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ABSTRACT
This paper presents a correction and an extension of the FASTSIM
approach for the computation of the wheel–rail creep forces. The
correction concerns the variants of FASTSIM using a single flexibility
value. Kalker’s formula for this gives up to 41% too large flexibility in
situationswithmixed creepage, underestimating the creep forces by
29%. This is correctedusingnewapproaches for the flexibilities’ com-
bination. The extension concerns the variants of FASTSIMusing three
flexibility values. These variants misrepresent the creep force direc-
tion at large creepage. This is resolved using a blending approach,
that roughly halves the errors of FASTSIM compared to CONTACT.
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1. Introduction

The simulation of rail vehicle–track interaction requires the fast approximate calculation
of the wheel–rail creep forces [1]. The main algorithms used in vehicle dynamics today are
Polach’s algorithm [2,3], the easiest to use, table-based approaches such as USETAB [4],
the closest to CONTACT, and FASTSIM [5–8], the most flexible and extendable beyond
basic elliptical contacts.

Multiple variants of FASTSIM have been proposed, with different choices for the dis-
cretization strategy (FASTSIM versus FASTSIM2) and discretization grid (constant or
variable step sizes), elliptical or parabolic traction bounds, and the choice of the flexibility
parameter, using one or three flexibility values [7]. Three flexibilities Li were proposed by
Kalker [5,6]1:

Lξ = 8a
3CxxG

, Lη = 8a
3CyyG

, Lφ = πa
√
a/b

4CyzG
. (1)

They align FASTSIMwith the linear theory for pure longitudinal, pure lateral, or pure spin
creepage. Further, Kalker defined a weighting approach to combine three flexibilities into
a single value

L = Lorig = |ξ |Lξ + |η|Lη +
√
ab|φ|Lφ√

ξ 2 + η2 + abφ2
. (2)
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2 E. VOLLEBREGT AND P. VOLTR

Upondetailed consideration, we identified a shortcoming in this Equation (2). The formula
looks like the weighted mean of flexibilities Li with weights |ξ |, |η| and √ab|φ|. How-
ever, the weights are squared in the denominator instead of being summed directly. This
produces unwanted results in cases of mixed creepage. A particular example considers a
contact ellipse with equal flexibilities Lξ = Lη (a/b ≈ 3), with equal ξ = η and with no
spin creepage. In this case, the actual outcome is

√
2 times higher than the desired result

L = Lξ = Lη. In absense of slip, this reduces the forces Fx, Fy computed by FASTSIM by a
factor

√
2, producing errors of 29%.

In this technical note, we consider the flexibility values that are used in FASTSIM. We
propose new ways for their combination, improving the agreement between CONTACT
and FASTSIM using a single flexibility value. Then we proceed with a shortcoming of the
approach using three flexibility values. We propose a new blending approach, that roughly
halves the errors in the wheel–rail creep forces obtained from FASTSIM, compared to
CONTACT.

2. Improvement of FASTSIMwith 1 flexibility

Various formulas can be used as alternatives to Equation (2). Two straightforward ideas
are to use weighted means with weights that are linear or quadratic in creepages ξ , η,φ:

Llin =
|ξ |Lξ + |η|Lη +

√
ab|φ|Lφ

|ξ | + |η| + √ab|φ| , (3)

Lsqr = ξ2Lξ + η2Lη + abφ2Lη

ξ 2 + η2 + abφ2 . (4)

As CONTACT and FASTSIM are based on different elasticity models, different patterns
are obtained for the surface tractions. This is illustrated in Figure 1 for a basic testcase, a
circular contact with small creepage ξ = η = −0.001,μ = 0.3,mx = 81,my = 45, show-
ing the surface tractions px, py along the centreline y = 0. Even though different spatial
patterns are found for the tractions px, py, the resultant forces may be balanced using the
right flexibility values. For the longitudinal force, this is achieved using L = Lξ = 0.647
from Equation (1). This gives higher tractions for CONTACT at some places (blue shaded
region) cancelled by lower tractions at other places (red shaded region).

The right part of Figure 1 shows slightly lower lateral tractions py for CONTACT than
the corresponding longitudinal px in the left part of the figure. This calls for a different
flexibility value, L = Lη = 0.727, in order to match the resultant Fcntcy = 0.00370. The pur-
pose of weighting is to strike a balance between these different demands. The dashed lines
in Figure 1 show the results for the combined flexibility value of Equation (2). This takes
the mean value 0.687 multiplied by

√
2, resulting in L = Lorig = 0.971. This increased

flexibility reduces the tractions and resultant forces.
The best value for the flexibility L is the one that gives the best compromise for the

different locations, and for the forces Fx and Fy. It appears possible to obtain such a value
by minimising the difference to the linear theoretic forces:

Lnrm = argminL‖Ffsim − Flin‖2 = argminL

{(
Ffsimx − Flinx

)2 + (
Ffsimy − Fliny

)2}
(5)



VEHICLE SYSTEM DYNAMICS 3

Figure 1. Surface tractions along centreline y = 0 (left: px , right: py) computed by CONTACT for a
circular contact with small creepage, and corresponding results for FASTSIM using a single flexibility
value.

Kalker presented the forces obtained from FASTSIM in situations of full adhesion
[6, § 3.7.1]2. Inserting these in Equation (5) we get

min
L

{(
8a2b
3L

ξ − abGCxxξ

)2

+
(
8a2b
3L

η + πa3b
4L

φ − abGCyyη − (ab)3/2GCyzφ

)2
}

(6a)
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÷ ab, K := 1
L
, f3 := 8a

3
, f4 := πa2

4
, c :=

√
ab

= min
K

{(
f3Kξ − GCxxξ

)2 + (
f3Kη + f4Kφ − GCyyη − cGCyzφ

)2} (6b)

Taking the derivative with respect to K and setting to zero we find

Lnrm =
(
f3ξ

)2 + (
f3η + f4φ

)2
f3GCxxξ 2 +

(
f3η + f4φ

) · (GCyyη + cGCyzφ
) . (7)

A difference with formulas (3) and (4) is that creepages η and φ are not used separately
anymore, but appear now in specific linear combinations. An interpretation for this is that
there exists an ‘effective lateral stiffness’ that varieswith the proportion of creepagesη andφ

(and with contact patch size, shape, andmaterials used). Certain creepages η,φ that would
produce considerable lateral force by themselves may result in Fy = 0 if taken together,
such that there’s apparently no stiffness associated with that combination. For FASTSIM,
this happens at φ = −ηf3/f4, for the linear theory at φ = −ηCyy/cCyz.

The ratios f3/f4 = 32/πa and Cyy/cCyz are generally different, such that the two factors
in the denominator of (7) cross zero at different combinations of η and φ. As a result, we
may find negative values for L at specific creep combinations. This is justified by our objec-
tive, to match the forces obtained from FASTSIM to those of CONTACT. If CONTACT
and FASTSIM think differently about the direction of the net lateral force, then a negative
stiffness is permitted to change the force direction in FASTSIM.

Equation (7) yields infinite flexibility when ξ = 0,φ/η = −Cyy/cCyz. This produces
zero tractions in FASTSIM, Fx = Fy = 0. This result is desired for small creepage where
the linear theory gives a good approximation, but may be off at larger creepage. A similar
reasoning applies to zero flexibility Lnrm = 0, obtained when ξ = 0,φ/η = −f3/f4. This
concerns situations where FASTSIM produces Fy = 0 whereas the linear theory gives a
nonzero value. In this case, a precise zero must be replaced by a small value to prevent
division by zero when L is used in FASTSIM.

Equation (7) is simplfied by omitting the lateral–spin interactions, setting cross terms
ηφ = 0. This yields one further proposal:

1
Lnrm

≈ f3GCxxξ
2 + f3GCyyη

2 + f4cGCyzφ
2(

f3ξ
)2 + (

f3η
)2 + (

f4φ
)2

→ 1
Lcrss
= 1

ξ 2 + η2 + (φf4/f3)2
·
(

ξ 2

Lξ

+ η2

Lη

+ (φf4/f3)2

Lφ

)
(8)

Avoiding the zeros for the effective lateral stiffness, this Lcrss is easier to use than Lnrm, and
is justified better at larger creepage.

3. Statistical evaluation

The performance of the newmethods relative to CONTACT is evaluated using the statisti-
cal approach presented in [7,9]. This uses a test-set of 3,220 combinations of contact patch
ellipticities a/b and creepage values, that cover the range of parameter values for realistic
vehicles and tracks in VSD simulations.
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Table 1. Statistics of the errors in total forces Fx and Fy computed by FASTSIM2 using a 640× 640 grid
compared to those computed by CONTACT.

Errors in Fx Errors in Fy

80% 95% rms 80% 95% rms

Using parabolic traction bound:
1 flexibility, old weighing Lorig (2) .035 .123 .047 .071 .133 .058
1 flexibility, new weighing Llin (3) .016 .044 .019 .034 .088 .037
1 flexibility, new weighing Lsqr (4) .018 .047 .019 .034 .085 .037
1 flexibility, new weighing Lnrm (7) .017 .047 .019 .027 .074 .033 ←
1 flexibility, new weighing Lcrss (8) .015 .046 .019 .034 .078 .034
3 flexibilities .027 .061 .026 .054 .087 .041

Bottom half of creep magnitudes:
1 flexibility, new weighing Lnrm (7) .030 .059 .025 .050 .089 .045
3 flexibilities .023 .039 .019 .051 .085 .039 ←

Top half of creep magnitudes:
1 flexibility, new weighing Lnrm (7) .005 .023 .010 .008 .026 .013 ←
3 flexibilities .037 .076 .031 .056 .090 .042

Results for CONTACT are computed on grids of 160× 160 elements, enabled by the
new solver GDsteady implemented in CONTACT version 21.1. Results for FASTSIM2
are computed using a grid of 640× 640 elements, with virtually no error due to the grid
discretization.

Figure 2 shows the accuracy of FASTSIM2 compared to CONTACT. The figure displays
the statistical distribution of errors |Ffsimτ − Fcntcτ |, with τ = x and τ = y. The forces Fx, Fy
are the total tangential forces relative to the Coulomb maximum μFn, with values in the
range [−1, 1]. The errors in the figure are absolute errors. Percentual differences would
show a similar behaviour; in most cases, an absolute difference of 0.1 corresponds roughly
to a relative difference of 20% [9]. Key statistics of the distributions are shown in Table 1.

Our test results confirm the shortcoming identified for Equation (2). When using a sin-
gle flexibility, the results of FASTSIM2 are improved considerably using Llin, Lsqr, Lnrm or
Lcrss of Equations (3), (4), (7), (8) instead of the original Lorig of Equation (2). The same
holds for the original FASTSIM algorithm [5] that produces the same results as FASTSIM2
except for the errors due to grid discretization.

A second conclusion is obtained from these results that may be surprising, and that
turns around our earlier finding from [7]. With the new formulas, we find that FASTSIM
with a single flexibility performs better (on average) than FASTSIM with three flexibilities
Lξ , Lη, Lφ according to Equation (1). This is particularly so for cases with large creepage
(Table 1, top half of creep magnitudes), where the force direction is governed more by the
creepages ξ , η than the stiffnesses Lξ , Lη.

4. Improvement of FASTSIMwith 3 flexibilities

The results of the previous section yield further insight in the behaviour of the contact
forces. Rolling contacts behave anisotropically at small creepage, producing different forces
Fx �= Fy for equal creepages ξ = η. Contact patches that are elongated in rolling direc-
tion (a/b > 3) have Kalker coefficients Cxx < Cyy such that Fx < Fy, whereas Fx > Fy for
shorter and wider contact patches. More isotropic behaviour is found at larger creepage,
with Fx/Fy ≈ ξ/η, because tractions and slip take opposite directions.
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Figure 2. Accuracy of the relative total forces Fx (left) and Fy (right) computed with the FASTSIM2
algorithm on a fine grid w.r.t. CONTACT results.

Considering Equation (1), we see that the three flexibilities are tuned to reflect the
anisotropic behaviour at small creepage, introducing errors at larger creepage and larger
creep forces. An improvement is obtained using a blending approach, gradually shifting
from three separate creepages to a single combined one as total creepage gets larger. This
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Figure 3. Accuracy of the total force ‖F‖ computed with the FASTSIM2 algorithm on a fine grid
w.r.t. CONTACT results.

is implemented using three ‘characteristic creepages’

ξchar = μFn
c2GCxx

, ηchar = μFn
c2GCyy

, φchar = μFn
c3GCyz

. (9)

These are defined as the creepage values for which the forces in linear theory reach the
Coulomb maximum value.

The characteristic creepages are used to combine the creepages into a normalised size,
f, from which the weight f̄ is computed:

f =
√

ξ 2 + η2 + φ2

ξ 2char + η2char + φ2
char

, (10a)

f̄ = min
(
1,max

(
0,

f − f0
f1 − f0

))
, (10b)

L′i = (1− f̄ )Li + f̄ Lcrss. (10c)

The weight f̄ is zero for f ≤ f0, increasing to one at f ≥ f1. Using calibration, we found
appropriate settings f0 = 0, f1 = 3. Using this, three flexibilities perform better again than
a single flexibility Lnrm, as shown in Figure 3 and Table 2.

5. Conclusions

When using FASTSIM with a single flexibility, there’s a mistake in Kalker’s original
equation for the combined flexibility value. This original formula produces too large
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Table 2. Statistics of the errors in total forces Fx and Fy computed by FASTSIM2
using a 640× 640 grid compared to those computed by CONTACT.

Errors in ‖F‖
80% 95% rms

Using parabolic traction bound:
1 flexibility, old weighing Lorig (2) .096 .168 .075
3 flexibilities, (1) .065 .101 .048
1 flexibility, new weighing Lnrm (7) .042 .079 .038
blending 3 flexibilities→ 1 flexibility (10a) .029 .063 .026 ←

flexibility values and too low contact forces in all situations with mixed creepage. This
is repaired using weighted averaging properly or using a minimisation approach. This
strongly improves the accuracy of this variant of FASTSIM compared to CONTACT.

When using FASTSIM with three flexibilities, there is an unwanted effect at larger
creep values. The flexibilities are fitted on the linear theory, producing anisotropy of the
creep forces. In reality, rolling contacts behave more isotropically at large creepage, such
that three flexibilities then misrepresent the creep force direction. A blending approach is
proposed that automatically switches from three to one flexibilities with increasing creep-
age. This new blending approach outperforms all the other variants considered in the
agreement to CONTACT, roughly halving the error compared to previous versions of
FASTSIM.

Notes

1. Kalker used Li,Cij with numeric subscripts i, j = 1–3: easier in sentences and regarding sum-
mation, less informative on the physical meaning.

2. Kalker’s equation (3.51) has a slight error in the spin term. This should be πa3bφ/(4Lφ) instead
of using a2b.
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