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Preface 

High speed ground traffic is strongly competitive to air traffic in densely pop­
ulated areas like Europe or Japan. During the last decades, completely new 
technologies for high speed railway vehicles were developed. The primarily 
goals have been to achieve travelling speeds from 250 to 350 km/h and to 
guarantee safety of the passengers. In Germany these goals were met by the 
ICE train service starting in 1991. However, certain phenomena were not 
considered thoroughly during the development of high speed systems: track 
response, rail and wheel corrugation and noise generation. It turned out that 
there was a challenge for interdisciplinary research bringing together civil and 
mechanical engineers dealing with railway problems. 

In 1996 the Deutsche Forschungsgemeinschaft (German Research Council) 
accepted the proposal initiated by Professors K. Knothe (Berlin), P. Meinke 
(Stuttgart) and K. Popp (Hannover) for a Priority Programme devoted to 
System Dynamics and Long- Term Behaviour of Vehicle, Track and Subgrade. 

The aims of the Priority Programme were to contribute to a better under­
standing of the dynamic interaction of vehicle and track and the long-term 
behaviour of the components of the entire system. So far, the approach has 
been to increase speed, traction and axle-load by optimizing sub-systems. 
However, the entire system has revealed new limitations: settlement and de­
struction of the ballast and the subgrade lead to deterioration of the track; 
irregular wear of the wheels cause an increase in overall load and deteriora­
tion of passengers' comfort; damage of the running surfaces of the rail and 
the wheel becomes more frequent. 

The research was based on four main issues. Non-linear behaviour of 
the ballast was investigated experimentally in laboratories and simulated 
by new material-laws and multi-particle computer models. The coupling of 
the track-model and the subgrade was defined using various methods. Phe­
nomena occurring in the contact area of wheel and rail were numerically 
and experimentally analyzed, also by using a virtual measurement device on 
the moving train. Dynamic models of the entire system were thought to ex­
plain the phenomenon of polygonalization of the wheels. It was expected that 
the interdisciplinary and fundamental research will result in physical expla­
nations and subsequently will lead to engineering developments which will 
allow long-lasting solutions. 
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All the aforementioned engineering problems have been investigated in 
the Priority Programme SPP 1015 with research activities financially sup­
ported by the Deutsche Forschungsgemeinschaft (DFG) from 1996 to 2002. 
The research comprised 22 interconnected projects conducted at 16 German 
universities and research institutions. The research activities were organized 
in the following sections: 

• Vehicle Dynamics (coordinator: P. Meinke, Stuttgart) 
Wavy wear pattern on the tread of railway wheels (E. Brommundt, 
Braunschweig) 
Distributed numerical calculations of wear in the wheel-rail contact 
(K. Frischmuth, Rostock) 
Modeling and simulation of the mid-frequency behaviour of an elastic 
bogie (K. Popp, Hannover) 
Rotor dynamics and irregular wear of elastic wheelsets (P. Meinke, 
Stuttgart) 
System dynamics of railcars with radial- and lateralelastic wheels 
(W. Schiehlen, Stuttgart) 

• Contact, Friction, Wear (coordinator: B. Zastrau, Dresden) 
Model-based validation within the rail-wheel-subgrade modeling 
(D. Soffker, Duisburg) 
Friction and wear of tractive rolling contacts (L. Deters, Magdeburg) 
Experimental analysis of the cyclic deformation and damage behavior 
of characteristic wheel and rail steels (K.-H. Lang, Karlsruhe) 
On the numerical analysis of the wheel-rail system in rolling contact 
(B. Zastrau, Dresden) 

• Track Dynamics (coordinator: K. Knothe, Berlin) 
Monitoring the dynamics of railway tracks by means of the Karhunen­
Loeve-Transformation (E. Kreuzer, Hamburg-Harburg) 
Measurements and modelling of resilient rubber rail-pads (K. Knothe, 
Berlin) 
Combined modelling of discretely supported track models and sub­
grade models - Vertical and lateral dynamics (K. Knothe, Berlin) 
The dynamics of railway track and subgrade with respect to deterio­
rated sleeper support (R. Lammering, Hamburg) 
Model-based investigation of the dynamic behaviour of railway ballast 
(K. Popp, Hannover) 

• Subgrade Dynamics (coordinator: G. Gudehus, Karlsruhe) 
Experimental and numerical investigations on the track stability 
(R. Katzenbach, Darmstadt) 
Simulation of the dynamic behavior of bedding-foundation-soil in the 
time domain (0. v. Estorff, Hamburg-Harburg) 
Numerical model and laboratory tests on settlement of ballast track 
(G. Gudehus, Karlsruhe) 
Experimental investigation and numerical modelling of soils and bal­
last under cyclic and dynamic loading (H.-G. Kempfert, Kassel) 
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Rigid body dynamics of railway ballast (T. Poschel, Berlin) 
Track settlement due to cyclic loading with low minimum pressure 
and vibrations (W. Ruecker, Berlin) 
3D-simulation of dynamic interaction between track and layered sub­
ground (S. Savidis, Berlin) 
Dynamic behavior of railway track systems analyzed in frequency 
domain (G. Schmid, Bochum) 

This book contains the scientific results of the Priority Programme as 
presented at the Concluding Colloquium held at the University of Stuttgart, 
Germany, March 13 - 15, 2002. Additionally, the earlier concluded projects 
are also included in this volume as well as an introduction with review and 
outlook, and a benchmark study. 

The following experts in the field were invited to join the Colloquium to 
present survey lectures on related research topics: 

• H. P. Lang: Experience from high-speed traffic 
• R. D. Frohling: Track and subgrade loading 
• P. Pointner: The wheel-rail-contact and its effect on wear and rolling­

contact-fatigue-cracks 
• R. M. Goodall: Active suspension technology and its impact upon vehi­

cle/track interaction 

Three of their contributions have been included in this book, too. In 
summary, this book represents a final scientific report of the DFG Priority 
Programme SPP 1015. 

Finally, we would like to thank the Deutsche Forschungsgemeinschaft 
(DFG) for the financial support and, in particular, to its representative, Dr.­
Ing. Jiirgen Hoefeld, for his continuing interest in the Programme. We ac­
knowledge the excellent work of the section coordinators, Professors G. Gude­
hus, K. Knothe, P. Meinke and B. Zastrau who arranged for the fruitful coop­
eration within the Programme. And last but not least we thank our coworkers 
Dipl.-Ing. T. Meinders and Dipl.-Ing. H. Kruse for their most valuable help 
during the preparation of the Concluding Colloquium and the preparation of 
this Proceedings Volume. 

Hannover, May 2002 
Karl Popp 

Stuttgart, May 2002 
Werner Schiehlen 



Contents 

The DFG Priority Programme 'System Dynamics and Long­
Term Behaviour of Vehicle, Track and Subgrade' . . . . . . . . . . . . . 1 
Klaus Knothe, Karl Popp 
1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
2 Where did we start from? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

2.1 Preliminary Comments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
2.2 Limits of the Wheel/Rail System (1975-1985) . . . . . . . . . . . . . . . 2 
2.3 New Problems (1985-1994) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
2.4 Explanation and Counter-Measures........................ 6 

3 What has been achieved? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
3.1 The Project Idea of the DFG Priority Programme . . . . . . . . . . . 7 
3.2 About Structure and Management of the DFG Priority Pro-

gramme................................................ 9 
3.3 What has been achieved?................................. 10 

4 What still needs to be done? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 

INVITED LECTURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 

Vehicle/Track Interaction Optimisation within Spoornet...... 17 
Robert Frohling 
1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
2 Wagon Bogie Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
3 Developments on the Heavy Haul Export Lines . . . . . . . . . . . . . . . . . . 20 

3.1 Iron Ore Export Line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 
3.2 Coal Export Line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 

4 Wheel Profile Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
5 Measurement and Monitoring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 

5.1 Wheel Profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 
5.2 Sinusoidal Gauge Corner Wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 
5.3 Pummeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 
5.4 Flat Wheel Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 
5.5 Lateral Wheel/Rail Forces.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 

6 Differential Track Settlement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 
7 Future Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 
8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 



X 

Active Suspension Technology and its Effect upon Vehicle­
Track Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
Roger Goodall 
1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
2 Active Railway Suspension Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
3 The Basics of Wheelset Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 

3.1 Ideal Curving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 
3.2 Control Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 
3.3 Solid-Axle vs. IRW Wheelsets............................. 43 

4 Performance of Active-Steered Rail Vehicles . . . . . . . . . . . . . . . . . . . . . 43 
5 Research Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 
6 Impact of Active Suspensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 

6.1 Benefits of Active Wheelset Control . . . . . . . . . . . . . . . . . . . . . . . 46 
6.2 Vehicle-Track Cost Tradeoff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 

7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 

Rolling-Contact-Fatigue and Wear of Rails: Economic and Tech­
nical Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 
Peter Pointner 
1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 
2 Our Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 
3 Rolling-Contact-Fatigue (RCF) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 
4 Wear ....................................................... 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 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 

VEHICLE DYNAMICS ...................................... 63 

System Dynamics of Railcars with Radial- and Lateralelastic 
Wheels ....................................................... 65 
Holger Claus, Werner Schiehlen 
1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 
2 Flexible Multibody Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 

2.1 Kinematics and Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 
2.2 Dynamic Stresses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 
2.3 Stability of Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 
2.4 Optimization and Parallel Computing. . . . . . . . . . . . . . . . . . . . . . 69 

3 Excitation of Wheelsets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 
4 Strength of Conventional Wheelsets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 

4.1 Speeds with Resonance Phenomena........................ 74 
4.2 Dynamic Stresses of Wheelset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 4 

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



XI 

5.1 Vertical Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 
5.2 Stability of Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 

6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 

Distributed Numerical Calculations of Wear in the Wheel-
Rail Contact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 
Kurt Frischmuth, Dirk Langemann 
1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 
2 Components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 

2.1 Nonlinear Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 
2.2 Rolling Contact and Dry Friction. . . . . . . . . . . . . . . . . . . . . . . . . . 87 
2.3 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 
2.4 Wear Laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 

3 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 
4 Numerics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 

4.1 Discretization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 
4.2 Distributed Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 
4.3 Testing the Speed Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 

5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 
5.1 Randomized Control..................................... 98 

6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 
7 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 

Modeling and Simulation of the Mid-Frequency Behaviour of 
an Elastic Bogie .............................................. 101 
In go Kaiser, Karl Popp 
1 Introduction ................................................. 101 
2 Modeling ................................................... 102 

2.1 Modeling of the Vehicle .................................. 102 
2.2 Finite Element Model of the Wheelset ..................... 105 
2.3 Modeling of the Contact ................................. 106 
2.4 Modeling of the Track ................................... 108 

3 Simulation Results ........................................... 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 Conclusion .................................................. 118 
References ..................................................... 120 



XII 

Wavy Wear Pattern on the Tread of Railway Wheels 0 0 0 0 0 0 0 0 0 121 
Michael K iisel, Eberhard Brommundt 
1 Introduction 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 121 

1.1 The Common View of the Evolution of Wavy Wear Pattern 0 0 0 122 
1.2 Shape of Wheel Surface 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 123 

2 Fast-Time Dynamics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 124 
201 Vehicle-Track Model 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 124 
202 Contact Conditions 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 125 
203 Fast-Time Equations 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 126 

3 Slow-Time Behaviour 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 126 
4 Evolution of the Coefficients of the Wavy Wear Pattern 0 0 0 0 0 0 0 0 0 0 0 128 
5 Numerical Results 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 130 
6 Conclusions and Outlook 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 131 
References 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 132 

Rotor Dynamics and Irregular Wear of Elastic Wheelsets 0 0 0 0 0 133 
Thomas Meinders, Peter Meinke 
1 Motivation 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 133 
2 Flexible Multibody Systems 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 133 

201 Kinematics and Dynamics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 134 
202 Procedure of a Dynamic Analysis for a Flexible System 0 0 0 0 0 0 136 

3 Modeling of Rotating Wheelsets 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 136 
301 FE-Model of the Wheelset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 137 
302 Modal Analysis and Selection of the Elastic Coordinates 0 0 0 0 0 138 
303 Consideration of Static and Dynamic Unbalances 0 0 0 0 0 0 0 0 0 0 0 140 

4 Wheel-Rail Contact Module 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 141 
401 Modular Organization of the Contact Module 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 142 
402 Varying Wheel Radii During Time Integration 0 0 0 0 0 0 0 0 0 0 0 0 0 0 143 

5 Long-Term Wear Model. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 143 
501 Wear Hypothesis and Model for the Mass Loss 0 0 0 0 0 0 0 0 0 0 0 0 0 144 
502 Feedback of Worn Profiles in the Sense of Long-Term Wear 0 0 146 

6 System and Wear Behaviour of Elastic Wheelsets 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 147 
601 Eigenbehaviour of the Wheelset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 147 
602 Wear Development due to Initial Out-Of-Roundness 0 0 0 0 0 0 0 0 148 
603 Wear Development due to Unbalances 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 149 

7 Summary 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 151 
References 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 151 

CONTACT, FRICTION, WEAR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 153 

On the Numerical Analysis of the Wheel-Rail System in Rolling 
Contact 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 155 
Sabine Damme, Udo Nackenhorst, Anja Wetzel, Bernd Wo Zastrau 
1 Introduction 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 155 
2 The Arbitrary LAGRANGian-EULERian Approach for Rolling Contact157 



XIII 

3 Equations of Motion 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 159 

4 Description of Contact 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 160 

401 The Normal Contact Problem 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 160 

402 The Tangential Contact Problem for Rolling Contact 0 0 0 0 0 0 0 0 162 

403 Kinematical Description of the Contact 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 164 

5 The Finite Element Formulation (FEM) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 165 

6 Numerical Analysis of Transient Rolling Contact 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 166 

601 Fundamentals for Transient Rolling 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 166 

602 Classification of Irregularities and Mechanisms of Excitation 0 0 167 

603 Transient Formulation of the Contact Conditions 0 0 0 0 0 0 0 0 0 0 0 0 168 

7 Numerical Results 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 169 

8 Conclusion and Outlook 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 173 

References 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 173 

Experimental Analysis of the Cyclic Deformation and Damage 
Behavior of Characteristic Wheel and Rail Steels 0 0 0 0 0 0 0 0 0 0 0 0 0 175 

Bernhard Denne, Karl-Heinz Lang, Detlef Lohe 
1 Scope of the Project 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 175 

2 TEM Investigations of the Microstructure of a Cyclic Loaded Rail 
Steel 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 177 

201 Materials and Testing Specimens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 177 

202 Results 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 177 

203 Discussion 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 179 

2.4 Conclusions 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 182 

3 Deformation and Lifetime Behavior of a Cyclic Loaded Wheel Steel 182 

301 Material and Testing Specimens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 182 

302 Experimental Details 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 183 

303 Results and Discussion 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 185 

3.4 Conclusions 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 188 

References 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 189 

Friction and Wear of Tractive Rolling Contacts 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 191 

Ludger Deters, Steffen Engel, Matthias Proksch 
1 Tasks and Objektives 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 191 

2 Two Roller Model 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 192 

3 Calculation of Friction 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 192 

301 Traction-to-Creep-Behaviour 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 192 

302 Description of the Tribotechnical System 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 193 

303 Contact Parameters under Tribological Loading 0 0 0 0 0 0 0 0 0 0 0 0 0 194 

3.4 Deformation Component of Friction Force 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 197 

305 Adhesion Components of Friction Force 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 198 

306 Friction Coefficient 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 200 

4 Test Machine and Test Rollers 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 200 

401 Test Machine Design 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 200 

402 Test Rollers 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 200 



XIV 

5 Results ..................................................... 201 
5.1 Comparsion Between Theoretical and Experimental Traction 

Coefficients ............................................. 201 
5.2 Experimental Friction and Wear Data ...................... 202 
5.3 Comparison Between Wear Occurring in Original Rails and 

Test Rollers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207 
6 Summary ................................................... 208 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209 

Model-Based Validation within the Rail-Wheel-Subgrade Mod-
eling .......................................................... 211 
Dirk Soffker, Svenja Kirchenkamp, Peter C. Muller 
1 Motivation .................................................. 211 
2 The Rail-Wheel Contact ...................................... 213 
3 The Proportional-Integral-Observer ............................ 214 

3.1 History of Disturbance Estimation ......................... 214 
3.2 Estimation Behavior ..................................... 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 ..................................... 221 
4.1 Simulation Results ...................................... 223 

5 Concluding Remarks and Future Aspects ....................... 225 
References ..................................................... 227 

TRACK DYNAMICS ........................................ 229 

Monitoring the Dynamics of Railway Tracks by Means of the 
Karhunen-Loeve-Transformation ............................. 231 
Ute Feldmann, Edwin Kreuzer, Ferdinand Pinto, Volker Schlegel 
1 Introduction ................................................. 231 
2 Dynamic System ............................................. 232 
3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235 
4 Karhunen-Loeve-Transformation .............................. 237 
5 Small Scale Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239 
6 Evaluation of Full Scale Measurements .......................... 242 
7 Evaluation of the Results and Outlook .......................... 245 
8 Conclusion .................................................. 245 
9 Acknowledgment ............................................. 246 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 

Combined Modelling of Discretely Supported Track Models 
and Subgrade Models- Vertical and Lateral Dynamics ....... 247 
Ulf Gerstberger, Klaus Knothe, Yongfang Wu 
1 Introduction ................................................. 24 7 
2 Frequency Domain Model for Vertical and Lateral Dynamics ...... 248 


