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Abstract

Wheel-rail impact loads and noise at railway crugsiare calculated by applying a hybrid
prediction model. It combines the simulation of dioear vertical dynamic vehiclérack
interaction in the time domain and the predictiohsound pressure level using a linear
frequency-domain model. The two models are couplgsed on the concept of an equivalent
roughness spectrum. The time-domain model usesngo@reen’s functions for the linear
vehicle and track models, accounting for wheelcstmal flexibility and a discretely supported
rail with spatially-varying beam properties, andan-Hertzian wheel-rail contact model. Three-
dimensional surface geometry of the wheel and orgss accounted for in the solution of the
wheel-rail contact. The hybrid model is comparedairsg field measurements and is
demonstrated by investigating the influence of gkehispeed and crossing geometry on the
radiated impact noise. Based on simulation resitlis concluded that the impact loads and noise
can be mitigated by reducing the effective dip aragl the crossing, which is determined by the
vertical trajectory of the wheel when making trensition between wing rail and crossing nose.

1 Introduction

Turnouts (switches and crossings, S&C) represemiponents of rail networks that have a large
influence on costs. For example, one third of dtaltmaintenance cost for one high-speed line of
the Deutsche Bahn (DB), comprising 458 turnouts e@ardying an annual traffic load of about
17.5 MGT, was found to be related to the S&C [1hadl—rail impact loads generated on the
crossings are causing plastic material flow antinglcontact fatigue damage that may lead to
breaking out of pieces of material or even railcfuae. An additional associated issue often
overlooked in literature is the radiation of impacise [2].

There are several turnout configurations to fulfie needs of various traffic situations. A
common layout design is illustrated in Figure lfeltures a straight section called the through
route and a curved deviating part referred to asdilierging route. The front of the turnout is
defined as the start position of the deviating eurvthe switch panel. The switching function is



accomplished by switching machines or actuators gbaition the switch rails according to the
desired traffic route. The closure panel connebts gwitch and crossing panels, while the
crossing panel allows for wheels to travel alonthlatersecting paths. In a fixed crossing, the
wheels need to pass over a gap between wing rdiceorssing rail, see description below. This
gap can be avoided by a movable (swingnose) crgpssihich is a common solution in high-

speed lines. Traffic from the switch panel towatuscrossing panel is referred to as traffic in the
facing move, while the opposite direction is thaling move. The Theoretical Crossing Point
(TCP) in a fixed crossing is where the two gauge$aof the blunt crossing nose would intersect.

The passage of a railway wheel through a fixedsingsin trailing move is illustrated in Figure
2. The gradual decrease in height of the crossogg mesults in a downwards motion of the
wheel as it travels along the crossing panel. Veisical wheel trajectory is reversed when the
wheel makes the transition from the crossing nogbé outwards deviating wing rail. Here, the
dynamic vehicletrack interaction typically results in an impacadbon the wing rail causing the
wheel to accelerate upwards during its continuadelralong the wing rail. Several studies have
considered design optimisation by longitudinal &agisverse re-profiling of the crossing rails as
a means to reduce impact loads and damage, sd8,ety. The importance of accounting for the
substantial variation in (worn) wheel profiles ogtng in traffic when modifying the rail design
is demonstrated for example in [5].

By combining laboratory measurements on a scaleetranatl full-scale field measurements with
mathematical modelling, Vér et al. [6] presentedeatensive investigation of impact noise
generated at rail joints. For cases where them® il®ss of wheel-rail contact during the passage
of a wheel over a rail joint, it was concluded tfBt the static axle load does not influence the
radiated impact noise level, and (2) the peak squedsure level varies with vehicle spaéd
approximately at a rate of 20lgfV). This relation was confirmed for varying heigliffefences
across the rail joint, and more recently it hasnbeerified numerically for the case of impact
noise generated by rail joints and wheel flats8][7,For conditions resulting in a short period of
loss of wheel—rail contact, the radiated noise fsasd to approach a constant level independent
of speed. Impact noise generated at a step-downjaiat was investigated using a 1:8
experimental scale model in [6]. The peak impadsendevel was found to increase with step-
down height differench as 10logg(h).

A numerical method for the prediction of impact s®iusing a so-called hybrid approach has
been presented by Wu and Thompson, see [8]. Acwpriti the method, the simulations are

performed in two steps: (1) calculation of wheeHrapact load by a time-domain simulation of

non-linear high-frequency vertical dynamic vehit¢tack interaction, and (2) prediction of noise

using the software TWINS [9] in the frequency domaased on excitation by an equivalent
roughness spectrum. In the current work, this aggrds applied to investigate impact noise
generated at crossings. The paper starts by alsgy the effects of wheel-rail impact at

crossings by presenting field measurement datare@fter, numerical prediction is applied to

investigate the influence of crossing panel surfgeemetry and vehicle speed on the radiated
impact noise level.
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Figure 1. Schematic illustration of a railway tuuhand its components

1. Crossing nose

2. Transition

3. Wing rail
Figure 2. Wheel-rail contact through a fixed crogsilustrated at three instances when the whegl: is

(1) contact with the crossing nose, (2) simultasecontact with wing rail and crossing nose, and (3)
contact with one of the two wing rails. The ordéthe figures is given for traffic in the trailingove

2 Field measurements

Noise and rail acceleration generated by passdrajas through a fixed crossing in the trailing
move have been measured close to the village dfléprin Germany, see Figure 3. The site is
located on the Rhine-Alpine freight corridor withpaoximately 350 train passages per day. For
comparison with the simulation model used in thisdg, impact tests and pass-by noise and
vibration measurements were performed. To calibthge track model, point and transfer
mobilities were measured in the vertical direct@dong the wing rail and the stock rail in front of
the crossing. To record noise and vibration dupags-by, a microphone was set at 7.5 m from
the track centre and 1.2 m above the top of rdie &cceleration was recorded in the vertical
direction using a 10 mv/g ICP accelerometer adheesdrally to the underside of the wing rail.



The longitudinal position of the sensor was atehd of the running band on the crossing nose,
i.e. just before the wheels transition to the wiaig (180 mm from the TCP).

For this study, pass-bys were only recorded fos@ager trains. Based on the wheel base (2.6 m)
and the time between the two corresponding imp#uoésspeeds of the trains were estimated to
be between 82 and 87 km/h. The train configurait@udes four cars and the total number of

axles in one train is 10.

Figure 3. Crossing impact noise measurement sittéd close to Loreley in Germany. The direction of
traffic is in the trailing move along rails D2 abd. The location of the turnout is in a 500 m radiurve
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Figure 4. Measured vertical acceleration of thegwil

Figure 4 shows an example of time history data omeasfor one of the passenger trains. The
impacts can be easily observed in the acceleralza (see circles). However, although clearly
audible, these impacts were found to be less evidehe sound pressure signal. To demonstrate
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this, the spectrograms of the measured rail vel@aitl the A-weighted sound pressure are shown
in Figures 5(a,b). In the vibration data, the spEptm is mainly characterised by horizontal
bands. These correspond to the impacts and caegsaittio vibrate in a wide frequency range,
with most of the energy concentrated between 201880 Hz. In contrast, the sound pressure
spectrogram is mainly characterised by verticaldsarnThese are caused by the wheel/rail
roughness and correspond to the rolling noise ahtiqular, the two bands at around 400 Hz and
600 Hz stand out noticeably and are likely to bmiating the overall levels. The boundaries of
these bands are represented in Figure 5(b) witicaedashed lines.

A one-third octave band analysis was also perfororedhe signals. The pass-by time history
was divided into five different time windows. Eatime window included two wheelsets at its

centre and corresponded to the length of a sirggleBoth velocity and sound pressure levels are
shown in Figure 6. The velocity data shows a bioeak centred at 63 — 80 Hz, corresponding to
a resonance of the coupled wheel-track system.lifbe corresponding to the first and last

bogies are above the others as the impact on thiesels is higher (see Figure 4). The noise
spectra in Figure 6(b) are found to be consistentHe different windows for frequencies below

2 kHz. At higher frequencies, the spectra corredpanto the first two bogies are 5 — 7 dB above
the others, but this is believed to be due to imachoise or to a different roughness on the
leading wheels as there was no evidence in thk tiacation signals to relate this to the impacts.

The sound pressure has two significant peaks aBA@0630 Hz which are due to rail roughness
(see below)

The spectra shown in Figure 6(b) include the sumamedributions of rolling noise and impact
noise, and it is not possible to separate them tteip. The only common feature between the
vibration and noise spectra is the broad peak at 83 Hz. It is possible therefore that this is the
main contribution of the impacts on the third oetdoand spectrum calculated over the length of
a car. In general however, based on the analysisrsin Figures 5 and 6, it can only be inferred
that the contribution of the impact noise to thergbpressure spectra was small.
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Figure 5. Measured (a) rail vibration level andgblnd pressure level spectrograms
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Figure 6. Measured (a) rail vibration levels angdgtund pressure levels for the different cars

3 Excitation by crossing panel surface geometry

The geometry of the running surface of the crosgiagel was measured using a hand-held 3D
laser scanner [10]. The resolution and accuracyhef equipment are 5In and * 3Qum,
respectively. Figure 7 shows the measured raw tagther with the extracted rail profiles. A
computer program that reads and orientates the diatifies the location of the TCP and
extracts rail profiles at a given sampling distanes developed in the software Matlab. At each
time step of the simulations of dynamic vehitignout interaction (see Section 4), the three-
dimensional crossing contact geometry is obtainethterpolation between these extracted rail
profiles. The rail profiles were extracted at a pang distance of 10 mm.

The rail roughness was measured in front of thesing using a Corrugation Analysis Trolley
(CAT) [11], see Figures 3 and 8. The roughness maasured over 26 m on the wing rail (line
D2 in Figure 3) starting from the crossing and mgvihe CAT in the direction of the traffic. For
the stock rail, the distance covered with the CAdsvabout 40 m, with roughly 20 m on each
side of the point corresponding to the crossing@wolt is observed that the roughness on the
wing rail (D2) exceeded the 1SO 3095 spectrum favelengths shorter than 8 cm. It is possible
that this is due to the limited access of grindmgchinery to this part of the rail. As a
consequence, rolling noise will increase while ¢thng through the crossing. Based on Figures
6(b) and 8, the high roughness level on rail D2vavelengths in the interval 3 — 6 cm is the
reason for the observed peaks in the sound lewedtigpat 400 Hz and 630 Hz (measured at
vehicle speeds in the range 82 — 87 km/h). To dsirate this, the lower and upper limits of the
frequency bands centered at 400 and 630 Hz aresemed by the vertical dashed lines in Figure



6(b) and converted to the corresponding wavelefthrange in Figure 8 through the relation
f =v/A. A speedyp, of 82 km/h is assumed in this case.

. . . (
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Figure 7. Crossing panel geometry at Loreley membwvith a hand-held scanning equipment (black
dots). Extracted rail profiles are shown in red

The simulation method proposed in the current papsrpreviously been applied to investigate
the influence of the wheel profile state of weartlo® impact noise generated at railway crossings
[12]. For a case with vehicle speed 100 km/h ahdlew worn wheel, leading to loss of wheel—
rail contact during the transition from wing radl the crossing nose, the predicted noise level was
11 dB(A) higher than that of a nominal S1002 whefile. The state of the wheels fitted on the
trains recorded in the measurement campaign isamkrand represents a potential error source
in this study. Further numerical studies would &éguired to investigate the influence of the state
of the wheel profiles to understand their effectdle generated impact noise.

The vertical position of the wheel centre relatteethe rail centre line (i.e. the wheel vertical
trajectory) varies as it travels over a fixed chogqsee Figure 2 and 9). Most significantly it
changes from a downwards motion to an upwards ma&®it makes the transition from wing

rail to crossing nose. This change in direction lsarmodelled using the concept of a dip anrgle

as defined in Figure 10. The impulse applied towheel to achieve this change in direction is
proportional to the change in vertical wheel speddth in turn is proportional to the line speed
and the dip angle. It is therefore to be expectat the impact loading on a crossing is
proportional to the line speed and the dip anglee @ip angle is in turn determined by the
crossing geometry and the lateral position andilergeometry of the passing wheel [13].
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Figure 8. Measured rail roughness spectra for wailgdD2) and stock rail (D4)
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Figure 9. Quasi-static vertical wheel trajectodesing pass-by of a S1002 wheel profile on the mess
Loreley crossing geometr—e— ), and on generic cr@ssiith dip angle 6 mrac— ), 12 mre==:= ),
18 mrad - -- ) and 24 mrar ). Zero relative lateragelbrail displacement is assumed

It has been demonstrated experimentally [14, 18] rmumerically [16] that geometry change in
the transition zone of the crossing due to damagpecially plastic deformation, will influence
the wheel-rail interaction and increase the impaatling. These studies have however not
reported explicit numbers on changes in dip angfefl4], acceleration measurements from the
same crossing at three different states of degmadate reported. It is shown that the maximum
vertical crossing acceleration for a number of pass/heel profiles is on average 70% higher
when the crossing is in a damaged state with @giblling contact fatigue cracks compared to a
crossing that has just been maintained to restk&xdéminal crossing geometry. Everything else
being equal, the increase in acceleration indicatesrresponding increase in impact loading and
therefore also in dip angle. It is also shown ttheg longitudinal wheel positions where the
maximum vertical accelerations are recorded beaommre localised in the transition zone for the
damaged crossing geometry. As a shorter effeataresition zone implies larger dip angles for a
given range of wheel profiles [17], it is furtheridence that the dip angles for passing wheels
have increased with crossing degradation. For tegemt study, it is assumed that the average dip
angle of a damaged crossing could reasonably lve tivat of the nominal geometry.
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Figure 10. Estimation of effective dip angle basadtalculated vertical wheel trajecto— )

In [17], the average dip angle for 400 measuredelvpmofiles on a nominal 1:15 crossing was
6.8 mrad with most wheels exhibiting a dip angleraen 5 and 10 mrad. These values are for
zero lateral wheelset displacement. This variatan be much larger if the lateral displacement
is considered [13]. Assuming the same crossing g&grbut adjusted for the 1:12 crossing angle
studied here, the average dip angle would be 8&dmith most wheels having dip angles
between 6 and 12 mrad. A doubling of the averageadgle due to plastic deformation and wear
would then mean an average of 17 mrad and someowmkiariation. Given these numbers it is
assumed that a dip angle range of 6 — 24 mraddasonable range for the present investigation.

Based on the combination of the measured surfasegey of the crossing panel at Loreley and
a nominal S1002 wheel profile, the static vertiegjuilibrium has been solved for each
longitudinal position along the crossing. The wheal contact was solved using an
implementation of Kalker's algorithm NORM [18]. Thertical wheel trajectory calculated for
the measured crossing surface geometry is showkigure 9. By numerically evaluating the
difference in trajectory slope on the wing rail ahd crossing nose close to the transition point,
the dip angle at Loreley is found to be approxityat2 mrad.

In [5], a crossing geometry was parameterised botthe lateral (cross-sectional profiles) and
longitudinal (longitudinal wing rail and crossingse inclination) directions. The gauge corner
outline and nominal inclinations for wing rail amdossing nose were taken from a standard
crossing design of Trafikverket (the Swedish Tramsgdministration). The cross-sectional rail
profiles on the other hand were described usingsplnctions and were optimised to minimise
the contact pressure for a set of measured wheélgs: Based on this parameterised model, a
crossing geometry was created with a crossing asfdlel? corresponding to that of the crossing
at Loreley. The crossing angle is the angle betwblentangents of the through and diverging
routes.

The longitudinal inclinations of wing rail and cepsg nose are altered for this crossing geometry
via vertical height adjustments of the 2D crosgisaal profiles that build up the wing rail and
crossing nose, respectively. The magnitude of #ical adjustment for each cross-section is
obtained from linear functions that describe thsirgel change in longitudinal inclination and
vertical position of the wing rail or crossing nos¢ere this parameterisation option will be
applied to investigate the influence of the crogsirdip angle on the generated impact load and
radiated impact noise. The vertical wheel trajgctor cases where the longitudinal inclinations
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of wing rail and crossing nose have been modifeeddchieve different dip angles are presented in
Figure 9.

4  Vehicle—track interaction model in the time domain

The prediction method applied in this study inclkide&o separate programs: (1) a time-domain
simulation model for dynamic vehieleirnout interaction and (2) the software TWINS @] the
prediction of radiated noise.

Vertical dynamic interaction between a wheel anel ¢hossing in the frequency range up to
4 kHz is simulated using a convolution integral @ach [19, 20]. This enables a
computationally efficient assessment of the dynaregponse by calculating the time-variant
wheel and rail displacements by a convolution &f vertical wheel-rail contact force with the
so-called Green’s function of the respective congmbr{21]. A validation of the method is
presented in [20]. This was achieved by comparisidh a software that previously had been
validated versus field measurements. For the traoklel, Green’s functions are derived by a
systematic sampling from a set of inverse Founiandforms of point and cross receptances
calculated in a stationary reference frame. Astithek model is not periodic, and to account for
the motion of the wheel along the crossing, oneusgp Green’s function needs to be calculated
for each excitation position along the track. Theeéh’'s function for the vehicle model is
equivalent with the impulse response function duealdial excitation at the nominal contact
point on the wheel. In each time step, an impleatet of Kalker's algorithm NORM [18] by
Pieringer [22] is applied to solve the vertical Agertzian wheelrail contact. Potential multiple
simultaneous contact points occurring for exampléhe transition of the wheel from wing rail to
the crossing nose (and vice versa) are accounted fo

One wheel of the vehicle is modelled as a flexiimdy suspended in its primary suspension. This
vehicle model is considered sufficient since thémpry suspension leads to a dynamic
decoupling of the unsprung mass from the otherclkeltiodies (i.e. bogie frame and car body) at
frequencies above approximately 20 Hz [23]. As sangple, a BA319 freight wheel with mass

350 kg and nominal rolling radius 0.46 m is mod#liesing axi-symmetric finite elements, see
Figure 11. To obtain the high-frequency modes efwtheel, the hub is first constrained at its
inner surface and a modal synthesis is performeéginieg a truncated set of eigenmodes
corresponding to a highest eigenfrequency of 4 kHz.

Wheelset structural damping is accounted for bgothicing a modal damping ratio of 0.001 for
all modes. According to experiments, values ofcitmal damping for the wheel eigenmodes are
in the range 0.01 — 0.0001 [24]. The value of 0.@0thosen for practical reasons, although it
may be noted that the exact value used for the ohgmatio is not critical for rolling noise
prediction due to the effective damping introdutsdthe interaction at the wheel-rail contact
[24]. The vertical wheel point mobility correspondito the vertical velocity at the whesdil
contact due to a harmonic unit excitation at themesdocation is shown in Figure 12. The
corresponding result for the rigid wheel modelhswn for comparison and it will be used later
to verify whether a flexible model is needed in time domain model to calculate impact noise
with the equivalent roughness approach.
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To account for the load of the vehicle above themary suspension, a prescribed static
displacement of the upper end of the suspensioresmonding to an axle load of 20 tonnes is
added. In a previous study [12], it was concludeak the influence of the axle load on the
generated impact noise levels is low as long aselvhal contact is maintained through the
crossing.

Wheel-rail
contact node

10° 10! 10 103
Frequency [Hz]

Figure 12. Magnitude of vertical wheel point mdfilat the wheelrail contact node--- : Flexible
wheel model— : rigid wheel model

Figure 13(a) shows a sketch of the simplified tracdel used for the through route in the
crossing. It is developed using the finite elemmethod and consists of a discretely supported
rail modelled by undamped Rayleigh—Timoshenko bebaments with spatially-varying bending
stiffnessEl(x), shear stiffneskGA(x), mass per unit beam lengt{(x) and rotational inertia per
unit beam lengtimr?(x). At each positiorx along the crossing, the crossing rail and the tirgw
rails are combined into one equivalent rail crosstien. Several dimensions, such as thickness,
of the hollow rail cross-sections at the Lorelepssing are unknown. For the tuning of the
model, based on the outer dimensions of the crgs#ive cross-sectional area and moment of
inertia over the crossing panel were estimatedity lsetween four and two times the values for a
nominal 60 kg/m rail, see Figure 13(b). This coomexls to a mass distribution varying in the
range 240 — 120 kg/m.

To reduce the influence of boundary reflectionstion rail vibration at the centre of the model,
the track model includes 140 sleeper bays at constaeper spacing = 0.6 m and clamped
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boundaries at the two rail ends. The theoretiaasing point (TCP) is located at the centre of the
track model directly above sleeper 70. Each rail aad the support under each (half) sleeper are
modelled as two discrete pairs of a linear elegtiing and a viscous damper coupled in parallel.
The length and madd; of the sleepers are assumed to be constant ()5f@kgleepers 1 — 60
and 91 — 104. In between, it is assumed that thepst length and mass vary linearly from
sleeper 61 (150 kg) to sleeper 90 (300 kg). Unifgteeper support conditions with constant bed
modulus are assumed, and thus the linear variatfoballast/subgrade stiffnedg(x) and
dampingcy(X) is proportional to the sleeper length.

The track model was calibrated with respect to gbheat mobility measured at Loreley. The
measurements were performed using sledgehammadatexeiof the rail without preload. The
measured and calculated vertical point mobilitiess @mpared in Figure 14. On average, the
agreement is good. The calibrated track parameterdisted in Table 1. For comparison, the
calculated point mobility at midspan when the vath spatially-varying data has been replaced
with a nominal 60 kg/m rail is shown. It is obsetvémat the point mobility on the crossing
reveals several peaks and dips that are not conyrionhd in data obtained from a nominal
tangent track. Due to the higher mass and supfifirtess in the crossing, the magnitude of the
crossing mobility is significantly lower in most tfe studied frequency interval. The resonance
with low damping at about 1 kHz is the so-calledngd-pinned resonance of the nominal 60
kg/m rail where the wavelength of the vibratioretpual to two sleeper spacings. It is observed
that this resonance can be identified also in tiessing panel despite the arrangement of rails
with varying cross-sections. The procedure for gighe Green’s function to calculate the vertical
rail displacement at the wheel-rail contact is dbed in [20].

Note that the exact design of the crossing (raisstsection geometry, mass distribution, etc.) has
not been available. Related to this, even thougjurgi 14 shows a good match between the

modelled and measured results, the calibrated ackmeters in Table 1 may not correspond to
those of the design at the site.

o

Normalised track parameters [-]

T T T T I Jo(x)
LTI “
.LL\‘),| S S

Distance from TCP [m]
@) (b)

Figure 13. (a) Track model with one rail on diserstipports. (b) Variation of cross-sectional akéd
and moment of inertid(x) for straight rail including the crossing, tragilmmove; A(x) and I(x) are

normalised with respect ¢ = 7.6910° m* andl,¢ = 3.0510° m* corresponding to a nominal 60 kg/m
rail
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Table 1. Calibrated nominal parameters of the tiaghport model. The ballast/subgrade stiffiie$s)
and dampingy(X) are increased proportionally to the sleeper keirgthe crossing panel

Paramete | Value
K, (KN/mm) | 6C

C, (Ns/mm’ | 1C

Ko (KN/mm) | 5C

Co (Ns/mm’ | 32.¢

5 Wheel-rail impact load

In the simulations of dynamic vehieleirnout interaction, the continuously varying rpibfile
geometry along the crossing is accounted for bgrpdlating the three-dimensional contact
geometry between rail profiles given at a sampliggance of 10 mm. The influence of the
acoustic roughness, see Figure 8, is neglecteckabh time step of the contact detection
algorithm, the lateral position of the wheelsettoens prescribed but the contact positions on
wheel and rail are not, allowing for an accuratedprtion of the wheel transition between wing
rail and crossing nose. The effect of variationlatéral contact position on the excitation of
wheel and rail is not considered.
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Time histories of vertical wheelail contact force are simulated for a 10 m longtise centred
around the TCP, and for traffic in facing and trejl moves. The impact load generated at the
crossing by the passage of one wheel is calculdtkd. influence on the impact load of the
different dip angles illustrated in Figure 9 isdiad. For a S1002 wheel profile and train speed
100 km/h, the time history of the vertical wheell contact force is shown in Figure 15. It is
observed that the impact load magnitude increasesimcreasing dip angle. For example, the
impact load simulated for the dip angle 24 mradlmsost a factor of 2 higher than that obtained
for dip angle 12 mrad. Good agreement in impact lazagnitude is observed between the
measured crossing geometry and the generic geomitrylip angle 12 mrad. This implies that,
in terms of the generated impact load magnitudehénfollowing the Loreley crossing can be
represented by the generic crossing with a dipeaofyl2 mrad.

An example of the distribution of contact presstueing passage through the crossing panel is
illustrated in Figure 16. For a short distancehat transition, there is simultaneous contact on
crossing nose and wing rail. The maximum contaesgure is generated at the crossing nose is
indicated by the light-yellow colour.
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Figure 15. Calculated time history of vertical wheail contact force in the crossing panel. Facinyeno
axle load 20 tonnes and speed 100 km/h. Resultsilatgd for the pass-by of a S1002 wheel profile on
the Loreley crossing—e— ), and on generic crossings dip angles 6 mrac— ), 12 mra—-- ), 18

mrad ----- ) and 24 mra¢; )
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Figure 16. Calculated distribution of vertical wheail normal contact pressure during passage of a
BA319 wheel with S1002 wheel profile on the generiossing with dip angle 12 mrad. Facing move,
vehicle speed 160 km/h and axle load 20 tonnes

For an investigation of the influence of flexibledarigid wheel models, calculated time-histories
of the vertical wheel-rail contact force during gege through two crossings with dip angles of
12 mrad and 24 mrad are compared in Figures 17(&h® contact bands on the wing rail and
crossing nose are illustrated on the crossing gagraethe bottom of each figure. For a crossing
dip angle of 24 mrad, Figure 17(b) shows loss oftact (zero vertical force) during part of the
transition from wing rail to crossing nose. Thidligstrated by the simultaneous interruption in
the contact bands on wing rail and crossing noke.ififluence of the wheel structural flexibility
on the impact load magnitude when there is logatact is observed in Figure 17(b). The peak
force increases by about 40 % but the changesaodyr near the discontinuity and for a very
short duration.

Time-histories of the vertical wheehil contact force for passage through a crossintacing

and trailing moves are compared in Figure 18. Resalculated for dip angles 12 mrad and 24
mrad are presented in Figure 18(a) and Figure 18€bpectively. It is observed that the impact
load magnitude calculated for the trailing moveesds that for the facing move. This is found to
be a consistent observation for a range of velsipéeds and dip angles, see further results below.
It should be noted that these results are obtafaed prescribed lateral wheedil shift. To
assess the conditions in field would require eitineasured data for the relative lateral position
of the wheel with respect to the rail, or to extehne simulation method to account for the three-
dimensional vehicle steering dynamics.

The one-third octave spectra of the wheel-rail adnforce based on the output from a
simulation over a 10 m section centred at the #texa crossing point are presented in Figure
19. The results for the two wheel models, and faffit in the facing and trailing moves, are

compared. The frequency components with the largesgnitudes are observed in the low
frequency range below approximately 80 Hz. The ritadas for the rigid wheel model exceed

those for the flexible wheel model at most frequeniabove 400 Hz, which is where the mobility
is lower than that of the flexible wheel, see Fg@@. The difference in the spectra obtained for
trains running in facing or trailing moves is séetfbe moderate.

15



350 1

[9%)

[

o
T

300 300
Z 250 = 250 -
= =A
o 2001 0 200
2 2
S 1507 S 150}
S 3
£ 100 <100
Q L
> >
50 50 F
0k 0t
-1 -0.5 0 0.5 1 1.5 2 -1 -0.5 0 0.5 1 1.5 2
Longitudinal coordinate [m] Longitudinal coordinate [m]
(a) (b)

Figure 17. Calculated time-history of vertical wheail contact force for the pass-by of a rig=—- )
and flexible wheel— ) through the generic crosswith dip angles (a) 12 mrad and (b) 24 mrad. The
wheelrail running band along the crossing is illustrastdthe bottom of each figure. Wheel profile
$1002, vehicle speed 160 km/h, axle load 20 toandfacing move
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Figure 18. Time-history of vertical wheedil contact force calculated for the pass-by dezible wheel

in facing - —-) and trailing— ) moves through the gémerossing with dip angles (a) 12 mrad and (b)
24 mrad. Wheel profile S1002, vehicle speed 16hkrXle load 20 tonnes. Arrows illustrate the tcaff
running direction for the respective moves
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A parametric study is performed to investigateittileiences of vehicle speed, crossing dip angle
and travelling direction on the wheel-rail impaotce. Figure 20 presents the ratio of the
maximum impact force magnitude to the static vattiwheel-rail contact force. In general, the
peak impact force increases with increasing velspked and dip angle, and force magnitudes in
the trailing move exceed those in the facing ma@veignificant difference is seen in the peak
magnitudes of the vertical wheel-rail contact fopetween the results accounting for the wheel
structural flexibility and those without. Howevetases with loss-of-contact seem not be
influenced by wheel flexibility. By comparing thesults in Figures 20(a) and 20(c) at dip angle
12 mrad and vehicle speed 180 km/h, the impact loadnitude may be overestimated by
approximately 25% if wheel flexibility is neglecteBurther, for dip angles 18 mrad and 24 mrad,
Figure 20 shows loss of contact to occur at highicle speeds. For traffic in the trailing move
and dip angle 12 mrad, Figure 20(d) shows thatublitty of speed from 100 km/h to 200 km/h
leads to an increase in peak force magnitude lagtaif 2. In facing move, the speed dependence
of the peak force changes when loss of contactrec@his can be seen in Figure 20(a) where the
peak/static force ratio, for the result at 24 miadreases with a slope of about 0.027 per km/h,
below 150 km/h. The slope decreases to about {@ESkm/h) in the presence of loss of contact
above 150 km/h. An equivalent change of slope igpresent in the trailing move.

Figure 21(a) illustrates the spectral componenthefimpact force generated during passage in
the facing move at speed 160 km/h and for dip andletween 6 mrad and 24 mrad. The

frequency components of the vertical wheel—railtaonforce calculated for a dip angle of 12

mrad and vehicle speeds in the range 80 km/h —kB¥b are presented in Figure 21(b). The

spectra in both figures have a similar shape withaximum force magnitude in the frequency

range below 50 Hz. Moreover, the frequency comptsnare found to increase with increasing

dip angle and vehicle speed.

17



6 6 i
Sr 5r °
< @ <
= N =
< T <
g4 Lo e g4
: o :
53 o e - o3t
= e _.o o--°" =
2207 o7 =20
S o _o-" S ¢
S Ag
1 8
0 L L L L 0 L L L L L L L L J
80 100 120 140 160 180 200 220 240 80 100 120 140 160 180 200 220 240
Speed [km/h] Speed [km/h]
(a) (b)
6 -
5
2 2
o Sat
2 2
& &
2 237
g g
w w
= 220
< < ¢
(53 o &
o A d
1(
0! R 0 e
80 100 120 140 160 180 200 220 240 80 100 120 140 160 180 200 220 240
Speed [km/h] Speed [km/h]
() (d)
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Figure 21. Calculated spectrum of vertical wheal contact force during pass-by of a flexible BIA3
wheel with S1002 profile on the generic crossingacing move. (a) Vehicle speed 160 km/h and dip
angles 6 mrad— ), 12mra—=-- ), 18 mr=-- ) and 24t~ ). (b) Generic crossing with
dip angle 12 mrad and vehicle speed varying betw&@km/h ) and 240 km/f— ) in steps of
20 km/h

6 Equivalent roughness

To estimate impact noise levels from the contantde calculated in the time domain, a hybrid
approach has been developed based on the defimtian “equivalent roughness” [7, 8]. The
idea is to determine an equivalent roughness spacthat, in a linear model, gives the same
contact force spectrum as the one obtained withoa-linear model that includes the
discontinuity. In this linear model, the dynamioperties of the wheel and track must be the
same as in the non-linear time-domain model butniwe-linear properties of the contact are
replaced by a linear Hertzian contact spring. Toisghness spectrum can then be used in a
detailed linear model of noise generation, suciif\@a8NS [9], to predict the noise due to the
impact. The accuracy of the hybrid approach in igtedy the vibration level at the wheel-ralil
contact point has been quantified in [8] by compgtihe velocity spectrum, calculated with this
approach, with the equivalent result from a diiattgration in the time domain. The maximum
difference between the third octave band spectsaless than 2 dB.

The first step is to calculate the transfer functi@tween roughness and contact force for a given
combination of wheel type, track and contact. Bingsa “moving roughness” approach, the
contact force per unit roughness can be obtained as

jw

() = Y @) H V@) + Vo) W

where the denominator includes the sum of rail, ell@ad contact mobilitie¥ (w) at circular
frequencyw.
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The rail mobility is calculated using the track rbdhown in Figure 13 and the value at the ralil

discontinuity, where the contact force variations greatest, is used in Equation (1). The contact
mobility is represented by means of a linearizedtEn contact spring, where the contact

stiffness value is calculated from the nominal l@ed the nominal wheel/rail geometries. The

value used in the simulations is 1440 kN/mm. Thee&lmobility is the same as shown in Figure

12, and both rigid and flexible models are testedltaining the equivalent roughness. These two
approaches for the wheel are compared to verifyriodel based on a rigid wheel mass can be
sufficient to estimate the equivalent roughness.

The contact forces from the non-linear model, seeti® 5, are available in the time domain.
Typical results are vertical forces (total) as action of longitudinal position such as those
presented in Figures 17 and 18.

To calculate the equivalent roughness, the narramdtspectrum of the contact force needs to be
evaluated. Only the fluctuations of the verticaicko around the nominal values result in impact
noise, therefore the dynamic fluctuationgipaire obtained as

Fpa=F —Fy @)

with F,, being the nominal normal load per whegl,(= 100 kN). A linear detrend and a steep
Tukey window (half-cosines at both ends) are agpigethe time histories before calculating the
spectrum. These time histories are zero-paddeddagih of 2 s and then transformed into the
frequency domaink (w), by using a fast Fourier transform. This givesegfiency resolution of
0.5 Hz; the mobilities are also obtained with thiequency resolution. The required equivalent
roughness is obtained as

F(w)
HrF((‘))
Thus, the force specti&(w) in Equation (3) are obtained from the time-domaiodel whereas
the transfer functionHd,z(w) is obtained from a frequency-domain model. Howgvtris

important that the mobilities used to determig (w) correspond to the same track and wheel
models used in Section 4 to obt#itw).

®3)

r(w) =

The equivalent roughness is finally converted ime-third octave bands to be used in the noise
predictions. An example is shown in Figure 22. Nibigt this roughness corresponds to a time
duration of the impact event of 2 s and the noistined with using such roughness can be
rescaled to be representative of different timedeuas. In the one-third octave representation of
the equivalent roughness, the difference betweemigid and flexible models is negligible in the
entire range and for both the cases with and withass of contact. The mean dB difference is
less than 0.2 dB and the maximum difference is 2odBurring at the shortest wavelength.
Differences inF andHr cancel out, and this will be reflected in the iipaoise. The results
found at other speeds and for different dip anglesw a similar comparison between the two
wheel models. Although the wheelset model (seerkBidi) influences the peak force, a similar
effect is not found in the equivalent roughnesss Thbecause in the noise calculations the ratios
results shown in Figure 17 need to be convertatBs, and in addition the equivalent roughness
is calculated considering the entire duration &f ithpact while the wheelset model only affects
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the contact force for a short duration. It can ¢fiene be concluded that the rigid wheel model is
sufficient in the dynamic simulation once a hybdgdproach is adopted to calculate noise.
Nevertheless, the wheel flexibility must be incldde the calculation of the noise.
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Figure 2. Third octave band equivalent roughr. (a) 12 mrad anc(b) 24 mrad. Vehicle speed 1
km/h, axle load 20 tonnes and facing move. Flexittheeel model +— ); rigid wheel modek(- );
ISO3095 € - ).

7 Impact noise

The software TWINS is adopted to calculate the atain of impact noise. This model was
validated versus field measurements of pass-byngolhoise in Ref. [9]. Additionally, an
assessment for the specific application of TWINS$ad of a hybrid modelling approach in the
prediction of impact noise due to rail joints anteel flats was presented in [7, 8]. TWINS
provides the transfer function between the roughreesl the sound pressure at a receiver. For
simplicity, the radiation model is based on a nahmail. For the examples shown below, the
receiver is located at 7.5 m from the track cemnel at 1.2 m above the top of rail. The
roughness-to-pressure transfer function is thenbaoea with the equivalent roughness to obtain
a prediction of the noise spectra due to the impacbntact filter [2] is not included in the noise
calculation as this is already directly accounted ih the dynamic simulations presented in
Section 5. In the impact noise simulations, on§irgyle wheel is considered and the final results
are rescaled to be representative of the spectuatuaed over a time window of 0.125 s (see
also [7]), corresponding to the fast averaging usedcoustic measurements. This corresponds
roughly to a travelling distance of 3 m at the Iswepeed and 8 m at the highest. For
comparison, rolling noise predictions are also eatd by using roughness measured at the test
site as described in Section 2. In the case ohgphoise, the spectra are evaluated over a fixed
length of 20 m and include the presence of twosaxieeach 20 m long car.
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The predicted sound spectra are shown for therdiftecases in Figure 23. All the impact noise
spectra (Figure 23(a)-(c)) are characterised blyamg contribution below 500 Hz, while rolling
noise spectra (Figure 23(d)) are dominated by faqy bands above 500 Hz. For the rolling
noise, with increasing speed the contribution athtigher frequencies increases more than at the
lower frequencies. For the impact noise, increaslimyangle results in an increase in noise
spectra across the entire frequency range, withfem exceptions at high frequency.
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Figure 24 shows the trend of overall A-weighted atipnoise level versus speed and compares
rolling noise with impact noise at different dipgées. In general, the overall noise level increases
with increasing vehicle speed and dip angle. Thisentevels in the trailing move are slightly
higher than those in the facing move for the cage=sre there is no loss of contact. However, the
difference is on average less than 1 dB. For theadgles and speed combinations that result in
loss of contact the difference is more substanfialobserved for the peak force (see Figure 20),
in the facing move the speed dependence clearkgdees when there is loss of contact while it
does not change in the trailing move. The facingenghows the type of results attributed in [6]
to a step-down impact. In these cases, for spebd@sewoss of contact occurs, the peak sound
pressure was found not to increase with increaspepd. The results for the trailing move
instead appear more similar to a step-up type phot with the peak sound pressure increasing
with increasing speed, regardless of the fact libedt of contact occurs. As a consequence, the
overall levels in the trailing move are found tougeto 3 dB higher, for the highest speed and dip
angle, than in the facing move. For the cases witlass of contact, the speed dependence of the
impact noise is approximate30logV, which is higher than th@0logV found in previous
research on impact at rail joints [6-8].

It was shown in Figure 9 that the geometry measatéhe test site corresponds to a dip angle of
12 mrad. For this dip angle and a vehicle spee8l0dkm/h, the overall A-weighted noise level
due to a single impact event, evaluated over 0s25 equivalent to the overall rolling noise
level (see Figure 24). If the impact noise levelgrav evaluated over a time window
corresponding to a train motion of 20 m, whichgsi& to the averaging length for rolling noise,
the overall level of impact noise would be 7 — 9ld®er than rolling noise. This is aligned with
the observations highlighted through Figures 5 &ndvhere it was inferred that the main
contribution in the sound pressure spectra is tiawlling noise. However, the impacts are
clearly audible in the recorded sound pressure fdad intermittently stand out due to their
discontinuous nature. Sound spectra averaged beeeritire length of a vehicle cannot capture
and quantify this effect completely. Evaluating amp noise from S&C with the same time-
averaging typical of rolling noise can thereforaddo an underestimate of its actual perceived
effect.
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8 Conclusions

Railway crossings are subjected to high degradataies and hence require regular and
expensive maintenance. The large magnitude whelelr@act loads generated on the crossing
may result in severe plastic deformation and rglioontact fatigue damage that can lead to the
breaking out of material from the rails, which urt brings a further magnification of the impact
loads, etc. Another critical consequence of theaichjipading is noise. The vehicle speed and the
wheel-rail contact geometry, which is determinedh®ydesign of the crossing geometry and the
status of the wheel and rail profiles, are impdrjgarameters with respect to the generation of
impact loads and noise. In particular, the magmitod the impact load is influenced by the
crossing dip angle that can be determined fronvéngcal trajectory of the wheel relative to the
rail when passing over the crossing.

In a field test, impact noise and rail acceleratiane been measured in a crossing. The point and
transfer mobilities measured on the crossing redeaeveral local maxima and minima not
generally found in corresponding transfer functifnesn standard track. For passenger traffic in
the trailing move at speeds in the interval 82 ki7h, the rail acceleration data showed a broad
peak centred at 63 — 80 Hz, corresponding to anees® of the coupled wheel-track system. The
measured sound level spectra included the summetlimations of rolling noise and impact
noise, and it was not possible to separate thenpletely. For example, it was observed that the
spectra had two significant peaks at 400 and 63@i#z to rolling noise induced by high ralil
roughness. The impact noise was observed to irdku¢ime low frequency content of the noise
spectrum in the region of the wheel-track reson&880 Hz. In general however, it could only
be inferred that the contribution of the impactsaoio the sound pressure spectra, calculated over
a time window corresponding to the length of eaafspnger coach, was small.
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For the prediction of wheel-rail impact loads amdsa at railway crossings, a hybrid model has
been applied. The hybrid model combines the sinarabf vertical wheelrail contact force in
the time domain and the prediction of sound pressirel in the frequency domain. The three-
dimensional geometry of the wheel and crossing, amdn-Hertzian wheetfail contact model,
were accounted for in the solution of the wheel-eantact. The two models are coupled based
on the concept of an equivalent roughness spectauanh,jt was confirmed that the influence of
the crossing dip angle on the impact noise is camable. For example, an increase in crossing
dip angle from 6 mrad to 24 mrad was found to gpoad to an increase in radiated impact
noise of about 11 dB(A) for the cases without loggontact. It is concluded that the impact
loads and noise can be mitigated by designingridrmaaintaining a crossing dip angle that is as
small as possible. However, since the crossingheilsubjected to wheels with different status of
wear, a certain dip angle is required for the dngsgeometry to be compatible with a range of
wheel profile shapes [5, 17]. There are also theWwoworn profiles that typically demonstrate
poor compatibility with crossing geometries anducel significant wheel-rail impact loads and
rail damage [12].

To the authors knowledge, the current work conststa first attempt to use numerical prediction
to assess the generation of impact noise at raitk@gsings. Future research efforts are required
to improve the basic understanding of the phenomes® well as to further develop the
simulation method towards a model able to quantébt validate against field conditions. It is
suggested to apply the proposed model to investitied significance of a field-like spread in
operational conditions (e.g. lateral wheall shift and wheel profiles) on the radiationimipact
noise. This knowledge may show important for a piéé future usage of the model for noise-
based condition monitoring. It is argued that th&ltsound pressure level does not sufficiently
well reflect the annoyance experienced by peoppmsad to impact noise from crossings. Thus,
there is a need for a new assessment criterionaitiunts for the specific characteristics of
impact noise and relates these to other noise epustich as rolling noise and aerodynamic
noise. In order to assess disturbance due to irmmese, such a criterion may need to account for
the time-history of sound pressure, evaluate ttek pevels and combine these with the number
of impacts. These results are currently not predietith the hybrid approach, which is based on
averaged quantities during pass-by.
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