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1. State of the Art
The evaluation of the dynamic effects of a rail vehicle on a track is a common
part of standards ensuring running safety, methodologies for evaluation of running
comfort or damaging effects caused by forces acting in the wheel-rail contact. Some
methodologies are also used by railway infrastructure managers to determine the
damaging effects of running vehicle on a track. Then they can compare different
types of vehicles depending on track damage and set the appropriate amount of
fees for using the track.

From point of view of the damaging effects of a rail vehicle on a track, two basic
and most important damage mechanisms are considered: rolling contact fatigue
(RCF) and wear of rails and wheels ([1], [2]). The wear of wheels and rails can be
modelled and predicted using a method based on dissipated energy in wheel-rail
contacts. This method defines and uses the Wear Number Tγ (Eq. 1.1, where T is
creep force, γ is creepage) that represents the specific work of the creep forces.

Tγ = |Txγx| + |Tyγy| + |Mzφz| [Nm/m] (1.1)

In some works, the Wear Number can be calculated by an equation without spin
φz and spin moment Mz (see Eq. 1.2). Spin is usually neglected or already taken
into account in the calculation of creep forces.

Tγ = |Txγx| + |Tyγy| [Nm/m] (1.2)

This method assumes wheel and rail wear is a function of the Wear Number, but
does not predict a specific amount of material wear.

RCF damage prediction can be also provide by Wear Number values. Models for
the prediction are defined based on laboratory measurements and the dependence
of RCF on the Wear Number varies according to material properties (see Fig. 1.1).
So the dissipated energy method allows to deal with both mechanisms of damage.
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Figure 1.1: RCF damage index function depending on the Wear
Number for different rail materials. [3]

There are other methods for predicting wheel and rail wear and RCF. The Ar-
chard’s model is widely used. It directly predicts the loss of material volume. The
Shakedown theory is another option for evaluating the possibility of RCF forma-
tion, but the theory does not take wear into account.

Sophisticated methodologies for evaluating the influence of rail vehicle on the track
that take rail damage into account are used by Swiss [4] and British [5] railway in-
frastructure managers. This motivates transport operators to use so-called ”track-
friendly” vehicles and create a more sustainable railway system. Both mentioned
infrastructure managers use the Wear Number as a parameter to evaluate the dam-
aging effect of rail vehicle in a curve. Since it is currently not possible to obtain the
values of the Wear Number by measuring on real vehicles (due to its dependence
on creepages), it is necessary to perform a simulation calculation of vehicle running
to evaluate these methodologies.

The Wear Number is also mentioned in standard EN 14363 Annex K [6]. The
standard states that this parameter shows good agreement with rail damage and
is suitable for its evaluation. Based on the Wear Number values, the Rail surface
damage parameter Tqst is defined.
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2. Aims of the Dissertation
The aims of the dissertation are set as follows:

• Analysis of the influence of wheel-rail contact modelling on the dynamic ef-
fects of a rail vehicle when passing through a curve, focusing on different
solutions of the tangential problem.

• Defining the parameters of the rail vehicle that have a major influence on the
dynamic effects when passing through a curve based on sensitivity analysis.

• Proposal of a methodology for evaluating the dynamic effects of a rail vehicle
when passing through a curve and its comparison with existing methodolo-
gies.

• Assessment of the contribution of technical solutions to reduce the damaging
effects of a rail vehicle on a track when passing through a curve.

Based on the previous chapter, the Wear Number is a widely used parameter for
evaluating the damaging effects of a vehicle on a track. The evaluation of the
Wear Number values is dependent on multi-body simulation of vehicle running
that requires the creation of a detailed virtual mathematical model of the rail
vehicle. The motivation is to find an equivalent parameter whose values (under the
given conditions) correspond to the values of the Wear Number. The parameter
can also be used for early, basic prediction of the damaging effects of a rail vehicle.
The aim is not to calculate the specific worn volume of rail material, but to be able
to compare different vehicle designs.

It is very difficult or impossible to change design parameters on a real rail vehicle,
therefore, for the purpose of sensitivity analysis, simulation calculations are used,
where the virtual vehicle model can be easily changed.

Running through a curve is considered a quasi-static phenomenon, but it is also
commonly mentioned in publications dealing with vehicle dynamics [7]. In this
thesis, the damaging effects of the vehicle on the track are evaluated using quasi-
static values of quantities. In the field of rail vehicles, quasi-static values are
commonly included in the description of vehicle running dynamics.
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3. Methods of Solution
The method that was used in the solution of this work is multi-body simulations
(MBS) of rail vehicle running. This method is based on the creation of a virtual
vehicle model described by a system of differential equations that are solved in
the time-domain. The reference rail vehicle model, which represents an electric
multiple unit passenger car, was defined and the influence of selected parameters
was analysed. For this part of the thesis solution, commercially available and
commonly used SIMPACK software was used (see Fig. 3.1 on the left). The
software also has various options for setting the wheel-rail contact modelling.

The validity of the reference vehicle model was verified using the analysis of nat-
ural frequencies. These eigenvalues correspond to the eigenvalues of the regular
passenger car defined for the Manchester Benchmark (table 17.1 in [8]). Further-
more, a specific MBS of vehicle running was carried out to evaluate safety against
derailment using method 1 according to the EN 14363 standard.

Support programs were created to solve the sensitivity analyses, which enable the
setting of simulation calculation parameters and the automatic launch of simula-
tions with new settings.

The analysis of the output data from the MBS was processed using the MATLAB
program (see Fig. 3.1 on the right). The data were converted into a suitable format
and loaded into the author’s own program for sensitivity analysis evaluation. An
important part of this program is the curve fitting tool which apply the least squares
method to find the most appropriate functional dependence for the obtained data.

Figure 3.1: SIMPACK model (left) and MATLAB app (right).
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4. Achieved Results

4.1 Relationship of Wear Number and Curve
Resistance

MBS allow to simulate vehicle running under the condition of the action of only
the curve resistance and without other resistances. Then, in order to maintain
a constant running speed of the vehicle, it is necessary to apply such an external
traction force F that balances the curve resistance Rc. The vehicle’s equation of
motion for this case is:

mredẍ = F − Rc. (4.1)

When the running speed is constant, the acceleration is zero, the equation becomes:

0 = F − Rc => F = Rc. (4.2)

The point is that the curve resistance and the required traction force is equal to
the specific work of the creep forces in all wheel-rail contacts, i.e. the sum of the
Wear Number ΣTγ. This is proven by the simulation results (see Fig. 4.1). Then
this equation holds:

F = Rc = ΣTγ. (4.3)

Figure 4.1: Values of the sum of the Wear Number in all wheel-rail
contact (left) and values of the external traction force
maintaining a constant running speed (right).
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The Wear Number is widely used for wheel-rail contact damaging effects evaluation.
This results show that the damaging effects are directly connected to the curve
resistance. The added energy of the train needed to pass through the curve is used
to damage the wheels and rails.

4.2 Influence of Tangential Problem Solving
Methods

The wheel-rail contact solution can be divided into 3 parts: description of the
relative movement of the wheel to the rail, a normal problem dealing with the
formation of a contact area, a tangential problem that defines tangential (creep)
forces arising from creepages and friction conditions. These parts must be solved
in the order mentioned. Various theories and methods for their computational
solution are created (see [8]). This chapter shows examples of how the results
obtained may differ when different methods are used.

4.2.1 Equivalent and Discrete Elastic Contact Solutions

In SIMPACK, there are two contact area solution models.

The equivalent elastic solution uses an equivalent elliptical contact area defined
based on the intersection of two linearly elastic bodies. This model allows the use
of multiple methods of solving the tangential problem.

The discrete elastic solution works with more precise shape of the contact area (it
is not replaced by an ellipse). The contact area is divided into several longitudinal
strips. The normal and tangential problems are solved in each strip separately.
In SIMPACK, only solution using the FASTSIM algorithm (tangential problem
solution) can be used. Then this algorithm divides each strip into small elements
(see Fig. 4.2).

In both solutions, Hertz’s theory is used for the normal problem.
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Figure 4.2: Contact area solved by the discrete elastic solution -
in a straight track (left) and in a small curve radius
(right).

When comparing the mentioned models, the biggest differences between the values
of the Wear Number occur on the leading wheels (the outer wheel of the first
wheelset). The differences increase with decreasing curve radius (see Fig. 4.3 on
the left). The same effect can also be observed in the dependency for the sum of
the Wear Numbers for the entire vehicle ΣTγ (see Fig. 4.3 on the right).

Figure 4.3: Comparison of Wear Number values for equivalent and
discrete elastic models of the contact area solution -
values on the leading wheel (left) and the sum for the
entire vehicle (right).
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4.2.2 Tangential Problem Solutions

The FASTSIM algorithm [9] is probably the most widely used method for solving
the tangential problem in multi-body simulations. This method is based on the
so-called Simplified Theory created by Kalker. It divides the contact area into
small elements in which creep forces are calculated. Global quantities are obtained
by summing over the contact area.

Another possible method of solving the tangential problem is Polach’s method
[10]. This simplified method is derived in order to reduce the computation time.
Equations for calculating creepage forces are defined, but only as global quantities.

A comparison of Wear Number values for both mentioned method is shown in
Fig. 4.4, where the equivalent elastic contact solution and Hertz theory are used.
The largest differences occur on the leading wheel and increase with decreasing
curve radius.

Figure 4.4: Comparison of Wear Number values for FASTSIM and
Polach’s methods of solving the tangential problem -
values on the leading wheel (left) and of the sum for
the entire vehicle (right).

4.2.3 Summary of this Section

This section does not aim to show which solution is more accurate. The choice
of models and methods of solving the wheel-rail contact is very important when
evaluating Wear Number values. Any methodology that works with the Wear
Number should define a way to solve the wheel-rail contact for comparability of
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results. For further evaluation in this work, the equivalent elastic contact model
and the solution of the tangential problem using FASTSIM were chosen.

4.3 Sensitivity Analysis

This section presents the influence of selected parameters on Wear Number values.
All results shown are obtained under conditions of 100 mm cant deficiency.

4.3.1 Curve Radius

When analyzing the dynamic and damaging effects of a vehicle on the track passing
though a curve, the curve radius R is probably the most important parameter.
According to the usual formulas expressing the dependence of the curve resistance
on the curve radius, a hyperbolic dependence can also be expected for Wear Number
values (see Fig. 4.5).

Figure 4.5: Dependence of the sum of the Wear Number on the
curve radius.

The increase in Wear Number values for very small curve radii is mainly caused by
lateral creepage on the leading wheel, which is related to the increase in the angle
of attack of the first wheelset with decreasing curve radius.
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4.3.2 Wheelset Distance

The wheelset distance 2a1 is the longitudinal distance between axles (wheelsets)
in one bogie. It is known that bogies with a shorter wheelset distance are more
suitable for tracks with small curve radii. In the same way, as the wheelset distance
decreases, the sum of the Wear Number values also decrease (see Fig. 4.6 on the
right) with a linear dependence.

Figure 4.6: Dependence of Wear Number values of the leading
wheel W11 (left) and the sum of the Wear Number
(right) on the wheelset distance for individual curve
radii.

The dependencies of the Wear Number on the leading wheel on the wheelset dis-
tance for small curve radii do not show this linearity (see Fig. 4.6 on the left). In
this case, the Wear Number values of the inner wheel of the second wheelset are
increased. This is due to the diagonal position of the bogie.

4.3.3 Primary Yaw Stiffness

Another very important parameter is the primary yaw stiffness kt1, which is defined
using the longitudinal primary stiffness kx1 and the lateral distance of the primary
suspension b1 (see Eq. 4.4). These parameters can be modified to affect the primary
yaw stiffness. As the value of this stiffness increases, the Wear Number values also
increase (see Fig. 4.7 on the right). The shape of the dependence is very similar to
the natural logarithm, which means that for very small stiffness the Wear Number
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values decreases rapidly. The reduction in the stiffness is manifested by a change
in the longitudinal position of the contact area and a change in the angle of attack
on the leading wheel W11 (see Fig. 4.7 on the left, which leads to a decrease in the
Wear Number.

kt1 = 2kx1b2
1. (4.4)

Figure 4.7: Dependence of the angle of attack on the leading wheel
W 11 (left) and the sum of the Wear Number (right) on
the primary yaw stiffness for individual curve radii.

For most vehicle designs, it is possible to deal with the values of longitudinal
primary stiffness, but its significant reduction leads to unstable running at high
speed and a straight track. Another solution can be a bogie design with an internal
frame, where the lateral distance of the primary springs and the weight of the bogie
frame are significantly reduced.

4.3.4 Bogie Distance and Secondary Yaw Stiffness

The effects of bogie distance 2a2 and secondary yaw stiffness kt2 on the sum of the
Wear Number for entire vehicle is similar and very small (see Fig. 4.8).
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Figure 4.8: Dependence of the sum of the Wear Number on the
bogie distance (left) and on the secondary yaw stiffness
(right) for individual curve radii.

For both of these parameters, when their value is increased, the Wear Number on
the front bogie also increases and conversely, decreases on the rear bogie. A longer
bogie distance leads to a greater rotation angle of the bogie and a higher stiffness
value results in a greater torque required for this rotation. This is positive for the
rear bogie because the torque acts in the direction of the curve and the bogie takes
a more suitable position from point of view of creep effects.

If the secondary yaw stiffness were increased further, there would be an increase
in the Wear Number on the front bogie due to achieving a diagonal position of the
bogie.

4.3.5 Vehicle Weight

Dependence of the sum of the Wear Number on the weight of vehicle mv has a linear
character for all curve radii (see Fig. 4.9 on the left). The effect of increased weight
is mainly manifested in the values of creep forces, but the effect on the creepages
is very small. This means that the weight does not have a significant effect on the
change in the wheel-rail contact areas position and the angle of attack (see Fig. 4.9
on the right).
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Figure 4.9: Dependence of the sum of the Wear Number (left) and
the angle of attack of the first wheelset (right) on the
weight of the vehicle for individual curve radii.

4.3.6 Summary of this Section

The following parameters have the greatest influence on the sum of Wear Number
values for the entire vehicle: curve radius R, wheelset distance 2a1, primary yaw
stiffness kt1, weight of vehicle mv. The parameters of the secondary suspension
have an effect on the Wear Number for individual bogies, however, when evaluating
the entire vehicle, this effect is eliminated (for the considered range of parameters
values).

Then the values of the secondary suspension parameters have an impact on the
evaluation of the Swiss methodology and the Rail surface damage parameter Tqst

mentioned in Chapter 1. From the point of view of the overall effects on the track,
these methods are not set correctly.

4.4 Design of Methodology for the Assessment of
Dynamic Effects

In this section, the models based on the sum of the Wear Number values are
designed. This parameter represents damaging effects (wear) and has a quasi-
static character, but is commonly mentioned in publications dealing with vehicle
dynamics [7], [8]. In this context, it is considered as a dynamic effect.
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4.4.1 Strategy of Inserting the Influence of Parameters

The basic model is based on the well-known hyperbolic dependence of the sum of
the Wear Number (as well as the curve resistance) on the curve radius. The effect
of the cant deficiency is not directly included in the model, but it is possible to
define a set of model coefficients for specified values of cant deficiency. Selected
parameters based on the sensitivity analysis are included using functions. The
output value of these functions for the reference vehicle model is equal to 1. If the
output values are greater than 1, the vehicle has worse properties in terms of the
sum of the Wear Number and also the damaging effects than the reference vehicle.

4.4.2 Obtained Models

Two variant models are considered. The new parameter is called Equivalent Sum
of Wear Number Tγekv, which is defined based on the sum of Wear Number values
ΣTγ obtained from simulations. A curve fitting tool (based on the least squares
method) was used to find functional dependencies (f and r) of individual parameter
(pi)s. Variant A of this model is as follows:

ΣTγ ≈ Tγekv,a = 4.85 · 105 ∏
i fa(pi)

R
− 232

∏
i

ra(pi), (4.5)

where pi = {2a1; kt1; mv}. The functional dependencies of fa and ra for the condi-
tion of cant deficiency of 100 mm are given by the relations:

fa(2a1) = 0.358 · 2a1 + 0.134 ra(2a1) = −0.349 · 2a1 + 1.82 (4.6)

fa(kt1) = 0.151 · ln(kt1) − 1.72 ra(kt1) = −0.176 · ln(kt1) + 4.21 (4.7)

fa(mv) = 1.45 · 10−5 · mv + 0.153 ra(mv) = 1.65 · 10−5 · mv + 0.0369 (4.8)

Variant B of this model is as follows:

ΣTγ ≈ Tγekv,b = 3.28 · 105 ∏
i fb(pi)

R − 53.5
∏

i rb(pi)
, (4.9)

where pi = {2a1; kt1; mv}. For the cant deficiency of 100 mm, the following applies:

fb(2a1) = 0.689 · 2a1 − 0.659 rb(2a1) = −0.887 · 2a1 + 3.17 (4.10)

fb(kt1) = 0.289 · ln(kt1) − 4.23 rb(kt1) = −0.504 · ln(kt1) + 10.1 (4.11)

fb(mv) = 1.32 · 10−5 · mv + 0.229 rb(mv) = 0.348 · 10−5 · mv + 0.796 (4.12)
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The developed algorithm makes it possible to define coefficients for other values
of the cant deficiency in these mentioned equations. These coefficients are also
defined based on the selected reference vehicle model. If it is necessary to use
another reference vehicle model, it is possible to perform only selected simulation
scenarios and calibrate the coefficients.

4.4.3 Evaluation of Obtained Models

The obtained models contain several approximation functions, which cause the in-
accuracy on the outputs from these models compared to the simulation results.
Verification of the accuracy of the obtained models is implemented using the coef-
ficient of determination R2. The coefficient of determination values were calculated
for all dependencies (used to derive the models) of the sum of the Wear Number on
the curve radius and divided into intervals of size 0.005 (see Fig. 4.10). Variant B
shows better agreement with the sum of Wear Number values from the simulations
than variant A. For both variants, except for one approximation, the coefficient of
determination values are always greater than 0.97, which indicates a good agree-
ment of the created models with the original simulation data.

Figure 4.10: Graph of number of occurrences in the coefficient of
determination intervals by size 0.005.

Another part of the verification is the analysis of the absolute and relative deviation
of the obtained models from the simulation data. This analysis shows the accuracy
of the models at specific curve radii (see Fig. 4.11 and Fig. 4.12 on the left). Variant
A shows larger deviations for the smallest and largest curve radii considered. This
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effect is more noticeable in the relative deviation for large curve radii due to the
small absolute values of the Wear Number. On the right side of these figures, the
obtained values of deviations are summarized in graphs of the number of occurrence.

Figure 4.11: Absolute deviations of T γekv from values obtained by
simulations depending on the curve radius R (left)
and the graph of the number of occurrence of absolute
deviation values with an interval of 20 N (right).

Figure 4.12: Relative deviations of T γekv from values obtained by
simulations depending on the curve radius R (left)
and the graph of the number of occurrence of relative
deviation values with an interval of 5 % (right).

The considered model Tγekv of variant B shows better values of the coefficient of
determination and the values of absolute and relative deviation are in a narrower
interval than for variant A. In conclusion, variant B can be recommended as more
accurate and suitable.
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4.5 Technical Solutions to Reduce Damaging
Effects

Reducing the longitudinal stiffness of the primary suspension is one way to reduce
the damaging effects of the vehicle on the track when passing through a curve, but
this leads to problems with the running stability of the vehicle.

4.5.1 Hydraulic Bushing

The hydraulic bushing [11] is a specific element for primary suspension with a
stiffness that depends on the frequency of its deformation (see Fig. 4.13). In curves,
the stiffness of the element is low and at high speed (critical for stability) the
stiffness is high.

Figure 4.13: Image [11], model of the hydraulic bushing, considered
stiffness setting listed in the table and depending on
the frequency shown in the graph.

The considered models of the hydraulic bushing (see Fig. 4.13) show a low sum
of Wear Number values in the wheel-rail contact when the vehicle passes through
a curve (see Fig. 4.14 on the left). In these situations, the frequency of deforma-
tion is low. The stability analysis shows that the critical speed will increases and
approaches the case with higher stiffness when this element is used (see fig. 4.14
on the right).
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Figure 4.14: Dependence of the sum of the Wear Number for indi-
vidual models and curve radii (left) and dependence
of the lateral displacement of the wheelset on the run-
ning speed in a straight track for individual models
(right).

4.5.2 Wheelset Coupling

To increase the vehicle stability at high speeds, it is possible to use wheelset cou-
plings, which allow to use a lower longitudinal stiffness of the primary suspension
[8], [12]. There are several variants of this connection, 3 types were considered
for this work (see Fig. 4.15) with very low longitudinal stiffness of the primary
suspension.

Figure 4.15: Overview of considered wheelset couplings (from the
left - Run67, Run76, Run79).

For very small curve radii, the wheelset couplings do not affect the values of the sum
of the Wear Number. As the curve radius increases, the Run67 solution (diagonal
coupling) increases Wear Number values compared to the others (see Fig. 4.16).
This occurs due to the Wear Number values on the rear wheelset and its angle of
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attack, which is the effect of the mechanism used, which connects wheelsets in the
lateral direction as well. The Run67 solution significantly improves vehicle running
stability and critical speed. The remaining solutions (Run76 and Run79) show
a higher critical speed than the case with the same low longitudinal stiffness but
without wheelset coupling (Run31).

Figure 4.16: Dependence of the sum of the Wear Number for in-
dividual models (left) and dependence of the lateral
displacement of the wheelset on the running speed in
a straight track for individual models (right).

Thanks to these wheelset couplings, it is possible to use lower longitudinal stiffness
in the vehicle design (reduce the damaging effects on the track in the curve) and
maintain stable running at higher speeds.

4.5.3 Friction Coefficient Modifier

A direct way to reduce the damaging effects of the vehicle on the track in a curve
and not significantly affect the vehicle design is to use a friction modifier. Since
the friction coefficient in the wheel-rail contact is also an important parameter for
traction and braking, it is necessary to modify it locally only in the flange area of
the wheel profile (see Fig. 4.17 on the left).

The dependence of the sum of the Wear Number on the value of the friction coeffi-
cient on the flanges of the leading wheels of both bogies has a linear character (see
Fig. 4.17 on the right). This effect can be compared to the effect of vehicle weight,
as the characters are very similar. The friction modifier could be introduced into
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the track damage prediction calculations as a reduction in the vehicle weight.

Figure 4.17: Dependence of the friction coefficient values on the
lateral position on the wheel profile (left) and depen-
dence of the sum of the Wear Number on the friction
coefficient on flange for individual curve radii (right).

The reduction in the friction coefficient on the leading wheel leads to a better (from
the point of view of damaging effects) position of the wheelset. This also affect the
position of the wheel-rail contact on the inner wheel W12 and the forces acting on
it (see Fig. 4.18). Thus, by using the friction modifier, damage reduction can be
achieved on the entire wheelset.

Figure 4.18: Dependence of ΣT γ of inner wheel W12 on the values
of friction coefficient on flange of leading wheels of
both bogies.
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5. Contribution of the Dissertation
Thesis
The main result of the dissertation thesis is the creation of a method for evaluating
the dynamic effects that cause damaging effects of a vehicle on a track in a curve.
This method defines the parameter Tγekv that can compare the vehicles design in
terms of their damaging effects on the track. This parameter is derived based on
sensitivity analysis of vehicle parameters performed using multi-body simulations.
The parameter makes it possible to use the known dependencies of the Wear Num-
ber and wheel-rail damage, but compared to the Wear Number, it is not necessary
to carry out further simulations for its evaluation. The sensitivity analysis shows
the essential parameters that have an influence on the damaging effects of the ve-
hicle on the track. These parameters are entered into the created method in such a
way that they are not dependent on each other. It allows to enter them gradually
or to add other parameters.

Further contribution of the dissertation can be summarized in the following points:

• A new procedure has been created for performing a large number of sim-
ulation calculations in the SIMPACK program, which includes a program
for automatically starting simulation calculations. This new skill speeds up
working with the SIMPACK program.

• For easier and faster work with data, programs for processing output data
from the SIMPACK program were created.

• The results show the agreement of the sum of the Wear Number for the entire
vehicle when passing through a curve with the force that needs to be applied
to the vehicle to maintain a constant running speed. This means that the
energy supplied to the vehicle (under constant speed condition) is converted
into wheels and rails damage due to creepage effects. This phenomenon can
be called curve resistance.

• According to the sensitivity analysis, the curve resistance (as well as Wear
Number values and damaging effects of the vehicle on the track) depends on
the design parameters of the vehicle and not only on the curve radius and

24



the weight of the vehicle, as is currently considered for the needs of traction
calculations. This work found that other significant parameters are: wheelset
distance, primary yaw stiffness, cant deficiency (vehicle speed).

• Methodologies dealing with the evaluation of the damaging effects of the ve-
hicle on the track, which use the results of simulation calculations, especially
the Wear Number values, should define the parameters and the method of
solving the wheel-rail contact. The infrastructure manager methodologies
mentioned in the first chapter do not define this. The choice of the method
of solution can significantly change the results.

• To evaluate the damaging effects of the vehicle on the track, it is important
to consider the effects of the entire vehicle. Some vehicle design parameters
affect the Wear Number values of the leading wheel, which is often considered
representative of the evaluation of the vehicle’s dynamic effects on the track
(for example in the Swiss methodology and the Rail surface damage param-
eter mentioned in Chapter 1), however, this effect is reflected in the sum of
the Wear Number and the proposed model in this work Tγekv for the entire
vehicle. An example is the secondary suspension parameters (considered in
certain intervals of values), which increase the value of the Wear Numbers of
the front bogie, but reduce these values on the rear bogie.

• Selected technical solutions to reduce damaging effect were tested. These
solutions are mostly aimed to improving running stability at high speed,
which makes it possible to design bogies with softer suspensions and reduce
the damaging effects on the track. These characteristics have been confirmed.

• A very effective solution for reducing damaging effects that does not require
major changes in bogie design can be the use of a friction modifier. This
locally adjusts the contact conditions in the flange area of the wheel profile.
Its effect is comparable to reducing the weight of the vehicle. For vehicle
damaging effects evaluation, the use of this technology can be compensated
by an equivalent reduction in the computational weight of the vehicle.

The knowledge gained can help railway infrastructure managers develop methodolo-
gies for comparing vehicle designs and their damaging effects on the track. Com-
parisons can be made without the need to perform simulation calculations, but
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more accurately than currently used methods. This can help motivate transport
operators to use track-friendly vehicles, leading to a more sustainable rail transport.

During doctoral studies, the author participated in research tasks of the Depart-
ment of Transport Means and Diagnostics that were closely related to the topic of
this thesis. They were assigned and solved with the railway infrastructure man-
ager and also with the rail vehicle manufacturers. This means that practice and
industry are interested in solving the problem of damaging effects of vehicles on th
track and simulation calculations of vehicle running.

For future work, the agreement of the curve resistance with Wear Number for
the entire vehicle opens the possibility of experimental verification. The curve
resistance can be measured as the tractive force required to maintain a constant
speed and compared to running on a straight track. Furthermore, the obtained
model does not include RCF and active suspension element analyses, which may
be future topics.
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Abstract / Souhrn
The aim of the dissertation is the analysis of the dynamic effects of a vehicle run-
ning on a track when passing through a curve, which cause damage in the wheel-rail
contact. Approaches to the assessment of damage effects and their application in
methodologies for determining track usage charges by railway infrastructure man-
agers are summarized. The so-called Wear Number, which expresses the specific
work of the creep forces in the wheel-rail contact, was chosen as an evaluation
parameter. The thesis uses multi-body simulation calculations of rail vehicles, as
the Wear Number cannot currently be obtained by means of measurements, and
the thesis contains an extensive sensitivity analysis of the vehicle parameters. The
sensitivity analysis is devoted to the setting of the computational model of wheel-
rail contact, the design parameters of the vehicle, the curve radius and the cant
deficiency. Based on this analysis, a model for calculating the equivalent wear
number Tγekv is created. The model can be used to estimate the values of the
sum of the Wear Numbers for the entire vehicle and to refine the calculation of the
curve resistance. At the end, attention is paid to technical solutions for reducing
the curve resistance.

Ćılem disertačńı práce je analýza dynamických účink̊u j́ızdy vozidla na kolej při
pr̊ujezdu obloukem, které zp̊usobuj́ı poškozeńı kola a kolejnice v jejich kontaktu.
Jsou shrnuty př́ıstupy k hodnoceńı poškozuj́ıćıch účink̊u a jejich aplikace v metodi-
kách pro stanoveńı poplatk̊u za použit́ı dopravńı cesty správci železničńı infras-
truktury. Jako hodnot́ıćı parametr zvoleno tzv. č́ıslo opotřebeńı, které vyjadřuje
měrnou práci skluzových sil v kontaktu kolo-kolejnice. V práci je využito sim-
ulačńıch výpočt̊u j́ızdy kolejového vozidla, jelikož č́ıslo opotřebeńı nelze v současné
době źıskat pomoćı měřeńı a práce obsahuje rozsáhlou citlivostńı analýzu parametr̊u
vozidla. Citlivostńı analýza se věnuje nastaveńı výpočetńıho modelu kontaktu
kolo-kolejnice, konstrukčńım parametr̊um vozidla, poloměru oblouku a nedostatku
převýšeńı. Na základě této analýzy je vytvořen model pro výpočet ekvivalentńıho
č́ısla opotřebeńı Tγekv, pomoćı kterého lze odhadnout hodnotu součtu č́ısel opotře-
beńı na všech kolech vozidla a zpřesnit výpočet odporu z j́ızdy obloukem. Na závěr
je věnována pozornost technickým řešeńım pro sńıžeńı odporu z j́ızdy obloukem.
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