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Abstract
A necessary condition for complex simulations of
vehicle system dynamics including drive dynamics and
traction control when running on adhesion limit, is an
advanced creep force modelling taking large
longitudinal creep into account. A method presented in
the paper allows to simulate various real wheel-rail
contact conditions using one parameter set identified
from measurements. Influence of vehicle speed,
longitudinal, lateral and spin creep and shape of the
contact ellipse is also considered. The method was
validated by comparisons with measurements as
presented in application examples.

INTRODUCTION
High adhesion utilisation and sophisticated vehicle
dynamics design of modern locomotives and traction
vehicles demands complex simulations which
simultaneously take into consideration the mechanical,
electrotechnical and control system fields.

In computer simulations, different methods are
used to calculate tangential creep forces between wheel
and rail:

� for general vehicle dynamic calculations,
without or with small tractive forces

� for analysis of traction chain dynamics and
traction control with high tractive forces.
In vehicle dynamics, small creep values

(microslip) are of main importance. Longitudinal and
lateral creep as well as spin should be taken into
account. The friction coefficient is assumed to be
constant. The difference between dry and wet conditions
is usually expressed only with the value of the friction
coefficient.     

In traction chain dynamics usually only the
longitudinal direction is taken into account. There is a
maximum of creepforce-creep-function and a
decreasing section behind this maximum. The initial
slope and the form the functions for wet, dry or polluted
conditions are different.

For a complex simulation of dynamic behaviour of
a locomotive in connection with drive dynamics and

traction control, the different creep force models
described above have to be made into one model. A
possible method is described in this paper and its
application illustrated in examples.

A CREEP FORCE MODEL FOR
SIMULATIONS OF TRACTION VEHICLES
RUNNING ON ADHESION LIMIT
A possible explanation of the decreasing section of
creepforce-creep-function for large longitudinal creep is
the decrease of friction coefficient with increasing slip
velocity due to increasing temperature in the contact
area [1, 2, 3, 4, 5]. Another explanation - different
friction coefficients in the area of adhesion and area of
slip (static and kinematic friction coefficient) – does not
seem to sufficiently influence the shape of the creep
force curve [5].

The assumption of friction coefficient decreasing
with increasing temperature usually leads to good
agreement between theory and measurements for dry
and clean contact conditions. The agreement is worse
for contaminated surfaces. For wet conditions, an
interfacial layer of liquid should be considered. In spite
of several published theories considering a layer of
liquid or moisture, there is no simple model existing to
simulate dry as well as wet conditions in contact of
wheel and rail in computer simulations. 

The method described in this paper allows to
simulate creep forces according to measurements for
various contact conditions – dry, wet, polluted etc. It is
based on a fast method for calculation of wheel-rail
forces developed by the author and largely tested and
used in various three-dimensional multi-body
simulation tools. The original method is presented
briefly in the next chapter. Then, a possible modelling
of friction coefficient decreasing with increasing slip
velocity together with the reduction of initial slope of
creep force curve will be shown and the limitations of
this model explained. Later, an extension by different
reduction factors in the area of adhesion and area of slip
will be presented and the contact model parameters
identified by comparisons with measurements. The
extended method allows to model the creep forces in
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multi-body simulations for various contact conditions in
good agreement with measurements.    

A fast method for calculation of creep forces in
multi-body simulation 
The method developed by the author for calculation of
creep forces in multi-body simulations [6, 7] is based on
a theoretical model for longitudinal and lateral creep
assuming a coefficient characterising the contact shear
stiffness.

The contact area is assumed elliptical with half-
axes a, b and normal stress distribution according to
Hertz. The maximum value of tangential stress τ at any
arbitrary point is

��� ��max     ( 1 )

where
µ  -  coefficient of friction,
σ -  normal stress.

The solution leads to the resultant tangential force
(without spin) as
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where
Q - wheel load
ε  - gradient of the tangential stress in the area of

adhesion
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where
C  -  proportionality coefficient characterising the

contact shear stiffness [N/m³] 
a,b - half-axes of the contact ellipse 
s    - creep
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where
sx, sy - creep in longitudinal (x) and lateral (y)

directions
wx, wy - creep (slip) velocity in longitudinal (x) and

lateral (y) directions
V  -  vehicle speed.

The forces Fx, Fy and the adhesion coefficients fx, fy in
longitudinal and lateral directions are 

yxi
s
s

FF i
i ,��     ( 6 )

yxi
Q
F

f i
i ,��

    ( 7 )

Based on Kalker’s results, the influence of spin
was introduced as described in [6, 7], so that the method
can be used for general conditions of longitudinal,
lateral and spin creep. A detailed description and
computer code can be found in [7].

Comparisons with other methods used in computer
simulations give very good results. Deriving the contact
shear stiffness coefficient C from Kalker’s linear theory
[8], the method is used as a simple and fast alternative
instead of the FASTSIM computer code [9] or other
methods or pre-calculated tables.  The method is faster
than FASTSIM and approximately as fast as the method
developed by Shen-Hedrick-Elkins [10], but the results
are closer to FASTSIM than other methods. The method
was implemented into simulation tools ADAMS/Rail,
SIMPACK, GENSYS and used in other tools as user
routine as well. 

Friction coefficient dependent on slip velocity
A creep-force law with a marked adhesion optimum can
be modelled using the friction coefficient decreasing
with increasing slip (creep) velocity between wheel and
rail [11, 12]. The dependence of friction on the slip
velocity was observed by various authors and is
described e. g. in  [13]. The variable friction coefficient
can be expressed by the following equation
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where
µ0  -  maximum friction coefficient
w  -  magnitude of the slip (creep) velocity vector

[m/s]
B  -  coefficient of exponential friction decrease

[s/m]
A  -  ratio of limit friction coefficient µ

�
  at infinity

slip velocity to maximum friction coefficient µ0
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In recent years, theoretical studies have been
published explaining the decreasing section of creep-
force function under the influence of  temperature in the
contact area [1, 2, 3, 4]. With increasing creep, the
temperature in the contact area increases and the
coefficient of friction decreases. 

In addition, the reduction k < 1 of the initial slope
of creep force curve explained in [4, 14] through the
influence of the surface roughness and in [15, 16] by
effect of contamination can be used. Using these
assumptions, a good agreement between theory and
measurements can be found in some cases for dry or
slightly contaminated conditions. For wet or polluted
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conditions however, a layer of liquid or contaminants
should be considered which have not been included in
the above theory. A large longitudinal slip between
wheel and rail occurs for the adhesion limit, in
particular for the maximum transmissible tractive
forces.

Using the theory of friction coefficient decreasing
with increasing slip by the influence of temperature for
the case of wet or polluted contact conditions, the only
way to achieve the adhesion optimum at large creep
values is a significant reduction of the coefficients of
Kalker’s linear theory (k < 0.1), see figure 1. But the
measurements of the initial slope of creepforce-creep-
function do not show such low values. Typical values of
the reduction factor for real wheel-rail contact
conditions are 0.2 – 0.5 for wet rails and 0.6 – 0.85 for
dry rails. It means that using the temperature influence
only does not allow to simulate the contact of wheel and
rail in complex dynamics simulations when transmitting
the limiting tractive forces under unfavourable adhesion
conditions.

An extension of the fast method for calculation of
creep forces presented in the next chapter allows to
adapt the creep-force model for various conditions of
wheel-rail contact according to measurements. 

An extended creep force model for large creep
applications 

The simplified modelling of the influence of real
contact conditions with a layer of liquid or moisture can
be explained as a combination of dry and wet friction.
For small creep values, the area of adhesion extends to
the greater part of the contact area. The conditions are
similar to dry friction. For large creep values, there is
slip in the main part of the contact area. The layer of
water or pollution influences the resultant force. The
stiffness of the anisotropic surface layer (called by
Kalker “Steifheit der anisotropen Oberflächenschicht”
in [15]) decreases and, as a result of this, the creepforce-
creep-function reduces its gradient significantly. 

To model these conditions, different reduction
factors kA in the area of adhesion and kS in the area of
slip are used. This is easily possible using the proposed
method because there are two terms in the equation (2);
the first one related to the area of adhesion and the
second to the area of slip. The equation (2) has then the
form 
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where kA  -  reduction factor in the area of adhesion
kS  -  reduction factor in the area of slip

with

1�� AS kk         ( 11 )

figure 1 Relation between the initial slope of creep
force curve and its maximum (dry and wet)

figure 2 Reduction of Kalker’s coefficients with one
factor (top) and using two different
reduction factors (bottom)

The gradient of the creepforce-creep-function at the
origin of the coordinates corresponds to the reduction of
Kalker’s coefficient
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Using different reduction factors in the area of
adhesion and in the area of slip for a constant friction
coefficient there is hardly any reduction of the function
gradient at small creepages but a significant reduction of
the gradient near saturation, see figure 2.

The proposed extension by two reduction factors
together with the friction coefficient decreasing with
increasing slip (creep) velocity allows to reach the
forms of creep force curves more similar to the
measurements for various conditions.

figure 3 Model of creep  forces based on the
measurements with the Bombardier
locomotive SBB 460  (wet, V = 40 km/h) 

figure 4 Model of creep  forces based on the
measurements with the Siemens locomotive
S 252 (dry, V = 30 km/h)

Parameter identification from measurements
The parameters of reduction factors kA, kS and of the
friction coefficient function have to be found by
comparison of measured and computed creepforce-
creep-functions for longitudinal direction. 

Using the proposed method, the following
measurements were modelled: 

� Measurements with the Bombardier locomotive
SBB 460 [17] on artificially watered rails, see
figure  3

� Measurements with the Bombardier test
locomotive 12X (DB 128) [18] on artificially
watered rails with speeds of 20 and 60 km/h

� Measurements on GM locomotives SD 45X in
the U.S.A. [19], on wet and dry rails with speeds
between 16-32 km/h

� Measurements with the Siemens locomotive
DB 127 Eurosprinter (according to [20]), dry rails,
speed 32 km/h

� Measurements with the Siemens locomotive
S 252 (according to [21] a typical shape of creep
force curve on dry rails) – see figure 4
The parameters of creep force models shows

table 1. 
The models were tested for various speeds and for

a range of longitudinal creepages from very small to
large values. Even in this large range the results are
plausible and the model is not limited to one speed or to
a small creep range. In this way, the influence of speed
on the form and maximum of creep force curves is
expressed with only one parameter set, see figure 5. 

figure 5 Influence of vehicle speed on the form of
creepforce-creep-functions for longitudinal
direction (model parameters according to
measurement in figure 4)

Besides this, the influence of longitudinal, lateral
and spin creep as well as the shape of the contact ellipse
is also taken into account, figure 6 (for other examples
see [12]). Of course, a change of surface conditions
(dry, wet etc.) as well as other effects, e. g. the cleaning
effect due to large longitudinal creep (so-called rail
conditioning), will cause a change of model parameters.
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ALIDATION BY COMPARISON
LATIONS AND
EMENTS

of tractive force on the steering of a
g bogie

est the possibility of simulating the
nge of traction torque, a test case used
dhesion test [17] of the four axle SBB 460

of the Swiss Federal Railways was
he locomotive design combines very good
ormance with high maximum speed due to
 of wheelsets, realised by a mechanism with
haft assembled to the bogie frame. The
model in simulation tool ADAMS/Rail
1 rigid bodies and contains 266 degrees of

 course of curving simulation, the traction
ncreased from zero to the adhesion limit, in
y as during the adhesion test measurements.
er, a run on the unstable (decreasing)
eep force curve was simulated [22]. 
ncreasing tractive effort, the wheelset
ity decreases. Simultaneously, the first

wheelset of the bogie moves to the inner rail. The
calculated steering angle as a function of tractive force
in the steering linkages is compared with measurement
in figure 7. The comparison confirms a good agreement
in the tendency although the real track irregularity is not
known in detail. 

Co-simulation of vehicle dynamics and
traction control 
In following application examples, the creep force
model described above was used in a co-simulation of
vehicle dynamics and traction control under bad
adhesion conditions. The vehicle model is represented
by the locomotive 12X of Bombardier Transportation
(in service at the German Railways as DB 127)
modelled in the simulation tool SIMPACK. The
controller was modelled in computer code MATLAB-
SIMULINK. During co-simulation, both programs are
running in parallel exchanging few channels only, see
[18, 23] for details. 

As an application example, the traction control
reaction following a sudden worsening of adhesion
conditions was simulated and results published in [18,
23]. The assumed wheel-rail friction coefficient was
suddenly reduced after approx. 30 m distance. Besides
of this, small stochastic oscillations were superimposed.
After the sudden reduction of friction coefficient, the
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Modelparameter Unit

k A - 0.16 0.65 0.29 0.68 0.72 1

k S - 0.07 0.26 0.07 0.14 0.36 0.6

µ 0 - 0.31 0.28 0.3 0.4 0.36 0.41

A - 0.5 0.4 0.38 0.44 0.38 0.36

B s/m 0.16 0.4 0.18 0.6 0.7 0.55

k - 0.115 0.455 0.18 0.41 0.54 0.8

Speed              

Vehicle

Reference (measurement)

Comparison model - measurement

Wheel-rail conditions

table 1 Parameters of extended creep force model identified from measurements

-2

0

2

4

6

0 20 40 60 80 100

Tractive force of a single bogie   [kN]

St
ee

rin
g 

an
gl

e �
�

   
[m

ra
d]

Calculation

Measurement

�

figure 7

Wheelset  4

-15
-10

-5
0
5

10
15

Fo
rc

e 
  [

kN
]

Measurement

Calculation

Wheelset  3

-15
-10

-5
0
5

10
15

0 100 200 300 400 500 600 700
Distance    [m]

Fo
rc

e 
  [

kN
]

Right curve
R = 300 m

Right curve
R = 290 m

Left curve
R = 385 m

Forces in axle rods (difference right-left)
Comparison of the measured and
calculated steering angle between
wheelsets as function of tractive effort
of a single bogie
     ~         ~284

reases, but the controller stabilises the
t at a new adhesion optimum with low
 a short transition period. 
 co-simulation study shows a starting and
f locomotive hauling a train on a curved
[18, 23]. Figure 8 presents a comparison
nt and simulation of longitudinal forces in
ges. The observed forces on the straight

he left and right curves are very close in
and simulation. The comparison validates
method as suitable for computer
traction vehicles running on adhesion

CONCLUSION
The proposed method for calculation of wheel-rail
forces enables computer simulations of complex vehicle
system dynamics including running and traction
dynamics for large traction creep when running on
adhesion limit. It allows to simulate various wheel-rail
contact conditions based on the measured creepforce-
creep-curves using one parameter set for various speeds.

0 100 200 300 400 500 600 700
Distance    [m]

figure 8 Comparison of measured (non-filtered) and
calculated forces in the longitudinal axle
guidance during a start and acceleration of
the test locomotive 12X on a curved track
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The method was used in complex simulations of
adhesion tests and traction control during an
acceleration on curved lines and validated by
comparisons with measurements. 
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