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ABSTRACT

The paper studies the influence of rail weld dipadreel-rail contact dynamics, with particular refece to freight
trains where it is important to increase the opegaépeed and also the load transported. This twahkiped a very
precise model, albeit simple and cost-effectiveictviihas enabled train-track dynamic interactionsr gail welds to
be studied to make it possible to quantify theuafice on dynamic forces and displacements of thaigegeometry;
of the position of the weld relative to the sleemédrthe vehicle's speed; and of the axle loadwinelelset unsprung
masslt is a vertical model on the spatial domain andrawn up in a simple fashion from vertical trackeptances.
For the type of track and vehicle used, the resilitained enable the quantification of increaseshinel-rail contact
forces due to the new speed and load conditions.
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1 INTRODUCTION

Rail welds, as the one shown in Fig. 1, can havajar influence on the dynamic behaviour of thérent
vehicle-track system, leading in certain casesibst®ntial impacts, wear, noise, and also the rdgidrioration of
vehicle and track components.

Fig. 1. Atypical rail weld in a ballasted track.

There is also a major concern to increase thedbéebight transport by rail, in order to removeraany trucks as



possible from the road system and transfer hautagee railways. In order to provide more profigabind attractive
freight transport for customers, it is necessamgxplore higher operating speeds and greater aats|

Different track models have been proposed in regeats to study vehicle-track dynamic interactibib]. Some of
them have been used to cover vehicle-track interaet rail welds [2-4,8,11,12,16]. Some of thetsglies were
based on three-dimensional finite element modets, awery thorough meshing. On the other hand, phaper
adapts and uses a very accurate model, althoughgyid computing effective for the type and largenber of
calculations needed. This has made possible tdatenwheel-rail interaction over rail welds andjteantify the
influence on dynamic forces and displacements \wérse factors as: welding geometry; position of wedd relative
to the sleeper, axle load and wheelset unsprung.mas

The model used in the paper has already been tedidand a thorough description may be found if.[Iffis model
has been adapted to undertake the study presentieid paper. The model is a vertical one on tlaiabdomain and
is drawn up in a simple fashion from vertical traekeptances. These receptances may be measuerdrexally
or calculated numerically. In this paper receptarfeeve been calculated using RACING [18] a fulkkrenodel in
the frequency domain already developed by the asitdhich takes account of all track componentsaisd
deformation of the rail section and propagatioberfiding, elongation and torsional waves along finife track
[18]. Receptances are obtained along the rail seréd 4 cm intervals. During a second stage, afibamation
between frequency domain and time domains is sédweapplying a modified rational fraction polyn@h{RFP)
method. This transformation leads to an equivalaak model with very few degrees of freedom, dndstwith
minimum time consumption for integration, but wéh excellent match to the original model over dicehtly
broad range of frequencies which is 0-2000 Hz. Whedkinteraction is modelled using a non-lineagrkzian spring.
In this paper a single wheelset has been consideo®ihg over the weld in each simulation.

The model takes into consideration the paramekdiaion caused by the wheel moving over the glegsince this
is a moving wheel model and not a moving irregtyamodel. As the rail vehicle runs along a disdsesaipported
track, the track receptance below the wheel is gimgnwith the position of the contact patch withiisleeper bay. In
consequence, it is necessary to calculate tra@ptances at the different rail sections along xeper bay, and to
adjust them using the RFP. The track periodicifyiioduced into the model by repeating periodictie
coefficients of the system of equations (with atispperiod equal to the sleeper bay distancey)erebay travelled
by the wheel. It is assumed, therefore, that alltthck spans are identical. The difficulty of sting) a track with
discrete support lies in the extreme variabilitytt# track receptance along a span. With the tlgolmic behaviour
previously fitted using this method, the dynamircés and displacements of wheel and rail when tiheelget moves
over the irregularity of the weld may be computéathwease.

This study entailed more than 1600 simulationsefforces produced by contact between wheel aha/nain the
train moves over a rail weld, whereas using otpatial domain models would require excessively loalgulation
times. Using the method developed for this studyydver, the time required to simulate each instafi¢eavel over
a weld is a matter of seconds.

The paper draws conclusions concerning the inflaei@ number of factors - characteristics of #ikwehicle and
the depth of the weld irregularity - on the dynamgisponse of the system.



2 METHOD DEVELOPED

The method is based on joint utilisation of the RR€thod [19] and optimisation methods using mujéotive
genetic algorithms, in order to obtain a systeragfations in the spatial domain the behaviour atlwis the same
as that of a system described by its receptandesnithod is comprehensively explained in [17].

The RFP method was already applied to track studifs6] for continuous and discretely supportestk,
respectively, although without the advantages aedracy achieved by using genetic algorithms toyoaut the
receptance fitting.

The RFP method consists of obtaining in the s-p{aaplace plane) transfer functions the receptan€eghich are
those given by initial data (track receptanceshis case), which define the behaviour of the sydiar a given
frequency range. The&¥s) transfer functions are expressed as polynomiatiguts (Eq. (1)), the coefficients of
which are calculated by solving the problem of miising Eq. (2). This corresponds to minimisatiortef quadratic
error between the original receptance and the tanep fitted during optimisation within the freqegmange in
which the fitting is being performed, which in tltiase has been up to 2000 Hz. In Eq.Y(9) is the Laplace
transform of the displacement function of the paifithe rail in contact with the wheél(s) is the Laplace transform
of the contact force, an&(s) andB(s) the denominator and numerator of the transfectian. The degrees of the
numerator and denominator polynomialgndn of the transfer functions arising from Eq. (1) aethe number of
zeros and poles of these transfer functions, réispéc

Y(s) _B(s) _ bs"+bs™ +..+b, s+b, (1)

G(S): n n-1 n-2
F(s) A(s) s"+as" +a,s" " +..+a,_S+a,

In Eq. (2),wt is a weight vector for error at the various fremgies at which the fitting is being performéuis the
track receptance which is being fitted ands the vector of angular frequencies, length
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The transfer function must be calculated on difiesections of the track span, usually at constaetvals. When
this has been done, the associated system ofefitial equations is obtained via the inverse Laptaansform of the
transfer function. The result of this operatiomamsordinary differential equation of an order eqoahe order of the
denominator polynomial of the transfer function,iethcan be transformed into a first-order systerdifiérential
equations, describing the dynamic behaviour ottthek. The coefficients of this system of diffeiahequations are
variable in space, since the track receptancesdepgnding on the section of track span over witiehwheelset is
travelling.

The weight vectorsvt (2) for error at each receptance frequency amemly important in terms of quality of the
receptance fit. The method developed included ohjkictive genetic algorithm optimisation for thepases of
calculating the best weight vector to use in thienfi processes. Two objective functions are ugée.first is the fit
error function, in such a way that any weight vesfaroducing less error in the fit lead to lowelues in the
objective function. The second objective functisittie function of the order of magnitude of theffioients. This
objective function is important in terms of intega of the equations in the spatial domain, sifitkee orders of
magnitude of the coefficients of the transfer fims$ on adjacent sections are substantially sintlés makes the
integration process much easier.

This system of differential equations was integiang with the equations for the wheelset, wiicthis case was
taken as a mass (unsprung mass) over which tharstéic force corresponding to the weight ofgpring mass.



Interaction between the wheel and the rail is peeduthrough non-linear Hertzian contact, and héneddertzian
constant was taken as = 93.7 GN/n{? [6]. This is shown in Fig. 2.

Fig. 2. Non-linear Hertzian wheel-rail contact.

3 APPLICATION OF THE METHOD DEVELOPED TO THE TRACK

This section shows the fitting of a ballasted tralthis particular track is the one described by &id Thompson in
[6], with receptances depicted in module and plagég. 3. Table 1 shows the main parameters sfttiaick [17].
The receptances were obtained using the RACING enadlical tool [18], which takes account of all &ac
components, and deformation of the transversaioseof the rail and propagation of bending, eloigaand
torsional waves along an infinite track. As mayobserved, there is a substantial amount of variaimong track
receptances, especially at frequencies in closdrpity to the first pinned-pinned mode. This is doeliscrete
support of the track which, at the frequency offtrst pinned-pinned mode, induces a resonandeeatrack
midspan, whereas sections over the sleeper prahiteesonance in receptances. It may be obsehatd t
receptances of sections located between midspatharsleeper show a resonance and an anti-resoimciose
proximity. This major variability of receptances tre various sections of the span makes the fieodptances
through RFP much more complicated than in the o&adrack with continuous support.

Table 1: Track parameters [17]

Pad stiffness (kN/mm) 348.6
Pad damping (-) 0.29
Ballast stiffness (kN/mm) 50
Ballast damping (-) 1
Sleeper mass (kg) 324
Sleeper spacing (m) 0.6

Rail 60E1
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Using this method the vertical track receptanceseeponding to 15 positions, separated apart 4langahe span,
have been calculated and fitted. Fig. 4 is a dioeas diagram showing such positions.
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Fig. 3. Vertical receptances of the track in medulpper) and phase (lower) along the span: (82,836, 44, 52 and 60 cm; (b) at 32, 40, 48, 56

and 60 cm.

As an example, Figs. 5a and 5b show the recepfitings over the sleeper and at millimetre 320dueed using
the method developed. The fit is more complicatddwa frequencies close to zero, even though itai@siof good
quality. Another frequency at which greater diserspes may arise between the fit and the origieegptance is the
first anti-resonance, although it is true thateh®r incurred at this frequency is not actuallyage, since the
graph's log scale tends to exaggerate the disareggsafor low receptance values.
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Fig. 4. Distances along the span at which trackptances have been calculated and fitted.
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Fig. 5. Receptance fittings: (a) for the sectiwardhe sleeper, (b) on the section at millime@ 8f the span.

4 VARIATION IN CONTACT FORCES DEPENDING ON THE POSI TION OF THE WELD AND ITS
AMPLITUDE

This section sets out the results of integratidres wheelset moving over a track with a weld dipeBhape of the
weld used in the calculations is shown in Fig.l@&amed from [4]. In this section the wheelset ungsg mass is 1200
kg and the axle load is 20 tonnes.
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Fig. 6. Shape of the weld dip [4].

In Fig. 7, the horizontal axis represents the dista from the middle point of the weld to a certainereihce sleeper
(d = 0). For each of these distances the vertical sepresents the maximum force due to the wheeltover the
weld. Each of these values of maximum force in fiigisre has been obtained simulating the wheelin&graction

over the weld with a train speed of 120 km/h. Ig.Ma, as an example, the wheel-rail contact farcepresented
against the distanoetravelled along the track. The track is repressthematically superimposed on this figure
and on all the subsequent figures in which theadist travelled is represented. Fig. 8a corresponds to the case in
which the weld is centred at 40 cm (d = 0,4 m) fithen first sleeper. The maximum force resultinghis case
appears in Figs. 7 and 8a marked as ‘A’ with aleir€ig. 8b shows the force values in the abseheetdling. The
effect of running over a sleeper can be observedhifest in the force with a periodicity of 60 cm.

Positionsd = 0,d = 0.6 m andl = 1.2 m in Fig. 7 represent welds centred oveisteeper. For this type of track, four
force peaks can be seen betwden0 m andd = 0.6 m. These peaks are the result of a combined effebeovheel



moving over a rail with discrete supports and ttiect of the wheel passing over a rail weld. It niyobserved that
the peak amplitude changes considerably as thendiad from welding to sleeper changes, and hence the
importance of consideration of discrete suppothis study.
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Fig. 7. Maximum values of forces during travel oaeveld centred on different sections of the span.

Fig. 9 shows the increase in maximum contact fdreeto the weld for different positions. In thigdie, again, the
horizontal axis represents the distaddeom the middle point of the weld to a certairereince sleepedE 0). In
the vertical axis the maximum contact force inceedige to the wheel moving over the weld is caledadientifying
the maximum after subtracting the forces of Figt@the forces of Fig. 8a. It has therefore beatudt=d the
component of the force due to the discrete raipsugs. This calculation is repeated for each distan

(b) 12 13 14 15 16 17 18
x (m)

Fig. 8. Contact force: (a) due to wheel movingraveail weld centred 40 cm after the sleeperd(® to wheel moving over a rail with discrete

supports in the absence of a welding.



The force increase shown in Fig. 9 is due to thiel Wit the existence of discrete supports provokasforce
increase to change for the different valued.dfhe shape of Fig. 9 is much smoother than th&ig#. In Fig. 9 it
can be noticed that, for this type of track, the<imayum values of the force caused by travel ovemibil would
appear whenever the weld is over a sleeper, agdatbald be lower whenever the weld is at midspan.

Z 55¢ | | :

Maximum force due only to dip
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Fig. 9. Increase in maximum contact force duénéovteld for different positions.

In the results that follow the interaction forcepmesented consider jointly the effects of the vegld of the sleepers.

Figs. 10 and 12 to 14 show the maximum value ottreact force during travel over the weld for ei#nt wheelset
speeds and for different amplitudes of the dip position of the centre of the weld. To carry owfuantitative study,
it has seemed better to keep constant the defapeskwhich corresponds to the real measurementtedgn Fig. 6,
and to linearly scale it. The resulting welds, #fere, have not been obtained experimentally, freit dimensions fit
within the range of a real weld.

The maximum force values of these Figs. 10 and12thave been obtained from the detailed studynfact
forces and the displacements of wheel and raihduriavel over the weld, as shown in Fig. 11. Hig 11
corresponds to a speed of 80 km/h, circled in Fig.The upper portion of Fig. 11 shows changekérfaorce over
distance, while the lower portion represents thplaude of wheel and rail displacements at the acnpoint.

Fig. 10 represents the maximum value of the foroemthe centre of the weld dip is in a sectiorhefgpan located
15 cm after a sleeper, for cases in which the dogsiof the dip is that shown in Fig. 6 (factorvhen amplitude is
50% greater (factor 1.5) and when magnitude is Botliat of the figure (factor 2).

The values of the maximum forces increase as speeghses up to the maximum value of 80 km/h, and
subsequently decrease up to a speed of 140 kn#h véiich they rise again. To confirm the rise, vdues of the
forces have been represented up to speeds of 300 el above the realistic speed range of fretgdins. It is for
this reason that values for speeds above 200 kavé been shown as a shaded area. Depicting speepl$m300
km/h to show the shape of the curve of maximumesf the contact forces that would be obtainedwepeed
increases, demonstrates the coherence of thedtsneith those obtained for high-speed trains mhdd in [11].



Fig. 10 shows that the curves for the different iompes of the dip follow the same trend as opatpsipeed
changes. Logically, the greatest forces emerggrbater the amplitude of the dip, as may be observéhe figure.
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Fig. 11. Contact forces during travel at 80 kmviaraa weld centred 15 cm before the sleeper (abatedel and rail displacements (below).

It can be noticed that for a weld double the armaghtof the original, the force attains values up86 kN, which
represents an increase of 80%. All the percentagisied along the paper have been calculatedresfe¢o the
contact static force. For the weld amplitude whgh50% of the original the maximum force reache@ &N, and
for original weld amplitude 141 kN.

Fig. 12 displays the same results as Fig. 10,rbtitis case for a weld whose centre is locatedidgpan. In this
case, the higher values of the force within themadrspeed range arise at 100 km/h, with increastiforce of 76
kN, 58 kN y 39 kN with respect to the static force.



Fig. 13, representing travel over a weld centredrhSefore the sleeper, shows that the curves ach fiatter
within the normal freightrain speed range. The maximum value emerges k@@, but remains very similar up to
200 km/h, particularly over welds the amplitudeadfich is 150% of the original. For the weld with amplitude of
200% of the original, the differences arising frohanges in speed are slightly greater. The resgectaximum
values for factors 2, 1.5 and 1 are 178 kN, 157k 137 kN. It can be seen that, for different Wdetespeeds, the
results obtained when the weld is 15 cm before@pdr and when it is 15 cm after the sleeper éerelit: for
example, when the speed increases from 80 km/BAdk/h, if the weld is centred 15 cm after theepkr, the
variation of the maximum contact forces is highemt in the case of the weld centred 15 cm befaesiéeper.
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Fig. 12. Maximum values of the force during trameér a weld centred at midspan.

Fig. 14 shows the results of maximum forces whenaild is over the sleeper. Although in practicéda@re never
applied to sections over a sleeper, as it is inples® insert the mould required for welding, wttea rail neutral
temperature is reset this weld may be locatedyapasition on the span, even over the sleepehnelfteld is located
in this section, it may be observed that the foattmined are greater than for a weld on othelicecbf the span.
For a factor 2 dip and a speed of 80 km/h, theefanay be as much as 188 kN, which represents agaise of 88%
with respect to the static load. When the amplitofigne dip is 150% of the original the force i1\, and when
the dip is the original this is 144 kN.

All the previous results have been summarised biera.

Table 2. Maximum forces as a function of the atagk and position of the weld defect.

Factor1 Factor 1.5 Factor 2

15 cm after the sleeper 141 kN 160 kN 180 kN
Midspan 139 kN 158 kN 176 kN

15 cm before the sleeper 137 kN 157 kN 178 kN
Above the sleeper 144 kN 166 kN 188 kN
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Fig. 13. Maximum values of the force during trameér a weld centred 15 cm before the sleeper.
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Fig. 14. Maximum values of the force during trameér a weld centred over the sleeper.

Some simulations have also been carried out chgrigendip length. As expected, it has been obtainetdthe
longer the dip is, the lower the maximum force bees, and vice versa.

The results presented in this section have shownrhaximum wheel-rail contact forces vary when a @hmoves
over a rail weld. These maximum forces have a shdpeh has been studied as a result of changeshicie speed,
while the amplitude and shape of the weld was kepstant. The maximum forces shape, as other autiave
already noticed for wheel-rail excitations [14]cieases with speed up to a certain limit above lwtiie forces start
to decrease. Finally, after a certain speed vahgecurve recovers the increasing tendency witkdpie has been
observed that this curve, and the specific speedfiicch the maximum forces start to decrease, départhe
distance from the rail weld to the nearest sleepgian example, while for a weld centred abovestaeper this peak
value appears at 80 km/h, if the weld is locate@®after the sleeper that peak value appearsOakrth.

Moreover, it has been observed that in the valfap® maximum force shape the maximum forces deeraa much



as 25 kN.
As it has also been shown, if the maximum forcesesiwould have been represented only up to speEel¥0 km/h,

in some cases we would have mistakenly concludsidoyond certain speed the maximum force agaiesicsis
always decreasing.

On the other hand, although initially the influerafehe position of the rail weld on the maximunncies could have
been considered negligible, it has been obtainadctanges in the weld position can provoke vaniatin the
maximum forces of up to 22% of the static load.

It has also been noticed during the calculatioasttiie maximum contact force does not always apgpiethie same
distance from the rail weld. That distance chamvgés speed. As an example, for a weld centred twesleeper,
increasing the speed from 160 km/h to 200 km/h radkre position of the peak force from 2 cm afterwreld centre
to 8 cm. However these changes in distance armanbtonous.

5 INFLUENCE OF AXLE LOAD AND WHEELSET UNSPRUNG MASS

This section shows how contact forces vary in at@oce with axle load and wheelset unsprung maskdded and
zero-load cars. Consideration has also been govéretpossibility of lowering the unsprung massuaent feature
of some passenger trains. The aim of this section guantify the effect which increasing the loédreight cars
would have on contact forces during travel overdseln this case the dip geometry used is the boas in Fig. 6.

Fig. 15 shows the maximum values of contact for8esn the previous figures, the trend in this @ishows an

increase up to a certain speed, almost 80 kmMisrcase, followed by a decrease up to a speecond 140 km/h,
whereupon a monotonous increase is observed. dtmgat is maintained on all curves.
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Fig. 15. Maximum values of the forces during titaxfea 1200 kg wheelset over a weld for: an unlabckr (5 ton axle load); normal loaded car

(20 ton axle load); heavily loaded car (25 ton dodel).

These figures represent the response for a weldetkan the sleeper since, at least for the typasck studied in
this paper, the greatest forces in fact emerge lemweld is centred in this way.



Fig. 15 shows the maximum force at different spesigisn the 1200 kg wheelset moves over the weld showig.
6 (with its original amplitude). In Fig. 15 the limlving cases are included: the car is unloadedrfsakle load); the
car is loaded (20 ton axle load); the car is hgdoided (25 ton axle load). It can be seen th#téncase of the
unloaded car the resulting forces are very lovthis case the greatest contact forces arise wieewltleelset moves
over the dip at around 80 km/h, reaching 65 kNsEmounts to an increase in the contact force guravel over
the weld of 40 kN, which is 160% increase with exgfo static load. At speeds within the normalrapieg range of
freight trains, following travel over the weld thentact receives a considerable discharge, whicasitbeen
ascertained could lead to a loss of contact atabiper speeds in excess of 200 km/h. For a dip avitmplitude of
1.5 times the original, loss of contact occurspatesis below 140 km/h, and hence within the norrpatating speed
range.

In the case of the 20 ton axle load car, the sbéfiee force is the same as in the previous cédseumh its
maximum value is greater and can reach 144 kN &n@6, a 44% increase with respect to static |34k result has
also been plotted in Fig.14, in the curve correspanto a scale factor equal to 1, and is repelaged in order to
facilitate the comparison of the results.

As seen in Fig. 15, in the case of a heavily loaclrd 25 ton axle load), contact forces are, agebenl, much higher
than in the other two cases. Maximum force cantrdd® kN, representing a dynamic force that is 38%he static
force.

Fig. 16 compares contact forces for a heavily Idach (25 ton axle load), using a normal 1200 kgelset and
using a lighter 900 kg wheelset. It may be obsetiiatithere are no major differences between thérman contact
forces of the 1200 kg wheelset and the 900 kg velkeéah this case. The greatest differences betweariginal
wheelset and the lighter wheelset emerge at a sgfeHeD km/h, less than 3% in this case.
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Fig. 16. Maximum values of the force during trameér a weld centred over the sleeper, with a hetaded car (25 ton axle load) and with: a

normal 1200 kg wheelset and a lighter 900 kg wietels

In this section the effects of increasing the dod&l on the maximum forces produced over a wele: lieen
qguantified. While this axle load increase, obvigughplies an increase in wheel-rail contact foréekas been



checked that the quotient between maximum forcesatelload decreases, for all the train speedysedl

It has also been noticed that reducing the wheatsgirung mass from 1200 kg to 900 kg has a lolwénte in the
maximum contact forces.

In general, it has been observed that a moderetteaise in train speed and in axle load does ndyianpigh
increase in maximum contact forces when the whesfes over the weld. This scarce increase of théacbforces,
according to Archard’s formula (Eq. (3)), commounbed to quantify wear in wheel-rail interaction,ulgbalso
imply a scarce amount of wear in the contact betweleeel and rail.
av = KNS ®3)

H
In Eq. (3), AV is the increase of worn material volurkés a wear constanly is the normal contact forcejs the
slip distance an#i is the penetration hardness of the softer materidde pair.

Track stiffness and damping parameters may vagelaifrom one track to another, and consequentigarses to
the welding defect may be very different from & $tack to a very elastic track. However, for moate changes in
these parameters, the variation in the maximumambriorces should be lower than those obtainebtldrcases
studied in this paper.

6 CONCLUSIONS

The paper examines the wheel/rail contact forcisgngrwhen a rail vehicle moves over weld dips.tfiis end a
spatial domain model was used, obtained from ttiadiof track receptances in the frequency donthirgugh joint
utilisation of a rational fraction polynomial methand a multiobjective genetic algorithm optimisatmethod. This
secures an extremely precise spatial model, alogsitvery few degrees of freedom, and hence a shoyt
calculation time. This enabled more than 1600 satihs to be carried out within a reasonable pesidime for
vehicles moving over a weld, for the different caseudied in the paper.

From the results obtained it may be concluded thathe type and shape of the weld considerediamdrack
deployed, increasing the speed of a freight trainladl only entail a moderate increase in the maxinsontact forces
compared to the present ones, at lower speeds.

Logically, moreover, increasing the axle loads tetdan increase in the maximum force arising duwheel/rail
contact as the vehicle moves over the weldingltlipay also be observed in the case examined ¢daicing the
unsprung mass would have moderate effects on thedanvolved. The effect of the unsprung massénemaller
with a large load on the wheelset.

Given the importance of increasing freight traieexls and axle loads to raise freight transportuymtbdty, the
results of this work may be of interest to evaluateeffects of these two variables in contactderSpecifically, this
article demonstrates that, for the type of trachksidered, if the speed of freight trains were tanoeeased from 120
km/h to 160 km/h, with a simultaneous increasexie dad from 20 to 25 tonnes, for the weld dip sidered, the
maximum wheel/rail contact forces would increasddsg than 20%.
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