes observed is1 dtudy, the wear phenomenon was
exhibited by all types and the observed modes rar@ccordance with those prescribed by
Raymond & Diyaljee (1979) in terms of the basicrdelgtion processes such as the wear and
breakage phenomenon. However, during the studiesst possible to verify and evaluate
some different features such as partial (small)fadreakage and the wear mode within the
breakage process.

About the method used to evaluate the degradaitomyas possible to ascertain that,
especially in cases of wear degradation, it pravide accurate view of the ballast
degradation as the image was able to capture thie gounding trend and calculate the
roundness index that generally increased with theber of revolutions.
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4.2 Full-scale tests

From the full-scale tests performed to simulatdfiraand maintenance conditions, ballast
material samples were collected at different pladfesr simulations related to the scenasaos

andb presented above. Figure 16 (a) and (b) shows ctgely the granulometric curves and
distribution variations (Paderno, 2010).

Figure 16 Granulometric curve (a) and distributiy) of ballast grains for different
scenarios and at different collection points.
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From Figure 16, it can be seen that the charatitsrief each scenario did not significantly
influence degradation considering the same cotiagtiace and it therefore seemed to have a
secondary influence. However, comparing the catlecplaces, the data showed a clear
difference especially regarding the higher peragataf grains in the fraction of 22.4-31.5
mm collected under the sleeper.

With regard to the samples collected under thgoslesg compared to the original distribution,
in scenarioa (traffic and tamping), an increasing trend was ole@ in the intervals of O-
22.4mm, 22.4-31.5mm and 31.5-40.0mm while in trengrin the fraction of 40.0-50.0mm
and 50.0-63.0 mm there was a decreasing trenckeunlihat occurred in scenafio(tamping
only) where there was one single difference rel&bettie decrease in the percentage of grains
in the fraction of 31.5-40.0 mm. In the sampledemtéd around the sleeper, both scenarios
revealed the same trend with an increase of theeptage of grains of the sizes of 0-22.4,
22.4-31.5, 31.5-40.0 mm and a decrease in the sizd9.0-50.0 and 50.0-63.0 mm. Even
with the same trend, in scenagapthe variations were greater due to the imposaficioad

and the higher number of tamping procedures.

The grading factors (Cc and Cu) were especiallgct#d in the case of samples collected
under sleeper where there was a clear loss of mamiifp unlike what occurred in samples
around the sleepers where the values remainedaigsionstant.

It can be seen that the ballast material colleatedind the sleepers degraded mainly from the
fractions 63.0-50.0 and 40.0-50.0 mm to those of-&1.5 and 31.5-40.0 mm with a higher
tendency for the fraction 31.5-40.0 mm, while tladldst material collected under the sleepers
revealed the same trend with a difference relatetthié amount of material in the fraction of
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22.4-31.5 mm that was significantly higher compaiedhe former case. Figures 17 and 18
show the grain size variation in both scenariof whe material collected under the sleeper.

Figure 17 Grain size variation and distributiorsamples collected under sleepers in
scenario a
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Figure 18 Grain size variation and distributiorsamples collected under sleepers in
scenario b.
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From the figures, in both scenarios, it can be skahthe biggest granulometric increase was
related to the granular fractions between 0-22d 224-31.5mm, although these fractions
are those containing the lowest amount of mat¢di&l and 5.9% respectively). Even with a

high increase (50 and 183% for scenaa@ndb, respectively), the global amount of material

in the fraction of 0-22.4 mm remains low but impmit due to the fact that basically this

fraction is the one related to the fouling matetizdt can leads to a loss of the general
mechanical properties of the ballast layer.

In the grain size between 31.5 and 40.0mm, thelteeshowed the opposite variation. In
scenariaa, there was an increase of the quantity of thistiva of 10.7% while in scenario b,
there was a decrease of 3.8%. The material inrdiea §raction between 40.0 and 50.0mm is
the particle fraction most present in the globdldsa granulometry and its variation revealed
a decreasing trend of about 16.0 and 9.3% respdgtior scenariog andb. The same trend
was observed for the fraction between 50.0-63.0mth & variation of 25.4 and 31.7% for
the aforementioned scenarios.

From the large-scale tests, it could be seen tegtadlation occurred, generating a new
amount of ballast material in the fractions betw8eand 31.5 mm from the fractions of 40.0-
63.0mm. In the fraction of 31.5-40.0 mm the resul&se not conclusive as observed in the
LAA tests. This gives an indication concerning agible threshold granular limit around this
fraction.

With regard to the degradation of the ballast glantractions, in both studies a general

increasing trend was observed in the ballast sofe6.0-22.4 and 22.4-31.5 mm and a
decrease in the fractions of 40.0-50.0 and 50.0-68n.
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5. Conclusions

Generally speaking, regarding the granular frastiohtained in both degradation studies, it
can be said that degradation basically occurrel thi¢ same trends.

The degradation occurred from the fractions of DM mm and 50.0-63.0 mm to those of 0-
22.4 mm (fouling material) and 22.4-31.5 mm. Theuhes related to the fraction of 31.5-40.0
mm were inconclusive, presenting contrary trendsis Ttan indicate a possible threshold
granular limit around this fraction value.

With regard to the LAA tests, most of the degraataticcurred just after 100 revolutions, and
throughout the different stages, different modesaifast degradation related to wear and
breakage were detected.

The wear degradation phenomenon seems to be praseait degradation modes while
breakage can occur in a partial or a complete ifooga size-similar grain) way.

Wear degradation was found to exhibit an approxahgdinear increase based on roundness
value as the revolutions increased while breakag@g aharacterised by the rupture of a grain
corner or a larger part resulting in some casespew roundness values for the grains
involved which, after rupture, tended to follow thear degradation trend.

The Weibull distribution fitted well with the datd grain roundness due to wear degradation
at all stages tested.

The method employed, consisting of the LAA testthwvtihe imaging procedure, allowed the
assessment of the ballast degradation, espeaiatigses of wear degradation.

In the large-scale tests, the scenario did not ifsigntly influence the degradation
considering the same collection place and it tlieeeceemed to have a secondary influence
on the degradation unlike the collection place tleaaled a remarkable difference in the
amount of material originated in the granular fiaetof 22.4-31.5 mm collected under the
sleeper.
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