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ABSTRACT
A numerica modd is developed to predict the whed/rail dynamic interaction occurring due to
excitation by whedl flats. A relative displacement excitation isintroduced between the whed and
rall that differs from the geometric form of the whed flat due to the finite curvature of the whedl.
To dlow for the non-linearity of the contact spring and the possibility of loss of contact between
the whed and therail, atime-domain mode is used to caculate the interaction force. This
includes smplified dynamic modds of the whed and the track. In order to predict the consequent
noise radiation, the whed/rall interaction forceis transformed into the frequency domain and then
converted back to an equivaent roughness spectrum. This spectrum is used as the input to a
linear, frequency-domain mode of whed/rail interaction to predict the noise. The noise leve due
to whesd! flat excitation is found to increase with the train speed V at arate of about 20 log,eV
whereas rolling noise due to roughness excitation generally increases at about 30 log,oV. For al
speeds up to at least 200 km/h the noise from typica flats exceeds that due to normd levels of
roughness. When the whedl load is doubled the predicted impact noise increases by about 3 dB.
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1. INTRODUCTION

When the brakes are gpplied to arailway whed, it can sometimes happen that the whed
locks and dides dong the rail. The reason for this may be poorly adjusted, defective or frozen
brakes or lack of adhesion at the whedl/rall interface, for example due to leaves on therail head.
This diding causes severe wear of the part of the whed in contact with therall, leading to the
formation of a“‘whed flat’. Such flats on the whed may be typicaly 50 mm long but can extend to
over 100 mm long. When the wheels subsequently rotate, these discontinuities on the wheel
surface generate large impact forces between the whed and track. As a consequence, a periodic
impact noise is produced in addition to the usud rolling noise, which is more random in character.
The large amplitude dynamic forces generated by whed flats may cause damage to the track, for
example resulting in fatigue cracks in therails or deegpers. The high temperatures reached during
diding, followed by argpid cooling, lead to the formation of brittle martensite within the sted
beneeth the whed flat. Asaresult, damage to the whed can dso occur, involving cracking and
gpdling, that isthe loss of rdaively large pieces of metd [1].

A detailed study of the dynamic interaction between awhed and the track in response to
whed flats was carried out by Newton and Clark [2], including both predictions and
measurements. Their model was composed of (i) the vehicle, condting of three masses
representing the car body, bogie and whed, plus primary and secondary suspensions, (ii) a non-
linear Hertzian contact spring between the whed and the rall, (lii) the track, congisting of an infinite
rall on an dadtic foundation. In the field test, instead of using awhed flat, an equivaent indentation
was placed in the railhead. This overcomes the difficulties in locating the postion of the flats and
their impacts rdative to the instrumentation on the track. The indentation was intended to
correspond to arolling whed with a‘rounded flat’, that is one which has undergone further rolling
after formation, leading to rounding of the corners and extension of the effective length.
Predictionsin terms of the ratio of the peak contact force to the static whed 1oad showed good
agreement with the measurements for train speeds up to about 80 km/h. 1t was shown that the
impact force due to the assumed whed flat increased with increasing train speed and had a peak
at about 30 knvh, then decreased dightly up to 60 km/h and increased again thereafter. This
observation was consstent with the results of afield experiment reported by the AAR [3].
Although Newton and Clark’ swork is not related directly to the issue of noise generation, it
provides abasis on which to begin adetailed modd of impact noise due to whed flats.
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A comprehensve study was carried out by Vér, Ventres and Myles [4] on estimating impact
noise generation due to whed and rail discontinuities. They established the concept of a criticdl
speed, defined as the speed above which loss of contact occurs between the whed and the rail.
They dso developed smple formulae for the critical speed, the rail impulse and the speed
dependence of the sound power leve for five types of discontinuity on thewhed or rail.
Remington[5] extended the work of reference [4] and estimated an equivalent roughness
spectrum corresponding to whed flats or rall joints. This dlowed the significance of any whed flat
or rall joint to be assessed in terms of its average noise generation capability, in comparison with
roughness spectra measured on whedls and rails without Sgnificant defects.

The am of this study is to explore impact noise generation due to whed flats more precisey
and in detail. In order to calculate the whed /track interaction force, a smplified track modd is
developed and combined with the whed through a non-linear Hertzian contact stiffness. Using the
combined system of the whed, contact stiffness and track, dynamic interactions between the
whed and rall are smulated in the time-domain. The results are then andysed in the frequency-
domain and the results are compared for different types of whed flat and different train speeds.
The concept of an equivaent roughness spectrum, asin reference [5], isaso used in this study.
However, here thisis not derived from the whed flat geometry directly, but from the results of the
time-domain caculation. Thusit is used as a means of transferring the whedl/rall interaction force
into an equivaent roughness input. Using this equivaent roughness input in the TWINS (Track-
Whed Interaction Noise Software [6, 7]) calculation modd, the noise radiation from both whedl
and track is predicted for excitation by whed flats having different shapes and Szes.

2. WHEEL FLAT EXCITATION
2.1 Excitation by a new flat
Figure 1 shows awhed with anewly formed flat rolling on aral. The 9ze of awhed flat can

be measured by its depth d or itslength |. For an idedlised flat, without any rounding or wear & its
ends, these are related by d = | %/8r wherer isthe radius of the whed. If arigid whed with such a
flat rollson arigid rail without loss of contact, it will pivot about the front corner of the flat until the
flat is horizontd, and then pivot about the rear corner until it can again roll on the round part of the
whed, see Figure 1(b).
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Figure 1. Rolling of a wheel with an idealised flat.

From geometrical condderations, the vertica movement of the whed centre, X, (podtive
downwards) is given by
_ir(l- cosq), O£q£j /2,
“irlA- cosf -a)l, j/2<q£j,
wherej = 2cos'[(r - d)/r] isthe angle subtended by the flat at the whedl centre and is

Xo

D

dependent on the whed! radius and flat Sze. x, will be termed the whedl centre *trgjectory’.
Astheflat depth d ismuch smdler than the whed radiusr, theanglej issmal and equation
(2) can be gpproximately expressed in terms of the longitudind distance, z= rq,

i12%/2r, 0£ z£1/2,

Xn »
°T L (-2% 2, I2<zEl

@

Clearly X, differs from the shape of the whed flat itslf, due to the finite Sze of the whedl. Figure
2(a) shows the shape of the whed with anew flat aswell asthat of around whed, with the
vertical scale exaggerated. The shape of the flat can be expressed as a profile height, x,, whichis
the difference between the two curvesin Figure 2(a). Thisis given by

=d- —-&. 19 0f z£| €)

Thisisthe profile that would be measured by a probe with asmal radius of curvature. The
profile, x,, and the wheel centre trgjectory, Xo, are compared in Figure 2(b) from which it can be
seen that the lengths and depths are both equa but that the trgectory, xo, has a quite different
shape to the flat geometry, X,.
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distance from whesl flat centre
Figure2. Wheel flat geometry for new flat of length Iy, (a) wheel geometry, - - - - with
flat, s»s<round wheel, (b) with wheel curvature removed. - - - - profile depth, -

- - wheel centre trajectory.

As neither the track nor the whed arerigid, the actual motion of the whedl centre is much
more complicated than that described in equation (2). However, equation (2) can be used asthe
relative displacement excitation between aflexible track and whed in the same way that the
roughness is used as the input for rolling noise caculations [7]. If the train speed is high, loss of
contact may occur, and an impact between the whed and rail occurs when the whed hits the rall
again. Loss of contact is alowed for within the contact spring (see Section 3) and does not affect
the form of the input defined by equation (2).

2.2 Excitation by arounded flat

In practice, due to continued running of the wheel after formation of the flat, the profile
becomes rounded at the corners of the flat, whereas the central part will remain unchanged. The
overdl length of the rounded flat, |, will be greater than that for anew flat of the same depth, lo.
Figure 3(a) shows three such rounded flats with the same depth, d, but different lengths, 1.



4d
@

3dy
CED 2d \"\ / 7
To o ‘,;‘
<~ \1\ _.—f_,'.:;:/

dr = =
-l 12 0 1,/2 lo

-lo -lo/2 0 lo/2 lo

1 g2 0 1o/2 ly

'lo '|0/2 O |n/2 0
distance from whed flat centre

Figure3. Whesl flat geometry for rounded flats (a) wheel shape for various rounded

flats, - - - - total length| = 5l¢/4, - - - total length | = 3l¢/2, - % xtotal length
| = 2lo, with |, the length of the equivalent new flat, (b) rounded flat, total
length | = 5ly/4, - - - - profile depth (with wheel curvature removed),

- - - whesl centre trajectory, (c) rounded flat, total length | = 3l¢/2, key as (b),
(d) rounded flat, total length | = 2lo, key as (b).
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If it can be assumed that these rounded corners can be represented by a quadratic function
with smooth trangtions, it is shown in Appendix A that the whed centre trgectory will be
described by

) 2
%! Afd((z(ll l.) ANV, |(/)2£<Zz£ £I/|2.’ “
where| isthe length of the rounded flat and d is the depth (which is no longer smply related to the
length ). This expression clearly satisfies the requirementsthat Xxo =0at z=0and at z=1, and Xo
=dand z=I/2. Infact, equation (2) is aspecia case of equation (4) for the cased = 1 %8r. Thus
equation (4) can be used for both new flats and rounded flats of the type considered here.

Figure 3 showsthe flat profile and the whed centre trgjectory for three idedlised rounded
flats. It can be seen that the whedl centre trgjectories are identicd to that in Figure 2 except that
they are stretched in the z direction.

In practice, arounded flat will differ in geometry from the idealised case considered here.
However, in the absence of measured data, equation (4) will be used in this study to represent the

dynamic excitation to the whed /rail system. For measured flat profiles anumerica procedure can

be employed to determine the whed centre trgjectory.

2.3 Excitation by equivalent rounded flat on therail

It isads0 possible to assume that the whed is perfectly round but that the railhead has an
equivaent indentation. Thiswas used in the fidd tests in reference [ 2], where the following
irregularity profile was introduced onto the railhead for the tests,

%,(2)= 5 - coszp %), ©)

where the depth d was 2.15 mm and the overdl length | was 150 mm. When around whed! rolls

over the curve described above, its centre trgjectory can be given as

Xo(20) =%, (2) +r(1- cosq), (63)
z, = z+rsnq, (6b)

where
g » tang = x¥(2) :pl—dsin 2p|5- (6c)



These expressons are derived using the same method as given in Appendix A for the rounded flat
of the last section.

Figure 4 shows both the irregularity curve described by equation (5) and the whed centre
trgjectory calculated using equations (6) for awhed® of radius 0.46 m. From thisit is seen that the
gze of the whed modifies the effective input provided by the irregularity (flat) in asmilar way to
that found above. However, the dimensions of the irregularity in reference [2] are such that the
whed can roll over thewhole of therall, i.e. if converted to an equivaent ‘flat’ it would not be flat
at its centre but dightly convex. Asaresult, the contact point does not jump aong therail, as
before, and the trgectory is dightly rounded at its trough, unlike those in Figure 3.

o

Depth, mm
|_\

0 50 100 150
Distance, mm

Figure4. Whedl flat geometry from equation (5), r = 460 mm, d = 2.15mmand | =
150 mm. %% irregularity ontherailhead, - - - wheel centre trajectory.

3. WHEEL/RAIL INTERACTION MODEL

3.1 Whesdl/track interaction model

The whed /track interaction modd is shown schematicdly in Figure 5. The vehicle system is
amplified to adatic load W and awhed. Thisis because the vibration frequency of interest here
iswithin the audio-frequency range, for example 50 - 5000 Hz, whilst the naturd frequency of
the vehicdle- suspenson system is only afew Hertz, and thus the low frequency vibration of the
vehicle body and bogie is effectively isolated from the high frequency vibration of the whed and
track. The track modd is composed of an infinite Timoshenko beam on a continuous spring-
mass-Spring foundation representing the rail pads, deepers and ballast respectively. Damping is
introduced by adding loss factors to the pad and bdlast stiffness. The whed and rail are

! The vehicle used in reference [2] was a COV-AB 2-axle covered freight wagon. The wheel radius of such a
vehicleis 0.47 m new (37 inches diameter). The value of 0.46 m therefore represents apartially worn wheel.
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connected via a Hertzian contact stiffness which is non-linear; the contact force is proportiona to
the elagtic contact deflection to the power 3/2, provided that loss of contact does not occur.

W

l

O

¥ Contact force Rall
| T |
\I

Tiiiiiiiam
ST ITITTL Som

Figure 5. Wheel/track interaction model.

Asthe train speed is much lower than the speed of flexural wave propagetion in theral inthe
frequency region of interest, amoving irregularity modd can be used to Smulate the whed/rall
interaction [8]. In such amode the whed remains Sationary on the rail and an irregularity is
effectively moved at the train speed between the whed and rail as a relaive displacement
excitation. The source of vibration here is awhed flat and the moving irregularity is represented
by the ‘whedl centre trgectory’, as cdculated above.

Since the contact stiffnessis nontlinear and loss of contact may occur, it is necessary to
cdculate the whed/rail dynamic interaction in the time-domain. To do so, the main difficulties arise
from the track model, because it is required that calculations are performed over an infinite spatia
extent. On the other hand, the track model is considered to be linear and its dynamic properties
are needed only at the contact pogtion for the caculation of whed/rall interactions. Thusit is
possible to develop an equivaent but much smpler system with only asingle input (force) and a
sngle output (displacement) to replace the track modd represented in Figure 5. If this linear
system has the same frequency response function (both amplitude and phase) asthe track, it can
be mathematicdly substituted for the track [9].

3.2 Smplified track mode
The vibration behaviour of the continuoudy supported Timoshenko beam modd on the
Soring-mass-spring layersis smilar to atwo degree of freedom system at low frequencies,
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because here the motion of the beam is strongly dependent on the foundetion siffness. At high
frequencies, however, the beam vibration is coupled much more weakly to the foundation and it
shows a free-beam like behaviour. In terms of the point receptance, such atrack mode can be
approximated by a system with the following transfer (frequency response) function:

X(s) . bs’+b,s*+b;s+b,
F(9 s*+as’+a,s"+as+a,

H(s) = ()

where X(s) and F(s) are the Laplace transforms of the displacement (output) and force (input) at
the contact position respectively. Congtant coefficients a; and b; are determined by minimising the
differences between H(iw) and the point receptance of the track in the frequency region of
interest.

For atrack with the parameters described in Table 1, its point receptance is shown in Figure
6 (solid ling). Also shown in Figure 6 is the frequency response function of equation (7) (dotted
line). It can be seen that H(iw) isin good agreement with the point receptance of the infinite track
modd in the frequency region 50 - 5000 Hz. Thus the smple modd described by equetion (7)
can be used to replace the infinite beam modd in terms of its point receptance to caculate the
dynamic interaction between the whed and track.

Table 1. Parameters describing the track vertical dynamics.

Y oung's modulus of rail, N/n? E 2.1 10"
Shear modulus of rail, N/n? G 0.77" 10"
Density of rail, kg/nt r 7850
Lossfactor of rail h, 0.02
Cross-section area of rail, n? A 7.69 10°
Second moment of area, ' I 30.55" 10°
Shear coefficient k 04
Pad tiffness per unit length of rail, N/n? Kp 583" 10°
Pad loss factor hp 0.25
Seeper mass (hdf, per unit length of rail), kg/m M 270
Ballagt tiffness per unit length of rail, N/ Ko 83.3 10°
Ballast loss factor hp 1.0
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Figure6. Amplitude and phase of the track frequency response function. % % Point
receptance of the continuously supported track model, s«frequency response
function of the simplified track model, which is calculated using equation (7),
whereb; = 3.28" 10° b, = 1.87" 10% by = 23.6, b, = 3.97 " 10%,
a;= 177" 10°, a= 126" 10’,a3=7.87" 10° a,= 3.93" 10"

3.3 Simplified wheel model

The smplified whed model is composed of two masses, a spring and a dashpot, see Figure
7. The larger mass M,, is the ungprung mass of the whed. The soring k., is used to match the main
trough around 460 Hz found in the measurements of the whed receptance at the contact point.
Thedamping ¢, is used to reduce the sharpness of this trough. The smal mass m,, is added, so
that the whedl can be coupled with the track viaanonlinear contact stiffness without
mathematicd difficulties. Asthismassisvery smdl, itsinfluence on the whed dynamic properties
is negligible for frequencies up to 10 kHz.
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5

Figure 7. Smple wheel model. My, = 600 kg, m,, = 3 kg, ky= 5 GN/m, ¢,, = 2zCk,\M,, and
z = 0.025.
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Figure 8. Wheel receptance for UIC 920 mm freight wheel. - - - simple model of Fig. 7,
sefull model from finite element mesh, %% simplified modal model (Section 5.3).

The deficiency of this smplified whed modd isthat the high frequency modes of the whed
above 1 kHz are neglected. Figure 8 shows the whed receptances of the smplified model and of
afull modd based on afinite dement prediction. It is seen that there are many resonant pesks and
troughs in the full mode which are not present in the smplified modd. The effects on the
whed/rall interaction of the high frequency whedl modes, which are ignored due to the use of the
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amplified modd, may be conddered usng aspecid trestment, the use of an equivaent roughness
excitation. Thiswill be discussed later in Section 5.

4. SMULATION OF WHEEL/RAIL INTERACTION DUE TO WHEEL FLATS
4.1 Equation of motion for whed/rail interaction
The equivaent track mode given by equations (7) can be expressed in the time-domain usng

a state-space form. Coupling the smplified whed modd with the track mode through a Hertzian
contact force, the equations of motion for the whedl/rall interaction can be written in the Sate-
gpace form. The equations for the whed are

X =%,

X, =[W- K, (% - X3) - 6, (X, - X,)I/M,,,

X3 = Xy,

X, =Ky (% - %) - 6, (% - X,)- f1/m,
where X3 is the whed displacement (the displacement of the smdl mass m,), x;is the

(88)

displacement of the upper mass, W is the datic load from the vehide weight, and f is the non-
lineer whed/rall interaction force. The rall motion is given by the state-space form of equations

(7):

ey ea 10 0oy du
, U é vé, u g)u
g%u=é a 01 OL'IéXGl]+ 20 ’ (8b)
éx,0 é&a, 0 0 10,0 &,u
e, u e 0 0 O Y Y
Xl € 0eXs &0

where x5 isthe rall displacement, and the interaction force is given by

£ 21Ch06 % %)™ X % - % >0, (60
7 0, X3- X5 - X, £0,
where X, is the relative displacement excitation due to the whed flats, described for examplein
equation (4) for the idedlised newly formed or rounded flats. Here X, isafunction of time, and so
becomes dependent on the train speed.
Smulations of the whed/rail dynamic interaction have been carried out in the time-domain

using the fourth order Runge-Kutta method with a congtant time step.
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4.2 Comparison with measured impact force

Firdly, predictions from equations (8) are compared with the test results from reference [2] in
terms of the ratio of the peak force to the static load, to validate the above model. Thisis shown
in Figure 9. The cdculation parameters are chosen here according to reference [2] and the
relaive displacement excitation, Xo, is calculated usng equations (6). The track parameters are
thosein Table 1.

5 A} T T T T

Peak/static force ratio

0 20 40 60 80 100 120
Train speed (km/h)

Figure9. Comparison of the predictions with the field test results. Parameters used for
predictions are from reference [ 2], with a railhead indentation input, d =
2.15mm, | = 150 mm. %% Predictions, 0 0 0 test results[2].

It can be seen that the predictions are very close to the test results for train speeds0- 15
kmvh and 80 - 120 knmv/h, wheress between 20 and 40 km/h the contact forces are
underestimated by up to about 30%. In generd, however, the predictions using the smplified
modd are actudly better than those in reference [2] which were based on three types of
theoretical modd for the track (an Euler beam on an dastic foundation, a Timoshenko beam on
an dadtic foundation and a discretely supported Euler beam).

It should be noted that the track parameters quoted in reference [2] differ dightly from those
used here. In particular, the pad gtiffnessis about haf the vaue used here. Moreover, dthough the
actud irregularity that was ground into the rail followed closdly the form given in equation (5),

some detail differences were present.

4.3 Impact forcefor whed flats
Since the mode of equations (8) is much smpler than the beam modd it replaces, detailed
gmulations can be performed readily for different whed flats and train speeds. Example results
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are presented in Figures 10 and 11 in terms of the whed/rail interaction force, and the whed and
rall displacements at the contact position. Here the Static load from the vehicle weight is chosen as
W =100 kN, the whed! radiusr = 0.46 m, the whed mass M,, = 600 kg and the Hertzian
congtant C,, = 93.7 GN/m™2. The parameters for the track are shown in Table 1.

4001 1 400
Z
< 300t 1 300t
(]
o
o
= 200} 1 200t
®©
o
E
100 3 100'\
0 0
0 0.01 0.02 0.03 0.04 0 0.005 0.01 0.015

O — ; ' 0= -
c
£
<
Q
£
(4]
Q
3
o
@
&

3 * : : 3 : .

0 0.01 0.02 0.03 0.04 0 0.005 0.01 0.015

Time (s) Time (s)

Figure 10. Whedl/rail interaction and displacements of wheel and rail dueto 2 mm
rounded wheel flat. (a) At train speed 30 knvh, (b) at 80 kmvh, %2 % wheel
displacement, - % xrail displacement, s elative displacement excitation.

Figure 10 shows the whedl/rail interaction due to a rounded whed flat with depth d =2 mm
and length | = 121 mm. At atrain speed of 30 km/h (Figure 10(a)), partia unloading occurs and
the maximum contact force is about 3.5 times as large as the gatic load. When the indentation
(rlative displacement input due to the whed flat) appears between the whed and rail (the sign
convention adopted is positive for an indentation and for downwards displacements), the whedl
fdlsand the rail rises. Since the whedl and rail cannot immediatdly follow the indentation due to
their inertia, the contact force is therefore partly unloaded. If the train speed is low, the Static load
is sufficient to maintain contact between the whed and rall. After the rdative displacement input
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reaches its maximum, the contact force increases rapidly until it reachesits peek. At this sagethe
relaive displacement input decreases and the rail is forced to move downwards, but the wheel
dill kegpsfdling for awhile dueto its large inertia

At aspeed of 80 kmvh (Figure 10(b)) loss of contact occurs twice. The first impact occurs at
about 3.5 ms when the whed hits the rail again after the first loss of contact. Here the force rises
dramaticaly and the ratio of the peak force to static load is greater than 4. Since the momentum
of the whed and rail are changed dramatically by the large impulse during this first impact, the
whedl and rail are forced to move apart from each other and a second loss of contact occurs at

about 7.5 ms. However, the second impact is much smdler than the first one.
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Figure 11. Whed/rail interaction and displacements of wheel and rail due to 2 mm newly
formed wheel flat. (a) At train speed 30 knvh, (b) at 80 knvh, ¥ % wheel
displacement, - x- xrail displacement, » el ative displacement excitation.
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Figure 11 shows the results due to a newly formed whed flat with depth d = 2 mm and
length | = 86 mm. At a speed of 30 knvh (Figure 11(a)) dight loss of contact between the whed
and rail occurs. The maximum impact force hereislarger than that for the rounded flat at
30 km/h, see Figure 10(a). Thisis because the duration of the displacement excitation hereis
shorter than for the rounded flat, while the pesk values are the same for both, thus the
accelerations of the whed and rail are higher, and therefore the impact force is larger. At a speed
of 80 km/h (Figure 11(b)), however, the impact force pesk is smdler than that for the rounded
flat. Thisis also because of the shorter duration of the relative displacement input. When the
whed contacts the rail again after loss of contact, the remaining displacement excitation is shorter
and smaller compared with the rounded flat case, see Figures 10(b) and 11(b). As aresult the
impact force hereissmdler.

The whed/rall interaction force is periodic, repeating once every whed revolution. In order
to convert it to the frequency domain, a discrete Fourier transform is obtained of the force
caculated for awhole whed revolution. For example at a speed of 30 knvh the fundamental
frequency of this discrete spectrum is 2.88 Hz; at 120 kmvh it is 11.5 Hz. These results are then
converted to one-third octave band spectrain order to facilitate comparison between the results
at different speeds. Figure 12 shows the force spectra produced from new and rounded flats of

depth 2 mm at four speeds.
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Figure 12. One-third octave spectra of the impact force caused by wheel flats at different
train speeds. (a) Due to 2 mm newly formed flats, (b) due to 2 mm rounded
flats. %% At 120 knvh, - - - at 80 knvh, »at 50 knvh, - %- xat 30 knvh.
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It can be seen that the main components of the impact force are in the region 100 to 1000
Hz. Below about 100 Hz the force spectrum decreases dightly with increasing speed. At high
frequencies the leve increases consderably as the speed increases due to the shortening of the
impact force pulse. Thisis more noticegble in the case of the rounded flat (Figure 12(b)).

These resultsillugtrate that, in generd, the impact force caused by whed flatsis related to
both the shape of the flat and the train speed. The peak forces at different train speeds are
presented in Figure 13 for the whed flats of different types and sze. Two flat types are
considered here, based on equation (4): arounded one (I = 121 mm for d = 2 mm) and the newly
formed one (I = 86 mm for d = 2 mm). Two flat depths are chosen for each type: d = 1 mmand
d =2 mm. At low speeds the peak forces increase with increasing speed and they are larger for
the newly formed flats than for the rounded flats. For agiven flat depth the pesk forces are the
same for both types of flat consdered but these maxima are reached at higher speed for the
rounded flats. Thisis a consequence of the fact that equation (4) is used in both cases. At higher
peeds they decrease to dightly lower levels. At high speeds the pesak forces are smdler for the
newly formed flats than for the rounded flats. It can aso be observed from Figure 13 that the
deeper the whed flats are, the larger are the impact forces.

500 T T T T T

Peak force (kN)

100 ' ' ' : :
0 25 50 75 100 125 150
Train speed (km/h)

Figure 13. Peak impact force caused by different wheel flats. % % due to 2 mm rounded
flat, - - - 1 mmrounded flat, - % x2 mm newly formed flat, 3«1 mm newly
formed flat.
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5.AHYBRID METHOD FOR PREDICTING VIBRATION AND NOISE FROM
WHEEL FLATS
5.1 Background

The modelling so far has concentrated on the response of the whedl/rail system at the contact
zone to the excitation from awhed fla. The vibration so generated will be transmitted in the form
of gructural waves through the track which will rediate noise; it will aso excite modes of vibration
of the whed which will radiate noise. Suitable models for the prediction of structura response and
sound radiation of tracks and whedls are available within the TWINS (Track-Whed Interaction
Noise Software) modd [6, 7] which is used for predicting rolling noise due to random roughness
excitation. These modes operate in the frequency domain and are normaly used with alinear
interaction model.

In order to predict the noise radiation due to whesd! flat excitation, amodd is required that
takes account of the moda behaviour of the whedl. It is known from studies of rolling noise that
the whedl modes containing a significant radia component of motion & the contact zone dominate
the noise radiation of the whed/rail system in the frequency region above about 2 kHz [10].

Theinclusion of al such modes in the time-domain model of whed/rail interaction has not
been congdered in the present work, since there are many such modes and these have very light
damping (loss factors around 10™*). Consequently they have alarge time constant and numerical
integration of the response becomes difficuilt.

The proposed method of overcoming this difficulty is referred to here as a hybrid method and
issummarised in Fgure 14. The interaction force from awhed flat is cdculated firg in the time
domain using the smplified whed model described above. Then, after conversion of thisresult to
the frequency domain, thisis gpplied as an excitation to a more complete modd of the whed and
raill. However, this hybrid approach requires some additiona precautions, described below.
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Figure 14. An overview of the hybrid method.

5.2 Contact force and equivalent roughness

The main obgtacle to using the method outlined aboveisthat it is known from rolling noise
studies that the interaction force depends on the whedl and track dynamic properties aswell as

the roughness input. For a roughness excitation R(w), at angular frequency w, and considering

only interaction in the vertica direction, the interaction force F(w) is given by

Rw)

F(w) =-

a"(w)+aw)+a"(w)

wherea ", a© and a® are the receptances of the whed, the contact spring and the rail

respectively.
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At awhed resonance, the denominator islarge due to a sharp peak in the whed receptance.
Consequently the contact force has a sharp minimum at this frequency, and in the whed response
this partidly cancels the peak in the whed receptance. Although the whedl response spectrum
during rolling has pesks corresponding to each resonance of the whed, their amplitude and
bandwidth are consstent with amuch higher level of damping than is present in the free whed!.
Thisis sometimes referred to as ‘rolling damping’ [11].

For interaction in multiple degrees of freedom, the Stuation is less sraight-forward, with the
force component in the latera direction cancelling that in the vertical direction rather asmple dip
occurring in the force amplitude a whed resonances. Neverthdess it remains true that, in the
vicinity of whed resonances, the force spectrum depends strongly on the whedl receptance. The
use of aforce spectrum caculated from a different whed model would prevent this matching of
the force spectrum with the wheel receptance and would produce whed vibration estimates that
are too high, ance they effectively ignore the rolling damping.

Toillugrate this, the results of some example sudies are given in Appendix B.

5.3 Smulations using a smplified modal wheel model

From the discussion in Section 5.2 it follows that the interaction force estimated using a
smple mass/spring modd for the whed, such as Figure 7, cannot be gpplied to amoda model of
the whed to caculate its response. Instead, it is possible to convert the interaction force back to
an ‘equivalent roughness spectrum — the roughness (relative displacement) input between the
wheel and rail models that would produce the same force spectrum if the contact spring were
linear. Thisis obtained by calculaing the Fourier transform of the interaction force and using
equation (9) in reverse to derive an equivaent roughness spectrum:

Rw) =-F (w)(aW w)+a“Ww)+a R(W)) (10)

The question that remainsis whether the same equivaent roughness would be obtained if the
high frequency moda behaviour of the whed were taken into account. In other words, are high
frequency oscillationsin the contact force induced by whed modes independent of the non-linear
effects that occur essentialy at low frequencies? (Note that the duration of the whed flat eventsin
Figures 10 and 11 is of the order of 10 to 20 ms).

To demondrate thet thisisin fact the case, amode is consdered for the whed containing a
sangle lightly damped mode; this comprises three masses, two springs and two dampers, as shown
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in Figure 15. This system isreferred to as asmplified moda whed. Its receptance is shown as
the solid line in Figure 8. Comparing this result with that from the full finite dement whed modd, it
can be seen that good agreement is found up to about 2 kHz, indluding the first main, lightly
damped, resonance at high frequency (1688 Hz).

Ilel
MWZ

Coo 1 <> K,

my

Figure 15. Smplified modal wheel model. M,,; = 400 kg, M\, = 200 kg, m,, = 3 kg, k1 =
15 GN/m, k2 = 5.92 GN/m, and respective damper rates c,; = 0.245 kNs/m
and ¢, = 54.4 KNS/m.

Two methods are now used to determine the response of this whee to awhed flat input and
ther results compared. Thefirg isdirect integration in the time domain usng the Runge Kutta
method, indicated by the right-hand side of Figure 14. The second is the proposed hybrid
method, indicated by the left-hand side of Figure 14. In this, the whed-rail contact forceis
caculated in the time domain using the mass-spring whedl modd (Figure 7); thisforceis
transformed into the frequency domain and then converted back to an equivaent roughness
gpectrum using equation (10); this roughnessis then applied in the frequency domain asthe
excitation of awhed-rall sysem containing the smplified moda whed modd of Figure 15.

Figure 16(a) shows an example result for a2 mm new flat, awhed load of 50 kN and atrain
speed of 80 km/h. The graph shows the whedl velocity spectrum at the contact point. The result
from the two methods (direct and hybrid) agree closdly. Also shown is the result obtained for the
mass/spring wheel model, showing the extent of the correction gpplied by the hybrid method. This
correction issmall below 1 kHz, but up to 12 dB in the band containing the resonance.
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Figure 16. Wheel velocity spectrum at the contact point for a 2 mm new flat, a wheel l1oad
of 50 kN and a train speed of 80 kmvh for the simplified modal wheel. (a) based
on mass/spring wheel (Fig. 7), (b) based on unsprung mass only. %% fromthe
direct method, - - - from the hybrid method, s»sfor the mass/spring wheel
before correction is applied.

If, instead of the mass/spring wheel model of Figure 7, the whed is represented in the hybrid
gpproach by asingle mass, the error is greater and covers awider frequency range. This can be
seen from the results shown in Figure 16(b).

These results have been repeated for loads of 25, 50 and 100 kN, for speeds of 40, 80 and
160 knvh and for new whed flats of 1 mm and 2 mm depth. The differences found are shownin
Figure 17 for the hybrid method based on the mass/spring whedl modd. These differences
represent the error introduced by using the hybrid method. This error is very small for frequencies
less than 1600 Hz. The band containing the lightly damped resonance is the only band containing
sgnificant error — the error in this band is found to be less than 2 dB in every case. For afull
whed modd containing many modes, it can be expected that a smilar level of agreement will be
found in the whole of the modal region, i.e. above 1.6 kHz.
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Figure 17. Difference between the wheel velocity of the simplified modal wheel obtained
by the direct and hybrid methods (hybrid method based on the mass/spring
model of Fig. 7). %% 2 mmnew flat, - - - 1 mm new flat.

The corresponding errors introduced by the hybrid method based on amass modd for the
whed are shown in Figure 18. Taking the mean of the absolute vaue of the differences between
the direct and indirect results, gives an average error of between 0.2 and 0.7 dB. These
differences are not large, but sufficient to justify the use of the mass'spring mode rather than a

ample mass modd.
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Figure 18. Difference between the wheel velocity of the simplified modal wheel obtained
by the direct and hybrid methods (hybrid method based on the unsprung mass
only). ¥4% 2 mmnew flat, - - - 1 mm new flat.

6. APPLICATION TO NOISE FROM WHEEL FLATS
6.1 Impact forcein the frequency-domain and equivalent roughness input

In this section the hybrid method introduced above will be used to caculate the noise
radiated by awhed and the track due to excitation by awhed flat. Theimpact forceis caculated
in the time domain as in Section 4.3. Figure 12 showed the force spectra produced from new and
rounded flats of depth 2 mm at four speeds.

Using equation (10) these force spectra can be converted to an equivaent roughness. Thisis
performed at the discrete frequencies of the periodic force spectrum and the roughness spectrum
is then converted to one-third octave form. The equivaent roughness spectra corresponding to
the force spectra of Figure 12 are shown in Figure 19. Similar trends can be seen, since the same

converson is applied in each case.
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Figure 19. One-third octave spectra of the equivalent roughness due to wheel flats at

different train speeds. (a) Due to 2 mm newly formed flats, (b) dueto 2 mm
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In Figure 20 two of these curves are compared with the spectrum of the origind relaive
displacement input used in each caseg, i.e. based on equation (4). At aspeed of 30 kmvh, the
equivaent roughness spectrum is very smilar to the spectrum of the origind input, even though
from Figure 11(a) it can be seen that loss of contact occurs momentarily and the maximum
contact force is more than four times the nominal load of 100 kN. From thisit is clear that,
provided loss of contact does not occur, (i) the equivaent roughness can be taken directly from
the whed flat geometry, modified to alow for the curvature of the whedl, and (ii) the non-linear
contact stiffness can be replaced by an equivaent linear spring. The latter conclusion has dready
been drawn in relation to random roughnessinputs [9].

At 80 knvh, however, the equivaent roughness spectrum is about 3 —5 dB lower than the
gpectrum of the origina input. Figure 11(b) shows that contact is lost twice during the whed! flat
event for aperiod of between 1 and 2 ms. Thefirgt loss of contact occurs during the maximum
part of theinput irregularity. This meansthat this part of the irregularity does not excite the
whed/rail system; the shape of the irregularity during loss of contact is actudly arbitrary and

therefore does not contribute to the excitation.

6.2 Impact noise dueto whed flats

The equivaent roughness spectra derived in the previous section are now used asinputsto a
frequency-domain caculation of whed/rail noise. For thisthe TWINS modd [6, 7] isused. The
whed isrepresented by its full moda basisin the frequency range up to 6 kHz, determined from a
finite ement modd. The track is modeled by a Timashenko beam continuoudly sypported on
layers of damped springs and mass (see Figure 6). Track parameters are listed in Table 1.
Whed/rall interaction isincluded in both vertica and laterd directions, the excitation being in the
vertical direction.

Figures 21 and 22 show predicted overdl sound power radiated by one whed and the
associated track vibration. Results are shown for new and rounded flats, of 1 mm and 2 mm
depth and at various speeds. As the speed increases, the noise at frequencies above about 200 —
400 Hz increases. Generdly the noise from the 2 mm flatsis greater than that from the 1 mm flats,
and the new flats produce dightly more noise than the rounded flats for a given depth.
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Figure 21. Sound power level due to wheel and track from a rounded wheel flat. (a) 1 mm
flat, (b) 2 mmflat. - % >30 krm/h, »=50 km/h, - - - 80 kmvh, 34 %4 120 knmvh.
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Figure 22. Sound power level due to wheel and track from a new whesl flat. (a) 1 mmflat,
(b) 2mmflat. - x x30 knvh, 50 knvh, - - - 80 kmvh, %4 %4 120 knvh.

These results may be compared with Figure 23 which shows the sound power predicted for
the same whedl/track combination from typica roughness spectra. In the Ieft-hand figure the
roughness represents cast-iron tread- braked vehicles on good quality track. In Figure 23(b) the
noiseis predicted for a corrugated track roughness spectrum. For the whed flats that have been
considered, the noise generated exceeds that due to the tread-braked whed roughness at al
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gpeeds and in dl frequency bands, dthough the noise due to roughness increases more rapidly

with speed so that at sufficiently higher speedsit can be expected to dominate. For corrugated
track, the noise due to roughness exceeds that due to whedl flats at 120 knvh.
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Figure 23. Sound power level due to wheel and track from the roughness (a) on a typical
tread-braked wheel, (b) on corrugated track. - x- x30 knvh, 50 knvh, - - -
80 knmvh, %%, 120 kmvh.
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Figure 24. Sound power radiated by one wheel and the associated track vibration. - - -
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new flat, o- - - o rolling noise due to roughness (tread-braked wheel).
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Figure 24 shows asummary of the variation of the overal A-weighted sound power level
with train gpeed. The predicted noise level due to roughness excitation increases a arate of
approximatdly 30 logy V, where V isthe train speed, wheress the noise due to flats increases at
an average of around 20 log,o V. This variation with speed indicates that the radiated sound due
to whed flats continues to increase with increasing gpeed, even though loss of contact is
occurring. For example, loss of contact isfound to occur for the newly formed 2 mm flat a
speeds above 30 km/h and for the rounded 2 mm flat above 50 knvh.

Below these speeds, Figure 20 showed that the equivalent roughness closdly followsthe
origind rdative displacement input. Figure 25 shows the impact noise predicted from the origind
relaive displacement input for arange of speeds. Compared to the equivaent roughness, this
gives ahigher noise level once loss of contact occurs and its dopeis closeto 30 logyV. For
lower speeds, athough not predicted, the 30 logyV curves can be expected to apply. According
to Vér et d [4] the noise was expected to reach a congtant level when loss of contact occurs. The
results here, however, which are based on a more comprehensive model, do not support this.

Above the critical speed of Vér et d, achange occursin the dope of noise level with speed, but a
congtant leve is not reached.
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Figure 25. Sound power radiated by one wheel and the associated track vibration due to
flats. »=2 mm rounded flat, - - - 2 mm new flat. Thick lines: from equivalent
roughness, thin lines from original relative displacement input.

All the results presented so far in this section have been for awhed load of 100 kN. For
lower whed loads, the likelihood of loss of contact isincreased [9]. At low speeds, where
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contact is not log, the equivaent roughness will closdy follow the spectrum of the displacement
input (Figure 20) and o the results for different whed loadswill be smilar. At higher speeds,
greater loss of contact will occur for lower whed loads and therefore the noise level will be lower.

Figure 26 shows the overdl A-weighted sound power level plotted againgt train speed for a
2 mm rounded flat at three vaues of whed load. The corresponding TWINS caculations include
the effect of the change in the contact stiffness. For 25 and 50 kN loads, loss of contact occurs
for al speeds considered, whereas for 100 kN it only occurs at 50 km/h and above. For most of
the results shown here, therefore, the noise level reduces as the whedl load is reduced. For a
having of the whed load, the noise level dueto theflat is reduced by about 3 dB. This
corresponds to the difference between typica passenger vehicles (50 kN) and loaded freight
vehicles (100 kN). In contradt, rolling noise due to roughness is rdaively insengtive to varigions
in thewhed load, changing by only 0.7 dB between 50 and 100 kN due to a change in contact
dtiffness’.
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Figure 26. Sound power radiated by one wheel and the associated track vibration for a

2 mmrounded flat. - - - - for 100 kN wheel load, - - - for 50 kN whedl load,
sufor 25 kN whedl load.

Thisignores the additional effect of wheel load on the contact patch length and hence the filtering of the
roughness.
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7. FURTHER WORK

The mode developed in this study requires validation by comparison of its results with
measurements. The 1/5 scale mode rig available a ISVR should be used to vaidate the
parametric dependencies predicted by the mode such as the dependence on speed, preload and
flat Sze and shape. In this case, due to the experimental arrangement, it would be preferable to
measure the vibration of the wheel and rail rather than noise. Vdidation should aso be carried out
at full scae. Thiswould require measurements of the noise due to awhed flat of known
dimensions at different speeds, for example by means of a microphone mounted under avehicle.
Thiswould dlow the predicted 20 logioV dependence to be verified.

Apparatusiis required for measuring the Sze and shape of actua whed flats. The same
gpparatus could possibly be desgned for use both on the scale rig and in the field on full scale
whedls. Measurements could then be obtained of the actua shapes of whed flats, which are
expected to differ from the idedlised shapes consdered in this sudy. Using anumerica
procedure, the relative displacement input from such flats can then be determined and calculations
performed to compare the noise levels with those from the idedlised flats.

Once the model has been vaidated in thisway, it can be used to assess the noise levels from
different 9zes of whed flat. A particular question that is worth answering is what length of flat
givesanoise levd that just exceeds that from roughness. Thiswill depend on the speed, preload,
initial roughness, and the shape of the flat.

Findly, it should be noted that the moddl presented here does not include any consideration
of thefinite Sze of the contact zone, other then via the contact stiffness. Thus the whed and rail
are considered to be connected at a point. The non-zero contact areamay have the effect of
attenuating high frequency components of the excitation, asisfound for roughness excitation [12].
In order to alow for this effect, which will vary according to the contact force or deflection, a
numerical procedure could be adopted, based on the Distributed Point Reacting Springs (DPRYS)
model of Remington and Webb [13], with inclusion of the whed and rail dynamic modds
introduced in this study.
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8. CONCLUSIONS

A numerica model has been developed to predict the whedl/rail dynamic interaction due to
whed-flat excitation. The form of the relative displacement excitation between the whed and rall
differs fromthe profile of the whed flat due to the finite curvature of the whed. To dlow for the
non-linear contact spring, and the possibility of loss of contact between the whed and therail, a
time-domain modd is required. This uses smplified dynamic modes of the whed and the track
and a nor+linear modd of the contact spring between them. Results have been compared with
published measurement data and shown to be in good agreement. For anewly formed whed flat,
of depth 2 mm and length 86 mm, loss of contact isfound to occur for speeds above 30 km/h.
For arounded flat of the same depth but overal length 121 mm the speed at which loss of
contact first occurs increases to about 50 kmvh. At higher speeds a second loss of contact occurs
dter theinitid impact.

In order to predict the consequent noise radiation, the whed/rall interaction forceis
transformed into the frequency domain, and then converted back to an equivaent roughness
gpectrum. This spectrum is used as the excitation to alinear, frequency-doman mode of
whed/rall interaction to predict the noise. This hybrid gpproach has been shown to be adequate
by comparing direct and hybrid caculations for awhed with asingle, lightly-damped resonance.

Asthetrain speed increases, the force spectrum and consequently the noise radiation,
contains greater amplitudes at high frequencies and the overdl noise level due to whed flat
excitation increases with the train speed V a arate of roughly 20 logioV once loss of contact
occurs. This differs from rolling noise due to roughness excitation which generdly increases a 30
logieV. The noise from flats of depth 1 mm and 2 mm exceeds that due to typical roughnesson
tread-braked whedls and good qudlity track for al speeds up to at least 200 knvh. The results do
not show a critical speed above which the level remains congtant, as suggested by Vér et d [4].
Asthewhed |oad increases, the noise from whed flats increases. The difference between aload
of 50 kN, typical of passenger stock, and 100 kN, typical of loaded freight vehicles, is about 3
dB. In contragt, the rolling noise due to roughnessis relatively insengitive to whed load.
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Appendix A. Whed centretrajectory for arounded flat

Consgder awhed profile conggting of aflat of depth d, with on either Sde asmooth transition
defined by aquadratic function. Thisis shown schematically in Figure A.1.

Figure A.1 Idealised ‘rounded flat’ profile

The whed profile depth (positive downwards) can be written as

! az’, 0f z£ z,
%(2)=1

t
where z =z, = 1/2 isthe point at the centre of the flat, z= z isthe point a which the two curves

Al
d-zi(z- 2,)?, z,£z2£ z, (AD
r

mest, and a is a constant determining the extent of the trandtion. For z < 0, X, = 0, while for z>
22, %(d) = Xp(222- 2).
Atz =z itisrequired that x, and itsfirst derivative are continuous. This gives two equations

reaing a, z; and z:

(z,- 2)

28z, =21 (A2)

r

2
az2=d-{Z-2)" (A3)
2r
These can berearranged to give:

Z2
= A4
£ 2ar +1 (A9
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2
aZZ

2ar +1

d =az’(2ar +1) = (A5)

Suppose that this profile is actualy on therail surface rather than on the whed. Then, asa

round whed ralls over it, the whed and the rail profile share acommon tangent, see Figure A.2.

y—— — —

>

Figure A.2 Rolling of a wheel on an idealised ‘rounded flat’ profile
When the contact is & z, the gradient is
q » tang = x{(2) = 2az, (A6)
and the whed centreislocated a
z, = z+rsnq » z{1+ 2ar). (A7)
Note from equations (A4) and (A7) that when z = z, z, = 2, a which point the contact jumpsto
z:. The height of the whedl centre is thus given by
2
Xo(Z,) =X, (2) +r(L1- cosq) » az® +r q? ,
X, (Z,) » az® (1+ 2ar). (A8)

Rewriting thisin terms of z, (from equation (A7)),

2

aZO
Xo(20) » @+ 2a1) (A9)

and, from equation (A5), the whed centre trgjectory can be written as
7 2 2
xo(zo):d%:4d% 0L 2E 112 (A10)
Z2

By symmetry, Xo(zo) = Xo(l - zo) forl/2£ z £ 1.
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Appendix B. Results of calculations showing that the interaction for ce depends on the

wheel receptance

A finite dement modd of a 920 mm diameter standard freight whedl is used. The receptance
of thiswhed iscompared in Figure B1 with that of the track and of the contact spring. The track
corresponds to the parametersin Table 1 and the contact pring has the linearised stiffness of
1.14" 10° N/m, corresponding to aload of 50 kN. Also shown is the receptance of the whee!
represented using the mass/'spring model shown in Figure 7.

In Figure B2 the contact force per unit roughnessis shown. Thisis predicted from the linear
model with interaction only in the vertica direction, i.e. using equation (9). Sharp dips can be seen
in the force spectrum at high frequencies corresponding to each whedl resonance. For the mass
and mass/'spring moddl's of the wheel the contact force is Smilar to that predicted from the full
whedl modd below 1 kHz, whilst a high frequencies they both show aresult part way between
the pesks and troughs of the full model.

From these force spectra, the wheel response &t the contact zoneis found by multiplying the
force by the whed receptance. Thisis shown in Figure B3. Although broad pesaks can be seen
that correspond to each resonance a high frequency, these have alower amplitude and broader
bandwidth cons stent than the free whedl receptance (Figure B1). For the sngle mass mode of
the whed the response is much lower a high frequency.

Thewhed vertica response is aso shown in the form of one-third octave band spectrain
Figure B4. This dso compares the result of predicting the response of the detailled whed modd
for coupling only in the vertica direction with that obtained when coupling in the vertical and
laterd directionsis taken into account. The differences between these two simulations are smal.

Figures B5 and B6 show two examples of one-third octave band responses obtained when
the contact force and whed receptance are incorrectly matched. In Figure B5 results are shown
for the nomina whed and for avariant of thiswhed in which al the naturd frequencies have been
increased by 5%. In one-third octave form these two results are smilar. However, the third curve
shows the result of combining the force spectrum for the origind whed with the receptance of the
modified whed. In this case the peaks in the receptance and the dips in the force spectrum do not
aign and the predicted response a high frequenciesis 10 to 20 dB too high.
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Similar results are shown in Figure B6. Here the response of the nomind whed is compared
with the response caculated for thiswhed using the force derived from the Smple mass/'spring
mode of Figure 7. Also shown isthe response for the nomina whee caculated with the correct
force gpectrum but with the calculation performed in one-third octave bands. In both these cases
the response is again too large at high frequencies.
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Frequency, Hz

Figure B1. Receptance of the wheel modelled using finite elements (38 and using the
model of Fig. 7 (- - - - ), receptance of rail (- - -) and receptance of contact
spring (- * 3.
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Figure B2. Contact force for unit roughness amplitude for the wheel modelled using finite
elements (% and using the model of Fig. 7 (- - - -).
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Figure B3. Vibration of wheel at contact point expressed as displacement for unit
roughness amplitude, for the wheel modelled using finite elements (> and
using the model of Fig. 7 (- - - -).
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Figure B4. Vibration of wheel at contact point expressed as displacement for unit
roughness amplitude in one-third octave bands. »for the wheel modelled
using finite elements, - x- xditto including wheel/rail coupling in two
directions, - - - - using the model of Fig. 7.
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Figure B5. Vibration of wheel at contact point expressed as displacement for unit
roughness amplitude in one-third octave bands, predicted from finite element

wheel moddl. - - - - nominal whedl, - - - wheel with natural frequencies
shifted by 5%, »=for ce spectrum for nominal wheel times receptance of
modified wheel.

N
o
T

R
o
T

N
o
T

20 log (Displacement / roughness),
dBre 1[-]

10° 10°
Frequency, Hz

Figure B6. Vibration of wheel at contact point expressed as displacement for unit
roughness amplitude in one-third octave bands, predicted from finite element
wheel model. - - - - nominal wheel, - - - force spectrum for mass/spring wheel
of Fig. 7 times receptance of nominal wheel, »sforce spectrum for nominal
wheel times wheel receptance in one-third octave bands.
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