Contents

The DFG Priority Programme ’System Dynamics and Long-
Term Behaviour of Vehicle, Track and Subgrade’ .............

Klaus Knothe, Karl Popp

1Y 1115 072 11 i1 1 o RO SO OO e

2 ‘Where did we start from? ..cocv s s s s s v savisemes
2.1 Preliminary Comments. .. ...........ouiuuuiiirnrnnannns
2.2 Limits of the Wheel/Rail System (1975-1985) ...............
2.3 New Problems (1985-1994) v svswnsamasauueant saasmais
2.4 Explanation and Counter-Measures ..................oo....

3 ‘What hias béen achieVed? ..iv.oosmmsmisssom smmmeaassismsse osassin sieis s
3.1 The Project Idea of the DFG Priority Programme ...........
3.2 About Structure and Management of the DFG Priority Pro-

4: “‘What still needs:to-be:done? .. svsiraies s it viiasievaiw

INVITED: LECTURES ... sommenomme s e misinmissmesnsseiamsese

Vehicle/Track Interaction Optimisation within Spoornet ......
Robert Frohling
L IR EOAUCEIOMN o smmsminscararsms omeis s/ os e F A TS AR SHRLEIS MO8 TSRO o SR
2 “Wagon Bogie Development::; oz avii i sean s@veasaa
3 Developments on the Heavy Haul Export Lines ..................
3.1 Tron OreExport Line -....wsuwwsmassssmerss semees savsse soeiesinie
3.2 Coal Fixport Line s e ae s s e i o sosm s
4 Wheel Profile Development .. ............oiiuiiiiiiiiiiennn...
5 Measurement and Monitoring. .........ccoviiiiiininiinenann
5.1 ‘Wheel Profiles: ;. :oias o snsis s el sy s
5.2 Sinusoidal Gauge Corner Wear . .................cooinnn...
5:3 TPOMIEIINE oo srvnsrs st e e s e s R S s as ale
54 Flat Wheel Detection .. ... ..o issamesansastmsavvsmienms
5.5 Lateral Whieel /Rail FOFCES s cuomne winimmiesinimiossisimiminyissossisiaisromse
6 Differential Track Settlement: .c..cqu-sonn ssss wanasmomrsvssassieniz
T FULUTe PrOJEcHS ..o ooooniossivsisoimminie sionnis smtisumic omid s/ (o ininionio dieisiats
8 O RCINIBION a:1srs05:57a0ssreim s oy B 60 3w e S s
RETOTCNORT 1y sl rais e s s e ST - S s s

7

20



X

Active Suspension Technology and its Effect upon Vehicle-

Track Interaction . .. .. .. ... ...t 35
Roger Goodall
1 Introduction. ..ottt e e e e 35
2 Active Railway Suspension Principles........................... 35
3 The Basics of Wheelset Control .........ccovvieieneriiienacennns 38
31 TdEal CUIVANG . o snsssss svemare s e wmiscemmsssiaermes wisgays oo i 38
8.2 ' Control SrAtEgIes « v s sssawman aremwies suam s e 41
8.3 ‘Solid-Axle vs: IRW WHeelSets . ... cuwminivssrmsvmomesie s samas 43
4 Performance of Active-Steered Rail Vehicles ..................... 43
5 Research ' Challengesi::u:swuisns s snns sammisisemissnee seees 45
6 Impact of Active Suspensions...........ccviieeieieiieiiiienn 46
6.1 Benefits of Active Wheelset Control ....................... 46
68:2. Vehicle-Track Cost Tradeoff’ .ucuwmninnnrasmmnmarsssaams s 48
I on O ST oD S, %t s s s s s i e B S B S SR R R i 49
R e O aniCen i o o S S i e P B e S A T 49

Rolling-Contact-Fatigue and Wear of Rails: Economic and Tech-

nical Aspects ............ S S e S A R 51
Peter Pointner
1T IDATOAUCEION . .« o eccio mrosorn o aione niniaussaininis ois o0 65 010 oot mmiaar s, o T 4TS 51
2 QUL EOVITODINEIE o v 0o o oremieioneimonsssommsnsie o680 o010 510000 she701 8 wisl sl lele 52
3 Rolling-Contact-Fatigue (RCF) ......... ... ... .. 52
B WWERE osiviommsiiomssonieisommisisisiaie sisins o1 s swiaisissiaresenss:oasnidie o9 5o, s3SI 56
5 The Wear - Crack-Length - Diagramm .............. ... ... ..... 57
6 Fields of Research and the Link to the System Costs ............. 59
7 The Chain from Research to the Customer ...................... 61
RBTETETUOEE s s a5 oo AT S o S A A 2 61
VEHICLE DYNAMICS ... isemmes iialsenvmasnmms 63
System Dynamics of Railcars with Radial- and Lateralelastic
WVBERLLS ..o inimieranse aosnomsssseimisresis b W e S S5 SRR A e 5 65
Holger Claus, Werner Schiehlen
1 VIOBIVAION 0.0 «isns: mimomie ormimin o ormimmssrssnsae, o mialie o, 6085, w, 5150318 & sraiaiar sigiel WY 65
2 Flexible Multibody Systems . .............. i, 66
2.1 Kinematics and Kinetics . ........c.oiiiiiiiiiiiii.n 67
2:2 DynRamic SEEEBEaS s sives smwn smsine vimwimmmismsssesimss sones s 67
2.3 Stabilityiof MOBION o sovomovsie sismmmmimemsrainsammimnivmisssiess:sisissioss 68
2.4 Optimization and Parallel Computing...................... 69
3. Bxcitation OF WREBISES ..« o s s siasorssmmminsassiviorsints o wivisioinsacs 70
4 Strength of Conventional Wheelsets ....................coooo... 72
4.1 Speeds with Resonance Phenomena ........................ 74
4.2 Dynamic Stresses of Wheelset . ...............cooiiiiiiin. 74

5 Feasibility of Radial- and Lateralelastic Wheels .................. 75



5.1 “Vertical Dynamics i e sauiinsii s as dntei s v s sia s 77
5.2 Stability of Motion ............ . ... ... 79
0 SOTIBIRTY scosimesosossssmnstossysteiasmimo b A Ye el 4 A G o S o e 82
References: s s s i S e S S e e e 83

Distributed Numerical Calculations of Wear in the Wheel-

RATLICOMUACE ovvcosssnimminimaiams o s ee 0T S 4565 S Ao ST 85
Kurt Frischmuth, Dirk Langemann
1 Introduction. ... ..ot e e 85
2 O OMDOTCIINE cuisvsimiams missssane vvmosam saasssinies s s BiskeTs: bEotors §735850 4 Tose0s 16 SEARLS S0 670 87
2.1 Nonlinear-Dynamies .msmsissisee ey s e sl sy 87
2.2 Rolling Contact and Dry Friction....................c...... 87
BB BTN st o oo S OSSR S TS AN 88
2.4 “WearLaws susmsisni s i aisna sh i s i 90
3 Models ... e 91
O Vi 11 o T e 92
k], IDNSeretiZatlon . .3 s ss e ianh St e S s S SRS 93
4.2: :Distributed QalCUISEIOE! .rosnsmisissmnim s wvmes i sumsenies:s 94
4.3 Testing the Speed Function :.......ccciiiviiiiivicvnenannes 95
5 ReSUIES ..o 96
51 ‘Randomized. COREEOL: . sasumseesisaismie s v ssie i 98
6 ConcluSionS i v fd s i wisae Da e Fu SEue REnsas 98
7 Acknowledgements . ......... ... .. 99
RETCHOACEE wvevs. svvin suvom o araession a3 s oS e SN RN ST 99

Modeling and Simulation of the Mid-Frequency Behaviour of

an Elastic Bogie ......... .. ... .. . . 101

Ingo Kaiser, Karl Popp

1 Introduction:. i i st vman sy s S na siais £ Shes sene 101

2 Modeling . ...t e 102
2. Modeling of the Vehicle! ..o vnmemumsman s sissn o s swmemrs 102
2.2 Finite Element Model of the Wheelset ..................... 105
2.3 Modeling of the Contact ..............ccoiiiiiiiiiinnnnn.. 106
2:4 Modeling of the Track - wvuweummmisas s s demesnms s 108

3: ‘Simulation Results: . vt i imeiiioiseinneaias sk i aswas 109
3.1 Frequency Response of the Vehicle......................... 109
3.2 Stationary Behaviour of the Vehicle-Track System ........... 112
3.3 Limit Cycle Behaviour of the Vehicle-Track System .......... 114
3.4 Transient Behaviour of the Vehicle-Track System ............ 116

4 "ConCIISION. &riae i e S e S T e S AT e S 2 118

References ... ... . e 120



XII

Wavy Wear Pattern on the Tread of Railway Wheels ......... 121
Michael Kiisel, Eberhard Brommundt
T IR OBCEION ccewoms seramas o iass v e S BiIRS Ssars TS forWnm o e s 121
1.1 The Common View of the Evolution of Wavy Wear Pattern... 122
1.2 ‘Shape of Wheel SUXface «...ccuiwmmvm oo mmes s swesses 123
2 Fast-Time DYNAMICS. v i mmsmsiiamie vl siswisinss s 124
20 “Vehicler Track MOl ;s wos v s s ey e s2orstnse 124
2.9 Contact Conditions :sima i snmsm e i e e v sem 125
2.3 Fast-Time Equations:«: sscdesivinansmmine st simnnnms 126
3 Slow-Time Behaviour i siis sue susuieim st s s o s s v 126
4 Evolution of the Coefficients of the Wavy Wear Pattern........... 128
5  Numerical Results i susmsin i i # i assmaia v et e s s 130
6 Conelusions and Qutlook: vy v Samniatsmmsismas e 131
RETOTONCRS . o e.oosounisoin sisaisias o R S N0 W s SR SRR a s 132
Rotor Dynamics and Irregular Wear of Elastic Wheelsets . . . .. 133
Thomas Meinders, Peter Meinke
1 MOBIVAEION. o.co v onisisioioioimiariacornceoissoisss-aisioins s ss e aiss i i saniosivions 133
2 Flexible Multibody Systems . .............cooiiiiiiiiiiiiiin 133
2.1 Kinematics and Dynamics . ... 134
2.2 Procedure of a Dynamic Analysis for a Flexible System ...... 136
3 Modeling of Rotating Wheelsets ....................oiiiiiiin. 136
3.1 FE-Model of the Wheelset ...........coovvumneeineann 137
3.2 Modal Analysis and Selection of the Elastic Coordinates ..... 138
3.3 Consideration of Static and Dynamic Unbalances ........... 140
4 Wheel-Rail'Contact MOAUIE e s ssmmmissimsre smiioisrsimsiamsmiemvimne 141
4.1 Modular Organization of the Contact Module ............... 142
4.2 Varying Wheel Radii During Time Integration .............. 143
5 Long-Term Wear Model: .. .cvivivvvimiiime vovvs venmsaae s oo 143
5.1 Wear Hypothesis and Model for the Mass Loss ............. 144
5.2 Feedback of Worn Profiles in the Sense of Long-Term Wear .. 146
6 System and Wear Behaviour of Elastic Wheelsets ................ 147
6.1 Eigenbehaviour of the Wheelset ...................... ... 147
6.2 Wear Development due to Initial Out-Of-Roundness ........ 148
6.3 Wear Development due to Unbalances...................... 149
T ISUMINATY +cs 5o o0l i sy s S e T 151
ROPOLOICES  «...0 0. 505000, 5 070 5 inTa 8 oS e S R WS S Rt 151
CONTACT,; FRICTION, WEAR . . waoseisissiae sisios s = 153
On the Numerical Analysis of the Wheel-Rail System in Rolling
CONEACE < 2 v 5w R RS S 5 S SRR BT O PO T e 155
Sabine Damme, Udo Nackenhorst, Anja Wetzel, Bernd W. Zastrau
1 Introdietion o wommsrmmn e e e o sk WSV T AR S S e 155

2 The Arbitrary LAGRANGian-EULERian Approach for Rolling Contact157



XIIT

3 Pauationsof Mobion: .. ivss ssvndese sismesine s Srpaameimes 159
4 Description:of Contact. . ... .. o oosaisssimmss s s vaiesise e 160
4.1 The Normal Contact Problemy. ... ... e ihesmimsseassis 160
4.2 The Tangential Contact Problem for Rolling Contact ........ 162
4.3 Kinematical Description of the Contact .................... 164
5 The Finite Element Formulation (FEM) ........................ 165
6 Numerical Analysis of Transient Rolling Contact ................. 166
6.1 Fundamentals for Transient Rolling . ....................... 166
6.2 Classification of Irregularities and Mechanisms of Excitation .. 167
6.3 Transient Formulation of the Contact Conditions ............ 168
7 Numerical Results ............ i 169
8 Conclusion and Outlook . ....... ..., 173
RefOrenCes . ..ottt e e 173

Experimental Analysis of the Cyclic Deformation and Damage

Behavior of Characteristic Wheel and Rail Steels ............. 175
Bernhard Denne, Karl-Heinz Lang, Detlef Lohe
1 Scope of the Project . ... ... ..., 175
2 TEM Investigations of the Microstructure of a Cyclic Loaded Rail
171 P 177
2.1 Materials and Testing Specimens .................oovuunn.. 177
20 LT (11 1 OSSOSO T 177
253 IDABCUBEROT oo ocasonsms i noesies b o e ST e B B R SR S T 179
24 CODCIASIONE .5 cvscsiamsmsommotsrm s s @S M S S s we S o 182
3 Deformation and Lifetime Behavior of a Cyclic Loaded Wheel Steel 182
31 Material and Testing SPECitiens « .-sseimmwsmmeironioises siseme s 182
32 Experimental Details i oo vummmmmenare vosim o mromsees & 183
3.3 Resiilts and DISCUSSION - vviw susirsmssissmsis s e s i seseis o 185
B4 CONCTUBIONE s st atiss e s s oo oA A SRR RS a7t 188
REFEIBNICES nscnsionassus e i s s 65 S S S R P R R R 189
Friction and Wear of Tractive Rolling Contacts ............... 191
Ludger Deters, Steffen Engel, Matthias Proksch
b - Tasks and ODJERAVES i s S s s o S e e i 191
2 Two Roller:Model i i s dmiis s i s 192
3 Calculation of FIACEION w: s tie iy v s S v o s R s 192
3.1 ‘Traction:to-Creep-BehavIOur iz  sowissn saeiswvinsmans s 192
3.2 Description of the Tribotechnical System ................... 193
3.3 Contact Parameters under Tribological Loading ............. 194
3.4 Deformation Component of Friction Force .................. 197
3.5 Adhesion Components of Friction Force .................... 198
3.6 Friction'Coeflicient +:msanssoviss sl e duEamaaey 200
4 Test'Machine and ‘Test:Rollers:.. oacsnvessis iiss sonnsamainves 200
4,1 ‘Test Machine Design . ..cvniiviii v sinsiie s s sit e svaissises 200

412 TSt ROMBES . ... cusisioosin s omiitiaionsiinie s i o, oris SomNeng 200



X1V

B TRBSAIES /occoarooinscansmvsmessio ioyosie o s 0his s 1007 551 S0 SR o0 S i s s sl moto e 201
5.1 Comparsion Between Theoretical and Experimental Traction
CoeflCIENS . . . oottt e e e e e 201
5.2 Experimental Friction and Wear Data...................... 202
5.3 Comparison Between Wear Occurring in Original Rails and
Test ROIEIS .. ovoet ittt et e e e e 207
6 SUINIMATY ottt ettt ettt et ettt e e eennns 208
ReferencCes . ..ottt e e e 209
Model-Based Validation within the Rail-Wheel-Subgrade Mod-
eling . .....coiiiiiii i ittt i 211
Dirk Séffker, Svenja Kirchenkamp, Peter C. Miiller
T IMOIVACION . o o vnons o oimms o wionevs o sapssessnaraiess o 6o sin e so0s dgmalie, S a e e 211
2 . The Rail-Wheel COntact ..... c.coce oo issimios sisisie sis s asisisn eaisisisisioiais 213
3 The Proportional-Integral-Observer ............................ 214
3.1 History of Disturbance Estimation......................... 214
3.2 Estimation Behavior:... . ... < ves s siisis s e deayse 217
3.3 Known System without External Inputs .................... 218
3.4 Known Systems with Constant External Inputs ............. 219
3.5 Known Systems with Arbitrary External Inputs ............. 220
4 Modeling and Simulation ........... ... il 221
4.1 Simulation Results: ... s iine s5ih Sime e ey 223
5 Concluding Remarks and Future Aspects ....................... 225
RETOTOICOS .o recisusnoin s sisision s S e S s S S s e s i 227
TRACK DYINANITCS .o v it s sieres s suimmismmmree 229
Monitoring the Dynamics of Railway Tracks by Means of the
Karhunen—Loéve—Transformation ............................. 231
Ute Feldmann, Edwin Kreuzer, Ferdinand Pinto, Volker Schlegel
1 IS 117 o7 a L1 Tt 7T o) 1 T T 231
2 D ARG, ST EUETR srs s srsins 515050 om0 S i et 232
3 MOASUTETEIIES v o inens owwms womnn: s e sismie @ 0 sys, oxol sisia s aregar Bxess yetin 235
4 Karhunen-Loéve-Transformation ................cooiiieinn... 237
5. ‘SmalliSeéale BXPEIIIGHE . -« v sisom simmsimiass o smioimmin siais o 0ieinig 239
6 Evaluation of Full Scale Measurements.......................... 242
7 Evaluation of the Results and Outlook.......................... 245
8% ) DTN CIIBTOTR: :6.500 7005707077 5806018 o T ST S S e 245
0:  ACKNOWISHEICHE . o osmmmisusmsionumamrusismss nsmin: noje i temsesmainosyresv/sisse 246
REFETEHGEET rexoras vossvazs saasizesomsiesistosss smiei pAaTs oS s oS P ST A e o LG5 246
Combined Modelling of Discretely Supported Track Models
and Subgrade Models — Vertical and Lateral Dynamics ....... 247
Ulf Gerstberger, Klaus Knothe, Yongfang Wu
1 Introduction. .. .........ounininiin it aia e 247

2 Frequency Domain Model for Vertical and Lateral Dynamics ... ... 248



XV

3 Fast Time Domain Model for Vertical Dynamics ................. 257
4 General Time Domain Model for Vertical Dynamics .............. 259
IR BL) (Tl L1153 [0) 11 £ SO PV S SO 263
T O O s e s e e B 6 G S G S DS 264

Measurement and Modelling of Resilient Rubber Rail-Pads. .. 265
Klaus Knothe, Minyi Yu, Heike Ilias

5 I F 17 oo T L Lo 2 o) 4 T A . 265
2! (GONCT Al CONCEPE 5v-mions wiotswrsramsmimssseasi s s e e ¥ o s ST o e 4 267
3! [Quasi-Static EXperimenta . o cuwm s s mmas e ua st s e 268
4 Low Frequency Measurements .............c.coiiniininneninnnn. 269
5 High Frequency EXPeriments . v sanni s itaas 271
6 Interpretation of Measurement Results.......................... 272
7 Frequency Domain Model of Rail-Pads.......................... 273
8! ‘Concluding Remarks: i s i s 5 i s s s dhsi S e i san 273
Relerences: i« v i s s s S s e e s R s 274
Model-Based Investigation of the Dynamic Behaviour of Rail-
way:. Ballast/. .. oo i S s s P s e 275
Holger Kruse, Karl Popp
| I 1515673 {3 (ot 1 1o) « DO N I St s PR WY A 275
2 Railway Ballast in Conventional Track Models ................... 276
3 The Software Package Train Track Interaction (TTI) ............. 277
4 Molecular Dynamics Method ....... ... ... .. ... .. ... ... .. ...... 279
5 Application to Railway Ballast ........... ... ... ... ... ....... 280
5.1 Model Geometry . ...t 281
512  (CONEACH: TR oo smspronssmsyie e s ois 8B oo S m N AP S S8 281
53 Taput And Qutput DALE .. wsmmimese s sissess 283
54  Simitlation: STEDS s e s e v s s s s 5 <o 284
6 | SIMUIAEIONIREEUIES :cncssvsmavmmmatarmmin wisimine esie e sss s steir Siebisss 285
6.1 Plausibility and Robustness Tests ......................... 285
6:2 Short-Time: DyNAmMICE L« camsonn womirs s mamas s s e e 289
6:3 Tong-Term Behavionr:  wawmms e s oo ma s e & s 291
T "Goncluding Remarks - scowarsrsr s s s s s s 292
RO O OIS st ST e T R S S i R NP S B G R 526 294
The Dynamics of Railway Track and Subgrade with Respect
to.Deteriorated Sleeper:Support: i . vicvia@s sunn s amisn ok 295
Michael Plenge, Rolf Lammering
1, Intraduction . . ...c.0056. St Saimiim i . s R R R 295
2 Experimental Set-Up . ...ttt 296
3 Scope of Experimental Investigations ........................... 298
4 Identification of the Concrete Sleeper BTOW60 .. ................. 299
4.1 Sleeper with Free - Free Boundary Conditions............... 299

4.2 Ideal Contact Between Sleeper and Subsoil ................. 300



XVI

4.3 Partially Unsupported Sleepers due to Voids ................ 302
5 Structural Dynamics of a Track Segment . ....................... 304
6 Comparison Between Laboratory and In-Situ Experiments ........ 309
7 Comparison Between Experimental and Numerical Investigations .. 310
8 Conclusions:and OQutlook: w .. iiem s srasramiaemms 312
9 Acknowledgement .. ... 313
RROGTOTCINCOB oss: oo carreossssan s o sms o R0 B DS oSO 5 5 S T 313
SUBGRADE DY INAMIGES ;..o wmanramses s sseisesesmwass 315

Numerical Model and Laboratory Tests on Settlement of Bal-

last ek : e e e S e S e T S D AR e R R 317
Sven Augustin, Gerd Gudehus, Gerhard Huber,

Aridreas Schiinemann

G € 11215 (0 1 SO SR USRS SR RO 317
2 Irregular Settlements of Model Railway Tracks................... 317
2.1 Model Circular Track .......covviirmnrnieniiieneeenns 317
2.2 Ballast Loadifig Tedt . ..o« comeumnmmomsiams siersaoie. s:smwisaioneis soviminiaie 321
2:8 ‘Summary of Model Tests ...cviuwsmmsisme s pimesvmmssii 321
3 Long Term Behaviour of Railroad Ballast in Laboratory Tests and
Numerical SImulation. s e e e D dviis 323
3.1 Cyclic Element Tests ...........ccoiiiiiiiiianeiinanaannn 323
3.2 Numerical Simulation of Cyclic Element Tests............... 326
4. A Numerical Track-Train Model :uixumivnvinnsssamamnmn sanses 329
4.1 The Model of the Track .. ...... ..., 329
4.2 Troughs as Reasons of Additional Permanent Deformation . ... 331
4.3 Simulation Results uumis s siaes s s i i 332
References . ....oovviineiiieeneenerenoeenecneceneennennnannnanns 335
Track Settlement Due to Cyclic Loading with Low Minimum
Pressure and VAbrations!: .o comasiss suasiesmsmiesss s seammss 337
Matthias Baessler, Werner Ruecker
1 INEEOAUCEION . o c o cooimioioe ooororaarmin masnsinie oomsre siain e sisiaisiolais s Siuirm ois's 337
2. Loaditig:Conditions in the TYAEK: ...« v s sswsmemasee s 338
2.1 Minimum Load During Cyclic Loading ..................... 338
2.2 Vibrations:and IPACtSs: .......cesiss s sviae s sies s vanieheivd 338
3 Experimental Research and Findings ........................... 340
3.1 First Tests with a Large Track System ..................... 340
3.2 Simplified Tests - Minimum Load During Cyclic Loading . . ... 343
3.3 Simplified Tests — Dynamic Excitation ..................... 346
4 ‘Summary and QUtlooK ... waisvmasmsmm i e oo e 354

T oo o 016 o R L T O R P e 355



XVII

Simulation of the Dynamic Behavior of Bedding-Foundation-
Soil in the TIme DIOIMMBRILY e v oo S o seteierse /oo 357
Mohammad Firuziaan, Otto von Estorff

1. Inftroduction: «cvisse rade s BEee Ssh S e Teee 357
2 Computational Model ........... ... oo 360
2.1 Finite Element Method .......c.ccoiviiiiiiiinnennaan.. 360
2.2 Boundary Element Method ............... .. ... .ot 361
2.3 Coupling Stratefy usnivas s imesassie s s Wt dhas s 363
24 Computational ASPects: i vy amais s dvemn s 364
3 Numerical Examples ... ...t 365
3.1 Two-Dimensional Systems . .........coiiuuiiiiuineennan..n 365
32 Three:DimeHsional: SYBtEME . .cmwewmmmaamameses wiswms e sz 371
4: CONCIUSION. somarsaimiais-ssiin o m s A R S T 190 S o TR 68 373
References i oo o o e s R R S A R A S S R T 374

Dynamic Behavior of Railway Track Systems Analyzed in Fre-
quency Domain .............. e 377
Klaus Friedrich, Giinther Schmid

T INtFOAUCHION coumsnirawsmme siassssinsmie, sisisis Ssseva s asias. s 41/ e m e rens e siagsess 377
2 Analysis Procediire; s e s 5o s o s i s e et 378
2.1 Boundary Element Method (BEM) ........................ 378
2.2 Finite Element Method (FEM) ............................ 379
2.3 Couplingof BEMand FEM ............ccoiiiiiiiiinnnnn.. 380
3  NUeriCal REBEAIS v ommasonm o s s one s e s SR e S e e e 382
B MOdElSIZO v s s s s te S S A e SR e v 382
3.2 Influence of Different Track Geometry...................... 383
33 MovingLoad .......covimiiiiiiiiiiiiiiiii i, 386
4 Sumimary:and: CONCIUBION: . c.v:uwmmmwmssmsmmrsmsieasiv v mmsima o sosmins 391
REFETOIGEE oo harsnisic sramse- et romser weaT s sae S S 3 SRS 0T S RRER S BelaCisra 392

Experimental and Numerical Investigations on the Track Sta-
DIlY: s s e T e S R T R S S AT 395
Rolf Katzenbach, Stefan A. Heineke

O 00 =1 D U LN -

Introduction and Motivation .............c.iiiiiiiiennnenennn. 395
55 )0 L= 11 e TR 396
Solving Method: .z sums e v wmrstamsaiiosiome e ase 396
Model Seale; Tests i i s e e A R SR R e 399
Transfer of the Results on a Prototype.......................... 404
Numeric SImulation .. ........eiu e 405
Possible Application of the Research Results to the Praxis ........ 409
T 1111 T L R T 409
OUEIOOK: s amionima i Sae s e AT S i 5 s eiie v 410

RETELOIICRS: .. corcorosacmoiionsiisnsin  disioiond A o o B S A AT s N ST A SN 410



XVIII

Experimental Investigation and Numerical Modelling of Soils

and Ballast under Cyclic and Dynamic Loading............... 411
Hans-Georg Kempfert, Alezander Gotschol, Yifeng Hu, Tim Stocker
3 SR 111115 [0 )01 011) Lo 1 GRS SV IRV 411
2 | SEtirated: COREEIVE SOUS < -«-oovmivsrerammnninininiommistom wisomsssisansse sareisoss 412
. 1T . | T 412
2:2 Quasi-Static Model « usuvusrsmmmsnesase s s st 412
2.3 Verification of Numerical Model .................. ... . ..., 415
2.4 Cyclic Triaxial Tests on a Saturated Cohesive Soil ........... 416
3 Granular Soils and Ballast ........... .. ... oo, 418
3.1 Experimental Investigation and Derivation of a Cyclic-Viscoplastic
Constitutive Approach ........ ... ... 418
3.2 Numerical Implementation.................... . oo, 423
" 3.3 Modelling Examples .. .......ouineiniiinieiaaiaia. 427
4. Outlook and Puture' ObJectiVes «.comvsssvummesmnemsmssis ymaosms 430
RETEFEMICEE, scsevimi wrimesiaiassrsn s e e e RTo oA o v oo 430

3D-Simulation of Dynamic Interaction Between Track and
Layered Subground ::: oo erme smes sems s isiaei e i 431
Stavros A. Savidis, Reinhold Hirschauer, Christopher Bode,

Winfried Schepers

1. IntroductiON. ....coibiilimiaicn i meisns S i e 431
2 Substructure Method . ........ ... .. 432
3 Structures on the Surface ........... .. ... ...l 433
3.1 Analysis in Frequency Domain .......coocvemeerinnnneeennn 433
3.2 -Analysigiin Time DOMaN uowemsomme smms eopmese s, s 439
4 Embedded Structures — Analysis in Frequency Domain ........... 444
5 OUHIOOK s s s o s S e A S SR i o 448
6 Acknowledgement' s v e s s R R 448
REfCTBNCES: . 0.iTin o st viv s i i o A SO0 SO e s 448
Rigid Body Dynamics of Railway Ballast ..................... 451
Thomas Schwager and Thorsten Pdschel
i P 11177073 1) (cq % (o) 1 (NN U O D DU 451
2 Molecular Dynamics Fails for the Simulation of Railway Ballast . ... 452
3 Rigid Body Dynamics s-e.uoms s s v 454
4 Schedule of Rigid Body Simulations ............................ 456
5 Mathematical Descraption: s sivaisusmaesin Suemssmnanem 457
6 Dantzigls Algorithim . i sk viie v B e a e e s e 462
A ©o3 117 () 1 PG S RS e B ey PRyt ooy 464
8 Resolution of Static Indeterminacy ............................. 466
9 Step Size Control ... 468
X0 CONCIUBIONG 5mvnraimie i tsmss 5 = ogas a0 A s 469

RRETOEBIICEE s simissis oragmes  reih 4w s 5o S e s S TV os | S D e Ut 470



XIX

A Comparative Study of Results from Numerical Track-Subsoil
CALCTRIATIONS - v50oaranonons rnrenass i sieasis sie s SHeRe e ST e SOl S R o 471
W. Ruecker, L. Auersch, M. Baessler, K. Knothe, Y. Wu, U.

Gerstberger, K. Popp, H. Kruse, S. Savidis, R. Hirschauer, C. Bode,

W. Schepers, G. Schmid, K. Friedrich

1

2
3

6

IDEEOAUCEION: cvosswmmssmmongsems:ommnsmisr eresss Koo 6 Sone e s R oS oSSR O w578 471
Approathiand PAPTICIDAICE « e swm smmm s e sseperssis 472
OSICHIATEASYSIBIE - cnuumemome ot e s N S R 472
3.1 System Data. .. ...ttt 472
3.2 BAlRERAIYREK .- cvonsssisreramsmmmens s s RS Ts AERaR eeEA 473
£ 33 TR TES oY b 7 U SR PN 475
O Bl AEINE PYOCEAUEE " acssorsssrismensiiosin: e SRl S o A a3 475
ReSUILS .o e 477
5.1 Ballasted Track ...... ..o 478
5.2 Slab Track. ... ...t 485
SUIMIMATY oottt et et e e e e et e 486

ReferenCes ..ot e 487



