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Abstract

The present dynamic certification process, built thanks to expexggerience is essentially based on
experiments. The introduction of the simulation irs torocess would be of great interest. However an
accurate simulation of complex, non-linear systems is complicated, in fartishen rare events
(unstable behaviour for example) are considered. After having analgssgstiem and the richness of the
present procedure, this paper proposes a method to achieve, in sdit@lapatases, a numerical
certification. It focusesn the need for precise and representative excitations (running conditionsh an
their variable nature. A probabilistic approach is therefore proposed astdatiéd by an example.

First the paper presents a short description of the vehicle / track system dmel eXperimental
procedure. The proposed numerical process is then described. The ned¢esstysing a set of running
conditions at least as large as the one tested experimentally is moreover expiatinedhird section a
sensitivity analysis of the system is reported, to determine the nibbsniial parameters. Finally the

proposed method is summarized and an application is given.
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1 INTRODUCTION

Thanks to the improvement of models and computing power |aions are increasingly used in many
industrial fields. They are indeed more and more representative of theethpdiysical behaviour and
can thus replace or complete the experiments analysing a wider rang&ioigrconditions, especially
around critical situations that cannot be tested experimentally.

Simulations have, for example, been used for a long time inicatitiih processes of offshore fields and
nuclear plants. Usually experiments are achieved on subsystemsnandtisn is used on the whole
system to estimate the behaviour of the structure under nominal doadirwell as under extreme
loadings. For nuclear plants a probabilistic approach is required intordgpresent the uncertainty and
variability of different input parameters (earthquake loading for el@mput also to prove that the
probability of encountering nuclear meltdown is under a given threshold.

In railways, the certification is essentially based on experiments, howevexpected benefits of the
numerical methods are multiple. The aim of this article is thus to preulzg#ed methods and processes
for a computer-aided certification. It will reduce the number of physical teststheninfluence of
uncontrolled conditions.

To be relevant, the virtual certification process has to allow a representation gh#miad response of
the system at least as precise as the one given by the measurement. One of diféawlsies is thus to
build a representative set of excitation to achieve the simulations. Indeed, gstidris non-linear, a
poor representation of the inputs can lead to important errors onutpet.oThese probabilistic
considerations are taken into account in the experimental certificatioaggrdefined in the EN14363
the certification criteria are computed on several portions of toéakifferent track designs and with
different track qualities. The measurements are then statistically pedcés estimate a maximum as

explained section 2.2

The paper first explains the main characteristics of the vehicle / track systetriefly describes the

experimental procedure. The proposed numerical process is then predentbd third section a
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sensitivity analysis of the system is reported. This highlights mivdelling parameters that play an
important role on the certification criteria. Finally the proposed methsahignarized and an application

is given.

2 DESCRIPTION OF THE RAILWAY / VEHICLE SYSTEM AND OF THE CURRENT

CERTIFICATION PROCESS

2.1 Mechanical characteristics of the system: non-linear system containing variability

sources

The vehicle / track system is a highly coupled system. Furthermergjeincy analysis of the dynamic
response of vehicles shows that the modal contents depend on the veloaty taedamplitude of the
track irregularities [1,12]. This dependency underlines the non-ligezfrihe wheel/rail contact, of the
behaviour of some suspensions and also of the sub-structure.

In addition, during the running of a train, some excitations are variapl@ature. This is easily
demonstrated when comparing the response of a train running twice, tbedagnon the same track.
One can mention:

- wind gusts or passing trains that can significantly modifyjpteviour of the train,

- track irregularities and stiffness,

- rail profile and the friction coefficient which can be very different frame place to another, and can
evolve, during the day or during longer periods,

- the velocity of the train that is never exactly constant, and that cangisidiinal excitation of the train.
The mechanical characteristics can also be different among a fleet of vehittlessame type, because
of the number of passengers or of the mass of the goods sbeafaprocess uncertainties (especially for
elastomers) and also because the components are stemming from difippigrs and are built with
different processes. Damage and wear moreover add variability doeitife-cycle of the vehicle so that

the scatter of behaviour of nominally identical components can varyicatiy.
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Some of these sources of variability can be characterized by measur@raektirregularities for

example), but it is more difficult to have access to others (friction coefftifie example).

2.2 Description of the present experimental certification procedure

In order to guarantee safety and comfort, and to avoid infrastructunagéa new rolling stockis
certified for a specified network through on-track tests. The measetdde reactions (accelerations of
different bodies and wheel / rail forces) are thus representative of the behafvibarnew train on the
considered network since the running conditions are those thewtlhiface. These on-track tests are

prescribed by the European leaflet EN14363 [2].

According to this procedure, the train has to run at different speedsvenal types of sections having
different track radii, cant deficiency, track geometry quality in terms ghalent and longitudinal levels,
rail profiles. These portions are then sorted in four zones (depenwlithg magnitude of the track radius)

each one containing at least 25 sections.

In each section, the 99.85 percentile of the filtered vehicle reactions (Y/Q frétie lateral and vertical
loads in the contact, car-body lateral and vertical acceleration, sum of Y on aet)hiselsen estimated
assuming a normal distribution. From these percentiles, each correspondinffapeatdection, is then
derived an “estimated maximum” in each zone, computing on these values the 99.85 percentile. This
estimated maximum is finally compared to a limit value prescribed by théA&En example, Figure 1
shows the Y/Q ratio on 5 sections and the associated percentilee Biglnows a bar plot of 99.85
percentile on 30 sections. The horizontal blue line is the percentile 80thaues, and the red line, the
limit value prescribed by EN14363 (2005). In this case, #&imatedmaximum” 0.79 is very near the
limit of 0.8, as the vehicle is a freight wagon in an empty condition, which is a configuration prone to

derailment.

This procedure naturally takes into account the variability of the raydiscribed in section 2.1 and

achieves a probabilistic post-treatment.

Figure 1 to appear here
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Figure 2 to appear here

3 DESCRIPTION OF THE PROPOSED NUMERICAL STRATEGY

3.1 Proposed simulation strategy: validation of the robustness of the modelling and

probabilistic simulation

The non-linearity of the system and the presence of variability somraks both the validation of the
model and the representation of the physical behaviour of the systemimittateon difficult [13].

Indeed it is necessary to evaluate the modelling on representative runnditioosnthat is to say to
compare simulations to on-track measurements [9], [19]. However, @aired in section 2.1, the
running conditions are not exactly known because of different varialslityrces, making the
deterministic comparison difficult. Indeed, the unknown parameters habe thosen to achieve the
simulations, these may be different from the on-line parameters. iflubagons results will thus be

different from the measurements even if the model is precisepf@@pses alternative methods.

The validated model of the system can then be changed to evaluate the ebfatheustudied train
when running in “other conditions” (other network) or to evaluate the behaviour of a “slightly modified
vehicle”. The new systentan howevenot be too differentfrom the original one, otherwise the validity
of the model amot be ensured anymore. To verify that the systems are not toeuiffere propose to
introduce the following robustness criterion: if the mean or exttaghaviour of the two systems, usually
considered for the certification, are too different, then further experimeastato check the modelling
should be achievedased on a few studied cases, limit values for these differences oranteartreme
values have been proposed in the project. Further studies should htweermexchieved to specify more

relevant limits.

The representation of the dynamic behaviour of the system moreoveeseguitudpf the system when
it is submitted to darge set of representative (on-track) running conditions ast is donein the
certification procedure. This is the case even if we are only interestieel meian behaviour of the train:

this one is indeed not obtained simply by an estimate at the nomim&laor input parameters.
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In order to have a good description of the running dynamics dfytem thanks to simulation, it seems
important to introduce variability in the modelling. In fact movifigm an experimental test to a
deterministic simulation would indeed lead to an impoverished knowleddgbeo¥ehicle behaviour:
variability naturally introduced during tests would not be consideredthéftefore propose to introduce
probabilistic simulations to better reproduce the experimental behaviour of the system.

Probabilistic simulations have been used for some decades in diffiedestries, especially in nuclear
field. The classical method used is descrilmeBigure 3, and has been applied in the presented study. The
mechanical model chosen for the simulations is the classical multi-bodsl midd analytical evaluation

of the non-linear contact forces. Different software have been usestfaym simulations: Vampif@,

Voco and SimpacR.

Figure 3 to appear here

3.2 Description of the uncertainty sources

The first step of the probabilistic simulation is the description and theificetion of the variability

sources. Some of them can be measured: it is the case for exammeraif grofile and stiffness and
damping of components, other are more difficult to characterize (tt#thess or wind gusts for
example). Some of the parameters are moreover scalar (masses), others arealtedo(the track

stiffness varies along the track).

For the scalar parameters affected by uncertainty, direct methods (the pasarhatehosen distribution
are identified [4]) or indirect methods (the distribution is compuigda transformation of a chosen
distribution [5]) can be chosen to define the statistical distribution deggriben quantity affected by
uncertainty. When only the mean value and the standard deviatioknaven, it is possible to

demonstrate, thanks to the Maximum Entropy Principle [14,15], thahtst adapted distribution is a
Gaussian. When only bounds are known, the best distributioruiéf@m distribution. For the vector

valued parameters affected by uncertainty, random fields [16, 17}dv&ecidentified.
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Additionally an extremely important issue is the statistical dependencies betveemput variables (i.e
inertia and vehicle mass are extremely dependent); to guarantee a realistic evaligtie vehicle

behaviour it is necessary to properly assess these relationships.

In this study we have considered variability of the vehiaieschanical parameters (i.e masses, stiffness
and damping of components etc.), the friction coefficient and the railleprbiie vehicle parameters have
been modelled with uniform distributions (bounds given by theufaaturers). The friction coefficient
and the rail profile have been considered as constant in each studied ttewk pat different from one
section to another. Indeed, the available informaifonot sufficient to identify a random field for the
friction coefficient, and the interpolation between rail profiles oftenempsoblem during the simulation.
The friction coefficient distribution is given Figure 4 and details can bedfousection 4.2.2. Measured
rail profiles have been randomly picked in the WP1 database paying attentienztine (radius and cant

deficiency) as well as to the low and high rail.

The tracks have been built according to the EN14363 requirememtkstho the Virtual Test Track
environment enhanced during the project and described in details in theoWPpaper of the same

authors.

Figure 4 to appear here

3.3 Numerical post-treatment of the simulations and computation of the quantities of

interest

The simulation results are then processed automatically in the same ways gsrésdribed by the
standard: after a verification of the track characteristics, the simulation outputs awd fited
statistically processed first in each section and then in each zone. Sinwember of sections in each
zone prescribed by the leaflet is relatively small compared to the expected peritestit|t easy to
identify the distribution of the percentiles stemming from each sectiowetdsr, since high percentiles
are considered, they should follow an extreme value distribution TI®.estimated maxima are thus

computed assuming both a Gaussian and an extreme value distributimeinto account for a more
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realistic distribution of data. As shown in figure 5 the obtained quantitytefest can be quite different
and the Gaussian distribution can happen to be less conservative thatrahe edxne. This underlines

how important is the knowledge of the process under assessment.

Figure 5 to appear here

4 ANALYSIS OF THE SENSITIVITY OF THE CERTIFICATION CRITERIA TO THE

VEHICLE PARAMETERS AND TO THE RUNNING CONDITIONS

The track / vehicle system is compler. drder to choose the mechanical parameters that have to be
carefully modelled to obtaiagood precisioron the certification criteria (maximal behaviour) sensitivity

analysis has been carried out.

4.1 Description of different methods to analyse the sensitivity of a complex system

The vehicle / track system is non-linear, very sensitive to the input datheanelsponse surfaces of the
different certification criteria are rough. The use of methods linearizmgutface around a functioning
point (FORM/SORM for example) is not adapted to propagate the variability thtbeghodelling. The
classical Monte-Carlo method is used which presents the advantage of apegs to a confidence
level, even if it requires a large number of simulations. However duhiagproject it has been
demonstrated that, in some specific cases, coupling the Monte-Cartmelppogether with a design of
experiments POE) approach it is possible to obtain still reliable results decreasing congydérab
computation effort10].

To compute the sensitivity of the certification criteria to the input data tetbads have been used. The
first one is the Morris method [6] which is adapted to systems corgamimery large number of
parameters. This oreg-a time method (see scheme Figure 6) is used to determine the pardahattars
the most influential. Several sets of input parameters (black points) are raisedi@n, each of the

parameters is then varied oaea time of an amplitude\p (green, red and blue points) and the

8/26



simulations are raised for all these sets of parameters. The methodgwdipen two estimates: the first
one represents the overall effect of the parameter, the other estimates therdigiheffecs.

The right hand side of Figure 6 presents, for example, the resuleddrthlysis for the derailment
criterion Y/Q. In this example all the vehicle parameters were considered as variable, as thell
friction coefficient and the rail profile. It appears that the most influenti@mpeters are the rail profile,
the friction coefficient and the mechanical properties of the lateral bumpstop.

Figure 6 to appear here

The Sobol indices [7] are then computed to give access to the relative impodhrthe chosen
parameters on the certification criteria. The results for the derailment criteriorivare Ejgure 7,
quantifying the results of the Morris method.

Figure 7 to appear here

4.2 Analysis of the sensitivity of contact parameters on the certification criteria

In this section, the influence of wheel/rail contact is investigated. Thiwadgnt conicity is often not
sufficient to characterize the vehicles’ dynamic response. This caneasily be shown analysing the dynamic
response of a vehicle / track system equipped with measured wheel andfilailpairs leading to the

same equivalent conicity. Figure 9 presents for example, the maxahthre non-dimensional quantity

% on different tracks and for two different contacts having the samieityo(see Figurel0) which
limit
are very different. We will therefore directly consider measured profiles.

Figure 8 to appear here
Figure 9 to appear here

Two variables are studied simultaneously: the rail profile and the frictefficient between wheel and
rail. Both data are usually not measured during the track geometry evalumtid even if they are
identified, they may vary with time. The wheel profiles consideredisnstindy are the ones measured on
the studied vehicle which allows the comparison with measured reacliomsvheel profiles however

also plays a very important role (see [12]).
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4.2.1  Description of the rail profile variability

Curved track rail profiles can differ significantly, depending andle of the rail, on the service of the
line and on the grinding operations. Figd@shows an example of the modification of the geometry of
the rail profile due to wear. Even if the curvature is moderate (985hm)rail profile significantly
changed over the years. Additionally, worn wheel profiles exhibinér flange, wear tends to increase
the play between wheel and rail. Another effect of wear is the chaingffective conicity. In sharp
curves, lowering the conicity will decrease the steering ability of¢héle: as a result the stability of the
vehicle will be alteed

FigurelOto appear here

4.2.2  Description of the friction coefficient variability

The European leaflet EN14363 (2005) prescribes a derailment limit valu® oh the Y/Q ratio. This
value corresponds to an adhesion of 0.6 in Nadal’s formula [8]. The standard value of the friction
coefficient is 0.36. In the simulation, it is a common practice to choisedhstant value. Choosing a
constant value of 0.6 would certainly lead to unrealistic results. Itogoped here to use a statistical
distribution of the friction coefficient as suggested by the draft norm ptB6R:2012 thanks to
measurements achieved in Great Britain [5]. The friction coefficient follawsne sided normal
distribution representative of measured dry conditions, with mean val6ea@® standard deviation
0.075. In the same manner as with rail profiles, a different friction icieff, constant in each section,
has been introduced in the simulation. The coefficients are raised at randioenniormal distribution.

The friction coefficients are different on the two rails.

4.2.3 Description of the sensitivity analysis strategy (see Figure.11) and results

The virtual track considered has been built with the Virtual Test Trddkdeh measurements achieved
in the project. The track is compliant with the EN14363 requirementfié considered freight wagon at
the studied speed. The friction coefficient and rail profile are raised at rafiodaach section. Finally

the simulations are raised for several sets (10) of contact conditions anddhentlifertification criteria.
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Figurellto appear here

In curves, the track lateral forces can vary from 30% between weomegtry and new ones. It is

therefore essential to consider both representative wheel and rail profiles fak aartification.

This variability of friction coefficient changes the estimated maximum oftkeeal loads up to 20%. One
can moreover notice that the higher derailment criteria are obtained for low frectédficient on the
outer rail and high coefficient on the inner rail (see Figure. 12).

Figure 12 to appear here

The same type of analysis has been achieved with other parameteesteSalts are given for the track
irregularities Figure 13.

Figure 13 to appear here.

It has also been shown in this study that a higher number ofdeations would add consistency to the
studied certification quantities. Figure 14 shows an example of comeergmalysis. The ordinate gives
the mean increase in percentage of the estimated maxima compared to ted diesit

Figure 14 to appear here.

4.3 Global sensitivity analysis of the certification criteria to the different input

parameters

A global analysis of the sensitivity of the certification criteria to the diffeieput parameters have
moreover been achieved, with the Morris method and the Sobol indices.

Two vehicles were considered: a wagon and a locomotive. All the inpatpters were considered
jointly: vehicle parameters (i.e massesntre of gravity, suspension parameters) as well as contact
parameters (i.e friction coefficients, rail profiles etc.). The input variability madelled with uniform

laws for the vehicle parameters, the friction coefficient by a normal law, as @esiribection 3.2.
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The results show that the importance of parameters on the assessment deastiys on the studied
criterion, the value of interest (acceleration or load) and the quantity oéshténigh or medium
quantile). See for example figures 6 and 15. Indeed the parametersdactirgy exceptional events are
different from the ones acting during normal service scenario.

Figure 15 to appear here

As an example, for the lateral loads, the parameters that have the mostasigmfluence are the rail
profile and the fiction coefficient as well as some suspension elememet$at€hal bumpstops moreover

play an important role on the lateral acceleration even if they almost néderriag classical rides.

5 SUMMARY OF THE PROPOSED NUMERICAL CERTIFICATION PROCEDURE AND

APPLICATION TO EXAMPLES

5.1 Conditions in which the virtual certification is possible

The vehicle / track system being very complex, the use of simulat@mryigpossible when the modelling
can be extensively validated against on-track dynamic reactions both in #heldimain and in the

frequency domain. It mainly concerns three cases:

e A train that had already been experimentally certified and has been “slightly modified” outside
the ranges allowing dispensation given in EN14363. A large set ofinreeasnts are available to
validate the modelling and the modifications only lead to small behaviour chasgksgined in

3.1. If the suspension has been changed, static tests of the riel@ aedrequired.

e All the track requirements (except the high cant deficiencies) were not nileg doe testing.
The first tests are used to validate the model and the simulation can b wsedplete the

certification. In order to treat this,[20] proposes another methodldaBed on measurements.
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e The train has been certified for a network, and has to be certifiedhfer mnning conditions
(other network, or other type of tracks). The behaviour of #ia tn the new running condition

is not too different from the behaviour observed during certification3defor details).

In these three cases, the behaviour of the simulated system has to be “similar” to the behaviour of the
tested system. This similarity can be assumed if the train structurethdsanged (no change of the type
of suspension elements for example) and if the responses of tegdi@ms are similar. So, to exploit the
advantages of the simulations, and contrary to the requirements igivilne lambda table for the
simplified tests [2] we propose to give requirements on the trains’ reactions rather than on the train or

track characteristics.

The flowchart of the numerical certification process described here is givguire 16.

Figure 16 to appear here

5.2 Application of the procedure to examples

The full procedure has been applied to different application example. First thareqdal procedure has
been compared for two freight vehicles (Sgns691 and Laas watjprig&ted during the project. For the
Sgns691, the average relative difference between the certification quantiitésed from measurement
and simulation is about 20% and is quite different from one criteriamather (it is between 0 and 60
%). However, for the Y/Q criterion, a difference of 30% was observedhtrexperimental when
comparing two different runs on the same track, and 20% for the lateslerations. These vehicles are

moreover very non-linear and difficult to model.

The procedure has then been applied to a slightly modified: a firsies@as built to run in one country
and was certified experimentally. The train was then slightly modtfietln in another country. The
modifications of the vehicle fulfilled the proposed requirements badiynamic simulated behaviour of
the new vehicle appeared to be better than the original one. In this ods#, the modelling was

validated, the prescribed method would have accepted the numerical certification.
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6 CONCLUSIONS

The vehicle/track is @omplex non-linear system containing severahriability sources: the track
geometry, its quality and its stiffness, the contact conditions (friction coeffiai@ih profile) and the
mechanical properties of the vehicle (mass and inertia, suspension charagtefisticisaracteris this
non-linear system, several measurements have to be achieved in dlffeations and have to be post-

treated using atatistical processing.

In the nuclear field and in the off-shore energy fields, complex regstare already certified using
experiments on sub-systemandsimulation on the whole systemWhen there are high safety concerns
the system is often re-certified regularly during its life cyclehmenergy field, the state moreover asks
the operators to certify that the probability of incident is lower thanengiweshold. A full probabilistic

approach is then required.

Some of these methods have been applied to the virtual certification of diffe@dvehicle systems.
These are always based on a three step approach: the description of theicalephablem, the
identification of the uncertainties and thepropagation through the modelling. In this context, it has
been shown that the track geometry, the stiffness and the contalitiats play a key role on the
estimated maxima studied during the certification. In order to accuratelintakaccount these effects, a
method to generate representative virtual tracks has been proposed. THesargabuilt from the
concatenation of measured track sectionsaccording to the standard requirements. The variability of
the rail profiles and of the friction coefficient has also to be introducedo@mgtant friction coefficient
and one constant rail profile raised at random for each concatenated track saftiomyreover showed

that alarger number of track sectionswould enhance the precision of the estimated values.

Taking into account the variability of vehicle parameters would also be inteyestor practical
purposes, the proposed procedure is only based on the assumptendhatlized and validated model
for the train is available, for which mechanical properties have been acguidsitified from

experimental data. Nevertheless, in order to verify the robustness ohibke vaodel and also to be sure
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that the parameters important for the certification criteria are well modelled, weoinstgt importance

of achieving aensitivity analysis before the whole virtual certification procedure

The sensitivity analyses conducted have pointed outteatvear and the temporal modifications of
the mechanical characteristicsof the train can strongly modify its dynamic response duringjfits
cycle. Taking advantage of the numerical possibilities, it would be interestingestigate the response
of new trains but also to predict the behaviour of this train overtitde life. However in this case the
limit values should be changed since they include a margin to allowhfinge in behaviour over the

normal maintenance cycle.

In order to validate the proposed numerical procedure, the complete virttifitaten of two trains
tested in the project has been achieved in this work. The certification @sulpsited from the simulated
results have then been compared to the results obtained from measureremi$.the mean values are
quite well reproduced, differences have been noticed when analysingrgmepercentiles (2%-60%)
When validating the model for certification purposes, special attention thehefer® be paid not only

on the mean response of the sub-systems of the train but aleortwelevents.

To add consistency to this work, the full proposed procedure habedsoapplied to a case that would

have met the required conditions of the virtual certification.
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Step C: Uncertainties propagation

>
| |
Step B: Step A: Description of the problem
Quantification
of the Model - "
uncertainty Input (or measurement Variables ?}:’izrt‘;'rt:;
sources U\r{?enrtiﬁl'e}? pl’OCESS) S Ex. variance,
DTl Fixed: d _ GX.d)
distributions 3
l L _!t\_ I
1
A !
I
I 1
. . 1
4 r' ‘ classification \ |
| 1
, € ; ,
P X | Decision criteria |
I - Jd  Feedhark l@e m o e e o o a
i Fooda 4 | Ex.:Probability< 10 1

Fig. 3: Diagram of the method to introduce uncertainty in simulafipn [

Probability Density Function

0 01 02 03 04 05 06 07 08
Friction coefficient

Fig. 4: Statistical distribution of friction coefficient between wheel and rail

18/26




3000

I cistribution of high guantiles
T approached extreme values distribution
2500 - 1 “approached normal distribution

2000

1500

1000

500

Zone 4: R=250-400m - End 2 - Carbody vertical accelerations (running hehaviour)
10 T T T T T T 10

— Normal Distr.
— Extr. Val. Distr.
Quantile x015+x9385

/‘ Quantile x3985
\ — Estimated max : normal
B b

Estimated Max. : val. extr.

density of the histgram
density of the distributions

Q
0.05 01 0.15 0.2 0.25 0.3 0.35 0.4

Fig. 5: Comparison of the estimated maximum computed from a Gaussiainoam@dn extreme value

distribution

19/26



(¥/Q) zoned

0.025 T T T
¥
Rail +
Profile Friction
0.02 Coefficient
0015 i
5]
pan | sk Lateral 4
v S Bompstop
2 & S
0005 + Kx i 4
0L o +  Antiyaw
0 sa..,‘i_ﬁ . {
. Damper Primary Suspension
% e ¥
) T okt i i s i i i
1 0 L] 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
[

Fig. 6: Sketch of the Morris methedExample of result: Morris method for the Y/Q criterion in zone 4

Kx

Lateral
Bumpstop
Friction
coefficient
Rail
Profile

Fig. 7: Sobol indices for the Y/Q criterion

10
0‘
-
E
E-10
2
s l‘ ’
‘-§ 2 i March 1997 (60E1)
S.30 & -==-June 1997
: ----- June 1998
.40 —— December 2000
s 20 40 60 80

Y Coordinate (mm)

Fig. 8: Measured rail profile taken from the high rail of a 985 m curve

20/26



250

200

150

100

50

Non-dimensional maximum [%)]

P36

/
Y 4N
A
=,
140 160 180 200 220
Speed [km/h]

240

Non-dimensional maximum [%]

P39
250
——Track 1
—=—Track 2
200 —+—Track 3
/‘ ——Track4
150
' / —Track 3, Factor 0.25
/’S ——Track3, Factor 0.5
100 = —o—Track3, Factor 1.6
. ——Track 3, Factor 2.0
50 . . ——ERRIB176 Low Level
: : ERRIB176 High Level
v v = =Limitvalue
0
140 160 180 200 220 240

Speed [km/h]

Fig. 9: Maximum of the non-dimensional quanptiEY)/(X)mi on different tracks. Contact P36 on, the

left, P39 on the right.

Very high conicity:
0.64 (P36)/0.63 (P39)
1
o5 \ [/
08 KX ]
s N\ 2 /
= 06
£ o5 |t Y
g / ~
O 04
0.3
0.2 ——Contactgeometry P36
0.1 —— Contactgeometry P39
° 0 1 2 3 4 5 6 7 8

Fig. 10: Conicity of contacts P36 et P39.

21/26



[ Wheel/rail ][ Vehicle][ Speed
Multi-body
System software

Vehicle reactions:
Contact forces & Accelerations

Fig. 11: Certification of rolling stocks: simulation road.

AY/Q compared to constant u
025 * oz
02 : f : '
! ry 5 _ 0.15
0.15¢ = ‘e . & '
01t ' L : o ; i : 0.1
= e g L o % . .
© 0.05¢ ®..g bl Mt
— , s & e, @ L 0.05
@ 0 e $es’ .
£ R B g ﬁ{‘.;. .... e
01} . .'.',' R . i s
* Tes TR M. ;
015} ; et 005
-0.2 : .. g : s |
-0.25¢ : : _ : -0.1
0.2 -0.1 0 0.1 02 03
Ap outer rail

Fig. 12 Scatter plot of variation of Y/Q as a function of friction values on outer and riaifer

22/26



P36 P39

250 250
200 200

<

S~

]

X 150 150

°

(]

]

& 100 100

g

S 50 50
0 0

Track Irregularity Track Irregularity

Fig. 13: Effect of the track irregularities on the critical speed

—
o

o

Is
o

(o8]
o

20¢

101

Mean increase of estimated max [%]

U750 340 510 680 850
Number of track portion

Fig. 14: Convergence analysis on the number of track portions

23/26

B Trackl

B Track2

B Track3

M Track 3, Factor 0.25

M Track 3, Factor 0.5

W Track 3, Factor 1.6

M Track 3, Factor 2.0

B ERRIB176 Low Level

I ERRIB176 High Level
WS lat. displacement



v zoned

0.14 T T T T T T T T T
+
012} Lateral
Bumpstop
01r
00531
b
006 .
Damper
0.04 Primary suspension
+
0.02F
} Others less
+++ influential parameters
0” 1 L L 1 1 1 1 1 1
0 01 0.2 0.3 0.4 0.5 06 0.7 0.5 09

Fig. 15: Results for the lateral carbody acceleration in zone 4

24/26



Build models of the two vehicles
+
Validate the model of the old vehicle against
on line tests

Change of suspensi*on characteristics e

Validation at component level

No Sensitivity analysis / robustness

Build two represent‘ative virtual tracks,

introduce a set of friction coefficients R
and a set of rail profiles

N

mue = 0.36 | —T L
1
]

i
[
i sigma = 0.075 07
1 1
_________________________________ .
' L] 1 [}
I 1 1 i
I | I i b
T ¥ == - -r
' 1] I L}
] ] 1
-1 Redemme——— e o -
] T i d
' '

B R 8 ¥ &8 & 2

v

e o
0.3
1
0.4
1
0.4
3 1 L]
:
:
), 1
> 1
L]
- 3 1
=
g
|
L PR—

§ |

2 '

z -

] \ =

i ' !

I ML

i I e 6 T r E ['
T s - ; : ;

i N

o v mnm &5 *1s &8s ;_ mnkiilnwmni; 88 5 95
For each criterion: Ynew ) € [0.7¢y014 ), 1.20(¥,1 )]

(yezgmared ) € [0.7(ygig e ), 120055 )]

/ No Yes \

The use of simulationis Verify the certification
not possible criteria

For each criterion in each zone:

estimated < yllnlll

Unew
/ No Yes \
Vehicle not certified MOd'f'e(_j 'VEh'Cle
certified

Fig. 16: Certification of Rolling Stock: Proposed System Sequence

2526



26/26



