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ABSTRACT
In this paper we present recent and ongoing developments with respect to Kalker’s CONTACT software. One notable
achievement concerns the extension of the model with respect to effects of roughness, contaminants and temperature.
These are included in an indirect, parameterized way, by adding an interfacial layer and by refining the friction law. With
these extensions we can describe the reduced slope and the falling behaviour of measured traction curves. Other developments concern a 100-fold speed improvement for solving normal contact problems and the integration of CONTACT in
the multi-body simulation software SIMPACK Rail.
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tem behavior [11]. Simulation allows to repeat “experiments” easily, access all parameters separately and to do
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parametric studies and optimization as well.

simulation capabilities for railway vehicles. Vehicle dynamic simulation (VSD) has become a well established
tool for vehicle designers and track engineers for investigating problems with ride quality, derailments, exces-
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simulations can be used, and to increase the degree of
realism, detail and accuracy, thereby keeping the compu-

Figure 1: Measured and computed creep forces for the

tation time to a minimum.

Siemens locomotive Eurosprinter 127001 for pure longitudinal creepage.

A special role in this is played by the interaction phenomena between wheel and rail. On the one hand these con-

9th International Conference on Contact Mechanics and Wear of Rail/Wheel Systems
(CM2012), Chengdu, China, August 27-30, 2012

Figure 2: Schematic illustration of an interface layer of con-

Figure 3: Schematic illustration of surface roughness and real

taminants and debris between wheel and rail by Hou et.al. [6].

area of contact by Tomberger et.al. [13].

More detailed modeling is needed for investigation of
stitute the forces between the vehicle and the track, and

wear and RCF and for instant for transient phenomena

thus govern the dynamic behavior of the system compo-

such as squeal noise. In these cases one is less interested

nents. Therefore all vehicle system dynamics simulation

in the overall force than in its distribution in the contact

packages contain a wheel/rail contact force model in one

patch. In such cases one should use a half-space based

or another form. On the other hand, the stresses in the

approach where possible and revert to finite element ap-

interface are important as well. Such high and variable

proaches otherwise. In this paper we describe recent de-

stresses occur, with consequent damage and wear, that

velopments with respect to the CONTACT software, that

these contribute significantly to the overall system cost.

extend the range of CONTACT’s applicability.

Different types of contact models exist and are used for
different purposes. In general three different classes can
be discerned:

2

INITIAL SLOPE OF THE TRACTION CURVE

A comment on Kalker’s rolling contact theories is that

1. Fast and approximate approaches, such as FAST-

they describe well only the situation for scrupulously

SIM2 [19], Polach’s method [10] and table-lookup

clean surfaces [8]. In many measurements of traction

schemes. These are used to get the forces that are

curves a reduced initial slope is found (Figure 1). This is

needed in dynamic simulations, but are not well

generally attributed to the effects of contamination (Fig-

suited for more detailed contact studies;

ure 2) and of surface roughness (Figure 3).

2. Half-space based approaches, particularly CONTACT [15], which are physics-based theories for
specific geometries and materials;
3. Finite element approaches that are fully generic and

These effects are incorporated in CONTACT by modeling a third body layer as illustrated in Figure 4. Vertical
deformation in the layer is ignored. The total elastic deformation at a point x is

flexible in principle, but that take high calculation
(1)

More information is presented in [16], where CONTACT

(2)

(3)

ut (x) = ut (x) − ut (x) + ut (x),

times [20].

(1)

where the deformation in the layer is described with:

is used to assess the accuracies of various simplified

(1)

(3)

rolling contact algorithms. This shows that for the con-

ut (x) =

tact forces in a vehicle simulation one should preferrably

pt (x) h(3)
.
G(3)

(2)

use a table-based approach. If one needs more flexibility,

Here h(3) is the thickness of the layer and G(3) its shear

for instance with respect to non-elliptical contact patches

modulus. Note that the deformation in the layer is a func-

[7] or a velocity dependent friction law [5] then FAST-

tion of the local shear stress alone, as if the layer consists

SIM2 is the best alternative. This yields total forces that

of independent springs. This can be understood directly

typically differ less than 10% to the CONTACT results,

in terms of the view of surface roughness of Figure 3. It

except in situations with larger spin creepage, where dif-

is also consistent with the model provided by Hou et.al.

ferences larger than 20% occur 15-20% of the time.

in [6].
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Figure 5: Tangential traction distribution for a rolling
By increasing the thickness or reducing the shear mod-

cylinder with falling friction, illustrating instabilities in

ulus we increase the amount of deformation taken up

transient rolling scenarios.

by the layer instead of by the bulk materials. This reduces the tractions that are required and therby reduces

Here µkin is the asymptotic value of the friction coeffi-

the slope of the traction curve.

cient for sa → ∞, and shl f is the slip velocity at which the

Equation (2) is the same as the tractions to displace-

contribution µstat − µkin of the second term is halved.

ment relation that is used in the simplified theory (ut =

The replacement of the Coulomb friction law by (3)

L pt ). Note however that the interaction between differ-

makes the equations to be solved more complicated. This

ent points is still incorporated via the elastic behavior of

is solved via an additional iteration procedure as de-

the bulk materials

(1)
(ut

and

(2)
ut

in (1)). The system of

scribed in [17]. The model extension works well for

equations to be solved therefore largely remains the same.

steady state rolling scenarios. For large creepages the re-

The interface layer appears to be favourable in this: it

sults are dominated by the friction law that is used. This

contributes to the diagonal of the system matrix and thus

can be understood easily because when full sliding oc-

makes the system easier to solve.

curs, the local slip st (x) is dominated by the creepage,
which is then largely the same for all x in many scenar-

3

ios.

VELOCITY-DEPENDENT FRICTION

A second effect that is found in measured traction curves

The model extension comes with surprising results for

and not incorporated in Kalker’s theories is a decrease of

transient rolling scenarios. Certain instabilities are found

the creep force with increasing creepage after attaining

in all cases except when a very coarse grid discretiza-

a maximum (Figure 1). This is called “falling friction”,

tion is used together with sufficiently large shl f (slow re-

and is thought to be an important factor in the generation

sponse of µs to slip velocity). These instabilities con-

of squeal noise. The velocity-dependence is generally at-

sist of a sudden collapse of the shear tractions and corre-

tributed to the effects of temperature and may further be

sponding peak in the slip velocity. In order to maintain

due to the effects of fluids in the interface.

adhesion in part of the contact area after the collapse, the
tangential tractions quickly increase at the leading edge

Velocity dependence is incorporated in CONTACT by as-

of the contact. This gives peaks in the traction distribu-

suming the friction coefficient µ to be dependent on the

tion, that travel from the leading edge through the contact

absolute local slip velocity sa = V · kst (x)k. A typical

area (Figure 5).

friction law that is used is
The peaks are analyzed in detail in [17]. They are at− log(2) sa /shl f

µs (sa ) = µkin + (µstat − µkin ) · e

.

(3)

tributed to the instantaneous reaction of the friction law
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to the instantaneous local slip velocity sa . It is interesting
to see that similar complications are found when (3) is
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used in the FASTSIM approach [9]. A considerable difference is that instabilities are found in CONTACT only

H

S

H

S

H

for transient simulations, whereas they occur in FASTSIM in steady state situations too. This is because in
FASTSIM the tangential displacements ut (x) and thereby
the slip st (x) respond instantaneously to the local shear

Extended CONTACT model
ξ=0.20 %

0.60 %

1.00 %

stress pt (x). Indeed, when the falling friction law (3) in
CONTACT is combined with the interface layer (2), in-
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H
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S

stabilities occur in CONTACT in steady state situations
too. Note that the model presented in [13] is also based
on the simplified theory. Therefore we suspect that it is
also troubled by artefacts and strong dependence on the

Figure 6: Size and shape of the adhesion (H) and slip

grid resolution.

areas (S) for rolling with pure longitudinal creepage.

The instabilities that arise because of falling friction are
regularized by introducing friction memory. The fric-

ments. This is illustrated in Figure 1 for measurements

tion coefficient µs of (3) is interpreted as the steady state

presented by Engel et.al. [4] which were used before by

friction that arises at continuous sliding at velocity sa .

Polach for testing his approach [10].

It is distinguished from the actual coefficient of friction
µ = µ(x,t). The relaxation of µ to µs is described by
µ̇(x,t) = −

max(sa (x,t), s0 )
(µ(x,t) − µs (sa (x,t))) (4)
dc

Here µ̇ is the particle-fixed time derivative, dc is a characteristic slip distance over which the relaxation occurs,
and s0 is a minimum value for the slip velocity, that allows adaptation of µ in the adhesion area.

The parameters used in this experiment closely resemble those used in [10]. The wheel load and radius are
Fn = 106.7 kN and 625 mm, and the contact patch has
semi-axes a = 6.3 and b = 12.6 mm. The rolling velocity
is V = 10 m/s. The parameters of exponential friction law
(3) are µstat = 0.33, µkin = 0.140, shl f = 1.25 m/s. For the
friction memory, the memory distance is dc = 0.003 mm
and s0 = 0.001 m/s. An interface layer is used with

The concept of friction memory comes from the rate- and

G(3) = 82000 N/mm2 and thickness 0.125 mm. This re-

state-dependent friction laws that are widely used in the

duces the initial slope of the creep force curve by a factor

earthquake community [3, 12]. The physical motivation

3.62.

is that the actual contact takes place at the tips of asperities (cf. Figure 3), that the strength of asperity contacts increases over time due to plastic creep, and that the friction
reduces by breaking some contacts and replacing them by
new ones. The amount of local sliding that is needed to
break the contact is of the order of the size of the asperities themselves. Therefore typical values for the memory
distance dc are in the order of micro-meters.
4

NEW RESULTS

The fit of the new model with the measurements (Figure
1) is as good as that of Polach’s approach. In comparison,
the transition from the increasing to saturated regimes is
spread out more in Polach’s approach, and it also reaches
a lower percentage of the maximum friction (µstat ). A
further difference is of course that Polach’s approach is an
approximation of the simplified theory, which is very fast
but only works well for straight running where the spin
creepage is small. The new results are obtained with the
physics-based CONTACT model, which is much slower,

The main result of the developments that are presented

but which is applicable to a much wider range of situa-

above is the capability to reproduce creep force measure-

tions too.
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The interface layer appears to have a strong effect on the
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size and shape of the adhesion and slip areas. This is
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shown in Figure 6 for different points along the traction

Longitudinal force Fx

ages are used for the original approach, in order to compare points with comparable total force. The slip area is
smaller and grows much slower in the presence of the interface layer, and at larger creepages it becomes convex
instead of staying concave. The consequence of this is not
entirely clear, because at the same time the slip velocities
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The potential of the new model is further illustrated in

Figure 7: Modeled longitudinal and lateral traction

Figure 7. This shows the traction forces Fx and Fy for

forces for steady running through a curve, with mild spin

situation in which a modest amount of spin creepage is

creepage.

involved (φ = 0.55 mrad/mm, i.e. contact angle δ ≈ 20◦ ).
The data that are used are the same as described above,

space approach and the use of rectangular discretisation

except that the contact patch is now elongated in rolling

elements. In contrast to earlier works where FFTs are

direction (a = 8.9, b = 4.45 mm, aspect ratio a/b = 2).

used for computing contact problems, no simplifications

Further the results of Polach’s method are included in the

or approximations are made. The exact same contact

graph.

problem is solved as before, such that there is no ef-

Figure 7 shows that altough the longitudinal force agrees
well between Polach’s method and the new approach,
there are substantial differences in the lateral force. The
interfacial layer in the new model appears to considerably reduce the effect of spin creepage. Of course the

fect whatsoever on the computational accuracy. Using
the FFT the computational complexity is reduced from
O(n2 ) to O(n log(n)). This gives significant speed-up if
n is large; a 100-fold speed-up is achieved for grid discretisations of n = 100 × 100 points or more (Table 1).

situation is more complex, changes for instance with the

The matrix A that occurs in CONTACT is a so-called

wheel load, curvatures, amount of spin and also when

“block-Toeplitz with Toeplitz blocks” (BTTB) matrix.

lateral creep is introduced. Still this demonstrates that

(Toeplitz matrix: constant along each diagonal; block-

there are significant differences between different theo-

Toeplitz: the same on the structure of matrix blocks.)

ries. Therefore additional measurements should be per-

Therefore the matrix-vector product is like the 2D convo-

formed in which spin creepage is involved, in order to

lution of surface tractions p with influence coefficients.

better judge upon the merits of the different models that

The matrix is represented by a grid of size 2 mx · 2 my,

are now available.

twice larger than the potential contact area. The tractions
are embedded in an array of the same size and padded

5

OTHER DEVELOPMENTS

with zeros. Then both arrays are transformed by 2D
FFT’s. The convolution in the spatial domain amounts

5.1

Improvement of the calculation speed

A 100-fold speed-up of solving the normal contact problem is achieved by a fast computation of matrix-vector

to multiplication in the Fourier domain. This gives the
Fourier transform of the displacements u, which is backtransformed in O(n log(n)) time.

products using the Fast Fourier Transform (FFT). This

The performance data are shown in Table 1. These con-

relies on the special structure of the matrix that is em-

cern an investigation of the shape of the contact patch

ployed in CONTACT, which arises because of the half-

for a wheel with S1002 profile on a rail with UIC60 pro-
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resolution

N = 0: pen prescribed

N = 1: Fn prescribed

grid

ncon

v11.1

v12.1

fac

v11.1

v12.1

fac

δ x = δ y = 0.1 mm

70 × 80

3150

4.3 s

0.3 s

14

12.8 s

0.6 s

21

δ x = δ y = 0.05 mm

140 × 160

12900

81 s

1.7 s

48

245 s

3.9 s

63

δ x = δ y = 0.025 mm

280 × 320

50800

1958 s

17.3 s

113

5104 s

35.5 s

144

Table 1: Calculation times for CONTACT versions 11.1 and 12.1 and corresponding speedup factors for solving a case
with a “worn” S1002 wheel on UIC60 rail at 6.2 mm lateral displacement.
file. The wheelset is displaced over 6.2 mm such that the
contact is just moving from the tread to the flange. No
yaw is incuded in this case. The resulting shape of the
contact area is shown in Figure 8. The jagged edges are
due to the way in which the profiles are prescribed in this
case. Irregularities occur in the profiles for instance due
to the way that interpolation is applied. Small irregularities in the profiles already have marked influence on the
pressures and on where the actual contact occurs. The irregularities are retained here in order to put the solvers to

Figure 8: Element division for 70 × 80 performance test.

the test, and to demonstrate the capabilities with respect
to rough contacts too.
The computation of tangential contact problems has been
accelerated too, but to a much lesser extent. A new vari-

the program is much more forgiving now if errors are

ant of the Gauss-Seidel technique was found that works

made. However, the file-based interface can still be qual-

well on the steady-state rolling contact problem [14]. In

ified as “bare”.

2D problems (line contact) the number of iterations and
consequent computing time are reduced by an order of

A new step along these lines is an interface that is created

magnitude. In 3D contact problems the speed up is a

by which CONTACT is incorporated in SIMPACK Rail

factor 3, and the robustness is increased as well. Unfor-

[18]. This allows for using CONTACT in vehicle sys-

tunately, the FFT cannot yet be applied to the tangential

tem dynamics calculations with the SIMPACK software.

problem. The reason for this is that its current solver does

All the preparations are then performed transparently and

not contain matrix-vector products. Therefore we investi-

fully automatically: setting the relative positions of the

gate new solver strategies that work and allow for the use

wheel and rail, searching for the initial contact point, ro-

of FFTs.

tation of the wheel and rail profiles to a contact-local coordinate system, and calculation of the creepages. The

5.2 Interface to SIMPACK Rail

main purpose of the interfacing is to deliver the distribution of surface tractions, which are input to wheel and

Over the years it was recognized that the CONTACT soft-

rail damage mechanisms and to the calculation of wear. A

ware was a “research code” and is difficult to use, requir-

further capability of the interface is to improve the sim-

ing many steps of the user in order to get the problem

ulation of the dynamic behavior of vehicles. As a side

specified and the results out of it. After the previous CM

effect the pressures and shear tractions can be inspected

conference in Florence, 2009, the software was polished

visually as well. In that case SIMPACK is used as an ex-

up a lot and we decided to make it publicly available [15].

tremely powerful pre-processor for generating the inputs

The documentation of the input file was improved, and

to the CONTACT program.
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In this paper we described recent and ongoing devel-

211:134–140, 1997.

opments with respect to the CONTACT model for the
wheel/rail contact forces. The results show a significant

[7] W. Kik and J. Piotrowski.

A fast approximate

improvement in reproducing measured traction forces

method to calculate normal load at contact between

compared to Kalker’s original theories. At the same time

wheel and rail and creep forces during rolling. In

this changes the detailed results inside the contact patch,

I. Zobory, editor, Proceedings of the 2nd Mini

sometimes quite drastically. This makes us humble and
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