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1. Executive Summary 

Testing of rail steels has a long tradition in the railway industry both in the form of full-scale and scaled tests. 
However test results from different test stands have largely been self-standing, which have made 
quantitative comparison between different test rigs and towards operational scenarios difficult. 

The main purpose of this deliverable is to investigate the possibility of bridging this gap by numerical 
simulation aimed at predicting rolling contact fatigue (RCF) initiation. Two modelling approaches are 
employed: Methods that aim at relating the evaluated contact stress distribution directly to the RCF initiation 
life are denoted “engineering approaches”. In contrast “finite element (FE) based approaches” evaluate the 
(elasto-plastic) material response owing to the acting contact stresses and relates the fatigue life to the 
resulting stresses/strains in the material. 

To obtain reliable RCF life predictions is found to currently be on the brink of what is possible. The report 
takes the approaches outlined above as far as possible and reports intermediate results, complications etc. 

In the report prediction based on engineering approaches sets out from previously derived contact stress 
distributions [5]. These are complemented by simulations of dynamic wheel–rail interaction in order to 
evaluate possible additional longitudinal tractive stresses due to the rolling on the wheel on the rail. For the 
case studied, these were found to be comparable to the lateral tractive stresses. It should here be noted that 
an evaluation of wheel–rail dynamics based on Hertzian contact theory is not sufficient for high-resolution 
evaluation of the contact stress distribution for the case studied. Further such an analysis is extremely 
sensitive to the geometry of the contacting surfaces.  

Supported by these simulations it was presumed that the contact conditions corresponded to full slip for all 
the three test rigs simulated. Based on this a shakedown map based fatigue index was evaluated and a plot 
of the fatigue index versus the fatigue life in a log-log diagram was shown to give a reasonable match to a 
straight line, which would indicate a Wöhler-like fatigue life relationship. If this relationship holds for further 
scrutinization it would be a major step forward for fatigue life prediction and comparisons between test rigs 
and towards operational scenarios. However the current analysis contains major uncertainties most notably 
in estimated wheel–rail friction.  

The FE based approaches sets out by calibrating an elasto-plastic material model of the rail steel towards 
experimental stress–strain data. FE-models of the two full-scale test rigs are then developed and load cycles 
featuring the loaded wheel rolling over an representative rail section are carried out. The stress–strain 
response in highly loaded material points on the rail surface are then evaluated and quantified. Methods to 
predict resulting fatigue life are then described both based on the presumption that the dominating fatigue 
mechanism is low-cycle-fatigue (in the sense that fatigue life is governed by the strain range) or ratcheting 
(in the sense that fatigue life is governed by accumulated plastic strain). 

The simulations highlighted the fact that the studied combination of very local high deformations, large 
displacements, high contact pressures and interfacial shear stresses, conformal contact and need for 
sophisticated constitutive models is currently extremely cumbersome to simulate. Reliable results for one 
test rig for two load conditions have been obtained after tedious work of tuning analysis parameters. These 
results show a high sensitivity also for rather low variations in applied lateral load magnitudes. Further the 
results show that plastic deformations in the FE-simulations introduce a level of “smoothing”, which levels out 
very high stress concentrations. On the other hand this also makes a priori identifications of critical material 
points difficult. The results finally show that the use of non-linear hardening seems crucial and that the 
proposed methods of fatigue assessment seem credible.  

In addition simulations of the second rig stumbled upon a bug in the commercial code, which resulted in an 
erroneous evaluation of the contact stresses. Although this rendered these results useless it highlighted the 
sensitivity and complexity of the problem at hand. Measures are currently taken to find a work-around for the 
identified bug. 

In summary, the current report is in our opinion a major step forward in comparing different bench tests to 
each other and to operational conditions by numerical simulation. Based on the results this should indeed be 
feasible although very complicated. However the main benefit of the report lies perhaps in the identification 
of the limitations of today’s top-notch approaches and simulation toolboxes. 

Finally a word of caution is needed: As the simulations here and in [5] clearly show, the problem at hand is 
inherently sensitive. Consequently the accuracy of predictions (be it numerical, empirical, experimentally-
based etc) will always be limited.  
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2. Introduction 

The aim of this study is to compare the outcome of different numerical RCF predictive models towards test 
results. In addition the numerical simulations will make it possible to compare different test scenarios 
towards each other and eventually towards operational conditions. It should here be noted that we are only 
concerned with surface initiated RCF, and only with crack initiation life, not longer crack propagation 
behaviour. 

In general surface initiated RCF depends on a number of inter-dependent parameters. The main driving 
mechanism is the interfacial wheel–rail shear. It is generally considered that surface initiated RCF is related 
to the (uni-directional) accumulation of plastic strains, e.g. ratcheting, which is a special kind of low-cycle-
fatigue (LCF). In general, the state of stress and strain in rolling contact is multiaxial with non-proportional 
components, which calls for special care in fatigue predictions. If the interfacial shear is acting in both 
directions with (more or less) equal magnitudes, a case of more traditional LCF (where fatigue life is related 
to the stress range) would be obtained. Here also the relation between stick and slip is important since a 
high proportion of slip will shift the deterioration towards mainly wear1. In this context also the contact 
pressure is important partly because a higher contact pressure will allow a higher interfacial friction before 
slip (and thus wear) dominates. Wheel and rail geometries, and in particular their interaction, are of main 
importance since a (local) mismatch can give very high (local) stress concentrations both in the normal and 
shear stresses. Conformal contact (i.e. a good profile match) has the benefit of distributing the pressure and 
thus decreasing pressure levels. However it creates a high sensitivity to profile mismatch: a small lateral 
displacement of one profile will cause very high stress concentrations. Further, it may decrease the steering 
ability of the train, which induces high additional shear stresses to allow for the steering. Finally there are a 
number of parameters that are of importance, but whose effects are very hard to include in more general 
modelling. These factors include residual stresses, material microstructure and anisotropy. Regarding the 
loading the analyses are normally so demanding that a quasi-static loading is presumed. Dynamic load 
factors are then (usually) included in the applied load. This would correspond to fixed load magnitude during 
a material point’s passage through the contact patch. 

Two modelling approaches are employed: Methods that aim at relating the evaluated contact stress 
distribution directly to the RCF initiation life are denoted “engineering approaches”. In contrast “finite element 
(FE) based approaches” evaluate the (elasto-plastic) material response owing to the acting contact stresses 
and relates the fatigue life to the resulting stresses/strains in the material. 

There are several practical complications in predicting RCF initiation for the tests. Some of these 
complications are: 

• Coefficient of friction in the wheel–rail interface is not evaluated for the full-scale tests and thus has 
to be guessed based on tests where it has been measured. 

• The relative lateral position between wheel and rail are not evaluated in the full-scale tests. In the 
current study the positions evaluated in reference [6] have been adopted if nothing else is stated. 

• The contacting profiles evolve throughout the tests. Measured profiles have been adopted, but some 
averaging is needed for practical purposes. It should however be noted that the elastic-plastic 
simulations decreases the influence of the local contact geometry. 

• Water (or other forms of lubrication) is necessary to make initiated cracks grow in the tests. This 
influence is only possible to model by considering fluid penetration in the initiated cracks and 
pressurization or internal lubrication of the cracks at subsequent loading. It is not possible to go in to 
such detail in the current study since this is a major research area in itself. Instead we focus on the 
identification of test conditions that cause crack initiation, rather than propagation. 

• The tests in the DB test rig does not feature constant loading conditions. Due to the extensive 
computational demands this requires an approach where RCF prediction is based on some selected 
load conditions that are evaluated.  

                                                      
1 Interestingly, this is to an extent in conflict with the usual approximation in numerical prediction of surface 
initiated RCF that a condition of full slip exists. 
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The report first outlines the test conditions at the three tests considered. This is followed by an introduction to 
the characteristics of fatigue prediction criteria and how the predictions can be evaluated towards 
experimentally found fatigue lives. 

After this introduction two engineering models are employed. It is found that there is a need to complement 
the input data with some preliminary simulations of dynamic wheel–rail interaction. The results of these are 
presented and discussed. The engineering criteria are evaluated towards test rig experiments and the results 
discussed.  

To capture the material deformation in detail, FE-simulations are carried out. Methods for fatigue prediction 
post processing using LCF (in the sense that fatigue life is governed by the strain range) and/or ratcheting (in 
the sense that fatigue life is governed by accumulated plastic strain) criteria are outlined and demonstrated 
for the LCF-based criterion. FE-models and results are discussed. 

Finally obtained results are discussed along with challenges and complications discovered. Procedures for 
operationally feasible fatigue life predictions are outlined along with the hurdles that need to be overcome for 
operational implementations. 
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3. Evaluated test cases 

Test cases within the work package 4.3 of INNOTRACK so far are described in report D4.3.1 – “Initial 
definition of conditions for testing matrix of rail steels and welds” [1] and in report D4.3.3 – “Results of first 
test rig measurements” [2]. For details on evaluating contact stresses, please consult references [5, 6 and 7]. 

3.1 Twin disc tests 

The tests were carried out by University of Newcastle using the SUROS twin-disc machine in Sheffield, UK. 

The tests consisted of 5000 dry cycles followed by 5000 wet cycles. 

Wear was detected during both phases, multiple cracks detected by 4000 wet cycles, i.e. at 9000 total cycles 

• Wheel steel R7 

• Rail steel Corus 400  

• Line contact between two cylindrical discs 

o Diameter 47 mm 

o Width 10 mm (running band) 

• Maximum Hertizian contact pressure p0 = 1500 MPa 

• Coefficient of friction  
o Initial dry phase µ ≈ 0.4 to 0.45  

o Subsequent lubricated phase µ ≈ 0.15 to 0.2 

o Full slip is presumed. 

3.2 VAS – Full scale tests 

The tests were carried out by voestalpine in the VAS test rig in Leoben, Austria. 

The test consisted of 100,000 passes with intermediate water supply every 10 passes. 

RCF in the form of head checks at a location 3 – 11 mm from the gauge corner of the rail was detected after 
20 000 – 50 000 passes 

Measured test conditions (adopted from [6]) 

• Wheel steel R7 

• Rail steel R260 

• Angle of attack Ψ = 0 

• Vertical load Fy = –196 kN (20t) 

• Lateral load Fx = 39.2 kN (4t) 

• Longitudinal load Fz = 0 

• Lubrication: Water applied every 10 passes 

• Wheel diameter = 920 mm 

• Profiles as measured at 20,000 passes 

Presumed test conditions 

Presumptions based on the analyses in [6] 

• Young’s modulus E = 210 GPa 

• Poisson’s ration ν = 0.28 

• Rail inclination = 0 
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• Relative lateral position between wheel and rail, ∆Y = 9.9 mm 

• µ = 0.4–0.45  

3.3 DB – Full scale tests 

The tests were carried out by DB in the test rig in Kirchmöser, Germany. 

The test consisted of 1.2 million load cycles with constant water supply. 

In this test no head checks were found, but embryonic cracks were later revealed in microscopy 
investigations. 

Measured test conditions 

• Wheel steel R7 

• Rail steel R260 

• Angle of attack Ψ = 0.25° 

• Vertical load Fy = –147 kN (15t) 
(The load was increased after 1 million cycles, see [2]). 

• Applied lateral load Fx = 5 to 15 kN  
(Alternated sinusoidally in a direction off the gauge corner with a frequency of 0.5 Hz) 

• Longitudinal load Fz = 0 

• Lubrication: Water constantly applied 

• Wheel diameter = 908 mm 

• Profiles as measured at the end of the test 

• Roller diameter = 2076 mm 

Presumed test conditions 

Presumptions based on the analyses in [7] 

• Young´s modulus E = 210 GPa  

• Poisson´s ration ν = 0.28  

• Rail inclination = 1/100–1/40 

• ∆Y = 11.9 mm 

• µ = 0.15–0.2 
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4. A note on the evaluation of fatigue criteria 

4.1 Background 

In INNOTRACK varying test bench tests have been performed, see [1, 2]. The test conditions have been 
defined by component geometry and applied load, but also by factors such as applied lubrication (water 
spray), which will alter the coefficient of friction between wheel and rail. 

The operational conditions were considered in a subsequent derivation of wheel–rail contact stresses [5]. It 
was, among other things, found that for the full-scale rigs, the conformal contact made contact stress 
evaluation very sensitive to the relative lateral position of the wheel and rail.  

In this report an attempt is made to identify suitable fatigue life prediction criteria based on the test results 
and by making use of the previous work on identifying contact stresses. This raises the question: What is a 
good fatigue life prediction criterion? 

4.2 Fatigue life prediction criteria 

For steel alloys subjected to alternating uni-axial tension–compression there is a more or less linear 
relationship between the logarithm of a stress amplitude σa versus the logarithm of the total number of cycles 
to failure N 

N σ a( )c1 = C2  (1) 

where c1 and C2 are material parameters. 

This relationship is normally referred to as the Wöhler or S–N-curve2. 

In the case of excessive global plasticity there is a more or less linear relationship between the logarithm of 
the fatigue life and the logarithm of the plastic strain amplitude. 

N εa
p( )c3 = C4  (2) 

where c3 and C4 are material parameters. 

If the loading is more complex (pulsating tension, multi-axial etc), the common approach is to compensate by 
introducing an equivalent stress (or strain). In the following such an approach will be adopted. Different 
candidate equivalent measures will be employed and their suitability will be judged by whether a more or 
less linear relationship between the logarithm of the fatigue life and the logarithm of the considered 
equivalent stress/strain measure. 

 

                                                      
2 A lin-log relationship between stress amplitude and fatigue life is often presumed instead of the log-log 
relationship considered here. 
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5. Engineering criteria for RCF life prediction 

In the following is a description of the two engineering criteria that will be adopted for the RCF life prediction. 
It should be noted that there are other criteria that can be considered. One example is the Tγ (wear number) 
approach that relates the RCF loading to the total creep force (T) and the creepage (γ)  A local approach is to 
instead relate the RCF life to a damage parameter described by the tangential stress (τ) and the slip velocity 
(vslip). In the current study this has not been possible. Since there have been no simulation of wheel–rail 
dynamics the creepage and the slip velocity are unknown. Further, as a preliminary study presented in 
section 6.3.2 shows, it is not straightforward to evaluate these even if wheel–rail dynamics simulations are 
carried out. 

5.1 Peak elastic shear stress magnitude 

A straightforward approach to evaluate fatigue life is to relate the risk of RCF initiation to the peak magnitude 
of the elastic interfacial shear stress τmax. These are usually evaluated by Hertzian theory. However in 
INNOTRACK it has previously been shown that under the conditions with conformal contact that prevail in 
the full-scale test rigs this is not a suitable approach. Instead interfacial shear stresses were derived using 
non-Hertzian methods, see [2, 5]. 

5.2 The shakedown diagram and the fatigue index FIsurf 

The shakedown diagram [3] represents the operational conditions by two parameters: 

• the Hertzian peak contact pressure, p0 normalised by the cyclic yield limit in shear, k  

• the traction coefficient f = Flat Fn  

Here Fn  denotes the magnitude of the normal contact load (basically vertical load) and latF  the total lateral 

load magnitude ( Flat = Fx
2 + Fy

2
) 

The peak contact pressure under Hertzian conditions is  

p0 = 3Fn

2πab
 (3) 

Where a  and b  are semi-axes of elliptical Hertzian contact patch. 
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Figure 1 Left: Definition of vertical load, lateral load and semi-axes of the Hertzian contact 
patch.  
Right: Definition of Hertzian contact pressure p and interfacial shear under full slip 
(dashed) and partial slip conditions (dotted). 

The shakedown analysis presumes Hertzian contact conditions (elastic material response, smooth contact 
geometry, semi-infinite contacting bodies, [8]) and full slip. This means that the (local) interfacial friction 
stress τ  is proportional to the contact pressure p , i.e. τ = µ ⋅ p. The peak interfacial friction stress will thus 
be predicted to occur in the centre of the contact and have a magnitude of τ 0 = µ ⋅ p0 with τ max  as defined 
in section 5.1. Note that with the exception for the case of full slip and a Hertzian contact stress distribution 
τ0 ≠ τmax.  

A criterion for surface plasticity may now be expressed as  

τ 0 = k  (4) 

As mentioned above k  is the yield limit in cyclic shear of the material in contact, which may vary with strain 
hardening of the material etc, but is here taken as the bulk material value. 

Using equation (3) and the presumption of full slip, the criterion in equation (4) may be expressed as 

k
ba

F
p ==

π
µµ

2
3 n

0  (5) 

which may be rewritten as 

µπ
1

2
3 n =

kba

F
 (6) 

This is the equation employed in the shakedown map, visualized as a bold line in Figure 2. 
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Figure 2 Shakedown map. FIsurf is defined as the horizontal projection of the distance from the 
yield limit. Note the different scale on the axes that makes the magnitude of FIsurf close 
to the distance between the working point and the yield limit (line marked BC–WP in 
the figure). 

The yield criterion implicitly invoked in the shakedown map and expressed in equation (6) can instead be 
expressed by the dimensionless fatigue index [4] 

FIsurf = f − 2πabk

3Fn

> 0 (7) 

For line contact (as in twin-disc tests) equation (7) will lose its validity since a→∞. Instead we express it on 
the form 

FIsurf = f − k

p0

> 0 (8) 

where for line contact  

p0 = ′ F n
πb

 (9) 

where ′ F n is the contact load per unit length. 

In the following the fatigue index FIsurf will be employed as a measure of the rolling contact fatigue loading. 
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6. Evaluation of tests using engineering RCF criteria 

6.1 Approach 

As mentioned above, the two candidate measures for RCF life predictions to be adopted in the current study 
are 

• Peak elastic shear stress magnitude 

• The fatigue index FIsurf 

The elastic shear stress magnitude has been evaluated in a previous INNOTRACK report [5] and therefore 
poses no problem. 

To evaluate the fatigue index FIsurf the following parameters need to be evaluated or known: 

• The normal load Fn 

• The traction coefficient f 

• The contact patch size as given by the Hertzian semi-axes ab (or the semi-axis b in the case of line 
contact) 

• The yield limit in cyclic shear, k 

The normal load is in the current study taken as equal to the applied vertical load. This ignores any 
influence of the rail head curvature and also neglects any vertical load taken by flange contact.  

The traction coefficient corresponds to the applied traction. In the case of full slip the traction coefficient will 
equal the maximum coefficient of friction in the wheel–rail interface, i.e. f = µ. 

For the VAS and DB test stands the resulting lateral force could be evaluated from the simulations in [6] and 
[7] by integration over the contact area, i.e. 

∫=
A

AF dlat τ  (10) 

The traction coefficient can then be derived as3 

nlat FFf =  (11) 

In the evaluations below this has not been done. Instead full slip conditions have been presumed. 
Motivations for this presumption is given below. 

The contact patch size is evaluated by Hertzian theory in the twin-disc test. In the full-scale test rigs, the 
evaluation is more cumbersome due to the conformal contact, which makes the Hertzian presumptions 
doubtful. Instead the size of the non-Hertzian contact area evaluated in [5] is approximated by an “equivalent 
Hertzian contact patch” and defined by two “equivalent Hertzian semi-axes”, a and b. Another approach 
(likely to yield very similar results) is to replace πab by the actual area of the non-Hertzian contact patch. 

The yield limit in cyclic shear is in the current study presumed to be 300 MPa. Variation of k due to strain 
hardening/softening and/or the influence of local residual stresses could be considered by relating shear 
yield to tensile yield, and in turn, relating tensile yield to material hardness (hardness in SI units, rather than 
Vickers number).  

k ≈
σ yield

3
≈ HV

3 3
 (12) 

This refinement in modelling has not been pursued in the current work. Two reasons for this are the 
uncertainties in input data in particular for the full-scale tests and also the need for a very high resolution in 
the hardness measurements to capture the high gradients below the contact surface.  

                                                      
3 Note that Flat is generally not equal to the applied lateral load (Fy with the coordinate system of Figure 1) 
due to the influence of the curved wheel and rail profiles and possible flange contact. 
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6.2 Evaluation of twin-disc tests 

The tested twin discs were made of R7 wheel steel and Corus 400 rail steel, respectively. 

The twin-disc tests feature line contact between two cylindrical discs. In the studied test the maximum 
Hertzian contact pressure is p0 = 1500 MPa [5]. The test features an initially dry phase with µ ≈ 0.4 to 0.45 
followed by a lubricated phase with µ ≈ 0.15 to 0.2. Full slip is presumed. 

6.2.1 Peak elastic shear stress 

Presuming full slip results in a peak elastic shear stress τmax = µp0 . For the case of dry contact this 
corresponds to magnitudes of 600 to 675 MPa. For the lubricated cycles, the corresponding magnitudes are 
225 to 300 MPa. 

6.2.2 Fatigue index FIsurf 

Presuming the cyclic yield limit in shear is k = 300 MPa, the load cases above can be introduced in a 
shakedown diagram as in Figure 8, with p0/k =5. 

Employing the measured coefficients of friction, the fatigue index according to equation (8) will for the dry 
test stage be 

0.4− 300

1500
= 0.20≤ FIsurf ≤ 0.45− 300

1500
= 0.25 (13) 

That is a fatigue index FIsurf in the range 0.2 to 0.25  

For the lubricated test stage we obtain 

0.15− 300

1500
= −0.05≤ FIsurf ≤ 0.2− 300

1500
= 0.00 (14) 

That is a fatigue index FIsurf in the range –0.05 to 0.  

Thus, for the presumption k = 300 MPa no RCF initiation is predicted if only the lubricated test stage was 
employed. On the other hand RCF initiation is predicted under purely dry conditions. Previous tests on the 
SUROS machine have shown that under dry conditions many surface flakes develop of stable depth, even 
though the surface is wearing, i.e. there is an equilibrium reached between wear rate and the rate of crack tip 
advance into the material under dry conditions, see [9]. It is likely that the shift between RCF and wear as 
dominating damage mechanisms are at a lower magnitude of interfacial shear for twin-disc tests than for full-
scale tests since the former feature very steep stress gradients at the surfaces. Consequently initiated 
surface cracks grow out of the highly stressed zone at an earlier stage and are therefore more likely to reach 
a constant growth rate in equilibrium with the surface wear rate.  

For the current test conditions it is presumed that cracks are initiated at the dry test stage after which the 
lubrication propagated the initiated cracks. Operational conditions for dry and lubricated conditions are 
indicated in the shakedown map of Figure 8. 

6.3 Evaluation of voestalpine full scale tests  

For this test head checks evolved at a location 3 – 11 mm from the gauge corner of the rail after 20,000 to 
50,000 cycles. 

6.3.1 Peak elastic shear stress 

In reference [6] the peak elastic shear stress was evaluated to τmax = 590 MPa using non-Hertzian contact 
mechanics analysis. 
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6.3.2 Fatigue index FIsurf 

Contact patch size 

Figure 3 shows the contact patch as evaluated in reference [6] by a non-Hertzian analysis. An equivalent 
Hertzian contact patch” (blue ellipsis) has been matched to this contact patch. The “equivalent Hertzian 
semi-axes” of this ellipsis were found to be 

• a ≈ 13 mm 

• b ≈ 7.5 mm 

 

Figure 3 Contact area and “equivalent Hertzian contact area” for the VAS test sample. 

Traction coefficient 

To evaluate the fatigue index FIsurf we further need the traction coefficient f. To this end we need to evaluate 
the lateral forces (creep forces) at the wheel–rail interface. 

If we first presume that the resulting lateral force is equal to the applied lateral load, we get f = 39.2/196 ≈ 
0.2. If we instead presume a condition of full slip, we get f = µ = 0.45. 

Judging from the elastic simulations in reference [6] the conditions should not be too far from full slip 
considering the ratio between maximum interfacial shear and maximum contact pressure being (according 
to) µ/p0 ≈ 0.59/1.3 ≈ 0.45. However in order to further investigate this a simulation of dynamic wheel–rail 
interaction was performed using the commercial code Gensys [10]. 

The Gensys simulation featured multi-point Hertzian contacts. To get an overview of the spread in prediction 
results and modelling sensitivity simulations featuring all 2 x 3 = 6 wheel and rail profiles measured after 
20,000 cycles were carried out. 

In Figure 4 lateral contact position on the rail, contact patch area, normal contact force and longitudinal creep 
forces are given. It is seen that with the exception of profile combination 1 all simulations feature three-point 
contact.  

To set the rail coordinates in context the coordinate system of the rail profile adopted in the simulations is 
given in Figure 5. It is seen that a lateral contact position on the rail larger than some 30 mm corresponds to 
flange contact. 

Creep forces in longitudinal (rail) direction (Fx with the coordinate system of Figure 1) and in the wheel-axle 
direction (Fy with the coordinate system of Figure 1) are plotted in Figure 8. From the results in Figure 8 it is 
seen that the simulation results are very sensitive to the chosen wheel and rail profiles. It is also seen that 
there is a large contribution to the total creep forces from the longitudinal creep. These relate to the inability 
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of the conformal profile to steer solely by conicity, which results in the need for a steering moment that is 
supplied by the force-couple provided by longitudinal creep forces in two (or three) contact points.  

The results in Figure 8 exemplifies the limitations of Hertzian contact analysis for the current load case as 
already pointed out in a previous INNOTRACK report [5]. Basically, the elongated non-Hertzian contact is 
split up in two (or three) Hertzian contact patches. This is not a major problem in vehicle dynamics 
simulations since the guiding forces will be similar. But for the current rolling contact fatigue analysis it is 
cumbersome since the stress distribution is not fully captured. Nevertheless it can be concluded that the 
presumption of full slip conditions is further supported. The longitudinal creep forces are not captured in the 
static simulations of [5] since they are a result of the wheel–rail dynamics. This means that on top of the 
interfacial shear stresses evaluated in reference [6] there will be a contribution from the longitudinal creep 
force, Fx, of a similar magnitude as the applied Fy. It should be noted that the applied shear stress will 
(presuming elastic conditions) not influence the size of the contact patch. 

To derive a more exact magnitude of the total creep forces is likely to require simulations of the dynamic 
wheel–rail interaction that can consider non-Hertzian contact. For the current study it is presumed that the 
additional longitudinal creep force motivates a presumption of full slip. 

 

Figure 4 Results from analyses of dynamic wheel–rail interaction in the VAS test rig for 6 
combinations of wheel and rail profiles measured after 20,000 cycles.  
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Figure 5 Employed coordinate system of the rail profile in the VAS test rig [mm].  

 

Figure 6 Creep forces evaluated from simulation of dynamic wheel–rail interaction in the VAS 
test rig [mm]. Squares indicate creep forces in the longitudinal direction (along the rail) 
and x:es creep forces in the wheel-axles direction. Red, black and blue indicates 
contact at contact point 1, 2 and 3, respectively. The numbering is equal to that of 
Figure 4. The number next to the marker indicates the lateral contact position on the 
rail in millimetres. Data for contact points > 30 mm have been ignored since they are 
considered to relate to pure flange contact. 
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Evaluation of the fatigue index FIsub 

From the “equivalent hertzian contact area” the peak hertzian pressure according to equation (3) normalised 
by the cyclic yield stress in shear is given as 

p0

k
= 3⋅196⋅103

2π ⋅13⋅10−3 ⋅ 7.5 ⋅10−3 ⋅ k
 (15) 

Taking k = 300 MPa gives p0/k ≈ 3.2. 

Presuming full slip conditions we obtain for f = 0.45 a fatigue index according to equation (7) as 

FIsurf = 0.45− 2π ⋅13⋅ 7.5 ⋅ 300

3⋅196⋅103 = 0.14 (16) 

For f = 0.4 the corresponding fatigue index according to equation (7) is 

FIsurf = 0.4− 2π ⋅13⋅ 7.5⋅ 300

3⋅196⋅103 = 0.09 (17) 

6.4 Evaluation of DB full-scale tests 

6.4.1 Peak elastic shear stress 

In reference [6] the peak elastic shear stress was evaluated to τmax = 750 MPa using non-Hertzian contact 
mechanics analysis. 

6.4.2 Fatigue index FIsurf 

Figure 7 shows the contact patch as evaluated in reference [6] by a non-Hertzian analysis. An equivalent 
Hertzian contact patch” (blue ellipsis) has been matched to this contact patch. The “equivalent Hertzian 
semi-axes” of this ellipsis were evaluated as 

• a ≈ 3.2 mm 

• b ≈ 8.9 mm 

 

Figure 7 Contact area and “equivalent hertzian contact area” for the DB rig C test sample. 

The corresponding normalised vertical load will be 
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p0

k
= 3⋅147⋅103

2π ⋅ 3.2⋅10−3 ⋅ 8.9⋅10−3 ⋅ k
= 2460⋅106

k
 (18) 

Taking k = 300 MPa gives p0/k ≈ 8.2. 

If we presume a condition of full slip, we have f = µ. This should be compared to the evaluated ratio between 
maximum interfacial shear and maximum contact pressure (according to elastic simulations reported in table 
3 of [7]) of µ/p0 ≈ 0.75/4.1 ≈ 0.18. 

The corresponding fatigue index with f = 0.2 according to equation (7) will be 

FIsurf = 0.2− 2π ⋅ 3.2⋅ 8.9⋅ 300

3⋅147⋅103 = 0.08 (19) 

With f = 0.15 we obtain 

FIsurf = 0.15− 2π ⋅ 3.2⋅ 8.9⋅ 300

3⋅147⋅103 = 0.03 (20) 

6.5 Summary of RCF life predictions using engineering criteria 

In Figure 8 the operational conditions of the different tests are summarised in a shakedown map. It is seen 
that under the assumptions detailed above surface initiated RCF is predicted for all test conditions with the 
exception of the wet twin-disk tests. Note however that the shakedown map gives no prediction of the 
number of cycles to initiation. 

It can be noted that the test conditions cover a wide span of operational conditions both regarding applied 
traction and (equivalent) Hertzian contact pressures. This is a good thing if the validity of different RCF 
prediction models is to be tested. 

 

Figure 8 Operational conditions for all tests plotted in a shakedown map. The cyclic yield stress 
is presumed to be k = 300 MPa. 
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In Table 1 evaluated magnitudes of the two different RCF measures employed in the current study are 
summarized. 

Table 1 Summary of RCF parameters of various criteria for the studied test conditions. 

RCF criterion Twin-disc, dry Twin-disc, lubricated VAS DB 

FIsurf (k = 300 MPa) 0.2 to 0.25 -0.05 to 0 0.09 to 0.14 0.03 to 0.08 

τmax 600 to 675 MPa 225 to 300 MPa 590 MPa 750 MPa 

 Initiated cracks and 
surface flakes 
before 5 000 
cycles. 

Surface flaking by 
5000 cycles 
following the dry  
test stage. 

Head check 
initiation after 
20 000 to 
50 000 passes. 

No head check 
initiation after about 
1.2 million cycles. 
Embryonic cracks 
found in microscopy 
examinations. 

Figure 9 and Figure 10 shows a plot of the RCF measures versus the measured fatigue life. As discussed in 
section 4, a Wöhler-type of fatigue life relationship corresponds to a straight line in a log–log-diagram of 
stress (as quantified by a suitable measure) versus fatigue life. 

It is seen that the peak interfacial shear stress does not give a good correlation to the RCF life. This is due to 
the low interfacial shear stress. As discussed in section 6.3 the derivation of τmax in reference [6] does not 
account for the longitudinal creep force that results from the dynamic wheel–rail interaction.  

In Figure 10 Fisurf magnitudes corresponding to low and high estimations of the traction coefficient for the test 
rigs have been plotted towards the measured RCF life. The fatigue index Fisurf seems to be a promising 
measure. There is a clear correlation between a higher Fisurf magnitude and a shorter fatigue life and there is 
close to a linear match in the log-log scale.  

In this context it must be remembered that the prediction of surface initiated RCF life presented here rests on 
a number of assumptions. These will be discussed more in section 9 below. Further it should be observed 
that the analyses in the current report are based on only three tests. 
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Figure 9 Experimentally found RCF life as a function of τmax as evaluated in reference [6]. 

 

Figure 10 Experimentally found RCF life as a function of FIsurf. The upper graph corresponds to a 
high and the lower graph to a low estimation of the traction coefficient. The dashed line 
corresponds to the mean value. 
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7. Finite element simulations of material deterioration 

The fatigue index FIsurf contains a single material parameter, namely the yield limit in cyclic shear. This is a 
benefit in that the criterion can be employed also with very limited knowledge on the rail material. However it 
is also a drawback in that the criterion is not good in distinguishing between the RCF characteristics of 
different materials. Since bench tests are often employed to test new rail materials this is a real issue in the 
current study. 

To obtain a refined analysis of surface initiated RCF there is a need to turn to finite element simulations. To 
capture the major plastic deformation in the wheel–rail a sophisticated constitutive model of the rail material 
is needed. The simulations further need to be able to correctly evaluate the high contact stresses (contact 
pressure and interfacial shear). This requires an advanced contact analysis in the FE-simulations. Due to the 
sensitivity of the problem studied penetration that always occurs in FE-simulations of contact needs to be 
confined to very low magnitudes (on the level of some micrometers). 

Further, the high stress gradient that occur just below the rail surface need to be captured. To this end a 
locally very dense mesh is required. Since the simulations feature measured profiles that are not symmetric 
and also flange contact is accounted for, a full three-dimensional simulation is required. This leads to very 
computationally demanding simulations.  

The current simulations were made using the commercial code Abaqus version 6.8.2 on Linux (Red Hat). 
The hardware mainly employed was a computational cluster (Svea) featuring 80 nodes with 8 Xeon E5430 
(Harpertown) 2.66 GHz cores (dual quad core) and 16GB RAM, 2GB/core (see http://www.c3se.chalmers.se 
for more details). One simulation (typically featuring five wheel passages required in the order of 40 hours of 
CPU-time.  

7.1 Finite element models 

7.1.1 Finite element model of the voestalpine test rig 

Details on the physical test set-up of the rig is given in references [1, 2]. 

Geometry 

• Wheel diameter = 920 mm 

• Profile geometry as measured at 20,000 passes (at rail position 1 and wheel position 1) 

• Relative lateral position between wheel and rail according to estimations by voestalpine from 
Miniprof measurements for the chosen wheel 1 / rail 1 positions 

Geometry and FE-mesh of the model is presented in Figure 11. The model includes a wheel and a rail part. 
Each part is divided into two sub-parts: In the volume close to the wheel-rail contact a sub-part with a dense 
FE-mesh is defined. The remaining volume is modelled by a sub-part featuring a coarser mesh. The sub-
parts with different element sizes are connected during the analysis using a so-called tied connection. See 
the Abaqus 6.8.2 manual [16] for further information. 

The length of the rail part is 20 cm and the wheel section covers about 30 degrees. Initial wheel-rail position 
is shown in Figure 12. Three dimensional continuum elements of type C3D8 (8-node linear brick elements) 
are employed for both the wheel and rail parts. The characteristic element size for the dense mesh of the rail 
part is 1.3 mm. 

A reference point for the wheel part is introduced at the theoretical centre of the wheel, marked X in Figure 
12. This reference point is used to apply boundary conditions and loads in a coherent manner. The reference 
point is rigidly connected to the upper wheel surface. 

At the three points marked by square at the upper wheel surface in Figure 12 three soft springs (spring 
stiffness 10 N/mm) are introduced to prohibit (numerically predicted) rigid body motions. The spring elements 
are of type Spring1 (spring between a node and ground, acting in a fixed direction) and act in a vertical 
direction. 
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Figure 11 Geometry and FE-mesh for voestalpine test rig 

 

Figure 12 FE-model of the voestalpine test rig. Loads are applied in the reference point (marked 
X) corresponding to the centre of the wheel. Soft springs are introduced in points marked by 
squares to prevent rigid body motions. 

Loading 

• Vertical load Fy = - 196 kN (20t) (observe the employed coordinate system as defined in Figure 11) 

• Lateral load Fx = - 39.2 kN (4t) 

• Maximum coefficient of friction µ = 0.45 
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Material 

The wheel is modelled as linearly elastic with the following material parameters: 

• Young´s modulus E = 210 GPa 

• Poisson´s ration ν = 0.28 

The rail material is elasto-plastic with nonlinear isotropic and kinematic hardening. Details are given in 
section 7.2. 

Boundary conditions 

• The displacements of the short sides of the rail part are restricted in the longitudinal and lateral 
directions. 

• The bottom side of the rail part is fixed in the vertical direction. 

• Rotations of the wheel are initially restricted via restriction on the rotation of the wheel reference 
point. 

Analysis procedure 

A load passage is in the presented analysis divided into 4 numerical steps. 

1. Application of vertical load. 

2. Application of lateral load. 

3. Rolling of the wheel along the rail. 

4. Transition of the wheel back to the initial position. 

Wheel-rail contact is established before step 1 and keeps under the steps 1-3. The contact is controlled 
during the analysis by assignment contact control parameters. Wheel part movement is realised via a 
prescribed displacement (24 mm in longitudinal direction) and rotation (3 degrees) in the wheel reference 
point. In total 4 load cycles containing steps 1 to 4 are performed. 

 

Some key data regarding the employed FE-model of the voestalpine test rig: 

• Number of elements 96175 

• Number of nodes 114181 

• Total number of variables in the model (degrees of freedom plus additional internal variables, e.g. for 
contact) 331377. 

7.1.2 Finite element model of the DB test stand C 

Details on the physical test set-up of the rig is given in references [1, 2]. 

Geometry 

• Wheel diameter = 908 mm 

• Roller (rail part) diameter = 2076 mm 

• Profile geometry as measured at the end of the test for wheel and rail (adopted from the file 00-2-
000_1.xls). 

• Relative lateral position between wheel and rail according to estimations by DB, see above 

• Rail inclination = 1/40 

• Angle of attack 0.25 degree = 4 mrad 

Geometry and FE-mesh of the model is presented in Figure 13. The model includes a wheel and a rail part. 
Each part is divided into two sub-parts: In the volume close to the wheel-rail contact a sub-part with a dense 
FE-mesh is defined. The remaining volume is modelled by a sub-part featuring a coarser mesh. The sub-
parts with different element sizes are connected during the analysis using a so-called tied connection 

The rail (roller) sector is about 15 degrees; the wheel sector is about 30 degrees. Initial wheel-rail position is 
shown in fig FE-model of DB test rig. Three dimensional continuum elements of type C3D8 (8-node linear 
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brick elements) are employed in the model for both wheel and rail parts. The characteristic element size for 
the dense mesh is 10 mm. 

A reference point for the wheel part is introduced at the theoretical centre of the wheel. This reference point 
is used to apply boundary conditions and loads. The reference point is rigidly connected to the upper wheel 
surface. 

In the same manner as for the numerical model of the voestalpine rig, soft springs (spring stiffness 10 N/mm) 
are introduced to prohibit rigid body motions. 

 

Figure 13 FE-model of DB test rig C. 

Loading 

• Vertical load Fy = - 147 kN (15 t) (observe the coordinate system) 

• Lateral load Fx = 0 / +15 kN (lateral loading applied in an additional analysis) 

• Maximum coefficient of friction µ = 0.2 

Material 

The wheel is modelled as linearly elastic with following material parameters: 

• Young´s modulus E = 210 GPa 

• Poisson´s ration ν = 0.28 

The rail material is elasto-plastic with nonlinear isotropic and kinematic hardening. Details are given in 
section 7.2. 

Boundary conditions 

• The displacements of the short sides of the rail part are restricted in the longitudinal and lateral 
directions. 

• The bottom side of the rail part is fixed in the vertical direction. 

• Rotations of the wheel are initially restricted via restriction on the rotation of the wheel reference 
point. 

Analysis procedure 

A load passage is in the current analysis is composed of 4 numerical steps. 
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1. Application of vertical load. 

2. Rolling of the wheel along the rail. 

3. Transition of the wheel back to the initial position. 

Wheel-rail contact is established before step 1 and kept under the steps 1 and 2. The contact is controlled 
during the analysis by the assignment of contact control parameters. Wheel part movement is realised via a 
prescribed displacement (24 mm in longitudinal direction) and rotation (3 degrees) in the wheel reference 
point. In total 5 load cycles with steps 1 to 3 are carried out. In the additional analysis lateral load is applied 
during step 2 and an entire analysis performed in the same manner as for the voestalpine test rig analysis. 

Some key data regarding the employed FE-model of the DB test rig: 

• Number of elements: 72 100 

• Number of nodes: 87 719 

• Total number of variables in the model (degrees of freedom plus additional internal variables, e.g. for 
contact): 250 680. 

7.2 Constitutive model for the rail steel 

As discussed in section 4, the prediction of RCF life is related to evaluated strain (or stress). To obtain 
reliable results it is therefore vital that the constitutive model that is used to simulate the material response is 
sophisticated enough to be able to capture the state of stress and strain in the wheel–rail contact zone. 
Further the material parameters in the constitutive model need to be calibrated towards relevant 
experimental tests of the considered steel quality. 

The constitutive model that has been employed in the current study is ABAQUS’ model for cyclic plasticity 
with nonlinear isotropic/kinematic hardening [16] which is based on the work of Lemaitre and Chaboche [13]. 

The wheel is modelled as linearly elastic with Young´s modulus E = 210 GPa and Poisson´s ration ν = 0.3. 
The constitutive model for the rail material is elasto-plastic with nonlinear isotropic and kinematic hardening 
based on the constitutive model of Lemaitre and Chaboche [13]. In the model the total strain rate is 
composed from the elastic and plastic strain rates 

Ý ε = Ý ε el + Ý ε pl  (21) 

with the elastic part modeled as linear elastic and the plastic yield surface defined by the function 

f σ − α( ) = σ 0 (22) 

where 

f σ − α( ) =
3
2

S − αdev( ): S − αdev( ) (23) 

where αdev is the deviatoric part of the backstress tensor and S the deviatoric stress tensor. The evolution 
of the backstress tensor is defined as 

Ý α = C1Ý ε pl

σ 0 σ − α( )− γ1α Ý ε pl +
α Ý C 1
C1

 (24) 

with C1 and γ1 being material parameters. 

In the current study we consider R260 steels. The stress–strain relationship for the steel under cyclic uni-
axial loading has been experimentally evaluated. The material parameters of the constitutive relationship 
have been calibrated to the uni-axial test results. The testing and optimisation procedure is described in 
references [14] and [15].  

The calibration of material parameters is governed by an optimisation criterion. In the current case it was 
decided to aim for a “best match” of model–experimental data in the short–medium term response (that is 
after the first cycles) and to obtain a good match between model–experimental peak stress–strain 
magnitudes and stress–strain ranges. To this end the first five load cycles in the laboratory testing have been 
utilised. 
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The results of the calibration of material data in the form of simulated and experimentally evaluated stress–
strain data are shown in Figure 14 and Figure 15. 

The following material parameters were obtained from the optimisation routine: 

• yield stress at zero plastic strain, 443.0 MPa 

• kinematic hardening parameter, C1, 40995.0 MPa 

• kinematic hardening parameter, γ1, 58.0 [-] 

Additional three more sophisticated constitutive models were under investigation for the employed FE-model. 
They seemed to give similar results as the Chaboche-model, but carried additional requirements. The most 
demanding of these was probably the need to implement the models as user subroutines. In addition the 
general rule of thumb is that the more sophisticated the constitutive model, the more cumbersome it 
becomes to obtain convergence in the contact algorithms. The results of the studies featuring the additional 
constitutive models were used as comparisons in evaluating the numerical models and are not included in 
the current report. 

 

Figure 14 Comparison of simulated strain history and experimental cyclic test data. 
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Figure 15 Comparison of simulated stress–strain evolution and experimental cyclic test data. 

 

7.3 Results from FE-simulations of plastic deformation of the rail 

Fringe plots are given in the appendices for the uppermost element layer at the rail surface. Results are 
evaluated at the integration points. 

The results presented in the fringe plots include: 

• von Mises effective stress defined as q = 3σ ij
dσ ij

d / 2  where  σ ij
d denotes the deviatoric stress tensor 

and standard rules of index notation applies. 

• contact pressure  

• equivalent plastic strain, defined as ε pl = ε pl

0
+ Ý ε pldt

0

t

∫  where ε pl

0
 is the initial equivalent plastic 

strain 

• normal stress component in the y-direction corresponding to the direction of the applied vertical 
wheel load 

The evaluation of the fatigue parameter FP, as discussed in section 8 is based on averaged node values. 

Further, stress and strain evolutions presented in section 7.3 are averaged node values. The effective strain 

is here defined as εeff = 2 3 εx −εy( )2
+ εy −εz( )2

+ εz −εx( )2 + 6 εxy
2 +εyz

2 +εzx
2( ) and the hydrostatic stress as 

σ hydro = σ x +σ y +σ z( ) 3. Both of these measures are invariants.  
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7.3.1 Results for the voestalpine test stand 

In Appendix I results from the simulations featuring the voeastalpine test stand are shown. It is seen that the 
stress magnitudes are higher for load cycles 2 and onwards. This is particularly clear if the contact parssure 
is considered. To further investigate the cause, also the normal stress σy was plotted. 

It was found that the reason for the anomaly is related to a bug or lack of accuracy in Abaqus: When a load 
cycle is evaluated the wheel is lifted up and returned to the initial position after which the next load cycle is 
commences with the vertical loading. However the wheel is positioned with an initial penetration, which 
causes very high initial contact stresses (see the step 2, increment 1 plots in Appendix I and also the 
referenced animations).  

Work in a work-around has been initiated. However, this is far from straightforward since a positioning of the 
wheel too far above the rail surface will also lead to problems in numerically establishing a physically sound 
contact. It should here be noted that the problem is extremely sensitive: the severe increase in contact 
stresses is believed to be caused by a penetration on the order of a millimetre. Further the problem is non-
linear which makes the establishment of contact much more fragile. There are a multitude of contact 
parameters that can be tuned in the numerical evaluation, and every evaluation of a new approach takes in 
the order of a day to evaluate (the time to evaluate a full load cycle).  

For information results from the simulations are presented below. When studying them, bear in mind that the 
initially applied contact pressure for load cycles 2 to 4 are too high. The response is evaluated in node 1165 
of the rail part, which is located 56 mm from the gauge side. Note how the overloading mentioned above 
causes a severe increase in the effective strain for cycles 2 to 4 as shown in Figure 16. 

In Figure 17 the hydrostatic stress is shown. Also here load cycles 2 to 4 show excessive magnitudes. Note 
also that due to the plastic deformation there will be a tensile residual hydrostatic stress. 

In Figure 18 the evolution of stress and strain is given. In particular note the ratcheting behaviour of the 
σ z −εz  and the τ xz −εxz  components. 

 

Figure 16 Evolution of the effective strain in node 1165 during the entire load history. 
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Figure 17 Evolution of the hydrostatic stress in node 1165 during the entire load history. A 
negative hydrostatic stress indicates overall compression. 

 

Figure 18 Evolution of stresses and strains in node 1165 during the entire load history. 
Coordinates x, y and z are according to Figure 11. 

7.3.2 Results from the DB test stand C 

In contrast to the results of the simulations of the voestalpine test stand, the simulations of the DB test stand 
show a good evolution of the contact stresses, as can be seen in Appendix II. 
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An in-depth evaluation of the response in node 4431 located 131 mm from the gauge side is presented 
below. 

In Figure 19 the effective strain evolution is shown. Note how the largest increase in effective strain is for the 
first load cycle. This is due to the lack of containing residual stresses in the virgin material. Note further how 
the accumulated effective strain increases with every load cycle, which indicates a ratcheting material 
response. 

Figure 20 shows the evolution of the hydrostatic stress Note here that the plastic deformation does, in this 
case, give raise to a compressive residual hydrostatic stress. 

In Figure 21 the stress–strain evolution during five load cycles are shown. It is seen how the induced residual 
stresses confines the peak σy magnitude and the ratcheting rate of the σ z −εz  components. Further note the 
more moderate ratcheting of the τ xz −εxz  components as compared to the evaluated magnitudes for the 
voestalpine rig. 

The simulation above was carried out with an angle of attack 0.25 degree and no additional lateral load. In 
the physical experiments, there was an oscillating lateral load Fx varying from 5 kN 15 kN, see section 3.3. 
To evaluate the influence of the lateral load, a simulation was carried out  

 

Figure 19 Evolution of the effective strain in node 4431 during the entire load history. 
Left: lateral load Fx = 0 kN. Right: : lateral load Fx = 15 kN 

 

Figure 20 Evolution of the hydrostatic stress in node 4431 during the entire load history. A 
negative hydrostatic stress indicates overall compression.  
Left: lateral load Fx = 0 kN. Right: : lateral load Fx = 15 kN 
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Figure 21 Evolution of stresses and strains in node 4431 during the entire load history. 
Coordinates x, y and z are according to Figure 13. 
 Left: lateral load Fx = 0 kN. Right: : lateral load Fx = 15 kN 
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8. Rolling contact fatigue analysis 

Low cycle fatigue occurs when a material is repeatedly plastically deformed. The plastic deformation induces 
material damage. Once the damage exceeds a threshold a crack is initiated. 

In low cycle fatigue analysis the fatigue life of a material point in a component is generally presumed to be 
proportional to the range of the local strain, ∆ε  as in case 2 of Figure 22. If the plastic deformation is high 
enough and the applied stress has a mid value different than zero, ratcheting may occur, see case 3 of 
Figure 22. In this case plastic deformation is accumulated until the fracture strain is exceeded. This is often 
the case in RCF of rails. For that case, the analysis is complicated by the fact that the state of strain (and 
stress) is multiaxial. Further, there is a large confining hydrostatic pressure. This pressure tends to suppress 
the formation and growth of micro-cracks and thus has a beneficial influence in that the fracture strain is 
greatly increased. 

 

Figure 22 Material response under loading of varying magnitudes. 0: elastic loading, 1: elastic 
shakedown, 2: plastic shakedown, 3: ratcheting. 

8.1 Low cycle fatigue analysis 

For the current low-cycle fatigue analysis the Jiang–Sehitoglu criterion [17] has been employed. This 
criterion where a fatigue parameter FP is defined as 

FP = ∆ε ⋅ σ max + J ⋅ ∆γ∆τ  (25) 

The criterion is evaluated for a material plane where ∆ε  is the range of the normal strain acting on the plane, 
σmax = maxσmax,0( ) with σmax being the largest normal stress on the plane. Further J  is a material 

parameter, ∆γ  the range of the (engineering) shear strain and ∆τ  the range of the shear stress. Note that 
the evaluation of ∆γ  and ∆τ  needs to account for the fact that these are vector quantities. 

The fatigue life N can be evaluated from FP by an extension of traditional (uniaxial) low-cycle fatigue 
predictive models: 

FP =
′ σ f( )2

E
2N( )2b + ′ σ f ′ ε f 2N( )b+c

 (26) 

where E is the elasticity modulus, and ′ σ f , ′ ε f , b and c are additional material parameters. Such an analysis 
has not been performed in the current study. Note that care must be taken if material parameters from “plain 
fatigue” are employed due to the different characteristics of rolling contact fatigue (beneficial bulk hydro-
static compression, possible hydro-pressure in initiated cracks etc). 
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In Figure 23 evaluated magnitudes of FP at the surface of the rail head are plotted for the four investigated 
load cycles for the voestalpine rig. As discussed above these magnitudes are unrealistic due to the intial 
penetration caused by the bug/lack of accuracy in the employed FE-code. 

In Figure 24 and Figure 25 corresponding magnitudes are plotted for the DB rig without and with applied 
lateral load, respectively. In both cases there are two areas of high FP-magnitudes. In the case with no 
applied lateral loading, the band on the right will contain the highest FP-magnitudes as seen in Figure 24. In 
the case of an applied lateral load Fx = 15 the left band dominates, see Figure 25. This is the reason for the 
low stress magnitudes for the case of an applied lateral load found in section 7.3.2. In this case the left 
region will carry the load. The induced plasticity in this zone will even lead to an initially tensile hydrostatic 
stress in the right band as seen in 7.3.2. Eventually the load distribution will be more even, but also for the 
fifth load passage the highest load magnitudes are at the left band. 

In the physical experiment the lateral load is varying between 5 and 15 kN. This will lead to a response 
varying between the cases shown in Figure 24 and Figure 25. Due to this alteration, the affected contact 
zone will be wider than the nominal zone for one loading condition. This will lead to a somewhat extended 
fatigue life for the component.  

 

 

Figure 23 Evaluated fatigue parameter, FP, for the voestalpine rig. Results for load cycle 1 (top 
left), 2 (top right), 3 (bottom left) and 4 (bottom right). 
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Figure 24 Evaluated fatigue parameter, FP, for the DB rig C with the lateral load Fx = 0. Results 
for load cycle 1 (top left), 2 (top right), 3 (mid row left), 4 (mid row right) and 5 
(bottom). 
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Figure 25 Evaluated fatigue parameter, FP, for the DB rig C with the lateral load Fx = 15 kN. 
Results for load cycle 1 (top left), 2 (top right), 3 (mid row left), 4 (mid row right) and 5 
(bottom). 

 

8.2 Ratcheting analysis 

Whereas low cycle fatigue analysis considers the damage mechanism to be the repeated (local) straining of 
a material point, ratcheting analysis presumes the damage mechanism to be the accumulation of plastic 
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deformation. Once the accumulated strain magnitude exceeds the fracture strain of the material a crack is 
initiated. 

 

If instead ratcheting is considered as the dominating damage mechanism, a ratchetting criterion may be 
employed [18] 

εi
i

∑ = εc (27) 

Here εi  is the current strain increment and εc the fracture strain. When applied to surface initiated RCF in 
railway wheels εi  needs to account for the multiaxial state of strain. An approach to this is to define an 
effective strain increment in line with the use of equivalent stresses discussed above [18].  

To employ the ratcheting criterion of equation (27), the strain increment εi  needs to numerically stabilise. 
This calls for the simulation of a large number of load passages to obtain a stabilised material response at 
the top of the rail head [19]. This roughly corresponds to 50–100 load passages. For the current models this 
is not possible with realistic computational times. 

A simplified ratcheting analysis can instead be taken by employing the effective strain after five load 
passages as an indicator of the ratcheting response. This measure should be compared to the resistance of 
the material including the material’s ductility and ability to harden. It is not obvious which material quantities 
that are relevant in such an analysis. 
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9. Concluding remarks 

The current report deals with the possibility of predicting surface initiation of rolling contact fatigue cracks. To 
this end a number of simulations and evaluations have been carried out: 

• Elastic contact stresses have been evaluated by non-Hertzian contact theory. These simulations are 
presented in a previous INNOTRACK report [5]. 

• Fatigue indices based on shakedown theory have been evaluated and matched towards evaluated 
RCF lives to establish a Wöhler-like fatigue–life relationship. 

• Simulation of dynamic wheel–rail interaction in a test rig has been adopted to further analyse 
longitudinal creep forces due to the conformal contact between wheel and rail. 

• Material parameters in a constitutive model featuring non-linear kinematic hardening have been 
evaluated from experimental test data of cyclic deformation of rail steel. 

• Non-linear FE-simulations of the elasto-plastic wheel–rail contact in the test rigs have been 
performed to evaluate elasto-plastic stresses and strains. 

• The FE-simulations have been post-processed to evaluate measures that can be employed to 
predict RCF impact. 

In conclusion the current study raises the possibility to compare test rig conditions. This is a good thing since 
the scaled geometry and the line contact conditions of the twin-disc tests make the state of stress in the 
discs not directly comparable to that in the wheel and rail of the full-scale test stands. On the other hand full-
scale test stands cannot achieve the strain rates that are present under operational conditions. The 
possibility of combining twin-disc and full-scale tests should therefore be very valuable. 

In addition the current study also gives the possibility to compare test stand conditions to operational 
conditions from an RCF impact point of view. 

The study features both engineering approaches and results from three-dimensional elasto-plastic finite 
element simulations. It has been shown how both these approaches are on the brink of what is currently 
theoretically and practically possible form a computational point of view. Below the main findings and results 
of the study are commented and recommendations for future implementation are given. 

9.1 RCF prediction using engineering models 

The approach of adopting the fatigue index FIsurf as an RCF impact measure seems very promising. 
Simulations of tests in the three test rigs that featured a very broad range of load and geometry conditions. 
Despite this a clear Wöhler-like trend in the correlation between measured fatigue lives and the fatigue index 
FIsurf was found. 

There are however a number of things that should be considered before this relationship is established as a 
“fact”: 

• The magnitude of FIsurf is severely depending on magnitudes of interfacial shear stress. Currently the 
maximum coefficient of friction is not evaluated in the full-scale test rigs. Further, it is very 
cumbersome to numerically evaluate and/or measure the actual interfacial shear stress. 
Consequently the predictions have to be based on estimated values. From experiments, reasonable 
upper and lower limits can be established with some confidence, however due to the logarithmic 
relation between FIsurf and RCF life also a small deviation in FIsurf-magnitudes will lead to major 
deviations in predicted RCF lives. 

• The size of the contact patch will also influence predicted FIsurf-magnitudes. A major work was 
carried out in a previous INNOTRACK report [5] to this end. Consequently the resulting error due to 
an erroneous estimation of the contact patch size in the current analysis is considered small. 

• The analysis includes three tests, which is far to little considering the statistical spread in fatigue 
lives in general. On the other hand, the rolling contact fatigue initiation is strongly related to plastic 
deformation, which tends to decrease the statistical scatter. Further, the test conditions cover a very 
broad range of operational conditions, which means that “interpolation” rather than “extrapolation” 
can be employed for other conditions. 
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• The definition of “RCF-life” is not consistent between the tests. Further the detection of cracks is not 
completely reliable. In the current cases this was both due to the fact that RCF crack initiation is 
masked (worn away) by wear and that there was no continuous monitoring of crack initiation. 
However due to the logarithmic relationship between FIsurf and RCF life this is most likely not a major 
issue: Even a rather large error in evaluated fatigue life corresponds to a comparatively small error in 
FIsurf-magnitude. 

• Additional simulations of the dynamic wheel–rail interaction showed that a conformal wheel–rail 
contact gives rise to large longitudinal creep forces also for case where only no longitudinal load is 
applied. The simulations further demonstrated that for the current task of predicting surface initiated 
RCF under conditions of conformal wheel–rail contact, Hertzian contact models are not sufficient. 
This is in agreement with the conclusions in reference [5]. 

• The predictions rely on the presumption of full slip. For the current test conditions, this seems likely, 
considering the results of the additional simulations of dynamic wheel–rail interaction in the 
voestalpine test rig. However, this raises the question on how to deal with situations (e.g. in-field 
operations) where full slip is not prevailing. 

Still the fact remains that the FIsurf based predictions give correct qualitative trends. In particular, the longer 
than expected fatigue life for the DB test rig can be explained by the varying lateral load. As discussed in 
section 8.1 this will spread out the fatigue damage over a wider area and thus increase the fatigue life.. 

9.2 RCF prediction based on finite element simulations 

From previous experience it seems that the main problem with shakedown maps is the inability to properly 
quantify fatigue resistance of different materials. Recall that the material characteristics are solely 
represented by the cyclic yield stress k. This is a very ambiguous parameter since it is not straightforward to 
measure and also may vary during the course of a test due to material hardening/softening and residual 
stress formation4. In the current study these obstacles are not introduced, but a detailed treatment for some 
specific cases is available, see references [11, 12] 

To further this ability finite element simulations are likely to be necessary. Here the constitutive behaviour of 
the material is experimentally found and translated to a constitutive model. Using this constitutive model, 
plastic deformations are evaluated and related to the fatigue life of the component. 

Elasto-plastic finite element simulations have the convenient property that they account for plastic 
deformation of the rail surface. This (and to some extent the discretization of the geometry and the contact 
algorithms in the FE-analysis) removes the need for “surface smoothing” that is needed in elastic contact 
analyses [5]. 

As shown in the report FE-simulations are very cumbersome. The very local high deformations in connection 
to the large displacement, the high contact pressures and interfacial shear stresses, the conformal contact 
and the need for sophisticated constitutive models puts tremendous challenges on the FE-code. In the 
current simulations success was obtained after months of non-converging solutions and still a bug (or lack of 
accuracy) has prevented a proper analysis of the voestalpine test rig. Naturally the removal of some of the 
demands would make the simulations much easier (though still far from straightforward). However it would 
also decrease the ability to simulate the “reality”. As seen e.g. in the two analyses of the DB test rig the 
response is extremely sensitive to disturbances. To further aggravate this by simplistic modeling is not to be 
recommended. 

Due to the numerical problems with the voestalpine test rig it has not been possible to compare predicted 
RCF lives with numerically found. It is however technically rather straightforward once the stress–strain 
evolution has been evaluated. In the report two possible indicators, the fatigue parameter FP, and the 
effective strain, have been described. Which is the more accurate depends on whether the damage is 
related more to low-cycle fatigue (in the sense that the fatigue life is related to the strain range) or to 
ratcheting. It should be noted that due to the sensitivity of the contact, the identification of critical regions (i.e. 
the regions most susceptible to RCF) is cumbersome. Consequently an automated procedure that evaluates 
RCF impact for the entire rail head is preferable. 

                                                      
4 This implies that k is in fact not a pure material parameter, but also to some extent dependent on 
component geometry and loading conditions. 
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9.3 Recommendations 

9.3.1 RCF life prediction using an engineering model 

The current study has shown a feasible path to connect test bench experiments to operational conditions by 
the use of numerical simulations. Currently the procedure is rather cumbersome. Adopting engineering 
models it consists in: 

• Evaluation of the contact patch size using non-Hertzian contact mechanics simulations. 

• Evaluate traction coefficient from estimations/measurements of the coefficient of friction and 
numerical evaluation of the interfacial shear. In addition to the non-Hertzian contact mechanics 
simulations also creepage forces due to the dynamic wheel–rail interaction need to be considered. 

• Evaluate the fatigue index FIsurf from equation (7) or (8). 

• Relate FIsurf to a fatigue life using Figure 10. 

To be operationally applicable, the following issues need to be addressed: 

• The relative lateral wheel–rail positions need to be established in the experiments 

• The coefficient of friction needs to be measured in the experiments 

• The tractive force (Fx) needs to be evaluated in the experiments 

• Less cumbersome methods to evaluate the contact patch size using non-Hertzian contact 
mechanics needs to be developed. 

• Methods to numerically simulate the dynamic wheel–rail interaction accounting for non-Hertzian 
contact need to be developed. 

• Methods of evaluating fatigue indices under partial slip conditions need to be established. 

• The FIsurf–fatigue life-relationship needs to be more firmly established with less uncertainty in 
predicted fatigue lives. 

• The influence of lubrication (in the crack initiation and crack propagation phases) needs to be 
handled in a more stringent manner. 

Here, the main challenges and also the most important aspects are to obtain reliable magnitudes of the 
contact patch size and the acting frictional stress. 

9.3.2 RCF life predictions based on FE-simulations 

Eventually FE-simulations are likely to be the way forward, partly for their ability to include the material 
characteristics in a much more refined way and partly because they reflect the physical damage processes 
in a more coherent manner. However before this is possible, several issues needs to be dealt with: 

• The FE-codes need to be better in dealing with the combination of very local high deformations in 
connection to the large displacement, the high contact pressures and interfacial shear stresses, the 
conformal contact and the need for sophisticated constitutive models. 

• There is a need to be better means of translating measured wheel–rail profiles to numerical models. 

• More sophisticated methods of dealing with the sensitivity to load/geometry conditions are needed. 

• The fatigue life predictions models need to be better calibrated to more laboratory tests. 

• Since it will not be possible to simulate train–track interaction with detailed FE-models of the kind 
presented in the current report within the foreseeable future, there is also a need to translate the 
results from the FE-simulations to more “engineering-type” models. 

Currently, the main stumbling block here is the limitations of the FE-codes. However, these are likely to be 
overcome. To compensate for the inherent sensitivity of the conditions in conformal contacts on the other 
hand is a major theoretical challenge. 
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9.3.3 Final conclusions 

The current study is in many aspects groundbreaking. The combination of analyses and the comparison 
between test rigs have never before been published. It is believed that this is a major step forward, but it also 
highlights the shortcomings of the current top-notch analyses and procedures. It is perhaps here that the 
highest long-term benefit of the report lies. 
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11. Appendix I 
Results from FE simulations of the voestalpine test rig 

11.1 Animations 

Animations of the evolution of von Mises stress, contact pressures and equivalent plastic strain, are 
uploaded to the INNOTRACK KMS. The movies contain insets with rail part and rail cross section. Node 
1165 of the rail part, which is located 56 mm from the gauge side, is marked for reference. 

11.2 Contour plots 

The figures are identified with an identification tag Cx – Sy – iz. Here x, y and z are serial numbers. The 
identifier C denotes load cycle number. S denoted step, where S1 is the application of the vertical load, S2 
the application of the lateral load and S3 wheel movement along the rail. Finally, I denoted the time 
increment during the solution step. The last increment shown for S1 is always when the total vertical load of 
20 tonnes is applied. 

11.3 Evolution of the von Mises effective stress 

In the following figures the distribution of the von Mises (denoted S, Mises) effective stress is shown for the 
following load cases.  

• C1 – S1 – I11 

• C2 – S3 – I16 

• C2 – S1 – I22 

• C2 – S3 – I22 

• C3 – S1 – I22 

• C3 – S3 – I22 

• C4 – S1 – I22 

• C4 – S3 – I22 
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11.4 Evolution of the contact pressure 

In the following figures the distribution of the contact pressure (denoted CPRESS is shown for the following 
load cases.  

• C1 – S1 – I11 

• C2 – S3 – I16 

• C2 – S1 – I22 

• C2 – S3 – I22 

• C3 – S1 – I22 

• C3 – S3 – I22 

• C4 – S1 – I22 

• C4 – S3 – I22 
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11.5 Evolution of the vertical stress component 

In the following figures the distribution of the vertical stress component, i.e. the normal stress in the y-
direction (denoted S22) is shown for the following load cases.  

• C1 – S1 – i11 

• C2 – S3 – i16 

• C2 – S1 – i22 

• C2 – S3 – i22 

• C3 – S1 – i22 

• C3 – S3 – i22 

• C4 – S1 – i22 

• C4 – S3 – i22 
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11.6 Evolution of equivalent plastic strain 

In the following figures the distribution of the equivalent plastic strain (denoted PEEQ) is shown for the 
following load cases.  

• C1 – S1 – i11 

• C2 – S3 – i16 

• C2 – S1 – i22 

• C2 – S3 – i22 

• C3 – S1 – i22 

• C3 – S3 – i22 

• C4 – S1 – i22 

• C4 – S3 – i22 
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12. Appendix II 
Results from FE simulations of the DB test rig C with no 
lateral load 

12.1 Animations 

Animations of the evolution of von Mises stress, contact pressures and equivalent plastic strain, are 
uploaded to the INNOTRACK KMS. The movies contain insets with rail part and rail cross section. Node 
4431 of the rail part, which is located 131 mm from the gauge side, is marked for reference. 

12.2 Contour plots 

The figures are identified with an identification tag Cx – Sy – iz. Here x, y and z are serial numbers. The 
identifier C denotes load cycle number. S denoted step, where S1 is the application of the vertical load, S2 
wheel movement along the rail. Finally, I denoted the time increment during the solution step. The last 
increment shown for S1 is always when the total vertical load of 15 tonnes is applied. 

12.3 Evolution of the von Mises effective stress 

In the following figures the distribution of the von Mises (denoted S, Mises) effective stress is shown for the 
following load cases.  

• C1 – S1 – I11 

• C2 – S2 – I20 

• C2 – S1 – I11 

• C2 – S2 – I23 

• C3 – S1 – I11 

• C3 – S2 – I23 

• C4 – S1 – I11 

• C4 – S2 – I28 

• C5 – S1 – I11 

• C5 – S2 – I26 
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12.4 Evolution of the contact pressure 

In the following figures the distribution of the contact pressure (denoted CPRESS) effective stress is shown 
for the following load cases.  

• C1 – S1 – I11 

• C2 – S2 – I20 

• C2 – S1 – I11 

• C2 – S2 – I23 

• C3 – S1 – I11 

• C3 – S2 – I23 

• C4 – S1 – I11 

• C4 – S2 – I28 

• C5 – S1 – I11 

• C5 – S2 – I26 
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12.5 Evolution of equivalent plastic strain 

In the following figures the distribution of the equivalent plastic strain (denoted PEEQ) is shown for the 
following load cases.  

• C1 – S1 – I11 

• C2 – S2 – I20 

• C2 – S1 – I11 

• C2 – S2 – I23 

• C3 – S1 – I11 

• C3 – S2 – I23 

• C4 – S1 – I11 

• C4 – S2 – I28 

• C5 – S1 – I11 

• C5 – S2 – I26 
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