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Dynamics of a Raling Railway Wheel:
Corrugation, Polygonalization and Flat Spot:

1 Introductior

The quality of the surfaces of wheels and railansmportant factor forthe safety a
comfort of railway travel as well as for the noiemission.In particuli, in densely
inhabited regions, the second factor becomes monaane important. The main issu
in this regard are corrugations on rails and wheeld polyganalization of whee
Corrugations, also knownislip waves are short length variations of a wheel's rac
respectively a rait heigh, with a wavelength of about 3Xcm. For reference see €
[3, 4].Polygonalization, on the other hand, is charaoteriby a small number ofminin
and maxima of the radius around the circumfererfca wheel. Assuminga radicof
0.5m and 3 to 12 humps of the radius vs angle fomcthe wavelength is betwe:
0.25cm and m.

In the past 20 years, pgonalization was associated with highpeed trainsit was
investigated in the case of the ICE of DB, TGV (NCF as well as the Indolino
of several railway authorities.In the case of clagsicains at speeds well belc
200km/h, the focus w on corrugation (wavelenghs between 5 and 10 cnijer
thenpolygonalization (wavelengths of 1/3 to 1/1@he&f wheel’s circumferenci
Recenty, however, on vehicles of low and moderate spgmuapgonalization wa
observed. One of the working hypotheses is thaétfeet in this case is initiated by fl
spots, and later growing on its o\

Fig. 1. Photographs of runing surfaceswith flat spots
Rys. 1Fotografie powierzchni tocznej kkolejowych z miejscami p askimi

Another hypothesis is connected with too high redidwanpressionalcircumferenti
stress in the wheexre.
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2 Aim of the paper

In this paper, we collect some recent rts of measured patterns on worn wheels
of different trains Next, we approximate the @ by suitable functions,such
astrigonometrical polynomials or periodic splinFor uniform guiding motion,
thetrajectory of the contact point and the resultirggtical accelerations, creepages
andfrictional forces are evaluated, first in the cadea iigid wheel, then in the case
of elastic and viscelastic contay, Fig. 2.

4 Tangential

= Moment of snin

Fig. 2.Contact area and contact forces, [11]
Rys. 2. Strefa kontaktu i si y kontaktowe, [[11]

The resulting energy dissipaticdue to friction and percussive effects is calcudate
andon that basis the further pattern formation is satad

In particular, imperfections in the form of polygdization, corrugation and flat spots
are investigated, like in ref. [5, 13] and [Z

3 Results oMeasurements and Initial Di

In this section we collect ardkescribe some examples of wwheels. We concentrate
on instances of flat spots and of full grc'polygonal’ shapes.

In figure 1 and figure 3ypical flats ar shown. The reasons of the localized removal
of mateial from the surface a schematically presented in figure 3 together
with an additionalview of the affected regio

Fig. 3. From experima&al investigation to model assumpti
Rys. 3. Od badado wiadczalnych do za @ modelowyc
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During the further exploitation of the running ¢ with a flat spot a largernumbe
of damaged mions may occt in the form of moreoress regular patterns, ch
as obtained in figurd, where the radius function exhibits nine local miaien¢ nine

maxima.

Fig. 4.Original data sheet (left) and approximation (ri}

Rys. 4 Arkusz pomiarowy i aproksyma

It should be pointed out that tpresented radius fution is an average over the whe
tread. Adistribution over the width, alongthe axle, is simofer two wheels of the san
wheelset in Fig. 5

Fig. 5.Radius functions for several planes, left and righeels of the same
Rys. 5. Przekroje leweggprawego ko a jednegrestawu w ranych p aszczyzna

In a functional representation, a nonogc radius function is given in figu 6.
The figureshows an original data sheet obtai from measurements at the laboratc
of the Railway Institute IK (formdyCNTK) in 2004.
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Fig. 6.Original sheet of radius measurement, dependeneeagie
Rys. 6. Arkusz pomiaru promienigzale no ci od k ta

4 Modeling

A first attempt at the assessment of cwqquences of the shown deviations from
the ideal constant wheel dias is based solelyon geometric considerations.
The measuld, or assumed actual radius function is tempgraohsidered invarian
regardless what forces may act on the wheel us consider that the wheel center
travelsat constant speed along aleal rail, thewheel revolving at a spin yieldingaer
creepage in the contact point. Then alr¢ at comparatively low speeds an importand
effect may be observed.

In fact, the point representing - geometrical contact moves forth and back around
the actual longitutinglosition of the whe' center. Thus we have to deal with
anormalforce on the rail, which travels at a speadying around the traveling spe
(Fig. 11). Depending on the amplitude of the geometrical ifgution, very large
surges of speedven jumps, may occur. Ccal regions of speed for dimensionless
speed and frequency, which are shown in F, with respect to wave effects in the
Bernoulli-Euleand Rayleighbeammodels of the track, may be crossed, see [6, 9].

In a number of previoupapers devoted to ttfdynamics of periodical structures under
a moving loadyarious types of oscillations were stud [6]. The problem of waves
generated by a force traveling at a perially changing velocityis so far not solved
in a satisfactory way.
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Fig. 7.Regions with qualitatively different soluticin the frequency—velociglane
for the BernoulFEuler and Rayleigh beam models

Rys. 7. Obszg jako ciowo r6 nych rozwiza na p aszczyie czsto —pr dko
dla maleli belek Bernoulliec-Eulera i Rayleigha

A secondconsequence of a nonconstant radius functi the variation of dynamics
guantities suclas tangential and normal contact fcs. In fact, if thedeformatiois due
to complianceof the track and the elasticity the contact partners adisregarded
thewheel center has to follow a unilateral const, whichin turn resuli
in considerable normal forces. At the same time, #aidolling condition lead:
to variations of the angular velocity of thewheel'salations, which requires a torqu
i.e. a tangential forcein the point of conti

In a more realistic approach, tangential forceslem@ed by the friction lav, hence
torque kads a relative motion thecontact partners and hertcevarying rotationa
speed. The same forces lead to acceleration/detion of the traveling motior
A simple model of a single wheel is presented ig. 7. The behavior of mode
of railway vehides of this type was studied with special regardhto frictional powe
dissipated in the contact region, 7, 10], [14-48]. Assuming that the speed of wea
a function of the power dissipation, it is possilbecalculate the depth of abrasi
starting from a given initial radius imperfection, sucha at spot.

Here also ndimearwheel/rail interaction mod¢ should be mentioned-or example
rigid and elastic contact models were discussedll®), elastic and perfect plast
impact models were stied in [8], and generalized in [20]withdiscussion of frictione
wear as source of surface pattern developmentllingaontact. In the approach ma
by Kowalska [20] ¢ two-dimensional problem with jumps of wheait contact
andinelastic impacts wi investigated.

5 Geometrical spects of the contact

Before we will come to simulations on the basisnuofre realistic data and mode
of motion, let us study some geometrical aspectsecwheel-rail contact.

The wheel’s circumferen, in reference configuration, is de ned by
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Fig. 8.Elementary roller model (top) and gap betweenaai wheel (bottor
Rys. 8. Prosty model ko a (g6 oraz szczelina milzy ko em i szyn(do )
In this idealized case of assudrgeriodicity of the corrugation pattersome analytical

considerations are possiblejthout the need to apply numerical meth For this
article, wethe following parameter

rail length:L=10 wheel radius: =0.46 m;

number of wavesi, =5

corrugation wave length: =0.05 m wave length: =0.59 m

corrugation amplitude:  1.25E-4m wave amplitude: =1E-4 m

In a sty of wheel imperfections in contact with a reaistil, however, we have tt
problem of two corrugated surfaceence we need to determine, for each angle and
each horizontal position of the wheel ce, the lowest vertical position such that
contact occurs. This can berdoby examinatir the gap between the contact partners,
looking for the minimizer, cf. bottom part of Fig.. A very essential issue is the
uniqueness of the point of contact, ithe minimizer of the gap function. In general,
uniqueness holds only up a certain critical level of aitogles, which in turn depes on

the wave numbers of the patte

In the case of an ideal track, multiple contadtripossible as longs the wheel remains
convex. The limit case occurs when the cune changes sign.

For the curvatures of an ideal wheel and that efcibrrugation imposed, one obte
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Consequently, the condition for convexity, i.e. negativity of the total curvature,
reads

B ®)

For example, if the given wave number is 37, thécat amplitude of corrugations is
0.34mm. Above that level bouncing of the wheel oscin the case of both partners
featuring corrugations, the uniqueness or mulligglicof contact points depends
on the relative position of the bodies with resgeatach other.

We con rmed that the above rather rough estimateoissistent with the full analytical
evaluation of the curvature and neglecting higheteo terms as well as with a
straightforward numerical test of convexity.

For both surfaces corrugated, in a similar way fecieunt condition for uniqueness of
the geometrical contact point may be derived. Weose the condition that the gap is a
convex function, and we estimate the second dévivadf the gap function by the
difference of minimum wheel curvature minus maximueil curvature. For this
difference positive, no multiple contact may occur.

After calculation we can conclude that for givenvedengths of the perturbation, the
admissible range for the amplitudes is a triangler given amplitudes, the domain for
frequencies is bounded by an ellipse. For an ichlnd a wheel radius of 0.46m, the
critical amplitude limit is 1.84cm, hence uniquenés not an issue. A at spot of an
extension of 3 cm corresponds to a single trough enosoidal radius pro le with a

wave number of about fty and an amplitude of 0.18m

Obviously, if the above conditions are violated, smooth rolling contact is
geometrically impossible. On the other hand, ifvetmres are in the order which is
necessary for a continuous contact, still bouncimgy be caused by lift-off due to
inertia forces, see e.g. [1, 21].

Let us consider, on an ideal track, the motion&raeeling speed/of a polygonalized
wheel with nominal radiuR,, a moderate wave number and amplitude of its tievia
R( )=r( )-Ro= a, sin( y ). Now, neglecting creepage, the trajectory of thHeeel

center is in very good approximation given by:

() M () . (4)

Hence, we have a harmonic vertical motion of a nedssound 250kg with a frequency
of VIR, The corresponding accelerations are the squateabtoef cient multiplied
by the amplitude of the out-of-roundness. Lift-affars rst at the local maxima
of the trajectory, when the following relation (S)ul lled:

/| +—— "0 (%)
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Here F,, is the external load per wheel, assumed toconstant and independent
of thewheel center oscillation, arm, is the mass attached to the wheel center.

6 Compliant models

The pure geometric approach leads to a mechanjstéra with kinematic constraint
which are enforced by Lagrange multipliers. Theael can not be calculated from
theposition coordinates and velocities alone, theyltdsom the soltion of the system
of equations of motion.As an alternative, a stiff #c system may be formulated,
for which violation of the contact conditio— in the form of a penetration
of theundeformed shapes of the contact part— is kept small by a normal force,
e.g.Winklerian or Herzian. Both approaches allow a ateital treatment, i.e., positi'
vertical gaps may be allowed. In time intervalsgwhthis occurs, we have a fright

of the wheel -which ends with an impa

Later on we will assume a lozof around 20t on the considered wheel, which has
aradius of about half a meter. A typical contactchatas a length of around 1 to 2¢
which is compatible with an elastic approach oluaabone 0.1mm. Indeed, it ho

/&
1, 3 % (6)

For calculations we chose | =0.02m, R0=0..

In Fig. 9, on the left side, we present the unikdteontact between a wheel with f
spot (exaggerated magnitude of -of-the-roundness) and a straight rail. On thetrigh
part, the straight linecorresponds to a linear contact spring, the conwawre
showsHertzian contact, assuming a mean curvatutéRef in the contact regic
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Fig. 9. Wheelail contact near a flat spot (leftjand normal feres elastic
approach (right)

Rys. 9. Kontakt ko ezyna w obecnoi p askiego miejsca (lewa strona) i s
normalna w zaleno ci od g boko ci przenikania (po prawej)

In order to nd a reasonable damping, let us bounce a wheédtalytonto a perfec
(straight) rail. We show resulfsr d =0, d =1€, d =4¢€, d =1€(in Ns/m). We regard
the result ford =4€as most realistic, see Fig.. We have to remember that the contact
stiffness according to Hertz depends on the diffeeebetween curvatures., further

re nement is possible here.

226



Fig. 10. Vertical displacements for several dampuiogfficients,
Hertzian and linear contact models

Rys. 10. Przemieszczenia pionowe dla kilku wybfamspo6 czynnikéw t umienia,
model kontaktowy hertzowski i liniowy

In figure 10 the resulting vertical oscillationseadepicted for several damping
ratios.Obviously, the difference between the linesresponding to Hertzian contact
force andto its linear approximations, is neglible.

It should be remarked that it is neither effectiver sensitive to solve non-hertzian
contact problemsstep by step within dynamical satiohs. The numerical cost is not
acceptable, and the in uence of the shape variatiothe contact force is negligible.

7 Results of simulation

We start with a simple kinematical consideratiosséme that the center of a wheel
moves at a prescribed constant traveling sgdadther, assume that both bodies are
rigid, and they are at all times in contact in aquely de ned point of geometrical
contact. Assuming a sufficiently large dry frictjoat the point of contact there is no
relative motion between wheel and rail, which anteda the condition that the velocity
of the contact point on the wheel circumferencedso.The above conditions de ne
the trajectory of the wheel center and the revotutif the wheel uniquely.
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Hence, we obtain vertical acceleration and angatoment and thus normal force
and fictional force in tangential direction. We oughd tinderline thatunder su
idealized conditions of contact, friction and nmol, we may calculate position
andvertical force in the contact point without solvitige equations of motic

We derive fromhis a new type of traveling force probl:

o ) 0 G 9): % () , (7
wherex(t) is a relatively complicate function, the time derivative of which is shown
in figure 11. By the Diracdistribution isdenotated, an® *;

What is new here, is the @lation of theconcentrated force position around its mean
position, which moves steadily forward at spV. Critical speeds and frequencies have
been derived for the case of constant velocity. dbkellating position may exceed
the critical speed, bubnly on small intervals. The effects of this neadtter
considerations.

it it it it

N N N I
2 1 [ 1 2

time X107

Fig. 11.Horizontal speed of contact point vs. timthe case of an average speed
of 30 km/h [5]

Rys. 11. Prdko pozycji wzd unej punktu kontaktu w przypadku szylgkoredniej
30km/h [5]

Calculation of the accelerations resulting from thkove assumptions on rigidity
andideal rolling conditions show that there has tarwuded a certain creage as well
as an elastic or visoelastic approach of the contact jners and/or a compliance
of the rail, e.g.due to a Winkler bedding. In that light, assummiaboutconstant
horizontal speed of the wheel center constant angular velocity of the revolving
motion are not realistic.

In the result, models of a simed bogie have been formulated, which feature
adynamics allowing for the mentioned effects. Bywgul the equations of motion, v
map wheel imperfections to normal and frictionaicks. These in turn drive the we
process, por. Fig. 8, upper part.

Analytical and numerical methods to integrate thestofadnto an update of the radi
functions have been discussed in, 18, 3] and [2]. The model equations are:

7)) < = ; ®)
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Fig. 12. BEXemplary pattern evolution [1
Rys. 12Przyk ad rozwoju postaci poligonalizacji, p(18]

In figure 12 a result from [18] is cited, which was obtair@dthe basis of the bog
mockl represented in figu 7. The sensitivity of the obtained pattern on therage
speed of motion was discussed e.g. in

8 Conclusion

For the contact of corrugated wheels and rails,oserve a considerable variatic
of the speed of the contactint around the horizontal speed of the wheel. Tiitical
speed from the point of view of the theory of travelingrées on supported bear
may be exceeded for very moderate speeds of whatedm

Above certain levels of expression of the corruai patternslift off may occur, whick
is followed by an impact. The same is true in tlasec of poligonalize wheels,
however, the critical speed is higher at the samglitude of radius deviatio

Practically, a rigid constraint model is rather mealistic, viscoelastic models exhit
oscillations around the qu-static trajectory. Initial deviations from the ide@nstani
wheel radius lead to variations of normal forcdatiee motion between the conte
pair, and henceuctuations of the friction force. These factorsetibgr drive the furthe
evolution of the radius function. At certain trawgl speeds, depending on load
conditions and compliance, polygonal patterns ( from any initial disturbance
e.g. a singlerbugh ora at spot.
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