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ABSTRACT

Automated measurements made with specialized magscars allow to get a large number of reliable
data at short intervals over long distances on nigingstructure parameters. The correlation of waghr

with traffic indicators (MGT or time) is shown iris paper, leading to important optimisation
considerations that may dramatically reduce maartea costs. The implications on data processing and
trackworks organization are analysed in for twonnenes. RCF defects are analysed as well.

INTRODUCTION

Rail wear is common on all curves with radius lovlen typically 700~800 m and rail replacement /
grinding is one of the greatest expenditures intrack maintenance.

A number of measures are typically employed in ortte try to reduce rail wear: increase of
superelevation, speed reduction, lubrication, inapdorail materials.

In the last years, RFI conducted a long experimiéasi on a particularly curvy line in the North<taf
Italy. The preliminary outcomes of this activity ieepresented at Railway Engineering 2007 conference
[1] together with some preliminary conclusions e behaviour of three different types of rail steel
Rail wear was mainly analysed in that occasionhenbiasis of manual precision rail wear measurements
As it will be shown in the paper, wear appearséalrather varying phenomenon within many curves,
leading to the need of assessing this parametersing continuous measurements taken by measuring
trains.

Italian infrastructure owner (RFRete Ferroviaria Italianaa public company belonging to the holding
FS SpA, Ferrovie dello Statp classified the importance of lines on the badistraffic. Different
measuring trains and different frequencies of mesmsant are therefore planned depending on the line
category.

The analyses presented in 2007 were complementhdive results from the analysis of other setsavd d
coming from measurements on a different line intreéritaly with peculiar characteristics in terms o
length of the curves, speed and number of trainsl@g and different maintenance approaches.

The final results obtained in both the situatiores eritically analysed and compared, obtaining gane

guidelines to maintenance and operation of congaatiand hard rails. A general approach regardirg t
use of hard rails was defined on the basis of thiical data available from measuring coaches wit
contactless (laser-camera) systems.

AVAILABLE DATA AND GENERAL CONSIDERATIONS

Wear at 45° is measured by means of a laser-oftcaltactless) systems that acquires simultaneously
both rail profiles every 0.5 m. The measuring umits installed on the dedicated RFI measuring train
Archimedehat runs continuously over the main lines oféhére RFI network.



Acquired profiles are then processed in ordernd the desired parameter (wear at 45°) referrati¢o
position along the like (PK) together with manyeattrack and infrastructure parameters (e.g. eilical
and lateral wear, track cant, gauge, alignment) etc

Data are stored on hard disk on the measuring itmaanproprietary format and can be processecitexi
for later use. A typical screenshot of some datavered by theArchimedetrain software is shown in
Figure 1.

Figure 1. Typical screen dump of the output gereralyArchimedesoftware. Data of interest in this
paper are wear at 45° on left and right rdils.(45° SyandUs. 45° Dxrespectively, i.e. the"band 6’
diagram). “Us.” is the shortened Italian word “wsuf=wear).

For the present activity data were transformed $&€CA files for the analysis with Matlab. As an exam
that will be discussed later in more detail whesadibing the line, Figure 2 shows all the measuréme
collected on and in the vicinity of a particulamnee on the Prato-Bologna line.

A large degree of variability of wear along thewaurs evident, including “slow” variation (a sofft drift

in the average value of wear) and large amplituatéations on a short basis. This plot is rathefedint
from the Archimedescreenshot, showing that plotting includes somst-pmcessing or filtering of
acquired (raw) data. These variations are confitnvéth increasing amplitude, during a rather long
period (21 months), excluding possible bias ermirshe measuring system. It is evident that these
features are characteristics of the curve and rateaply originated by a combination of geometnitial
features of the track and of dynamic phenomenainatgd by passing trains. It is known that the
amplitude of dynamic stresses in increased by lde&écts, amplifying probably initially acceptable
irregularities.

Spectral analysis conducted on one set of dataowrs in Figure 2, where peaks at 17.07 m, 32 m and
64 m are evident. Considering that resolution m Wavelength domain is inversely proportional te th
wavelength (while it is constant in the spatialgfrency — or wave number — domain), these peaks
therefore contain the wavelengths of 18 m, 36 m &han respectively. These lengths are characteristi



of 144 mm rails obtained by flash butt welding &fh and 36 m rails (a process that was usual before
long rails of 108 m or 120 m were available onriegket).
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Figure 2. Rail wear at 45° on the right rail of thato-Bologna line around km 19.2 (left) and Power
Spectral Density distribution, where peaks withhieigenergy content are highlighted (right).

As maintenance is planned on the basigu@himedeprintouts, it was therefore necessary to filtet ou
unwanted wavelengths. It is worth to remind that ind of digital filter, either IIR or FIR, intragces a
different phase shift on different wavelengths ¢atled phase distortiopalso for the signal components
that are irbandpass regian.e. those wavelengths for which the filter gaimnity (=+0 dB).

In this work a non-causal filter, implemented in tMh with thefiltfit command, was applied. This
filtering procedure has the peculiarity that thdesrof the filter is doubled but that the phasdt shinull

for all frequency (or wavelength) components. Tleiads to preserving the relative angular position
(phase) of all the signal components that can Ipersuposed in a straightforward way. Local space
features are therefore affected as usual by ttex filut without any further distortion. Figure 38ls the
effect of filtering with different cut-off wavelelgs, respectively 5 m and 50 m. While in the foate
filtering is mainly needed to remove local, extrégmshort phenomena (spikes), in the second case
filtering returns a signal shape that is much nsam@lar to Archimedeprintouts.
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Figure 3. Space-domain data of 45° rail wear higbsdiltering wavelengths with cut-off wavelengtlis
5 m (left) and 50 m (right).



A quantification of the “lost” part of signal due filtering can be done by simply zooming on thgnsi
filtered above 5 m wavelength (Figure 4). It isacl@ow differences of 4+5 mm on a 10 m length basis
are almost completely lost.

Figure 4. Zoom on the previous figure (filter aift.wavelength=5 m). Variations of the wear at 45°
the order of 4+5 mm over 10 m can be observed.

This observation lead to a possible explanatioragbarently contradictory results of measurements
collected during the campaign reported in [1]: ngkimeasurements at short time intervals with a
positioning error of just a few metres ledegative weari.e. a decrease of the absolute value of wear.

In the rest of this paper only data filtered on elangths above 50 m are considered. It is worthvagy

to highlight that with this approach local wear pbmena may be largely underestimated, neglecting
potentially important local wear features. In pautar, it could be possible to consider as accéptahd
safe for service rails that actually are worn abaN@wved limit (i.e. 15 mm).

WEAR MECHANISM AND WEAR RATE CLASSIFICATION
Wear mechanism appears to be of adhesive typeses déine no contaminants or other agents (like sand)
that may involve abrasive wear.

As wear progresses with time, it proved to be ustduclassify wear rate in categories as follows
(lowercase=right curve, uppercase=left curve):
Negligible wear rate fomw,s 0.5 mm/year|(green colour, coder N);
Moderate (of “physiological’) wear rate for 0.5%5 2 mm/year (yellow colour, coda or M);
Severewear rate fomw,s>2 mm/year-ur, codar S);
presence of hard rails: additional cdder H (see appropriate column for rail type).

CASE STUDY 1 — GENOVA-RAPALLO, SOUTHBOUND (ODD) TR2K

This line was described in [1] and it is charaatedi by limited maximum speeds, in the order of 80k
with low radius curves. Track stability issues iedhe past to the reduction of lateral forces égucing
both the speed and the cant, especially in vehy tighnel.

The line was in fact built more than one centurp and it represented a very challenging tasks. The
worldwide famous “Via dellAmore” (love path) in ¢hCinque Terre region, a narrow footpath on the
rocks just a few metres above sea level, was intfeconly way to bring dynamite to excavate tusnel
Its parameters are certainly to be considered asfedate in modern times; nevertheless it consgia
strategic line connecting the South of France dmedGenoa harbour, one of the most important in the
Mediterranean sea, to Central and South Italy.

In this line rails of R260 (UTS=900 MPa), R320CrT®&=1100 MPa) and R350HT (UTS=1200 MPa)
types (the latter types only for testing) accordimgN 13674-1:2003 are installed.



Available data

From the point of view of the activities descriiadhis paper, the line was measureddrghimedetrain

only until 2006, when the measuring train was sqbeatly used to make measurements on the high
speed lItalian railway network that was at that timeder construction. Only automated wear
measurements are considered here, complementinigftmeation supplied in [1]. RCF damage will be
reported on the basis of local visual inspectiomfiard and conventional rails.

Available data are rail wear at 45R/,6), gauge, cant, curvature between Genova BrignateRapallo
(PK 4+000 to PK 29+600) on the following dates:

1. (t=0) November 2004

2. (t=7 months) June 2005

3. (t=12 months) November 2005

4. (t=15 months) February 2006

Data analysis consisted of the following steps:
PK andw,s data synchronization on the basis of curvatura dat fixed points;
curve numbering following official RFI tables;
plotting ofw,s data vs. official RFI line tables, with identifioan of hard rail positions;
wear classification and wear type definition.

Figure 5 shows as an example an excerpt of tradkwaar properties measured between PK 12+000 e
18+000. Rotating the page by 90° counter clockwtss, possible to “see” the track as the virtuaver
of a train. Location, curve severity and wear atogk can then readily be observed.

Correlation between rail wear, curvature and rarbiness
A spreadsheet was compiled with the main paramétarse number, maximum curvature and PK, wear,
rail steel type, presence of RCF defects, wear)tgpd an printout sorted with increasing curve uads
shown in Figure 6 to highlight the importance ofweuradius onwss. Consider that most of the curves
with R 450 m have the high rail made of hard steel, nbtg these rails were changed very often
(sometimes more often than once per year!) befataliing hard rails.
It can be concluded that:

wear rate is alwayseverefor curves with R450 m and R260 steel;

wear rate is alwaysioderate for curves with around 450<R200 m;

wear rate isiegligible for R>1500 m;

wear rate is alwaysegligible (except for Rapallo curve #59) where hard raiéswesed.
It is Worth to note that maximum observed wear @alwere 12 mm and 14 mm in only two cases,
suggesting an early removal of rails.
The estimation of the wear rate was made on this b&sails lay down date and the wear measured by
means of transverse profile measurement made héthmanual instrument MiniProf. The limited time
spanned by automated measurements (15 months) atesiificient to determine with th&rchimede
train a sufficiently reliable estimation of the weate, that being a finite difference is mostlfeafed by
relative error resulting from the difference of twery similar values.




Figure 5. Example of data plotting for the Genowap&lo line. From top to bottom: curve numbering;
Archimedecurvature and PK measurement with indication ofimaxn curvature; left rail wear; track
curvature (with indication of the position of haadls); right rail wear.



Figure 6. Genova-Rapallo table ordered by incrgasumve radius. For colours and symbols see text
body.

Identification and counting of RCF defects

It was possible to visit only 41% and 54% of theves where R320Cr (1100) and R350HT steel were
respectively used. In any case, these data wergythdo be sufficient for a first global evaluatioh
wear phenomena. As head checks were not visibR2&9 rails, they will not be further consideredener
The following colour codes were assigned to ched&edtions (Si= Yes):

Figure 7 and Figure 8 show the average yearly wagarfor R320Cr and R350HT rails respectively. The
numerousness of categories, the distributive amautative wear functions are shown in Figure 9. The
average yearly wear rate vs. curve radius is shovagure 10.



Figure 7. Genova-Rapallo: average wear of R3203r sarted for increasing wear rate.

Figure 8. Genova-Rapallo: average wear of R350H3 sarted for increasing wear rate.



Figure 9. Genova-Rapallo: distributive and cumutafunctions of average yearly wear rate for R320Cr
(1100) and R350HT (1200) rails.
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Figure 10. Genova-Rapallo: average yearly wearfaatB320Cr rails (38 measurements) and R350HT
rails (47 measurements).

Conclusions on Genova-Rapallo measurements

The analysis of these results shows that:
wear distribution is much different for the two &gof hard rails used, being mostly concentrate
at low values for R350HT rails (more than 25% o€uwcences in the class 0.2+0.3 mm/year),
while it is very dispersed for R320Cr rails (thare six values out of seven greater than 10% in
range 0.2+0.9 mm/year) (Figure 9 left);
the cumulative diagram obviously reflects this misttion, having the 80% of R320Cr rails an
average wear rate of 0.8+0.9 mm/year vs. an avexage rate of 0.4+0.5 mm/year of R350HT
rails (ratio»>2) (Figure 9 bottom right);
supposing, although not very likely, a constantmweage and aiming at reach a useful life of 20
years before reaching the alarm limi=14 mm (=0.7 mm/year), only 55% of R320Cr railsctea
this goal compared to 96% of R350HT rails;




apparently, there is not a simply relationship lestwthe curve radius and average wear rate, as
low wear rates were observed not only for largéi kad expected) but also for small radii (Figure
10);

R320Cr rails are extensively affected by RCF phesrmambeing head checks visible on almost all
visually checked rails (Figure 7);

R350HT rails are affected by head checks only whezar is bigger (Figure 8). This seems to be
contrary to the widely accepted competing mechasisinwear and crack growth. It should be
clarified, anyway, that only the head shoulder afiscted by head checks while the area mostly
subject to wear is the (originally vertical) gaulgee. Crack removal may prove harder where
wear is lower. Another possible interpretationhatt having normally very low cant deficiency,
lateral forces are relatively low and both wear aratk nucleation are prevented. Where forces
are higher, it appears that crack growth is biglgen wear even if the latter is high.

Some limits to this analysis are the non exactlyadly distribution of measuring points due to some
points difficult or impossible to reach (for examphside tunnels) and the only visual analysis 6FR
defects.

CASE STUDY 2 — PRATO-BOLOGNA, NORTHBOUND (EVEN) TRZK

This line, opened in the ‘30s, is call@irettissimaand is a part of the Milan-Rome railway line.dt i
characterized by a very intense traffic of bothseager and freight trains. The section considenexind

17 km long between Prato and Vernio-Montepiano-&geilto, can be run at 110+120 km/h without
intermediate stops. On next 14 Dec. 2009, the kpgted line between Firenze and Bologna will be
opened shunting this line for most of the passetgéfic. This will be the last section of the higheed
network connecting Turin-Milan-Bologna-Florence-Raiaples-Salerno.

Measurements witArchimedecovered a longer period. No hard rails were ifetiah this line during the
whole activity reported here. For short, only ouspfrom the measuring train will be reported and
commented here.

Available data

ASCII files available contained onhyss data for both the rails in the Prato Centrale —Ht€cedenze
section (from PK 16+800 to 46+800) (note: only thst measurement contained cant, gauge and
curvature data) collected on:

. (t=0) January 2006

. (t=5 months) June 2006

. (t=9 months) October 2006

. (t=17 months) June 2007

. (t=21 months) October 2007

b wWN -

Data analysis consisted of the following steps:
PK andw,s data synchronization obtained from the compartfahifferentw,s measurements;
curve progressive numbering starting from the iR 16+800) after Prato Centrale station;
plotting ofw;s data;
wear rate classification.
Due the absence of official RFI documents and ¢déhgth of some curves (some more than 1 km long),
measurements were plotted curve by curve only enhiigh rail, the one that is influenced by the
maximum weam,s.
It was observed that, for the nominal speed of 120:km/h, non compensated accelerasigyis always
close (except for more gentle curvesptg=1 m/€, contrary to what happened near Genova.



Wear trend in long curves
A recurrent behaviour was identified on a largetiparof the curves, consisting of a progressiveease

of wys along the curve. This phenomenon applies in a moorkess consistent way on all curves of
sufficiently high length.

The extension of the phenomenon is such that #aneiffects due to vehicle dynamics after transitio
curve are believed to be completely exhaustedtheephenomenon also happens in constant radius.cur
As kinematic conditions are therefore stationahng only possible reason for such progressive wear i
linked to friction conditions, i.e. to variation afbrication conditions. It seems that the trainees the
curve with well lubricated locomotive wheel flange® trackside lubricators are active) and then tifia
protection offered by the lubricant is graduallgtloA global overview of this phenomenon is shown i
Figure 11, and one of the curves shown theredqiue/e 3) was already shown in Figure 2.

Figure 11. Prato-Bologna curves that suffer pragveswear indicated with SI' (=YES), 1/2 and NO
depending on the presence of the phenomenon.



Correlation between rail wear rate and curvature

Wear rate classification was based on the samerieritlescribed above. As rails were somewhere
changed in between the first and the last consideneasuring run, a set of information had to be
considered including the maximum wear measuredach eail before change and possibly different wear
classes. Information can be extracted from Fig@reigure 13 and Figure 14.

Figure 12. Prato-Bologna: wear properties sortedifi@al or pre-rail change wear.

Figure 13. Prato-Bologna: wear properties sorteattiove radius.

Figure 14. Prato-Bologna: track and wear propedgted for increasing curve radius (only relative
curves with severe wear,ia@! the curves with R froa85m to602m).

Wear rate appears to be, in this case, inverselggetional to a fractional power of curve radiugyure
15 shows the trend of average yearly wear rater@uheeded considering pre- and post-rail change).

It is evident how rail change leads to a suddenesse in the average yearly wear rate of railsaydw
resulting in the 3+6 mm/year range, at least uméhr rate are not restored to values typical oflypar
worn rails where forces are distributed over adazgntact surface. It may be interesting to obs#rae



there are three curves that before rail changenmadkerate or negligible wear and that after havevsho
severe wear. These were curve 17 (R=602vig=4 mm/year), curve 2 (R=775 m,;s=3 mm/year) and
curve 4 (R=617 myw,;s=2.3 mm/year), although for the last only one @#-change measurement was
available (and then it has not been possible imast pre-rail change wear rate).

Usura a2 45° annua media

1.0

5.0 B

5.0 ® LUsuraa4s® pre cambio

1.0 B Usuraa45° post cambio

o
{\‘\\-
3.0
. &

2.0

[mm/anno]

Usura

T T
y= 20750095

1.0
-_\:“\K

—
y=19117«'7 -*

0.0 T
500 1000 200C

Raggio di curvatura [m]

Figure 15. Prato-Bologna: average yearly wear[rate/year] pre- and post-rail change vs. curve radiu

It is also interesting to check the absolute wesluey at rail change: 1 rail as=6 mm, 3 rails at
W=7 mm, 3 rails atv;s=8 mm, 1 rail atw,s=9 mm, 1 rail atwv,s=11 mm. It is clear that rail change is
done much before rails reached wear limit; notiteabprovements look therefore possible to idengify
finer maintenance strategy. It is worth to underlthat all these calculations are made witbhimede
curves filtered above 50 m wavelength, leadingdtemptial errors in the range of around +2 mm omlloc
wear value.

Conclusions on Prato-Bologna measurements

As line visits were not included in this activitgonclusions can only be drafted for rail wear. Galhe
speaking, extremely severe rail wear phenomenteirorder of 3+6 mm/year, were found on the Prato-
Bologna line also for curve radii where for GendaSpezia there were only moderate wear situations.
For curves of radius around 600 m, the applicadibhard rails on Genova-La Spezia looks uselestewnhi
it looks absolutely necessary for Prato-Bolognar&tkéng problems appear dramatic on this linedieg

to incredibly high transient wear rate.

CONCLUSIONS

In this paper wear behaviour of conventional andl mails were analysed for two different casesngei
the most important differences the curve radius thedcant deficiency (non-compensated acceleration)
Results show that very often wear in curves of tatsradius is not constant and that an average wea
figure can not be given on a curve by curve baRBe-railing problems have shown dramatic wear
problems, while RCF was extensively present on nmedghe higher hardness rails. Some mechanism
were not fully understood and will be investigatedre in detail in a following work.

Problems with rolling stock wheel flange wear afterailing (especially with hard rails) were not
addressed in this paper and will be discussedutuae work.
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