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Abstract

Iron ore trains run from the mine in Kiruna to Narvik and Luled. These trains are subject to wear and
have to be maintained. The wheel-rail interface is a major cost-driver in the maintenance. In Narvik,
Norway and Savast outside Luled, Sweden there are measurement stations that can indirectly
measure the forces that arise in this interface using strain gauges. However, it would save money if
the wear could be predicted. It is therefore desirable to be able to predict the forces that arise in this
interface. For this purpose a model of two coupled iron ore wagons has been developed for
simulations in the Swedish multi body software Gensys. The aim of this master thesis was to take
existing measurement station results from Sadvast and compare them with simulations of trains
running pn the same track section in order to evaluate and validate the model. To get as close to the
measurement station results as possible several different parameters such as wheel profiles, rail
profiles and friction coefficient were varied. Vertical Q forces, lateral Y forces as well as the Y/Q ratio
were evaluated and compared. Longitudinal X forces were also evaluated in the simulations for
better understanding of the dynamics. Comparisons show fairly good agreement between
simulations and measurements. Calculated Q forces end up in the mid to upper spectrum of
measured forces. Y forces display good agreement with measured forces on all wheels except for the
leading outer wheel. Measured Y/Q ratio is far above the calculated ratio.
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1. Introduction and aim of study

This master thesis aims to compare calculated and measured wheel-rail forces that arise when an
iron ore train travels through a left hand curve outside Luled in northern Sweden. Measured wheel-
rail forces in this study come from the work of Mikael Palo at Luled University of Technology [1], [2].
The measured wheel-rail forces were obtained by measuring the strains — using strain gauges — that
arise in the rails when trains pass over them. In effort to get as close to Palo’s results as possible,
many simulations were made using different wheel and rail profiles, friction coefficients, travelling
speeds, and axle loads. The simulations used a model of two coupled Fanoo iron ore wagons and
were performed with the multi body software Gensys. Forces of interest in this study are vertical Q
forces, lateral Y forces, longitudinal X forces, and the ratio between the Y and Q forces.

2. Background and definitions

In this part | will explain the theory and give background to why the things mentioned in this thesis
are of interest. The following will be brought up:

* why we are interested in condition monitoring

* the definitions of the track forces evaluated in this thesis

* what happens when the wheels are subjected to wear

* how to measure wheel-rail forces in general as well as a closer look on strains gauges
* how to analyze and post process the data

* the measurement station in Savast

* wheel-rail force simulations in general

* how to get the dynamic stiffness of the track

2.1 Condition monitoring

Condition monitoring in the railway application is the monitoring of the condition of the wheels and
other components. Information on the condition comes from measurements of strains or
accelerations on the wheel, wheel axle or on the rails. These are converted in post-processing into
forces. The purpose is to detect faulty wheels before severe damage occurs to wheel or rail
components, or derailments occur. Back in 1999 approximately ninety million dollars were spent in
the US to change 125 000 wheels due to wheel tread defects [3].

2.2 Track forces

Forces in the wheel/rail contact are called track forces. It’s when these forces are too high that
problems arise such as fatigue, fractures, derailments etc. Track forces are defined relative to the
track plane. Lateral and vertical track forces are given by [4]:

Y, = N;siny, + F, cosy, (1)
Y, =N,siny, - F, cosy, (2)
Q, = N,cosy, - F, siny, (3)
Q, =N,cosy, +F, siny, (4)
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Figure 1 Lateral creep forces, normal forces and contact angle [4].

The sign in front of a force is depending on the direction of the force. If acceleration is negative, it
simply means that the body is decelerating.

The track forces can be divided into static, quasistatic, and dynamic forces. Also asymmetries and
adjustment errors contribute. Static forces come from the total weight of the vehicle. Quasistatic
forces arise during quasistatic curving (i.e., going through a constant curve with constant cant at
constant speed). Dynamic forces are caused by dynamic motions and may, depending on what part
of the frequency spectrum one is interested in, give large contributions to the resulting track forces.
The track is not homogenous; rail joints, rail corrugations, and the distance between the sleepers all
contribute to the dynamic track forces. It is desired that the sleeper passing frequency

fo=— (5)

won’t coincide with a resonance frequency for the wheel/rail system. If this happens, the whole
system will vibrate which results in larger vertical track forces. The distance between the sleepers
also affects the stiffness of the rails. Rail corrugation is defined as rail roughness caused by wear and
has a periodic waveform.

Rail roughness is a result of the fact that the rail never is perfectly smooth. These irregularities are of
low amplitude, generally less than 0.1 mm [5]. Both track and wheel irregularities (caused by wear or
rolling contact fatigue, see below) might result in vertical dynamic track forces up to three times the
static wheel force [4].

2.2.1 Yaw angle

The yaw angle is defined relative a lateral axis going through the wheel axle. If the wheels are
“pointing” toward the outer rail in a curve, the yaw angle is negative. The yaw angle and creepages
and creep forces are highly dependent on each other.
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Figure 2 Example of a positive yaw angle [4]

2.2.2 Creep and creep forces

Creep is defined as the sliding velocity between wheel and rail in the contact zone. It has three
components: lateral, longitudinal and spin creep. Spin creep is an angular sliding velocity around an
axis normal to the contact patch. Creep forces (or tangential forces) typically behave in a nonlinear
way but for small creepages the relation is almost linear. To calculate creep forces, Kalker’s linear (for
small creepages) or nonlinear creep force theory is used. There is also a widely used approximate
nonlinear theory that gives satisfactory results outside the linear range as long as there’s no flange
contact. To be able to calculate the contact patch and related forces Hertzian theory is used. This
theory states that “an elliptic contact area arises if two bodies are pressed together with normal
force N” [4] as long as the following assumptions are valid:”

Displacements and strains are small.
The contact patch is small compared to typical dimensions of the contact partners, eg. the
rolling radius of the wheels. In this case the contact stresses are not influenced by the shape
of bodies. The stresses can then approximately be calculated with the assumption that the
contact partners semi-infinite bodies limited by a straight plane. This is the so called half
space assumption.

3. The surfaces in the vicinity of the contact area are described by constant curvature to be able

to calculate the shape and magnitude of the contact area.

The bodies are smooth, i.e. surface roughness is neglected.

Only elastic displacements exist.

The bodies consist of homogenous, isotropic material.

No v oA

The bodies are geometrically (consequence of half-space assumption) and elastically (same
material) the same, i.e. quasiidentical. As a result the normal and tangential contact
problems can be calculated separately.” [4]

2.3 Wheel and rail deterioration mechanisms/Rolling Contact Fatigue

It is of vital importance to monitor how the wheel profile changes with time, as it’s critical to the
vehicle’s dynamic behavior and stability as well as ride comfort and rolling resistance. The two most
important wheel deterioration mechanisms are wear and rolling contact fatigue. Wear is defined as
“the loss or displacement of material from a contacting surface” [1]. If a large amount of metal is lost
at the same time, then it is caused by rolling contact fatigue (RCF). A certain amount of wear is

desirable as it removes what would otherwise lead to cracks.
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If subsurface cracks cause a chunk of metal to break of the wheel, it is defined as wheel shelling.
When the vehicle is breaking the wheel is frictionally heated and then rapidly cooled down. This
increases the risk of forming a material called martensite [6]. Martensite is hard and brittle and may
initiate cracks. When these surface cracks cause a part of the wheel to come off, the phenomenon is
called spalling. Another common phenomenon is wheel flats. Frozen, defective or poorly adjusted
brakes may cause the wheels to lock and skid along the rail and form wheel flats.

All phenomena mentioned above may result in large impact forces that are harmful to wheel and rail
components.

As wheel profiles are worn, conicity, flange thickness and other geometrical features will change and
affect the dynamic behavior. Also rail profiles are affected by wear. This is especially evident in
curves. The top surface of the inner rail will flatten as the inner wheel is running on its tread (which
may cause shelling [4]). The outer rail will experience plastic deformation due to gauge corner wear,
as material moves to the bottom of the gauge face and increase the track gauge.

Wear is related to friction. One can estimate how the friction coefficient changes over time by
calculating the ratio between lateral and vertical forces on the inner wheel using Nadal’s equation:

Y tany — u
~| === (6)
0 Nadal 1+ utany

Since tan y is almost zero Y/Qin that case is a measure of the friction coefficient. Wear and friction

is dependent on several different parameters, including temperature and humidity. It is shown in [1]
that wear increases as the temperature decreases (in other words, lower temperature makes steel
more brittle).

One way of indirectly measuring wear is to calculate the equivalent conicity. Conicity is defined as
the quotient of rolling radius change and relative lateral displacement [4]. Equivalent conicity is a

dimensionless number defined as

4 ohoh AL A

e (7)
2Ay 2Ay

According to [4], equivalent conicity “is a function of wheel and rail profiles, wheel inside gauge,
flange thickness, rail inclination, track gauge and relative lateral displacement”. Typically the conicity
gets higher on worn rails [4].

Another definition of equivalent conicity is given in [4]. For a given wheel set on a given track and
lateral movement of £+ 3 mm, the wavelength of the kinematic yaw is measured or calculated. Then
the equivalent conicity can be calculated with Klingel’s equation

(8)
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2.4 Measuring methods

There are several methods for measuring wheel-rail forces. One is measuring in the in the track i.e.
measuring the strain in the sleeper, the rails, or the rail pads (in other words, wayside measuring).
Wayside measurements can be done using strain gauges, intrusive quartz sensors, optic fibers or
piezoelectric sensors [7]. Strain gauges affect the rails the least. This has the advantage of enabling
the measuring of reactions from any passing train, thus making it relatively cheap. The disadvantages
are several.

1) It's hard to get the true lateral and vertical forces since there’s no fixed relationship between
forces in one direction and their corresponding strains.

2) The “uneven and uncertain distributions of flexibilities and supporting surface in the track”
[4].

3) Track forces are varying a lot along the track due to track irregularities and differences in

track flexibility.

Problem number 1 can be solved using Blind Signal Separation (BSS) with independent component
analysis (ICA) [7]. To quote [7]: “The procedure is mainly based on the minimisation of correlation
and increase of the statistical independence of mixed signals.” Before strains are converted to forces
in post-processing, there needs to be calibration to get the relationship between the two. This is
done via application of known forces at different points on the rail and measurement of the resulting
forces [7].

Placing strain gauges in different orientations on the web of the rail in a curve results in a Truck
Performance Detector (TPD) [1]. A TPD can measure vertical and lateral forces. The ideal site for a
TPD is a place where there is an S shaped curve. The radius of the curves should be narrow, (ideally)
between 291 and 436 m [1].

High impact loads might damage rail components. To detect these, Wheel Impact Load Detectors
(WILDs) are installed. WILDs consist of a series of strain gauges or accelerometers [8] mounted along
a stretch of the track. As impact loads for a particular wheel set increase over time, data is provided
to determine when the wheels need to be taken out of operation.

A second way is placing strain gauges in the space between axle journals and axel boxes. This is a
simple way of estimating the lateral force but has the disadvantage of not being able to measure the
difference in lateral force between the wheels or the vertical force.

A third way is to measure bending moments in the axle on four cross sections and measure torques
on another two. Using this method one gets an estimate of vertical, lateral, and longitudinal forces.
The drawbacks of this method are

1) the application of the force will vary in the lateral direction, changing the position of the
vertical force application and the measured moments on the axle, and

2) one cannot measure the effects of the unsprung mass on the vertical dynamic forces. This
means that “moments in the axle are just to a small extent dependent on the vertical forces”
[4].
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A fourth way is to measure strains in wheel spokes. This has the advantage of getting signals
proportional to the applied forces, independent of where the force is applied. The disadvantages are
the costs and time required to produce and design good spoked wheels and positioning the strain
gauges.

Finally, a fifth way is to measure strains in the plate between axle and wheel rim. This is a frequently
used method today [9]. It gives good precision in measurements, the ability to measure vertical and
lateral forces continuously, and “dynamic forces due to the unsprung mass can be measured and
evaluated” [4]. The disadvantages are the same as for spoked wheels, but this setup is also sensitive
to rotational and thermal effects. Applied vertical loads results in low strains in the web, so precision
technique must be used.

In all methods where measuring devices are placed somewhere on the wheel or axle, signals are
transmitted using slip-ring devices or radio transmission.

2.5 Strain gauges

A strain gauge consists in principle of an adhesive, an electrically insulating backing material, and a
metal wire with electricity running through it [10]. When a strain is applied, there will be a change in
length and cross-sectional area. This in turn changes the resistance according to

R=ﬁ (9)

There are three common types of strain gauges. The first is called wire strain gauge and is described
above. Another is called foil strain gauge. A foil strain gauge consists of a foil where wires are
“printed” upon it. These are more flexible in terms of different two dimensional geometries and can
be made smaller. The main disadvantage is that they cannot be used when the temperature is too
high (above 400 °C). Usually, such temperatures are not reached in railway applications.

Sometimes strain gauges might be welded onto the surface instead of glued. Such is the case of the
of the truck performance detectors found outside Lulea [1].

2.6 Analysis methods

Measurements results in large amounts of data that needs to be analyzed in order to provide any
useful information. From a mathematical standpoint, this analysis can be divided into frequency- and
time domain analysis. Further in rail vehicle dynamics usually one makes a distinction between,
static, quasistatic and dynamic contributions to e.g. the wheel-rail forces. Quasistatic analysis is used
to determine quasistatic curving properties, such as quasistatic lateral and vertical wheel-rail forces
as well as wear [4]. This is done by solving the nonlinear static equations. Frequency analysis is
divided into Eigen value and spectral density analysis. Eigen value analysis is used to determine the
characteristics (mass, damping coefficient, stiffness) of the bodies/elements involved. Spectral
density analysis gives the distribution of energy or power in the frequency domain. Power spectral
density is defined mathematically as the Fourier transform of the autocorrelation function [11] or

S(f)= fR(r)-e'zi”f’dr (10)
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The autocorrelation function is in turn defined for power signals as

T2
RU(T)=;i_r)rolo?:!;zx(t)x(t+r)dt (11)

Time domain analysis is used to handle all the non-linearities in the system. When doing time domain
analysis, numerical methods such as Runge-Kutta are used for time-step integration. The principle is
to make a very small time step and then update all equations.

2.7 Post processing

The results are then subject to statistical analysis. Since measurements might be far from normal
distribution, a percentile is evaluated. The most common is the 99.85-percentile, which means that
the resulting value isn’t exceeded 99.85% of the time. Also the root mean square (RMS) value is
evaluated.

Dynamic vertical forces can according to [12] be calculated using

0. =0, +[0.

+ 0o + Qd,hf (12)

The representative static wheel load Qr is as long as the vehicle is symmetrical equal to

vehicle mass + maximum payload

0. (13)
8- the number of axles
In [12] Qris calculated for a passenger vehicle, so the equation had to be reformulated for this
paper.
The quasistatic wheel load is calculated using
B (|
=== h+y| (14)
0. 2, (2000b0 78

The dynamic wheel load contributions below 20 Hz for freight wagons and locomotives is calculated
using

O,nor. = 0.80-0.40-0.0039- P+(V +760) (15)
High-frequency dynamic wheel load contributions for freight trains come from

0, =1.32:0.0039-V - [m, (16)

The first three terms of the dynamic Q force are here determined by simulation. The high frequency

contribution Q, hfhas still to be added by the analytical equation above since high-frequency effects

are not modeled in the existing simulation model.
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Total Y forces were also calculated using a modified version of equations (1) and (2).

Yo = Ky -|Nl|sin|;/l|+‘Fm‘cos|)/l|

(17)
Yoot rign = Ky '|Nr|sm|VrHFnr cos|y,
Here th is the high frequency contribution to the normal force as can be calculated from
Kh‘ — Qtot (18)

v =
Q99.85%

The resulting Y force is then evaluated statistically in the 99.85 percentile.

All loads in the equations are given in kN.

2.8 Measurement station in Savast

The measurement station in Savast outside Luled is placed in a curve with 484 m radius [2]. It is a
modified TPD that measures both vertical and lateral forces. A typical train passing through the
measurement station consists of freight cars carrying iron ore with an axle load of 30 tonnes at a
speed of 60 km/h.

2.9 Simulations

To simulate the behavior of railway vehicles, multi-body simulation software such as Gensys from
Sweden, Vampire from the UK, NUCARS and Adams from the US, and SIMPACK from Germany is
used. In Gensys, MPLOT and GPLOT are used for post-processing [13]. MPLOT does algebraic
operations, filtering operations, Fourier transformations, ride comfort assessments, and statistical
evaluations. When filtering in MPLOT, one can for example apply low or high pass filters, and
calculate mean and root mean square (RMS) values. One can apply filters in both the time and the
frequency domain. In the case of this study, the main interest is low-pass filters. According to UIC 518
one should use the cut-off frequency 20Hz [11] [14], which can be done using the command TRANS,
entering Butt6é (a sixth order Butterworth filter) as Type and 20 as Indata. However, large
contributions to the dynamic forces come from higher frequencies [15]. Therefore it will be of
interest to measure up 90 or 100 Hz [12]. Power spectral densities can be calculated in Gensys using
the command FOURIER and setting Ityp to PSD_S or PSD_G for double and single sided PSD-spectra.
GPLOT is used for geometry plots and animation of results.

To get as realistic simulations as possible, various different types of input is needed:

* vehicle models

* rail profiles(varying from new to worn)

* wheel profiles (varying from new to worn)
* track stiffness

* trackirregularities

* track design

16



* rail roughness

* environmental information (time of day, humidity, season, temperature etc.)

When all of the above is known, one or several parameter studies can be conducted.

2.10 Receptance

One important part when creating a realistic simulation is to know the track stiffness. The inverse of
the dynamic vertical stiffness is the receptance. Receptance is the ratio between track deflection and
applied load and is formally defined as

2 Sww(f)
H: =27
" S ()

(19)

from [16]. It can be rewritten as

1
e

0 0

The receptance gives information on how the system responds to different frequency components of
a load.
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3. Simulation model

The vehicle model used in the simulations is that of two coupled Fanoo iron ore wagons with a

nominal axle load of 30 tonnes and a nominal speed of 60 km/h. It has three-piece bogies. Several

model assumptions are made: “

¢ Car body, bolster, side frames and wheels are
modelled as rigid bodies,

¢ Side bearers have always contact with car
body,

¢ Wedges are massless elements,

¢ Contact between the bolster and the wedge is
a one-dimensional friction block,

¢ Contact between wedge and side frame is a
two-dimensional friction block — in lateral and
vertical direction,

¢ Adapter is modelled as rubber element with
high stiffness in vertical direction,

¢ Clearances between elements are
implemented in the model (bolster-side frame,
axle-side frame, etc).” [17]

To illustrate the terms used above, see Figure 3.

__~Center plate

R — N s =
(kzey % ﬁq I%’kzcbsp:

__» Side bearers

1T Bolster

Side Frame

Wheelset ]

. Friction damping
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Figure 3 Connection between masses in vertical direction [17]
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The simulations are carried out with two different wheel profiles. The first is WP4 in new condition
and the second was WP4 after running 150 000 km (worn condition), see Figure 4. In any one
combination of rail and wheel profiles the same wheel profile is used on both right and left rail.

60 -
New WP4 profile
—Warn WP4 profile
40+ g
20+ E
\h

ok ]
20k ]
A0t ]
_60 1 1 1 1 1

-60 -40 -20 0 20 40 B0

Figure 4 Figure 2 New vs worn WP4 profile

4 : : ! T : ' '
- : ; ; - WP4

[mm]

40 -30 -20 -10 0 10 20 30 40
[mm]

Figure 5 New vs worn WP4 profile (zoomed in)

There are a few wheel profile parameters that are useful when comparing to real cases. Those are
flange thickness or width, flange height, and flange gradient. Gensys can measure those
automatically. They can also be seen in Figure 6 and 7.
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Figure 7 Wheel and rail profile and contact parameters for worn wheel + worn rail

For the chosen profile combination the parameters can be obtained as seen in Table 1.
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Table 1 Wheel profile parameters

All results in [mm] Flange thickness, S, Flange height, S, Flange gradient, g,
New wheel 26.89 29.08 10.07
Worn wheel 26.78 30.42 9

The values of these parameters are fairly common in measurements as can be seen in Figure 8. This
figure originates from [2] but blue and red lines are added to indicate values of the parameters used
in the simulations. The curves show the distribution of the wheel profile parameters collected under

two 14 day periods.
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Figure 8 Comparison of wheel profile parameters

Rail profile measurements along the track before and after grinding of the rails were used. From this
information theoretical new and worn rail profiles were created in Matlab as averages of the

measured new and worn rail profiles respectively.

21



T
0 New low H
/ Worn low
2 \ —— UIC60
T 4 //] ;
E :
6 i
: VA A
" [( / I I I I
50 -40 30 20 10 0 10 20 30 40 50
[mm]
T
--------- New high H
Worn high
—MB130 |
E
E
40 50

Figure 9 New and worn and nominal rail profiles on low and high rail

Data smoothing is tried on the x and y columns of the created profiles individually but no big
differences were to be found. Data smoothing in Matlab uses a moving average filter with a default
span of 5. Accordingly, the first and last values of a vector aren’t changed, the second first and last

values are equal tox, = (xn_l +Xx,+X,,, )/3, and the rest are equal to

X, = (xn_z +xX_,+x, +x ,+X )/5 . To investigate the difference between “rough” and smooth

data systematically, smooth —rough was calculated for x and y direction and then plotted as a

function of row number. The largest difference for each wheel was also put into Table 2.
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1 — Difference in x on left wheel, worn smooth-rough
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Figure 10 Difference between smooth and rough data as a function of row number
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Table 2 Biggest difference between smooth and rough data

Biggest difference in x direction | Biggest difference in y direction
New left rail 7.1054-107" 0.2362
New right rail 1.4211-107* 0.8031
Worn left rail 1.4211-107* 0.6750
Worn right rail 1.4211-107* 0.7107

Nonetheless, the smooth profiles were used in the simulations.

Static track stiffness along the track was calculated using data acquired from measurements. These
measurements were conducted using the method described in [18]. No measurements of the
dynamic stiffness along the track were available. Instead, the system characteristics were tuned
according to an existing track model by plotting the receptance as can be seen below in Figure 11.
The characteristics were then entered into the main model and variations in vertical track stiffness
with regard to sleeper distance were taken into consideration.
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Figure 11 Receptance and receptance phase before tuning. The black curve will be tuned to the bright blue curve.

Simulations with nominal axle load and speed were made with four different combinations of new
and worn wheel with new, worn, and nominal rail profiles. For each of those combinations five
different friction coefficients between 0.2 and 0.6 were used. In total 30 simulations of nominal cases
were made. When the simulations were finished, the results were evaluated statistically and then

plotted in Matlab. After the simulations Qtot is calculated as

O = Doggsns + Qd,hf (21)
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The contribution of the high frequency component to Q varies in these simulations between 3.2

tot

and 5.6%.

Total Y force is calculated using equation (17). The high frequency component contributes to

anything between 1% and more than 5 times the final result to Ymt. The reason for this spread can be

found in the minus sign in front of the lateral creep force in the equation for the right wheel.

Four different extreme cases were investigated. These simulations were made with new wheel and

rail profiles and a friction coefficient of 0.4. In these extreme case simulations, speed and axle load

where given the minimum — 47 km/h and 26 tonnes — and maximum values — 70 km/h and 34

tonnes —found in Figure 12.
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Figure 12 Distribution of speed and vertical load [19]

The technical specification in [20] states that the maximum axle load is 31 metric tonnes. However,

Figure 12b shows that there are loads up to 34 tonnes, so the latter was used in the simulations.

The cant deficiency is plotted below as a function of distance along the simulated track. There is cant

excess when running at minimum speed.
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Figure 13 Cant deficiency as a function of distance
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4. Simulation results

When commenting on these results, comparisons between largest and smallest force on each wheel

are made.

The total Q forces don’t change much with increasing friction coefficient. This is due the sine function
in front of the creep force in equations (3) and (4) with small contact angles. RMS values of the Q
forces change between 1 and 3 % on each wheel. The total Q forces change between 0.3 and 3.4 %.

The trailing inner wheel of both the first and second bogie experiences the highest vertical force.
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Figure 15 RMS values of Q on trailing car, nominal cases
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Figure 17 Total Q force on trailing car, nominal cases

For extreme cases, the change from smallest to largest force for RMS values of the Q force is around
51% and the total Q change between 39.6 and 50.3%. The largest forces occur on the inner wheel
with maximum load and minimum speed. This is due to there being cant excess.
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Figure 21 Total Q for extreme cases on trailing car

Longitudinal X forces generally increase with increasing friction coefficient. This was to be expected

since longitudinal forces consist of frictional forces. Higher longitudinal force means better steering.

The change from smallest to largest force of the X force is between 65% and 9 times the smallest

force for RMS values and 3 and 4000 times for the 99.85 percentile. The extreme difference is

because that the smallest forces are close to zero.
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Figure 24 99.85 percentile of X on leading car, nominal cases
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Figure 25 99.85 percentile of X on trailing car, nominal cases

For extreme cases the change from smallest to largest RMS value of X is between 14 and 32 %. In the
99.85 percentile that change is between 9.6% and 8 times the smallest force
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Figure 26 RMS values of X for extreme cases on leading car
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Figure 27 RMS values of X for extreme cases on trailing car
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Figure 28 99.85 percentile of X on leading car, extreme cases.
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Figure 29 99.85 percentile of X on trailing car, extreme cases.

The Y forces are higher on the inner (lower) rail. Lateral forces decrease as longitudinal forces
decrease. RMS values of Y vary between 60% and 3.4 times the lowest force for different nominal
cases. That change is between 33% and 22 times for the 99.85 percentile and 53% and 11 times for
the total Y force. Something worth noting is that the “new wheel + nominal rail” profile combination
in most cases generates the highest lateral forces due to poor fit.
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Figure 30 RMS values of Y on leading car, nominal cases.
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Figure 31 RMS values of Y on trailing car, nominal cases.
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Figure 32 99.85 percentile of Y on leading car, nominal cases.
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Figure 33 99.85 percentile of Y on trailing car, nominal cases.

Due to the large amount of manual labor involved, sz was only calculated for the leading bogie on

the leading axle. It is worth noting that the total Y force can be both smaller and larger than the
99.85 percentile evaluated in Gensys. This can be seen in figure 35 where I've taken the quotient

th/Yg%S% and subtracted 1 to make it clearer whether

is bigger. This also the reason

the 99.85 percentile of Y has been included. The high frequency contribution to Q is strictly positive.
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Figure 34 Total Y force on leading bogie, nominal cases.
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For extreme cases the RMS values of Y vary between 29% and 3.4 times the smallest force. The 99.85
percentile varies between 15% and 38 times and the total Y force between 18% and 8 times.
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Figure 36 RMS values of Y on leading car, extreme cases.
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Figure 37 RMS values of Y on trailing car, extreme cases.
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Figure 38 99.85 percentile of Y on leading car, extreme cases.
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Figure 39 99.85 percentile of Y on trailing car, extreme cases.
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Figure 41 (Y_tot/Y_99.85%)-1

The Y/Q ratio generally decreases with increasing friction. This result could already be deducted from
the Y plots. The RMS value of the Y/Q ratio varies between 60% and 3.5 times, the 99.85 percentile of

the Y/Q ratio between 32% and 32 times and the total Y/Q ratio (i.e. Ym/th) between 30% and 7

times the smallest ratio.
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Figure 42 RMS values of the Y/Q ratio on leading car, nominal cases.
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Figure 43 RMS values of the Y/Q ratio on trailing car, nominal cases.
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Figure 46 Total Y/Q ratio, nominal cases.

For the extreme cases RMS values of the Y/Q ratio varies between 29% and 2.57 times, the 99.85

percentile between 17% and 23 times, and the total Y/Q ratio between 22% and 7 times the smallest

ratio.
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Figure 47 RMS values of the Y/Q ratio on leading car, extreme cases.
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Figure 48 RMS values of the Y/Q ratio on trailing car, extreme cases.
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Figure 49 99.85 percentile of the Y/Q ratio on leading car, extreme cases.
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5. Comparisons between measurement and simulation results
The total Q forces are in the higher end of the spectrum on the inner (left) wheels but agree more on
the outer (right) wheels. The plot is originally from [2] but with added lines from the results of the
simulations.
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Figure 52 Vertical forces from measurements and simulations on inner (a) and outer (b) wheel

The lateral forces (Y) forces have a good agreement between measurements and simulations on all
wheels on the first boggie except the leading high rail, where the measured forces are all higher than
in the simulations. This can be explained by the occurrence of flange contact. When flange contact
occurs assumptions 2 and 3 (the half-space assumption and constant curvature of the surfaces) in the
Herztian theory used in the simulations is no longer valid.
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Figure 53 Lateral forces from measurements and simulations [20].

Looking at L/V ratio, Mikael Palo never gets a ratio below 0.4 on the leading high rail, as can be seen
in figure 13 from [20] (Figure 54 here), while in the simulations this ratio never exceeds 0.26.
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Figure 54 L/V ratio for measurements
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6. Conclusions and discussion
Simulations and measurement results agree quite well. The Q forces are in better agreement on the
right wheel than on the left wheel. The spectrum between smallest and largest total Y covers at least

half of the most commonly occurring measured forces.

There is reason to criticize Figure 54 for being based on too few data points. One needs to use values
from the lower most end of Figure 52b (100kN) and combine them with values from the upper end of
Figure 53 (80 kN) to get the high values found in Figure 54. But on the other wheels the agreement
between measurements and simulations is better. If one takes typical Y force from Figure 53, say 30
kN, and divide by a typical Q force from Figure 52, say 150 kN, you get a Y/Q ratio of 0.2. This is
around the results from the simulations when running on nominal rails and half of the lowest ratio in

the figure.

The total Y force contains uncertainties as it is based on the assumption that the creep force part of
the Q force can be neglected and that Q only consists of normal forces. Future researchers should
look into calculating the total Y force on all wheels. They should also try using a higher resolution in
the simulations in order to take roughness into consideration and perhaps get higher resulting Y
forces, something that there wasn’t time for when doing this master thesis.
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