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ABSTRACT

The equations for the forces developed between the wheel and rail are summarised and the physical implications are explained in terms of the behaviour of the wheelset and the vehicle. The computer tools based around these equations that allow prediction of the behaviour of a railway vehicle are discussed. The importance of input data such as wheel and rail profiles and track geometry is explained and examples of typical outputs and how these can be used to provide guidance on safety and maintenance presented. Finally, advice is given for the use of simulation of vehicle dynamics to ensure best practice in the management of the wheel-rail interface for light rail systems.   

NOMENCLATURE

Y
lateral force at the wheel

Fx,Fy,Mz
longitudinal and lateral force and spin moment at contact patch 

f11,f22,f23,f33 
linear creep coefficients defined by Kalker5
lo
half the gauge

Po
vertical force at the wheel due to static vehicle load

P1,P2
dynamic vertical force response peaks at the wheel after a vertical irregularity

Q
vertical force at the wheel

ro
wheel radius with wheelset in central position

R
curve radius

v
forward velocity of the wheelset

υ1,υ2,Ω3
actual velocity at the contact patch in lateral, longitudinal and spin directions

υ1′,υ2′,Ω3′
velocity at the contact patch (as above) calculated from wheel motion

y
wheelset lateral displacement

γ1,γ2,ω3
lateral, longitudinal and spin creepage

λ
effective conicity

ω
angular frequency of the kinematic oscillation of the rolling wheelset

1.
Introduction

The prediction of the behaviour of railway vehicles in order to design, operate and maintain both heavy and light rail systems centres on the wheel rail interface. All the forces supporting and guiding a railway vehicle must be transmitted through the contact patches between the wheels and the rails. Equations have been developed to represent the way that these forces are generated and the effect that they have on the behaviour of the vehicle but it was only the birth of the digital computers that allowed solution of these usually complex equations. This developed in the 1960s and has resulted in the powerful computer packages currently in use. 

These simulation tools are now commonly used to assist in the design, operation and maintenance of railway systems. A knowledge of the geometry of the wheel and rail is the foundation for these techniques.

2.
Fundamental Behaviour of the Wheelset 
If a rolling wheelset moves away from the centre of the track the conicity at the wheels means that it will have a larger rolling radius on one side than on the other. As the wheels are rigidly coupled in torsion they have to have the same rotational speed and the wheelset is forced to yaw about its vertical axis. This yaw angle tends to point the wheelset back towards the central rolling line and the wheelset will then naturally roll back to the centre of the track. 

In a curve the wheelset will tend to move outwards until the rolling radius difference between the two wheels matches the yaw velocity needed for the curve. This lateral displacement is known as the rolling line offset and the wheelset will curve perfectly as long as there is sufficient clearance for the required lateral movement.  If the flangeway clearance is exceeded before the rolling line offset is reached then perfect curving will not be possible, steering is lost and the flange is required to restrain the wheelset.

The following equation links the lateral displacement, y, and the curve radius R:
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And the rolling line offset is therefore:
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Where 

r0 
= the radius at the contact point when the wheelset is central



lo
= half the gauge



R
= the radius of the curve






= the effective conicity
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Figure 1.  An idealised wheelset displaced laterally

In fact the wheelset will tend to overshoot its equilibrium position (due to the developed yaw angle) and an oscillation known as the kinematic oscillation will be set up.  This kinematic oscillation is also observed on straight track after any deviation from the natural rolling line.

This oscillation was observed by George Stephenson in 1827 and analysed by Klingel [1] in 1873. The angular frequency of the kinematic oscillation can be found by assuming the motion to be sinusoidal:



[image: image4.wmf]lo

r

v

0

l

w

=

  







[3]


Where:
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 = the forward velocity of the wheelset.




Other terms as before

The greater the conicity of the wheelset, the smaller the curve radius for which perfect curving will be possible given a particular flangeway clearance. The other side of this engineering compromise is that the greater the conicity is the lower the rolling speed at which the wheelset becomes unstable. This instability is caused by the wheelset overshooting the equilibrium rolling line and is known as hunting. Hunting will be limited by flange contact but can lead to derailment. The speed at which hunting occurs is known as the critical speed and vehicle designers must ensure that the critical speed is above the maximum running speed. In fact the kinematic behaviour is usually moderated by the creep forces, which are discussed below.

2.1
Wheel/Rail contact

At the point or points where the wheel contacts the rail a contact patch develops. The size and shape of this contact patch can be calculated from the normal force, the material properties and the geometry of the wheel and the rail in this region. 

In predicting the contact, the theory of Hertz [2] based on uniform elastic properties of contacting ‘bodies of revolution’ is often used giving an elliptical contact patch with semi-axes that can be calculated. Although this is an approximation based on full elasticity it is widely used and generally gives acceptable results. An alternative is to split the contact patch up into strips and to evaluate the contact conditions and the contact stress for each strip finally ensuring a balance between the wheel load and the total normal force at the contact patch

The forces acting in the contact patch can be split into Normal and Tangential components. The tangential force is usually split further into longitudinal (in the direction of the rail axis) and lateral (in the plane normal to the rail axis). The Normal force and the lateral force can be replaced with a vertical and lateral force where the vertical force is truly vertical and the lateral force acts in the horizontal plane. These are known as V (or Q) -vertical and L (or Y) - lateral and the ratio L/V or Y/Q is often used as an indicator of the nearness of a wheel to derailment.   

2.1.1
Normal forces

In analysis of the contact between a railway wheel and a rail the first step is to establish the location and the size and shape of the contact patch (or patches). As the cross sectional profiles of the wheel and the rail can be quite complex shapes most computer simulation packages have a pre-processor, which puts the wheel and rail profiles together for a given wheelset and track and establishes where the contact will occur. A description of the cross sectional profiles are prepared from the designs or can be measured. The contact parameters are established for the required lateral displacement and yaw angle of the wheelset. This contact pre-processor is run whenever the contact details are required or can be used to set up a table of data from which the properties can be interpolated. 

Some software packages then use Hertz theory to establish elliptical contact patches around the contact point. The normal load on the contact point is required and the calculation may be iterative to allow the correct load distribution between the contact points to be found. In tread contact the radii of curvature are only changing slowly with position and the contact patch is often close to elliptical in shape. However, if the radii are changing sharply or the contact is very conformal the contact patch may be quite non-elliptical and the Hertz method does not produce good results. Knothe [3] set out a numerical method for calculating the tangential stresses for non-elliptical contact in 1985. 
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Figure 2. Calculated contact patches between wheel and rail

2.1.2
Tangential forces

When a railway wheel deviates from pure rolling, that is during acceleration, braking or curving or when subject to lateral forces through the suspension, forces are transmitted to the rail at the contact patch.  These are called creep forces and are due to microslippage or creepage in the area of contact.  

As an example, if a cylindrical wheel rolls along a straight, flat rail with no tangential force being transmitted between the wheel and the rail the horizontal distance covered in one revolution of the wheel will be exactly equal to its circumference. If, however, a torque is applied to the axle to accelerate the wheel then it will be found that in one revolution the horizontal movement is less than the circumference of the wheel. This is due to the material behaviour within the contact patch as material is compressed at entry before a section where adhesion takes place then a section where the material slips out of compression and finally exits in tension.

In a railway wheel the creepage can be calculated from the attitude of the wheelset and the resulting creep forces may then be evaluated.  The relationship between creepage and creep force were studied by Kalker [4] who developed a numerical method of predicting creep forces.  This was subsequently verified experimentally by Brickle [5] who also looked at the result of having a narrow contact ellipse as is the case during flange contact.  

Creepage occurs in all three directions in which relative motion can occur and it is defined as follows:


Longitudinal creepage
  






[4a]


Lateral creepage
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Spin creepage







[4c]

where v1, v2, and 

 are the actual velocities of the wheel.  v1′, v2′, and 

′ are the pure rolling velocities (velocity when no creep occurs at the same forward velocity) calculated from the wheel motion and v is the forward velocity of the wheelset.

After determining the creepages it is necessary to find the related creep forces. At small values of creepage the relationship can be considered to be linear and linear coefficients can be used in calculations.  However, at larger values of creepage, for example during flange contact, the relationship becomes highly non‑linear and the creep force approaches a limiting value determined by the normal force and the coefficient of friction in the contact area. When working in this region it is necessary to use a different calculation method. 

It may be appropriate to use one of the programs based on the Kalker theory described above (eg Duvorol, Contact, Fastsim) but a simpler method based on the cubic saturation theory of Johnson and Vermeulen can also be used with generally good results. This is a heuristic method and involves calculating the creep force expected from the linear coefficient and modifying it by a factor derived from this value divided by the limiting creep force. 

The creepage creep/force relationship is further complicated by the fact that the three creepages do not act independantly. Kalker has shown that the creep forces depend on the creepages as follows:











[5]

where Fx,Fy,Mz are the longitudinal and lateral force and spin moment at contact patch and f11, f22, f23 and f33 are the linear creep coefficients derived from the calculated contact patch size, material elasticity and  Kalker’s tables of  coefficients.

The creep forces for the lateral and longitudinal direction at each wheel are then combined to give a lateral force and a yaw torque acting on each wheelset

The lateral creep force is proportional to the yaw angle of the wheelset and the yaw torque acting on the wheelset about a vertical axis is proportional to its lateral displacement.  The effect of this is to steer the wheelset towards the centre of the track in decaying oscillations at all speeds up to a critical speed at which the oscillations continue laterally and in yaw.  At higher speed the behaviour is unstable and the oscillations increase until limited by flange contact.

3.
Simulation tools and their Application to Light Rail

Once the equations governing the wheel-rail forces had been established the way was open for a full analysis of the dynamic behaviour of a railway vehicle. Using modern computer packages it is possible to carry out realistic simulation of the dynamic behaviour of railway vehicles. 

3.1
Simulation Software and Computer Modelling
The theoretical basis of the mathematical modelling used is now mature and reliable and programs originally written by research institutes have been developed into powerful, validated and user-friendly packages. Examples are: ADAMS/Rail, GENSYS Nucars, Simpack and Vampire. The recent ‘Manchester Benchmark’ exercise (see Iwnicki [6]) compared the results from these 5 packages in simulating a typical freight vehicle and a typical passenger vehicle on 4 different track cases.

The vehicle is represented by a network of bodies connected to each other by flexible elements.  This is called a multibody system and the complexity of the system can be varied to suit the vehicle and the results required. The bodies are usually rigid but can be flexible with given modal stiffness and damping properties.  Masses and moments of inertia need to be specified.  Points on the bodies, or nodes, are defined as connection locations and dimensions are specified for these. Springs, dampers, links, joints, friction surfaces or wheel-rail contact elements can be selected from a library and connected between any of the nodes. All of these interconnections may include non-linearities such as occurs with rubber or air spring elements or as in damper blow off valves.

Multibody dynamics theory is used to develop the equations of motion for the system and these are processed by a solver which outputs the results of interest.

 3.1.1
Input data

In order to create an accurate model of both the vehicle and the wheel-rail contact conditions it is vital to obtain accurate input data. Vehicle data is usually supplied in the form of engineering drawings and component specifications, but where this is not possible laboratory test work can be carried out to gain the missing information.

Once a vehicle model has been completed an accurate model of the track system is required.  This usually begins with the collection of wheel and rail transverse profiles and there are a number of tools available to perform this task.  One of the most commonly used systems is the Miniprof system developed by Greenwood Engineering in Denmark. This system uses a small magnetic wheel which runs across the surface of the wheel or rail head, and is connected to digital rotary encoders by small arms.  The digitised wheel and rail profile can then be used as input to the vehicle dynamics simulation to give a realistic representation of the wheel-rail contact conditions. 
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Figure 3. The ‘miniprof’ device being used to measure a wheel profile

In addition to the transverse profiles of the wheel and rail, it is necessary to capture the geometry of the track alignment in both vertical and lateral directions. Track geometry is usually considered in terms of long and short wavelengths.  Longer wavelengths represent the design geometry of the track, typically features such as cant and lateral and vertical curvature. The shorter wavelengths are often referred to as irregularities and would typically include crosslevel, lateral alignment and vertical alignment or top.

In mainline applications both long and short wavelength track geometry data is collected using a Track Recording Coach (TRC), which is fitted with an inertial measurement system.  This data can be processed directly in to a form which can be used in vehicle dynamics software and when combined with the wheel and rail profile completes the track model.

In light rail applications TRC data is not typically available and other methods of obtaining the track geometry are required.  There are a number of possibilities but the data obtained, in terms of wavelength content can vary. Manual track measurements can be made at discrete points or continuously using a measurement trolley and these methods can be used to good effect for the shorter wavelengths but it is the longer wavelengths which prove more difficult. Measurement trolleys and other such systems cannot ‘see’ the longer wavelengths, however this problem can be overcome and, providing the length of track being studied is relatively short, the track can be surveyed manually using a theodolite. If used in conjunction with a cant and gauge stick, then an accurate 3 dimensional map of the measurement site can be obtained.  This data then has to go through some reconstructive post processing before it can be used in the vehicle dynamics software. 

3.2
Applications of Vehicle Dynamics Modelling Specific to Light Rail

The use of vehicle dynamics modelling in the light rail sector is becoming more widespread, but as discussed later, its full capabilities are often not fully understood or utilised.

3.2.1
Vehicle and Track Selection at the Tender Stage

It is not always apparent to the parties involved in the procurement of light rail systems that relatively simple studies can be carried out to give increased confidence in the proposed wheel and rail profiles.  This can initially be done without a vehicle model, using the contact analysis routines within the software packages mentioned above.  Further studies can be carried out to include performance through switches and crossings and curves, but these usually require the use of, or development of a vehicle model.  Cases within the UK exist which would certainly have benefited from this type of analysis work. 

3.2.2
Derailment prediction

The risk of derailment is not a constant factor and can vary with operating conditions such as wear at the wheel or rail or degradation of suspension components. Vehicle dynamics simulations provide a method of prediction of the derailment propensity of a light rail system throughout its operating life.  Factors such as wheel, rail head and switch blade wear and management of the friction conditions can all have influences on the derailment safety.  Likelihood of wheelclimb derailment is indicated by the ratio of the lateral to vertical force as mentioned earlier. The theory of Nadal [7] is used to establish a limit for the force ratio Y/Q (lateral force divided by vertical force at the wheel) for example the value of 0.8 as specified in the UIC518 standard.

3.2.3
Prediction of Wheel Unloading

Very low vertical forces at the contact patch can indicate that a vehicle is susceptible to wheelclimb derailment or roll over by failing to follow twists in the track or even high wind loads. Causes of this inability can sometimes be overlooked, simple maintenance problems such as incorrect setting up of the suspension can lead to badly distributed wheel loads and higher unloading values in operation. A lower limit of 60% of the static wheel load (ie unloading by over 40%) is specified for heavy rail in the UK standard ‘GM/RT 2141’ and this can easily be predicted if a vehicle model exists.

3.2.4
Bogie Rotational Resistance

Although bogie rotational resistance is not strictly measured or controlled in the light rail sector, it is a pre-requisite for acceptance of heavy rail vehicles. The rotational resistance of the bogie has a direct influence on derailment propensity, particularly in the case of tight curves negotiated at low speeds, which are of course commonplace in light rail. Cases have be known where the rotational resistance of a bogie has been found to be higher than the design case and this can lead to poor curving resulting in high wheel flange and rail wear and the increased derailment risk although the incorporation of a slewing ring as in many light rail vehicle designs reduces the likelihood of these problems occurring. Typically the rotational resistance is expressed as a dimensionless ratio of bogie rotational torque divided by the product of axle load and bogie wheelbase. 

3.2.5 
Wheel-Rail Forces

In addition to the specific cases listed above, vehicle dynamics simulations offer the ability to study in detail the forces between the wheel and rail.  This can be useful for all aspects of wheel rail interface performance.  Typical uses include assessment of vertical and lateral track shifting forces. In mainline systems limits are imposed for track shifting forces, but in general these do not apply to light rail systems. Simulations also allow the assessment of tangential stresses in rails, which can lead to rolling contact fatigue (RCF) and forces experienced when running through switches and crossings and curves, the software can also be used to estimate wheel and rail wear.  

3.3
Analysis of Light Rail Running Gear
Light rail vehicle are often fundamentally different to other rail vehicles in that they have unusual body and bogie configurations such as articulated bodies and independently rotating wheels both of which can be modelled using the modern simulation packages.

3.3.1
Independent wheels

In certain circumstances, it is advantageous to have independently rotating wheels (IRW), rather than wheels rigidly connected through an axle. Independent wheels offer a number of advantages including improved running stability and the freedom to continue a low floor between the wheels. The stability advantages arise from the de-coupling of the longitudinal and lateral creep forces which are the cause of instability of a conventional wheelset. While the coupling causes instability it does provide steering and this steering ability is lost when the axle is removed. This can cause problems such as heavy wheel and rail wear and increased derailment risk. Systems are being developed which actively steer [8] the independent wheels by either increasing the relative speed across the bogie or by using steering linkages which rotate the wheels about a vertical axis.  Currently systems are in operation which have a relatively small drive shaft across the bogie transmitting drive to each wheel pair, this system will give a degree of coupling and hence steering ability but the extent of this would be dependant on the torsional stiffness of the cross-drive mechanism.

The use of IRW is particularly common in the light rail sector as there is a need for low floor heights in street running vehicles.  The advantage of removing the axle is obvious in this situation, allowing the floor height to be reduced, occupying the space which would otherwise be taken by the axle.  As discussed above this can lead to operational problems, with possible reduced guidance and consequences including high flange wear and even derailment.  Vehicle dynamics simulations can be used to predict the performance of IRW vehicles on a particular system and also to investigate effects such asymmetric wheel wear and performance through switches and crossings.

3.3.2
Body articulation

Body articulations can be handled within the simulations and while usually all the necessary design considerations are carried out by the vehicle manufacturers, issues can arise during service such as wear in articulation components and these can be investigated using the software packages described in this paper. 

3.4
Wheel Rail Interface Best Practice for Light Rail

Light railway systems can have particularly demanding wheel-rail interface conditions. Systems often employ several different rail profiles and rail fixing types, are heavily graded.  They may contain a mixture of street running and former heavy rail alignments. This latter presents a fundamental conflict between steering and stability. The vehicle must negotiate tight curves (typically <100m radius on running lines and <40m radius in depots) without excessive wheel or rail wear but must also remain stable up to moderately high speeds (65 – 80 km/h). 

It is essential that proper consideration be given to the compatibility of vehicles with the proposed track design and rail profiles. This seemingly obvious statement has been overlooked on a number of occasions resulting in poor steering, excessive wear and mismatches between track and wheel geometry. The computer simulation techniques described in this paper are widely available and should be used to investigate the performance of the proposed vehicles running over the anticipated track alignment, using the chosen wheel and rail profiles. In this way a clear understanding of the contact conditions can be reached and changes made if appropriate. Decisions made at the design stage will have significant cost implications over the life of the system and mistakes can be difficult (or impossible) to correct once the system is built.

Another key aspect of best practice is monitoring the performance of the interface. This should include keeping periodic and systematic records including (but not limited to) the following:

· Wheel profiles over the complete turning interval

· Rail profiles from a range of curve radii, plain line and s&c

· Track geometry

· Vehicle ride quality

· Rail and wheel defects (corrugation, rolling contact fatigue, weld failures, wheel flats etc)

· Consumption of lubricants

· Failure of rail fixings

Such a monitoring programme should provide an estimation of wear rates and hence wheel and rail life and give early warning of developing problems. It will also act as a source of data to allow proper maintenance planning.

In order to ensure that the interface is operated in an optimal condition, the necessary maintenance equipment must be available. Several recent light rail projects have not included provision of a wheel lathe at the maintenance depot and even when a lathe is available appropriate procedures and standards may not be used. The arduous wheel-rail conditions described above make it essential that such provision is made to prevent damaging contact conditions that result from very heavily worn wheel profiles. Many light rail systems carry out rail grinding to control corrugation and other railhead defects. Frequent light grinding has generally been shown to be more effective than occasional heavy grinding. If asymmetric rail wear patterns are present, conventional grinding tends to ‘follow’ the wear pattern and this may ultimately lead to reduced ride quality. In this instance, profiled grinding stones may be used to restore a consistent rail profile.

In order to prevent excessive wear it is vital that adequate lubrication is provided and maintained. Train borne lubricators generally provide the best solution for light rail systems and these may be supplemented by rail mounted or check rail lubricators in critical locations.

The techniques described in this paper should be applied to solve interface problems and assist in optimising performance. It is suggested that LRT operators should ensure that they either have access to a vehicle dynamics model of their vehicles or sufficient information to allow the construction of a model in future. This is often overlooked at the vehicle procurement stage and when problems arise which require the use of vehicle dynamics investigations it may be found that the necessary data is hard to obtain retrospectively. All models used should be validated to high standard and additional instrumented vehicle tests should be carried out to supplement the design data to achieve a good level of validation.

Having highlighted the arduous wheel-rail interface conditions typical on light rail systems, it should be stated that they also have an important advantage over many heavy rail applications. This advantage lies in the fact that LRT systems are generally of limited length and operate only one type of vehicle. Such systems typically offer the best opportunities for optimising wheel-rail interface conditions as both vehicles and track are under the control of a single entity, route lengths are short enough to allow easy monitoring and single fleets produce predictable wheel-rail contact conditions.

4.
Conclusions

The forces between a railway wheel and rail can be established using theory developed over many years and now coded into powerful vehicle dynamics computer packages. A key input to these packages is the precise geometrical measurement of the wheel and rail profiles. Together with a vehicle model which contains information about the various bodies and connecting elements that make up the vehicle and its suspension the wheel-rail forces can be simulated as the vehicle runs over track with irregularities.

Techniques such as these can allow engineers to predict problems at the wheel rail interface such as excessive wear of the wheel tread or flange or of the rail or rolling contact fatigue or the likelihood of derailment. These tools are used by vehicle and infrastructure designers but can also inform decisions about maintenance of the wheel rail interface.  
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