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1 INTRODUCTION 

From the first creep force measurement until nowadays, the decrease of the initial slope of the 
creep force characteristic has always been mainly attributed to surface contamination and to the 
3BL. The origin of the 3BL concept, consisting of wear debris and liquid lubricant, dates back 
to the work of Godet (Godet 1984) carried out in the 70’s in which he proposed a general ap-
proach of contact between two bodies connecting the friction to the wear mechanism. This con-
cept is different from the mathematical formalism of Reynolds (Reynolds 1886) in which the 
notion of the third body is limited to a liquid lubricant. 

Several works followed (Berthier et al. 2004, Niccolini et al. 2005, Colas et al. 2013), the aim 
of which is to have a better understanding of the role of this third body and its influence on the 
friction and the various mechanisms of damage (wear, cracking ...). This understanding is an es-
sential step before introducing such effects into the various numerical models. 

In the case of the wheel-rail contact, the interaction between the first two bodies leads, under 
certain solicitations, to a thin 3BL composed of wear debris detached from the first two bodies. 
This third "natural" body generally mixes with a third "artificial" body composed of different 
types of contaminants which may exist on the wheel-rail interface (Hobbs 1967, Pritchard 1980, 
Pearce et al. 1982) as contaminants due to climatic conditions (dead leaves, water, frost ...), con-
taminants due to operating conditions (lubricating oil, sand, crushed stone from the track ballast 
...) or external pollutants. The study of the third body is a complex task since the interface of the 
wheel-rail contact is a field of interaction between several phenomena and behaviors of mechan-
ical, physical, chemical and thermal nature. Berthier (Berthier et al. 2004) has shown that the 
flow of a layer of third body between the wheel and the rail, of thickness ranging from a few to 
tens micrometers, ensures the accommodation of the sliding between these two bodies. The 
presence of this layer also provides some protection against surface cracking and thus extends 
the life of the wheel and the rail. 
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ABSTRACT: Kalker’s rolling contact theories allow good estimation of the creep forces only 
for situation with scrupulously clean surfaces. When wear particles mix with the substances 
added naturally or artificially, a Third Body Layer (3BL) is formed at the wheel-rail interface. 
This layer influences the initial slope of the creep force characteristic. A 3D finite element mod-
el is developed in this paper to study the wheel-rail rolling contact in the presence of a thin elas-
tic 3BL at the rail surface. The result shows reduction in the initial slope of the creep forces 
characteristic i.e. Kalker’s coefficients. In order to evaluate the effect of the 3BL on railway ve-
hicle dynamics, a reducing factor K is evaluated from the creep curve then applied to the multi-
body software VOCO. The study of derailment shows a slight decrease of the peak of Y/Q ratio 
which remains above Nadal criterion. However, the critical speed of the vehicle is considerably 
reduced when the factor K is applied. 



On the other hand, several measurements of which a synthesis is presented by Hobbs (Hobbs 
1967), have shown the important role played by surface contamination on the decrease in the in-
itial slope of the creep curves, essentially in the longitudinal direction. To account for these ef-
fects, several models have been developed. Polach (Polach 2005) modeled the decrease of the 
initial slope in the longitudinal direction by means of two reduction factors ks and ka respective-
ly for the adhesion and the sliding zone, introduced in his semi-empirical model. These factors 
are determined from experimental measurements of the creep curves carried out on several dif-
ferent vehicles under different operating conditions. Vollebregt (Vollebregt 2014) extended in 
2014 the complete Kalker theory implemented in CONTACT by introducing a homogeneous 
and isotropic elastic layer between the wheel and the rail in which auxiliary displacements oc-
cur. Based on a similar approach, Meierhofer (Meierhofer et al. 2014) developed, during the 
same year, a physical model that considers the plastic deformation of the third body. The elasto-
plastic behavior is introduced using the rheological model of Hou (Hou et al. 1997). However, 
Meierhofer’s model is limited to line contact. 

It is proposed in this paper to study with the 3D finite element model described in (Toumi et 
al. 2016b), the influence of a 3BL between the wheel and the rail on the creep force characteris-
tic. The result is then applied to railway vehicle dynamics in order to evaluate the effect of 3BL 
on derailment and the critical speed. 

2 NUMERICAL MODEL 

The 3D finite element wheel-rail contact model developed in (Toumi et al. 2016b) is extend-
ed in this paper to take into account the presence of the 3BL. The wheel profile is a conical 
S1002 wheel type (S1002 in which the tread is replaced by a cone) and the rail is an UIC60. It is 
assumed that a thin layer is placed on the rail interface as shown in Figure 1. It is also assumed 
that this layer is homogeneous, isotropic and deforms only elastically. Kalker (Kalker 1992) 
presented a phenomenological model in which he made the hypothesis that the 3BL is much 
more flexible than the first two bodies. A similar hypothesis is adopted in this work. A shear 
modulus G=820 MPa is defined for the 3BL, 100 times lower than that of steel, i.e. 100 times 
more flexible than the wheel and the rail. It is also assumed that the thickness h of this layer is 
equal to 125 μm (Vollebregt 2014). This choice can be justified by the different measurements 
of the 3BL. Indeed, these measurements have led to different thicknesses h, which vary accord-
ing to experimental conditions from about 0.41 μm (Bucher et al. 2002) to a value between 150 
μm and 200 μm (Descartes et al. 2005). 

Considering that the 3BL is tied on the rail interface, his movements follow that of the rail 
which moves in the longitudinal direction with the speed 𝑉𝑥. As the wheel and the rail, the 3BL 
is meshed with 8 nodes hexagonal elements. The total elements number is equal to 247000. This 
high number leads to high computational cost. Thus, the creep force characteristics will be stud-
ied only in the longitudinal direction.  
 

 
Figure 1. Wheel-rail contact model with 3BL on rail interface 



3 RESULTS  

3.1 Creep force characteristic 
Figure 2 shows the creep force characteristic in the longitudinal direction from the model de-

scribed in the previous section. Without the presence of the third body, the curve is composed of 
three different zones: a first micro-creep zone which corresponds to the initial slope of the 
curve, in general it is in this zone that the Kalker’s coefficients are calculated since the wheel 
and the rail stick completely (condition to satisfy Kalker's linear theory (Kalker 1967)). Then, a 
second non-linear transition zone which connects the low creepages zone to the high creepages 
zone, the contact area in this zone is composed of a stick and a sliding zone. Finally, a third 
macro-creep zone in which the longitudinal force 𝐹𝑥 saturates and the two bodies in contact are 
in total sliding over the entire contact area. With the presence of an elastic 3BL, the initial slope 
of the creep force characteristic decreases as described by the different measurements which 
leads to a reduction of the 𝐶11 Kalker’s coefficient.  Second, the transition zone becomes larger 
which leads to a shift of the saturation limit from 3.5 ‰ to about 7.4 ‰. However, according to 
the result in Figure 2, the 3BL has no effect on the saturation zone of the creep curve and does 
not lead to “falling friction”. These effects on the creep force characteristic due the 3BL are also 
verified by Vollebregt (Vollebregt 2014) and Meierhofer (Meierhofer et al. 2014). 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

Figure 2. Creep force characteristic in the longitudinal direction in the presence of an elastic 3BL between 
the wheel and the rail, with thickness h=125 𝜇m and shear modulus G=820 MPa 
 

By plotting the derivatives of the creep curve and calculating the difference of the initial 
slope with respect to the linear theory (not represented in Figure 2), it is possible to evaluate the 
reduction factor in the longitudinal direction due to the addition of an elastic 3BL, which is 
equal to 𝐾11= 0.5. 

It is assumed that the reducing factor identified in the longitudinal direction is also valid in 
the lateral direction. Thus, we consider that the reduction applies in the same way in the differ-
ent directions i.e. K= 𝐾11 = 𝐾22 = 𝐾23. In order to study the effect of this 3BL on the railway 
vehicle dynamics, the factors K are directly applied to Kalker’s coefficients 𝐶𝑖𝑖 in the multibody 
software VOCO.  

3.2 Effect of 3BL on railway dynamics 

3.2.1 Derailment 
The risk of derailment is conventionally considered only for the outer wheel (the wheel that 

tends to derail), in the case of a single saturated contact area on the wheel flange, with loss of 
contact on the wheel tread. It is by considering the equilibrium of the complete axle that one 
comes to take into account the contact on the tread of the inner wheel (the second wheel of the 
axle) possibly unsaturated, and therefore sensitive to Kalker’s coefficients 𝐶𝑖𝑖. 



In reality, as by simulation, the force Y on the outer wheel is obtained as a function of the 
forces equilibrium over the whole axle, in the presence of spin and longitudinal creepage. Apart 
from the suspensions towards the bogie, which of course play a role, the role of the inner wheel 
is important. This other wheel is said to be "pushing" because like any front axle of a conven-
tional bogie in curve, the lateral force tends to push the axle towards the outside of the curve 
while the force N on the wheel flange of the outer wheel keeps it in a stable state, or not. 

As far as the precision of the tangential forces is concerned, it is often not necessary for the 
outer wheel to have accurate values of tangential forces, since the creepages are very important, 
so the contact is saturated: Kalker’s coefficients are important only in the transitional phases. It 
is not the same for the inner wheel: the contact is in the wheel tread as studied before with the 
finite element method, the contact forces are rarely saturated. A reduction of the Kalker’s coef-
ficients could have an influence on the final equilibrium of the axle, and thus on the numerical 
values of Y and Q obtained by calculation. 

 
 

 
 

 

 

 

 

 

 

Figure 3. Effect of the reducing factor K on Y/Q ratio, 𝝁=0.5 
 

To study the derailment, the Manchester Benchmark (Iwnicki 1999) adapted to theoretical 
profiles used in the finite element model was simulated crossing a track curve. The effect of 
3BL on derailment is evaluated by comparing the Y/Q ratio obtained on the outer wheel of the 
front axle in two cases; The coefficients K=1 and K=0.5 estimated from the finite element mod-
el. Figure 3 shows that the ratio Y/Q calculated with the classical Kalker’s coefficients (K=1) 
exceeds the Nadal criterion when the train exit the curve after a distance equal to 162 m. When 
applying K=0.5, the peak of the Y/Q ratio decreases from 1.27 to 1.08 but remains above the 
limit of the Nadal criterion (Nadal 1896) equal to 0.94. 

On this particular case, it can be concluded that the reduction of Kalker’s coefficients slightly 
reduces the Y/Q ratio in the delicate zone and reduces the risk of train derailment according to 
the Nadal criterion. 

3.2.2 Critical speed 
When the critical speed is needed for the bogie or a full vehicle rather than a single wheelset, 

the stability analysis is generally conducted numerically. Many dynamicists use the ramping 
method to get rapidly good approximation of the critical speed of a railway vehicle. However, 
when accurate solution is needed, the bifurcation diagram method is preferred: The main idea is 
to perform, with the use of the dynamic code, multiple simulations of a train model rolling at 
various constant initial speeds V over a track presenting some chosen irregularity, then, collect 
after the establishment of the steady state behavior the final amplitude of the lateral dis-
placement 𝑢𝑦 at which the oscillations stabilize. 

Figure 4 shows the bifurcation diagram obtained from the simulation of the Manchester 
Benchmark when applying the reduction factor K=0.5 in the multibody software VOCO. The 
critical speed decreases when Kalker’s coefficients are reduced by K from 280 Km/h to 170 
Km/h. In other words, the classical Kalker’s coefficients overestimate the critical speed. Alt-



hough some teams apply corrections to Kalker’s coefficients in their contact algorithms, most 
dynamistists don’t and simply retain the value of K=1 (without reduction). This choice is justi-
fied by the fact that the contact tangential forces obtained with the classical Kalker’s coeffi-
cients are naturally higher, therefore the simulations are carried out under the most severe oper-
ating conditions (Magel 2014). However, Figure 4 clearly shows the significant impact of the 
reduction coefficients on the critical speed. Such a high impact can’t be neglected and a correc-
tion should be applied. Moreover, this correction makes it possible to have a better fit with prac-
tice in situations where the hypotheses of Kalker theories are not well respected (Kalker 1992) 
as when the contact surfaces are contaminated or when the wheel and the rail deform plastically 
(Toumi et al. 2016a). 

 
 

 
 
 
 
 
 
 

 
 

 

 
 
 

Figure 4. Effect of the reducing factor K on critical speed 𝑽𝒄 
 
4 CONCLUSION 

A 3D finite element model that was developed to study the wheel-rail rolling contact is used 
in this work to investigate to effect of a thin elastic layer of third body layer on the creep force 
characteristic. A reduction factor is then evaluated from the creep curve and applied to the muti-
body software VOCO to study the influence of the Third Body Layer on derailment and the crit-
ical speed of a railway vehicle. 

It is found from the chosen case study that the Third Body Layer considerably reduces the 
initial slope of the creep force characteristic in the longitudinal direction and therefore the Kalk-
er’s coefficient. Despite the significant reduction applied to Kalker’s coefficients (K=0.5) the 
result shows only a slight impact on the derailment of the train. However, this reduction highly 
reduces the critical speed which means that the actual Kalker’s coefficients overestimate this 
critical.  

Although the approach proposed in this paper allows a better study of derailment and a good 
estimate of the critical speed under more realistic conditions, it remains essential before verify-
ing the effect on the coefficients 𝐶𝑖𝑖 to further observe the thickness of the 3BL, to measure 
their real shear modulus and to determine the elastic limit in the contact area which plasticizes, 
in order to be able to conclude on their impact in simulation of the vehicle stability. It is then 
necessary to carry out simulations with different wheel-rail couples and different vehicles before 
proposing the best correlation between these reduction factors. 
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