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Abstract. The prediction of wheel and rail wear is a fundamental issuéha railway field,
both in terms of vehicle stability and in terms of economisteqplanning of maintenance
interventions). In this work the Authors present a wear mogetsically developed for the
evaluation of the wheel and rail profile evolution, the layofavhich is made up of two mutually
interactive but separate units: a vehicle model for the dyital analysis and a model for the
wear evaluation. The first one consists of two parts that irdecmline during the dynamic
simulations: a 3D multibody model of the railway vehicle amdranovative 3D global contact
model for the detection of the contact points between wheeraihdnd for the calculation
of the forces in the contact patches. The wear model starns fhe outputs of the dynamic
simulations (position of contact points, contact forced giobal creepages) and calculates the
pressures inside the contact patches through a local comtaciel; then the material removed
due to wear is evaluated (by means of experimental laws caimglthe friction power produced
by the tangential contact forces and removed material by jvead the worn profiles of wheel
and rail are obtained.

Subsequently the new model has been compared with the weaatwalprocedure imple-
mented in Simpack, a widely tested and validated multiboftyare for the analysis of the
railway vehicle dynamics; the comparison aims both to evaluhae model performance (in
terms of accuracy and efficency) and to further validate therweodel (just tested, as regards
the weel wear prediction, in previous works related to the caitiAosta-Pre Saint Didier line).
The Simpack wear procedure layout is similar to that of theetigped model: the main differ-
ence is the absence of the local contact model inside the wedelecause of the global wear
approach used by this software.

The comparison has been carried out considering a benchinairk composed by a loco-
motive (E.464) and a passengers vehicle (Vivalto) provigedrenitalia while the simulations
have been performed on a mean lItalian railway line (obtainganeans of a statistical anal-
ysis based on the data relative to the whole Italian railway previded by Rete Ferroviaria
Italiana).
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1 INTRODUCTION

In this work the Authors will present an innovative model stimate the evolution of the
wheel and rail profiles due to wear based on a combination ¢tibody and wear modeling;
subsequently an exhaustive comparison with the wear ew@ueodel implemented in the
Simpack commercial multibody software is performed bottenms of accuracy and efficency
performance and to further validate the wear model (in @&idito the wheel wear analysis
carried out in previous works[[4]). In more details the gaherodel layout is made up of two
mutually interactive parts: theehicle mode(multibody model and 3D global contact model)
and thewear modellocal contact model, wear evaluation and profiles update¢ multibody
model of the vehicle is implemented in Simpack environmertt accurately reproduces the
vehicle dynamics taking into account all the significantréeg of freedom. The 3D global
contact model, developed by the Authors in previous warksd8tects the wheel-rail contact
points by means of an innovative algorithm based on suitabiai-analytic procedures and
then, for each contact point, calculates the contact fatoesigh Hertz's and Kalker’s theory
[6]. As regards the wear estimation, the procedure is bas@dacal contact model (in this case
the Kalker’'s FASTSIM algorithm) and on a wear model expfajtan experimental relationship
for the calculation of the removed material. The wear maoskaliting from the outputs of the
local contact model (pressures and local creepages),latdsiuthe total amount of removed
material due to wear and its distribution along the wheel@ildrofiles. The removal of the
material is carried out considering the different time ssatharacterizing the wear evolution
on the wheel and on the rail. The wear model implemented imp&ak software[[1] uses a
global approach to the wear estimation that does not conamelocal model for the contact
patch investigation with a model precision loss. With théyaxception of the local contact
model, the general architecture is similar to that of the n@ar model; in this way an accurate
comparison between the models has been possible in ternesuwiay and efficency.

The train set to be investigated in order to evaluate thelsbiyan wear estimation of the
two compared wear models is a train composition widely usetalian railways made up
of a locomotive (E.464) and a passenger vehicle (Vivalte) tdchnical data of which have
been provided by Trenitalia. All the simulations are parfed on a virtual track, specifically
designed to represent a statistical description of the evitalian railway netl[4]. The data
necessary to build the virtual track model have been proviyeRFI.

2 GENERAL ARCHITECTURE OF THE MODEL

In this section the layout of the two considered wear moddlsbe described; the innova-
tive model developed in this work is indicated as UNIFI modehile the benchmark model
implemented within the Simpack multibody software is marieth SIMPACK model [1].

The UNIFI model, developed in collaboration with Trenigaind RFI, is made up of two
main parts: the vehicle model and the wear model (sed_Fig. 1).

The vehicle model aims to simulate the vehicle dynamics admposed by the multibody
model of the railway vehicle that in this work consists of edmotive (E.464) and of a passen-
gers vehicle (Vivalto) (a vehicle configuration widely usedhe Italian railway net) and by the
3D global contact model; the two subsystems interact omnlineng the dynamic simulations at
each time integration step creating a loop. In more detaifitist one evaluates the kinematic
variables (positions, orientations and their derivatéshe wheelset and consequently of each
wheel-rail contact pair while the second one, starting ftbese quantities, calculates the global
contact variables (position of the contact points, geoynetithe contact patches by means of
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Figure 2: Global view of the multibody model.

Figure 1: General Architecture of the UNIFI Model.

the evaluation of its semiaxes, contact forces and glolespages) that are then passed to the
multibody model in order to continue the simulation of thdaieée dynamics. The 3D global
contact model carries out both the detection of the contaict®thanks to an innovative algo-
rithm developed by the authors in previous works [3] and treuation of the contact forces
using Hertz’s and Kalker’s global theoriés [6]; the algmnit does not introduce any simplifying
hypothesis on the geometry and kinematics of the contadtigmoand can be implemented
directly online without using look-up table for the evaioat of the contact variables. The
dynamic simulations has been performed with the Simpackilboaly commercial software:
the multibody model has been built directly in Simpack emwment while the global contact
model, implemented in C/C++ environment, has been custonbiyeatieans of the Simpack
User Routine modulémplemented in FORTRAN environment) capable of handle tiberac-
tion between Simpack and routines defined by users. Theayilkack is the other main input
of the vehicle model; in this research activity the meandtatailway line has been considered,
approached by means of a statistical analysis starting fin@ata relative to the whole Italian
railway net (provided by RFI) and consisting of an ensemblBlourvilinear tracks, each of
length equal tdrack, Characterized by a radius val&e a sopraelevatioh, a suitable velocity
V and a statistical weight factqu; this approach is obviously necessary because of the length
and the complexity of the considered track that would maké ke multibody modeling and
the computational load impractical. The outputs of the elehinodel represent also the input
of the wear model and are the global contact variables eteduduring all theN. dynamic
simulations.

The wear model has been fully implemented in Matlab envireminand is made up of three
distinct phases: the local contact model, the wear evalnatnd the profile update. Starting
from the global contact variables, the local contact mooi@ééd both on the Hertz’s local theory
and on the simplified Kalker’s algorithm FASTSIM) evaluaties local contact parameters (the
contact pressures and the local creepages) and divide®titact patches into adhesion and
slip zone. Then, within the slip area, the distribution ahoved material both on the wheel
and on the rail surface is calculated by means of an expetahlem that correlates the volume
of removed material with the frictional dissipated energjyh& contact interface. Finally the
profiles of wheel and rail are updated removing the matemoahfthe original profiles. The new
profiles are the outputs of one discrete step of the whole hioole and have to be passed back
to the vehicle model in order to proceed with the wear cycleutating the vehicle dynamics
with the updated profiles.

The evolution of the wheel and rail profiles is therefore aiite process. In this research
the choice of the discrete step is a main issue and, as willdséied in the following, has
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to consider the difference between the time scales of theeldred rail wear evolution rate.
For the wheel wear prediction the total miledga,; traveled by the benchmark vehicle has to
be subdivided in discrete steps with a suitable strategyatiin each step (corresponding to
kmyeptraveled by the vehicle) the wheel profile will be supposetdéaonstant. For the ralil,
instead, the depth of the wear does not depend on the tradisiaehce but on the total tonnage
burden on the track and thus on the number of vehicles movinipe track; particularly the
total vehicle numbeN; will be subdivided in discrete steps (correspondinfid@pvehicle on
the track) within which the rail profile is supposed to be ¢ans

As regard the discretization strategy, the number of disgteps should be chosen according
to a good balance between the model precision and the cotigmatidoad. Furthermore several
types of update procedures ex(st [8]: the constant steptenddaptive step are the main ones.
In the first one a constant update step is defined while thendemae is based on the definition
of a threshold value that imposes the maximum material dyaiot remove at each profiles
update; consequently the update step is variable. In thik We second method has been
chosen because the adaptive step is more suitable to fdilewdnlinear behavior of the wear
evolution; in fact the wear evolution both of wheel and raithe first phase is characterized by
an higher rate (due to the initial non conformal contact leefavthe unworn profiles) while in a
second phase a slower rate due to the higher conformal costaesent.

In order to make the comparison between the two wear modeis avgurate, the SIMPACK
model layout is similar to the UNIFI one, with the exceptidritee local contact model. There-
fore the whole model consists of the following parts: theigiehmodel fully implemented in
Simpack environment (composed by the multibody vehicletaedylobal contact model) and
the global wear model (made up of the wear evaluation diresplemented in Simpack and
the profile update realized in Matlab environment). The nafifierence between the two con-
sidered wear models is the approach to the wear problem:IMBACK model uses a global
approach to the wear evaluation without taking into accoli@tiocal contact variables (pres-
sures and creepages) within the contact patch and condgqgiiesubdivision in sliding and
adhesion zone but using only the global contact variabléss dspect leads to a reduction of
the computational load due to the absence of the contadt pagcretization and investigation
but it mainly causes a decrease of the whole model precision.

Related to the vehicle model, the multibody model is alwagsvhicle composition made
of the locomotive (E.464) and the passengers vehicle (Myahd there are no differences with
respect to the UNIFI model. On the contrary, concerning tbba contact model, the version
implemented in the Simpack commercial software has beeh #dso this model is capable of
calculating the global contact forces and of detecting thtiple contact points at the wheel-
rail interface; however, for the research of multiple caebfaoints, the wheel and rail surfaces
are divided in three different zones within which a singlénpean be detected, introducing a
limitation on the number of contact points and especiallyth@ir position. In addition to the
simplifying hypothesis on the geometry and kinematics ef ¢bntact problem, the Simpack
contact model uses look-up table to evaluate the contaatpeters with a consequently loss of
the model precision. The profile update strategy has beelemgnted in Matlab environment
in order both to reproduce the same strategy adopted in tHEIUWhbdel and to customize the
wear evaluation model implemented in Simpack (based orferéift wear law with respect to
the UNIFI model).
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3 THE VEHICLE MODEL

In this section a brief description of the vehicle models dmap of the multibody model
and the global contact model) will be given. In particulag tlobal contact models used in the
two architectures will be analyzed (the strengths and wesdes will be emphasized); while,
concerning the multibody model, the common benchmark \ekdl be presented.

3.1 The Multibody Model

A railway vehicle composition widely used in the Italianlvweay net comprising a E.464
locomotive and a Vivalto passenger transport unit is careid in this work (see Fi@] 2).

The TRAXX 160 DCP, well known with the E.464 commercial name, $&t of light electric
locomotives widely used with the passengers vehicle ort simkmedium distance; its physical
and geometrical characteristics can be found in litergdkjteThe E.464 bogies are two motor-
axes ones (wheel formuByBp) with two suspension stages for the rigid bodies connestion
(see Fig[B).

The primary suspension stage (see Higl. 3) is composed byidarad that connects the
axlebox with the bogie frame by means of appropriate flexibiets, two coil springs and a
damper the arrangement of which is not perfectly verticallmv the damping of later motions
between axlebox and bogie frame. The secondary suspersionsct the bogie frames to the
coach and it comprises four coil springs, six dampers (th&cads ones, the laterals ones and the
anti-yaw ones) and a traction rod for the bogie connectidhéa@oach.The main characteristics
of the suspensions can be found in literature [5].

Figure 3: E.464: bogie and suspension stages. Figure 4: Vivalto: bogie and suspension stages.

The main feature of the Vivalto coach is the possibility ofdieg the passengers on two
different levels realized in the middle of the carriage. TWeght increase resulting from this
configuration has led to install three ventilated brakeglfsc each wheelset, in order to obtain
good braking performance. The main physical and geomépicgerties used for the multi-
body model can be found in literatuiie [5]. The Vivalto bogiee two trailer bogies with two
suspension stages designed by Siemens company, markeéiD$&eé Figl 4). The primary sus-
pensions are composed by two colil springs and two pivotsertnc with the coil springs and
forced and welded on the bogie to connect the wheelset; opitbés suitable rubber springs
are fitted. With the particular realized assembly, the qmilngys work only in vertical direction
while the traction, brake and lateral forces act on the rulspbengs. Moreover the primary
suspension is equipped with two vertical bumstops (onedohe&oil spring) and a damper the
arrangement of which is not perfectly vertical for the samasons treated above. The sec-
ondary suspension is made up of two air springs set up inssatievo "emergency springs”
which have the purpose to ensure the safety in deflated spoimgjtion; in the modeling a sin-
gle spring with the characteristic given by the springs ntednn series has been considered.
In addition the suspension comprises a common zeta linkheoconnection between the bogie
and the coach, a roll bar necessary because of the rise ob#izh center of gravity due to the

5
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two passenger levels, two lateral damper and two laterablstops. The main characteristics
of the suspensions can be found in literature [5].

3.2 The Global Contact Model

Dynamic simulations of railway vehicles need a reliable effidient method to evaluate the
contact points between wheel and rail, because their poditas a considerable influence both
on the direction and on the magnitude of the contact forceghis section the two different
global contact models used in this research will be desdribe

3.2.1 UNIFI Global Contact Model

The UNIFI global contact model is divided in two parts: in fivet one the contact points are
detected by means of an innovative algorithm developed &wtithors in previous works [3],
while in the second one the global contact forces actingeaiieel-rail interface are evaluated
by means of Hertz’'s and Kalker’s global theories [6].

The algorithm for the contact points detection starts fromdtandard idea that the contact
points make stationary the distance between the wheel dnsuréaces (see Figufe 5{a)); in
more details the distance has a point of relative minimunhéfe is no penetration between
the considered surfaces, while it has a relative maximunménather case. The innovative
adopted algorithm is a fully 3D model that takes into accalhthe six relative degrees of
freedom (DOF) between wheel and rail and it is able to supgenteric railway tracks and
generic wheel and rail profiles; moreover it assures bothnemgé and accurate treatment of
the multiple contact without introducing simplifying assptions on the problem geometry and
kinematics (with no limits on the number of contact pointsedéed) and highly numerical ef-
ficiency making possible the online implementation withie tommercial multibody software
without look-up table (in this way also the numerical penfi@nce of the commercial multibody
software are improved).

Two specific reference systems have to be introduced in ¢od@mplify both the model’s
equations and the definition of the wheel and rail geométsizdaces. The auxiliary reference
system and the local reference system. The auxiliary sySteqy; z is defined on the plane of
the rails and follows the motion of the wheelset during theaiyic simulations: th& axis is
tangent to the center line of the track in the ori@pn the position of which is defined so that
they,z plane contains the center of maSg of the wheelset, and the axis is perpendicular
to plane of the rails. The local systedyxwYwzw is rigidly connected to the wheelset except for
the rotation around its axis and tkg axis is parallel to the;y, plane (see Figuie 5(b)). In the
following, for the sake of simplicity, the variables refedrto the local system will be marked
with the apexw, while those referred to the auxiliary system with the apethe variables
belonging to the wheel and to the rail will be indicated wiile subscriptsv andr respectively.

The distance method algorithm (see Figure|5(a)) is basedatesaical formulation of the
contact problem in multibody field:

ne(Pr) Any(Py) = ni (P ARynG(Py) =0 (1a)

nr(PH)Ad' =0 (1b)

whereP)y and P} are the positions of the generic point on the wheel surfacecanthe rail
surface expressed in their reference systemsx{ y) :( X Y — /Wiy —x3 )T and ri(x.y) =
(% v riy) )" with wy,) andr(y) the wheel and rail profile generating functions},andn; are
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(@) (b)

Figure 5: Distance method. Figure 6: Contact global forces.

the outgoing normal unit vectors to the wheel and rail s@faspectivelyR), is the rotation
matrix that links the local reference system to the auxiliane (with elements;;) andd" is
the distance vector between two generic points on the whetdce and on the rail surface
(both referred to the auxiliary systemyix, yw. x.yr) = Pi(w, Yw) — P (x,yr) With Pl = 0, + R,PY(x,yw) the
position of the generic point of the wheel surface expregs#uk auxiliary system.

The first condition (equatior_(lLa)) of the systdm (1) impasesparallelism between the
normal unit vectors, while the second one (equationh (1igyires the parallelism between the
normal unit vector to the rail surface and the distance vecibe system[{1) consists of six
nonlinear equations in the unknow(sy, yw, %, ¥r) (only four equations are independent and
therefore the problem is 4D). However it is possible to egprfiree of the four variables (in
this casdxw, X, Yr)) as a function ofxy, reducing the original 4D problem to a simple 1D scalar
equation. The reduction of the problem dimension using @mte analytical procedures is
the most innovative aspect of the proposed method; from ebersl component of_(lLla) the
expressiornk1 2(yw) can be obtained (two possible values are present); themadynfrom
the first component of (1a) the expressionyarz(yw) can be determined and from the second
component of[(Tlb) the relatioxt1 2(yw). Finally, replacing the variablegy 2(Yw), Xr1,2(Yw)
andy;12(Yw) in the first component of (1b), two simple scalar equatiorthéy,, variable have
been found:

Fra(yw) = —1’ (Gwz+ F3oYw — 331/ W2 — Xw1,2% — b) — (Gwy+ r21%w1,2 + F22Yw — 1231/ W2 — Xz 2% — Yr1.2> =0 (2

The expressior (2) consists of two scalar equations in ttiahlay,, that can be easily solved
with appropriate numerical algorithms. The advantagehisfapproach based on the reduction
of the algebraic problem dimension are many: an high nurakeiiciency that makes possi-
ble the online implementation of the new method within thdtiinady vehicle models without
look-up table is obtained, the analytical approach assamdggh degree of accuracy and gen-
erality and finally the 1D problem assures an easier manageshéhe multiple solutions from
an algebraic and a numerical point of view. Thus, once obththe generic solution (indicated
with the subscript) ywi of equation[(R), the complete solutior{, Ywi, Xi, Yri) of the system
(1) and consequently the contact poiRfs = P}, (Xwi, Ywi) andP}; = P (X, yri ) can be found by
substitution. Eventually the physical conditions of no g@eation between wheel and rail and
the convexity condition have to be satisfied so that the @bigghysically possible.

Then, for each contact point the global creepamasting in the contact patch and the normal
N" and tangential " contact forces, evaluated by means of the Hertz’s and thieeKalglobal
theory respectively, are determined (see Figuire 16) [6].
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3.2.2 SIMPACK Global Contact Model

The Simpack wear model employs the global contact modelemphted in the Simpack
multibody software both for the contact point evaluatiod &me global forces calculationl[1].

The standard ORE S1002 wheel profile and UIC 60 rail profile Haeen introduced in
Simpack by means of cubics spline approximation; howevemdaltion on the number of
sampling profile points equal to 600 points is imposed by tfeware for computational time
requirements unlike the UNIFI global contact model wherdimitations are present. Among
all the of contact point detection algorithms provided bffware, the more general and suitable
version has been chosen in order to compare the differentisiodrhis algorithm ensures
multiple contact point detection but, at the same timeouhiices a set of simplifying hypothesis:

1. a maximum of three contact points for each wheel-rail pair be detected,;

2. the wheel profile is divided in three zones noted vitdad flangeand flange2areas:
for each of these a single contact point can be found. Moratredlange2corresponding to
the back of the flange and thus only two actual contact poorted&ch wheel-rail pair can be
detected. This limitation on the contact points positioansimportant approximation on the
kinematics of the contact problem;

3. suitable look-up tables for the calculation of tiead contact point location and of the
relative tangential forces are used to have reasonablelatém times;

4. theflangeandflange2contacts are calculated online without pre-calculatetétabmore-
over for these points the wheel-rail contact is consideiged.rWith this method, discontinuities
in the contact point position and other contact parameterst@ngential forces) can arise when
moving the wheelset laterally over the track. On the cowttihae tread point is detected con-
sidering a quasi-elastic contact. In this case wheel ahdmiregarded as qualitatively elastic
by means of a special weighting and regularization functaahculated with the look-up table
mentioned above): it leads to a virtual contact patch imstéa single contact points and thus
no discontinuities can appear with this method. The twaed#iht approaches simultaneously
used for the contact points detection could result in sawel accuracy problems.

Concerning to the global normal forces calculation the cdnt@tween wheel and rail is
ensured by introducing a one-sided spring-damper elerpendcing a force only when there
is penetration between wheel and rail surface) which molegdhe profiles depending on the
contact point position; the normal contact force is call@darom the equivalent penetration
by means of the Hertz theory. The tangential forces evalnainstead, both for the online
calculation in theflangeand flange2zones and for the look-up table calculation in tread
zone is based on the linear saturated Kalker theory.

4 THE WEAR MODEL

In this section the wear models will be described in detaigsticularly both the two different
wear evaluation procedures and the common profile updatiategy will be presented. The
update strategy (developed by the Authors) is necessaryalshe SIMPACK model because
it is not structured to make a whole wear loop and specifidally not capable to pass back
the new worn profiles to theehicle model Related to the local contact model, not present in
the SIMPACK model, the Kalker FASTSIM algorithm widely usedrailway applications has
been utilized and its wide and exhaustive description cdiolned in literaturel[6].
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4.1 The Local Contact Model

The purpose of the local contact model is the calculatiomefiocal contact variables (nor-
mal and tangential contact stresg®s p: and local crees, all evaluated within the contact
patch) starting from the corresponding global variablesact pointsP},, P;, contact forces
N', T¢, Ty, global creepage and semiaxes of the contact patch). The model is based on the
Kalker’s local theory in the simplified version implemeniadhe algorithm FASTSIM/[6] and
consequently on the proportionality hypothesis betweertahgential contact pressyseand
the elastic displacements both evaluated within the contact patahxy) = Lp(x,y) , L =L(¢,a,b,G,v)
where the flexibilityL is a function of the global creepagesthe semiaxes of the contact patch
a,b, the wheel and rail combined shear modutuand the wheel and rail combined Poisson’s
ratiov [6]. The local creepagescan be calculated by derivation considering both the elasti
creepages and the rigid ones:y) :ﬁ(x,y)+v< 4 )WhereV = [|0},|| is the longitudinal vehicle

speed. At this point it is necessary to discretlze the édgbtcontact patch in a grid of points

in which the quantitiep,, p; andswill be evaluated. Once the contact patch is discretizeal, th
FASTSIM algorithm allows the iterative evaluation of boltetcontact pressures valpg, pt

and the local creepagen order to divide the contact patch in adhesion and slip zbycating

the generic point of the grid witfx;,y;), the normal contact pressure is calculated by means of
the Hertz local theory, while for the tangential variables following relationships hold:

1Al < ) = { PO pali ) )

Pt(Xi,y3) = HDn(XI Ya)Pa(Xi,Ya)/ Ipa(xi,ya)ll

Sx1:Y2) = 52 (pe(3,¥2) — PA(X10)) (30)

i 1PaGaYo) | > HPn(i.Y5) = {

wherey is the static friction coefficient; equatioris [3a) ahd (3bldhrespectively in the adhe-
sion and slip zone. lterating the procedure for all the grstrktization points (X |1 < ny and
successively for X J < ny) and assuming as boundary conditiqatxy,yj) = 0, s(X1,y3) =0
for 1 <J <ny (i.e. stresses and creepages zero out of the contact péuelkiesired distribution
of pn(Xi,Y3), pt(Xi,Ys) ands(x,y;) can be determined.

4.2 The UNIFI Wear Evaluation

The UNIFI model uses an experimental relationship betweernalume of removed material
and the frictional work to evaluate the distribution of rarad material on wheel and rail due to
wear (assuming dry contact conditions). The relationshgbie to directly evaluate the specific
volumes of removed materlaapl,k (xy)ands bk ) (%) yrelated to the i-th contact poing& ) ande()
on the j-th wheel and rail pair durlng the k th of tNe dynamic simulations.

The calculation ofspi,km xy) requires first of all the evaluation of the frictional powewvdloped

by the tangential contact stresses; to this purposeéias index, —p«s/v (expressed il /mn¥)

is defined. This index, by means of appropriate experime¢est$, can be correlated with the
wear rate Ky (expressed inug/(m-mn¥?)) which represents the mass of removed material for
unit of distance traveled by the vehicle (expressethjrand for unit of surface (expressed in
mn). The experimental relation betwekg, andly adopted is the followind 4]:

5.3x%lw lw < 104
Kw(lw) = 55.12 104<Iw <772 4)
61.9xlyw — 472356 lw > 77.2.

Once the wear rat&y(ly) is known (the same both for the wheel and for the rail), the
specific volume of removed material on the wheel and on thé€foaiunit of distance traveled by
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the vehicle and for unit of surface) can be calculated aswal|(expressed imn?/(m-mn?)):
Btk V) = Kw(lw) 3 i (%Y) = Kw(Iw) 5 ®)

wherep is the material density (expressedkigy n).

4.3 The SIMPACK Wear Evaluation

The SIMPACK wear model is an add-on module of Simpack multyosaftware and allows
the calculation of wear effects on the wheel and the rail [gebf a railway vehicle |1]. The
wear evaluation is a post-processing calculation aftema& tlomain simulation. The global
wear approach leads to the estimation of the removed mbséaiding from the global contact
creapages without considering the local ones within theamtmpatch and therefore this quan-
tity represents an averaged volume to be removed on all theaclo patch surface, causing a
possible wear overestimation.

This model is based on the wear law proposed by Krause and/#dhat correlates the
volume of removed material for unit of distance travelledtbg vehicleKS'™ expressed in
m?/m) to the specific frictional power>'™ dissipated in the contact patch of ankdlS™ =
Py/A expressed iV /mn: the global power is, =1 .5, Wwhere the global creapagg&v( iy )
are expressed im/s) by means of a proportionality law. It distinguishes betwéso wear
regimes,mild wear and severe wearcharacterized by different material removed rates: the
wear coefficients, i.e. the proportionality factors betw&etional work and removed material,
supposed the same for wheel and rail, are available intitexa7]:

mild wear: Ciild = 9.8710+ 1074 m/J ISM < 4w /mn?
severe wear Csevere= 9.8710% 103 m3/J = 10% Cpiig ISM > 4w /mn?. ©)
The removed material volume (for unit of length travelled/icle) for each rail and wheel
is then calculatedks™ = cr,/(2-v) whereC is the proportionality factor of equatiohl (6) aNdis
the velocity of the vehicle. Finally the average removedariat volume (expressed im®/(m
mn¥)) in the normal direction to the profiles for the i-th contaatgh of the j-th wheel and rail
pair during the k-th of thé&l; dynamical simulations are obtained:

0 yw < —bjli/2 0 <-bk/2
SIM i i SIM
% M =0 G PW2SwesBl2 g SMy)— 0 G b /2<yw<bl 2
0 yw > bl /2 0 yr > bl /2
wherew(y\fj,k) is the wheel radius evaluated y@,’k (the trasversal posmon of the generic

wheel contact point)y is the length of the k-th simulated track alqﬁ b the generic contact
patch widths. They {2nw vl ] and 1/ (Ik b'k) factors average the removed volume for each

contact poinPiC‘k over the whole longitudinal development of the wheel andefrail.

The global wear evaluation approach without local contastleh for the investigation of
the local variables (pressures and creepages) within thieaciopatch and therefore without
distinction between slldlng and adhesion zone in the comt@a, leads to the evaluation of the

mean wear volumeé;?ﬁ t ) and 5;?&( )S'M(yr) to substract from the rail and the wheel

profile uniformly along all the contact patch width This approximation avoids the contact
patch discretization leading to a time calculation saviagdbviously it cause also a decrease
of the whole wear model accuracy. The outputs of the SIMPACKnexaluation are thus the
distributions of the removed materlég?ﬁ( )S'M(yw) andélg?lﬁ(t)s”\"(yr).

wi I
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4.4 Profile Update Strategy

The profile update strategy is the set of numerical procedina allows the calculation of
the new profiles of wheel,(yw) and railrn(y;) (the profiles at the next step), starting from
the old profiles of wheel,(yy) and railro(yr) (i.e. the profiles at the current step) and all
the distributions of removed materlaglk (XY) 3 Otk (X.Y) andawt S'M(yw), 5;?; SMiy,). The update
strategy is necessary also to remove the numerical nmSaﬂ’eats the preV|ous distributions
and that can cause problems to the global contact modelodentphysical alterations of the
new profiles.

Except for the first step, used only in the UNIFI case, therotipelate procedure steps hold
for the both investigated models; for the sake of semplitieyapex SIM will be omitted when
the procedure steps remain the same (all the cases 2-7 ¢ixediith step).

1. Longitudinal integration

sl |y Ot VA= ) i T G (k)X = 8% () ®
Wherew(yf,:v‘,k) is the wheel radius evaluatedy‘f,j(i andly is the length of the k-th simulated track.

This first integration is related only to the UNIFI model anaiss, in the longitudinal direction,
all the wear contributes inside the contact patch, aveggttiis quantity over the whole longitu-

dinal development of the wheel and of the rail (by means ofdbtors ¥/ [an(yj\',‘i)} and 1/1y);

in other words it provides the mean value of removed matéeigressed imn?/(m- mnv)).
The difference between the termdland Y/ [an(y\f\,',k)] (the track length is much greater than
the wheel circumference length) is the main cause that ld@dsheel to wear much faster than
the rail and consequently to a different scale of magnitidbeetwo investigated phenomena.
This reflects the physical phenomena that the life of theisathuch greater than that of the
wheel.

2. Track integration

frenas (vt ff”déw'k (s SHOVOR=A(), G VO S (s OV Ot =a () ©
,() o Pwi ,() ' ®) Fri

the track integration sums all the wear contributes comiagnfthe dynamic simulation to ob-
tain the depth of removed material for wheli(sy) and rail Ak (s) expressed irmm=

mn?/mn?. In order to have a better accuracy in the calculation of thenvprofiles, the natural
abscissasy ands: of the curvesn(yy) andr(y;) have been introduced In particular the rela-
tioNSy ~ sy — <K (1) , Wiyw) = Wiyw(sw) =W(sy) @Ndy~s —s5(t) , r(yr) = r(w(s)) = (s) locally hold (see Figure
[7), where the natural abscissas of the i-th contact pemisandsw can be evaluated from their
positionst{,'i‘ and Prjik.

o r o kmmz
H—
km,,,

H

o, . kmpral‘e

Figure 7: Normal abscissa for the wheel and rail profileigure 8: Discretization of the total mileage.

3. Sum on the contact points

zNPDC APJk (SW) _ A‘]A{( (SW)7 ZNPDC APJk (s,) = Aljk(s') (10)

11
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whereNppc is the maximum number of contact points of each single wheaad fespectively
of each single rail).

4. Evaluation of wheelset wear and class wear
introducing a new index to indicate the h-th vehicle wheeldee average on the right and left
wheels for each wheelset (commonly listed with odd and ewdex respectively) is carried out
in order to consider the two-way traffic typical in railwayhieles:

Nw/2

B (sw) = 1/2 (Blomyelsw) + Bl ylsw)) | (1)

whereN,, is the number of vehicle wheels. Then the following averagesvaluate for each
wheelset the mean wear on all tNe tracks and for each of thi; class the mean rail wear
considering all the wheel-rail pairs have been performed:

TR P (S = Bn(sw), i S A (s) = Bi(s) 12)

5. Scaling
the aim of the scaling procedure is to amplify the small giyaof material removed during the
N¢ dynamic simulations and, at the same time, to limit the caiafmenal load. Assuming the
almost linearity of the wear model within a single step ofdiserete procedure (a working hy-
pothesis coming from the discrete approach of the modet) pivssible to amplify the removed
material by means of a suitable scaling factor based on #eetitht the wear rate characteriz-
ing the performed simulations associated to the consid#isetete step remains the same also
inside the entire discrete step, since the vehicle alwaysredhe same tracks both during the
performed simulations and during the whole discrete stephis work adaptive discrete steps
(function of the wear rate) obtained imposing the threshaldesD{, ,andDg;e,0n the maxi-
mum of the material quantity to remove at each discrete stepewheelsets and on the classes
of curves respectively have been chosen to update the wiheehd profiles (see eq. 1[3-118 and
Fig.[8): in fact this method well fits in following the behaviof the wear evolution that could
present non linear characteristics outside of the disateies. The evaluation of the discrete
steps, with the consequent scaling/gif(sw), Ay (s) andAS™M(s,), ALS™M(s,), represents the
major difference between the update strategy of wheel ahd ra

(a) the removed material on the wheel due to wear is prop@tio the distance traveled by
the vehicle; in fact a point of the wheel is frequently in @ettwith the rail in a number of times
proportional to the distance. The following nomenclatuane been introduced (see Figlie 8):
kmet is the total mileage traveled by the considered vehlaigiepis the length of the discrete
step corresponding to the threshold value on the wear w@gpandkrrbrove: I is the overall
mileage traveled by the vehicle during tRgdynamic simulations. The necessity of acceptable
computational time for the multibody simulations leads tw@at small values of th&myove
length and for this reason the relative removed materiathdé® scaled with a multiplicative
factor. Finally the material removed on the wheels has tochéed according to the following
laws:

W D¥ —~Wsc —wSIM DY —wscSIM
Dn(sw) ot =Dy (sw), Dy (Sw)gwsin =B (Sw) 13)
DY DY
KMgtep= %kaprove«, kmstepSIM = Dws%kmprove (14)
—wSIM
DV = mr?me?xE‘év(sN), DWSIM — mhameV?xAﬁV (sw). (15)

The choice of the wear depth treshold must be a good compedretsveen numerical efficiency
and the accuracy required by the wear model.

12



M. Ignesti, L. Marini, E. Meli, A. Rindi

(b) the depth of rail wear is not proportional to the distatregeled by the vehicle; in fact
the rail tends to wear out only in the zone where it is crosseithé vehicle and, increasing the
traveled distance, the depth of removed material remamsdme. On the other hand the rail
wear is proportional to the total tonnage burden on the rallthus to the total vehicle number
Neot moving on the track. Therefore, Ngtepis the vehicle number moving in a discrete step,
the quantity of rail removed material at each step will be:

T D —~rsc —~r SIM D —rscSIM
A(s) ot =0 (s), D (s)prsm =D () (16)
Nstep= D2ePN NeegS'M = Ditep Norove = 1 1
step= —pr Nprove s step DrS™ | prove, prove
D' = mflxmsraxﬁrk(sr), DrSM— ml?meaXELSN(sf). (18)

6. Smoothing of the removed material

—~WSC } —~WsC 0 [*f sc } —~Tsc

D{Ah (SW) :Ahsm(SN)v Dy (Sf) :Aksm(s'); (19)

the smoothing of the removed material function is necessargmove the numerical noise that
affects this quantity and that would be passed to the newi@sofi(sy), fn(s) andwis'™(s,),
7>M(s) of wheel and rail causing problems to the global contact risod® this end, a discrete
filter (i. e. a moving average filter with window size equal & % 5% of the total number of
points in which the profiles are discretized) has been udadpuosly the discrete filter has to
conserve the mass.

7. Profile update:

(%5 ) -igsam, ot (e ), (3] ) sy = () eo

the last step consists in the update of the old profikgSy) = Wo (Yw), W™ (sw) = W™ (yw)
andrs (s ) =ro(yr), F5™(s) =ro>"™(yr) to obtain the new profiles,{sw) =W (Yw), Wy'™ (sw) =
wnSM(yy) andri(s) = ra(yr), F3™(s) = rn>™(y); since the removal of material occurs in

the normal direction to the profiles(, andn/ are the outgoing unit vectors for the wheel and

rail profiles respectively), once removed the quantiBis (), e (sy) andBpec(s ),

—rscSIM . o : : .
Ark:?n (), a re-parameterization of the profiles is needed in ordebtaio again curves pa-

rameterized by means of the curvilinear abscissa.

5 WEAR MODEL VALIDATION

In this section the comparison between the developed wedehamd the SIMPACK one
will be presented. Initially the procedure used to extrhetdtatistical description of the Italian
railway net will be introduced. Then the wear control parterefor the wheel and rail will be
showed. Finally, the simulation strategy used to analyeembar both on the wheel and on the
rail will be described and the results obtained with the UNVEar model will be analyzed and
compared with the SIMPACK wear model.

5.1 The statistical approach

The statistical approach to the track has been chosen toeethd rationalize the total sim-
ulation work, avoiding excessively long simulations on teal track. The idea is to substitute
the simulation on the whole track (the Italian railway netjhvwa statistically equivalent set of
N simulations on short curved tracks.

13
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Starting from the data of the whole Italian railway net (pdad by RFI), the statistical
analysis has been performed by dividing the line in radiass#s (determined By, andRy)
and each of these in superelevation classes (determined fynge) [4]. The subclasses that
do not include curve have not been taken into account in thiritien of the set ofi\; tracks;
all theN. curved tracks are shown in Talble 1.

The set consists iN; = 33 distinct elements (32 real curves and the straight lihajaxcter-
ized by a mean radius valli, the superelevation value, the traveling speed and the statis-
tical weight pg (with 1 < k < N¢) that represents the frequency with which each curve appear
on the considered railway track. The rajiare calculated by means of the weighted mean on
all the curve radii included in the corresponding supewdien subclass (the weighted factor is
the length of the curves in the real track). For each subcthesvalueh, is the most frequent
superelevation value among the standard values that ¢bar&cthe curves of the considered
superelevation subclass. The traveling spagdse calculated imposing a threshold value on
the uncompensated acceleratiggn-oem/s , ¥ - Hg=air Wheres is the railway gauge and is
the gravity acceleration. The estimated sp¥elas been then compared with the maximum
velocity Vimax On the line to get the desidered traveling sp¥eg min(\7,Vmax).

. A 70
Table 1: Virtual track. h
_INTERNAL VERTICAL FACE |
Rm Rv Ry Nrange hy Vi P -
(m) (m) (m) (mm) (mm) (km/h) % - |
278 313 294 90-120 100 70 0.04 po” £ I
130-160 140 75 0.03 &
F1
313 357 333 90-120 120 75 0.74 — ]
130-160 160 85 0.74 ok | v
357 417 385 50-80 60 70 0.82 FT
90-120 90 70 0.07
130-160 160 85 0.19 —
(a) Definition of the wheel control parame-
417 500 455 50-80 50 70 0.03 t
90-120 120 90 0.20 ers.
130-160 150 100 1.76
500 625 556 10-40 30 70 0.02
50-80 60 70 0.15
90-120 120 95 0.36
130-160 140 105 1.29
625 833 714 10-40 20 70 0.03
50-80 80 90 0.25
90-120 90 95 1.14
130-160 160 130 1.93
833 1250 1000 10-40 40 70 0.07
50-80 80 105 1.87
90-120 120 130 1.80
130-160 160 150 2.05
1250 2500 1667 0 0 70 0.09 “’ 8
10-40 40 95 0.56
50-80 80 140 2.27
90-120 110 160 1.78 '—7
130-160 160 160 0.73 4 Y, =760 mm
2500 10000 5000 0 0 70 0.51 .. )
10-40 30 145 396 (b) Definition of rail control parameter.
50-80 50 160 212
90-120 90 160 0.003 . . .
- JP—— Figure 9: Wear reference dimensions.

5.2 Wear Control Parameters

The reference quotas FH, FT and QR are introduced in ordestima&te the wheel profile
evolution due to the wear without necessarily knowing a detepdetection of the profile shape
(see Figuré 9(&)). According to these quotas it will be gaedioth to establish when the worn
wheel profile will have to be re-profiled and to detect if theaweompromises the dynamical
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stability of the vehiclel[2].

In regard to their physical meaning, both the flange thickri€B and the flange height FH
describe the size of the flange, while the flange height isateeasure of the wear on the wheel
tread. The QR dimension gives information related to theaiyof the flange.

An additional control parameter is then introduced to estuthe evolution of rail wear.
Particularly the QM quota is defined as the rail head heighh@&pointy, = 760 mm with
respect to the center line of the track: tljsvalue depends on the railway gauge (equal to
1435mmin the Italian railway line) and on the laying angig of the track (equal to 1/20 rad).
Physically the QM quota gives information on the rail headwgee Figurg 9(b)).

5.3 Simulation Strategy

In this section the simulation campaign performed to studywear on wheel and rail is
described. As explained in sectibnl4.4, the two phenomeolxeaccording to different time
scales (several orders of magnitude) and a fully simulatiosuch events would require a too
heavy computational effort. For this reason the followipgdafic algorithm has been adopted
for updating the profiles:

1. a suitable number of discrete steps both for the wheel anthé rail has been chosen,
nsw = 15 andngy = 5, so to have a good compromise between calculation timegesudt
accuracy. Consequently the wheel wear thresm@[gp(see section 414) has been chosen equal
to 0.4 mmand the value of the rail wear threshdugtep(see section 4l4) has been set equal to
0.8 mmto obtain an appreciable rail wear during the simulations.

2. the wear evolution on wheel and rail has been decouplealisecf the different scales
of magnitude. While the wheel wear evolves, the rail is supdds be constant: in fact, in
the time scale considered, the rail wear variation is nédgég On the other hand, because of
the time scale characteristic of the rail wear, each disar&t profile comes in contact, with
the same frequency, with each possible wheel profile; far tbason, for each rail profile, the
whole wheel wear evolution (from the original profile to thedli profile) has been simulated.

Based on the two previous hypotheses, the simulations hare daeried out according to
the following strategy:

Wheel profile evolution at first rail step: whlo

0
Pu{( wh8 ko )H( Wh(f ko )H---ﬁ( Whngw-1 ko )"Whgsw

(i+1)

Average on the rails ry; for the calculation of the second rail step:ry;

0 (1)
Who ko k1
0 2)
Wh1 ko Fk(l
P12 . . — . — Ky

. :
Whpgy-1 kO rk(lnsw)

(21)
Wheel profile evolution at fourth rail step: Wh;"sr’1

nsr—1

nsr—1 Nsr— nsr—1
Pns,.1{< Wi Tkngr—1 )ﬁ( Why o S

1
Tkngr—1 ) ... ( Whnew-1  "knsr—1 ) — Whnsw
Average on the rails rk(n‘;;l) for the calculation of the fifth rail step: ryng,

ngr—1 (1)

Whq Tkngr—1 Tknsr

nsr—1 2
Why knsr—1 rk§\5>r

Pnsr 2 . . - ) — Tkngr

nsr—1 r;s
Whnew-—1 Tkngr—1 I'l<|(1er)

wherewhij indicates, for the h-th wheelset, the i-th step of the wheelile that evolves on
j-th step of the k-th rail profiley; with o<i<nw-1, 0<j<ny-1, 1<k<nandi<n<n,2. The

initial profileswhé, are always the same for eagland correspond to the unworn wheel profile.
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Initially the wheel (starting from the unworn profi\l/a@) evolves on the unworn rail profile

I'vo in order to produce the discrete wheel profim%,whl, ...,whﬂsw (steppy1). Then the vir-

tual rail profilesrk(li+l), obtained by means of the simulatio@vsm?,rko) with 0 <i < ngyw—1,

are arithmetically averaged so as to get the update raill@mfi (steppy2). This procedure
can be repeatenk, times in order to perform all the rail discrete steps (up ® steppy,, 2).
The characteristics of the processor used in the simukaton the mean computational times
relative to each discrete step of the whole model loop arersatically summarized in Tabl 2.
The main numerical parameters relative to the integrated @isr the dynamical simulations of
both the models are briefly reported in Tab. 3. The UNIFI mpotiheainks to the high numerical

Table 2: Computational time. Table 3: Integrator parameters.
Wear Model Processor _ Computational time . Integrator type | ODES
Dynamic simulation ~ Wear simulation Alghoritm DoPri
i i Order 5
UNIFI INTEL Xeon CPU E 5430 38min 9min Step tvpe fixed
2.66 GHz 8GB RAM . . pPlyp
SIMPACK 1h 2min 4min StepS|ze 10%s

efficiency of the new global contact model (see sedtion Bi& rhther faster than the SIMPACK
one despite the latter uses approximated look-up tables/&duating the global contact param-
eters. On the other hand the heavy approximation of the bledar evaluation approach of the
SIMPACK model leads to a lower wear simulation time than tifahe UNIFI model where
the contact patch investigation obviously has an impachercomputational load.

5.4 Evolution of Wear Control Parameter

In this section the evolution both of the wheel referencetagi¢flange thickness FT, flange
height FH and flange steepness QR) and of the rail referenda @M numerically evaluated
by means of the developed wear model will be compared wittSIMPACK model results.
The wheel quotas are shown as a function ofriggwheel steps while the QM parameter is
shown as a function of the rail steps. For reasons of brevity only the wheel quotas related
to the first and the last rail steps andrys) will be shown together with the rail quota QM.
For the same reasons only the results related to the heade/¢Bi464 locomotive) will be
presented considering that the first vehicle is the mogtatifrom a wear viewpoint because
of the vehicle dynamics.

In Fig.[10,[13 the comparison between the FT dimensions ®htlo wheelsets of the front
bogie of the E.464 locomotive coach is presented. As it caseba the thickness of the leading
wheel (vi;, wi;S'"M) decreases more than the same quantity of the rear wivgehi;S'™). It
is due to the vehicle dynamics (different load distributmnthe wheels) and to the particular
position of the wheelset inside the bogie; the rear wheebhohéogie has a smoothing curve
entry because of the guide effects of the bogie itself.

The FH quota progresses are represented in[Eigl_11, 14 amdtehbthe wheel wear on
the tread is appreciable mainly for the first rail step (i.€C&D unworn rail profile), due to the
more conformal contact between the wheel and rail surfax#searail wear increases. Also the
FH dimension displays more wear on the leading wheel whil¢hfe rear wheel the tread wear
is lower in all studied cases.

The QR trend are shown in Fig.112,] 15; the flange steepnessa$asleading to an increase
of the conicity of the flange; also for this dimension the ¢desations related to the leading
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Figure 10: E.464: FT progress  Figure 11: E.464: FH progress  Figure 12: E.464: QR

atryg rail step. atryg rail step. progress atyg rail step.
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Figure 13: E.464: FT progress  Figure 14: E.464: FH progress  Figure 15: E.464: QR
atry, rail step. atry, rail step. progress aty, rail step.

and rear wheel hold. Regards to the wheel reference dimenailthe proposed considerations
hold also for the Vivalto coach.

In Fig. [16 the QM evolution for the wear rail can be seen: fa shake of clarity the wear
progress of only three of thid, curves are represented (the first, the sixteenth and thg-thir
first curves). The QM trend shows that the rail wear increastésthe curve radius decreases
according with the real wear phenomena (see Tabr;lis referred to the minimum curve
radius,rig; to an intermediate one whilg;; to the maximum curve radius).

In conclusion the comparison of the reference dimensiadsi¢o a good qualitative agree-
ment between the developed wear model and the SIMPACK onleff@models show the same
wear behavior concerning leading and rear wheelsets, ciocgaformity and curve radius.

In Fig. [17 the evolution of th&mgepas a function of the wheel discrete step numigy
is shown (for brevity only thé&kmyeprelated to the first and the latter rail step are presented).
Related to the first rail step, the lowerkmiepvalues and their higher gradient in the first wheel
steps indicate the higher wear rate due to the initial noriazoral contact characterizing the
coupling between the new wheel profile ORE S1002 and rail prefiC60 with laying angle
equal to 1/20; the almost constant values in the latter gtemsbined with highekmytepvalues)
show at the same time the achievement of a more and more awelfoontact as the wheel wear
increases. Considering the latter rail stgpthe same curve trend can be seen but characterized
by higherkmyepvalues because of the worn rail profile that leads to an Initiare conformal
contact than the previous case. In Figl 18 the evolution @N\dap as a function of the rail
discrete numbeng; is shown and it can be seen that the considerations referitbe tvariation
of the contact conditions (conformity) hold also in thiseas

The Table§H.]5 show the overall mileages,, traveled by the vehicle composition for each
rail stepry; and the total vehicle numb&: burden on the track during the overall wear loop.
The increase of the total mileage as the rail profile is moxk raore worn is caused by the
increase of the conformity between wheel and rail surfa&asally, analyzing the difference
between the UNIFI and the SIMPACK model the Flg.] 17 and the Bashow, on average,
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Figure 16: QM progress. Figure 17: Kmgtepevolution. Figure 18: Nstepevolution.
Table 4: Evolution of thekmt. Table 5: Evolution of theN;qt.
Wear Model  knf (km)  kn(km)  knfo(km)  kng(km)  krrfh (km) Wear Model Niot
UNIFI 81460 88120 94350 102080 108950 UNIFI 7390900
SIMPACK 78530 84870 92020 98210 102790 SIMPACK 7074500

lower kmgtepvalues in the SIMPACK case that indicate an increase of theelvirear due to the
probably wear overestimation caused by the global weatoagprof the SIMPACK model that,
not considering the subdivision of the contact patch inahd adhesion zone, lead to substract
the removed material due to wear in overall the contact pigtelf; the same observation hold
for the vehicle numbeNstepas can be seen in Fig.]118 and Tab. 5.

5.5 Evolution of the Wheel and Rail Profile

The wear evolution on the wheel profiles evolving on the firgt an the latter rail stepg,
rea for the wheelsets of the front bogie of the E.464 vehicle sspnted in the Fig[_19-P6.
As stated previously, the wheel profile evolution is desmliby means ofisy, = 15 steps and
the threshold on the removed material for each £, has been chosen equal tatnm
From the figures it can be seen both the wear increase on thedeaheel with respect to the
rear wheel of the bogie and the wheel wear decrease when el vghcoupled with the worn
rail profile r, with respect to the unworn profilgg due to the achievement of the conformal
contact in the wheel-rail pairs.

i 520 L i
a0 700 720 740 760 780 i) 60 700 720 740 760 760 00

Yy 0T Yy ()

Figure 19: UNIFI model: E.464w;? evolution.  Figure 20: SIMPACK model: E.464v,? evolution.

5@ H L r
) 700 720 740 7e0 760 =00 660 700 720 740 Ten 7e0 a0
¥, (mmy Vi (0T

Figure 21: UNIFI model: E.464w20 evolution.  Figure 22: SIMPACK model: E.464v,? evolution.

In Fig. [27E32 the rail profile evolutions related to the thdifgerent curves of the statistical
analysisryj, rig; andrs;j are presented; the removed material due to wear shows a rathe
clear dependence from the curve radius and in particulavése increases in the sharp curves
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Figure 23: UNIFI model: E.464w1i4 evolution.  Figure 24: SIMPACK model: E.464N1i4 evolution.
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Figure 25: UNIFI model: E.464w,? evolution.  Figure 26: SIMPACK model: E.464v,;" evolution.

because of the resulting vehicle dynamics and harder dootalitions. In all the studied
cases the comparison between the profile evolutions olotauith the innovative developed
wear model and the SIMPACK one results rather satisfactottyout pronounced differences.
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6 CONCLUSIONS

In this work Authors presented a complete model for the wiaeel rail wear prediction
in railway application, developed thanks to the collabioratvith Trenitalia S.p.A and Rete
Ferroviaria Italiana (RFI), which provided the necessachiécal data referred to a vehicle
composition widely used in Italian railways (E.464 locometand Vivalto coach) and the track
data related to the whole Italian railway net. The whole maslenade up of two mutually
interactive parts; the&ehicle modemade up of the multibody model and the global contact
model and thevear modelconsisting in local contact model, wear evaluation procedund
profile updating. The performance of the innovative modeehaeen compared with the wear
evaluation procedure implemented within the Simpack ratty commercial software in order
to have a further validation of the model besides the whearwalidation referred to the
quite short critical scenario of the Aosta-Pre Saint Didliez performed in previous works|[4].
The comparison has been carried out, from the track viewwpomthe whole Italian railway
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net, analyzed by means of a statistical approach to redecéothl computational load; the
vehicledynamics and the wear evolution have been then atedibn thé\. curvilinear tracks
of the statistical analysis. The results obtained in thseagch highlight how the innovative
model reflects the typical behavior of the wear phenomemnaeffample an higher removed
material for the leading wheel and for the sharp curves anéar Wecrease when the contact
conditions achieve the conformal contact). On the othedItlh@ comparison with the Simpack
wear model has given satisfactory results both in terms fefe@ace dimensions and profiles
evolution; the only evident difference is a little wear cagimation of the SIMPACK model
probably due to the approximated global wear approach ihed dot consider the division of
the contact patch in adhesion and slip zone.

Future developments will be based on further experimerdtd ¢relative to other railway
track with an higher mileage than the Aosta-Pre Saint Diliherused in previous works) pro-
vided by Trenitalia and RFI and referred to advanced wearewtieel (especially on the wheel
tread) and on the rail. In this way other analysis will be iegiout in order to further validate
the whole model. Moreover the design of new wheel and raliilpgoas well as of new bogie
shapes and suspension stages optimized from the wear \iewyath be performed according
to the research interests of Trenitalia.
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