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Abstract

In this thesis a study, investigating the correlation between vehicle/track forces and track
irregularities, is presented. The aim is to see if the correlation increases, using the first and
second order derivatives of the track irregularities instead of the amplitude of the irregularities
themselves. Data from on track tests during the DynoTRAIN measurement campaign is used
as input to a MatLab program. The program processes the data with filtering and calculation
of the derivatives, as well as a meter-by-meter alignment of the parameters. A linear
regression analysis is done and the results are presented in scatter diagrams along with their
correlation coefficients. The results are inconclusive implying that there are more parameters
affecting the results than the ones analyzed, suggesting multidimensional regression analysis
to be used.
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1 Introduction

An important part in the development of railways as a mean of transportation is
interoperability between railway networks in different countries and regions. Today it is very
time consuming and costly to for instance get a vehicle, already approved for one network,
approved on another one. This is due to the extensive on-track testing needed, and the
simulations to be carried out during the approval process. This is of course a large constraint
when competing with for example air when travelling between countries.

The European project TRIO TRAIN aims to solve some of these problems by developing
more globally accepted standards and by promoting interoperability by replacing some of the
time consuming on track tests with virtual homologation, i.e. computer simulations, and thus
simplifying the complicated authorization processes.

This thesis is a part of KTH’s contribution to one of TRIO TRAINS subprojects,
DynoTRAIN which is focused on the dynamics of rail vehicles. The aim of the thesis is to
investigate the correlation between vertical, and to some extent lateral, track irregularities and
vehicle response, using first and second order derivates of the irregularities instead of their
amplitudes alone.

The thesis starts with a literature study presenting relevant papers and standards on the subject,
providing a summary of the state-of-the-art methods used for characterizing track
irregularities. The theory showing why the derivatives should be interesting is presented for a
simple single degree of freedom model. This is then followed by the main study which
focuses on the correlation between vertical track irregularities and the vehicle/track forces.

The measured data comes from the test campaign conducted within the DynoTRAIN project.
In this study data from four different test zones in Germany is used for the evaluation. Results
for the vertical vehicle/track force, Q-force versus vertical track irregularities amplitude, first
order derivative of the amplitudes and second order derivatives of the amplitudes are
presented in scatter diagrams and graphs showing the correlation coefficients.



2 Background

At the beginning of this study a literature study was conducted. Some of the relevant
publications are presented below. In the thesis the focus is on the vehicle reactions, their
relation to the track irregularities and how track irregularities could be characterized in an
approval process for a vehicle. Some of the articles below focus on track maintenance. Since
they are so closely related to the topic of this thesis these articles are most relevant even
though the aim of the studies might differ from the aim of this thesis.

2.1 Literature study - state of the art

2.1.1 EN13848 -1

The European standard EN13848 [1] describes track geometries and their definitions. In this
thesis only track irregularities in the lateral and vertical direction are dealt with. Therefore
definitions for only these are presented below.

In Figure 2-1 a cross section of a track is displayed, marked with the definitions of vertical
track irregularities.
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Figure 2-1 Vertical deviation definition, where Z,,- is the deviation and 1 and 2 are the
running table and reference line respectively [1].

In this thesis the vertical deviation is denoted as LL, for longitudinal level.

The definition of the lateral deviation is shown is Figure 2-2. In this thesis the lateral
deviation is denoted as yL.
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Figure 2-2 Lateral deviation, where y, is the lateral deviation and 1, 2 and 3 are the running
surface, reference line and center line of running table [1].

2.1.2 UIC518 and EN14363 Standards

EN14363 defines limit values for various parameters characterizing the running
characteristics of a vehicle. The document defines how tests should be conducted, describing
both how the vehicles should be tested, i.e. which parameters should be measured and
definitions of the track test sections, such as the length of the test zones and different
characteristics such as curvature, cant deficiency and track gauge etc. In addition to the
mentioned track geometry parameters the test track should also fulfill certain criteria
concerning track irregularities and track quality levels. The parameters for evaluation of the
deviation are shown in Table 2.1. The track irregularities are defined as the deviation from the
track geometry. The track quality levels are described as QN1, QN2 and QN3, see Tables 2.2
- 2.3. UIC 518 is very similar to EN14363, defining limit values for running characteristics
and descriptions of measurement procedures. [3]

Table 2.1 Parameters for evaluation of track irregularities. [2]

Lateral direction absolute max value AYimaxo
Lateral direction standard deviation Ay,
Vertical direction absolute max value Az, o
Vertical direction standard deviation Az0




Table 2.2 Track geometry quality levels. [2]

Quality level QN1

Necessitates observing a track section or taking
maintenance measures within the frame of
normal operations scheduling

Quality level QN2

Necessitates taking short-term  maintenance
measures

Quality level QN3

Characterizes track sections which do not exhibit
the usual track geometry quality. QN3 does not,
however, represent the most adverse but still
tolerable maintenance status.

Table 2.3 Track geometry quality values. [2]

Permissible local speed in Alignment Longitudinal
km/h level
Values of quality
level in mm
QN1 QN2 QN1 QN2
Absolute
maximum value
< V>80 km/h 12 14 12 1
80 km/h < V> 120 km/h 8 10 8 12
120 km/h < V > 160 km/h 6 8 6 10
160 km/h < V > 200 km/h 5 7 5 9
200 km/h < V > 300 km/h 4 6 4 8
Standard
deviation
< V>80 km/h 15 1.8 2.3 2.6
80 km/h < V> 120 km/h 1.2 15 1.8 2.1
120 km/h < V > 160 km/h 1.0 1.3 1.4 1.7
160 km/h < V > 200 km/h 0.8 1.1 1.2 1.5
200 km/h < V > 300 km/h 0.7 1.0 1.0 1.3

In the selection of test tracks for evaluation, the standard deviations of the track irregularities
should be distributed so that the criteria in Table 2.4 are met.

Table 2.4 Criteria for the distribution of different QN levels

50% track geometry quality <QN1
40% track geometry quality > QNI ...< QN2
10% track geometry quality > QN2

The basis of track geometry deviations should be recordings obtained using normal track
measuring methods according to EN13848-1. The recorded signals shall be filtered using a 4-
pole Butterworth-filter with a lower cut of wavelength of 3 m and an upper cut off at 25 m.




This is to enable comparison between different track measuring techniques. It is also noted
that the upper cut off wave length is valid up to speeds of 200 km/h. For higher speeds the
upper cut off wave length needs to be higher.

In this section some “state of the art” methods for describing and characterizing track
irregularities, as well as methods to relate them to the vehicle response, are presented.

2.1.3 Track assessment based on vehicle reactions - TAVR

A common theme through the methods described below is to look at the vehicle response
when assessing track geometry quality. Instead of just measuring the amplitudes of track
irregularities and checking them against limit values, the TAVR method utilizes data from
several parameters, such as the amplitude, wavelength and shape of the track irregularities as
well as the vehicle response, to assess the track geometry quality. The relation between the
track irregularities and the vehicle response is calculated using assessment functions. The
assessment functions are produced using regression analysis for the track/vehicle interaction.
The results are then presented as percentages of the limit values [4].

2.1.4 Second order derivatives of track irregularities

In [5] a method is presented, suggesting that the second order derivatives of the track
irregularities, instead of the amplitudes themselves, should be used when evaluating the
track/vehicle interaction. In [5] some results are presented which look very promising. The
results are produced with simulations in GENSYS. This method is also the focus of this thesis
and in Chapter 4 the theory is presented further.

2.1.5 Neural Networks

The basis of the neural network approach is to use methods commonly used in other fields, for
instance, the signal processing industry, where multiple, complex and non-linear inputs can be
related to a single output. Using neural networks is a method based on “learning” a system
what output it should produce depending on the characteristics of the input, thus enabling a
way of predicting for instance the vehicle reactions from certain track irregularities without
doing on-track tests or simulations. As mentioned above, the approach is very popular when
relating multiple inputs to a single output. For instance the output could be the vehicle
response in the vertical direction with the input being different track geometry parameters
such as vertical irregularities, alignment and cant, similar to multidimensional regression
analysis. In this way the neural network method aims to relate the track geometry to the
vehicle response by creating a three dimensional description of the track including the
influence of the speed. In the learning process the system uses measured data from both
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vehicle and track, creating relations between the parameters. The system could for instance be
a series of algorithms where the error between measured and calculated data is minimized. In
order to train or learn the system, measured data for both vehicle and track geometry is used.
In [6] equations describing the relationships between the input and outputs are presented. In a
simplified way the method for learning the system how to react to a certain input can be
described as the input parameters first being weighted with a weighting variable. When a set
of inputs are run through the system these weighting variables can then be altered to minimize
the error between expected and actual output. In the end a system has been created through
this iterative process, which can be used to assess the track geometry quality by using input
parameters only.

2.1.6 Pupil - Track geometry assessment based on calculated vehicle reactions

In the Netherlands, at Lloyd’s Register, a method for characterization of track irregularities
has been developed; the method is called Pupil. As with many of the other methods for
assessment of track geometry quality, this method is based on vehicle reactions. The goal of
this method is to ensure safety of operation for passengers and vehicles as well as being an
input for track maintenance activities. Also, with the greater understanding of the relations
between track geometry and vehicle response, limit values can be set to more generous levels
without loss of safety. The Pupil-method uses assessment filters, specific for each type of
vehicle, to analyze track geometry quality. The inputs for the assessment filters are the
different parameters describing the track geometry, such as cant, lateral and vertical alignment
etc. The assessment filters are produced using ADAMS/Rail to simulate vehicle responses
from theoretical track irregularities. In practice these assessment filters can then be used
together with measured data to simulate vehicle response and, in accordance with UIC518,
assess the track [7].

2.1.7 TGIM - Track geometry interaction map

In [8] a method to characterize track irregularities for performance based track geometry
quality called TGIM is presented. One of the issues that this method aims to deal with is the
interaction effect between two parameters, lateral and vertical track irregularities for instance,
when relating track geometry quality to the vehicle response. By creating a contour line for
combinations of two parameters, the interaction effect can be utilized when analyzing the
vehicle response. In this way a new parameter, based on, in this case, a combination of lateral
and vertical track irregularities is created. Now relationships between various combinations of
track geometry parameters, described as a single parameter, and vehicle responses can be used
to evaluate track geometry quality with respect to the vehicle response. The results obtained
using this method appear to be improved compared to using single parameters only. [8]
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2.1.8 TTF - Typical Transfer Functions

The TTF-method utilizes multi body simulations, MBS, and system identification to create
typical transfer functions between measured track geometry and vehicle response. Vehicle
responses are created by the use of multi body simulations with measured track geometry as
input data. When the vehicle response for different sets of track geometry data has been
produced, system identification is used to create representative transfer functions between the
various parameters to be investigated, Q/z for example. With these TTF:s vehicle response
can then be calculated based on a given set of measured track geometry data, enabling the
track geometry to be assessed with respect to vehicle response.

2.1.9 Track Irregularities for high speed trains and their correlation with track
irregularities

In this thesis by Thomas Karis [9] the author presents a study of the correlation between track
irregularities and vehicle response for high speed trains. The evaluation is done according to
the EN14363 standard. Track geometry data comes from the Swedish STRIX-car and the
vehicle reactions are measured during on-track tests within the Green Train project.

2.1.10 Efficient track maintenance: methodology for combined analysis of
condition data

The paper by E.g. Berggren [10] describes the problem with maintaining a railway track
efficiently. The track recording vehicles used today are often very sophisticated and can
measure many parameters simultaneously, thus producing large sets of data from which it can
be troublesome to pinpoint which measurements that should be taken. It is desirable to be able
to find useful information in an automated way. The suggested method uses methods from the
fields of signal processing and pattern recognition. A case study is presented where the aim is
to classify the track problem root cause, using data combined from track geometry quality,
ground penetrating radar (GPR) and dynamic stiffness.
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2.1.11 Assessing track geometry quality based on wavelength spectra and track-
vehicle dynamic interaction

A study of assessing vertical and lateral track geometry quality using simulation by Li et al
[11] is presented. Two methods are presented; the first one uses a non-linear model in
GENSYS for simulation of the vehicle dynamic behavior along with the software DIFF for
track geometry simulation. This method is very time consuming. The other method is using a
linear model which, due to its shorter time for calculation, can analyze very long track
sections and for several vehicle types and speeds simultaneously.

2.1.12 A short-range prediction model for track quality index

A new technique for predicting track irregularities is presented by Xu et al [12]. Tracks are
categorized into different unit tracks depending on parameters such as type of traffic,
substructures, speed etc. With the new technique called SRPM-TQI, predictions can be made
for each one of these unit tracks. The technique uses historical data to predict future wear,
thus enabling more efficient planning for track maintenance.
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2.2 TRIO TRAIN - A General Description

One of the biggest obstacles to overcome in the advancement of railway as a mean of
transportation is to enable interoperability between different countries and regions. For
instance, a vehicle that has been approved for one network through various, costly and time
consuming, on track tests and simulations, has to go through the same process again to enable
operation in another network with different standards and regulations. This is of course very
inefficient and in many ways a large constraint in the development of the European railway
system.

The TRIO TRAIN project aims to solve some of these problems by developing more globally
accepted standards and promote interoperability by replacing some of the time consuming on
track tests with virtual simulation and thus simplifying complicated authorization processes.

The project participants list consists of many of the larger actors on the European railway
market. To structure the very large task of the main theme, the project is structured into three
subprojects; AeroTRAIN, PantoTRAIN and DynoTRAIN, which in turn are further divided
into a number of work packages.

The AeroTRAIN subproject aims to provide common descriptions and definitions of
aerodynamic phenomena such as open air pressure pulse, aerodynamic loads on tracks and
crosswind etc. as well as common procedures for how to measure these phenomena.

PantoTRAIN focuses on the pantograph and catenary. As with the other subprojects the main
issue is interoperability between different networks. The starting point is that different
countries have developed different systems for transferring power from the overhead line into
the vehicles. This results in various systems each with their own mechanical properties, thus
making it difficult to operate one train on multiple networks. A new unified way of approval
has to be developed.

As the title reveals, DynoTRAIN deals with the dynamics of railway vehicles. The main
objective is again interoperability between different networks. The idea is to significantly
lower the costs and time effort of approval by introducing virtual certification where possible,
hence simplifying the process of introducing a vehicle, that has already been approved for one
network, to a new network. [13]

2.2.1 WP 1 - Measuring campaign

A prerequisite to enable simulations and testing of different methods of describing track-
vehicle interaction in the DynoTRAIN project is the availability of measured data. In work
package one, WP1, a measuring campaign collecting on-track test data was conducted. Track
geometry, track irregularities and vehicle reactions for different vehicles were measured
simultaneously during tests in Germany, Italy, Switzerland and France.
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2.2.2 Train Configuration

The test train consists of a number of test vehicles measuring the vehicle dynamics, a
measuring coach for sampling the vehicle reactions, a track measuring coach called Railab |
and several brake coaches, see Figure 2-1. The maximum permissible speed of the freight
wagons is 120 km/h. However, on some of the test tracks these were disconnected to allow for
test runs with a speed of 160 km/h. Wheel-sets marked with red are measuring wheel-sets.

Test train configuration for Germany
=100 km/h (120 km/h)

max

Main test direction

J—. =

Test vehlcle s

Brake coach 5 Brake coach 4 Brake coach 3 Brake coach 2 Brake coach 1
Dms 322 ARmz 2111 Bimz 259.8 Bimdz 267.8 D(mess)mz 3221
63 80 99 91 008-2 61 80 85 90 S06-4 B3 80 89 90 027-3 { 608099 90028-1 63809995 031-0
] 0 0 [@0) CX™ (X)) (@ ®) 0

RIC™™.____ RIC RIC RIC

Raitabd.. _Measuring coach DB

Brake coach 6 Dienstmz 308 Dienstm 312 N Bim 547 .5

Aimz 261 6380 9991 004-1 6380 9992 007-3
. 51801091 226-0 by

[@6) [@0)] [@6)] (@ D] (@6 [ [ B

RIG™ RIC RIC RIC
e Test vehicle_2

T —-SgnsBa1

Laas B9
2480 4305 509-9 NE046 3020 Senseat

[j ,—|-ﬁ 3180 4555}1344 8
’_Jo @I ) ® 0 (. MEBMOO) [
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@ Measuring Wheelset . '
Test vehicle_6 Test vehicle_5 Test vehicle_4 Test vehicle_3

Figure 2-3 Test train configuration for Germany.

2.2.3 Test vehicles

The vehicles measuring the vehicle reactions are shown in Table 2.5.

Table 2.5 Overview of the vehicles in the test train [14].

Nr. Vehicle type Vehicle number Bogie type Maximum speed

I Locomotive BR120 501-2 / 200km/h

I Passenger coach Bim 547.5 MD 36 200km/h
(51 80 22-91 102-9)

i 4-axle freight Sgns 691 empty Y 25 120km/h
wagon (3180 4556 344-8)

v 4-axle freight Sgns 691 loaded Y 25 100km/h
wagon (3180 4556 362-

0)
\Y 4-axle freight Laas empty uiC 120km/h
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wagon (2480 4305 509-9)
VI 4-axle freight Laas empty uiC 100km/h
wagon (2480 4305 509-9)

2.2.4 Measured Parameters

In this report only a few of the measured parameters are considered, namely the vertical track
force Q and the lateral force Y along with the vertical, z, and lateral y, track irregularities. The
method used for measuring the wheel/rail forces is a method which combines the measured
bending of the wheel set shaft with the deformation of the wheel disc. The longitudinal level
IS measured at the top of the rail head using lasers. The lateral alignment is measured in the
same way using lasers, but 14 mm under the top. The lasers are mounted in a measurement
frame which in turn is mounted in the bogie. [14]
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3 Second Order Derivatives

3.1 Theory

To motivate why the second order derivatives of the track irregularities might be more
appropriate to use for track evaluation than the amplitudes alone one can start with a simple
model of a bogie with mass m, suspended over a stiff wheel with mass m,,. The model travels
over a totally stiff track at the speed v, exciting the vehicle with the longitudinal level z.. The
bogie mass, m, is suspended over the wheel with a damper with damping rate c, and a spring
with spring rate k. Since the wheel and track are both considered totally stiff, the model only
has one degree of freedom, z. See Figure 3-1.

¥ 2(5)
Figure 3-1 A single DOF model for a vehicle track system. [5]

The dynamic equation of motion for the model can be written as
mzZ+cz+kz=cz,+kz, =cziv+kz (1)

By solving equation (1) for z, the vertical contact force Q, can be written as

Q=Qy+Qs=(m+m,)g—mz—m,z, =(m+m,)g—mz—m,z;/v: (2

Qo Qd

As can been seen in Equation (2) the dynamic part of Q, Qq, is related to the inertia forces of
the system. Even though the suspended mass is normally larger than the mass of the wheel set,
the force of the wheel-set will be the largest contributor to the dynamic forces. This is because
the acceleration of the suspended mass,z, is normally much lower than the acceleration of the
wheel-set, Z,,. It can also be seen that the acceleration of the wheel-set is dependent on the
second order derivative of the longitudinal level of the track, z, rather than the amplitude z,.
Therefore it should be more interesting to use the second order derivatives rather than the
longitudinal level itself when assessing track geometry and track irregularities as the reason
for dynamic wheel rail forces. [5]
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3.2 Results from simulations using second order derivatives

Using the second derivatives in [5] suggests this method to be used instead of just using the
amplitudes of the track irregularities themselves. The results are produced using a GENSYS
model similar to the Regina train used in the “Grona Téaget”-project and measured track
irregularities. As can be seen in Figure 3.2, the results show a considerable increase of the
correlation coefficient between the vertical track irregularities and the vertical forces when
correlating the second derivative of the longitudinal level with the dynamic Q-force instead of
the amplitude itself. The results in this publication are also one of the reasons to why this
method was used in this thesis.

30 - - - 30
QI IRH Q, , 985% 122 Hz
— R =017 ———R =06

25t Ll 25t el
: | 2 '
g 207 Y e L 207 -
g . z .
o b o e

5P e T

10 ' ' ' ' 10 ' ' :

0 2 4 6 8 10 0 [ 2 3 4
LL (max) [mm] LL2 (max) [mm/m2]

Figure 3-2 Scatter diagrams for amplitudes of vertical track irregularities (left) and the
second order derivatives of the vertical track irregularities (right) [5].
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4 Evaluation Methods

Apart from the derivatives of the track irregularities, this study also considers the effects of
using different statistical methods as well as different band pass filtering for the wave length
of the track irregularities and low pass filtering for the forces. Only the right rail is evaluated.
It should be noted that calculations have been performed for the average value between left
and right rail. Since no clear improvements to the results could be seen, results from average
values have been discarded in this thesis to restrict the number of parameters.

For each test zone the track is divided into 250 m long sections. The track characteristics,
such as speed, are kept the same for all sections. A test zone has to contain at least 20 sections
to be used for evaluation.

The data is compared section by section for both track irregularities and vehicle reactions,
using standard deviation, the 99.85 percentile or the peak value for statistical evaluation.

For the calculations and evaluations in this study a script for MatLab has been developed by
the author. The script is divided into several parted steps where the user can change parameter
values independently. This simplifies the process of isolating different types of in-data for
studying the effects of a single parameter. The first phase of the script handles the loading
process of the raw data. The data is provided in a folder structure, starting with the dates of
the test runs down to folders with measured vehicle and track data.

The data for the track irregularities is filtered using a Butterworth band-pass filter. The wave
length spans evaluated in this study are 1-10 m, 3-10 m, and 3-25 m. To calculate the
derivatives the script uses the MatLab command diff/dx. By doing so the derivates are
calculated as the difference between two values divided by the step length. The data for the
vehicle reactions are high-pass-filtered at 1 Hz to exclude any influence of the static forces.
The program aligns the track and vehicle data to match it kilometer by kilometer. This is to
ensure that the vehicle reactions for one section correspond to track irregularities in the same
section. A linear regression analysis is done for the parameters investigated and correlation
coefficients, R,,,, for all combinations of the statistic evaluations are calculated using

R.. — Cov|[x,y] (3)
Xy T [varlxlVar[y] '

where x and y represents the force and track irregularity respectively. [15]
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5 Results - Q-Forces vs. Vertical Track Irregularities

5.1 About Results

The results can be viewed as scatter diagrams, an example is given in Figure 5-1. However,
since the main results, produced for comparison, are the correlation coefficients, R,,,, these
have instead been presented in line diagrams showing the results in a more comprehensive
way. Also, in appendix A, tables summarizing the correlation coefficients are presented.

LLmax(3-25m) vs Q9985[kN]

30 T T T T T T T T T
O Q9985[kN] LP 30Hz
R,,=0.50929
25+ .
20 -
=
>
8 15+ ]
[o)]
[o)]
e}
O
10+ % .
5- o

| | | | | | | | |
0 0.002 0.004 0.006 0.008 0.01 0.012 0014 0.016 0.018 0.02
LLmax [m]

Figure 5-1 Example of a scatter diagram showing the correlation between the 99.85
percentile of the vertical Q-force and the max value of the vertical track irregularities.

The results for the different test zones are structured after vehicle, wheel set and filtering of
the track irregularities. Each diagram shows the correlation coefficients for all combinations
of the standard deviation, max value, and 99.85 percentile of both vehicle-track forces and
track irregularities. The amplitudes of the track irregularities are denoted as LL, the first
derivative of the amplitudes as LL1 and the second order derivative as LL2. Not all vehicles
are presented here due to missing data for some of the test runs. Note; in this report the test
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zones are numbered 1-4, these numbers have been used throughout this study for
organizational purposes only, and have nothing to do with the numbering of test zones in
WP1.

5.2 Test zone 1 Bamberg - Lichtenfels

In this test zone the speed of the train in each section is 100 km/h. However, to get the
minimum required number of sections, sections with a speed between 90 and 110 km/h are
included. The train is run in its original configuration using all the freight wagons. See Figure
2-3.

The third vehicle is the unladen, four-axle, freight wagon. Here, the correlation coefficients
increase with the order of the derivatives for the standard deviation of the Q-forces. See
Figures 5-2 - 5-4. With the longer wavelengths the effect becomes even clearer. An
explanation for this could be that the freight wagons have a less sophisticated suspension than
the passenger car and locomotive, resulting in a more augmented vehicle reaction. Again, the
correlation coefficients for the standard deviations of the Q-forces are low compared to the
max and 99.85 percentiles. This can also be seen in test zone 2.

Vehicle 3, second axle, 1-10 m

0,8
0,7 ’w\ Vxﬁ
0,6 e
7

0,5 —
0.4 ¢—QSTD
0,3 ./\ ——QMAX
0,2 7"‘ N C’Av Q9985
0,1
O T T T T T T T T T T 1

QL O & & & P H L

CRIRAMIS L& & o P

NN NN RO

Figure 5-2 Correlation coefficients for vehicle 3, second axle, track irregularities filtered at
1-10 m.
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Vehicle 3, second axle, 3-10m
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Figure 5-3 Correlation coefficients for vehicle 3, second axle, track irregularities filtered at
3-10 m.

Vehicle 3, second axle, 3-25m
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Figure 5-4 Correlation coefficients for vehicle 3, second axle, track irregularities filtered at
3-25 m.

The fourth vehicle, the laden, four-axle freight wagon shows a big difference between the
amplitudes and the derivatives for the wavelength 1-10 m. This difference is again decreasing
with the longer wavelengths and for 3-25 m, LL and LL1 are almost at the same level, seen in
Figures 5-5 - 5-7. For the laden freight wagon with Y25 bogie there is, however, no difference
between the correlation coefficients for standard deviation and Qmax respectively Q9985 as
there is for the empty wagon. An explanation could be that the dynamic behavior of the
loaded wagon is not dominated by single events but by the general vibration level.
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Figure 5-5 Correlation coefficients for vehicle 4, second axle, track irregularities filtered at
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Figure 5-6 Correlation coefficients for vehicle 4, second axle, track irregularities filtered at

3-10 m.
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Vehicle 4, second axle, 3 - 25
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Figure 5-7 Correlation coefficients for vehicle 4, second axle, track irregularities filtered at
3-25 m.

5.3 Test zone 2, Fulda - Wiirzburg

In this test zone the train is configured for high speed, see Figure 5-8. The freight wagons are
disconnected due to their permissible speed limit. In the sections used in this test zone the
train travels at 160 km/h (+-10%).

Test train configuration for Germany
V. = 160 km/h - 200 km/h

max

Main test direction

Test vehicle 1™ -

Brake coach 5 Brake coach 4 Brake coach 3 Brake coach 2 Brake coach 1

Dms 322 ARmz 211.1 Bimz 259.8 Bimdz 267.8 D(mess)mz 322.1
W Giiiiiiius 61 8085 90 506-4 63 80 99 90 027-3 650 50 99 90 026-1 63 80 9995 031-0 o
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Figure 5-8 Overview of the train configuration in test zone 2.
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The overall levels of the correlation coefficients are higher for the high speed test zone
compared to test zone 1. The results are still inconclusive, especially for 1-10 m wavelengths
where the results almost seem randomized. See Figures 5-9 — 5-11.
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Figure 5-9 Correlation coefficients for vehicle 1, second axle, track irregularities filtered at
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Figure 5-10 Correlation coefficients for vehicle 1, second axle, track irregularities filtered at

3-10 m.
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Figure 5-11 Correlation coefficients for vehicle 1, second axle, track irregularities filtered at

3-25m.

For the second vehicle the results are improved compared to the first vehicle. The coefficients
show an overall high level compared to the other tests and as in test zone 1 the correlation
increases with the larger wavelengths. There is nothing implying that LL1 or LL2 would be
better correlated to the Q-forces than LL though. It is also interesting to note that the standard
deviation of the Q-forces show a lower correlation than the max and 99.85 percentile value.

See Figures 5-
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Figure 5-12 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at

1-10 m.
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Vehicle 2, second axle, 3- 10 m
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Figure 5-13 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
3-10 m.
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Figure 5-14 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
3-25 m.

5.4 Test run 3, Roth - Augsburgh

Here the test train is running in its secondary direction, meaning that the locomotive has been
switched from back to front, running the train set “backwards”, see Figure 5-15. The speed of
the train is 160 km/h (+-10%) and the freight wagons have therefore been removed.
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Test train configuration for Germany

Secondary test direction
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Figure 5-15 Overview of the train configuration in test zone 4.

For the first vehicle of the train set, the locomotive, diagrams in Figures 5-16 - 5-18 show that
the derivatives have a negative effect on the coefficients. The overall levels of the coefficients
are quite low. The locomotive is subjected to longitudinal forces, traction forces, when the
train is running. This might explain why the levels of the coefficients are generally lower for
the locomotive compared to the other vehicles. The coefficients do not vary much with the
increase of wavelengths for the track irregularities.
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Figure 5-16 Correlation coefficients for vehicle 1, second axle, track irregularities filtered at
1-10 m.

Vehicle 1, second axle, 3-10m
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Figure 5-17 Correlation coefficients for vehicle 1, second axle, track irregularities filtered at
3-10 m.

Vehicle 1, second axle, 3-25m
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Figure 5-18 Correlation coefficients for vehicle 1, second axle, track irregularities filtered at
3-25 m.

For the second vehicle, the passenger car, the results drastically improve. Even though the
overall level is higher, the coefficients are lower for the derivatives compared to the
amplitudes themselves. A trend can, however, be seen, showing that the difference between
LL, LL1 and LL2 decreases with the longer wavelengths. See Figures 5-19 - 5-21.
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Figure 5-19 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
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Figure 5-20 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at

3-10 m.
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Vehicle 2, second axle, 3-25m
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Figure 5-21 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
3-25 m.

5.5 Testrun 4, Geislingen - Westerstetten

For this test run the train is configured in its standard configuration, with all the freight
wagons, see Figure 2-3. The train speed in the sections used is 100 km/h (+-10%).

The passenger car follows the same trend as in the other test zones, being that LL1 is better
correlated to the Q-forces than LL2. For 3-10 m wavelengths the difference between the
derivatives is decreased. For 3-25 m this again changes as the difference increases again,
which can be seen in Figures 5-22 — 5-24.
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Figure 5-22 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
1-10 m.
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Vehicle 2, second axle, 3-10m
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Figure 5-23 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
3-10 m.

Vehicle 2, second axle, 3-25m
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Figure 5-24 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
3-25 m.

For the unladen, four-axle freight wagon the standard deviation of the Q-force again shows
poorer correlation to the track irregularities compared to the 99.86 percentile and the max
value, as can be seen in Figures 5-25 — 5-27. The results for this test zone follow the results in
test zone 3, showing that the freight wagon with its poorer running characteristics supports the
theory of the derivatives better.
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Figure 5-25 Correlation coefficients for vehicle 3, second axle, track irregularities filtered at
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Figure 5-26 Correlation coefficients for vehicle 3, second axle, track irregularities filtered at

3-10 m.
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Figure 5-27 Correlation coefficients for vehicle 3, second axle, track irregularities filtered at

3-25m.

The laden freight wagon does not show the same drastic difference between the derivatives as

in test zone 1.

As with the unladen freight wagon, the max values of the Q-forces are the ones

that show the highest correlation with the irregularities of the track, see Figures 5-28 — 5-30
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Figure 5-28 Correlation coefficients for vehicle 4, second axle, track irregularities filtered at

1-10 m.
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Figure 5-29 Correlation coefficients for vehicle 4, second axle, track irregularities filtered at
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Figure 5-30 Correlation coefficients for vehicle 4, second axle, track irregularities filtered at

3-25m.
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5.6 Y-Forces vs. Lateral irregularities

The focus of this study is on forces in the vertical direction but in this test zone, evaluations of
the correlation have also been made for the lateral direction. The theory presented in Chapter
4 is valid for a single degree of freedom model in the vertical direction. Since the wheel is
assumed to be constantly following the rail, mechanically connected, it is easy to imagine that
vertical irregularities would be well correlated to the vehicle reaction in the vertical direction.
In the lateral direction the wheels are connected to the rails via both friction and mechanical
contact, unless the wheel flange is in contact with the rail. A lateral irregularity might
therefore not be expected to have a direct effect on the lateral vehicle track forces in the same
way as for the vertical direction [16].

As can be seen in Figures 5-31 — 5-33, the effect of the derivatives on the lateral irregularities,
y, y1 and y2, seems to be the opposite to that of the vertical irregularities. For the
irregularities filtered at 1-10 m the correlation coefficients increase with the use of derivatives.
As the wavelength increases the trend seems to turn showing poor correlation for y1 and y2 at
3-25m.
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Figure 5-31 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
1-10 m.
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Figure 5-32 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at
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Figure 5-33 Correlation coefficients for vehicle 2, second axle, track irregularities filtered at

3-25m.
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For the locomotive the correlation is again quite poor. The trends however show that the
second derivative of the track irregularities are better correlated than the amplitudes of the
track irregularities for the lower wavelengths. As with vehicle 2 this trend turns for track
irregularities filtered at 3-25 m wavelength, where the second derivative shows a poorer
correlation. The overall level is in the lower span compared to all other results.
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Figure 5-34 Correlation coefficients for vehicle 1, leading axle, track irregularities filtered at
1-10 m.
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Figure 5-35 Correlation coefficients for vehicle 1, leading axle, track irregularities filtered at
3-10 m.
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Figure 5-36 Correlation coefficients for vehicle 1, leading axle, track irregularities filtered at
3-25m.
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6 Simulation results

In order to understand and evaluate the results a comparison with results from [5] is done. In
[5] the results show a great benefit of using second order derivatives instead of the amplitudes
themselves, see Figure 3-2. However, these results are produced using simulations. In the
simulations, parameters such as the speed and effects of external parameters, wind etc. can be
kept constant and are always perfectly controlled. This might explain the differences more
than just the fact that the tests are conducted on different tracks. Also, if one focuses on the
correlation coefficients it can be seen that the value for the second order derivatives are in the
same region as for the results in this study. Instead it is the results of the amplitudes alone that
make up for the difference as they are quite poor compared both to the results in this thesis
and in [9]. Further, some of the parameters are not equal in the different studies. For example
the section length used in [5] is 50 m while in this study the section length is 250 m.

7 Conclusions, Recommendations & Future Work

Apart from possible errors in the measuring process and preprocessing of the data there are
some errors that might be taken in to consideration when evaluating the results. In this study
the available measured Q-forces are low-pass filtered at 30 Hz. In the study by T. Karis and
also in M. Li’s study, Q-forces with frequencies up to 140 Hz and 122 Hz respectively, are
used. This is something that needs to be considered when comparing the results.

Also, a suggestion is that external forces from tunnels, crossings, switches etc can have a
substantial impact on the results. During the measuring process a camera positioned in the
front of the train, over viewing the track, recorded films of the track layout. This makes it
possible to analyze the track during the processing of data and enabling the user to remove
sections containing this type of external irregularities. However, this has proven to be very
time consuming and since the impact of the different disturbances is not clear it has not been
included in this study.

A simple analysis of the scatter diagrams can, however, give a hint that some data is not
coherent with the rest, showing for instance peaks in the vertical forces with values very
different from the rest of the set. An interesting point is that the results improve drastically
when removing this suggestively faulty data. In Figure 8-1, scatter diagrams for a test zone
are displayed, it can be seen that at least three points, at about 12 mm amplitude, deviate from
the normal pattern.
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Figure 8-1 Scatter diagrams for a test zone, showing the correlation between the peak values
of the track irregularities vs. the 99.85 percentile of the Q-forces for amplitudes (left) and
second order derivates (right).

By removing these three points, representing only 1-2 % of the test zone, the results as
mentioned before, improve drastically. This is shown in Figure 8-2, where it can be seen that
the correlation coefficients have increased by 15 and 25 % respectively. An interesting point
is that that increase for the second order derivative is 66 % higher than for the amplitudes
alone, suggesting that the second order derivatives are affected to a higher extent by these
points.

In this study only the right rail is evaluated, this might also have a negative impact on the
results. The track irregularities for one rail can be kept separate from the other rail while the
wheel on one side is always connected via the wheel axle, meaning that a large irregularity on
the left rail can have a significant effect on the right wheel. However, as previously mentioned
calculations have been made using the mean value between left and right rail with no
improvement to the results.
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Figure 8-2 Scatter diagrams for a test zone, showing the effect of removing points that aren’t
coherent with the rest of the data.

The theory presented in [5] suggesting the usage of second order derivatives of track
irregularities instead of the amplitudes alone is not proven by this study. The results show
quite the opposite. As already mentioned, the results in [5] are produced using simulations in
GENSY'S which of course cannot be directly compared with the results produced with
measured data.

The results are very inconclusive showing irregular behavior; this implies that there are
parameters not considered in this study affecting the results. For the passenger car the results
go along with the theory, but the only general conclusion that can be made from these results
is that the first derivative is better than the second order derivative.

In Chapter 8 the sources of error are discussed suggesting that a more thorough study should
be made focusing on characterizing the external irregularities and studying the effects of these.
An attempt of this was made during this study but the extent of work of characterizing all of
them proved too great. For instance, when the train meets another train travelling at 100 km/h
one can imagine that there is a significant impact on the vehicle behavior due to the
aerodynamic forces. The problem would be how to show what the true effect of this is and
when the effect starts and stops i.e. what measurement values should be removed.
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Appendix A - Tables summarizing the correlation coefficients

A.1 Testzone 1, Vehicles 3 & 4

Vehicle 3
1--10m
QSTD
QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

Vehicle 4

1--10m
QSTD

QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

LLSTD

0,149426
0,537033
0,546706

LLSTD

0,139787
0,51751

0,529778

LLSTD

0,008801
0,434459
0,466759

LLSTD
0,77426

0,759913

0,763537

LLSTD

0,774183
0,760871
0,764532

LLSTD

0,750767
0,742351
0,745488

LL1STD

0,213686
0,639117
0,630858

LL1STD

0,193015
0,59843

0,597952

LL1STD

0,102974
0,53213

0,549968

LL1STD

0,726136
0,70934

0,711516

LL1STD

0,755262

0,734946
0,73777

LL1STD

0,784837
0,781372
0,784953

LL2STD

0,234285
0,663751
0,623395

LL2STD

0,259781
0,678896
0,663482

LL2STD

0,214577
0,649045
0,645008

LL2STD

0,449666
0,461697
0,461745

LL2STD

0,669384
0,656503
0,657799

LL2STD

0,715162
0,71383

0,715871

LLmax

0,188098

0,680478
0,66502

LLmax

0,165605
0,632283
0,628851

LLmax

0,031753
0,518223
0,540516

LLmax
0,62145

0,684581

0,686366

LLmax
0,6641

0,717276

0,720335

LLmax

0,688415
0,741245
0,742822

44

LL1max
0,27833

0,698158

0,661724

LL1max

0,228858
0,686542
0,659797

LL1max

0,145005
0,630463
0,642864

LL1max

0,522801
0,538497
0,538407

LL1max

0,589234
0,621607
0,623329

LL1max

0,676007
0,728484
0,730142

LL2max

0,170809
0,578563
0,499087

LL2max

0,238512
0,699504
0,654402

LL2max

0,197415
0,685924
0,657246

LL2max

0,207443
0,248734
0,246907

LL2max

0,445571

0,485834
0,48475

LL2max

0,477277
0,542014
0,541479

LL9985

0,184426
0,673211
0,661995

LL9985
0,16281

0,628453

0,625784

LL9985

0,034473
0,513946
0,541361

LL9985

0,629825
0,692329
0,694227

LL9985

0,665569
0,719103
0,722308

LL9985

0,687233
0,740516
0,742078

LL19985

0,271562
0,703109
0,666509

LL19985
0,22785
0,68534

0,660452

LL19985

0,139723
0,626191
0,639014

LL19985

0,538809
0,557209
0,557218

LL19985

0,591207
0,623526
0,625161

LL19985

0,678083
0,730573
0,732295

LL29985

0,167589
0,587252
0,508916

LL29985
0,23845

0,701334

0,658458

LL29985

0,192613
0,683762
0,657089

LL29985

0,226484
0,268056
0,266744

LL29985

0,454451
0,49536

0,494499

LL29985

0,487299
0,552836
0,552591



A2 Test zone 2, Vehicles

Vehicle 1

1--10m
QSTD

QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

Vehicle 2

1--10m
QSTD

QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

LLSTD

0,481363
0,603152
0,586897

LLSTD

0,482727
0,610364
0,596316

LLSTD

0,444967
0,69924

0,701079

LLSTD

0,810431
0,81984

0,805678

LLSTD

0,806938
0,820831
0,809317

LLSTD

0,729021

0,842455
0,83792

LL1STD

0,454599
0,551071
0,528739

LL1STD

0,458539
0,573108
0,552738

LL1STD

0,483406
0,648395
0,637567

LL1STD

0,79007
0,797219
0,773131

LL1STD

0,788071
0,792684
0,781409

LL1STD

0,809072
0,856657
0,840412

1&2

LL2STD

0,425569
0,485647
0,458211

LL2STD

0,434792

0,534395
0,51262

LL2STD

0,449721
0,557796
0,537669

LL2STD

0,742245
0,754579
0,717557

LL2STD

0,768715
0,767007
0,753621

LL2STD

0,783235
0,790853
0,774044

LLmax

0,270897
0,439413
0,437314

LLmax

0,288031
0,493778
0,490568

LLmax

0,300054

0,614905
0,61813

LLmax

0,616418
0,80038

0,691498

LLmax

0,632438
0,802271
0,722076

LLmax

0,588561
0,809564
0,770158

45

LL1max

0,300651
0,509188
0,493401

LL1max

0,300705
0,481008
0,465973

LL1max
0,28352

0,557711
0,55636

LL1max

0,619341
0,840141
0,774967

LL1max

0,636869
0,795843
0,721016

LL1max

0,608896
0,83638

0,776492

LL2max

0,241603
0,436438
0,409427

LL2max

0,257105
0,42607

0,420444

LL2max

0,262941
0,449122
0,440705

LL2max

0,565526
0,751796
0,673858

LL2max

0,597114
0,780072
0,688376

LL2max

0,602591
0,786206
0,690893

LL9985

0,300112

0,493991
0,49032

LL9985

0,303536
0,512501
0,509281

LL9985

0,305518
0,621631
0,626815

LL9985

0,643056
0,815356
0,733758

LL9985
0,64321

0,812856

0,741714

LL9985

0,588524
0,805883
0,770036

LL19985

0,285949
0,466024
0,452868

LL19985

0,301337
0,495263
0,483864

LL19985

0,288583
0,564597
0,563533

LL19985

0,625448
0,826408
0,745756

LL19985

0,639046
0,811618
0,740037

LL19985

0,614109
0,836946
0,778415

LL29985

0,329616
0,513502
0,492287

LL29985

0,283221
0,463518
0,456424

LL29985

0,292811
0,485038
0,474462

LL29985

0,642438
0,821723
0,758948

LL29985

0,621404
0,801932
0,721361

LL29985

0,624209
0,805903
0,727153



A3 Test zone 3, vehicles 1 & 2

Vehicle 1

1--10m
QSTD

QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

Vehicle 2

1--10m
QSTD

QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

LLSTD
0,45375

0,303783

0,309157

LLSTD

0,448681
0,297335
0,303082

LLSTD

0,438744
0,359321
0,363139

LLSTD

0,668297
0,692627
0,687516

LLSTD

0,660881
0,681456
0,675815

LLSTD

0,643885
0,709532
0,707211

LL1STD

0,428211
0,292555
0,296012

LL1STD

0,427004
0,285191
0,289691

LL1STD

0,446097
0,334906
0,339498

LL1STD

0,672789
0,68642

0,680348

LL1STD

0,663879
0,685469
0,679245

LL1STD

0,666431
0,721743
0,718898

LL2STD

0,318427
0,233247
0,232719

LL2STD

0,377278
0,253337
0,254709

LL2STD

0,417456
0,290567
0,293051

LL2STD

0,526544
0,483011
0,477068

LL2STD

0,634152
0,659145
0,652644

LL2STD

0,667177
0,706428
0,701296

LLmax

0,390694
0,233336
0,238034

LLmax

0,398564
0,232109
0,236649

LLmax

0,342099
0,312366
0,317992

LLmax

0,613672
0,638378
0,638081

LLmax

0,613895
0,635833
0,636169

LLmax
0,54791

0,664953

0,661278

46

LL1max

0,310372
0,212511
0,218104

LL1max

0,348359
0,190639
0,193404

LL1max

0,309852
0,244654
0,249499

LL1max

0,530727
0,525207
0,522335

LL1max

0,597903
0,630676
0,632177

LL1max

0,576794
0,70457

0,704352

LL2max

0,197127
0,187835
0,192128

LL2max

0,277788
0,152172
0,154045

LL2max

0,273885
0,182524
0,185403

LL2max
0,31788

0,264261

0,257489

LL2max

0,530573

0,560997
0,55917

LL2max

0,534052
0,604039
0,601816

LL9985

0,392824
0,235576
0,240168

LL9985

0,401028
0,23635

0,240862

LL9985

0,341783
0,313115
0,318767

LL9985

0,614767
0,641605
0,641419

LL9985
0,61534

0,639415

0,639585

LL9985

0,546486
0,664008
0,660288

LL19985

0,323772
0,207783
0,213067

LL19985

0,350371
0,193038
0,195871

LL19985
0,30867

0,248869

0,253537

LL19985

0,566547
0,574834
0,572623

LL19985

0,599442
0,63214

0,633442

LL19985

0,575406
0,703915
0,703991

LL29985

0,207081
0,198506
0,202301

LL29985
0,2823

0,158289

0,160192

LL29985

0,280481
0,189411
0,192272

LL29985

0,339351
0,277812
0,271343

LL29985

0,533317
0,563778
0,561905

LL29985

0,538444
0,611709
0,609323



A4 Test zone 4, Vehicles 1, 2,3 & 4

Vehicle 1

1--10m
QSTD

QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

Vehicle 2

1--10m
QSTD

QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

LLSTD

0,135655
0,386338
0,252608

LLSTD

0,128893
0,374949
0,242362

LLSTD

0,080775
0,203878
0,083387

LLSTD

0,543084
0,558814
0,533548

LLSTD

0,545168
0,561818
0,537791

LLSTD
0,57438

0,613509

0,602652

LL1STD

0,123145
0,417439
0,281943

LL1STD

0,130306
0,396795
0,266394

LL1STD

0,131226
0,324188
0,200012

LL1STD

0,502329
0,494585
0,465164

LL1STD

0,513083

0,507429
0,47968

LL1STD

0,597929
0,619914
0,601187

LL2STD

0,123616
0,454799
0,302911

LL2STD

0,145465
0,431381
0,293167

LL2STD
0,14034

0,416478

0,272726

LL2STD

0,433476
0,410932
0,374279

LL2STD

0,477938
0,458991
0,426525

LL2STD

0,506748
0,508003
0,477022

LLmax

0,076053
0,374181
0,211187

LLmax

0,065121
0,346949
0,187992

LLmax

0,015305
0,160152
0,011324

LLmax

0,441606
0,489229
0,455546

LLmax

0,422782
0,467987
0,437119

LLmax

0,453154
0,530087
0,509707

47

LL1max

0,094844
0,419578
0,256641

LL1max

0,054701
0,366494
0,205842

LL1max

0,034251
0,263174
0,120286

LL1max

0,455129
0,505172
0,463475

LL1max

0,420871
0,480363
0,444597

LL1max

0,490657
0,580751
0,549287

LL2max

0,031699
0,422239
0,237122

LL2max

0,042779
0,386427
0,212405

LL2max

0,031632
0,337795
0,165647

LL2max

0,349475
0,372141
0,325856

LL2max

0,384163
0,441319
0,399404

LL2max

0,374831
0,442675
0,402875

LL9985

0,070327
0,3662

0,204155

LL9985

0,061451
0,343847
0,185334

LL9985

0,016176

0,159061
0,01113

LL9985

0,438636
0,488109
0,455107

LL9985

0,421886
0,468393
0,437877

LL9985

0,455692
0,532022
0,511877

LL19985

0,092555

0,413557
0,25329

LL19985

0,057017
0,367046
0,208149

LL19985

0,035089
0,260801
0,119863

LL19985

0,458155
0,508103
0,468286

LL19985

0,425164
0,482968
0,447804

LL19985

0,494084

0,583148
0,55231

LL29985

0,052694
0,435219
0,256307

LL29985

0,043959

0,385678
0,21316

LL29985
0,03388
0,33596

0,166169

LL29985

0,381543
0,397694
0,352269

LL29985

0,387466
0,443655
0,402408

LL29985

0,380947
0,447853
0,409065



Vehicle 3
1--10m
QSTD
QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

Vehicle 4

1--10m
QSTD

QMAX
Q9985

3--10m
QSTD

QMAX
Q9985

3--25m
QSTD

QMAX
Q9985

LLSTD

0,468944
0,671976
0,606076

LLSTD

0,466643
0,664194
0,600423

LLSTD

0,315402
0,569682
0,512658

LLSTD

0,670309
0,78555

0,745398

LLSTD

0,670036
0,784794
0,743843

LLSTD

0,570598

0,641385
0,57952

LL1STD

0,474406

0,691931
0,61332

LL1STD

0,471496
0,675159
0,600604

LL1STD

0,423399
0,656153
0,600786

LL1STD

0,647851
0,747169
0,701467

LL1STD

0,655157
0,757477
0,714168

LL1STD

0,639076

0,736255
0,69609

LL2STD

0,442267
0,716249
0,611677

LL2STD

0,474998
0,684952
0,600764

LL2STD

0,460699
0,68948

0,607063

LL2STD

0,580681
0,655996
0,589761

LL2STD

0,630395
0,732331
0,686069

LL2STD

0,638861
0,750125
0,702236

LLmax

0,362298
0,599726
0,519341

LLmax

0,355918
0,565315
0,488554

LLmax

0,180831
0,422929
0,371148

LLmax

0,559672
0,698784
0,647574

LLmax

0,565178
0,705133
0,651803

LLmax

0,403647
0,530361
0,482956

48

LL1max

0,370914
0,650849
0,551435

LL1max

0,369437
0,596093
0,510306

LL1max
0,28094

0,541382

0,462181

LL1max

0,570648
0,713629
0,657248

LL1max

0,557164
0,702767
0,651843

LL1max

0,556371
0,693212
0,639728

LL2max

0,271469
0,665131
0,516535

LL2max

0,330341
0,579251
0,486773

LL2max

0,274108
0,543491
0,447539

LL2max

0,474516
0,548527
0,440924

LL2max

0,495296
0,655646
0,606765

LL2max

0,472533

0,643003
0,59127

LL9985

0,360587
0,594194
0,514872

LL9985

0,355815
0,564411
0,488172

LL9985

0,181375

0,423648
0,37238

LL9985
0,55998

0,699785
0,64803

LL9985

0,565088
0,704184
0,650528

LL9985

0,404734
0,530559
0,483429

LL19985

0,380698
0,654912
0,559011

LL19985

0,374371

0,599734
0,51476

LL19985

0,283024
0,542279
0,464324

LL19985

0,579326
0,718417
0,662347

LL19985

0,563215
0,707405
0,656614

LL19985

0,559779
0,694278
0,641162

LL29985

0,303229
0,694839
0,544932

LL29985

0,335323
0,581594
0,490293

LL29985

0,281079

0,547374
0,45334

LL29985

0,519964
0,590746
0,482683

LL29985

0,500168
0,659651
0,611239

LL29985

0,481276
0,649652
0,598874



