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THE INTERACTION BETWEEN RAILWAY VEHICLE DYNAMICS
AND TRACK LATERAL ALIGNMENT

CencenGong Simon lwnickiandYann Bezin
Institute of Railway Research, University of Huddielsif
Queensgate, Huddersfield, Yorkshire, United Kingdom13DH
E-mail addressu1273131@hud.ac.uk

Abstract

Track geometry deteriorates with traffic and needs to be reguéstigred by tamping or other methods. As the
deterioration is mainly in theertical direction this aspect has been more widely studied and models developed
but track lateral deterioration is not as well understotdus research aims to develop a methodaiaalysing

and predictinglateral deterioration ofailway track caused by traffic, artd investigatethe influencesof
different railvay vehicles runnirg speeds traffic mix and wheetail contact conditions

1 VEHICLE -TRACK LATERAL MODEL

Track condition has aignificantinfluence on the behaviour of thailway system in terms of ride safety,
maintenance and passenger comfort. Howeirerpracticeit is physically impossible to eliminate track
irregularity. It is therefore very important to understand the mechawisthe track deterioratioto be able to
predictdevelopment ofrack irregularies for reducing the lifecycle cost of the railway system and designing
new track structurefl]. The deterioration of track alignment usually measued by railway infrastructure
managers using a Track Recording Coach (TRC). Various track vertitainssant models have been developed
in order to predict the rate of change of vertitatk levelin many countrieg2]. However, the mechanisms
involved and the triggering limits in terms of lateradhicletrack interaction dynamics are not very well
understood. The limit of track lateral resistance stilldusg most railway organisations todayas defined by
Prud’homme{3] in 1967.The vehicletrack lateral dynamic interaction modelthis workis establishedsthe
overall model scheme shown kigure 1. The vehicletrack lateral interaction can be effectivetyodelled
based on two main parts, which are the veHigek interaction model and the track lateral deterioration model.
The vehicletrack interaction model is an existing Mitbdy Sysem (MBS) mode] in this casehe VAMPIRE
simulation tool The outputdorcesfrom the Vampire simulation are then used as the inpuad-toite Element
(FE) track model.
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Figure 1-1 Vehicle-track lateral deterioration model scheme

The VAMPIRE simulatios useinput dataselected tanatch conditions observed on selected track seciens
shown inTable 1-1. Outputs are the resolved vertical and lateral forces at each wheel of the vetucleeon
rails.



Table 1-1 Smulation inputs and outputs
Track irregularity data Measured track data
Vehicles Veh.1-Class 390; Veh.2 Class 221; Veh.3 Markilll
Veh.4 — FEAB, FSAO, FTAIl, KFAF laden; Veh.5
FEAB, FSAO, FTAI, KFAFtare
Veh.6—IPAV laden; Veh. 7 IPAV tare
Calculation time step 0.001s
Output time step 0.00s for passenger vehicle®eh.1-Veh.3
0.005s for 4axle freight vehicle¥eh.4—Veh.5
0.009s for 2axle freight vehicle¥eh.6—Veh.7
Speed 100mph (44.70 m/s) for passenger vehicles
75mph (33.528m/s) for 4 axle freight vehicles
45mph(20.117m/s) for 2 axle freight vehicles
Coefficient of friction 0.4 for passenger vehicles, 0.3 for freight vehicles
Contact file Uic60-20-worn_br-p8wornfor passenger vehicles
Uic60-20-worn_br-p10 for 4axle freight vehicles
Uic60-20-worn_br-p5 for 2axle freight vehicles
Creep law Friction coefficient 0.3
Nonlinear creepaw

The FE track lateral model shownkigurel-2is builtin MATLAB. It consists in dateral/3vertical degrees of
freedom per sleeper element, including two extra nodes for the rail bebetween two sleepers which was

determined to give sufficiently accurate peak displacement of the sleeidebaidy mass while maiaining
reasonable calculation speed.

i g

a) FEtracklateral model plane view b) FE track lateral model front view
Figure 1-2 FE track lateral model

The nonlinear characteristiof the lateral resistands shown inFigure1-3 (a), whichhas beenletermined from
experimental programs by BR Reseaf¢h DB [5], and TU Delft[6]. The simplified noflinear characteristic
illustrated inFigure1-3 (b) is employed in the actual track model in order to mh&ecalculation process easier.
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Figure 1-3 Track lateral resistance characteristic

F, andw, represent the elastic breaking force and displacemenf, aradies with different distributed vertical
loads. F, andw,, are respectively the breakvay resistance and displacement, which are the force and
displacement required to overcome the static frictioniaitidte motion[7]. They can be seen as the starting
point when the sleeper slides laterally on the babasl.6 is the residual deflection stiffness softening daeind

0.98 to 0.99 is found to be appropriate for consolidated tfadk.the vertical distributed force from the rails to
the sleeper. Even small forces can cause residual deflections therefore, #ergilole to use the actdrttion



coefficient between the sleeper and ballast in the residual deflection gattufar example, the lateral forces
are usually less than 5 kN on stigtigrack and using the actual friction coefficient which credie dynamic
elastic breaking force of more than 20 WNI not help capture any small accumulated residual deflectionafter
numberof passes. Therefore, a much smaller coefficient is dibfimel used in the model for residual deflection
calculation.u,.is the ‘friction coefficient’ between the sleeper aralldst layer for the residual deflection
determinationwhich is 3% of the actual sleepleallast friction coefficienti;. The paramets selected for the
track model is shown ifiable1-2 selected from some track lateral test res{8{s[9] [10] [11] [12].

Table 1-2 Track parameters
Symbol  Units Value

Young modulus E N/m? 2.108 x 10!
Sectionmass of UIC60 rail m, kg 60
G44concrete sleeper mass mg kg 308

Sleeper spacing S m 0.6

Section moment of area abadrtical axis I, m* 5.123 x 10~°
Section moment of area about horizontal axi Iyy m* 3.038 x 107°
Rail padlateral stiffness Kpy N/m 3.98 x 107
Rail padlateraldamping Cry N-s/m 3 x 10*

Rail pad vertical stiffness Kk, N/m 6.3 X 107
Rail pad vertical damping Crg N.s/m 4 x10*
Sleepetballastlateral damping Csy N:-s/m  2.5x10*
Sleeperballast vertical stiffness K, N/m 9 x 107
Sleeperballast vertical damping Coy N.s/m 8 x 10*
Elastic breaking displacement for weak track  w, m 0.01 x 1073
Elastic breaking force for weak track F, N 40

Peak resistance displacement for weak track ~ w, m 3x1073
Peak resistance force for weak track E, N 8 x 103
Residual deflection coefficient Uy - 0.01

Friction coefficient U - 0.3
Softening factor 6 - 0.9985

Table 1-3 is the traffic mix on the section of tracisedin the validation process and the traffic is considered
evenly distributedvithin each time periad

Table 1-3 Traffic scenario for later simulation [13]

Datasetg Veh.1 [ Veh.2 [ Veh.3 [Veh.4 |Veh5 |Veh.6 |Veh7
19/01/2011] D1 Wheelsets passages between two measured data sets
16/03/2011] D2 16909 | 1258 308 946 657 46 32
18/05/2011] D3 19023 | 1416 346 1064 739 52 36
15/06/2011] D4 8454 629 154 473 329 23 16
20/07/2011] D5 10568 | 787 192 591 411 29 20
17/08/2011] D6 8454 629 154 473 329 23 16
14/09/2011] DY 8454 629 154 473 329 23 16

Figure1-4 a) and b) are respectively the measured and predicted track lateral itgguarthree60m track
sectiors. The peak lateral deterioration and increase from one period tutibr arevell predicted.

éectibn 2
a) Measured lateral irregularity
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Figure 1-4 Measured and predicted track irregularity comparison

Figurel-5 a) shows the comparison between measanetipredictediateral deterioratiochangefor three track
sectionswhich is the difference between two consecutive fer@ods Figure1-5b) illustrates the SD value of
this section of track, as well as th&#B and correlation coefficient values of the measured and predicted lateral
deterioration.The correlationcoefficients br the first predictions areery low, becauseghe long wavelength
irregularity magnitudes are loand the shortvavelengthirregularities donot have a strong correlatioifhe

RMS value indicates the magnitude of the difference between measured antkgréderal deterioration,
therefore, the bigger RMS value is the less accurate the predictionrisla@on coefficient measures the linear
correlation between the measured and predicted deterioration.
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b) Precision measures
Figure 1-5 Deterioration comparison and precision measurement

It can be found fronRMS and correlation values ftiiese three sets of results that the prediction is redgonab
accurate for first 4 to Slatasetsand become less accuratith increasing timesince the RMS grows and
correlation coefficientstarts todrop. From thecomparison ofactual measured and predicted track lateral
irregularities it can be found that there is an additienadll wavelengtlirregularity of the predidgvnsthat does

4



not appeaiin the measured data. The PSD of the both measured and predicted |adeialatien is calculated

for these three sections of tradkside of a good match for all low frequencid¢ise predicted deterioration
includes a higher fequency componerthat does not exist in the real deterioration. This high frequency
corresponds to a wavelength between 0.09259 to 0.1389cycle/m (6.17 to 48 .8mawn irFigure1-6. As the
vehicle dynamic forces are tloaly inputto the track model, this surelycaused bya vehicle dynamic mode
thatcan beexcited by different factor&.g.the wheelrail kinematic modes)

Section 1 Section 2 Section 3

Measured track

Predictad track

Figure 1-6 PSD results of measured and predicted lateral deterioration

If the 3 to 10.8 m wavelengths are filtered out from the resultsSihevalues are much better matched,
meanwhile, the RMS and correlation coefficient valirglicate a much more accurate prediction restittsthe
filtered datashown in Figure 1-7. Therefore, it is important to understand why this shorvelength
deteriorationdoes not exist in the actual track lateral deterioration, despite the &dhéhvehicle dynamic
forces are predicted in this short wavelength range.

Section 1 Secfi'on 2 Sedibn 3
b) Precision measures
Figure 1-7 Deterioration comparison and precision measurement

2 EFFECT OF DIFFERENT VEHICLES

The effect of different vehicles running on one sectibmeasuredrack and the influence of the running speed
of the most commorvehicle (Class39) on the track lateral deterioration are discussed. Thalation resuk

for the trackdeterioratiorcaused by different vehicles for one vehicle pass on the talmgershown inFigure
2-1. For quantities varying both positively and negatively like track det¢iooraRMS value is a good measure
of the amplitude.
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It can be found that generally the freight vehicles Vehd\aeh.7 have the biggest impact. SitleeL/V ratio
is considered the biggest impact factor of the residual deflettierdynamid_/V loading ratio from all vehicles
are calculated and shownhigure2-2.
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Figure 2-2 Lateral to vertical loading ratio delivered from vehiclesto rail

Figure 2-3 is the summary of theneanL/V ratio from different vehicles. For the passenger vehicles Vieh.1
Veh.3 with similar static loadsVeh.1 has théiggestL/V ratio while Veh.3 has the smallest. Therefore, the
resulted residual deflection by Veh.1 is the biggest asigare 2-1 b). On the other hand, the laden freight
vehicles have much smaller L/V ratio than the tare ones, yet ciggt besidual deflections. The reason is that
the laden vehicles have much bigdateral forces. Therefore, it can be deduced that the residual deflection
depends on both lateral forces and L/V loading ratios.
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Figure 2-3 Summary of average RMS of lateral forces and L/V ratio of different vehicles

Considering the dynamic forcesperiencedy each sleeper, the residual deflection under a certain lateral and
vertical forces can be calculated @escribed inFigure 2-4. Therefore, the lateral residual deflection can be
calculated byequationl.

FL_Cr'Wrel_b) (FL—CT'W'
ka kq

Wy =Wy —W = ) Equation 1

Substitute the values Figure2-4into Equationl and rearrange,

We (FLstiffl -0 FLstiffz
w, =—"

-(1- Equation 2
5  Fgt 1 9)) quation
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Figure 2-4 Residual deflection calculation

With the complicated vehiclrack dynamic interactions, it is very difficult solve the equation and find out the
force influence factoon the lateral residual deflection. If the damping is not considered, tlyeirdhience
factors are the L/V loading ratid@,(/ F,;) and distributed lateral forces on the sleepg). (

1 1
w, =w, - (_ — 1) o A 1 Equation 3
+
FLsti[[/FV FLstiff

For wehicles with similar lateral forceshe vehicle with big L/V ratio creates morateral deterioration.
Meanwhile with similar L/V ratio, vehicles witliarger lateral forces leads to bigger lateesidual deflection.
For vehicles with different L/V rateand lateral forces, it is better to use the vehiciek model to simulate the
influences by the vehicles. For the track studibe 2axle vehicles lead to the biggest residual deflecfimn
each vehicle passven thouglthe speed limit for these vehicledasv.

3 EFFECT OF DIFFERENT RUNNING SPEED

The running speed of the vehicle has a very big influence on the vehigkedynamics, therefore, for different
types of vehicles there are difent speed limits. The most influentiedhicle Veh.1 is selected to see how the
running speed of the vehicle can influence the lateral residual defleatidrthe speeds that will be discussed
are shown immable3-1. All the results areapturedunder 1000 vehicle passes.

Table 3-1 Different vehicle running speed

-20% -15% -10% -5% Original | +5% +10% +15% +20%
mph 80 85 90 95 100 105 110 115 120
m/s 35.763 | 37.998 | 40.234 | 42.469| 44.704 | 46.939| 49.174 | 51.410 | 53.645

Figure 3-1 shows the resulted residual deflection under different speeds mentiboee. @he thick lines
indicatethe lowest, original and highest speed respectively.

umvalated deflection fmm

g T 1 10 Tz 1043 T

Figure 3-1 Residual deflection at different speed



Figure3-2 illustrates theRMS of theresidual deflections resirdg from running the vehicle aifferent speeds.
No clear trend can be found for the peak residual deflection, yet the evessdual deflection is the biggest at
95 mph.
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Figure 3-2 RMSand average residual deflection at different speed

It will be more interestingo look at the impact of the speed on the residual deflection in frequencyndoma
Figure3-3 summarieshe lateral forces PSD peak changes in frequency domain.
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Figure 3-3 PSD of residual deflections resulted by different speeds

It can be found that the wavelengths of the first two peaks do not chignifecantly, while the power density
of the residual deflection at these peaks does chdihgehange in thd™ peakof thePSDagrees withhe result
of average residual deflectiahange, while the"® PSDpeakhas the opposite trend. As the peakver density
of the £' peak haamuch biggervaluethan the 2 one, thee is moreinfluence by the %t peakon thelateral
deflection.
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The change of the vehicle speed does not necessarilysbviragelengthbut anamplitudechange to the residual
deflection. There will be a critical speed that creates the peak residiegtidafand reducing or increasing the
vehicle speed (within permitted operational speed) can reduce the resiflectiae at some pointFor the
Class39 vehiclethis critical speed is around 95 m@.704 m/s)

4 EFFECT OF DIFFERENT TRAFFIC MIX

The effect of the different vehicles othe residual deflectioaking into accounthe actual trafficmix by
factoring the obtained residual deflection for omspwith the number of axle passeshown inFigure4-1. It
showsthat Veh.1 has the major influence on the lateral track irregulgityth compared to other vehés



This is due to the fact th#tis vehiclemakesup more than 95% dhe traffic on this section othe WCML, as
shown in inTable4-1.

Ascurulated doliactice [mm)

104 1.041 1042 1.043 1.004
Distanc [m]

Figure 4-1 Residual deflection caused by diﬁlarent vehicles

Different vehicles have different dynamic behaviour thereby creatingatitftateral damage to the track. From
the results shown iRigure2-1 a), Veh.2 appears to create a lateral deterioration with a negative tamrédat
the deterioration created by Veh.Interestingly a different traffic mix can help toreduce the lateral
deterioration created by different vehicles. If théfizgpatternis altered between Veh.1 and Velkh2 resulting
changed D — D2traffic is shown in the table below.

Table 4-1 Axle passages for each vehicle
Veh.l | Veh.2 | Veh.3 |Veh.4 |Veh5 |Veh.6 | Veh.7

D1-D2 19023 | 1416 346 1064 739 52 36
Changed DL - D2 | 10219 | 10219 | 346 1064 739 52 36

Figure4-2 shows the results of the track lateral deterioration uttsesctual and optimised traffic scenario. It
can beseen thathe lateral deterioration created by Velslalmost opposite tthe deterioration created by
Veh.2 so more axle passages of Veh.2 can effectively reduce the deterioratied bresteh.1 The SD of the
track section drops to 0.4283 from 0.54%6changing the traffic mix.
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5 EFFECT OF DIFFERENT WHEEL -RAIL CONTACT

In reality there will be many different worn conditions of the rails and W¢hée order to see if the worn rail and
wheel profiles makes a big difference to the vehidek dynamics, some compariseeremade by running the
vehicletrack lateral simulation with fferent combinatios of wheel and rail profiles. The wheelil contact
profiles discussed in this section are listed able5-1. All worn rail profiles are in slightly worn conditicior

9



wheelrail contactset 1. The average worn wheel files of different vehicles runningn ECML are obtained
from the softwareVTISM [14] for wheelrail contactset 2 The worn wheel profiles discussed in whesl
contact set 3 are different level of worn wheel profiles medsameone Class390 vehicle.

Table 5-1 Wheel-rail profile combination 1

Num. | Rail profile Wheel profile
C1 1 | New UIC60620 rall
Wheetrail C1 2 | Measured worn UIG0-20 rail 1 | New brp8 wheel
contactset1 | C1_3 | Measured worn UIC 6@0 rail 2
C1 4 | Measured worn UIC 6@0 rail 3
c2_1 New brp8 wheel
Wheelrail C2 2 | New UIC60620 rail Class373 worn bp8 wheel
contactset2 C2_3 Mark4 worn brp8 wheel
C2 4 Class 43 worn bp8wheel
C3 1 Class390 worn bp8 wheel 1
Wheelrail C3 2 Class390 worn bp8 wheel 2
contactset 3 C3 3 | Measured worn UIC 6Q0 rail 1 | Class390 worn bp8 wheel 3
C3 4 Class390 worn bp8 wheel 4
C3_5 Class390 worn bp8 wheel 5

*the worn wheel from 1 to 5 indicates increasingly worn wheels

Theplotsin Figure5-1 arethe resuling track lateral deterioration by using different whesl contact setfsted

in Table5-1. Evenif the wheels and rails are all the samoniginal desigrprofile with different worn condition,
the dynamic influence this interface brings to the track lateral deteoiorigtcrucial The plots at the bottom in
Figure5-1 are the PSD plot of the track lateral deterioration witfedint wheelrail contacts. It can be found
that different worn whel and rail profiles in all contact sets bring wiangth changes. In contact set 3, it can be
found that the wheel wear leads to an obvious decrease of the long wdvédéergtl deterioration. As a result,
the low conicity created by the worn wheel ieobrings smaller lateral forces to some extemwhkver, the life

of railway wheels is usually limited by wear, and the wedwben rail and wheel leads to problems in stability,
life cycle cost and passenger comfort. This leads to the conflict bethnedest worn rail and wheel profile for
track lateral deterioration and other aspects.
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ol .
o o 2 [E] o F
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a) V\méeda'lﬂ-'rail contact set 1 b) Wheel-rail contact set 2 ¢) Wheel-rail cbhtact set 3
Figure 5-1 Track lateral deterioration with different wheel-rail contacts

6 CONCLUSIONS AND FUTURE WORK

Track lateral deterioration is a highly ninear and complicated process which is not well understoodleVhE
of lateral trackirregularitiesis normally estimatedby the Standard DeviatiaiD) valuewhich does not indicate
specific peak deflectionsA novel vehicletrack lateral dynamic interaction modeas beerestablished to
simulate thdink betweendynamicbehaviour ofrailway vehicles and track lateral alignment, and the mbdsl
beenvalidated against recorded track ddtdnas beeriound that the modejivesreasonalyl accurate prediction
of thedevelopment ofrack irregularity, howeveit tends to additionally predietshort wavelength deterioration
thatis not seefin the actual track deterioratiofihe lateral damageaused byhe vehicle to the track depends on

10



both L/V ratio and the lateral loads, yet it is a complicated dynamic procassathnot be easily expressed
througha simple functionlt is therefore more sensible éstablisithe damage from each vehicle to the track by
carrying out a dynamic simulatn. Twcaxle freight vehicles are found ppoduce most lateral trackamagedue

to their high axle load, simplsuspension design amdsultingdynamic behaviourThe change of the vehicle
speed does not necessarily bringwavelength change to the resiideflectionbut does creatamplitude
changes to the track deterioratidiithin a certain speed range, there will be a critical speed that creates the
peak residual deflection and reducing or increasing the vehicle spredduce the residual deflestiat some
point. The traffic mix can be optimised according to different vehicle dynamicsdier @o reduce the lateral
deteriorationlt can be found that theheel and raiprofiles playan extremely important role in the track lateral
deterioration byinfluencing the vehicldrack lateral dynamic®Different rail and wheel worn profiles leads to
totally different vehicle lateral dynamic forcd=or a fixed worn rail and worn wheel on a particular type of
vehicle the increase of the wheel wear maketthek lateral residual deflection smaller due to smaller conicity
and lateral fores.Therefore, it is important to select the righeasurment of the wheel and rail profileand

find representative wheehil contact for the track section that needéoanalysed, and better understanding of
the railwheel wear can lead to a more accurate prediction result.

This model is proved to have an accurate prediaivthe track lateral deterioration within rougBlynonths on

a mainline railway with heavy tific. The impact by different types of vehicles, vehicle running speeds and
wheel rail contact conditions are discussedr the further workthis model can be improved by taking into
account additionafactors such as the influence of longitudinal foréesn the wheels to the railglifferent
weather and temperatures, subgraddground conditionsetc. The reasofor the high frequency noise in the
deterioration prediction is not understood yet and iukhde discussed in terms of more accurate vehicle
simulation results andnore comprehensiveaail and wheel worn profiles measured on the target track and
vehicles Furthermore, thesleeperballast lateral characteristiese not well understood and the references for
them are quite limitedlo improve on the present woitkwould be usefuto carry outlaboratory testsi order to
capture moreaccuratelytrack lateralstiffness and damping values as well as comprehensivdinean
characteristic of track lateral residual resistance behaviour.
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