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Abstract

Rolling noise is excited by the roughness of the whaélrunning surfaces. The contact patch acts as a filtenadite
ing the excitation at wavelengths that are short in companigith its length. Additionally, the excitation depends on
the variations in roughness profile height across the witithecontact. While most available whgell interaction
models include the contact filteffect by roughness pre-processing, a time-domain model &&pted in this paper
that includes the contact filteffect dynamically by an appropriate two-dimensional (2D)weé-dimensional (3D)
non-Hertzian contact model. The 2D contact model is basea \@inkler bedding, while wheel and rail are locally
approximated by elastic half-spaces in the 3D contact maded wheekrail interaction model is applied to evaluate
the contact filter fect for diferent sets of roughness data measured in several panads! lit is found that the 3D
contact model gives, as a general tendency, a contact ®rekdeveral dB lower than the 2D model. Th&ealiences
increase with a decrease in correlation between the rosgtoreparallel lines and vary significantly with the choice
of roughness line in the 2D model.

Key words: contact filter, whegtail interaction, non-Hertzian contact, time-domain nitde

1. Introduction the wheefrail system by roughness [8]: First, rough-
ness components of wavelengths that are in the order

The predominant source of rolling noise is the verti- of or shorter than the length of the contact area in the
cal interaction of wheel and rail, excited by the rough- rolling direction do not excite the system a$eetively
ness of the wheel and rail running surfaces. The rough- as roughness components of longer wavelengths, an ef-
ness wavelengths responsible are typically in the rangefect known as the contact filteffect. Second, the exci-
from 5 to 200 mm with amplitudes from below 1 up to  tation of the whegtail system depends also on the vari-
50um [1]. ations in roughness profile height across the width of the

During rolling, the wheel and rail do not make con- contact in the lateral direction. The excitation is great-
tact only at a point, but over a small area denoted the est when the roughness is strongly correlated across the
‘contact patch’ or the ‘contact area’. The roughness contact patch and progressively decreases as the rough-
distribution throughout this contact patch influences the ness becomes uncorrelated.

excitation of vibrations. Nevertheless, most available  Models that are based on the assumption that the
wheeJrail interaction models assume that the roughness roughness distributionfkectively acts at one point have
distribution éfectively acts at one pointand use asingle to account for these twoflects by roughness pre-
Hertzian spring as a contact model, see e.g. the mod-processing.
els [2-7]. In frequency-domain models, this is done by adding
The finite size of the contact patch is responsible a correction - the contact filter - to the roughness spec-
for two important éects concerning the excitation of trum. Remington [5] proposed an analytical model
of such a contact filter, which considers the correla-
tion across the width by a single parameter per wave-
length. More recently, Remington and Webb [9] pre-
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eration of the actual roughness distribution in the con- the dynamic contact filterfect for diferent sets of de-

tact patch. They called their model a three-dimensional tailed measured roughness data. The results are com-

‘distributed point reacting spring’ (3D-DPRS) model. pared and analysed in order to obtain information about

Thompson [10] applied this model to calculate numer- the accuracy of dierent means to include the contact

ical frequency-domain contact filters from roughness filter effect.

data measured on several parallel lines. He concluded

that the analytical contact filter from [5] gives an atten- . _

uation that is too large at short wavelengths but gives 2- Wheel/rail interaction model

reasonable results for wavelengths down to somewhat ) o ) )

smaller than the contact patch length. Since, in many 1€ vertical whegfail interaction model is formu-

practical cases, only one line of roughness is measured,@t€d in the time domain, which allows the inclusion

Ford and Thompson [11] developed a two-dimensional of non-lme_arltles occurring in the co_ntact area and of

version of the DPRS model, which, however, cannot the dynamic contact filterfiect. Following an approach

consider correlationfects across the contact width. that has been used successfully, for example in the area
In time-domain models, one possibility to include the ©f tyré/road interaction [12], wheel and track are repre-

contact filter éfect is to calculate an equivalent rough- Sented by pre-calculated Green's functions. This repre-

ness, which represents the roughness distribution eXpe_s_entatlon Ie_ads to an interaction model that is computa-

rienced by the system at each position of the wheel on tionally eficient.

the rail. The 2D-DPRS model can be applied for this

task [11]. A simpler but less accurate means to obtain 2.1. Wheel model

an equivalentroughnessis to calculate an average of the 1\ hael modelis a two-degree-of-freedom system
roughness over the nominal contact patch length (which including (half) the wheelset maséy and the primary

IS %? Iﬁngtgm the abs_encg of rough?_?ss) [11]. lied suspension dtinessks and dampingcs, see Figure 1.
the above-mentioned contact filters are applied o the vehicle components above the primary suspen-
for the purpose of roughness pre-processing and €sion of the wheel are simplified to a static prelo&d,
used to try to separate the roughness filtering from the The additional springw represents the iness of high
dynamic whegtalil interaction. Little information is frequency modes. The small mass; is included for
available in the literature about the dynamic contact fil- numerical conven'ience This type of wheel model has
ter dfect during rolling, taking into account variations been used in previous étudies [13, 14], where thé sti
in contgct_pat_ch s_ize and shape due to both the roug_h-nes§<W and the additional dampirg, have been deter-
Ness d|s_tr!but|on in the cpntact pa.tch and th? dynamic mined by roughly matching the receptance of the wheel
wheerail mteractlor_‘\.. This can mainly be attrlputed 0 modelwith the receptance obtained with a finite element
the fact that wheglail interaction models rarely include (FE) model of the wheelset. In particuldgy and oy
dyn:;ml;cally the ﬁect_of the f|n||_t|e siz€ of the Conta((:jt | have been chosen in relation to the main anti-resonance
patch by an appropriate non-Hertzian contact model. ;, o receptance at around 400 Hz. Provided that modal

Such an interaction model could .be used to assess th&,epqyiour of the wheel is not of interest, the two-degree-
errors introduced by the assumption that the roughnessof-freedom wheel model has shown good performance.
distribution dfectively acts at one point. However, an

additional dificulty is that detailed roughness data mea-

sured on several parallel lines, which is needed for such

an assessment, is often not available. &s ZT‘ -
In this paper, a wheghil interaction model is pre- ks

sented, which dynamically includes the contact fil-

ter dfect and therefore does not require roughness

pre-processing for this purpose. In particular, the

z
model, which is described in section 2, includes a two- kw ow
‘T‘ My
éw E

P

dimensional or a three-dimensional non-Hertzian con-
tact model. For comparison reasons, a Hertzian contact
spring in combination with dierent means of rough-
ness pre-processing can also be used in the interaction
model. In section 3, this wheedil interaction model Figure 1: Wheel modelled as two-degree-of-freedom system.
with its different contact models is applied to evaluate
2



In the time domain, the wheel is represented by
its Green’s functiorgw(t), shown in Figure 2 for the !
parametersMy, = 5925kg, my = 3kg, ks = El. KGA m’ * Fn
1.12MN/m, cs = 13.2kNs/m, ky = 2.4GN/m and &r ‘T‘
cw = 155kNgm, which correspond to a freight train

wheel of type SJ57. / \ / \ / \ Mst
In the interaction model, the vertical displacement 1 ! !
: ’ S ) ks
&w(t) of the wheel moving along the rail with train speed é L|J é L|J é L|J CB
v is obtained by convoluting the normal contact force, | -
Fn(t), with the Green’s function of the wheel Ls

Figure 3: Rail model with discrete supports.

t
Ew() = - fo Fo() Gwlt - 1) dr +£5(P). (1)

Wherelfs(P) is the plosition of the suspension corre- (index R) at the position at timety = 0, the func-
sponding to the nominal prelodd tion G2 (t) describes the vertical displacement response
of the rail at a point moving at train speeagway from
the excitation, thus at the nominal contact point between
wheel and rail. Examples of moving Green'’s functions
for two different excitation positions and threefdi-
ent velocities are shown in Figure 4. The additional
high-frequency oscillations for excitation at midspan
between two sleeper positions (Figure 4(b)) in com-
parison to excitation above a sleeper (Figure 4(a)) are
explained by the pinned-pinned resonance of the dis-
cretely supported rail, which occurs at 943 Hz for the
current parameters.

: The vertical displacement of the rail at the contact
0 02 04 point,&x(t), is obtained by convoluting the contact force
Time(s] with the moving Green'’s functions

N
<

o

Impulse responsefm/(Ns)]
=Y
(@)

|
=
o
T

Figure 2: Green’s function of the wheel.

t
ERr(t) = fo Fo(r) G2t - 7) . @

29 Track model 2.3. Contact models

Three diferent contact models have been imple-

The track model used in this paper is the linear fi- . o -
pap mented into the wheghil interaction model.

nite element model accounting for discrete supports de-
veloped by Nielsen and Igeland [3]. The UIC60 rail is
modelled by undamped Rayleigh-Timoshenko beam el- 2.3.1. 2D contact model
ements with bending $thessEl = 6.4 MNm?, shear The first contact model considered is a two-
stiffhesskGA = 250 MN and mass per unit beam length dimensional model consisting of a Winkler bedding of
m’ = 60kg/m. The length of the track model is 70 independent springs introduced between wheel and rail,
sleeper bays with sleeper spacing= 0.65 m. The dis- Figure 5.
crete supports consist of railpads and sleepers on ballast This model takes into account one line of combined
(Figure 3) with pad sffnesskp = 120 MN/mand damp-  wheelrail roughness;(x) = rw(X) —rr(x), in the rolling
ing cp = 16 kKNgm, (half) sleeper masss. = 125kg direction. Both the wheel roughnessy,, and the rail
and ballast sffinesskg = 140 MN/m and damping roughnessfr, are taken positive in the direction of
cg = 165 kNgm. the verticalz—axis, which is pointing downwards into

In the wheefrail interaction model, the discretely the rail. For the wheel positioned at the deflection,
supported rail is represented by moving Green’s func- A(x, x”), of all involved contact springs depends on
tions [4, 15],g"’,§v(t). For vertical excitation of the rail  the wheel displacemengy(x), the rail displacement,

3
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Impulse responsem/(Ns)]

Position [m]

Impulse responsefm/(Ns)]

Position [m]

Figure 4. Moving Green’s functions of the track for excivati
(a) above a sleeper and (b) at midspan between two sleefgopss
——v=>50km/h,——-v=100knyh, — - — v =150 knyh.

l P Zw(x’)
) k(x, x")
r(x x’) .

—a’ 0 a’

X/

Figure 5: Bedding model of the wheelil contact.
&r(X), the combined roughnesgx, x’), and the (circu-
lar) wheel profile in the rolling directiorgy(x’), as

AL(x X") = gw(X) = &r(Y + (% X) + 2w(X) . (3)

The total contact force is obtained by integration over
the bedding

Fn(X) = I a: K(x, X") AZ(x, x") dx (4)

which has a sffness per unit length

1_E
R(x,x’):{ 2m o

AL(X,x") >0

AZ(x,x") <0 ~° ©®)

0 for
where E is the Young’s modulus and the Poisson’s
ratio of rail and wheel (assumed to be of the same mate-
rial). The integration domain-a’,a’], has to be cho-
sen long enough to include all potential points of con-
tact.

The bedding correctly models contact length, total
contact load and deflection as predicted by the Hertzian
theory for smooth surfaces if the wheel radius used to
define zy is adjusted. Ford and Thompson showed
in [11] that the modified wheel radiu’, that has to

be used is
1

Rm=§R- (6)

The radiusR is the original radius of curvature of the

conical wheel in the rolling direction. As the contact

patch is assumed to be circular in this model the trans-

verse radius of the railhead is also assumed tB.be
Equations (1)-(5) together with the relation

X = vt (7
form a non-linear system of equations that can be solved
for each wheel centre positioton the rail.

2.3.2. 3D contact model

The second contact model is a three-dimensional
model that considers the real three-dimensional running
surfaces of wheel and rail and includes the combined
roughness on several parallel lines in the rolling direc-
tion. The materials of wheel and rail are assumed linear
elastic and wheel and rail are locally approximated by
elastic half-spaces. This (latter) approximation is gen-
erally valid for tread contact, but would be violated for
flange contact. Dividing the potential contact area into
Ne rectangular elements, the following relation holds

(8)

where the vectorsl and p contain, respectively, the
combined normal surface displacement and contact
pressure in all elements which are assumed uniform
within the elements. The influence dheients con-
tained in the matrixC can be found e.g. in [16]. The
total contact forcelr,, is obtained by summing the con-
tributions from the dierent elements

u=Cp,

Ne
Fo= > pefe, (9)
e=1



whereA is the area of elememt Introducing the vec- e The simulations are carried out using the original
tor d of distance between the deformed bodies, with the roughness excitationg = r.

elementsle, the contact conditions are formulated as .
Equations (1), (2), (7) and (12)-(14) form a system of

de>0 non-linear equations that can be solved for each wheel
Pe>0. (10) centre positiorx on the rail.
depe = 0

. _ 3. Excitation by measured roughness
If contact occurs in a surface element, the distance is

zero and the contact pressure is positive. If contact does In this section, the wheghil interaction model as de-
not occur, the distance is positive and the pressure isscribed in section 2 is applied to evaluate the dynamic
zero. Adhesion (i.e. negative pressure) and penetrationcontact filter éect for excitation by dterent sets of de-

(i.e. negative distance) are excluded by (10). tailed measured roughness data.
The elements of the vectdrare obtained as The calculations are carried out with all theéfdrent
contact models for a preload of 65 kN and a train speed
de = &r — &w — Te+ Zre — Zwe + Ue., (11) of 100 knyh. The 3D contact model considers the com-

plete roughness profiles, while the 2D model and the
Hertzian spring only operate on one longitudinal rough-
ness line. It is not evident which roughness line should
be chosen. The 3D contact model can consider the ac-
tual transverse wheel and rail profiles. However, in or-
der to be able to investigate the contact filteet sepa-
rately from the influence of the transverse profiles [20],
the same type of wheel and rail profiles is used in the
different contact models. As the transverse radius of
the rail has to be set equal to the wheel rolling radius
R = 0.39 min the 2D contact model, cylindrical profiles
zw andzr both of radiusk are used in the 3D model.
The nominal contact area, i.e. the contact area under the
static preload in the absence of roughness according to
Hertz theory, is then a circle with radias= 5.48 mm.
Fo(X) = { Cu(AZ(X)? for AL(X) =0 . a2 In the 2D contact model the element length is 1 mm, in
0 for AZ(X) <0 the 3D contact model square elements with a side length
of 1 mm are used. In cases where the roughness data are
where > E available at a dferent resolution, they are linearly in-
Ch=31"0% VR (13) terpolated to 1 mm.

is the Hertzian constant and wheel and railhead radius of 5 1 Roughness data
curvatureR are taken as equal. The kinematic constraint
equation reduces to

where the vector = ry — rr contains the combined
roughness profile in the contact area and the veaprs
andzy contain the profiles of the smooth rail and wheel,
which are now functions af’” andy’.

The non-linear system of equations formed by (1)-
(2) and (7)-(11) can be solved for each wheel centre
positionx on the rail, e.g. by combining the Newton-
Raphson method with an active-set strategy [15, 17].

2.3.3. Hertzian contact model combined with rough-
ness filtering
For comparison reasons, a single non-linear Hertzian
spring is introduced as a third contact model. The force-
deflection relation can be written as

The roughness data comprise one set of rail rough-
ness data and three sets of wheel roughness data. All
AL(X) = Ew(X) — Er(X) + Feg(X) (14) four data sets are available in the form of the spatial raw
data.
wherereqis an equivalentroughness calculated inapre-  The rail roughness was measured on the network of
processing step as a means to account for the contactstockholm metro at a curve showing severe corruga-
filter effect. Three dierent methods to calculatg, are tion [18]. The roughness was measured with a Corru-
considered: gation Analysis Trolley (CAT) [19] on 19 parallel lon-
gitudinal lines with a lateral spacing of 1 mm. The sam-
ple spacing on each line was 1 mm and the total length
of the data set is 8m. In order to remove long wave-
length components for which the measurement repeata-
e Averaging over the nominal contact patch lengthis bility was low, the CAT measurement data were high-
applied to obtain an equivalent roughnegs pass filtered with a cutfb(frequency corresponding to
5

e The variableqis calculated by means of the Win-
kler bedding depicted in Figure 5. The procedure
is described in detail by Ford and Thompson [11].



a) wavelength of 14 cm. At a train speed of 100/km Figure 7 shows sections of thefidirent roughness
the corresponding excitation frequency is 200 Hz. profiles. In the case of the corrugated rail, the roughness
The three sets of wheel roughness data are from one@n parallel longitudinal lines appears highly correlated.

wheel with cast-iron block brakes and two wheels with While the roughness of the block-braked wheel still
sinter block brakes [20]. These roughness measure-00ks rather correlated across the width of the contact,

ments were made on 25 parallel lines with a spacing of Significant lateral roughness variations are observed in
pled at 05 mm around the perimeter of2m. The spa-

5
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terial in accordance with EN 15610 [21] and (3) sub- .51 ~
traction of the mean value. )
0 0.2 0.4 0.6

tial raw data has been pre-processed by (1) removal of
any linear trend introduced by the measurement equip-

The roughness spectra of the four data sets are pre- m'gitudinal position '[m]
sented in Figure 6. A single Fourier transform is calcu-

[
[=]

ment, (2) removal of spikes associated with foreign ma-

) (=
Roughness [ um]

-20

Lateral position [mm)]

lated of the data on each line previously windowed with é 5 100 g
a Hanning window. The narrow-band results are then = % 7
integrated into one-third octave bands and the spectra & 0 g
of 7 parallel lines are averaged. In all cases results are é N | =0 E
shown in terms of frequency at a speed of 10Q0km = 0 02 0.4 0.6
The spectrum of the corrugated rail has a distinct peak Longitudinal position [m]
in the 500 Hz band, which indicates a corrugation wave- g 0 =
length of approximately 5cm. At high frequencies, Fl 20 2
the roughness of the corrugated rail is low; the very low 4 %
rail roughness at low frequencies is due to the high-pass = 40 gb
filter used. The block-braked wheel has a broad peak &~ . ._ 60 2
at about 300 Hz (90 mm wavelength). The two wheels = o0 02 0.4 0.6
with sinter block brakes have a much lower roughness Longitudinal position [m]
except at very high frequencies. E 0 E
E 0o 5
Wavelength [mm] g 16 é:’b
440 1m0 55 28 14 7 35 T 20 2
-90— ‘ ‘ ‘ ‘ w w 2 [
—

0
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Longitudinal position [m]
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Figure 7: Roughness profiles; from upper to lower: corrutyaiel,
wheel with cast-iron block brakes, wheel 1 with sinter bldckkes,
wheel 2 with sinter block brakes.
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3.2. Lateral roughness correlation

Roughness level [dB re 1m]

As a measure of the correlation across the width of
the contact, one might look at the coherepteetween
longitudinal lines in each third-octave band with centre

—130}

MO s 125 250 500 1k 2k 4k 8k frequencyfo:
Frequency at 100 kyn [Hz] 2
2 |Sxy(f0)|

V) =g Sy () &)
Figure 6: Average roughness spectrum calculated from 7liglara xx (fo) W( 0)
lines: —— corrugated raik- — —wheel with cast-iron block brakes, .
—.— wheel 1 with sinter block brakes,- - - wheel 2 with sinter block whereSyy andSyy are averaged auto-spectra &8y is
brakes. an averaged cross-spectrum calculated in the following



. . P Wavelength [mm
manner: An indexm running from—M to M is first in- gth [mm]

110 55 28 14 7 35
1 T T T T

troduced to label the considered roughness lines. The

index O corresponds to the centre line of the roughness
profile located aty’ = 0 (Figure 8). Each roughness B
line is divided intoB consecutive data blocks. The auto 08¢
spectrunSmm(f) averaged over all blocks is calculated
for all lines. The cross spectru8pny, (f) averaged over > 06l
all blocks is calculated for the combination of the centre §
line with all other roughness lines. The results are then @
averaged in each third-octave band according to 8 04}
1< -~
Sx(fo) = = Soo(f) (16) 02
L & e
_ 0 : : : : :
Sy(f) = 5 Z Z Sem(f)  (17) 250 500 1K 2K 4K 8k
I=1 mr:;(’)v' Frequency at 100 ki [Hz]
1 & M
S (f — S f 18 Figure 9: Lateral roughness correlation parameter acegridi (15):
Xy( 0) 2LM Z Z Om( I) ’ ( ) —— corrugated rail- — —wheel with cast-iron block brakes; - —
=1 mr:;(’)v' wheel 1 with sinter block brakes, - - - wheel 2 with sinter block
brakes.

wherelL is the number of discrete frequencigsn the
third-octave band with centre frequendy. The re-
sulting correlation parameter f@ = 20 andM = 3
is shown as a function of frequency in Figure 9. The  The four roughness data sets described in sub-
choiceM = 3 ensures that the number of roughness section 3.1 are used as roughness excitation in the
lines included in the calculation covers the nominal con- Wheelrail interaction model. The calculations are car-

3.3. Contact filter results

tact area (Figure 8). ried out using one data set at a time, i.g. the_wheel or
the rail are considered to be smooth. Simulations con-
Moo S sidering both wheel and rail roughness together could

be carried out in exactly the same manner, but are not

2 included in the paper.

1 The calculations are carried out in the time domain

0 and are presented as frequency spectra up to a maximum
-1 of 8 kHz. Although the models of wheel and track do
‘g not contain all the relevant dynamitfects to represent

: the frequency range above about 2 kHz, nevertheless as
-M [ the same model is used in each case, comparisons be-
tween the dferent contact models remain valid.

The results of the dynamic calculations are shown in
Figure 10 (left column) in form of the third-octave band

The curves obtained (Figure 9) confirm the qualita- spectrum of the contact f_orce. In the case of the 2D con-
tive roughness description deduced from Figure 7. The tactmodeland the Hertzian contact model, the spectrum
two wheels with sinter block brakes show a low de- Shown is an average of the seven spectra obtained from
gree of correlation across the width of the contact in (Separate) runs with the roughness lines -3 to 3. Fig-
the whole frequency range. The lateral correlation of Ure 10 presents also the contact filtéieet obtained for
the corrugated rail, but also the wheel with cast-iron the diferent contact models in the right column. This
block brakes, is high for frequencies up to about 1 kHz. 1S calculated by taking the levelféiérence in dB values
Figure 9 reveals too, however, that their correlation de- P&tween each of the spectra and the spectrum obtained
creases rapidly for higher frequencies and reaches lowiN the case of the Hertzian spring with no roughness pre-

values for frequencies above 2 kHz - an observation that filtering. In the same manner as before, the calculations
could not be made from Figure 7. have been carried out for the roughness lines -3 to 3

7

Figure 8: Numbering of longitudinal roughness lines (spa2zenm
apart) and nominal contact area.



Force level [dBld] Force level [dB re 1N]

Force level [dB re 1N]

Force level [dB re 1N]

Figure 10: Dynamic wheghil interaction excited by roughness: average one thitdx@ band spectra of the contact force (left) and average
contact filter &ect (right) calculated from separate runs with the roughiiess -3 to 3; roughness data set from upper to lower: cateagrail,
wheel with cast-iron block brakes, wheel 1 with sinter bldckkes, wheel 2 with sinter block brakes; contact model: thiek grey ling 3D
contact model, —2D contact model, .——Hertzian spring with roughness pre-filtering by the Winkbedding, ———Hertzian spring with
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roughness pre-filtering by averagirg; — Hertzian spring with no roughness pre-filtering.



separately. The filter curves shown are the average of
the filter curves obtained for each run. Taking the case
of the Hertzian spring with no roughness pre-filtering as
a reference to calculate the contact filtéeet is a nat-
ural choice since this is a case with no contact filtering.
The level diferences obtained by this means then char-
acterize the contact filtering occurring in thefdrent
models.

The contact force spectrum of the corrugated rail is
clearly dominated by the frequency corresponding to
the corrugation wavelength, i.e. 500Hz. Apart from
this, the contact force spectra in Figure 10 belonging
to the diferent roughness data sets have several com-
mon features. A small peak occurs in the 80 Hz third-
octave band which originates from parametric excitation
on the discretely supported rail. It corresponds to twice 32 63 125 250 500 1k 2k 4k 8k
the sleeper-passing frequency. The sleeper-passing fre- Frequency [Hz]
quencyfs = v/Lg itself, which occurs at 43 Hz at the
selected speed of 100 kim lies outside the consid-  Figure 11: Third-octave band spectra of the dynamic corftarce
ered frequency range from 50 Hz to 8 kHz. Figure 11 calculated with the 2D contact model ar_]d the centre roughiir_mo
shows that the peaks associated with the sleeper pass?} the comugated ral ffqggrkgyeﬁlegamaSgesegzsal?; werigrent
ing frequency move to dierent frequency bands when  75knyh andMy = 5925 kg, —— v = 140 knyh andMw = 5925 kg,
the train speed is changed (but do not change location- - - - - v = 200knyh andMy = 5925kg, —— Vv = 100 knyh and
for a changed wheel mass). Another common feature of Mw = 2963kg.
the contact force spectra in Figure 10 belonging to the
different roughness dqta sets is a broad .peak occurringrluence on the contact filter results.
at around 1 kHz. At this frequency the rail and contact
spring receptances have similar magnitudes and oppo-
site phases. This leads to a minimum in the combined

receptance of wheel, rail and contact spring and hence :
to a maximum in the contact force per unit roughnessin- 1" & greater filter #ect than the other contact models

put. In all four excitation cases, above the peak at about (Figure 10). The mean flerence between the 3D and

1kHz, the contact force spectra including any kind of 2D| c?nt_act quhels re_aclhes UP;O 7dB|_(F'9“Te 12). In
roughness filtering decrease more quickly than the spec-calculations with a single roughness lineffeiences
trum including no filtering. This is the contact filter ef- up to 95dB are observed. .In contrast with the 2D
fect, which is in general clearly noticeable for wave- model, the 3D.model takes into account the complete
lengths up to three or four times the nominal contact roughness profile and calculates the actual contact patch
patch length (the latter being Dimm for the chosen shape and contact pressure distribution in the dynamic
parameters) wheeJrail interaction. This interaction is a complex
The simulation results are presented in &etent process, which is exemplified by the two examples of
manner in Figures 12 to 14. Figure 12 shows the dif- contact pressure distributions in Figure 15. Contact
ferences in contact force level obtained with the 3D and patch shape and pressure dls_tr|but|on _ciﬂfedsubs.tan—.
the 2D contact models for each of the roughness lines tially from the nominal Hertzian cond_|t|ons, which is
-3 to 3 and the averageftirence. Figures 13 and 14 nardly captured by a 2D model operating on one rough-
are the corresponding figures for thé&diences in con- Ness Img anpl assuming constant roughness profile in
tact force level between the 2D model and the Hertzian !ateral direction. The 3',3 mod.ellperfc_)rms an averag-
contact model with roughness pre-filtering by the Win- 119 OVer roughness profile variations in the lateral di-

Kler bedding and roughness pre-filtering by averaging, rection, which generally leads to a lower excitation of
respectively the wheefrail system than a constant lateral profile. An

Figures 10 to 14 demonstrate that the choice of the exception occurs when the roughness line chosen in the
contact model together with the choice of the roughness 22 Model has lower amplitudes than its neighbouring
line in the 2D and Hertzian model has a significant in- lines. In this case, the 3D model results in greater
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3.4. Discussion
As a general tendency, the 3D contact model results
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contact forces than the 2D model, see e.g. the results forthe most complete and therefore accurate of the applied
some of the roughness lines in Figure 12(a). Comparing models - shows that theseflirences are of lesser im-
the diferences between the 3D and 2D contact models portance.

in Figure 12 with Figure 9 showing the roughness cor-

relation parameter, provides additional insight. In gen- 3.5. How many roughness lines?

eral, where the correlation between roughness across the |y practical cases of rolling noise prediction, it is of

width of the contact patch is low, (1) the variability of jnterest to keep simulationffert and measurement ef-

the diferences in contact force level with the choice of fort low. Therefore it is seems worthwhile to investigate
roughness line in the 2D model is high and vice versa

and (2) the mean fierences in contact force level be- 1. Whethgrthe 2D model gives results closer to the 3D
tween the 2D and 3D models are high and vice versa. modelif an average roughness calculated from sev-
An additional éfect is visible at higher frequencies. The eral lines was used as inputinstead of only one line,
contact filters (Figure 10) obtained with the 2D model and if so, how many roughness lines are needed to
have distinct dips, which partly mask thefdrences oc- obtain suficient accuracy.

curring due to a low degree of correlation in roughness 2. how many roughness lines are needed to obtain
across the width of the contact patch. suficient accuracy in the 3D contact model.

The distinct dips at higher frequencies in the con- The first issue is addressed in Figure 16, which shows
tact filters occur for all three methods applying filtering - the diference in contact force level between the 3D
on one line and are an inherent property of filters that 5nd 2D contact models using the average of the rough-
operate on a fixed (or approximately constant) contact pess fines -3 to 3 as input in the 2D model. These
length. At train speed, these dips occur at the frequen- - seven roughness lines cover the complete nominal con-
cies v tact area (Figure 8) and are therefore considered to re-

fn = Noar M= 1,23... (19) sult in the best possible average roughness - given the

) lateral roughness resolution of 2 mm.
which correspond to the cases where the roughness

wavelength or multiples of it fit into the nominal con-
tact patch length2 As the shape of the contact patch is
in reality often close to elliptical, implying that the con-
tact patch length in the longitudinal direction varies with
the lateral position within the patch, these distinct dips
should be considered as artefacts. In the 3D model, the
dips are, though still noticeable, much less pronounced.
The contact filters obtained with the 2D model and

10p

Difference in force level [dB re 1N]

the Hertzian model in combination with pre-filtering sl
by the Winkler bedding are very similar (Figure 10).
The averaging filter also gives similar results to the 2D -10¢

model in the range up to 2kHz. Somefdrences be-
tween the models filtering on one line are observed at
frequencies above about 2 kHz (Figures 13 and 14), the
biggest occurring for the corrugated rail (up to 9dB Figure 16: Diference in contact force level glsp — L F 2p av) Obtained
mean diference between the 2D model and the averag- with the 3D and 2D conta_lct models. Re_sults f_rom using theameer
. . . . of the seven roughness lines -3 to 3 as input in the 2D modek —
!ng filter). The averaging fllte.r Operate.S on the ”‘?m' corrugated raik- ——wheel with cast-iron block brakes,- — wheel 1
inal contact patch length, while the Winkler bedding with sinter block brakes,- - - - wheel 2 with sinter block brakes.
allows for variations in contact patch length. In the
case where the Winkler bedding is applied for roughness It can be seen in Figure 16 that the agreement be-
pre-processing, only variations in contact patch length tween the 3D model and the 2D model with averaged
due to the roughness shape are considered. In the 2Dinputdatais very good up to 1 kHz in the case of the cor-
model, which performs dynamic filtering, in addition, rugated rail and up to 2 kHz for the three sets of wheel
variations caused by the dynamic contact force are con-roughness. Especially in the cases of the wheels with
sidered. Especially, in the case of the corrugated rail, sinter block brakes with low degree of correlation in
the variations in contact patch length appear significant. roughness across the width of the contact patch, there
However, comparing with the 3D model - considered as is a considerable improvement in the performance of
12
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the 2D model compared with the case where only one leads to negligible errors up to 1 kHz and maximum er-
roughness line is used as input (Figure 12). However, at rors of about 3dB at higher frequencies, which is still
higher frequencies, significantftBrences between the acceptable. The resolution of 8 mm is considered too
3D and 2D models of up to 7dB remain, which can be coarse. Errors occur over the whole frequency range
attributed to the dips in the 2D filter (see section 3.4) reaching a maximum of.8 dB at very high frequencies
and to non-linear phenomena not captured by the 2D de-in the case of the wheel with cast-iron block brakes.
scription. The 2D model with averaged input data works

best for the wheel with cast-iron block brakes, where the

maximum diference to the 3D model is about 2dB. Ad- 4. Conclusions

ditional calculations (not included here) showed that the

results are worse, when using less than seven roughness A time-domain model for the vertical whedil inter-
lines in the average. action has been used with detailed measured roughness
data to determine the dynamic contact filtéieet. The

th ngcern(ljngll ;he sgcond |ssuet, (;he.t(r:]alc:uatlons W'Lh calculations have been carried out witlfeient non-
€ model have been repeated with a fower rough- linear contact models: a 3D non-Hertzian model tak-

ness resolution in Iatergl direction. I_:lgure.17 presents ing into account the roughness on several parallel lines,
the results for a resolution of 4 mm (i.e. using lines -4,

) o . a 2D non-Hertzian model operating on one roughness
2,0, 2, 4) and 8mm (i.e. using lines -4, 0, 4) in COM- ;0 204 4 Hertzian model in combination withfidrent
parison to the original resolution. A resolution of 4 mm

methods to pre-filter the roughness on one line. Only
the two former models include the contact filtefeet
dynamically, while the latter is based on the assumption
that the filtered roughness distributioffiectively acts at
one point.

The models performing filtering on one roughness
line - either dynamically or by pre-filtering - were found
to give very similar results up to about 2 kHz (i.e. wave-
lengths of over 14 mm). At higher frequencies, the non-
Hertzian 2D contact model and the Hertzian model with

10p

Difference in force level [dB re 1N]

-5t 1 roughness pre-filtering by the Winkler bedding were
still very similar in three out of four excitation cases.
-10f 1 The Hertzian model with pre-filtering by averaging gave

significantly diferent results at higher frequencies.

The 3D contact model gave, as a general tendency, a
contact force level several dB lower than the 2D model.
The analysis showed that theffdgrences obtained de-
pend on the degree of correlation of the roughness
across the width of the contact patch. At frequencies
where the correlation is high, both models give similar
results. With decreasing correlation, théeliences in-
crease. A parameter based on the coherence of several
parallel roughness lines has been proposed to assess the
correlation across the width of the contact patch. At
higher frequencies (above 2 kHz for the chosen model
-10f ] parameters), the fierences in contact force level ob-
tained with the 3D and 2D models are increased or di-
minished by distinct dips in the 2D filter. These are an

63 125 250 500 1k 2k 4k 8k
Frequency at 100 ki [Hz]

Difference in force level [dB re 1N]
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inherent property of the 2D filter operating on an (ap-
Figure 17: Diference in contact force level £kp — Lr3pjow) Ob- proximately constant) contact length. The simulations
tained with the 3D contact model using the originally meaduateral showed, too, that the fierences in contact force level
roughness resolution and a lower resolution of 4 mm (upperdjge- obtained with the 3D and 2D models vary significantly
spective 8 mm (lower figure): —— corrugated rail- — wheel with ) . . .
cast-iron block brakes; - — wheel 1 with sinter block brakes; - - - with the roughness line Ch_OSGh n _the 2'_3 model. Using
wheel 2 with sinter block brakes. an average of roughness lines as input in the 2D model
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resulted in sfficient accuracy in the 2D model in only
one out of four cases.

In comparison to the case, where the original lateral
roughness resolution was used, the 3D model still gave
satisfactory results for a lateral roughness resolution of
4 mm, which corresponds to measuring the roughness
on five parallel lines.

The applicability of the whegiail interaction model
is limited by the modelling assumptions. Materials are
assumed linear elastic and certain geometry restrictions
apply. It is assumed that wheel and rail can be approx- Acknowledgements
imated by elastic half-spaces. This assumption is gen-
erally valid for tread contact, but would be violated for
flange contact. The 2D contact model (and the Hertzian
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