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Abstract

This doctoral thesis summarises and deepens eight publications on a project concerning

railway alignments.

The thesis presents an approach to defining equally costly alignment alternatives. The

approach relates differences in construction costs for new (or changed) alignments to

removal of obstacles (or alternative measures for dealing with obstacles) and is

illustrated in clothoid - circle clothoid combinations.

A graphic method, analysis of curvature and slew diagrams, has been defined to judge

when a curve element needs to be divided (i.e. when single curves need to be replaced

by compound curves).

The thesis provides a new definition of the most suitable lengths of transition curves

when the track standards define limits for cant, cant deficiency, rate of cant and rate of

cant deficiency. The most suitable transition lengths are those which give the alignment

the highest permissible speed for a certain set of obstacles.

Variables and criteria for evaluation of dynamic track/vehicle interaction are discussed,

with the focus on applications where the alignments instead of the vehicles are altered.

Methods for quantifying passenger comfort as a function of vehicle response caused by

the alignment are investigated. Comparisons are made with ISO (1997) and British

Standards (1987) for evaluation of human exposure to whole-body vibrations, and it is

found that passenger comfort on curve transitions PCT (CEN 1999a) offers a function

which is believed to be better correlated with passenger (dis)comfort.

When track standards are to be re evaluated, the thesis suggests a division of criteria for

evaluating dynamic track/vehicle interaction into an object function and boundary

conditions. For railways with passenger traffic, it is suggested that passenger comfort on

curve transitions PCT should be used as object function, while wheel/rail forces and

climbing ratios define boundary conditions.

A simplified analysis, with the vehicle dynamics neglected, as well as a dynamic

analysis with comprehensive vehicle models, illustrates how the object function may be

applied to equally costly alignments and how the optimal transition lengths depend on

the positions of the obstacles and certain vehicle parameters. It is shown how track

quality (i.e. the level of track irregularities) indirectly affects the optimal transition

lengths, since wheel/rail forces may disqualify alignments that generate the lowest PCT

values.

The concept of equally costly alignments is used in an application where S-shaped

superelevation ramps are compared with linear ramps. The dynamic vehicle response,

evaluated according to the principles in CEN (1999a, l999b) and UIC (1999), is not

superior on the S shaped ramps.

Keywords: Railway, track geometry, alignment, cant, climbing ratios, clothoids, guiding

forces, passenger comfort, PCT, superelevation ramps, simulation, track shift forces,

track/vehicle interaction, transition curves, vehicle dynamics, wheel/rail forces.
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1. Introduction

1.1 Characteristics of railway alignments

Railway alignment has a high degree of permanence. Installations such as track

superstructure, catenary system etc., are less permanent since these subsystems are

commonly renewed without alteration of the alignment.

When building new lines, obstacles along the route are relatively few, and the available

terrain corridor allows a relatively large number of possible alignment alternatives.

In track renewals, the number of obstacles along the railway is higher, since these

include the original obstacles plus the railway specific installations (such as catenary

masts, bridges etc.) along the railway. Therefore, the possibilities of improving the

alignment are limited. However, despite the costs involved, a considerable amount of

work is spent on improvements of existing lines.

This indicates that the alignment of new railways should be designed to meet future

traffic demands, although an unnecessarily high standard may make the constructions

too expensive and cause undesirable impacts on the environment. These facts lead to the

conclusion that the alignment should be optimised with great care when building new

lines.

1.2 Earlier studies on alignments

According to ORE (1990), alignment and cant (superelevation), together with other

track aspects such as gauge widening, rail inclination, rail profiles, track irregularities,

rail lubrication, track stiffness and damping, have not been studied as closely as vehicle

aspects in the area of track/vehicle interaction.

The present thesis is focused on alignment and cant on single horizontal curves. In this

case, the choice of following track quantities is studied: radius, cant, and lengths of

transition curves and corresponding superelevation ramps. The thesis also compares

different types of transition curves with non-linear change of curvature (with respect to

chainage, i.e. distance along track) and non-linear (S shaped) superelevation ramps,

with traditional clothoids and linear ramps, respectively.

According to Schuhr (1985), the use of transition curves was suggested by Pressel as

early as 1854. The main purpose of inserting transition curves in the alignment is to

achieve a continuous curvature function, in order to reduce the lateral jerk. Such curves

were first used in the construction of the Brenner railway in 1864 1867 (Weber 1990). A

question that has since been asked is: What lengths of the transition curves are suitable?

Shortt (1909) stated that it is impossible to detect where a curve begins if the lateral jerk

(time derivative of acceleration) is less than 1.4 ft/s3 (0.43 m/s3). From that statement

and from the observation that longer transition curves require a smaller radius (also

discussed in Section 2.4), he derived an expression for the suitable lengths of the

transition curves, which was to be used when improving existing lines. He suggested



that his formula should be used only when the radius restricted the permissible speed to

less than 82 mph (132 km/h), since he believed that adapting the lines for higher speeds

would involve unnecessary expenditure. In the analysis of Shortt, there was no fixed

limit for the lateral jerk. If a reduction of the radius affected the permissible speed on the

circular portion of the curve, he suggested shorter transition curves (and correspondingly

higher lateral jerk).

Schramm (1962) derived very simular expressions for suitable lengths of transition

curves. He based his analysis on limits for cant, cant deficiency and rate of cant

according to the German track standards. He assumed the radius of the curve to be

predetermined, and his transition lengths were such that the limit for rate of cant would

not restrict the permissible speed. Unlike to Shortt, he did not make a detailed analysis

of the relation between the radius and the transition lengths when obstacles along the

alignment were taken into account. He stated that the increased cost for his relatively

long transition curves was non-essential, but he also stated examples where shorter

transition curves could be considered.

Despite the work of Shortt (1909) and Schramm (1962), railway curves have often been

provided with short transition curves, which creates problems when increasing train

speeds. Baluch (1982, 1983) presented algorithms to be used when increasing speeds on

existing lines. These algorithms deal mainly with the relations between radii, transition

lengths and slew values (changes in lateral position of the track), and were at that time

very efficient in computing effort. The algorithms do not include any object function,

but should be used together with limits defined in the track standards in order to

increase permissible speed.

Hashimoto (1989) presented a wide range of investigations concerning vehicle response

caused by the alignment: Lengthened transition curves with no change of radius,

lengthened transition curves with a smaller radius, three types of compound curves, one

example with an S-shaped curvature pattern in the transition curves (see also below),

and lengthened superelevation ramps combined with short transition curves. He also

studied two different ways of arranging cant on the curves: The outer rail raised 50% of

cant (inner rail lowered 50%) and outer rail raised 80% of cant (inner rail lowered 20%).

He used a dynamic vehicle model for calculating wheel/rail forces and accelerations in

the vehicle body, but he did not quantify jerks and roll velocities.

Certain investigations concerning track standards and passenger comfort have been

made by Hohnecker (1993), Pospischil (1991) and UIC (1991). These studies included

evaluation of passenger comfort on curve transitions PCT, but in none of these studies

was PCT used as an object function and none of the studies considered the dynamic

behaviour of the vehicles.

Inserting transition curves of the traditional type gives a continuous curvature function.

In the literature, there is a discussion that also the first (and sometimes also the second)

derivative of the curvature (and/or cantl) should be a continuous function (Alias 1984,

Bloss 1936, Broman 1982, D. L. Cope 1993, Gubar 1990, Gurr 1988, Herbst et al. 1987,

 

1 With few exceptions, the superelevation ramp and the transition curve are assumed to coincide, and the

function of cant is assumed to be of the same type as the curvature function.



Herbst, Rickert & Schiitte 1989, Kerkapoly & Lengyel 1985, Köhler 1981, Kruse 1984,

Mieloszyk & Koc 1991, Petersen 1932, Ruch 1903, Schramm 1931, 1934, 1936, 1937,

1963, 1975, Schuhr 1985, Vojacec 1868, Zeuge 1975). These derivatives are correlated

to the jerk and its derivatives in the vehicle body, even though these relations are of a

complex nature according to the non linear mass/spring/damper system that constitutes

the interaction between the track and the vehicle. Sometimes, these types of transition

curves have been justified because they are believed to be longer than the clothoid

(Schuhr 1984, Weigend 1975).

Baluch (RI 1985) criticised transition curves with continuous first derivatives of cant

and curvature since the first derivatives are larger than in the clothoid type. However, it

was not stated how this comparison was made. Köhler (1981), Weigend (1987) and

Weigend (1988) compared the first derivative of cant (and hence indirectly the first

derivative of curvature) for some types of transition curves with the same lateral shift,

while Herbst, Rickert & Schiitte (1989) and Gubar (1990) compared the derivatives of

curvature for different types of transition curves with the same lengths. However,

Schramm (1934, 1936, 1937, 1975) had already observed that the cost of improvements

in the second derivative (of cant) is a higher first derivative, although he meant that this

price was worth paying. In the present thesis, the comparison of different types of

transition curves will be based on both the magnitudes of the first and second

derivatives of curvature, which will be calculated and related to both the corresponding

lateral shifts and shortenings of the adjacent elements (tangent tracks and circular

curves).

Sometimes, other types of considerations can be found. Schramm (1942) noted that the

discontinuities in the cant gradient in the ends of linear superelevation ramps cannot be

arranged in practice. However, in his view the smoothed ends are no longer than

5 metres and hence too short to create good train riding. Alias (1984) stated that it is

impossible to arrange and accept the kinks in the cant gradient. The kinks are avoided

through an empirical introduction of doucines without mathematical definition.

The usefulness of more advanced types of transition curves has been questioned since

the versine deviations are of the same magnitude as the maintenance tolerances for track

irregularities, see Pandolfo (RI 1976).



1.3 Objective of the present study

The objective of the present study is to develop methods for comparing and optimising

alignments when building new lines and improving existing ones. It is essential for the

comparisons to include evaluation of dynamic vehicle response according to appropriate

criteria.

The study has focused on two of the most common types of alignment case. The first

case is the design of single curves in predefined terrain corridors. A single curve

consists of transition curve, a circular curve and transition curve, placed between two

tangent tracks. The engineering task is to define the lengths of the transition curves and

the radius of the circular curve.

The second case is a comparison between linear and S shaped superelevation ramps and

corresponding types of transition curve (creating horizontal alignments where the first

derivative of curvature is a continuous function). Again, such comparisons will make

use of the concept of terrain corridors.

1.4 Methods in the present study

Vehicle response is quantified through simulations rather than full-scale tests. The

simulations are based either on very simple models or comprehensive dynamic vehicle

models.

The simple models enable fast calculations of the lateral acceleration, lateral jerk and

roll velocity of vehicle bodies, but the results do not re ect the dynamic content of the

vehicle response. With the fast calculations, a great number of alignment alternatives

and vehicle speeds may be investigated in a relatively short time.

The dynamic models enable calculations of dynamic behaviour of the vehicles,

including dynamic accelerations of the vehicle body, wheel/rail forces and climbing

ratios. The vehicles may run on nominal track geometries with or without irregularities

superimposed. (The aim of the present study is not to present complete and

comprehensive dynamic simulation models. Validated state of the-art models are used

as tools to evaluate dynamic behaviour of representative railway vehicles on different

track geometries.)

There are two important reasons for not using full scale tests when evaluating different

alignment alternatives within defined terrain corridors. The most obvious reason is the

cost of such experiments. The other reason is that it is in reality impossible to generate

the same track irregularities on two different alignment alternatives. In full scale tests,

there is therefore an uncertainty as to whether or not differences in vehicle response are

caused by differences in the nominal geometries.



1.5 Publication list

The following publications have been published in the present study:

A Mathematical description of railway alignments and some preliminary

comparative studies (Kufver 1997a) introduces the concept of equally costly

alignment alternatives. The differences in construction costs for different

alignment alternatives are related to removal of obstacles or alternative measures

for dealing with obstacles.

Methods for evaluation of ride comfort as a function of vehicle reactions caused

by railway alignment (Kufver l997b) analyses the usefulness of the evaluation

procedures for mechanical vibration according to British Standards and ISO

Standards as well as the usefulness of CEN standards, based on results from field

tests concerning passenger comfort in railway vehicles.

Variables and criteria for evaluation of vehicle reactions caused by railway

alignment (Kufver l997e) is mainly focused on the evaluation of wheel/rail forces

and similar quantities, which are relevant when evaluating vehicle dynamics on

curves.

Optimisation of single horizontal curves in railway alignments (Kufver l997c)

presents an integrated application of the concepts presented in Reports A-C. For

two types of passenger coach (conventional non-tilting and tilting respectively)

running at a predefined speed, passenger discomfort on curves is minimised.

Wheel/rail forces and similar variables of the coaches and a suitable high speed

locomotive (power car) are also evaluated. The resulting optimal alignments are

compared with alignments where design speed is maximised, taking into account

limits (according to the Swedish track standards) for certain track quantities.

Realigning railways in track renewals - Linear versus S-shaped superelevation

ramps (Kufver 1999) presents an evaluation of the usefulness of S-shaped

superelevation ramps. The evaluated ramps consist of a linear middle part and

smoothed ends in terms of second-degree polynomials. These superelevation

ramps were combined with transition curves where the curvature function has the

same shape as the cant, but the evaluation also includes S shaped ramps combined

with the clothoid type of transition curve.

Dynamic vehicle reactions on the Ruch type of S-shaped superelevation ramps

(Kufver ZOOOa) presents a second evaluation of the usefulness of S shaped

superelevation ramps. In this conference paper, the same type of superelevation

ramp as in ReportE was studied, but the transition curves have a curvature

function for the horizontal alignment which were related to the mass centre of the

vehicles (or their wheelsets), instead of the traditional track level.

Optimisation of clothoid lengths - simulations of dynamic vehicle reactions on

horizontal curves with track irregularities (Kufver ZOOOb) revisits the evaluation

in Report D, but with the effects of track irregularities taken into account.



H Anpassungen der Gleisgeometrie unter den Gesichtspunkten Zuverla ssigkeit und

Komfort fiir Neigeziige in Norwegen (Gåsemyr & Kufver 2000) presents the

application of the results in Reports A D, when preparing the track for the

introduction of tilting trains in Norway.

The eight publications A H cover, with certain exceptions, the content of this doctoral

thesis. The exceptions are a validation study and further simulations of wheel/rail forces

and passenger comfort on curves with track irregularities taken into account. In addition,

various summaries of this project have been published as a licentiate thesis at KTH, at

international railway conferences and in international railway (or transportation)

journals.

0 A summary of Report A was presented at the international conference Railway

Engineering 98 as Realigning railways in track renewals - Methods and

objectives (Kufver l998d).

0 Summaries of Report D were presented at International seminars on infrastructure

and vehicle/infrastructure interaction 1998 as Optimisation of the railway

alignment considering vehicle reactions (Kufver & Andersson l998b), at the

Comprail 98 conference as Optimisation of lengths of transition curves with

vehicle reactions taken into consideration (Kufver & Andersson l998a) and at the

6th mini conference on Vehicle Systems Dynamics, Identification and Anomalies

(VSDIA 98) as Optimisation of the railway alignment using dynamic vehicle

models (Kufver l998e). Summaries of ReportD have also been published as

articles in Asia Pacific Rail as Optimisation of alignment for conventional and

tilting trains (Kufver l998b), and in Nordic Road and Traffic Research as High

speed railways: Alignment optimisation with vehicle reactions taken into

consideration (Kufver l998a).

0 The licentiate thesis Optimisation of single horizontal curves - Procedures

involving evaluation of vehicle reactions (Kufver l997d) summarises Reports A

D.

0 The applied study for the introduction of tilting trains (Report G) is based on an

internal report at the VTI which is not public (Kufver l998e). Other summaries of

this internal report have been presented at the 2nd annual High Speed Rail &

Tilting Trains Congress as Outlining the necessary infrastructure requirements for

tilting trains in Norway (Gåsemyr & Kufver l999b), at the international

conference Railway Engineering - 99 as Norwegian railways adapted for higher

train speeds - Track aspects of tilting trains (Kufver & Gåsemyr l999b), and at

the World Congress on Railway Research (WCRR '99) as Adaptation of

Norwegian tracks to tilting trains - the specific aspects of high speed curving

(Kufver & Gåsemyr l999a). The Norwegian application was also presented in the

International Railway Journal as Norwegians adapt tracks for tilting trains

(Gåsemyr & Kufver l999a).



1.6 Thesis contribution

This thesis is believed to make the following contributions:

l The thesis presents an approach to defining equally costly alignment alternatives.

The approach assumes that differences in construction costs for different

alignment alternatives (when building new railways or altering existing railways)

are related to the removal of obstacles or alternative measures for dealing with

obstacles (Chapter 2). The use of this approach has been illustrated in clothoid -

circle clothoid combinations (Chapters 5, 6, 11 and 12), and in the evaluation of

S-shaped superelevation ramps and corresponding types of transition curve

(Chapter 10).

A graphic method, analysis of curvature and slew diagrams, has been defined to

judge when a curve element needs to be divided (i.e. when single curves need to

be replaced by compound curves). The method has been used to identify extreme

cases concerning the positions of obstacles (Chapter 2).

The thesis provides a new definition of the most suitable lengths of transition

curves when the track standards define limits for cant, cant deficiency, rate of cant

and rate of cant deficiency. The most suitable transition lengths are those which

give the alignment the highest permissible speed for a certain set of obstacles

according to Section 1 (Chapter 5).

When limits in the track standards are to be re-evaluated, the thesis suggests a

division of the criteria for evaluating dynamic track/vehicle interaction into an

object function and boundary conditions. For railways with passenger traffic, it is

suggested that passenger comfort on curve transitions PCT should be used as object

function, while wheel/rail forces and climbing ratios define boundary conditions

(Chapter 4). The thesis illustrates how these boundary conditions and the object

function may be applied to equally costly alignments and how the optimal

transition lengths depend on the position of the obstacles and certain vehicle

parameters (Chapter 8).

The thesis shows how track quality (i.e. the level of track irregularities) indirectly

affects the optimal transition lengths, since wheel/rail forces may disqualify

alignments that generate the lowest PCT values.

Following the methodology defined in Sections l and 4, the thesis shows that it

cannot be proved that S shaped superelevation ramps and corresponding types of

transition curves are superior to linear ramps and the clothoid type of transition

curve. Wheel/rail forces and climbing ratios are not significantly lower on the S

shaped ramps and passenger comfort (expressed in PCT) is not generally better

(although the S shaped ramps may be better in aspects that are not included in

present international standard procedures for evaluation of dynamic vehicle

response, such as high frequency roll acceleration).





2. Mathematical description of alignment

2.1 Differential equations for the direction y/ and the

coordinates x and y

Figure 2.1 shows an arbitrarily curved track in the horizontal x-y plane. The distance

along the track (also called chainage or stationing) refers to the track centre line, and is

denoted s.
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Figure 2.1 An arbitrarily curved track in the x-y plane.

The direction of the track WU) (rad) can be calculated by integration of the

curvature k(s)

ms): jaw: jk(s)ds [2.1]

and the coordinates (x(s) and y(s) for the track centre line can be calculated by double

integration

x(s) : J.COS MS) ds = [cos Jk(s)dsds [2.2]

y(s) : jsin ms) ds = [sin ]k(s) dsds [2.3]

These integrals can be solved analytically if the track is placed in a straight line or on a

circle. In these cases, the curvature k(s) has a constant value. When the track is placed

on a transition curve with a mathematical form used in railway applications, these

integrals must be calculated with numerical methods (Kufver 1997a).



In this chapter, the track geometry will usually be calculated approximately according to

the assumption of small angles. If the track is not running northward in the global

coordinate system, it is of course always possible to define a local coordinate system in

which the track is running approximately in the x-direction.

When assuming small angles (gy<< 1 ) the following approximations can be made:

sin w = w z tan 1/1 [2.4]

cos 1/1 == 1 [2.5]

2.2 The circular curve and the clothoid

According to the assumption of small angles, approximate solutions to the

Equations [2.l] [2.3] applied to a circle (with constant curvature k) are:

ms): [kdszw0+k-s [2.6]

x(s)= [cosy/(ms: [idszxo [2.7]
2

y(s)= [sinmsmsz kdsa s: [(w0+k-s)ds=yo+wo.s+k-52 [2.8]

The integration constants Wo» x0 and yO may be eliminated by using an appropriate local

chainage and appropriate local coordinates.

In the clothoid type of transition curve, the curvature is a linear function of chainage:

S
k(s) = ko +? [2.9]

if s = so = O at the start of the transition curve.

In Equation [2.9] A is a constant. The nominator A2 may have a positive or a negative

sign. The (positive) root of the magnitude of A2 is often called the clothoid parameter. If

the clothoid starts from a straight line (ko = 0), has the length Lt (t : transition) and

ends at a circle with the radius R, we will obtain the following relation:

Equation [2.9] combined with Equations [2.1] and [2.3] [2.4] gives

2

 l//(s)= jk(s)ds= j(kO+ §;)ds=w0+kO-s+ [2.11]
2A2

 y(s)= [sinwmdsz k(s)dsds: [(w0+kO-s+2izjds=

10



2 3
S

zYo+Wo'S+ko'_é +6.A2
 [2.12]

for OSSSLt.

Here, chains of elements with and without clothoids are compared. The first chain

consists of two elements, with length L0 and curvature ko, and length L1 and curvature k1

respectively. The chainage is defined with s = 0 at the beginning of element O and the

coordinate system is defined with x = 0, y = O and 1/1 = O at the same point. With these

definitions and the assumption of small angles, we will obtain the following stationing

and coordinates at the end of element l:

3: L() +L1 [2.13]
xzn+g [aw]

kO 2 kl 2yz 2 L0+kO-LO-L1+ 2 -L, [2.15]

wsz-L0+k1-L1 [2.16]

With an inserted clothoid having length Lt, the lengths of the adjacent elements must be

reduced. The reduced length of element i will be denoted Lci (c = constant curvature).

Thus, if we want the reduced element 1 to end up with the same x coordinate and the

same direction w as the original element 1, we will obtain the following equations for

the second chain of elements:

x = LcO + Lt+ Lc1 [2.17]

Lt2
Wzko'LCo+k0'Lt+ 272 +kl -Lc1 :

Lt

:ko'LCo+ko'Lt+(k1_k0)'?+k1-Lcl=

Lt Lt
:kOLCO+k0... 5-+k1 2 +k1LC-l [2,18]

The first simplification of [2.18] follows from the continuity in curvature:

Lt
k1=k0+ Ä_2 [2-19]

By comparing [2.14] and [2.16-2.18] we find:

Lt
AL0 = LO LcO z 2 [2.20]

Lt
AL1 =L1- Lc1 2 2 [2.21]

Equations [2.20] and [2.21] state that the clothoid is placed halfway in the first element

with constant curvature and halfway in the second.
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Even if the alignment including a clothoid ends up with the same direction 1/1 as the

original alignment, the lateral position will not be the same. The lateral shift can be

calculated approximately by comparing the y coordinates. The alignment with a clothoid

ends up at the following y coordinate:

3

6-A2+
 

k k
yz ZQ-Lcå+kO-Lc0-Lt+?0-Lt2+

2
t k1 2
A2 'LCI+?'LC1 =
 
L

+(kO-Lc0+kO-Lt+2

ko 2 kl 2 LtZ____2_.L0+k0.L0.L1+?L1+(k1 k0)-2 4 [2.221

By comparing [2.22] and [2.15], the magnitude of lateral shift w will be found as

Lt2
szÅ lkl k0[ [2.23]

When combining chains of elements, it will be found that when inserting clothoids, or

increasing lengths of existing clothoids, the lateral shift of elements will be similar to

shifts which follow from increasing the radii in the elements with the smallest radii.

When there are obstacles along the alignment, such as bridges, catenary masts, etc.,

there are con icts between the desire for large radii of the circular curves and the desire

for long clothoids. The fact that the clothoid replaces parts of the adjacent elements will

cause similar con icts; one such situation is when one of the adjacent elements is a

straight line with turnouts.

To sum up, when a clothoid is inserted between two elements with constant curvatures

ko and k1 respectively, we will have a finite gradient of curvature, k , a lateral shift, w,

and shortenings of adjacent elements ALO and ALI, which are related in the following

ways

  

3
w z i _M [2 24]

24 k'2 '

AL _AL Nl kl ko [225]

2.3 Curvature and slew diagrams

Kruse (1984) and Ablinger (1987) claimed that making railway alignment calculations

with computer programs for road design is very cumbersome. However, the same types

of alignment elements are used in railway alignment as in road alignment. The only

important difference might be that in railway applications very small lateral variations in

the position of the track are analysed. Especially when existing tracks are re calculated,
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associated slew values in the magnitude of 50 mm might be regarded as large. This

makes it difficult to analyse the track geometry from ordinary drawings of the x y plane.

Such maps would have to be very large scale and would therefore also need to be very

long.

In short, the problem with ordinary alignment programs is the graphic output. The input

is the same and the result lists with coordinates of tangent points and lateral distances

from the calculated alignment element to points with known coordinates are exactly the

same in road and railway applications.

In order to obtain more informative diagrams than the ordinary maps, the use of

curvature diagrams and slew diagrams has been developed. The slew diagram shows

basically the lateral distance between a calculated and a surveyed track as a function of

chainage in the calculated track. However, the slew diagram may also illustrate the

difference in lateral positions of two calculated tracks or a calculated track and a number

of desired lateral positions at certain longitudinal positions.

One interesting feature of the curvature diagram is that the total change in direction

from the beginning to the end of a sequence of elements corresponds to the integral of

the curvature, which corresponds to the area beneath the curvature function. When two

different alternatives of the track alignment are analysed, they must, if they connect to

the same track at the beginning and at the end respectively, have equally large areas

beneath the curvature function.

The fact that a clothoid inserted between two elements with constant curvature is placed

halfway in the first element and halfway in the second according to [2.21] and [2.22] is

obvious when the curvature diagrams are analysed.
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/
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Figure 2.2 Curvature diagrams for alignment alternatives with and without a

clothoid respectively.

As already stated above, a slew diagram is an efficient tool for illustrating small

differences in lateral positions along a track. It is also a very efficient tool for

determining existing curvature on circular curves or required curvature when passing

obstacles. The determination of an unknown curvature in a surveyed track is illustrated

in Figure 2.3. The existing track is a circular curve with curvature ke and with

misalignments. The calculated track is a circular curve with another curvature, kc.
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Figure 2.3 Analysis ofslew diagram ofa circular curve.

The diagram shows a solid curve, connecting slew values that describe the lateral

distances between the calculated track and the surveyed existing track.

If the existing track (a circular curve) has no misalignments, it can be represented by the

equation

k
ye (s) = yeo + % »s +56 - sz [2.26]

In the same way, the calculated track may be represented by the equation

kc 2
yc(s) = ycO + 1,ch -s + ? s [2.27]

The slew is approximately the difference between the y coordinatesz, which gives

2

slew = (yeo yc0)+(%0 wc0)-s+(ke ICQ-% [2.28]

If the calculated circle has the same curvature as the existing track, the last term will be

zero. However, if the calculated circle has a different curvature, a second-degree

parabola can be identified in the slew diagram.

 

2 Slew values are positive where existing track centre line is located to the right of the calculated track centre

line, when ye > yc. In a lining operation, the track should be slewed to the left.
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The mismatch in curvature may be analysed from the s2 term. In Figure 2.3, the

magnitude of the factor (ke kc) may be determined from the following equation

a2

B= (ke kc)'7 [2°29]

where aand are identified in the slew diagram.

Since kc is known, the curvature of the existing track can be calculated from

ke z kc + 2 ~ £2 [2.30]
a

A re calculation of the circular curve will give a new slew diagram, but the resulting

slew can be predicted already in Figure 2.3 as the difference between the dotted curve

and the solid one.

In should be remarked that this result is not the same as that from a least squares
regression analysis, which has been included in certain commercial software packages in.

recent years. The least squares method generally gives a result where the track is not

fully adjusted in large misalignments and where it is shifted laterally also where there

are no misalignments. This will also have an influence on the determination of the

curvature. Figure 2.4 illustrates a curve where the misalignment will deceive the

regression analysis into creating an insufficiently large curvature.

 

    

   
   
 

x

LEAST SQUARES FIT

BEST FIT

+ y

Figure 2.4 Circular curve determination with least squares calculation

compared with bestfit.
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Another important application of the slew diagrams is to determine whether a curve

segment contains one or more circular portions. This is especially important since the

number of elements to be used in an optimisation procedure is often exogenous.
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Figure 2.5 Slew diagram when a curve contains two different circles.

In Figure 2.5, a curve, which is assumed to have a constant curvature, consists of two

circular parts with different curvature. This is obvious since the slew diagram consists of

two different second degree parabolas. In this case, the track engineer has to make a

decision as to whether a constant curvature is required or if two circles might be

acceptable in order to reduce the associated slew.

 

/Slew /

 
   
 

Figure 2.6 Slew diagram at a kink.

In Figure 2.6, the calculated curve has the same curvature as the existing track since the

slew diagram consists of straight lines. In the middle of the curve there is a kink. In this

case, the track engineer may choose between a solution with three circular curves, with

zero slew values in the first and third circles, or a solution with only one circular curve

which may have zero slew values in at most four points.

Curvature and slew diagrams may be used simultaneously to analyse chains of elements.

Figure 2.7 shows a clothoid circle - clothoid combination with track irregularities. The

calculation is assumed to create a theoretically correct alignment that reduces the

misalignments but which does not include any unnecessary slew where there are no

misalignments.3 Figure 2.7 shows the expected result from such a calculation.

 

3 The objective in this chapter is not to improve the alignment, but to identify the effects in a slew diagram

when changing the design alignment.
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Figure 2. 7 Expected resultfrom a realignment calculation.

Figure 2.8 shows the effect of a change in transition lengths. The track will be slewed

differently (compared to Figure 2.7) according to a change in lateral shift w (Equation

 

 
 

 

 
   
 

[2.23]).

k(s) /\
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Figure 2.8 Calculated transition lengths differfrom existing lengths.
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Figure 2.9 shows the effect of a change of curvature in the circular portion of the curve.

A second-degree parabola may be identified in the slew diagram.
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Figure 2.9 Calculated radius differs from existing radius.

2.4 Comparisons of clothoid - circle - clothoid combinations

As shown in Section 2.3, the lateral position of the track is influenced both by the radii

and lengths of transition curves. The consequences will be investigated further in this

section.

Figure 2.10 illustrates a curve in the horizontal x-y plane. In order to simplify the

discussion, the following assumptions will be made: The lateral position and the

directions of the straight lines (E1 and E5) are fixed. There is only one circular part (E3)

in the alignment and the two transition curves (EZ and E4) have the same lengths. On

these assumptions, the curve geometry can be defined with two variables, and in this

case it is reasonable to use the radius R4 and the length of a transition curve Lt.

 

4 In this thesis, the radius R is defined as the absolute value of the inverse of the curvature k. The absolute

value is introduced in order to simplify certain equations and to adapt expressions such as "small radius"

to common language.
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Figure 2.10 Clothoid - circle - clothoid combination in the x-y plane.

In reality, it may be possible to create compound curves, to have different transition

lengths and to alter the positions and directions of the adjacent straight lines. However,

sooner or later in the design process, the straight lines will be fixed, and normally

compound curves are neither desirable nor necessary. The element combination and the

assumptions made in this discussion correspond to the most frequent case in a design

process.

Figure 2.10 also illustrates a number of obstacles along the railway: three catenary masts

(01, 02, 03) and one turnout (04). The three masts define three lateral obstacles and the

turnout defines a longitudinal obstacle, since a turnout should preferably be located on a

straight line.

19



 
Figure 2.11 A double slip as __a (binding) longitudinal obstacle in the up line of

the Nynäs Line, Alvsjö, Sweden.

The objective should now be to choose the best5 combination of radius (R) and lengths

of the transition curves (Lt). These two variables define the axes in Figure 2.12. Certain

conditions are shown in the R-Lt plane. The diagonal through origo defines the

transition length where the length of the remaining circular part is zero. The R axis

defines the zero lengths of the transition curves. The length chosen for the transition

curves must be within the sector defined by these two border lines. In Figure 2.12, also

inequalities, which are defined by the obstacles, are illustrated. In reality, there is at least

one binding constraint (otherwise there would be no curve at all). In Figure 2.12, the

obstacle 01 is never binding and may be disregarded in the analysis. It should be noted

that it is necessary to make distinctions between obstacles and fixed points, since the

obstacles normally define inequalities.

 

5 Possible object functions are discussed in Chapters 3 5.
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Figure 2.12 Curve design in the R-Ltplane.

The equation for the obstacle in the midpoint of the curve (02) and an approximate

equation for the longitudinal obstacle (04) may be derived from equations given in

Baluch (1983).

For the midpoint condition, the equation for comparing alignment alternatives may be

expressed as

(R1+w1) (R2 +w2)
_ :___ R [2.31]

cos( AW) 1 cos( AW) 2
2 2

where AW = the angle between the adjacent straight lines

R,- = radius in alternative i

wi = lateral shift for alternative i

and for the endpoint condition, an approximate equation may be expressed as

Lt1
+ 2 z(R2 +w2)~tan AwAW ge(R1+w1)-tan 2+ [2.32]

    

where Lt,- = length of the transition curve in alternative i

In order to systematise comparisons, slew diagrams will be used. In Figure 2.13,

comparisons of five different alignments are made. As a basis for the comparison, there

is a curve combination with short transition curves AO. The curve combination Al has the
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same radius as Ao, but longer transition curves. Since Al is always on the inside of Ao, a

comparison is not relevant. If the lateral position of A1 is acceptable, the curve

combination Ao with the short transition curves may be improved by a larger radius. The

alignments should have the same lateral positions in at least one cross section, defined

by the obstacles, as the alignment combinations AZ A4 which have the same lengths of

the transition curves as A1 but slightly smaller radii.6
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Figure 2.13 Comparisons in the slew diagram.

If the binding obstacle is placed at the midpoint of the curve, as 02 in Figure 2.10, a

comparison between Ag and A0 is relevant. If the binding obstacle is a longitudinal one

(04 in Figure 2.10) a comparison between A4 and Ao is relevant, and if the binding

obstacle is placed as 03 in Figure 2.10, a comparison between A3 and A0 is relevant.

From Figure 2.13, it may be concluded that the obstacles 02 and 04 represent two

extremes. An obstacle at the midpoint of the curve requires the smallest radius

compensation when changing the lengths of the transition curves. The compensation is

necessary because of the change in lateral shift of the transition curve, w. A longitudinal

obstacle requires the largest radius compensation when changing the lengths of the

transition curves. The compensation is necessary due to the corresponding shortenings

of adjacent elements.

When calculating the optimal length of a transition curve, we may expect the solution to

depend on the angle between adjacent straight lines as well as the position of the binding

obstacle.

 

6 The alterations of the alignments in Figure 2.13 consist of combinations of the alterations presented in

Figures 2.8 2.9.
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In the discussion in this section, the obstacles have been regarded as distinct and

uniquely defined, which may correspond to realignments of existing lines or new

alignments in urban areas (with obstacles such as existing buildings, bridges, etc.). If the

curve is arranged to avoid a hill in a rural area, the obstacle may not be uniquely

defined, and hence the restriction in the R-Lt plane will not be represented by a distinct

curve but rather a grey shaded zone. However, the same kind of analysis should be

applied, even though the distinction between permissible and non-permissible

alignments may be somewhat diffuse (if the restriction in question is binding).

The concept of a permissible zone is used in Chapter 5 to investigate certain

consequences of traditional track standards and in Chapters 6 and 11 12 to investigate

vehicle response when clothoid lengths are altered. In Section 2.5 and Chapter 10 it is

used to evaluate the usefulness of S shaped superelevation ramps and corresponding

types of transition curves.

2.5 Comparisons of different types of transition curves with an

S-shaped curvature function

2.5.1 General considerations

The main purpose of inserting transition curves in the alignment is to achieve a

continuous curvature function. A long transition curve results in a low magnitude of the

first derivative (with respect to chainage) of curvature.

The disadvantages of long transition curves have already been described in Section 2.4.

When lateral obstacles are present along the curve, the lateral shift requires a reduction

of the radius. When longitudinal obstacles are present in the adjacent elements, a limit

of the shortenings of these elements may be required, which otherwise requires a

reduction of the radius.

Therefore, the first comparison between different types of transition curves with an S-

shaped curvature function is based on a calculation of first and second derivatives of

curvature that correspond to the lateral shifts w and shortenings of adjacent elements

ALC. The characteristic values for the transition curves, which should be as low as

possible, are the ratios between the derivatives of curvature and the lateral shift where a

lateral obstacle in the circular portion of the curve is binding, and the ratios between

these derivatives and the shortenings of adjacent elements where a turnout on an

adjacent element constitutes the binding obstacle. The total length of the transition curve

is not of prime interest.

The characteristic values are calculated at the maximum magnitudes of the derivatives.

Since these derivatives have different mathematical form and hence duration, it is of

course questionable whether the comparisons are relevant or not.7 There is a lack of

 

7 In Gubar (1990), Köhler (1981), Schramm (1975) and Weigend (1987) the comparisons between

different advanced types of superelevation ramps and transition curves are based on the same requirement

concerning the maximum magnitude of the derivative of cant. The requirement on the first derivative of
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knowledge about how the higher order derivatives of acceleration are related to

passenger discomfort (see Chapter 3). Nevertheless, it is considered more relevant to use

these characteristic figures rather than simply comparing length and lateral shift for

different types of transition curves.

In Chapter 10, the comparisons between the most interesting types of transition curves

are based on simulations of the dynamic vehicle response.

2.5.2 The Helmert curve

Helmert (1872) discussed a type of transition curve which is also known as the bi

quadratic parabola and in Germany as the Schramm curve (Schuhr 1985). According to

Schramm (1934), the advantage of the Helmert curve is the lower value of the second

derivative of cant and corresponding vertical acceleration. The first time these transition

curves were used was in 1934-1935, when more than 300 were built on the Berlin

Hamburg line (Schramm 1934, 1975). Certain curves in Sweden have been provided

with this type of transition curve.

In the Helmert curve, the curvature has the shape of two second degree parabolas such

that the curvature, k(s), and its derivative, k (s), are continuous functions.

In the first half of the Helmert curve, the curvature may8 be calculated as

2

k(s) = ko + 26?) -(k1 ko) [233]

and in the second half the curvature may be calculated as
2

k(s) = kl Q&T) (k, k0) [2.34]

In the first half of the Helmert curve, the derivative of curvature may be calculated as

 

cant in a linear ramp and a clothoid is usually higher since the second derivative of cant is infinite at the

ends of the linear superelevation ramp.

8 Formulas [2.33] [2.34] are used in the alignment and slew calculation program from the Swedish State

Railways (SJ) from 1981 and in the software in the lining machines of Banverket. The two parts of the

transition curve will have the same second derivative of curvature (but with opposite signs) and if the

transition curve coincides with a superelevation ramp, the two halves of the superelevation ramp will have

the same second derivative of cant. Also see Köhler (1978). However, in the main stream of the German

literature (Schramm 1934, 1937, 1942, 1962, Freimann 1973, Schuhr 1979, Hennecke, Muller & Werner

1993) a Helmert curve between two circles on a reverse curve has other characteristics. In order to place

the cross section where the second derivative of cant changes sign, at the same cross-section where the

cant is zero, the two parts of the superelevation ramp will have lengths proportional to the cant in the two

adjacent circles. The equations involved are more complex. If the cant in the two circles is not

proportional to curvature, the derivative of curvature will be non-continuous at the in exion point. If the

cant is zero in one of the two circles, also the derivative of cant will be non continuous at the inflexion

point. See also Köhler (1981). Another effect of the German rules is that if the cant is changed in an

existing track, this may affect the lateral position of the track. We must question whether this more

complex version of the Helmert curve has any advantages. Helmert (1872) discussed only the transition

from a straight line to a circular curve and the transition within compound curves.
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d k(s) sds =4- L t 5.(k1 k0) [2.35] 

and in the second half as

 
dk(s) _4.(Lt s)
ds U2 -(k1 kg) [2.36]

The magnitude of derivative of curvature has its maximum at the midpoint in the

Helmert curve

2
krm = E-lkl kol [2.371

Contrary to the clothoid, the Helmert curve has a finite second derivative of curvature.

In the first half of the Helmert curve, the second derivative of curvature is

d2k(s)_ 4
a s2 _Lt
 

2 '(k1 ko) [2.38]

and in the second half the second derivative is

d2k(s) 4
_________. k k 2.39

ds2 Lt2 ( 1 O) [ ]

 

With the same procedures as in Section 2.1, it can be found that the shortenings of the

adjacent elements can be expressed as

Lt
ALD : LO _ LCO ~ "_2 [2.40]

Lt
AL1=L1_LC1z ? [2.41]

and that the absolute value of lateral shift can be expressed as

Lt2
wz Elk] k0] [2.42]

With a Helmert curve, the relations between the curvatures ko and kl, the maximum

derivative of curvature k' the magnitude of second derivative of curvature k", the
max

lateral shift w and the shortenings of adjacent elements ALO and AL] are related in the

following ways:

3

wzi._____lk11 0' [2 43]
12 kr ax '

k k
ALo z ALI z Air 0 [2.44]

max
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w ,. __ [2.45]

[Cl [<0
kil

5
ALD :=: ALI :=: [2.46]

 

 

2.5.3 The Ruch curve

This type of transition curve was suggested by Ruch (1903). The purpose of the Ruch

curve was to create a smooth ride concerning lateral position of the mass centre of a

standard vehicle, rolling and yaw velocity. The transition curve consists of three parts.

The curvature in the first part has the shape of a second-degree parabola, the curvature

in the second part is a linear function and the curvature in the last part again has the

shape of a second degree parabola. In the Ruch curve, the curvature k(s) and the

derivative of curvature k '(s) for the trajectory of the nominal position of the mass centre

of a standard vehicle, are continuous functions.

Schuhr (1984) neglected the linear acceleration of the mass centre of the vehicle which

follows an angular acceleration, where the instantaneous axis of rotation is located in the

track centre line (or one of the rails). In this case, the clothoid and the Helmert curve can

be regarded as special cases of the Ruch curve. If the lengths of the first and third parts

of the Ruch curve are zero, the curve is identical to a clothoid. If the lengths of the first

and third parts are equal and the length of the second part is zero, the curve is identical

to a Helmert curve.

If we assume that the first and third parts have length Le, the intermediate part has

length Li and that

Lt 2 2 - Le + Li [2.47]

the curvature of the alignment9 can be calculated as

2
S

k(S):k0+2-Le-(Lt Le)'(k1_k0)
 [2.48]

forOgsgLe,

 

9 The equations given here correspond to the simplifications of Schuhr (1984). If the original Ruch curve

is to be calculated, the curvature in the first and third part must be adjusted with constant terms. For

standard gauge 1435 mm, these terms equal the second derivative of cant multiplied by the height of the

mass centre above the rails divided by 1500 mm. (The two correction terms will create a small reverse

curve and will reduce the necessary lateral shift.) Schuhr also assumed that the three parts of the Ruch

curve have the same length. This assumption is not used in this thesis. However, both the original and the

simplified Ruch type of transition curves are analysed in Chapter 10.
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e - (k1 ko) [2.49]

for Le 5 s 5 Lt Le, and

 

L 2

( ! S) ( 1 k0)
k ____ _ . 2.50(S) 1 2-Le'(Lt Le) [ ]

for Lt Le 5 s _<_ Lt.

If a parameter 6 is defined such as

- E [2 51]e Lt .

O<e<05 DSM

and following the same procedures as in Section 2.5.2, the relations between the

curvatures ko and kl, the maximum derivative of curvature k' the maximum
max

magnitude of the second derivative of curvature k the lateral shift W and the
max

shortenings of adjacent elements ALO and AL1 can be calculated as

 

 

 

 

 

2 3

24 ' l e kr'nax2 '

ALOzAle 1 -k1,_k0| [2.54]
2-(1 6) kmax

2
1 1 k k

vrå ( _2).(1 0) [2.55]
24 e-(l e) kr'r'lax

l

ALozAlel. 1 .krkoiz [2.56]
2 e-(l e) kgaxl
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2.5.4 The Bloss curve

This type of transition curve was suggested by Bloss (1936). The curvature of the Bloss

curve consists of a third degree polynomial. The derivative of curvature, but not the

second derivative, is a continuous function at the tangent points. The argumentation for

this type of transition curve was that the curvature function involves only one equation

(contrary to the Helmert curve) and that the function is simpler than the equation for the

cosine curve (see Section 2.5.5 below).

The Bloss curve has a curvature of the following form10

2 3

k(s)=k0+ 3-S 2 S (kl kg) [2.57]
Lt2 Lt3

With the Bloss curve, the relations between the curvatures ko and kl, the maximal

magnitudes of the first and second derivatives of curvature, kg and k the lateral

shift w and the shortenings of adjacent elements ALD and ALI are related in the

following ways:

 

  

3

9 |k1_kOl= - 2.58
W 160 kgnaxz [ ]

ALOzAle 3- 'å' kg [2.59]
4 kmax

23 k k
wz -( 1 O) [2.60]

20 kg...

l

3 (kl k0)2zALz - 2.61ALC 1 2 kg... [ ]

 

10 For reverse curves, Weigend (1987) instead suggested a procedure analogous to the more complex

procedure for Helmert curves, see Note 8.
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2.5.5 The Cosine curve

The transition curve with the curvature formed as a cosine function11 was suggested by

Vojacec (1868). It has been used in Japan and Spain and on test tracks in Germany

(Kick 1969). The curvature consists of a half-period of a cosine function. The derivative

of curvature, but not the second derivative, is a continuous function at the tangent

pomts.

The cosine curve has a curvature of the following form

72"
1 cos( - )

Lt2 (kl ko) [2.62] k(s)=k0+

For the cosine curve, the relations between the curvatures ko and kl, the maximal

magnitudes of the first and second derivatives of curvature, kg and k the lateral
x max ?

 

 

 

shift w and the shortenings of adjacent elements ALO and AL] are related in the following

ways:

3

W " 32 4 kgnag '

75 kl ko
ALOzALl z - , [2.64]

4 kmax

2 2
72' 1 k k

w == (_ ] ( 1 0 ) [2.65]
16 2 kg...

l

AL ~AL1~ [(* kop [266]
O Z' krlnax i .

 

2.5.6 The Gubår curve

Gubar (1990) suggested a transition curve analogous to the Ruch curve, but consisting

of a clothoid and two parts of a cosine curve. The background to this suggestion was the

following: According to a limit on maximum jerk, the required length of a cosine curve

may lead to such a large angle (the difference in direction between the starting point and

ending point of the transition curve) that the connected circle must have a negative

length. In order to reduce the required length of the transition curve (and hence the

angle) the middle part is formed as a clothoid and only the ends of the transition curve

 

Kick (1969) and Schramm (1975) called this type of transition curve a sine curve. The explanation may

be that Vojacec (1868) used the expression sin2( p - s/ (2 - Lt) ) instead of the expression

0.5 - (1 cos( p - s/ Lt)) which is generally used nowadays.
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have curvature functions where the second derivative is non zero. (However, it should

be noted that the Ruch curve in Section 2.5.3 also solves this problem.)

The clothoid and the cosine curve can be regarded as special cases of the Gubar curve. If

the lengths of the first and third parts of the Gubar curve are zero, the curve is identical

to a clothoid. If the lengths of the first and third parts are equal and the length of the

second part is zero, the curve is identical to a cosine curve.

If we assume that the first and third parts have lengths Le, the intermediate part has

length Li and that

Lt = 2- Le + Li ,and [2.67]

Le : e- Lt ,where [2.68]

O < e < 0.5 [2.69]

the curvature can be calculated as

  k(s) k +2- e -(l -cos( sD-(k k) [270]
_ O 71" 2-7Z' e+4-e Z-e'Lt 1 O '

for 05 SS Le,

72'.

(2 7z)-e+ E
Lt

k k 2.71
7r 2~ "e+4-e (1 O) [ ]
 k(s) = ko +

for LeSsSLt Le,and

  k(s) = k1 2 e (1 cos( -(Lt s)D-(k1 ko) [2.72]
.7Z 2-7r'e+4 e 2-e-Lt

for Lt LeSsSLt.

The relations between the curvatures ko and kl, the maximal magnitudes of the first and

second derivative of curvature, k and k the lateral shift w and the shortenings of
max max

adjacent elements ALO and AL1 are related in the following ways:

 

 

E2
wz

(7r 2-7Z~e+4 e)

3
nlyr27r438167rik1 koi

. +e' ___ +e - - +e - 2 - 7 2 [273]
24 2 4 2 7Z' 7T 7Z' 3 kmax

AL ~AL1~ [cl "W [2741DN ~2-(7z' 2-7Z-e+4~e) kmax .
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72.2

 wz -
2'6'(7Z' 2'7Z" +4- )2

(E+ (1 EL z (z ij+ 3 (8 & n)] M [275]
24824e2n67z 23k~ '

max

N
I
»

1 _(k1 ko)l
2-e-(7Z 2-7Z-e+4~e) k
 

ALOzAle '2 [2.76]

  max

2.5.7 The Watorek curve

This transition curve was suggested by Watorek (1907). The curvature function is built

up by a polynomial so that both its first and second derivatives are continuous functions

at the tangent points. The main reason for having a continuous second derivative of

curvature was to achieve a continuous second derivative of cant, which is claimed to

give a smoother lateral ride for the mass centre of the vehicle.

The curvature has the form

3 S4 SS
S

k S =k + 10- 150 +6-* - k k 2.77
( ) O [ Lt3 Lt4 LP] ( 1 O) [ ]

With the Watorek curve, the relations between the curvatures ko and k], the maximal

magnitudes of the first and second derivatives of curvature, kr ml and k" the lateral

shift w and the shortenings of adjacent elements ALD and AL] are related in the following

ways:

 

  

 

3
225 [kl kol

wz - , 2 [2.78]
3584 km

AL z 2.15.51:fo [2 79]
0 16 kgnax '

2
5 k k

wz -( 1 ,, O) [2.80]
28'x/5 kmax

l

AL zAlel_£__k1___]£Q2 [281]

O 2 75 kr ax '
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2.5.8 The sinusoidal transition curve

The sinusoidal transition curve was suggested in 1937 by Klein (Schuhr 1985, Weigend

1975). The curvature function is built up of one period of a sine function so that both its

first and second derivatives are continuous functions at the tangent points.

The sinusoidal transition curve has a curvature of the following form12

_(2-75 )
s1n -

LtS
k(s)=k0+ E 2-7: -(k1 k0) [2.82] 

For the sinusoidal transition curve, the relations between the curvatures ko and kl, the

maximal magnitudes of the first and second derivatives of curvature, k and k the
max max

lateral shift w and the shortenings of adjacent elements ALD and AL1 are related in the

following ways:

 

3

1 1j1k1_k01z ___ ._ 2.83" (6 ,,2 knä [ ]

k k
ALOzAle ;( 0 [2.84]

max

  

 

(75 1)(k1 k0)2
wz 2.85

12 2- kg;ax [ ]

1
71" k k 2

ALO zALl = - 1 ,, 9 [2.86]
2 kmax 

 

2.5.9 The Mieloszyk/Koc curve

Mieloszyk and Koc (1991) suggested a new type of transition curve, with a polynomial

curvature function such that both its first and second derivatives are continuous

functions at the tangent points. At one of the tangent points, also the third derivative is a

continuous function. The equation of the curvature function, when the transition curve

starts from a straight line, is

 

12 Weigend (1975) claimed, that in the literature, the sinusoidal transition curve in a reverse curve has not

been defined. He defined the curvature and cant functions in such a way that the second derivative of cant

changes sign where the cant is zero. He noted that these functions may lead to discontinuities in the first

derivative of curvature, but he claimed that such a small kink has no dynamic significance.
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3 4 5 6

k() k +[20 S 45 S +36 S 10 S ](k k) [287]S : . _ . . _ . . _ _

0 Lt3 Lt4 Lt5 Lt6 1 0

It is not clear which end should have the continuous third derivative of curvature when

the transition has non-zero curvature at both ends (for example on reverse curves).

Hence, the Mieloszyk/Koc curve is not analysed further in the present thesis.

2.5.10 The p-curve

Broman (1982) suggested the p-curve for road alignments. The p curve has a

polynomial curvature function such that the first derivative is a continuous function at

the tangent points. The p-curve is derived to solve alignment problems where a

transition curve is desired between two points with defined coordinates, directions and

curvatures. This problem is mathematically over-determined for conventional types of

transition curves.

The curvature function of the p-curve can be expressed as

k() k +[3 SZ 2 3] (k k )+S = . _ . . __

O Lt2 Lt3 ] 0

2 2 2 Lf 2
+p4-s -(Lt s) +p5-S (2 sj-(L s) [2.88]

It should be noted that the first two terms correspond to the Bloss curve. The third term

is needed to correct for a possible mismatch in direction and the fourth term is needed to

correct for a possible mismatch in lateral position.

It is not clear why the tangent points must coincide with the fixed points. If these two

conditions are relaxed, by allowing the transition curve to start before or at least after

the fixed points, but still requiring the alignment chain to pass through the two fixed

points, the problem may be solved with the first two terms, i.e. the Bloss curve, alone.13

Since the p-curves have two parameters (124 and 125), they may generate many different

combinations of w, ALO, kr'n,dx and kg . In fact, the term p5 may be used for eliminating

the inward shift w entirely. The p-curve is then built up by a Bloss curve with a reverse

curve superimposed. These characteristics of the p curve lead to the conclusion that the

p-curve should not be compared with other types of transition curve used in single

curves, but with those used in compound curves and reverse curves. Therefore, the p

curve is not analysed further in the present thesis.

 

13 With computer programs for automatic optimisation of alignments, a global optimum cannot be

guaranteed since the number and types of elements must be specified by the user (Hupfeld 1970). The

problem defined by Broman may be solved without the p curve if a combination of two elements is used.
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2.5.11 The tangent hyperbolic curve

Hainitz, Heindel and Presle (1993) suggested a new type of transition curve, where

curvature and all derivatives of curvature are continuous also at the tangent points.

The curvature has the following form

 k(s)=k0+å-[1+tanh (ZS 1) ]~(k1 k0) [2.89]
[4'S'(1 S)]v

The characteristics of this type of transition curve depend greatly on the parameters c

and v. It is shown that the combination c = 1.04 and v = 0.34 results in a transition curve

that appears to naked eye like a Ruch curve with short smoothing, while the

combination c = 2 and v = 0.5 appears similar to the sinusoidal transition curve. Due to

exibility in the choice of the parameters c and v, Hainitz, Haindel and Presle believe

this type of transition curve should be preferred to other types of transition curves.

Due to the lateral shift of the mass centre of a vehicle where cant is arranged,

Equation [2.89] is recommended to be applied for the trajectory of the mass centre of an

infinitely stiff vehicle (as in the case of the original Ruch curve, see Section 2.5.3).

Equation [2.89] generates long expressions when derived, and the integration of [2.89]

requires the use of numerical methods. Therefore, the relations between the curvatures

ko and kl, the maximal magnitudes of the first and second derivatives of curvature, k'

and kg , the lateral shift w and the shortenings of adjacent elements ALC and ALI are

not calculated here. However, when using certain combinations of the parameters c and

v, such as c = 0.5 and v = 1.0, the curvature function takes on a fairly unfavourable

shape, with a local minimum of k' at the middle of the transition curve.

2.5.12 Comparisons and discussion

The comparisons between different types of transition curve should be related to the

conditions of the entire alignment chain. Two basic cases occur when the lateral position

constitutes a binding restriction (at obstacles such as 01-03 in Figure 2.10) and when a

length of an adjacent element constitutes a binding restriction (at an obstacle such as 04

in Figure 2.10).

The characteristic figures that have been calculated for the different types of transition

curves are related to the first and second derivatives of curvature. These derivatives are

correlated to the lateral jerk and its first derivative in the vehicle body, even though

these relations are of a complex nature according to the non linear mass/spring/damper

system that constitutes the interaction between the track and the vehicle.

The characteristic figures are calculated at the maximum magnitudes of the derivatives.

Since these derivatives are of different mathematical form and hence duration, it may of

course be questioned whether the comparisons are relevant or not. There is a lack of

knowledge about how the higher order derivatives of acceleration are related to

passenger discomfort (see Chapter 3).
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Nevertheless, it is considered more relevant to use these characteristic figures rather

than simply comparing length and lateral shift for different types of transition curve.
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Figure 2.14 Characteristic figures for transition curves when curve length is a

binding restriction: The magnitude of shortening of adjacent

elements as a function of the first and second derivatives of

curvature respectively.

In Figure 2.14, concerning curves where the lengths are binding, the low values are

favourable since this means that a certain level of the derivatives may be reached at a

smaller shortening of the adjacent elements. (The data that are plotted come from

Equations 2.44 and 2.46 for the Helmert curve, Equations 2.54 and 2.56 for the Ruch

curves, etc.)

The following conclusions may be drawn, if only the magnitudes of the derivatives are

important (and not the associated durations):

If the limit for the first derivative is critical, the Bloss curve is superior to the cosine

curve (since the shortening AL is smaller when expressed in the ratio Ak/k in ). If the

limit for the second derivative is critical, the cosine curve is superior to the Bloss curve.

The Watorek curve is superior to the sinusoidal transition curve regarding the first and

second derivatives (but is not in the case of the third derivative, see Kufver (1997a)).
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More important; there always exists a (simplified) Rach curve which has better

characteristics than the other types of transition curve regarding the first and second

derivatives. (The Helmert curve may be regarded as a Ruch curve with the relative

length of a smoothed end e = 0.5 and the clothoid may be regarded as a Ruch curve with

e = O. The clothoid is not presented in Figures 2.14 and 2.15 since the second derivative
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Figure 2.15 Characteristic figures for transition curves when lateral position is a

binding restriction: The lateral shift as a function of the first and

second derivatives of curvature respectively.

The same type of relations as in Figure 2.14 are shown in Figure 2.15, but for curves

where the lateral shift w is binding. (The data that are plotted come from Equations 2.43

and 2.45 for the Helmert curve, Equations 2.53 and 2.55 for the Ruch curves, etc.) Also

in these cases, there always exists a Ruch curve that has better characteristics than the

other types of transition curve regarding the first and second derivatives.

From Figures 2.14 and 2.15, it may be concluded that, regarding the magnitudes of the

first and second derivatives of curvature, the best transition curve is the Ruch curve

where the e value is chosen individually for each curve. From the practical point of

View, the best choice would be to regard the ending parts Le as individual elements

rather than a part of the entire transition curve Lt. This would considerably simplify the

 

14 However, it may be noted that the conclusion of lngwersen & Rickert (1990), that the jerk in a cosine

curve is only 40% of the jerk in a clothoid, does not seem to hold. According to Equations [2.24] [2.25]

and [2.63] [2.64], the jerk in a cosine curve could be expected to be 18-57% higher than the jerk in a

clothoid, depending on the positions of the binding obstacles.
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calculation and documentation of diverging tracks behind turnouts placed in such

elements. (The use of other types of transition curve would require definitions of special

elements where the first derivative is non zero at the tangent point, when turnout heels

are placed in the transition curve and when standard spacings are desired between the

long sleepers.)

With this in mind, the Rach type of transition carve was selected for the dynamic

evaluations presented in Chapter 10.
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3. Evaluation of passenger comfort

3.1 Principal methods of comfort rating

The type of comfort discussed in this study is a subset of the total ride quality. Here, the

focus is on the undesired motions of the vehicle oor which are created when a coach

runs on curves.

The motions of the vehicle oor are of a complex nature and are usually characterised

by different physical quantities such as amplitudes, directions, frequencies and durations

of translational or angular accelerations (Kufver l997b). The motions may also be

characterised by the amplitudes of the displacement, the velocity or the jerk, instead of

amplitude of the acceleration. However, it must be recognised that such descriptions

must contain a large amount of data to describe the motion in full. A description with

only a few physical quantities neglects many aspects of the motion.

Figure 3.1 indicates some, but not all, of the relations between characteristics of the

track geometry and physical quantities of vehicle motions. In order to evaluate different

alternatives in the track geometry (according to ride comfort), there are obviously many

physical quantities that must be considered and it is necessary to know how railway

passengers experience the discomfort caused by different magnitudes of the physical

quantities. The ratings should cover all the relevant ranges of the various physical

quantities.

It should also be noted that many physical quantities in uence the ride simultaneously,

such as relatively high frequency vibrations (caused by track irregularities), roll velocity

(caused by a superelevation ramp), and low frequency lateral jerk (caused by the

superelevation ramp and a corresponding transition curve). When passengers perceive

the comfort to be low, this may not have a single cause in many situations.

The left side of Figure 3.1 includes characteristics of the track geometry which are

associated with the design geometry. However, the track irregularities describe the

difference between the actual position of the track and the design geometry. When

comparing different track geometry alternatives, it is interesting to evaluate whether a

change in the designed track geometry results in a significant change in ride comfort, if

different relevant levels of track irregularities are superimposed on the geometry

alternatives.

Therefore, the best solution would be to have an overall comfort function, which

indicates the passenger ride comfort with regard to all the relevant physical quantities.
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Figure 3.1 Some relations between characteristics in the track geometry and

certain physical quantities of vehicle motions.

In a world of perfect knowledge, there would exist a comfort function expressed in

monetary unitsu With such a comfort function, units of the physical quantities would be

associated with costs and it would be possible to predict whether a curve re alignment

(with a larger curve radius and hence lower lateral acceleration) could be justified when
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the present value of comfort costs and construction costs are considered. It would also

be possible to calculate whether a change in train speed is profitable, when time costs,

comfort costs and other costs are included in the analysis.

This monetary approach to comfort rating seems to be very rare, but has been used by

Mak al a and Lampinen (1985) for monetary assessment of ride comfort in road vehicles.

If a monetary assessment of different vehicle motions is not available, a second best

solution might consist of an overall comfort function expressed in non monetary units.

With such a comfort function, equally costly track geometry alternatives could be

evaluated. However, contrary to the monetary comfort function, it is not possible to

judge whether a higher construction cost for a better track geometry can be justified

economically to improve passenger comfort.

A comfort function in non monetary units may be estimated in the following ways

(Griffin 1990): In absolute methods (also called scaling methods), the test subjects

indicate on graded scales the perceived discomfort when they are exposed to different

levels of the physical quantities. Such methods may be used in laboratory studies as well

as field studies. In relative methods, the test subjects in laboratories, in order to achieve

the same level of comfort, regulate the level of one of the physical quantities when they

are exposed to different levels of another physical quantity. In this way, equivalent

comfort contours may be estimated. Comfort assessments with the absolute method may

include large uncertainties if the ends of the scale (comfortable, uncomfortable) are not

further defined (Alm 1989).

A special case of the absolute method is the pushbutton method, which has been used in

various field tests in railway vehicles, see ASEA and SJ (1979), Harborough (1986a),

Forstberg (1993) and Wichser & Boesch (1993). In the British Rail HST and APT tests,

the test subjects were instructed to press the button when the perceived ride comfort was

rated uncomfortable or very uncomfortable on a scale with the levels very comfortable,

comfortable, acceptable, uncomfortable and very uncomfortable (Chapell 1984).

It should be noted that with the use of semantic labels such as uncomfortable at the

ends as well as in the middle of the scale, some information is lost. Even though the test

subjects may have the same opinion about the comfort rating on a graded scale, they

may have different opinions about where on the scale to put the semantic labels.

According to Griffin (1990), the use of semantic labels introduces extra large inter

subject variability and he compared the use of such labels with a situation where test

subjects were asked whether a string is long .

The main difference between an ordinary non-monetary comfort rating and the

pushbutton rating is that the latter defines only two15 alternatives (to press the button or

not). ORE (1987) has concluded that the results from graded ratings and from

pushbutton ratings are different. Graded ratings give a better resolution, and

comparisons between the two methods are regarded as possible only if large comfort

disturbances are frequent and if the threshold level for pressing the button is well

defined.

 

15 . .
In some comfort tests m Sweden, there were three alternatives.

41



Here, another important difference between the two methods is illustrated with an

example:

Assume the non-monetary comfort rating of the physical quantities qa and ql, is studied.

There are three test subjects and they perceive and rate comfort the same way, according

to the comfort function

discomfort = qa + 2 - qb [3.1]

 

 

     qa  
 

Figure 3.2 Equivalent comfort curves in the qa-qb plane.

If these three test subjects are exposed to different combinations of the quantities qa and

qb, they will make such graded ratings in an ordinary non monetary comfort rating that a

subsequent multiple regression analysis will result in the comfort function [3.1].

Assume the test subjects are to rate the combinations with pushbutton technique and that

the threshold level for pressing the button, according to inter subject variability, is the

discomfort level 6, 7 and 8 respectively, for the three test subjects in question. The

relative frequencies for pressing the buttons will be as in Figure 3.3.
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Figure 3.3 Relative frequencies for button pressings in the qa-qb plane.

If all integer combinations of the quantities qa and qb in the intervals 1 5 qa 5 5 and

1 5 ql, _<_ 5 are used in a test series, a multiple regression analysis will give the following

result:

Relativefrequency = 0.36 - qa + 0.6 - q], 0.72 [3.2]

Formula [3.2] indicates that the quantity qb is not twice as uncomfortable as the quantity

Ga, but 1.67 times more uncomfortable. Such a difference exists since the instrument

does not distinguish between different comfort levels in the upper right corner and the

lower left.

3.2 Some general relations between Vibrations and discomfort

A general model for calculating a total rating of the perceived discomfort has been

suggested by Parsons and Griffin (1983). The suggested procedures are the following:

Firstly, the accelerations in each axis (three translations and three rotations) are

frequency weighted. Secondly, for each axis the accelerations are integrated over time.

Thirdly, the effects of the six vibration axes are combined. If there are several contact

points, and if they vibrate differently, the effects of these vibrating input positions are

combined. Finally, the duration is taken into account. This general model is consistent

with BS 6841 (1987) except that the standard did not suggest that the effects of

translational and rotational accelerations are combined and that the effects of different

vibrating input positions are also combined. The general model does not consider the

phase between accelerations of different frequencies and accelerations in different

directions.
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The frequency weighting of lateral accelerations is important in order to demonstrate

certain consequences of this general model (which will discussed in Section 3.4).

At frequencies below 1 2 Hz, the human body reacts like a rigid body and the forces on

the body are proportional to the acceleration amplitude. Griffin (1990) took this as an

implication that at low frequencies discomfort is proportional to acceleration amplitude.

At higher frequencies, humans are assumed to be less sensitive since the body provides

an attenuation of the vibrations.

BS 6841 (1987) presented frequency weighting factors for translational and rotational

accelerations. For lateral translations, these weights are constant in the frequency range

05-20 Hz. Above 2.0 Hz, the weights are generally smaller, which indicates that

perceived discomfort is lower for a vibration with the same acceleration amplitude but

with a higher frequency. The way in which the values of the weights vary at higher

frequencies indicates that perceived discomfort was assumed to be proportional to

amplitude in velocity.

The frequency weighting factors in ISO 2631 1 (1997) have generally the same

characteristics as those in BS 6841 (1987). (There are slightly different values for the

weights for vertical accelerations and the numerical values for the weights are not

presented separately, but multiplied by the numerical factors for the band pass filters.)

Examples of weighting filters (with and without band pass filters) are shown in

Appendix 3.

Both BS 6841 (1987) and ISO 2631-1 (1997) stated that the standards incorporate

experience and research results. However, it is possible to find contradictory results.

Yonekawa and Miwa (1972) have presented equivalent comfort curves where

magnitude of horizontal acceleration is related to frequency in the power of 0.8 (in the

frequency range 0.05-1.0Hz). This indicates that perceived comfort is related to

magnitude in velocity rather than acceleration.

Payne, Brinkley and Sandover (1994) argued, like Griffin (1990), that discomfort is

proportional to forces. With this assumption, they used a mass/spring/damper model (a

DRI model) to show that perceived discomfort of shocks is independent of frequency in

the range 0.2 2 Hz. They also stated that rate of onset (jerk) is not considered by

serious workers in the field (Payne, Brinkley and Sandover 1994).

44



3.3 Comfort tests in railway vehicles

Comfort tests with passengers in railway vehicles have been reported from Japan

(Urabe, Koyama & Iwase 1966, Koyanagi 1985), the USA (Jacobson, Richards, and

Kuhlthau 1978, Pepler et al. 1978, Richards et al. 1978, Jacobson, Richards and

Kuhlthau 1980, and Richards, Jacobson and Pepler 1980), Great Britain (Loach and

Maycock 1952, Chapell 1984, Pollard 1984, Harborough 1984, 1986a, 1986b), Sweden

(ASEA & SJ 1979, Johansson 1991, Forstberg 1993, Forstberg 1994), France (ORE

1987), Poland (ORE 1987, ERRI 1997) and Italy (ERRI 1997).

Urabe, Koyama & lwase (1966) reported an analysis of variance which, however, cannot

be used in a research project concerning optimisation of the alignment. An analysis of

variance does not give the necessary partial derivatives which show the relative

importance of each independent physical quantity in regard to perceived discomfort.

ASEA & SJ (1979), Forstberg (1993) and Forstberg (1994) conducted only one

dimensional analyses. Again, there were no partial derivatives to report.

Some of the tests reported by ORE (1987) did not consider the frequency range 0 1 Hz.

Hence, these tests are not useful when evaluating comfort on horizontal curves. Certain

other tests in France were evaluated with multiple regression analysis, but the low

frequency accelerations were not correlated with general comfort or vibration comfort.

In Polish tests, lateral peak acceleration and lateral steady state acceleration were

correlated with perceived discomfort, but lateral jerk was not. Some of the conclusions

of ORE (1987) were: It is necessary to use more exact definitions of discomfort, and the

effect of low frequency lateral acceleration on the aggregate ride comfort for longer

periods must be studied further.

Koyanagi (1985) described comfort tests with tilting trains 1983. Comfort statements

good respectively not good were plotted in a roll velocity - roll acceleration plane.

When the roll velocity was lower than 5 degrees/second (approximately 0.1 rad/second)

and the roll acceleration was lower than 15 degrees/s2 (approximately 0.3 rad/S2) there

were no statements of not good from the test subjects. It was reported that the shape of

the roll velocity signal on a transition curve ought to be sinusoidal. However, the

simultaneously acting lateral jerk and lateral acceleration were not reported.

In the American tests (Jacobson, Richards, and Kuhlthau 1978, Pepler et al. 1978,

Richards et al. 1978, Jacobson, Richards and Kuhlthau 1980, and Richards, Jacobson

and Pepler 1980) as well as the test reported by Johansson (1991) and ERRI (1997),

there were strong correlations between certain physical quantities. Hence, there were no

(or very uncertain) partial derivatives to report. From the American tests, one of the

conclusions was that studies where these cross-correlations are broken down or altered

are needed for future vehicle design.

Early British comfort tests where the relative importance of cant deficiency, rate of cant

deficiency and rate of cant were investigated have been reported by Loach and Maycock

(1952).
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The British HST and APT tests have been reported by Chapell (1984), Harborough

(1984, 1986a, 1986b) and Pollard (1984). The HST and APT tests in 1983-1984 were

conducted with pushbutton technique, where the test subjects were instructed to press

the button if any aspects of the lateral ride were considered uncomfortable or very

uncomfortable on a scale (which also contained the levels acceptable , comfortable

and very comfortable ).

It was found that the comfort disturbances appeared in entry transitions and in reverse

transitions. Transition curves where lateral acceleration decreased, i.e. run off

transitions, did not lead to any significant comfort disturbances, unless they also

included large track irregularities. An explanation for this result may be that on circular

curves, passengers expect the curve and hence the lateral acceleration soon to end.

When this happens, it does not come as a surprise to the passengers. On a straight track,

similar expectations (approaching a transition curve) do not exist and the direction of

the next lateral jerk is unknown. This explanation is supported by the observation that

passengers seem to be more disturbed when a circular curve is followed by another

circular curve with higher lateral acceleration. In these cases, the passengers had the

wrong expectation concerning the direction of the jerk on the intermediate transition

curve. Unfortunately, there were few examples of such compound curves, so British

Rail was unable to analyse these observations further.

By statistical analysis, it was found that the percentage of disturbed passengers among

standing passengers can be expressed as:

PCT = max(28.54-y+20.69-y' 11.1,O)+O.185~(19)2'283 [3.3]

where y = maximum absolute value of lateral acceleration of vehicle bodylö,

in the time interval between the beginning of the transition and

the end + 1.6 s, expressed in m/sz.

y = maximum absolute value of lateral jerk of vehicle body , in the
time interval between 1 s before the beginning of the transition and

the end, expressed in m/s3

29 : maximum absolute value of roll velocity of vehicle body16, in the

time interval between the beginning and the end of the transition,

expressed in degrees per second

and among seated passengers:

PCT = max(8.97- y +968 - 'y 5.9,0) +0.120-(z51)1-626 [3.4]

The formulas are valid for entry transitions and reverse transitions, but not for run off

transitions.

 

16 The signal must be low pass filtered, see Appendix 5.
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by the author.

The results from the HST and APT tests also include comfort functions (PDE) which

consider lateral peak-to peak accelerations and lateral steady state accelerations caused

by track irregularities on circular curves. The PCT and PDE functions have been accepted

by CEN (l999a) as non-mandatory evaluation functions.

CEN (l999a) recommends the use of PCT in transition curves, without specifying

whether clothoids or all types of transition curves may be evaluated. However, the

original tests on BR were only conducted on the linear type of superelevation ramp and

clothoid type of transition curve. Hence, it is not proved whether or not Formulas [3.3]

and [3.4] are valid on S shaped ramps and the corresponding types of transition curve.
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3.4 Motion sickness

Even though motion sickness is a rare phenomenon in railway traffic, it has been

reported from Great Britain, Italy and Japan that tilting trains sometimes cause motion

sickness (ORE 1985). Motion sickness is probably not correlated to a single curve but is

rather an accumulated effect from several curves. According to ORE, JNR believed the

problems to be associated with short transition curves. Problems with motion sickness

in tilting trains have also been reported from Sweden (Forstberg & Ledin 1996) and

Switzerland (Hughes 1997), and with the French experimental tilting TGV (Cle on et al.

1999).

The cause of motion sickness is not fully understood (Lawther and Griffin 1987).

Lawther and Griffin (1986, 1987), the British Standards Institution 6841 (1987), and

ISO 2631 1 (1997) suggested the use of a motion dose value, MSDVZ, which is the root

of the time integrated, squared, filtered vertical acceleration. This motion dose is

primary applicable to motion in ships. BS 6841 (1987) strongly recommended that

motions in all axes be measured and fully reported, even though no guidance was given

for the evaluation of motions in the horizontal directions. ISO 2631-1 (1997) implicitly

suggested the same, since they recommended that the directions of motions be reported.

Ueno et al. (1986) pointed out that tilting trains have higher lateral accelerations in the

frequency range 05 10 Hz and suggested that this is the cause of motion sickness.

Koyanagi (1985) suggested the time lag between entering a transition curve and tilting

action to be a cause of discomfort and physical fatigue. After comfort tests with

different types of controlled tilting, he also suggested the limits 5 degrees/s for roll

velocity and 15 degrees/s2 for roll acceleration (both quantities measured from the

horizontal plane). These limits have been slightly changed to 0.1 rad/s for roll velocity

and 0.3 rad/s2 for roll acceleration, and since then the problems with motion sickness

have decreased, but are not totally eliminated (Ohno 1996).

 

T

Various researchers believe that motion doses (dose=i\/ Imotion(t)i -dt , where i is a

0

constant and T is evaluation time) rather than individual peak values are a cause of

motion sickness. When evaluation T time is fixed, r.m.s. values are proportional to

doses (i = 2) and may be used as an indication for tendencies to motion sickness, at least

in single curves. (According to Lawther and Griffin (1986), also i: 4 may be

considered.) For longer alignments (long evaluation time), a net dose model that takes

leakage into account has been proposed (Kufver & Förstberg 1999, Förstberg 2000):

T

dose = jmotionO) - econst U T) dt [3.5]
0

Another aspect that requires careful investigation is the in uence of the frequencies. In

ISO (1997), there is a band-limiting (008-063 Hz) and weighting filter called Wf, to be

applied to vertical accelerations. A similar but simplified band pass filter has been used

(also for lateral and roll accelerations) by Forstberg (2000) in studies on motion sickness

in a tilting train and in a vehicle simulator in a joint KTH/VTI project. In the well
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controlled simulator experiments, the correlation between accelerations with different

frequencies was strong. In the train tests, which were less well controlled, band-pass

filters with other intervals (0.04-0.5 Hz, 03 05 Hz) result in a slightly lower correlation

between motion doses and symptoms of motion sickness incidence. Hence, these

simulator and train experiments cannot prove which frequency weighting is the most

relevant.

Since the KTH/VTI project on motion sickness was performed parallel to the present

study, aspects on motion sickness have not been the focus here. In an applied study

carried out during 1998 for the Norwegian National Rail Administration

(Jernbaneverket), see Chapter 12, roll velocities were evaluated and compared to the

Japanese limit of 5 degrees/second. In the evaluation of S-shaped ramps performed

during 1999, low pass filtered roll velocities and band-pass filtered roll accelerations

were calculated (Chapter 10).

3.5 Discussion on passenger comfort

It is clear that we are far from the world of perfect knowledge where discomfort costs

may be added into a total cost function and where the optimal alignment can be derived

from minimisation of that function of total cost. At best, it is possible to extract the most

relevant relations between physical quantities and perceived discomfort, in order to

minimise discomfort when comparing different but equally costly alignment

alternatives. It would also be possible, in individual cases, to quantify the relation

between the construction cost for an alignment and the lowest possible associated level

of passenger discomfort.

The most complete comfort assessment is the general model of Parsons and Griffin. In

principle, the model makes it possible to consider motions generated by the track

geometry as well as track irregularities, motions in different directions, impulsive

motions (generated by singular misalignments) and motion patterns of different duration

(shorter or longer journeys). However, there is a crucial lack of knowledge about the

discomfort caused by accelerations of very low frequencies (lower than 0.5 Hz).

Griffin (1990) stated that there are indications that perceived discomfort is proportional

to acceleration, although data presented by Yonekawa and Miwa (1972) indicate that

equivalent comfort curves (plotted in an acceleration-frequency plane), in the frequency

range of 0.05 1.0Hz, are functions where acceleration depends on frequency in the

power of approximately 0.8.

50



 

 

 

L
a
t
e
r
a
l
a
c
c
e
l
e
r
a
t
i
o
n

   
Time (seconds )

 

    
 

C

.9

"5
Q
(D
O
O
(U

5
CD

"E%
_|

O 2 4 6 8 10 12 14 16

Time (seconds )

Figure 3.6 Lateral accelerations in two alignment alternatives.

The use of the general model of Parsons and Griffin may be illustrated with two

alternative alignments, which generate the lateral acceleration in Figure 3.6. In the upper

alternative, the lateral acceleration is zero for two seconds, linearly increasing for four

seconds, constant at 1 m/s2 for four seconds, linearly decreasing for four seconds and

finally zero for two seconds. In the lower alternative, the time scale is changed. In order

to obtain the same duration for each level of acceleration, the time history is repeated.

Therefore, also the total duration is the same for the two alternatives. (It should be noted

that the two curve alternatives generate the same change of direction and hence may be

substitutes with the same position of the adjacent straight lines.)

Without a frequency weighting, the two acceleration patterns would be regarded as

equally comfortable. With ISO or BS frequency weighting (see Section 3.2 and

Appendix 3) for frequencies above 0.5 Hz, and assuming constant weights for

frequencies below 0.5 Hz , the passengers are assumed to be less sensitive to higher

frequencies. Therefore, as a result of the frequency weightings, the first (low frequency)

alternative would be regarded as slightly more uncomfortable than the second

alternative. However, the first alternative has the same level of lateral acceleration and a

lower lateral jerk than the second. The first alternative ought to be regarded as better and

calculations of PCT values for the two alternatives indicate that the first alternative is

more comfortable.

 

17 This discussion makes a distinction between the frequency weightings and the band pass filters, see

BS 6841 (1987). In many other documents, this distinction is lost.
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Even though the general model of Parsons and Griffin considers many aspects of the

accelerations, it does not appear to give reasonable results at very low frequencies,

which are caused by the alignment. If the frequency weightings are modified according

to the equivalent comfort curves of Yonekawa and Miwa (1972), the results from the

general model will favour high frequency motions even more. To obtain consistency

between the general model and the PCT evaluation, it would be necessary to have

equivalent comfort curves where acceleration is a function of frequency in the power of

a negative value (at least at very low frequencies).

In the general model of Parsons and Griffin, as well as in the comfort evaluations of

BS 6841 (1987) and ISO 2631-1 (1997), it does not matter whether a time history of

lateral acceleration is run forwards or backwards (Figure 3.7), since the phase

information is disregarded. However, the results from the British Rail comfort tests in

1983 1984 showed that passengers were not disturbed when the absolute value of a

lateral acceleration decreased. Comfort disturbances occurred only when the absolute

value of the acceleration increased. Hence, PCT should only be calculated for such

transition curves where the absolute value of the lateral acceleration increases, and in

this way the two alternatives in Figure 3.7 below will be rated differently.

 

 

 

  
 

 

 

  
   
 

C

.9

5
(D

_03
O
O
(U

&
CU
__|

At1 * At2 ' At3
Time

C

.9

E
g
(D
O
O
(U

(D

To
_|

Ate, At2 ' At1
Time
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general model ofParsons and Griffin but with different PCT values.
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Vogel (1936) had drawn similar conclusions concerning expected and unexpected jerks

respectively, and Loach and Maycock (1952) noted that test subjects were less disturbed

by rate of loss of cant deficiency than by rate or gain of cant deficiency.

The results from the British Rail comfort tests in 1983-1984 include certain relations of

great importance, even though they are based on the pushbutton technique. The

magnitudes of lateral acceleration, lateral jerk and roll velocity, which are dependent on

the curve radius, transition length and gradient in the superelevation ramp (as well as

vehicle speed and roll coefficient), are taken into account in the PCT value. However, it

must also be noted that certain other quantities, which ought to affect the evaluation of

railway alignments, are not included in PCT.

One quantity which is not included in PCT, but which may be important, is the duration

of the lateral acceleration since it is related to the lengths of the circular curves. In the

general model of Parsons and Griffin, as well as in the comfort evaluations of BS 6841

(1987) and ISO 2631 1 (1997), this is principally taken into consideration through the

frequency weightings. However, few studies, if any, concerned frequencies so low that

they are relevant for evaluations of railway alignments.

The duration of the journey is not taken into account in the PCT value, while there are

time dependences in ISO 2631 1 (1997) and in the general model of Parsons and Griffin

(1983). However, when evaluating single curves, the duration of the journey will be

equal for all alignment alternatives.

The main conclusion in this chapter is that only the PCT functions offer an integrated

evaluation of lateral acceleration, lateral jerk and roll velocities. They do not provide a

monetary assessment of passenger comfort, but may be used to compare equally costly

alignment alternatives. Hence, evaluation of passenger comfort in this study was

performed with PCT functions.
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4. Evaluation of track/vehicle interaction

4.1 General considerations

In this study, the focus is on the evaluation of alignments. However, it has been

concluded that, whenever possible, the same variables and limits should be used in

evaluation of alignments as in the evaluation of different vehicles (Kufver l997e).

Recently, CEN TC 256 WG 10 (1999b) and UIC 518 OR (1999) have been working on

standardisation of evaluations, tests and approvals of railway vehicles. In this study,

their procedures have been used whenever possible and relevant. The variables, such as

wheel/rail forces, have been used in definitions of boundary conditions.

One major difference between the evaluation of vehicles and the evaluation of

alignments is that the evaluation of vehicles is normally performed under stationary

conditions regarding track geometry (straight lines or circular curves, with an essentially

constant level of track irregularities) while the evaluation of alignments most often

concerns changes of radii, with or without transition curves.

It should also be noted that comparisons between different alignment alternatives must

usually be made through simulations of vehicle response, rather than full scale testing

(see Section 1.4).

4.2 Analysis of non-stationary situations

In CEN (1999b) and in UIC (1999) it is stated that the tests should be made in the

following three areas; straight lines, curves with large radius (R > 600 m) and curves

with small radius (250 m 5 R g 600 m). Each area should be tested in a minimum of 25

50 test sections, each with a length of at least 70 m. For vehicle operating speed limits

(th) above 220 km/h, the minimum length of a test section is 500 m.

Transition curves and circular curves should be evaluated separately. CEN (1999b)

explicitly also stated that maintenance status must remain the same over the entire

length of a test section. UIC (1999) also recommended that tests should be made on

turnouts (turnout route) at maximum permissible speed.

The statistical analysis prescribed is mostly related to stationary conditions. In the

presented time histories, with one exception each in CEN (1999b) and UIC (1999), the

measured variables are randomly distributed around a constant value (constant Y force,

constant Q force etc.). On transition curves and crossovers, such constant values do not

exist. UIC (1999) stated that median values should be used on circular curves only.

Both CEN (1999b) and UIC (1999) avoided using minimum and maximum values since

these may include anomalies. (Such anomalies may occur both in full scale testing and

in simulations). They stated that normally the centiles corresponding to the statistical

quantities for frequencies F 1 = 0.15% (when the measured variable has a negative sign)

and FZ = 99.85% of the distribution function, should be evaluated. In some cases, the

median (F0 = 50%) should be evaluated.
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When comparing different alignments, the most interesting parts of the track are where

the curvature is not constant. In these cases (for example on crossovers) the median

value is not relevant.

The requirement on section lengths in CEN (l999b) and UIC (1999) cannot always be

fulfilled when evaluating transition curves and turnouts. Either the test sections must

contain combinations of several alignment elements (tangent tracks, transition curves

and circular curves) or much shorter section lengths must be used. In the present study,

the test sections are formed by combinations of alignment elements.

It should also be noted that the 99.85 percentile may systematically disregard the most

interesting section of the track. For a 500 m long curve combination, use of the 99.85

percentile means that data from the worst 0.75 m are neglected. Therefore, in order to

avoid biased results, all compared alignment alternatives have the same evaluation

length in the present study.

4.3 Test speed

According to CEN (1999b) and UIC (1999), the actual test speed on large radius curves

must be in the range from the vehicle operating speed limit (th) to 110% of Vlim, with a

tolerance of i5 km/h. In tests and approvals, the cant deficiency must be in the range

75% to 110% of permissible cant deficiency Iadm, with a tolerance of i5% of [adm.

In full scale testing, the actual train speed may be difficult to control. In simulations, it is

not difficult to control the speed of the train. It should be sufficient to calculate the

vehicle response at the target speed. The target speed should be the lower of 110% of

permissible speed and the speed which corresponds to 1 10% of permissible cant

deficiency, in order to correspond to the evaluation according to CEN (1999b) and UIC

(1999), regarding track fatigue and safety. However, the evaluation of passenger comfort

(see Chapter 3) may be more adequate at a target speed related to 100% of permissible

speed and 100% of permissible cant deficiency respectively, as this speed is more

commonly used on a typical journey.

In certain studies, it may be relevant to compare alignments with different radii (see

Chapter 2). In such studies, it may be reasonable to use the same test speed in all

alternatives and hence a different cant deficiency.

4.4 Criteria concerning track fatigue and safety

The evaluation variables below vary with designed track geometry and track

irregularities (as well as actual test speed and wheel/rail friction). Hence, in full scale

testing of vehicles, several tests must be conducted. From each test, the evaluation

variables are quantified and used in a subsequent statistical analysis, see CEN (1999b),

Kufver (1997e) and UIC (1999).
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4.4.1 Vertical wheel forces

The vertical wheel forces must be low pass filtered with a 3 dB cut-off frequency of

20 Hz (CEN 1999b) or at least 20 Hz (UIC 1999). The gradient of the filter must be at

least 24 dB/octave. (An earlier draft from CEN TC 256 WG10 (1995) recommended a

3 dB cut off frequency of 30 Hz.)

From the time history of the filtered forces, the 99.85 percentile must be chosen to

represent the maximum vertical wheel force.

CEN (1999b) and UIC (1999) applied limits (Qnm) depending on the vehicle operating

speed limit (th):

vlim 5 160 km/h Qum = 200 kN
160 km/h < vlim 5 200 km/h Qlim = 190 kN
200 km/h < vlim 5 250 km/h Qnm = 180 kN
250 km/h < vlim 5 300 km/h Qnm = 170 kN
Vlim > 300 km/h Qlim = 160 kN

In Sweden, the corresponding signals are low-pass filtered with a 90 Hz 3 dB cut off

frequency.

Since changes in alignment would generate almost no changes within the frequency

range 30 90 Hz, and since the international limits then would no longer be relevant, it

was decided at the start of the present study to use mainly a 30 Hz low-pass filter and to

apply the limits above.

4.4.2 Guiding forces

According to CEN (1999b) and UIC (1999), this criterion must be used when the radius

is in the range 250 m gR 5 600 m and the same filtering must be applied as for the

maximum vertical wheel forces, see Section 4.4.1.

The median value of the filtered signal must be compared with a limit for the quasi-

static guiding forces. The limit is 60 kN and is based on 46 kg/metre rails with a

strength of 700 N/mmz.

The use of median values is regarded as relevant only when elements with constant

curvature are being evaluated. UIC (1999) explicitly states that transition curves must be

excluded from the evaluation of guiding forces.

With respect to the large radii and to the focus on transition curves in the present study,

guiding forces are not evaluated.
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4.4.3 Track shift forces

CEN (1999b) and UIC (1999) stated that the same filtering must be performed as for the

maximum vertical wheel forces, see Section 4.4.1. After the low-pass filtering, a sliding

mean should be calculated over 2 metres. This sliding mean should be calculated at

0.5 metre intervals.

The 0.15 and 99.85 percentiles of the filtered signal must be compared with a limit of

K4 - (10 + 2 - Q0 / 3) kN, where 2 - Q0 is the static vertical axle load and K4 is

normally 1.0, except for freight wagons for which K4 is 0.85. The limit is based on

46 kg/metre rails in ballasted track with a maximum sleeper spacing of 650 mm.

4.4.4 Climbing ratios

CEN (1999b) and UIC (1999) stated that this criterion should be used on curved track

with radius R _>_ 250 m.

CEN TC 256 WG 10 and UIC 518 OR stated that the same filtering should be

performed as for the maximum vertical wheel forces, see Section 4.4.1. After the low-

pass filtering, a sliding mean should be calculated over 2 metres as for track shift forces,

see Section 4.4.3.

The 0.15 and 99.85 percentiles of the filtered signal must be compared with a limit,

which is normally 0.8 (and, according to CEN TC 256 WG 10, in some cases 1.2).

4.5 Conditions during test and simulation

Some conditions during the tests need to be mentioned. Both CEN (1999b) and UIC

(1999) stated that vehicle tests should be conducted either with theoretical wheel

profiles or wheel profiles naturally worn through service. The on-track tests should

mainly be carried out on dry rails as this is anticipated usually to give the worst case.

When studying the track/vehicle interaction by simulation, a friction coefficient must be

specified in the input. It has been concluded that in this project, concerning optimisation

of the alignment, a relatively unfavourable value of friction should be used. If the

track/vehicle interaction is sufficient under unfavourable conditions, it will also be

sufficient under more favourable conditions. With this in mind, a friction coefficient of

0.4 is regarded as suitable for the analysis. A friction coefficient of 0.4 was also

suggested by ORE B176 (1989a, 1989b) for the evaluation of different bogies and is the

minimum value used in safety assessment tests in North America (AAR 1993).

According to CEN (1999b) and UIC (1999), the test tracks must correspond to the

planned area of operation with regard to track superstructure, rail inclination,

maintenance status etc. Vehicles intended for international traffic should be tested on

rail inclinations of both 1:20 and 1:40.

For evaluation of alignment alternatives within Sweden, it will be sufficient to use the

Swedish rail inclination of 1:30.
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According to CEN (1999b) and UIC (1999), vehicles must be tested both loaded and

unloaded. Non powered test vehicles should be placed with loose couplings at or

towards the end of the test train.

4.6 Discussion of the evaluation procedures

The aim of this chapter is to define variables that could be used for evaluation of vehicle

response caused by the alignment (consisting of combinations of track elements such as

circular curves and different types of transition curve). According to the discussions in

Section 4.2, median values are not always useful, since it is not clear what they

represent.

In order to avoid anomalies in the variables studied, it is recommended that the 0.15

and 99.85 percentiles be used. Since this means that the worst sections are

systematically disregarded, it is recommended that the same evaluation length be used

when comparing different alignment alternatives. UIC (1999) stated that on curves, the

centiles (for Q forces) should be calculated from a total of measured data from all

external wheels. If the load on some wheels is significantly lower than on other wheels,

this might lead to an exclusion of more than 0.15% of the values of the most relevant

wheels. Hence, the different wheels (or wheelsets in the analysis of the track shift

forces) are analysed separately in this study.

In the procedures suggested by CEN (1999b) and UIC (1999), test sections where the

train passes at different cant deficiency may be analysed with linear regression. In this

study, the evaluation of track/vehicle interaction will be made by means of simulation

(rather than full scale testing), so the regression analysis with intervals for speed (or cant

deficiency) is super uous. It is recommended that the vehicle response at the chosen

target speed be simulated directly.

The statistical analysis for taking a minimum of 25 50 test sections (Section 4.2) into

account is cancelled in the present study. Since a large number of different alignment

alternatives are evaluated, only two sets of track irregularites are used (see Section 7.6)

in order to limit the amount of work.

The following variables are regarded as relevant when evaluating different alignments:

99.85-percentiles of vertical wheel forces,

99.85-percentiles of track shift forces, and

99.85 percentiles of climbing ratios

Quasi static guiding forces may only be relevant where curvature and cant are constant.

The variables have defined limits that may be used.

Some of these limits apply to rails of 46 kg/m, while the heavier UIC60 rails should be

able to accept higher limits. However, since it is not clear how far these limits may be

raised, the conservative limits for rails of 46 kg/m are recommended.
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The variables with defined limits may be used as boundary conditions in the analysis.

For railway lines with passenger traffic, it is considered more important to maximise

passenger comfort (rather than minimise forces and climbing ratios). Hence, PCT is used

as object function in the present study.
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5. Analysis of certain consequences of track standards

5.1 Limits for certain track quantities

Swedish limits for a number of track geometry quantities are shown in Table 5.1.

Table 5.1 Swedish limits for a number of track geometry quantities, applicable

to conventional vehicles, Category A. Source: Banverket (1996).

 

   

Maximum cant 150 mm

Maximum cant deficiency 100 mm

Maximum cant excess 100 mm
Maximum cant gradient 1:400

Maximum rate of cant 46 mm/s

Maximum rate of cant deficiency 46 mm/s
 

The limits18 are applicable to CategoryA vehicles. After special investigation, vehicles

may be classified differently (Category B or Category S), and allocated other limits for

cant deficiency, rate of cant and rate of cant deficiency.

In the literature, it is reported that railways in other countries use basically the same kind

of limits. Exceptions are the rules reported by Loach and Maycock (1952) where the

limit for cant deficiency was reduced by increasing cant, and older Swedish track

geometry standards where the limit for rate of cant was reduced if the cant was lower

than a normal value of the cant, which was two thirds of the equilibrium cant (SJ 1978).

In Germany and France, the limit for cant excess depends on the traffic load of slow

trains (Weigend 1982). Since 1996, the Swedish limit for cant excess has been lower

(70 mm) if the curve radius is 1000 m or less (Banverket 1996). However, no indication

was given concerning the freight train speeds for which the cant excess should be

calculated.

In the 3 dimensional case where cant deficiency, rate of cant deficiency and rate of cant

are studied, the present track geometry standards may be illustrated as a rectangular box

(Kufver 19970). A combination where these quantities are slightly below their limits

(Point A in Figure 5.1) is permissible, but a combination where one of the quantities is

slightly above its limit (Point B) is not permissible, irrespective of the margins for the

limits of the other two quantities.

 

18 There are exceptions for these limits. For example, the limit for cant deficiency is lower in some

turnouts and no cant at all is allowed at obtuse crossings.
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Figure 5.1 A permissible (A) and a non-permissible (B) combination of cant

deficiency, rate of cant deficiency and rate of cant according to

present track geometry standards.

The limits in Table 5.1 often give the track engineer some degree of freedom in

choosing a suitable cant. In Sweden, additional guidance for the choice of cant is given

in a handbook (Banverket 1996). This includes the following recommendations: cant

should normally be two thirds of equilibrium cant and cant deficiency for conventional

passenger trains should be of the same magnitude as cant excess for the slowest freight

trains. However, these rules are normally not compatible with each other.

5.2 The choice of alignment

If an existing curve is to be realigned or if a new curve is to be designed, the track

engineers have some degree of freedom in choosing transition lengths and curve radius

(see Figures 2.12 and 5.2).

An R-Lt combination within the permissible zone may be improved, without any

increased costs , by an increased radius (at constant length of the transition curves) or

by increased lengths of the transition curves (at constant radius). Hence, the best

solution at the cost level in question, where the obstacles 01 - 04 do not have to be

eliminated, is expected to be found on the border defined by obstacles 02, 03 or 04.

In Figure 5.2, the permissible speed (according to the limits in Table 5.1 and a limit

concerning the length of the circular portion of the curve) is illustrated in the R-Lt plane,

 

19 The statement refers to the construction of new lines and to track renewal. In lining operations during

normal track maintenance, the statement is not necessarily valid.
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where each R Lt combination has the cant which maximises the permissible speed on

the curve. If the permissible speed is to be maximised on the curve, the best solution

will be R = 1365 m and Lt: 153 m or slightly more, which permits train speeds of

170 km/h. The combination R = 1446 m and Lt = 158 m, which permits train speeds of

175 km/h, is outside the permissible zone since it requires obstacles 03 and 04 to be

removed.
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Figure 5.2 Permissible speed in the R-Lt plane.

If the change in direction Aw is large enough20 and if there are no obstacles on the

outside of the curve , the best solution will be found on the dotted curve (A B C)

connecting combinations of smallest radius and shortest transition length for different

design speeds. A general expression for these combinations is22

Lt*:kR-\/E [5.1]

 

20 If the change in direction is not large enough, the length of the circular part may be too short according

to the track geometry standards, or even negative if Equation [5.1] is applied. Also, with small changes in

direction an alignment alternative with 100 mm cant, 100 mm cant deficiency, 46 mm/s rate of cant and

46 mm/s rate of cant deficiency may be shorter than an alignment alternative with 150 mm cant, 100 mm

cant deficiency, 46 mm/s rate of cant and 31 mm/s rate of cant deficiency. Hence, the former alternative

may be within the permissible zone while the latter is outside.

21 An obstacle on the outside of the curve, combined with a longitudinal obstacle on an adjacent element,

constitutes a very unfavourable situation where the transition curve may have to be much shorter than in

Equation [5.1].

22 Derivations of Formulas [5.1] [5.4] are shown in Appendix 4,
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where kR is a factor (expressed in mm) whose value depends on the limits for cant, cant

deficiency and rate of cant or rate of cant deficiency. With the limits in Table 5.1,

Equation [5. 1] may be formulated as

Lt* = 4.17 - a [5.2]

This transition length is principally very different from the previous standards of the

Swedish State Railways (SJ 1978, SJ 1987) which recommended some margin to the

limits for rate of cant (for a certain design speed). The maximum value of 46 mm/s

should be avoided. According to SJ (1978), a normal value of rate of cant was 35 mm/s

and a preferred value was 28 mm/s. With these rates of cant, a normal transition length

could be expressed as

3
VDLt=0.064 R [5.3] 

where Lt and R are expressed in metres and VD is design speed expressed in anh

and a preferred transition length could be expressed as

3
VDLt = 0.080- R [5.4] 

(In SJ (1987), the terminology was slightly different, but shorter transition curves than

[5.3] were allowed and the preferred transition curves were 25% longer than [5.4].)

The maximisation of permissible speed in Figure 5.2 results in the elimination of the

need for normal and preferred values for lengths of the transition curves. Instead,

margins to the limits are achieved by increasing the design speed above the planned

speed of operation, when designing the alignment. The actual cant should be chosen for

the planned speed of operation, but may easily be increased if the permissible speed is

later to be increased.

Formula [5.1] has been published by other authors. In two cases (Shortt 1909,

Schramm 1962) it was claimed to represent suitable transition lengths, but the

preconditions were different from those in this thesis.

According to Shortt (1909), it is impossible to detect where a curve begins if the lateral

jerk is less than 1.4 ft/s3 (0.43 m/s3). From that statement and the observation that

lengthenings of the transition curves require reductions in the radii, he derived an

expression analogous to [5 .1] for a suitable transition length. He suggested the formula

should be applied to curves where the radius limited the permissible speed to less than

82 mph (132 km/h). For larger radii, he suggested a formula analogous to [5.4] with

V: 132 km/h, since he assumed that the use of [5.1] in such cases would be

unnecessary expenditure.23 He also suggested shorter transition curves, and hence higher

lateral jerks, if the associated reductions of radii otherwise would reduce the permissible

speed to lower values than desired. The differences between the derivation of expression
 

23 Shortt discussed improvements to existing curves. If no track renewal takes place, the assumption that

all slewing is associated with costs, irrespective of the position of obstacles, is reasonable.
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[5. 1] and [5.2] above and the analysis of Shortt, are the use of a predefined limit for the

lateral jerk and the association of costs with removal of obstacles.

Formula [5.1] has also been found in Schramm (1962), who gave two different values

for the factor kR when building new lines. The first value was kR = 7.8 mm, based on a

normal cant of 68% of the equilibrium cant, a sum of cant and cant deficiency of

250 mm and a preferred rate of cant of 28 mm/s. This value of kR includes two margins

which may be questioned. Firstly, 68% of 250 mm would result in a cant of 170 mm,

which was not allowed according to the German standards. In fact, in the situation in

question, the only cant which could be used according to the German standards was

150 mm. Secondly, the use of a preferred rate of cant of 28 mm/s instead of the German

limit of 35 mm/s could result in such a reduction of radius (see Figure 2.6) that the

permissible speed would be lower than necessary. The other value of kR which Schramm

mentioned was 5.5 mm, based on the limits in the German track geometry standards.

Contrary to Shortt, Schramm did not in detail analyse the relation between the radius

and the transition length when obstacles along the alignment were taken into account. In

his analysis, he assumed that the curve radius was predetermined and he gave a general

recommendation that the transition curves should be so long that they did not restrict the

permissible speed more than the curve radius did. With this layout, future costs for

increasing the transition lengths could be avoided. According to Schramm, the increased

cost of building new railways with long transition curves would be non essential, but he

also gave examples where Formulas [5.3] and [5.4] could be considered instead of

Formula [5.1].

Formula [5.1] has also been found in ORE (l989a, l989b), but in these cases the

expression represents the worst case of curve negotiation which should be considered

when designing new bogies. ORE did not claim that this case would represent any

optimal track geometry.

Hence, Figure 5.2, where the track geometry standards are applied to equally costly

alignment alternatives according to Kufver (l997a), and where the element combination

with the highest permissible speed represents the best solution, may be regarded as a

new recommendation on how to optimise alignments. However, when different limits

for the track geometry quantities are used for different types of vehicles, the best

alignment will depend on the type of vehicle.

The question for the researcher and the author of the track geometry standards is

whether or not the alignment alternative in Figure 5.2 which has the highest permissible

speed (according to present track geometry standards) really represents the most suitable

alignment according to the interaction between vehicle and track. In Chapters 6, 1 1 and

12, optimisation with PCT as object function will be conducted, and the solutions from

these optimisations are compared with solutions according to Formula [5.1].
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6. Simplified analysis of passenger comfort

6.1 PCT as a function of track quantities, vehicle speed and

effective roll factor

The simplified analysis is aimed at describing the vehicle motions caused by the

nominal track geometry, without making use of dynamic vehicle models. Hence, the

dynamic content of the motions will be neglected. (Dynamic vehicle models will be

used in Chapters 9-1 1.)

The track quantities taken into account in the simplified analysis of single curves are the

length of a transition curve Lt starting from a straight line with zero cant and ending at a

circular curve with the equilibrium cant DEQ, cant D and cant deficiency I. The

maximum lateral acceleration within the vehicle body y depends not only on the cant

deficiency I but also on the roll coefficient of the vehicle and a body tilt system where

used (Kufver 19970). An effective roll factor fr will be used to express the ratio between

the lateral acceleration in the vehicle body and the lateral acceleration in the

superelevated track plane. The effective roll factor includes the effects of the undesired

increase in lateral acceleration caused by the roll angles in the primary and secondary

suspensions and, for tilting trains, the desired decrease in lateral acceleration caused by

the body tilt system. The effective roll factor fr is greater than unity for conventional

trains and less than unity for tilting trains.

In this chapter, the analysis refers only to the clothoid type of transition curve. The

simplified analysis assumes that the body tilt is perfectly synchronised with the

clothoids and that the maximum tilt angle that the system may provide is not exceeded.

The simplified analysis also assumes that the roll angle caused by the primary and

secondary suspensions changes proportional to lateral acceleration on the transition

curves.

The PCT formulas [3.3] [3.4] are given in units which are not normally used by track

engineers. The maximum lateral acceleration y, the maximum lateral jerk y and the

maximum roll velocity 19 in Formulas [3.3] [3.4] are therefore substituted by:24

.. I-f= r 6.1,y 153 [ ]

I-f V= __ 6.2
y 550 Lt [ ]

- V
19:1D (fr l)-I]-m [6.3]

where the following units are used:

y (m/sz), y (m/s3), 19 (degrees per second), I (mm), D (mm),

Lt (m), V (km/h) and fr ( ).

 

24 Derivations of Formulas [6.1] [6.3] are shown in Appendix 4.
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based on the assumption that the lateral distance between wheel/rail contact patches is

1500 mm, which corresponds to a standard gauge of 1435 mm. (The absolute value in

[6.3] is introduced since the vehicle may roll inwards as well as outwards on curves.)

With [6.l] [6.3], the choice of cant and the choice of alignment are analysed. Since the

cant D and the cant deficiency I are not independent when the vehicle speed V and

alignment are fixed, one of the two variables may be eliminated. It has been found that it

is slightly easier to express PCT as a function of cant deficiency I rather than cant D.

Hence, the procedure of finding the optimal cant makes use of optimal cant deficiency

for a fixed alignment, after which the cant is calculated according to [6.4].

D = DEQ 1 [6.4]

Equation [6.3] combined with [6.4] gives

V

19=lDE<z fr"l'm [6.5]

Hence, a practical expression for PCT for standing passengers, with the independent

variables expressed in ordinary railway units for the track quantities, reads:

PCT =max(().1867-l-fr +0.0376-1.]3.LZt 11.1,0)+

+5.75-10 6-(|DEQ f,.1|%)2'283 [6.6]

while PCT for seated passengers reads:

PCT = max(0.0587 I-fr +0.0176-I-f, - LV t 5.9, 0)+

+73.96-10"6 «low f, -1] 2491626 [6.7]

Kufver (1997c) found that PCT for seated passengers deviated less from its minimum

value if cant and cant deficiency were chosen for standing passengers, compared to the

increment of PCT for standing passengers if cant and cant deficiency were chosen for

seated passengers. Hence, mainly PCT for standing passengers is analysed in the present

thesis.
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6.2 PCT and the choice of cant

Equations [6.6] and [6.7] consist of two terms. The first term, denoted here as PCT],

takes into consideration passenger discomfort caused by lateral acceleration and lateral

jerk. The second term, PCTZ, takes into consideration discomfort caused by roll velocity.

(As already mentioned in Section 6.1, the procedure of finding the optimal cant makes

use of optimal cant deficiency and Equation [6.4].)

The first term, which takes into consideration lateral acceleration and lateral jerk, is

illustrated in Figure 6.1 as a function of cant deficiency when the effective roll factor

and the length of the transition curve in relation to train speed are fixed.

 

PCT. (%>

]

 
 
   
 

 
 

>

I (mm)

Figure 6.1 The PCT] term as a function of cant deficiency (I).

The highest cant deficiency I for which PCT] is at its lowest value (zero) is

1 1.1 59.5
I = [6.8]

V " V
- 0.1867+0.0376- - 1+0.2014-fr ( Lt) f, ( Lt)

for standing passengers.

The second term in Equations [6.6] and [6.7], which takes roll velocity into

consideration, is illustrated in Figure 6.2 as a function of cant deficiency, when the

equilibrium cant in the circle and the length of the transition curve in relation to train

speed are fixed.
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Figure 6.2 The PCT; term as a function ofcant deficiency (I).

The minimum value for PCD (zero) is achieved when the vehicle is not rolling at all, i.e.

when

DEQ

fr

for standing as well as for seated passengers.

]: [6.9]

The next step in the analysis is to find the cant deficiency which corresponds to the

minimum of the entire PCT function. This minimum will be found when

dPCT _ .l
dl [6 O]

or, since _CT is not a continuous function, at the cant def1c1ency according to [6.8].

Four different cases may occur.

6.2.1 Case A curves: Very low equilibrium cant

. . . dP . . . . . .
In this case, the derivative d CITZ 1s pcs1t1ve at the level of cant def1c1ency where PCT] is

greater than zero according to [6.8], and even if zero cant is arranged, the cant

deficiency is so low that PCT] equals zero. For standing passengers, the following two

equations apply:25

59.5
DEQ S V [6.11]

1 + 0.2014 -
Lt

 

 

25 Both equations apply, but for conventional vehicles (f, > 1) Equation [6.12] is binding, while for tilting

vehicles (f, < 1) Equation [6.11] is binding.
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Figure 6.3 Simplified PCT on Case A curves as a function ofcant deficiency (I).

Minimum PCT will be achieved at a cant deficiency according to [6.9]. The

corresponding cant is arranged not to minimise PCT], the discomfort according to lateral

acceleration and lateral jerk, but to avoid outward rolling of the vehicle when the

effective roll factor fr is greater than unity. For tilting trains, where the effective roll

factor fr is less than unity, the cant which minimises PCT is negative (!), in order to avoid

inward rolling.

However, if zero cant is arranged, the PCT will deviate very little from the optimal zero

value. For a transition curve which the vehicle takes ] second to pass, the highest value

of equilibrium cant DEQ according to [6.12] is 28.7 mm for a conventional vehicle with

fr = 1.2. If no cant is arranged, PCT for standing passengers will be 0.006%.

For a tilting train with effective roll factor f, = 0.3, the highest value of equilibrium cant

DEQ according to [6.11] is 34.5 mm if the vehicle takes 1 second to pass the transition

curve. With zero cant, PCT for standing passengers will be 0.15%.

These PCT values are so small and insignificant that they cannot justify the arrangement

of cant. For longer transition curves, which the vehicle takes more than 1 second to pass,

the PCT values will be even smaller. Therefore, it may be concluded that on CaseA

curves a suitable cant is zero.

6.2.2 Case B curves: Low equilibrium cant

PCT2In this case, the derivative is positive at the level of cant deficiency where PCT] is

greater than zero according to [6.8], but if zero cant is arranged, PCT] is greater than

zero. This case is only relevant when the effective roll factor fr is greater than unity.

For standing passengers, the following equation applies:
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Figure 6.4 Simplified PCT on Case B curves as a function of cant deficiency (I).

When considering standing passengers, the highest level of equilibrium cant DEQ

according to [6.13] is 34.5 mm (at standard gauge 1435 mm) if the effective roll factor fr

equals 1.2 and if the vehicle takes 1 second to pass the transition curve. If no cant is

arranged, PCT] for standing passengers will be 22% and PCTZ will be 0.009%. Both

these values may be reduced to zero if the rolling is eliminated according to

Formula [6.9]. The corresponding cant D may be expressed as

1
D = (1 f ) - DEQ [6.14]

r

Also these PCT values are very small. The optimal cant on Case B curves deviates very

little from zero cant according to [6.14], at least if the effective roll factor fr is only

slightly greater than unity. If the transition curve is longer, and the vehicle takes more

than 1 second to pass it, the highest level of equilibrium cant DEQ according to [6.13]

will be slightly higher. If no cant is arranged, the PCT2 term will be slightly reduced,

compared with the 1 second transition curve, but the PCT] term is unaffected.

6.2.3 Case C curves: High equilibrium cant

On these curves, the equilibrium cant DEQ is so high that if no rolling takes place, the

PCT] term will be greater than zero, and the minimum PCT achieved where the first

derivative of PCT] is not continuous.

By definition and according to [6.8], the optimal cant deficiency [* for standing

passengers is
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Figure 6.5 Simplified PCT on Case C curves as a function of cant deficiency (I).

Some examples of optimal cant deficiencies I* are given, for conventional coaches

(fr: 1.2) in Table 6.1 and tilting coaches (fr: 0.3) in Table 6.2 on transition curves

which the vehicles take 1 5 seconds to pass.

 

 

        
 

 

 

 

Table 6.1 Optimal cant de ciencies (mm) on Case C curves for conventional

coaches with f, = 1.2.

Lt: V/3.6 Lt: V/ 1.8 Lt: V/ 1.2 Lt: V/0.9 Lt: V/0.72

(m-h/km) (m-h/km) (m-h/km) (m-h/km) (m-h/km)

Duration 1 sec 2 sec 3 sec 4 sec 5 sec

I* (standing) 28.7 36.4 39.9 42.0 43.3

Table 6.2 Optimal cant de ciencies (mm) on Case C curves for tilting coaches

with f, = 0.3.

Lt: V/3.6 Lt: V/ 1.8 Lt: V/ 1.2 Lt: V/O.9 Lt: V/0.72

(m-h/km) (m-h/km) (m-h/km) (m-h/km) (m-h/km)

Duration 1 sec 2 sec 3 sec 4 sec 5 sec

I* (standing) 115.0 145.6 159.7 167.9 173.2      
 

 
For conventional coaches (assuming an effective roll factor fr greater than unity) the

optimal cant deficiencies are quite low. Hence the limits concerning maximum cant

and/or maximum cant excess (for slower trains) may require the cant deficiency to be

higher than [6.15]. In such cases, the cant which minimises PCT is the highest
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permissible with regard to the limit in question. On the other hand, for tilting coaches

(assuming an effective roll factor f, = 0.3) the optimal cant deficiencies are relatively

high.

6.2.4 Case D curves: Very high equilibrium cant

In this case, the optimal cant deficiency is expected to be achieved at a higher value than

[6.15], because a positive value of PCT] is accepted in order to achieve such a decrease

in the value of PCD that the total PCT will be lower. The optimal cant deficiency is found

. . dP .
where the derivative _CT- 1s zero.

 

 

IDCT (0/0) PCT

 PCT1PCT minimum where
» .. ,..., PCT2      

 

 
    
 

...._..... " >
I (mm)

Figure 6.6 Simplified PCT on Case D curves as a function of cant deficiency (I).

 
. . . . . . dP . .

A necessary condltlon for this case is that the derivative d? IS negatlve at a level of I

slightly above [6.15], i.e.

dPCT
<0 6.16dl [ ]

Equation [6.16] and a derivation of Equation [6.6], concerning standing passsengers,

give

dPJ = fr . (0.1867 + 003761)
dl Lt

13.13-10_6»£ %-((DEQ f,-1)%)1 283 < 0 [6.17]

A simplification of [6.17] gives

]Lt Lt _
DEQ f, -1>7-(14219.7+2864)1-283 [6.18]
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The highest values of the left side of [6.18] will be achieved with tilting trains and a

typical value might be 400 mm for the first term and 75 mm (().3-250 mm) for the

second term. Some values of the right sides of [6.18] are shown in Table 6.3, for

transition curves with a duration of 0.5 2.5 seconds. (Since the left side of [6.18] equals

the actual amount of cant iffr = 1, it is designated "Equivalent cant" in Table 6.3.)

Table 6.3 Minimum equivalent cant (mm) on Case D curves, standing passengers.

 

Lt=V/7.2 Lt=V/3.6 Lt=V/2.4 Lt=V/1.8 Lt=V/1.44

(m'h/km) (m-h/km) (m-h/km) (m-h/km) (m-h/km)
 

 

   
Duration 0.5 sec 1 sec 1.5 sec 2 sec 2.5 sec

Equivalent

cant 103.4 mm 270.1 mm 494.0 mm 771.5 mm 1099.7 mm

PC, TZ 20.7% 38.1 % 59.9% 85.9% >100°/o     
 

Hence we may question whether or not it is relevant to study the Case D curves. These

correspond to a situation with high cant, large tilt angle and a transition curve with a

duration shorter than 1.5 seconds, which leads to very high PCT values.26

6.2.5. Conclusions on optimal cant

Of the four different cases analysed, Case A and Case B are less interesting to

investigate further in this study. The entire PCT function equals zero for the optimal

combination of cant and cant deficiency, indicating no passenger discomfort at all. Since

there is an interest in increasing the permissible train speeds, we may conclude that in

Case A and Case B, the vehicle speed for which PCT has been calculated is too low and

should be increased in the analysis (unless the speed is restricted by an adjacent curve,

but then further analysis should be concentrated on that other curve). Also Case D is

less interesting to study, since it corresponds to a situation where high cant must be

combined with very short transition curves and the corresponding PCT values are very

high.

The most interesting case to analyse is Case C, where the PCT function is non zero,

indicating that the passengers perceive some level of discomfort. If possible, the cant

should be so high that the PCT] term for standing passengers, representing discomfort

caused by lateral acceleration and lateral jerk, equals zero. If the maximum value of

permissible cant, or the maximum value of permissible cant excess for slower trains,

limits the actual cant to a lower value, the maximum cant according to the restriction in

question should be used.

 

26 If future research results in a new PCT function with continuous first derivative with respect to cant

deficiency, Cases A, B and C will not occur and optimal cant deficiency must be calculated with the

condition dPC7/a'l : O.
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Unless cant is optimised for tilting trains, the optimal tilt is not proportional to cant

deficiency.27 If the control system for vehicle body tilt has delays and/or threshold

values for lateral acceleration, the initial jerk on the transition curve will be higher

compared to the jerk resulting from a control system which is synchronised with the

transition curves. For a certain resulting lateral acceleration in the vehicle body, the roll

velocities must be higher when using control systems with delays and/or threshold

values compared to the roll velocities of a synchronised tilt control system. The

conclusion is that the tilt control system ought to include a route file containing

alignment and cant, for calculating the optimal tilt velocity in the transition curves, and

that the system ought to be synchronised with the alignment.

6.3 PCT and the choice of horizontal alignment

ln this section, clothoid circle clothoid combinations between fixed straight lines are

analysed. Equally costly alignment alternatives may be described by the permissible

zone in the R-Lt plane, see Figures 2.12 and 5.2. The permissible zone may be defined

by the angle Aw between the straight lines and the positions (longitudinal as well as

lateral) of the binding obstacles (Kufver 1997a). In order to clarify the basic relations,

only one binding obstacle will be used in the analysis. The optimal solution (R-Lt

combination) is expected to be located on the border which is defined by the obstacle

(see Section 5.2). The clothoids are assumed to have the same lengths, which

corresponds to the most frequent situation.

The smallest radius for train speeds of 200 km/h, according to the limits in Table 5.1,

and the shortest corresponding transition curve (R = 1888 m and Lt = 180 m) together

constitute the reference alternative in the analysis. When the lengths of the transition

curves are altered, the necessary adjustment of the curve radius depends on the angle Aw

between the straight lines and the longitudinal positions of the binding obstacles (Kufver

1997a). For a certain change in transition length, a smaller angle Aw requires a larger

adjustment of radius than a larger angle Aw. Concerning the positions of the obstacles,

there are two extremes. An obstacle in the middle of the curve requires the smallest

adjustment of curve radius, while an obstacle on an adjacent straight line (i.e. a turnout

which should not be placed on a curve) requires the largest adjustment.

(The same reference alternative (R = 1888 m and Lt: 180 m) is used in the dynamic

analysis of vehicle response in Chapters 10 and 11.)

Each alignment alternative (R-Lt combination) will be evaluated with its optimal cant.

All alternatives are Case C curves (see Section 6.2). At low train speeds, some of the

alternatives have the optimal cant deficiency according to [6.15], but at higher train

speeds, the cant is limited to 150 mm.28

 

27 For Case C curves, re arrange Equation [6.15] and express an optimal effective roll factor f,* as a

function of I, V and Lt.

8 Some railway companies accept higher cant than 150 mm. According to Goldenbaum and

Meyer (1985), Italy and Poland accept up to 180 mm of cant, while France and Japan accept up to

200 mm.
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Figures 6.7-6. 10 show PCT for standing passengers on horizontal curves with a change in

direction Aw of 0.1 rad and 0.5 rad, and with a binding obstacle at the midpoint and at

the endpoint of the curve respectively. The longest transition curve Which may be used

depends on the change in direction and the binding obstacles, since the length of the

circular curve must be greater than (or equal to) zero, see Figures 2.12 and 5.2.

Figures 6.7-6.10 show PCT as functions of the lengths of the transition curves for

different train speeds and for different effective roll factors (0.3 for tilting trains and 1.2

for conventional trains).29

 

 
 

 

    

 

    
 

40 _

E Mam fra .2;
35 ; V=160 km/h

30 _;
Wfr .2;

: V=200 km/h
25 -;

S% 20 j wiä mwfr=1.2;
E : V=220 km/h
D_ _

15 ~§
- I - -fr=0.3;

10 _; V=220 km/h

5 _; - * - -fr=0.3;
V=250 km/h

O = :=. :.__

50 100 150 200

Lt (m)

Figure 6.7 Simplified PCTfor standing passengers on a curve with All/:O.] rad

and a midpoint obstacle.

 

29 . .. . . . . .
Corresponding curve rad11 and cant deflcienc1es are shown in Appendix 6.
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Figure 6.9 Simplified PCTfor standing passengers on a curve with Aw=0.5 rad

and a midpoint obstacle.
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Figure 6.10 Simplifed PCT for standing passengers on a curve with Al/f=0.5 rad

and an endpoint obstacle.

Figures 6.11-6.12 show PCT as functions of the lengths of the transition curves for

different changes in direction between the straight lines Aw. The speed of the tilting

coaches (f,: 0.3) is 250 km/h and the speed of the conventional coaches (fr: 1.2) is

200 km/h.30
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Figure 6.11 Simplified PCT for standing passengers on curves with AW = 0.1-

1.0 rad and a midpoint obstacle.

 

30 . .. . . . . .
Corresponding curve radn and cant def1c1enc1es are shown 1n Appendix 6.
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Figure 6.12 Simplified PCT for standing passengers on curves with Al/I = 0.1-

1.0 rad and an endpoint obstacle.

Concerning Figures 6.7 6. 12, the following remarks and conclusions may be made:

The optimal lengths of the transition curves depend on the positions of the binding

obstacles. A midpoint obstacle favours longer transition curves than an endpoint

obstacle does. Kufver (1997c) draw the conclusion that when changing the transition

lengths, midpoint and endpoint obstacles constitute the extreme cases where the

smallest and largest compensations of horizontal radius are needed, respectively. Hence,

the midpoint and endpoint obstacles also define the extreme cases when calculating PCT.

The optimal lengths of the transition curves depend on the effective roll factor fr, which

considers the roll coefficient of the vehicle and a possible body tilt system. The price

which has to be paid when lengthening the transition curves, i.e. the reduction in the

horizontal radius, affects PCT less if the effective roll factor is low. At a certain train

speed, lower effective roll factors favour longer transition curves more than higher

effective roll factors. Hence, tilting trains favour longer transition curves more than

conventional trains. (For the same reason, if the limit for cant is raised above the present

Swedish limit of 150 mm, the optimal transition length will be increased.)

The magnitude of the change in direction between the straight lines AW also affects the

optimal lengths of the transition curves. Regardless of the position of the binding

obstacle, a larger angle Aw requires smaller changes in the horizontal radius for certain

changes in transition length, compared to those at a smaller angle. Hence, for large

angles All/!, the optimal transition carves will be longer.

The optimal transition lengths for conventional coaches are in some cases relatively

short (see Figure 6.12). All PCT values with shorter transition curves than 180 m refer to
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a rate of cant D higher than the present Swedish limit of 46 mm/s.31 Hence, if this

constraint is not relaxed, the resulting PCT values will be higher and the optimal

transition curves longer.

The train speed affects the optimal length of the transition curves in a complex manner.

If the train speed is relatively low, e. g. 160 km/h for a conventional coach in Figures 6.9

and 6.10, some alignment alternatives have cant according to [6.15], which means that

passenger discomfort is caused by roll alone. In these cases, PCT slowly decreases with

increased transition length as long as the PCT] term (discomfort caused by lateral

acceleration and lateral jerk) is zero. When PCT] becomes positive (see Lt = 340 m for

the conventional coach at 160 km/h in Figure 6.10), the entire PCT function starts to

increase quite rapidly. Since the differences in PCT are small for conventional trains at a

speed of 160 km/h and where Lt 5 340 min Figure 6.10, it appears reasonable to design

and optimise the alignment for higher train speeds where the terrain corridors allow

this. (The PCT function has the same pattern for tilting trains at a speed of 220 km/h in

Figure 6.9.)

At higher train speeds, the optimal transition length is shorter than in the previous

discussion where the PCT] term may become zero. Its dependence on train speed is not

very strong. Since the optima are usually quite flat, slightly non-optimal transition

lengths do not affect PCT very greatly.

Nevertheless, the optimal transition lengths for tilting coaches deviate relatively greatly

from the 180 m reference alternative (except at small angles, such as AW = 0.1 rad). In

Figure 6.11, PCT in a tilting coach is about 12.5% at the reference alternative

(Lt = 180 m) but may be reduced to PCT values of 5.5 6.5% at Lt = 400 m for curves

with angles in the interval 0.5 rad _<_ Aw _<_ 1.0 rad. Since high roll velocities (and/or

high roll accelerations) are correlated to motion sickness, there is an interest in reducing

the roll velocities by a reduced body tilt and/or lengthened transition curves. Both

methods increase the lateral acceleration (when obstacles are considered), but modifying

the alignment results in a lower lateral acceleration than reducing the tilt.

When the track is used for conventional as well as tilting trains, the optimal transition

lengths may differ considerably. However, the optima are at and reasonable

compromises may be found.

The alternatives with transition lengths shorter than in the reference alternative result in

larger radii and larger cant excess for freight trains (trains with a lower speed than the

equilibrium speed), which also may be a relevant consideration.

 

31 The potential benefit of an increased rate of cant has already been reported by Harborough (1986a) and

UIC (1991).
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7. Models for dynamic track/vehicle analysis

In the present study, vehicle response has also been quantified with more advanced

vehicle models. The purposes for using validated dynamic vehicle models are to include

the dynamic content of the motions when analysing passenger comfort and to enable

evaluation of wheel/rail forces and climbing ratios caused by different track geometries.

7.1 GENSYS multibody computer code

In the dynamic track/vehicle analysis, simulations have been conducted with the

multibody computer code GENSYS. The code is general and may be used in a wide

range of dynamic applications (Persson 1995b, 1999). In the field of railway dynamics,

there are several options concerning the number of degrees of freedom for the individual

bodies, types of vehicle coupling elements, types of wheel/rail contact kinematics, type

of analysis (time domain simulations, frequency domain simulations, quasi-static

analysis), etc. The software is derived from previous computer codes SIMFO lateral and

SIMFO-vertical that were developed by what is now Adtranz Sweden, see Andersson

(1977) and Andersson & Nilstam (1984).

In this study, simulations are conducted in the time domain. Vehicles bodies, bogies and

wheelsets are modelled as rigid bodies and have six degrees of freedom each (three

translations and three rotations). The track is modelled as lumped masses, connected by

the contact areas to the wheelsets. Each track mass has only one degree of freedom:

lateral translation. Hence, there are 46 degrees of freedom for each vehicle.
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Figure 7.1 Degrees offreedom in the present study.
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There are three types of coordinate system in the model. First, there is a fixed coordinate

system. Second, there are coordinate systems, esys, which follow alignment and cant at

the nominal speed of the vehicle. Esys are Euler systems, which are related to the fixed

system by trigonometric functions and are therefore suitable for large rotations. Third,

there are local coordinate systems, lsys, also following alignment and cant, but at fixed

longitudinal distances from an esys. The relations between an lsys system and an esys

are linearised, according to the small angle approximations. Displacements of the rigid

bodies are expressed in lsys systems and since these systems follow alignment and cant,

the local x direction coincides with the direction of the track centre line and the local

lateral y direction coincides with the superelevated track plane (and is perpendicular to

the x direction), while the local vertical z direction is perpendicular to this plane.

The vehicle suspension is modelled with elastic spring and damper elements with

piecewise linear characteristics. The working directions of the coupling elements may be

fixed in one of the two local coordinate systems involved, or may be dependent on the

actual positions of the ends of the coupling element. In the latter case, the working

directions are updated during the calculations. In this study, the working directions have

been fixed.

Elasticity of track has been modelled by lateral as well as vertical stiffness and damping

between wheel and track. Since the track elements may move in the lateral direction,

there is also lateral stiffness and damping between the track and the fixed ground.

The positions of the wheel/rail contact areas as well as the wheel/rail creep are

calculated according to derivations calculated by Ingvast (1993). Wheel/rail contact

functions, consisting of change of roll radius, vertical displacement of wheel, angle (in

the y-z plane) of contact area and the difference in curvature (in the y-z plane) between

the wheel and rail at the contact area, are calculated as functions of the relative lateral

displacement between wheel and rail. These functions (together with yaw angles

between wheels and rails) are used to determine longitudinal and vertical displacements

of the wheel/rail contact area. The creep is calculated as a difference of velocities

(between the instantaneous contact area of the rail and the instantaneous contact area of

the wheel) divided by the nominal speed of the vehicle. The creep is expressed in

longitudinal, lateral and spin creepage.

Creep forces are determined according to the simplified theory of Kalker (1973).
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7.2 Model of the Eurofima standard coach UIC-Zl

The Eurofima standard coach (UTC Zl) with FIAT bogies (0270) has been chosen to

represent a conventional passenger coach in this study. Eurofima coaches are used by

several railway companies in Europe (EU 1978) and models of the coach have been

used by ERRIB176 (1993) to compare different software for simulation of vehicle

dynamics. A simplified version of the Eurofima coach is used in the Manchester

benchmarks for simulation tools (Iwnicki 1999). For further comments on these

benchmark tests, see Section 8.2.

 
Figure 7.2 A Euro ma coach at Ziirich HB.

The GENSYS model of the Eurofima coach consists of the following rigid bodies:

Table 7.1 Rigid bodies in the model of the Eurofima coach.

 

Mass Mass moments of inertia Height of mass centre

M (kg) JXX (kgmz) JW (kgm2) JZZ (kng) above track plane (m)
Vehicle body 32 000 56 800 1 970 000 1 970 000 1.80

Bogie 2 735 1 842 1 525 3 236 0.60

Wheelset 1 753 1 060 112 1 060 0.46

 

     
 

The static axle loads are in the range of 107.4 110.7 kN. The bogie pivot distance is

19 m and the bogie wheelbase is 2.56 m. Theoretical UIC/ORE 81002 wheel profiles

have been used in the model.

85



The primary suspension consists of springs in the x, y and z-directions and parallel

damping elements in the z direction. The damping element consists of a spring in series

with a damper. On the Eurofima coach, the damping elements are placed on trailing

arms which connect the axleboxes to the bogies. The lowest eigenfrequency of the

trailing arm is about 170 Hz (Persson l995a) which is far above the frequencies of

interest in this study. Hence, the trailing arms are omitted in the GENSYS model and

the characteristics of the damping elements are geared 160% according to the simplified

geometry of the primary suspension, see Table 7.2. (The masses of the eight trailing

arms have been distributed to the two bogies and the four wheelsets.)

 

 

Table 7.2 Stiffness in the primary suspension in the model of the Eurofima

coach (per axle end).

Spring stiffness Stiffness in damping element

kxp (kN/m) kw, (kN/m) kzp (kN/m) kdzp (kN/m)

| 31 391 3 884 781 800 | 
 

The primary dampers are modelled as piecewise linear between the velocity force

combinations in Table 7.3.

Table 7.3 Vertical damping force in the primary suspension in the model of

the Eurofima coach (per axle end).

 

|Velocity(m/s)|0 0.025 0.056 0.10 0.18 0.825 8.25 12.5 31.2 |
|Force(kN) [0 0.18 0.32 0.48 0.84 1.80 18.8 28.9 87.2 |
 

        
 

The secondary suspension consists of springs and parallel damping elements in the x, y

and z-directions. All damping elements consist of a spring in series with a damper

(Table 7.4).

 

 

Table 7.4 Stiffness in the secondary suspension in the model of the Eurofima

coach (per bogie side).

Spring stiffness Stiffness in damping element

kxs (kN/m) k,,S (kN/m) kzS (kN/m) kdzs (kN/m) kdvs (kN/m) kdzs (kN/m)

| 180 180 430 30 000 8 000 8 000 | 
 

The secondary dampers are modelled piecewise linear between the velocity force

combinations in Tables 7.5-7.7. The working directions of the yaw dampers are mainly

longitudinal.
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Table 7.5

the Eurofima coach (per bogie side).

Lateral damping force in the secondary suspension in the model of

 

 

        
 

| Velocity (m/s) |0 0.03 0.07 0.15 0.30 1.0 10.0 20.0
| Force (kN) | 0 1.0 2.0 3.0 4.0 8.5 55.5 131.0

Table 7.6 Vertical damping force in the secondary suspension in the model of
the Eurofima coach (per bogie side).

 

 

      
 

| Velocity (m/s) |0 0.015 0.08 0.25 1.0 10.0 20.0 |
| Force (kN) |0 1.0 2.0 3.0 7.1 57.0 113.0 |

Table 7.7 Yaw damping force in the secondary suspension in the model of the

Eurofima coach (per bogie side).

 

0.04

7.0

0.055

8.0

0.11

10.0

| Velocity (m/s) I 0 20.0 |
| Force (kN) IO 673.3 |

0.14

11.0

1.0

39.7

10.0

339.7
 

       
 

Each bogie is provided with a secondary roll bar stiffness of 940 kNm/rad, and a lateral

secondary bump stop with characteristics according to Table 7.8.

 

 

Table 7.8 Secondary lateral bump stop in the model of the Eurofima coach.

Displacement 0 25 30 35 40 45 50 55 60 65
(mm)

|Force(kN) lo 0 0.60 1.76 3.73 6.87 11.5317.17 29.2 230.0|         
 

The coach has a roll coefficient of 0.22 (effective roll factor 1.22) at a cant deficiency of

100 mm. In a linearised model, it has been found that the body lower sway eigenmode

has an eigenfrequency of 0.50 Hz (Persson 1995a).

For the track shift forces XY, the limit for this vehicle is 45.8 kN.32

According to CEN (1999b) and UIC (1999), non powered test vehicles should be placed

with loose couplings at or towards the end of the test train. Hence, in the present study,

the Eurofima coach has been simulated without couplings to adjacent vehicles.

 

32 The limit for ZY force, based on an axle load of 107.4 kN, has been used for all wheelsets (even though

two wheelsets have a static axle load of 110.7 kN).
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7.3 Model of the SJ UA2 tilting coach

The SJ UA2 coach is one of the coaches in the SJ X2 train (also called X 2000). The

normal SJ X2 train consists of a power car (see Section 7.4), five intermediate tilting

coaches and a tilting driving trailer. The SJ UA2 coach has been used in this study to

quantify the effects of an active body tilt system on the optimal transition lengths.

 
Figure 7.3 S] UAZ and UBZ tilting coaches in Linköping.

Vehicle data are mainly confidential, but certain data have been released by Adtranz for

publishing. The GENSYS model of the SJ UA2 coach consists of the following rigid

bodies:

Table 7.9 Rigid bodies in the model of the SJ UA2 tilting coach.

 

Mass Mass moments of inertia Height of mass centre
M (kg) Jxx (;(ng) JW (;(ng) JZZ (;(ng) above track plane (m)

Vehicle body 32 411 61 000 1 510 000 1 508 000 1.61

Bogie 5 420 3 300 5 700 7 400 0.56

Wheelset 1 340 750 250 750 0.44

 

     
 

The static axle loads are 119.2 kN for all wheelsets. The bogie pivot distance is 17.7 m

and the bogie wheelbase is 2.9 m. UIC/ORE $1002 wheel profiles have been used in the

model. Since the coach is specially designed to run on track with high cant deficiencies,

the primary suspension is relatively soft in all directions in order to give the wheelsets

improved radial self-steering capabilities.
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Figure 7.4 Body tilt system of the SJ UAZ tilting coach. The secondary

suspension is located above the upper bolster, which reduces the

lateral forces on the air springs. Source: Andersson, von Bahr &

Nilstam (1995).

In this study, the body tilt system of the model has been programmed to tilt

proportionally to the lateral acceleration in the superelevated track plane (designed track

geometry) at the leading bogie, with a factor of 0.08 rad per m/sz. Considering also the

de ections in the primary and secondary suspensions, the effective roll factor fr is 0.28.

The tilt motion is synchronised with the alignment with no delays.33 In one set of the

experiments, those in Section 10.3, the tilt system was programmed to tilt proportionally

to cant, with a factor of 0.83 mrad/mm.

For the track shift forces XY, the limit for this vehicle is 49.7 kN when empty. Certain

calculations were made with a load with a mass of 4800 kg. In these cases, the limit for

the track shift forces is 53.6 kN.

Since the UA2 coach forms part of an X2 train, the simulations in the present study have

been conducted with a train consisting of an SJ X2 power car (see Section 7.4), two SJ

UA2 coaches, and an SJ UB2 coach. Vehicle response from the first SJ UA2 coach has

been evaluated.

 

33 Hence, the tilt control deviates from present practice in the X2 trains. Currently, the tilt motion depends

on accelerometer measurements at the leading bogie of an entire trainset. These measurements are affected

by nominal track geometry and track irregularities. In order to reduce the in uence of track irregularities,

the accelerometer signals are low-pass filtered. Finally, a time delay of the control signal is arranged,

which is individual for each coach.
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7.4 Model of the SJ X2 power car

The SJ X2 power car has been chosen to represent a suitable high speed locomotive for

tilting as well as non tilting coaches. The power car is non-tilting, and has a roll

coefficient of only 0.1. Hence, the effective roll factor is 1.1. Also for this vehicle, data

are generally confidential, but a sample of data has been accepted by Adtranz for

publishing. The GENSYS model of the SJ power car consists of the following rigid

bodies:

 

 

Table 7.10 Rigid bodies in the model of the SJ X2 power car.

Mass Mass moments of inertia Height of mass centre

M (kg) JXX (;(ng) JW (;(ng) JZZ (;(ng) above track plane (m)
Vehicle body 48 250 72 000 763 000 741 000 1.70
Bogie 8 400 3 700 12 000 15 100 0.65
Wheelset 2 030 1 200 250 1 200 0.55     
 

The static axle loads are 180.1 kN for all axles. The bogie pivot distance is 9.5 m and

the bogie wheelbase is 2.9 m. UIC/ORE 81002 wheel profiles have been used in the

model. Bogies are of radial self steering type.

 
Figure 7.5 An S] X2 power car in Linköping.

For the track shift forces ZY, the limit for this vehicle is 70.0 kN.

90



7.5 Track model

The track in the simulation model has UIC60 rails inclined at 1:30 (according to

Swedish standard). The gauge is 1435 mm. Friction coefficient between wheels and rails

is 0.4.

In the GENSYS model, the various components of the track (rails, pads, sleepers and

ballast) are aggregated into rigid bodies designated track . A track body with a mass of

1000 kg is connected to each wheelset, see Figure 7.6.

 

 

    
 

 

_ %

I: :!

| |

Figure 7.6 Flexibility between wheel and track in the model.

Track exibility is modelled with parallel springs and dampers in the wheel/rail contact

areas, having stiffness and damping which vary with the angle of contact area 7. (The

working directions of the springs and dampers are perpendicular to the wheel/rail

contact areas.) The stiffness and damping are interpolated linearly in Table 7.11.

Table 7.11 Stiffness and damping in the wheel/rail contact areas.

 

| Wheel/rail contact angle red) I -7-57 0 1-57 |
Stiffness (MN/m) 42 150 42

Damping (st/m) 60 300 60

 

   
 

As already mentioned in Section 7.1, a track body has one degree of freedom, lateral

displacement. Between each track body and the ground, there is a spring parallel with a

damper (see Figure 7.1). The spring stiffness is 30 MN/m and the damping is 50 st/m.

The combination of the two stiffnesses gives a total vertical stiffness (wheel to ground)

of 150 MN/m, and a total lateral stiffness (wheel to ground) of 17.5 MN/m, which

correspond fairly well to data in Andersson, Berg & Stichel (1999).

The track model in this study introduces exibility between the components wheelset,

track and ground, which is necessary when quantifying inertia forces of the wheelsets.

However, the model is simplified to a high degree. For example, the real wheel/rail

contact is very stiff, while rail pads and ballast introduce most of the exibility. The

track model underestimates wheel/rail contact forces of high frequencies (i.e. those

related to the real wheel/rail contact stiffness and with associated eigenfrequencies

above 100 Hz). Contact forces caused by stiffness variations as well as wheel and rail

corrugations are not considered in the simulations. Despite these facts, the track model

is regarded sufficient for comparisons of vehicle response when altering alignment and

cant (and when evaluating the vehicle response in a frequency range up to 30 Hz).
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7.6 Track irregularities

Two sets of track irregularities were used in the present study, denoted Track A and

Track-B. They were selected on the criteria that the data sets are to represent poor track

quality for 200 km/h operation. Neither of the selected tracks contains any switches or

crossings.

Track-A contains irregularities from a compound curve on the Southern Main Line

(from Stockholm to Malmö) in Sweden at chainage 153+800 (km+metres). However,

the curve is classified only for 130 km/h (165 km/h for tilt operation). The track quality

just matches the maintenance limit for a 140 km/h track, and the limit is exceeded if

standards for 145 km/h (and above) are applied. (Hence, Track-A represents a track

quality that is too poor for 200 250 km/h). On the tangent track before the curve, the

gauge is approximately 1430 mm, and on the transition curve, the gauge widens. On the

circular portions of the curve, the gauge is approximately 1440 mm. In the simulations,

the track irregularities were superimposed so that the start of the transition curve in the

design alignment was in phase with the start of the transition curve in the file containing

the irregularities. Figure 7.7 shows irregularities plotted against distance along track and

power spectral density (PSD) for Track-A.
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Track-B contains irregularities from tangent track on the Western Main Line (from

Stockholm to Gothenburg) at chainage 158+OOO (km+metres). The track is classified for

160 km/h (190 km/h for tilt operation). The track quality matches the maintenance limit

for 145 km/h (and above). The limit is exceeded slightly for vertical irregularities, but

there is a small margin for cant irregularities. The gauge is approximately 1433 mm.

Figure 7.8 shows irregularities plotted against distance along track and power spectral

density for Track B.
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Fzgure 7.8 Track-B: Irregularztles as distance hlstorzes (mm) and as power

spectral density (mm2/(cycles/m)).

Track-A and Track-B were measured with the Swedish track recording coach STRIX.

Measured irregularities from the outer rail of Track-A have always been superimposed

on the outer rail in the simulations. Track-B, which contains irregularities from a tangent

track, has been used twice for each alignment alternative, so that irregularities from the

left rail and right rail have both been superimposed on the outer rail in the simulations.
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8. Validation of the software and vehicle models

8.1 Earlier comparisons of simulated and measured quantities

Andersson (1977) and Andersson & Nilstam (1984) presented the SIMFO software (the

forerunner to GENSYS) and comparisons between measured and simulated guiding

forces Y for vehicles with conventional rigid bogies and radial self-steering bogies,

respectively. Differences between maximum measured and simulated forces are within

i10%, in a few cases within 115%.

Andersson, Nilstam & Ohlsson (1995) presented the SIMFO and GENSYS software,

together with comparisons between measured and simulated track shift forces ZY and

climbing ratios Y/Q. Diagrams show maximum values and mean values of forces as

functions of cant deficiency, and time histories of track shift forces and climbing ratios

are included. Examples of measured and simulated track shift forces are given in

Figure 8.1.
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Figure 8.1 Time histories of simulated and measured track shift forces from

front bogie of SJ X2 power car. Source: Andersson, Nilstam &

Ohlsson (1995).
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Differences between simulations and measurements are in most cases less than 10%.

Potential error sources other than limitations in the computer code and vehicle models

were discussed:

0 Limitations and errors in measuring system for track irregularities

' Limitations and errors in the measuring system for vehicle response

0 Uncertainty of friction in the wheel/rail contact areas, as well as variations in

track stiffness and rail profiles, in the full scale tests.

Lange (1996) developed a GENSYS model of the SJ Os two-axle freight wagon with

standard UIC single axle running gear. Guiding forces Y, track shift forces ZY, and yaw

angles of wheelsets were simulated and compared with measurements from SJ on a

single curve of 295 m radius.

There is relatively good agreement between simulations and measurements, and the

differences that exist may to a certain degree be caused by two point contact between

outer wheels and rail on the small radius (Lange 1996). The GENSYS model used in

that study did not include algorithms for such cases.

Jendel (1997) developed a GENSYS model of the SJ Smmnps951 freight wagon with
impoved Y25 bogies and compared simulations with measurements. Track shift

ZY forces and vertical Q forces as well as lateral and vertical accelerations of the vehicle

body were compared in terms of time histories and power spectral densities. Numeric

values were presented for lateral and vertical vibrations.

In general, the agreement is good between simulations and measurements. Particularly

good is the agreement in vertical direction, due to better definition of properties of the

vertical stiffness of the primary suspension (Jendel 1997).

Wollström (1997) developed a GENSYS model of the Danish DSB ER4 multiple unit.

He compared simulation results with measurements conducted by German Railways,

DB. Lateral accelerations of the vehicle body, guiding forces, and track shift forces are

shown in time histories. Numeric values such as means, standard deviations, maximum

values and minimum values are presented for lateral accelerations and track shift forces.

His simulations contained different levels of adjustments and corrections. For example,

the influence of different wheel profiles was investigated. Generally, the agreement

between simulations and measurements is good. The mean values of simulated lateral

acceleration (10 HZ low-pass filtered) are within 5 10% from measured values.

Agreements of standard deviations were found to be good. With 10 Hz low pass

filtering, simulated lateral accelerations show a smoother behaviour compared to

measurements. It was found that lateral accelerations on curves were only slightly

affected by a change in wheel profiles.

Carlbom (1998) developed a GENSYS model of the Swedish SJ S4M passenger coach

and compared simulated accelerations with measurements. The comparisons include

time histories, power spectral densities, and r.m.s. values of band pass filtered (0.3-

7.0 Hz) vertical and lateral accelerations. Numeric values are presented in Table 8.1.
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Table 8.1 Simulated and measured lateral acceleration in the vehicle body
(m/sz) in 10 different positions in an SJ S4M coach in the validation

 

 

of Carlbom (1998).

Pos. Simulated Measured Pos. Simulated Mesured

A2 0.143 0.134 A1 0.108 0.132

82 0.107 0.100 81 0.083 0.079

C2 0.102 0.095 C1 0.097 0.082

D2 0.127 0.116 D1 0.138 0.084
E2 0.170 0.150 E1 0.190 0.152     
 

Stichel (1998) made comparisons between simulations and measurements for three

freight vehicles. For an SJ ngs-w container wagon, maximum track shift forces XY and

maximum vertical wheel/rail forces Q, as well as vertical and lateral accelerations

(expressed in ride index Wz), were plotted as functions of vehicle speed. Agreement

between simulations and measurements was found to be good (except for vertical

accelerations, where improvements were made by replacing a rigid vehicle body with a

exible body, represented by free body eigenmodes).

For an SJ Kbps open wagon, vertical and lateral accelerations were examined more in

detail by using time histories and power spectral densities (PSD). In most cases, the

agreement between simulations and measurements is good. Discrepancies are in some

cases related to uncertainty regarding the actual worn rail profile in the full-scale tests.

However, Stichel (1998) draws the following conclusion: "Nevertheless, to the author's

opinion, the simulation models are able to represent reality in a sufficient way and can

therefore be used for further studies".

8.2 Earlier comparisons of simulation tools

ERRI (1993) set up benchmark tests where simulation results were compared with each

other and with measured vehicle response of a Eurofima coach.

Exercise ] : Calculation of the eigenmodes with frequencies less than 10 Hz for a

linearised model of the Eurofima coach at a speed of 160 km/h.

Exercise Z: Calculation of critical speed for a linearised model with and without yaw

dampers, respectively.

Exercise 3 : Calculation of dynamic response from a non linear model on tangent track

with a sudden 5 mm lateral shift of the track centre line.

Exercise 4: Calculation of critical speed for a non linear model with and without yaw

dampers, respectively.

Exercise 5: Calculation of dynamic response on a track with irregularities.

In ERRI (1993), 16 participants are reported, four of whom used MEDYNA software

and three used VAMPIRE. GENSYS did not participate in the original benchmarking,
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but was checked against the benchmark during 1995-1996. There was a scatter in the

results from the participating computer codes, due to input errors such as incorrect

stiffness and to different approximations of influence of spin creep on the wheel/rail

contact patches. Nevertheless, GENSYS software generates results which correspond

reasonably well with the simulation results published by ERRI (Persson l995a, l996a,

1996b). Some examples of the results are shown in Tables 8.2-8.3.

Table 8.2 Frequencies (Hz) of certain eigenmodes in Exercise 1 of

ERRI 3176. Sources: ERRI (1993) and Persson (199561).

 

 

    
 

 

 

 

 

 

ERRI B176 GENSYS

Lowest Median Highest

Body, lower sway 0.425 0.553 0.61 0.50

Body, yaw 0.68 0.84 0.89 0.71

Body, bounce 1.03 1.09 1.27 1.10

Body, pitch 1.254 1.377 1.77 1.48

Body, upper sway 0.97 1.23 2.25 1.25

Table 8.3 Critical speed (km/h) in Exercises 2 and 4 ofERRI B176. Sources:

ERRI (1993) and Persson (199561, 199661).

ERRI B176 GENSYS

Lowest Median Highest

Linearised model,
with yaw damper 168 321.5 457 370

Linearised model,

without yaw damper 167 273 325 299

Non-linear model,

with yaw damper 299 400 480 342

Non-linear model,

without yaw damper 190 271 380 264    
 

More recent benchmark tests for computer software for vehicle dynamics (the

Manchester benchmarks) were organised by Iwnicki (1999). The participants in these

tests were GENSYS, ADAMS/RAlL-MEDYNA, NUCARS, SIMPACK and

VAMPIRE. There were two vehicle models, one of which was a slightly simplified

version of the Eurofima coach (symmetric, without yaw dampers and with simple

damping rates) and the other a two axle freight wagon.

For the passenger coach, three track cases were investigated:
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0 A single curve with 30 m long clothoids and linear superelevation ramps. On

the run off transition, there is a 20 mm dip in the outer rail.

0 A tangent track where there is a sudden 5 mm lateral shift of the track centre

line.

0 A tangent track where there are periodic misalignments with 11.88 m wave

lengths.

The results were shown in tables and in diagrams. Certain results, applying to quantities

used in the present study, are shown in Tables 8.4 8.6.

 

 

 
 

Table 8.4 Climbing ratio Y/Q (-) on the curve in Iwnicki (1999).

|ADAMS NUCARS SIMPACK VAMPIRE GENSYS |
Steady state 0.552 0.556 0.589 0.574 0.583

Peak value 0.87 0.89 0.96 0.91 0.92

Table 8.5 Maximum guidingforce Y and verticalforce Q (kN) for worst wheel

on the curve in Iwnicki (1999).

 

| IADAMS NUCARS SIMPACK VAMPIRE GENSYS |
 

 
 

Y force 29.68 30.538 32.667 31 .2595 31.33
Q force 69.14 69.399 67.597 68.5845 68.620

Table 8.6 Roll angles (mrad) for vehicle body on the curve in Iwnicki (1999).

 

| IADAMS NUCARS SIMPACK VAMPIRE GENSvs |
IRo/Iang/e |1.75 10.109 9.820 10.18 10.52 |

According to Iwnicki (1999), body displacements are within 1% in the vertical direction

and within S% in the lateral direction. Generally, differences in results from the

computer codes are small, and most often GENSYS produces results that are in the

middle of the "scatter".

8.3 New comparisons of simulated and measured quantities

On June 29, 1998, SJ Teknik (SJ Engineering Division) conducted tests with a modified

SJ X2 trainset. The primary purpose of the tests was to investigate running stability with

modified wheel profiles, which were used on one of the coaches. A second purpose was

to test a new tilt algorithm, which was used on certain sections of the test runs. A third

purpose was to validate the simulation model with respect to low frequency lateral

acceleration and lateral jerk (as evaluated in the PCT functions, see Section 3.3 and

Appendix 5).
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Lateral accelerations of the vehicle body of the power car were measured with three

accelerometers during these tests. The accelerometers were placed on the oor, one

above each bogie, and one in the middle of the vehicle body.

Whether conditions were cloudy and the air temperature was lS ZOOC. The rails were

reported as "dry".

Vehicle response on Track A (see Section 7.6) was studied. The target speed was

165 km/h. When entering the first transition curve, the actual test speed was 165 km/h

and the speed then dropped to 164.1 km/h before entering the circular portion of the

curve. The clothoid is 238 m long, leading from tangent track to a circle with R = 833 m

and cant D = 150 mm (according to data from Banverket).

Simulation of the vehicle response was made at a constant speed of 165 km/h. Track

data (nominal track geometry and corresponding irregularities) were calculated with the

GENSYS algorithm TRACK, based on measurements with the STRIX track recording

coach in November 1998. No track maintenance was performed between the test runs in

June 1998 and track recording in November 1998.

Actual wheel profiles and actual rail profiles were not measured in the tests. In the

simulations, UTC/ORE 81002 wheel profiles and UIC60 rail profiles with inclination

1:30 were used.

Time series of the lateral acceleration and lateral jerk are shown in Figures 8.2-8.3.

Filtering was performed according to the PCT evaluation (see Section 3.3). Solid curves

are simulated values and dotted curves are measured values. Numeric values of the

quantities used in the PCT functions are shown in Table 8.7.
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Figure 8.2 Time histories of simulated and measured lateral acceleration (m/sZ)

ofthe vehicle body of the S] XZ power car.
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Figure 8.3 Time histories of simulated and measured lateral jerk (m/s3) of the

vehicle body of the SJ X2 power car.

Table 8.7 Maximum values of simulated and measured lateral acceleration

and lateraljerk in the validation from 1998.

 

 

Lat. aoo. above bogie 1 (m/SZ)
Lat. acc. above bogie 2 (m/s'2)
Lat. jerk above bogie 1 (m/sB)
Lat. jerk above bogie 2 (m/ss)  

SJ X2 power car

Simulated Measured

1 .749 1 .794

1 .720 1 .746

0.518 0.494

0.546 0.508   
The agreement is reasonably good between simulations and measurements. There are

certain discrepancies, and the error sources may be found among the following

o Incorrect estimation of track geometry from the STRIX measurements.

0 Other wheel and rail profiles than those used in the model.

0 Other friction in the wheel/rail contact patch than the assumed friction (0.4).

0 Uncertainties in the actual stiffness and damping values of the suspension

system of the vehicle.

. Simplified modelling of the air springs in the vehicle.

' Effects of non constant speed on the transition curve.

0 Incorrect calibration of the accelerometers.

It is worth mentioning that the KTH (Royal Institute of Technology) is conducting a

research project focused on modelling of rubber springs and air springs (Berg 1997,

1998, 1999). The most recent advances in the project have not been taken into account

in the present study.
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8.4 Discussion of the use of the software in the present study

The GENSYS (or its predecessor SIMFO) models of the SJ X2 train have been

validated with years of experience in development, simulation and full-scale tests taken

into account. It is therefore believed that the simulated quantities (motions and forces)

very well represent those of the real SJ X2 trainset.

Similarly, the (non-symmetric and symmetric) GENSYS models of the Eurofima coach

have been validated against the benchmark tests of ERRI (1993) and Iwnicki (1999),

showing that GENSYS represents a "state-of the art" tool for simulation of rail vehicle

dynamics.

It should also be noted that the aim of the present study is not to study the specific

vehicle response of the SJ X2 train and the Eurofima coach. The vehicles have been

chosen to represent typical vehicles for high speed traffic. (Similarly, Wrang (1995)

used virtual reference vehicles called BOGIE-SOFT and BOGIE-RIGID in comparisons

with a vehicle with a new type of running gear. BOGIE SOFT and BOGlE-RIGID

represented conventional bogie vehicles with radial self-steering bogies and bogies with

"stiff" wheelset guidance, respectively. Hecke (1998) used models of a virtual

locomotive, virtual high speed multiple unit and two real wagons (SJ Smmnps951 and SJ

Os) when evaluating the consequences of mixed traffic on track deterioration. The

locomotive was assumed to correspond fairly well to the SBB 460 series and the

multiple unit was assumed to have characteristics somewhere between the SJ X2

trainset and German ICE2 trainset.)

The small deviations between simulations and measurements (reported in Sections 8.1

8.3) must be judged with the aim of the presented study in mind: Optimisation of the

alignment, which has a high degree of permanence. The GENSYS models are believed to

quantify vehicle response of present (and future) high speed vehicles in a reasonably

representative way.
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9. Initial studies of dynamic curving behaviour

9.1 Vehicle response on linear superelevation ramps

In Sweden, there has been some discussion of whether linear superelevation ramps

really are perfectly linear with kinks at the tangent points. Also Alias (1984) has claimed

that linear ramps are impossible to arrange. He stated that superelevation ramps are

smoothed with doucines without mathematical definition.

The actual shape of linear superelevation ramps may be measured by surveying or by

using track recording vehicles. The track should be loaded, since an unloaded

superelevation ramp may be smoothed to a higher degree than a loaded one. If the ramp

is measured by a track recording car (with sufficient vertical wheel loads), the speed of

the track recording car should be low in order to avoid/minimise dynamic load. At the

time of this study, no such track data were available.

In order to study whether smoothing of the superelevation ramps has any significant

in uence on the dynamic behaviour of the vehicles used in this study, simulations were

conducted. The model of the Eurofima coach was used and the test speed was 200 km/h.

The track geometry consisted of a tangent track clothoid - circle combination. The

clothoid length was 100 m and the curve radius was 3147 m. The cant was zero on the

tangent track and 150 mm on the circular curve, corresponding to equilibrium cant.

Hence, the cant gradient was 1/667 and the rate of cant was 83 mm/s. This is a fairly

high value, but was used to emphasise the vehicle dynamics on the ramp. The cant

deficiency was zero in order to minimise the effect of curving.

Six different superelevation ramps were studied. Three of the ramps were arranged by

lifting the outer rail 150 mm while the inner rail was horizontal (according to the

principles applied in Sweden and Germany, among other countries). The other three

were arranged by lifting the outer rail 75 mm and lowering the inner rail 75 mm

(according to the principles applied in Switzerland and Japan).

One pair of superelevation ramps was strictly linear (with kinks at the tangent points).

The second pair had their ends smoothed by 0.6 m long parabolas and the third pair was

smoothed by 6 m long parabolas. All ramps were combined with perfect clothoids,

hence there was no smoothing of the horizontal curvature. The ramps with smoothed

ends were lengthened in order to keep the maximum rate of cant to 83 mm/s in all

alternatives, and were placed symmetrically around the clothoid.

No track irregularities were used in these six calculations.

In the simulations, 500 samples per second were stored. When evaluating forces,

200 metres of track were considered, which resulted in 1800 samples. Hence the 99.85

percentile means that the two samples with the largest magnitudes were neglected and

the 99.85 percentile was interpolated between the samples corresponding to the 3rd and

4th largest magnitudes.
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The study was focused on the vertical wheel forces (which will be used in boundary

conditions when evaluating single curves) and the physical quantities which are used in

the calculation of PCT (the object function). Tables 9.1-9.4 show the results concerning

the vertical wheel forces on the outer wheels, 99.85 percentiles and absolute maximum

respectively, and low pass filtered with 3 dB cut-off frequencies of 30 Hz and 90 Hz

respectively.

Table 9.1 Verticalforces on outer wheel 1st axle (kN), at 83 mm/s rate of cant.

( * The maximumforce does not coincide with a tangent point. )

 

 

 

        
 

 

 

 

        
 

Rot. centre of twist inner rail centre line

Smoothing 0 0.6 m 6 m 0 0.6 m 6 m

30 Hz, 99.85 66.9 66.9 66.9 67.4 67.4 67.4
30 Hz, max 66.9* 66.9* 66.9* 67.4* 67.4* 67.4*
90 Hz, 99.85 69.0 67.1 67.0 67.5 67.4 67.4
90 Hz, max 78.1 68.8 67.1 * 68.8 67.5* 67.6*

Table 9.2 Vertical forces on outer wheel 2nd axle (kN), at 83 mm/s rate of
cant. ( * The maximumforce does not coincide with a tangent point. )

Rot. centre of twist inner rail centre line

Smoothing 0 0.6 m 6 m 0 0.6 m 6 m

30 Hz, 99.85 65.4 65.4 65.4 65.7 65.7 65.7
30 Hz, max 65.4* 65.4* 65.4* 65.7* 65.7* 65.7*
90 Hz, 99.85 68.6 66.5 65.4 65.8 65.7 65.7
90 Hz, max 78.2 68.8 65.4* 68.2 65.8* 65.8*

Table 9.3 Vertical forces on outer wheel 3rd axle (kN), at 83 mm/s rate of

cant. ( * The maximum force does not coincide with a tangent point. )

 

 

 

      

Rot. centre of twist inner rail centre line

Smoothing 0 0.6 m 6 m 0 0.6 m 6 m

30 Hz, 99.85 62.0 61.5 60.0 59.2 59.2 59.1

30 Hz, max 62.7 61.9 60.0* 59.2* 59.2* 59.2*

90 Hz, 99.85 65.3 63.9 60.0 60.6 59.9 59.1
90 Hz, max 75.5 66.2 60.0* 65.9 61.0 59.2*  
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Table 9.4 Verticalforces on outer wheel 4th axle (kN), at 83 mm/s rate of cant.

( * The maximumforce does not coincide with a tangent point.)

 

 

 

Rot. centre of twist inner rail centre line

Smoothing 0 0.6 m 6 m 0 0.6 m 6 m

30 Hz, 99.85 61.7 61.2 57.7 58.0 57.8 56.3
30 Hz, max 62.4 61.7 57.8* 58.4 58.0 56.3*

90 Hz, 99.85 65.0 63.7 57.8 59.8 59.1 56.3

90 Hz, max 75.3 65.9 57.8* 65.1 60.2 56.3*        
 

It should be noted that the maximum vertical forces do not always coincide with a

tangent point. Sometimes, this is an effect of the low pass filtering. Figure 9.1 shows an

example where the maximum forces coincide with the tangent points if 90 Hz low-pass

filtering is applied, while they do not if they are 30 Hz low-pass filtered.
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Figure 9.1 Vertical wheel forces on outer wheels of 1st bogie (kN), on the

superelevation ramp with 0.6 m smoothing and with track twisted

around the inner rail. The forces are 30 Hz (left) and 90 Hz (right)

low-pass ltered respectively.

When using the 30 Hz low pass filtering and 99.85-percentiles there are small

differences in the vertical wheel forces on the six different ramps. However, the use of

99.85-percentiles, which may be relevant in stationary conditions in order to reduce the

in uence of measuring errors, may be questioned when evaluating superelevation

ramps, since it may more or less systematically exclude the most interesting parts of the

track. The 99.85 percentiles, when using 30 Hz low-pass filtering, cannot prove that

ramp smoothing does not make sense.
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In Chapter4 it is recommended that vertical wheel forces and a limit of 180 kN,

according to CEN (l999b) and UIC (1999), should be used as boundary conditions in

the optimisation procedure. Since all values in Tables 91 94 are far below the limit, it

is concluded that the evaluation of vertical wheel forces of the Eurofima coach does not

require ramp smoothing. Strictly linear ramps may be used in the simulation model,

even though the superelevation ramps may be slightly smoothed in reality. Simulations

with a UA2 tilting coach and an X2 power car also indicate that modelling with

smoothed ramps is unnecessary. However, in the case of other vehicles, with higher axle

loads and heavier unsprung masses, this conclusion may not be valid. The conclusion

may also be invalid for a more sophisticated track model (with the track mass divided

into rail, sleeper and ballast and with a stiffer connection between wheel and rail than

the connection between wheel and track which has been used here).

When using 90 Hz low-pass filtering, the perfectly linear superelevation ramp twisted

around the track centre line results in lower vertical wheel forces than the ramp twisted

around the inner rail. (However, track irregularities, rail corrugation and stiffness

variations due to intermittent rail support as well as variations in the track bed cause

variations in vertical wheel forces, which exceed the variations in Tables 9.1-9.4.)

Tables 9.5-9.7 show the results concerning the physical quantities used in the PCT

function (maximum lateral acceleration, maximum lateral jerk and maximum roll

velocity of the vehicle body) filtered according to the procedures suggested by CEN

TC 256 (l999a). Lateral acceleration and lateral jerk are calculated at the oor above

the leading bogie, in the middle of the coach and above the trailing bogie respectively.

(With the simplified analysis conducted in Chapter 6, the lateral acceleration and lateral

jerk would have been approximated to zero and the roll velocity to 0.056 rad/s.)

Table 9.5 Maximum lateral acceleration in the vehicle body (m/SZ), at 83 mm/s

rate of cant.

 

 

 

       

Rot. centre of twist inner rail centre line

Smoothing 0 0.6 m 6 m 0 0.6 m 6 rn

Floor above bogie 1 0.249 0.249 0.249 0.249 0.249 0.250

Floor at coach centre 0.173 0.173 0.173 0.173 0.173 0.173

Floor above bogie 2 0.194 0.194 0.196 0.197 0.197 0.200
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Table 9.6 Maximum lateral jerk in the vehicle body (m/S3), at 83 mm/s rate of

cant

Rot. centre of twist inner rail centre line

Smoothing 0 0.6 m 6 m 0 0.6 rn 6 m

Floor above bogie 1 0.297 0.297 0.301 0.300 0.300 0.304

Floor et coach centre 0.279 0.279 0.281 0.276 0.276 0.279

Floor at above bog/e 2 0.273 0.273 0.274 0.266 0.266 0.268      
 

 

 

 

Table 9.7 Maximum roll velocity of the vehicle body (rad/s), at 83 mm/srate of
cant

| Hot. centre of twist | inner rail centre line |
| Smoothing | 0 0.6 m 6 rn 0 0.6 m 6 m |
| All positions | 0.068 0.068 0.068 0.067 0.067 0.067 |     
 

Since the differences within each row in Tables 9.5-9.7 are small, a possible relatively

short smoothing of superelevation ramps does not affect the PCT function very much.

However, the six simulations conducted cannot indicate Whether or not S-shaped ramps,

with long smoothing, and transition curves with S-shaped curvature patterns are superior

to linear ramps and clothoids respectively. Such an analysis is made in Chapter 10.

The observation that the position of the rotation centre of the track twist does not

significantly affect PCT supports the results of Hashimoto (1989). He reported that

horizontal acceleration within the vehicle body was almost unaffected by the position of

the rotation centre, while the vertical acceleration was smaller when the track was

twisted around its centre line.

A conclusion in this section is that in this study, linear superelevation ramps may be

assumed to have no smoothing, since smoothing affects the object function to a non

significant degree and since the vertical wheel forces are far lower than their limits.

When other vehicles are studied, this assumption may be not valid and in such a case the

actual shapes of a number of loaded superelevation ramps ought to be surveyed, in order

to obtain data for use in the simulation model.

Another conclusion is that from the dynamic point of view, it is favourable to arrange

superelevation ramps twisted around the track centre line rather than around the inner

rail. Vertical accelerations in the vehicle body and vertical wheel/rail forces are slightly

lower and the object function is unaffected. Hence, this layout will be used when

evaluating alignments in this study.
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9.2 Initial study of dynamic PCT evaluation

An initial series of simulations was conducted with the Eurofima coach passing the

0.1 radian curve with a midpoint obstacle at a speed of 200 km/h. As in Section 9.1,

track irregularities are not superimposed on the nominal track geometries.

PCT values (for standing passengers) were calculated with lateral acceleration and lateral

jerk in the middle of the vehicle body as well as above the two bogies, and based on

time limits suggested by CEN TC 256 (1999a). According to CEN, lateral acceleration

should be averaged in a l second rectangular window sliding from the start of the

transition curve to 1.6 seconds after the end, and the lateral jerk should be averaged in a

similar window sliding from 1 second before the transition curve to the end. It should be

noted that these time limits were not provided in the original reports from British Rail

Research, i.e. Harborough (l986a, l986b).

CEN (l999a) used two different interpretations of the relevant phases to be studied.

On page 65 (Annex K), the Committee related the phases to the alignment elements,

while on page 73 (Annex L) it related the phases to the time history of a 2 second

averaged lateral acceleration of an axlebox or bogie, see Figure 9.2. No comments were

made about these two options. Probably, the definition related to the acceleration pattern

is to be used in full scale tests where the alignment is not clearly defined.

 

nca-non-compensaled lateral acceleration (25 filtered)

l

>23 >2$
 

 
  

me S      10 11
 

Figure 9.2 Relevant phases in curve transition. Source: CEN (199961).

However, the acceleration pattern in Figure 9.2 is remarkably similar to a curvature

diagram, with quite distinct kinks at the tangent points. Simulations with the model of

the Eurofima coach show no such kinks at all after the 2-second averaging, see

Figure 9.3.
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Figure 9.3 Lateral acceleration (m/sz) in the track plane (left) and

corresponding 2-second averaged lateral acceleration (m/sz) in a

bogie of the Eurofima coach (right). Transition curves are 120m

long, radius is 2246 m and cant is 150 mm.

Hence, defining the relevant phases according to the 2-second averaged lateral

acceleration will probably not be as accurate as indicated by CEN. In this study, the

relevant phases are related to the alignment elements.

CEN (l999a) did not state the part of the l-second rectangular window to which the

time limits refer. Two alternatives have been investigated in the initial study. The first

alternative reads

t

two) 1 jay(t)dt [9.1]
T

In [9.1] the time position to corresponds to the leading edge of the window, in the same

way as in the running r.m.s. formula provided by ISO (1997)

 

a,.(t0) =& L0_Ta2(t)dt [9.2]

The second alternative reads

1 +T
2

Lato) l jay(t)dt [9.3]
T t z'

2

and in this case the time position to corresponds to the centre position of the window.
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When transition curves take less than 2.5 seconds to pass, certain differences are found

between PCT values according to CEN and PCT values based on a slightly extended

evaluation period. Differences also exist if Formula [9.3] is used instead of [9.1], but are

less pronounced.

In simulations without track irregularities, maximum lateral acceleration is achieved

within the time limits specified by CEN (l999a) or less than half a second after the latter

limit. In simulations with irregularities, maximum lateral acceleration may be achieved

at a considerable distance from the end of the transition curve. Hence, the limits applied

in Equation 9.3 have been used in Chapters 10 11. Due to yaw acceleration of the

vehicle body, differences exist between PCT above the two bogies. In the present study,

the worst position (maximum PCT) has been taken into account.
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10. Dynamic analysis of vehicle response on linear

and S-shaped superelevation ramps

10.1 General considerations regarding S-shaped superelevation

ramp

Inserting a linear ramp and a transition curve of clothoid type (where curvature changes
linearly) with the length Lt, between a tangent track with fixed position and a circular
curve with horizontal radius R, requires an inward shift w of the circle

sztZ/(24 R) [10.1]

The original tangent track and the circular curve will be shortened by a length AL (at

each transition curve)

ALth/Z [10-2]

These consequences limit the possibilities of lengthening the transition curves. Either

there is a lateral obstacle along the curve that creates a boundary condition for the

inward shift w, or there is a turnout (or other track installation) in the tangent track that

creates a boundary condition for the shortening AL.

The advantage of lengthening the transition curves is that the (magnitudes of) first

derivatives (with respect to time I) of cant D and curvature k are reduced, which leads

to lower roll velocity and lateral jerk of the vehicle body.

The (potential) advantage of using S--shaped superelevation ramps and corresponding

types of transition curves (instead of linear ramps and clothoids)IS that the (maximum

values of) second derivatives of cant D and curvature k are reduced (to finite values).

There exist many different types of S-shaped superelevation ramp, using different

mathematical functions, and in Section 2.5.12 it is shown that the Ruch type of ramp has

the following important characteristics. Either where the inward shift w or the

shortening AL is binding, there exists a Ruch ramp with lower values of both the first

and second derivatives of cant (and curvature) than the other types of S-shaped ramp

(and corresponding types of transition curve).

The Ruch ramp is defined in Section 2.5 .3 and is illustrated in Figure 10.1. It consists of

a second degree parabola at each end and a linear intermediate part. The proportions of

the lengths are defined here by a parameter e, such that e -Lt equals the smoothing

length at each end, and (1 2 - e) - Lt equals the length of the linear part.
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Figure 10.1 Ruch ramp and two types ofRuch transition curve.

Ruch (1903) suggested that the function for horizontal curvature should have the same

pattern as the cant and should be related to the trajectory of a point fixed to the nominal

position of the mass centre of the vehicle (hence located above the rail). Later, a

simplified Ruch curve was defined, in which the curvature is related in a traditional

manner to the track centre line. In this chapter, the Ruch ramp is analysed with both the

original and the simplified Ruch type of transition curve.

The vehicle models presented in Sections 7.2 7.4 are used in the simulations. The mass

centres of the entire vehicles are located 1.25 1.44 m above the rail, while the mass

centres of the unsprung masses (wheelsets) are located 0.44-0.55 m above the rail.

In order to simplify comparisons of differences of small magnitudes, no track

irregularities have been used in this chapter.

The Ruch type of transition curve is located between a straight track and a circular curve

with radius R = 1888 m (cant D = 150 mm), which is the same reference curve as is used

in Section 6.3 and Chapter 11. (R = 1888 m is is the smallest radius for conventional

trains running at a speed of 200 km/h, according to Swedish track standards, since it

generates a cant deficiency of 100 mm. However, certain vehicles, including tilting

trains, may pass R = 1888 rn at higher speeds than 200 km/h. The reference geometry

consists of the shortest clothoid (180 m) for conventional trains running at 200 km/h.

According to Swedish track standards, the clothoid is too short for tilt operation at

250 km/h, and should in such a case be lengthened to at least 211 m.)

Passenger comfort in terms of PCT and roll motions is evaluated at speeds of 200 km/h

and 250 km/h for the Eurofima coach and the SJ X2 trainset, respectively.

According to procedures outlined in Chapter 4, vertical wheel/rail forces Q, track shift

forces XY, and wheel climbing ratios Y/Q are evaluated at a slightly higher speed than

the vehicle operating speed limit Vlim (or higher permissible cant deficiency Iadm). Hence

these quantities are evaluated at a speed of 205 km/h for the Eurofima coach and

260 km/h for the S] X2 vehicles, which generate cant deficiencies of 113 mm and

272 mm, respectively.

112



The evaluations of 99.85-percentiles are based on track lengths of 800 m, where 500

samples per second have been stored.

10.2 Evaluation of the Ruch type of S-shaped superelevation ramp

combined with corresponding type of transition curve

10.2.1 Ruch type of transition curve where inward shift is binding

Where inward shift w is binding for the reference curve, the evaluated Ruch type of

superelevation ramp and simplified Ruch type of transition curve will have lengths of

180 255 m when the parameter e varies within the interval O 5 e 5 0.5. The original

Ruch curves have lengths of 195-275 m if the curvature function compensates for a

point located 1.2 m above the rail (and this layout is used for the three vehicles).

Simulations have also been made with 187 264 m long Ruch curves with a

compensation height zc = 0.55 m (an approximate height for the unsprung masses of the

three vehicles).

Figures 10.2 105 show a selection of evaluated vehicle reactions for the Eurofima

coach and the SJ X2 trainset. There is a slight reduction of PCT values when replacing

clothoids (e = O, zc = O) with the Ruch type of transition curve. (This reduction is to

some extent related to the fact that a reverse curve has been created, see the curvature in

Figure 10.1. Such a measure reduces PCT also on curves where curvature changes

linearly, i.e. the curve consists of a combination of clothoids.) Greater e values increase

the roll velocity slightly, while e = 0 combined with zc : 1.2 m causes greater track shift

forces (ZY) than the clothoid with zc = 0. (It should be noted that the combination e=0

and zc = O generates kinks in the horizontal alignment of the rails.)
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Figure 10.2a-b PCT (standing) for the Eurofima coach and the SJ UAZ coach when

passing Ruch ramps and corresponding transition curves (zc=0,

0.55 m and 1.2 m) at speeds of 200 km/h and 250 km/h, respectively.

The inward shift is binding.
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Figure 10.3a-b Roll motions for the Eurofima coach and the SJ UAZ coach when

passing Ruch ramps and corresponding transition curves (zc=0,

0.55 m and 1.2 m) at speeds of 200 km/h and 250 km/h, respectively.

The inward shift is binding.
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Wheel/rail forces and climbing ratios (worst wheel or wheelset,

99.85-percentiles) for the Eurofima coach and the SJ UAZ coach

when passing Ruch ramps and corresponding transition curves

(zc=0, 0.55m and 1.2 m) at speeds of 205 km/h and 260 km/h,

respectively. The inward shift is binding.
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Figure 10.5 Wheel/rail forces and climbing ratios (worst wheel or wheelset,
99.85-percentiles) for the SJ X2 power car when passing Ruch

ramps and corresponding transition curves (zc=0, 0.55 m and 1.2 m)

at a speed of260 km/h. The inward shift is binding.
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10.2.2 Ruch type of transition curve where a length is binding

Where the length of an adjacent element (either the connecting tangent track or the

connecting circular curve) is binding, the evaluated Ruch types of transition curve have

constant lengths of 180 m, independent of the e values.

Figures 10.6 10.9 show a selection of evaluated vehicle reactions for the Eurofima

coach and the S] X2 trainset. In these cases, the PCT values, roll velocities and roll

accelerations increase with greater e values. The advantages of using a compensation

height zc > 0 combined with e = 0 are small (Figures 10.6a, 10.7a and 10.7b) or non

existent.
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Figure 10.6a-b PCT (standing) for the Eurofima coach and the SJ UAZ coach when

passing Ruch ramps and corresponding transition curves (zc=0,

0.55 m and 1.2 m) at speeds of200 km/h and 250 km/h, respectively.

The length of an adjacent element is binding.
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Figure 10.7a-b Roll motions for the Eurofima coach and the SJ UAZ coach when
passing Ruch ramps and corresponding transition curves (zc=0,

0.55 m and 1.2 m) at speeds of 200 km/h and 250 km/h, respectively.

The length of an adjacent element is binding.
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Figure 10.8a-b Wheel/rail forces and climbing ratios (worst wheel or wheelset,

99.85-percentiles) for the Eurofima coach and the SJ UAZ coach

when passing Ruch ramps and corresponding transition curves

(zc=0, 0.55m and 1.2 m) at speeds of 205 km/h and 260 km/h,

respectively. The length of an adjacent element is binding.
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Figure 10.9 Wheel/rail forces and climbing ratios (worst wheel or wheelset,

10.3

99.85-percentiles) for the SJ X2 power car when passing Ruch

ramps and corresponding transition curves (zc=0, 0.55 m and 1.2 m)

at a speed of260 km/h. The length of an adjacent element is binding.

Evaluation of the Ruch type of S-shaped superelevation ramp

combined with clothoid

The combination of an S shaped superelevation ramp and a clothoid was discussed at an

early stage by Schramm (1937). The purpose of this combination is to eliminate the

vertical kinks in the rails without changing the type of transition curve. Here again, the

positions of the binding obstacles must be taken into consideration also when comparing

different types of transition curve and superelevation ramp. In all cases, clothoids are

180 m long, curve radius is R = 1888 m and cant is D = 150 mm.
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10.3.1. S-shaped ramps and clothoids where inward shift is binding

When inward shift w is binding, the Ruch type of superelevation ramp may be of infinite

length. Hence, a second condition is introduced: The ramp gradient at the middle of the

transition curve should be the same (1/1200) for all alternatives. Therefore, the

superelevation ramp will have a length of 180 360 rn when the e parameter varies within

the interval 0 _<_ e 5 0.5. The superelevation ramps are placed symmetrically around the

clothoids, see Figure 10.10.
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Figure 10.10 S-shaped superelevation ramps placed symmetrically around a

clothoid (05e_<_0.5). The inward shift is binding.

Figures 10.11 10.l3 show the evaluated vehicle reactions for the Eurofima coach and

the S] X2 trainset. For small e values, the vehicle reactions are close to those on a linear

superelevation ramp, while for e values in the range 0.4 0.5, roll motions are reduced

and PCT values are increased. There are slight variations in wheel/rail forces and

climbing ratios.
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Figure 10.11a-b PCT and roll motions for the Eurofima coach and the SJ UA2 coach

when passing Ruch ramps combined with clothoids at speeds of

200 km/h and 250 km/h, respectively. The inward shift is binding.
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Figure 10.12a-b Wheel/rail forces and climbing ratios (worst wheel or wheelset,

99.85-percentiles) for the Eurofima coach and the SJ UA2 coach

when passing Ruck ramps combined with clothoids at speeds of
205 km/h and 260 km/h, respectively. The inward shift is binding.
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Figure 10.13 Wheel/rail forces and climbing ratios (worst wheel or wheelset,

99.85-percentiles) for the SJ X2 power car when passing Rach
ramps combined with clothoids at a speed of 260 km/h. The inward

shift is binding.

10.3.2 S-shaped ramps and clothoids where a length is binding

Where a length of an adjacent element is binding, the Ruch type of transition curve as

well as the clothoid will have a constant length of 180 111, since it is assumed that a

turnout on an adjacent straight line should not be provided with cant.

Figure 10.14 shows PCT and the resulting roll motions for the Eurofima coach and the SJ

X2 trainset passing the ramps at 200 km/h and 250 km/h, respectively. Both PCT values

and roll motions increase with greater e values. Figures 1015 10. 16 show the wheel/rail

forces and climbing ratios when passing the ramps at 205 km/h and 260 km/h,

respectively. Variations in the e parameter have only a slight in uence on wheel/rail

forces and climbing ratios.
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Figure 10.14a-b PCT and roll motions for the Eurofima coach and the SJ UAZ coach

when passing Ruch ramps combined with clothoids at speeds of

200 km/h and 250 km/h, respectively. The length of an adjacent

element is binding.
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Figure 10.15a-b Wheel/rail forces and climbing ratios (worst wheel or wheelset,

99.85-percentiles) for the Eurofima coach and the SJ UAZ coach

when passing Ruch ramps combined with clothoids at speeds of

205 km/h and 260 km/h, respectively. The length of an adjacent

element is binding.
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Figure 10.16 Wheel/rail forces and climbing ratios (worst wheel or wheelset,

99.85-percentiles) for the SJ X2 power car when passing Ruch

ramps combined with clothoids at a speed of260 km/h. The length of

an adjacent element is binding.
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10.4 Discussion on S-shaped superelevation ramps

When evaluating vehicle response according to international draft standards from UIC

(1999) and CEN (l999a, 1999b), there are no substantial advantages to be gained from

using S-shaped superelevation ramps and corresponding type of transition curve.

Where the inward shift is binding for the length of the transition curve, differences in

PCT and roll motions are small between ramps with different e values. These differences

should be compared to the differences in vehicle response when the transition lengths Lt

are changed, see Chapters 6, 11 and 12. In these chapters, the changes in vehicle

response are more pronounced.

Where the length of an adjacent element is binding, S shaped superelevation ramps and

corresponding transition curves result in less favourable vehicle response than linear

ramps and clothoids.

Where S shaped superelevation ramps are combined with clothoids, roll motions may be

reduced if the ramps are extended so that they are longer than the transition curves

(cases where inward shift w is binding), see Figure 10.10. However, this layout

increases the instantaneous discomfort PCT. Where a length of an adjacent element is

binding for the ramp length, S shaped superelevation ramps combined with clothoids

result in less favourable vehicle response.

In all cases, wheel climbing ratios Y/Q varied very little with different e values and were

far lower than the limit of 0.8.

The vehicle response has also been evaluated for other curve radii and cant. The

Eurofima coach has been simulated on transition curves leading into curve radius

R = 3147 m and cant D = 150 mm (which is the equilibrium cant for 200 km/h) and

curve radius R = 4720 m combined with zero cant (cant deficiency equals the value in

Figures 10.2a, 10.3a etc., I = 100 mm). Similarly, the SJ X2 power car and the SJ UA2

tilting coach have been simulated on transition curves leading into R = 4917 m and cant

D = 150 mm (which is the equilibrium cant for 250 km/h) and curve radius R = 3065 m

combined with zero cant (cant deficiency equals the value in Figures 10.2b etc.,

I = 241 mm). Again, no substantial advantages were found with the S shaped

superelevation ramps and corresponding transition curves. (It may be noted that the

amount of cant in these extreme cases is non-optimal, according to the principles in

Section 6.2.)

Other types of S-shaped superelevation ramp than the Ruch type, such as the Bloss ramp

and the Watorek ramp, probably do not generate more favourable vehicle response

compared to the Ruch type. From Figures 2.14-2.15, it is clear that the Ruch type of

superelevation ramp and transition curve has the smallest inward shift w and smallest

shortening of an adjacent element when change of cant (or curvature) and first or second

derivative of cant (or curvature) are predefined. Hence, for a predefined inward shift w

or length of an adjacent element, the Ruch type of ramp and transition curve have the

smallest values for first and second derivatives of cant and curvature.
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The results of this chapter both support and contradict observations and conclusions in a

study by Hashimoto (1989), who compared the vehicle reactions on linear ramps and

clothoids with those on a cosine ramp and corresponding transition curve with equal

inward shift. The differences in vehicle response between the different types of

transition curve were found to be small, but slightly lower values of peak to-peak

accelerations were achieved on the cosine type of superelevation ramp and transition

curve.

The PCT functions were derived by British Rail Research (now AEA Technology) from

extensive full scale tests in the United Kingdom, where the design track geometry

consists of the linear type of superelevation ramp and corresponding type of transition

curve (clothoid). PCT was used in the present study since there is no other useful method

for combining the effects of the different types of motion on a transition curve.

However, the validity of PCT on the Ruch type of superelevation ramp and transition

curve constitutes the major uncertainty in this chapter.

The most important conclusion is that it cannot be proved that S shaped superelevation

ramps can be used as substitutes for linear ramps with sufficient lengths for high speed

traffic. The main task in track design is to find optimal combinations of curve radii and

lengths of transition curves and superelevation ramps.

121



122



11. Dynamic analysis of vehicle response on single curves

The dynamic vehicle response in this chapter is quantified for single curves within four

different terrain corridors. Two curved corridors connect tangent tracks with an angle of

0.1 rad, while the other two connect tangent tracks with an angle of 0.5 rad. One

corridor of each angle has the binding obstacle at the middle of the curve (midpoint

obstacle) while the other corridors have the binding obstacle at the end of the curve

(endpoint obstacle).

On the basis of the results in Chapter 10, clothoids are used as transition curves and the

superelevation ramps are linear. These curve alternatives are a subset of the curve

alternatives evaluated in Section 6.3. Possible radii and transition lengths (clothoid

lengths) are shown in Appendix 6.

The dynamic analysis in this chapter contains simulations with and without track

irregularities.

Track lengths of 430 metres and 800 metres were considered for the alignments with a

change in direction Al/l of 0.1 rad and 0.5 rad respectively. In the simulations of vehicle

reactions, 500 samples per second were stored.

11.1 Conventional coach on single curves

As in Figures 611-612, the vehicle speed is 200 km/h (generating 100 mm of cant

deficiency in the reference curve) when evaluating PCT for a conventional non tilting

coach in Section 11.1.1. This value corresponds to the Swedish limit for vehicles of

Category A.

According to CEN TC 256 WG 10 (1999b) and UIC 518 OR (1999), forces and

climbing ratios must be evaluated at a slightly higher speed than the intended

permissible speed (see Section 4.3). CEN (1999b) stated that the vehicle must be

evaluated at 110% of permissible speed on straight track and with 110% of permissible

cant deficiency in curves. Kufver (1997e) concluded that it may be reasonable to modify

the latter condition slightly when alignment alternatives with different radii are being

evaluated, in order to use the same test speed in all alternatives. For these reasons, the

vehicle response in the boundary conditions was evaluated with a vehicle speed of

205 km/h, which generates a cant deficiency of 113 mm (i.e. 113% of permissible cant

deficiency) in the reference alternative, see Section 11.1.2.

Certain countries accept higher cant deficiencies than 100 mm for the Eurofima coach.

Passenger comfort has also been evaluated at a speed of 220 km/h, generating a cant

deficiency of 152.5 mm in the reference case, see Section 11.1.3. This cant deficiency is

close to the Swedish limit for vehicles of Category B (ladm : 150 mm).
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11.1.1 Passenger comfort at a speed of 200 km/h

The resulting PCT values at a vehicle speed of 200 km/h are shown in Figures 11.1-11.2

below. In each diagram the PCT values for perfect track (no track irregularities), Track-A

and Track-B are shown. Track-B is shown twice, since the irregularities have been

superimposed in two different ways (see Section 7.6).
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Figure 11.1a-b PCT (standing) for the Eurofima coach when passing single curves

with a change in direction of Al// = 0.1 rad at a speed of200 km/h.
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Figure 11.2a-b PCT (standing) for the Eurofima coach when passing single curves

with a change in direction of A),/! = 0.5 rad at a speed of200 km/h.

In Figure 8.1, minimum PCT in the dynamic analysis is found at clothoid lengths in the

range 100-300 m, depending on the angle between the adjacent straight lines and the

position of the binding obstacles. The results from the dynamic analysis (Figures 11.1

ll.2) are compared with the results from the simplified analysis (Figures 6.7-6.12) in

Table 11.1.
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Table 11.1 Optimal clothoid lengths for a conventional coach (200 km/h) in

four different cases, according to simplified analysis and dynamic

analysis.

Angle between adjacent straight lines 0.1 rad 0.5 rad
Type of obstacle Midpoint Endpoint Midpoint Endpoint

Simplified analysis 100 m 120 m 260 m 140 m

Dynamic analysis: No track irr. 140 m 100 m 300 m 140 m

Dynamic analysis: Track-A 120 m 100 m 340 m 100 m

Dynamic analysis: Track-B 120 m 100 m 340 m 100 m     
In all three cases where the optimal clothoid length is shorter than the 180 m reference

Clothoid, the rate of cant D is higher than permitted according to the Swedish track

geometry standards in Table 5.1. Referring to Figure 5.1, a non permissible combination

of rate of cant and rate of cant deficiency may be more favourable than a permissible

one, as far as passenger comfort is concerned.

11.1.2 Wheel/rail forces and climbing ratios at a speed of 205 km/h

The results from alignment alternatives with a change in direction Aga of 0.1 rad and

0.5 rad, and a binding midpoint obstacle and a binding endpoint obstacle respectively,

are shown in Figures 11.3 11.8.
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Figure 11.3a-b Vertical wheel/rail forces Q (worst wheel, 99.85-percentiles) of the

Euro ma coach when passing single curves with a change in

direction of Al/I = 0.1 rad at a speed of205 km/h.
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Figure 11.4a-b Vertical wheel/rail forces Q (worst wheel, 99.85-percentiles) of the

Eurofima coach when passing single curves with a change in

direction ofAW = 0.5 rad at a speed of205 km/h.
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Figure 11.5a-b Track shift forces ZY (worst wheelset, 99.85-percentiles) of the

Eurofima coach when passing single curves with a change in

direction of Al/I = 0.1 rad at a speed of205 km/h.

 

 
 
 

 

 

 

  

  
 

 

  

   

   
       

1 5 Angle 0.5 rad, midpoint obstacle Angle 0.5 rad, endpoint obstacle
- , 1.5

' Track-A Track-B (') : Track-A Track-B (-)

A """Track-B (+) "9' NO irregularities A : ------ Track-B (+) - 6 No irregularities

4 1.0 4' 1.0 *
å &
; ;-
8 H -
>.N 0.5 ä 0.5 _

0.0 _ ' ' ' : ' ' ' : 0.0 - -

0 200 400 600 0 200 400 600

Clothoid Iengths, Lt (m) Clothoid lengths, Lt (m)   
 

Figure 11.6a-b Track shift forces ZY (worst wheelset, 99.85-percentiles) of the

Eurofima coach when passing single curves with a change in

direction ofAW = 0.5 rad at a speed of205 km/h.
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Figure 11. 7a-b Wheel climbing ratios Y/Q (worst wheel, 99.85-percentiles) of the

Eurofima coach when passing single carves with a change in

direction of AV! = 0.1 rad at a speed of205 km/h.
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Figure 11.8a-b Wheel climbing ratios Y/Q (worst wheel, 99.85-percentiles) of the

Eurofima coach when passing single carves with a change in

direction of A!]! = 0.5 rad at a speed of205 km/h.

None of Figures 11.3-11.8 (considering the boundary conditions related to track/vehicle

interaction) offers any formal reason for excluding any of the alignment alternatives.
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11.1.3 Passenger comfort at a speed of 220 km/h

The resulting PCT values for the Eurofima coach at a vehicle speed of 220 km/h are

shown in Figures 11.9-1 1.10.
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Figure 11.9a-b PCT (standing) for the Eurofima coach when passing single curves

with a change in direction ofAW = 0.1 rad at a speed of220 km/h.
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Figure 11.10a-b PCT (standing) for the Eurofima coach when passing single curves

with a change in direction of Agil = 0.5 rad at a speed of220 km/h.

The clothoid lengths resulting in the lowest PCT values for a Eurofima coach at a speed

of 220 km/h, are shown in Table 11.2.

 

 

Table 11.2 Optimal clothoid lengths for a conventional coach (220 km/h) in

four different cases, according to simplified analysis and dynamic
analysis.

Angle between adjacent straight lines 0.1 rad 0.5 rad

Type of obstacle Midpoint Endpoint Midpoint Endpoint

Simplified analysis 120 m 100 m 300 m 140 m

Dynamic analysis: No track irr. 120 m 100 m 340 m 140 m
Dynamic analysis: Track-A 120 m 100 m 340 m 100 m

Dynamic analysis: Track-B 120 m 100 m 340 m 100 m     
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Compared to Figures 11.1 11.2, the PCT values are higher in Figures 11.9 11.10, but

minimum PCT is found at almost the same clothoid lengths.

11.2 Tilting coach on single curves

In this section, the same type of vehicle reactions are illustrated as in the previous

section. Passenger comfort has been evaluated for a train speed of 250 km/h, and forces

and climbing ratios have been evaluated for a train speed of 260 km/h. In the reference

curve with Lt: 180 m and R = 1888 m, a speed of 250 km/h corresponds to a cant

deficiency of 241 mm, while a speed of 260 km/h corresponds to a cant deficiency of

272 mm (1 13% of 241 mm).

The SJ UA2 coach has also been evaluated at a train speed of 220 km/h. In

Section 11.2.3 the tilt is on, while in Section 11.2.4 the tilt is switched off.

11.2.1 Passenger comfort at a speed of 250 km/h

The resulting PCT values at a vehicle speed of 250 km/h are shown in Figures 11.11

11.12 below.
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Figure 11.11a-b PCT (standing) for the SJ UA2 coach when passing single curves

with a change in direction of Al/I = 0.1 rad at a speed of250 km/h.
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Figure 11.12a-b PCT (standing) for the SJ UAZ coach when passing single curves

with a change in direction ofAw = 0.5 rad at a speed of250 km/h.

ln Figures ll.ll ll.l2, minimum PCT in the dynamic analysis is found at clothoid

lengths in the range 140 460 m, depending on the angle between the adjacent straight

lines and the position of the binding obstacles. The results from the dynamic analysis

(Figures 11.11-12) are compared with the results from the simplified analysis

(Figures 6.7-6.12) in Table 11.3.

Table 11.3 Optimal clothoid lengths for a tilting coach (250 km/h) in four

different cases, according to simplified analysis and dynamic

 

 

analysis.

Angle between adjacent straight lines 0.1 rad 0.5 rad

Type of obstacle Midpoint Endpoint Midpoint Endpoint

Simplified analysis 160 m 140 m 400 m 260 m
Dynamic analysis: No track irr. 160 m 140 m 460 m 300 m

Dynamic analysis: Track-A 160 m 140 m 380 m 300 m

Dynamic analysis: Track-B 160 m 140 m 420 m 300 m     
Generally, the clothoid lengths minimising PCT are longer for the tilting coach than the

conventional coach (Table 11.1 and Table 11.2).

The investigation of the optimal track geometry for the tilting coach (at a speed of

250 km/h) were extended to include an analysis of the effect of a load with a mass of

4800 kg within the coach. Figures 11.13-11.14 show very similar patterns to those in

Figures 11.11 11.12, even though PCT values are slightly higher when the coach is

loaded.

130



 

  

 

 

 

 

 

 

 

 

 

 

 

        

 

     

Angle 0.1 rad, midpoint obstacle Angle 0.1 rad, endpoint obstacle
40 40

30 _E. . . . .. . 30 :

;? E a? E
If 20 ': ' : 20 --
O _ O
|; Track-A n. _ Track-A I

10 __ ..... Track-B (-) 10 _: _____ Track-B (-)
: ------ Track-B (+) : ------ Track-B (+)

9 No irregularities 9 N0 irregularities
0 ' . . ' ' ' ' : .....................

O I T l

0 50 100 150 200 0 50 100 150 200

i Clothoid lengths, Lt (m) Clothoid lengths, Lt (m)
 

Figure 11.13a-b PCT (standing) for the SJ UAZ coach (loaded with a mass of

4800 kg) when passing single curves with a change in direction of

Auf = 0.1 rad at a speed of250 km/h.
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Figure 11.14a-b PCT (standing) for the SJ UAZ coach (loaded with a mass of

4800 kg) when passing single curves with a change in direction of

Al/I = 0.5 rad at a speed of250 km/h.

The clothoid lengths that minimise PCT are almost independent of the load. All values

except one are the same in Table 11.4 as in Table 11.3.

Optimal clothoid lengths for a tilting coach (250 km/h, loaded with a
mass of 4800 kg) in four different cases, according to simplified

analysis and dynamic analysis.

Table 11.4

 

 

   

Angle between adjacent straight lines 0.1 rad 0.5 rad

Type of obstac/e Midpoint Endpoint Midpoint Endpoint

Simplified analysis 160 m 140 m 400 m 260 m

Dynamic analysis: No track irr. 160 m 140 m 460 m 300 m

Dynamic analysis: Track-A 160 m 140 m 380 m 300 m

Dynamic analysis: Track-B 160 m 140 m 380 m 300 m  
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11.2.2 Wheel/rail forces and climbing ratios at a speed of 260 km/h

The resulting wheel/rail forces and climbing ratios are shown in Figures 11.15-11.2().
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Figure 11.15a-b Vertical wheel/rail forces Q (worst wheel, 99.85-percentiles) of the

SJ UAZ coach when passing single curves with a change in

direction of Al/I = 0.1 rad at a speed of260 km/h.
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Figure 11.16a-b Vertical wheel/rail forces Q (worst wheel, 99.85-percentiles) of the

SJ UAZ coach when passing single curves with a change in

direction ofAw = 0.5 rad at a speed of260 km/h.
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Figure 11.17a-b Track shift forces ZY (worst wheelset, 99.85-percentiles) of the SJ

UAZ coach when passing single curves with a change in direction of

Al/f = 0.1 rad at a speed of260 km/h.
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Figure 11.18a-b Track shift forces ZY (worst wheelset, 99.85-percentiles) of the SJ

UAZ coach when passing single curves with a change in direction of

At/f = 0.5 rad at a speed of260 km/h.
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Figure 11.19a-b Wheel climbing ratios Y/Q (worst wheel, 99.85-percentiles) of the SJ

UAZ coach when passing single curves with a change in direction of

Al/l = 0.1 rad at a speed of260 km/h.
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Figure 11.20a-b Wheel climbing ratios Y/Q (worst wheel, 99.85-percentiles) of the SJ

UA2 coach when passing single curves with a change in direction of

AW = 0.5 rad at a speed of260 km/h.

The evaluation of the wheel/rail forces and the climbing ratios of the SJ UA2 tilting

coach shows the following for Track-B. The track shift forces ZY become a binding

constraint at 420m§Lt_<_460m for the corridor with an angle of 0.5 rad and a

midpoint obstacle, and at 220 m 5 Lt _<_ 260 m for the corridor with an angle of 0.5 rad

and an endpoint obstacle. The radius is in the range 1731 m gR _<_ 1809 m and cant

deficiency is in the range 291 mm 515 311 mm, when track shift forces reach their
limit.

Track-A, which is an almost unrealistically rough track for 250 km/h operation, impose

more severe restrictions on curve radius R and cant deficiency I. Hence, track shift

forces ZY become binding at 180 rn _<_ Lt 5 220 m. There, curve radius R is

1888 m 5 R _<_ 1809 m and cant deficiency I at V = 260 km/h is 272 mm 5 I 5 291 mm.

For both Track-A and Track B, vertical Q forces and wheel climbing ratios Y/Q are not

binding in either of the two sets of track irregularities.

The wheel/rail forces and climbing ratios were also investigated for a loaded tilting

coach (extra mass 4800 kg). Again, vertical Q forces and wheel climbing ratios Y/Q are

not binding in either of the two sets of track irregularities. The track shift forces ZY

increase slightly, but the limit according to Prud'homme also increases (from 49.7 kN to

53.6 kN). The net effect is an improvement compared to the empty coach. Figure 11.21

shows the track shift forces ZY for the loaded coach on curves with an angle of

0.5 radians. A comparison between Figure 11.21 and Figure 11.18 shows that the empty

coach is the worst case with respect to track shift forces.
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Figure 11.21a-b Track shift forces ZY (worst wheelset, 99.85-percentiles) of the S]

UA2 coach (loaded with a mass of 4800 kg) when passing single

curves with a change in direction of AW = 0.5 rad at a speed of
260 km/h.

11.2.3 Passenger comfort at a speed of 220 km/h

This section shows the consequences for passenger comfort when the tilting SJ UA2

coach is running through the curves at a lower speed than in Section 11.2.1, see

Figures 11.22-11.23. The speed 220 km/h generates a cant deficiency I of 152.5 mm in

the reference alternative (Lt=180m and R = 1888 m), which is accepted in many

countries for non-tilting vehicles. (For non tilting vehicles, see Sections 11.1.3 and

11.2.4.)
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Figure 11.22a-b PCT (standing) for the SJ UAZ coach when passing single curves

with a change in direction of Ay/ = 0.1 rad at a speed of220 km/h.

 

Angle 0.5 rad, midpoint obstacle
 20_  
 

 Track-A

Track-B (-)

------ Track-B (+)
"+ No irregularities

 

  

 

 

 

 
15:

 10:

Pc
t
(
%
)

 

 

 

  
0 200 400

Clothoid lengths, Lt (m) 600

Pc
t
(
%
)

  

Angle 0.5 rad, endpoint obstacle

Track-A
Track-B (-)

 

 

 

 

------ Track-B (+)
6 No irregularities
  

   
 

 

   
0 200 400 600

Clothoid lengths, Lt (m)  
 

 

Figure 11.23a-b PCT (standing) for the SJ UAZ coach when passing single curves

with a change in direction of At/f = 0.5 rad at a speed of220 km/h.

PCT values are lower in Figures 11.22-1 1.23 than in Figures 11.11-1 1.12, but the

clothoid lengths generating minimum PCT are almost the same (compare Table 11.5 and

 

 

Table 11.3).

Table 11.5 Optimal clothoid lengths for a tilting coach (220 km/h) in four

different cases, according to simplified analysis and dynamic
analysis.

Ang/e between adjacent straight lines 0.1 rad 0.5 rad

Type of obstacle Midpoint Endpoint Midpoint Endpoint

Simplified analysis 180 m 180 m 500 m 220 m

Dynamic analysis: No track irr. 160 m 160 m 420 m 260 m

Dynamic analysis: Track-A 140 m 140 m 340 m 300 m

Dynamic analysis: Track-B 160 m 160 m 420 m 300 m    
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11.2.4 Passenger comfort at a speed of 220 km/h and with tilt switched off

In this section, the results from the same vehicle (SJ UA2), speed (220 km/h) and curve

alterntives as in Section 11.2.3 are shown. The difference is that here the tilt system is

switched off. When analysing the effects of the tilt system, Figures 11.24 11.25 should

be compared with Figures 11.22 11.23.
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Figure 11.24a-b PCT (standing) for the SJ UA2 coach (with tilt system switched off)

when passing single curves with a change in direction of

AW = 0.1 rad at a speed of220 km/h.
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Figure 11.25a-b PCT (standing) for the SJ UA2 coach (with tilt system switched off)

when passing single curves with a change in direction of

Ai/f = 0.5 rad at a speed of220 km/h.

Figures 11.24 11.25 may also be compared with Figures 11.9 11.10. The latter shows

the resulting PCT values for the (non-tilting) Eurofima coach, passsing the same curve

alternatives at the same speed.

The clothoid lengths that minimise PCT för the SJ UA2 coach with tilt switched off are

shown in Table 11.6.
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Table 11.6 Optimal clothoid lengths for a tilting coach (220 km/h and tilt

switched off) in four different cases, according to simplified analysis

and dynamic analysis.

 

 

   

Angle between adjacent straight lines 0.1 rad 0.5 rad
Type of obstacle Midpoint Endpoint Midpoint Endpoint

Simplified analysis 120 m 100 m 300 m 140 m

Dynamic analysis: No track irr. 120 m 100 m 260 m 140 m
Dynamic analysis: Track-A 120 m 80 m 260 m 100 m

Dynamic analysis: Track-B 100 m 80 m 340 m 100 m   
The optimal clothoid lengths in Table 11.6 are closer to those in Table 11.2 (Eurofima

coach at a speed of 220 km/h) than in those in Table 11.5 (SJ UA2 with tilt system in

use). The optimal clothoid lengths are almost the same for the two types of non tilting

coaches at a speed of 220 km/h.

11.3

Since British Rail Research found that expectations concerning jerks affect perceived

comfort (Harborough l986a), and that the train driver sees curves before a jerk occurs,

PCT has not been evaluated for the driver.

Power car on single curves at a speed of 260 km/h

Forces and climbing ratios have been evaluated for train speeds of 260 km/h, see

Figures ll.26 ll.31. As in Section 11.2, a speed of 250 km/h corresponds to a cant

deficiency of 241 mm, while a speed of 260 km/h corresponds to a cant deficiency of

272 mm on the reference curve with Lt = 180 m and R = 1888 m.
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Figure 11.26a-b Vertical wheel/rail forces Q (worst wheel, 99.85-percentiles) of the

SJ X2 power car when passing single curves with a change in

direction of Al/f = 0.1 rad at a speed of260 km/h.
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Figure 11.27a-b Vertical wheel/rail forces Q (worst wheel, 99.85-percentiles) of the

SJ X2 power car when passing single curves with a change in

direction ofAW = 0.5 rad at a speed of260 km/h.
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Figure 11.28u-b Track shift forces ZY (worst wheelset, 99.85-percentiles) of the SJ

X2 power car when passing single curves with a change in direction

ofAl/I = 0.1 rad at a speed 0f260 km/h.
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Figure 11.29a-b Track shift forces ZY (worst wheelset, 99.85-percentiles) of the SJ

X2 power car when passing single curves with a change in direction

OfAI/I = 0.5 rad at a speed of260 km/h.
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Figure 11.30a-b Wheel climbing ratios Y/Q (worst wheel, 99.85-percentiles) of the S]

X2 power car when passing single curves with a change in direction

ofAW = 0.1 rad at a speed of260 km/h.
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Figure 11.31a-b Wheel climbing ratios Y/Q (worst wheel, 99.85-percentiles) of the SJ

X2 power car when passing single curves with a change in direction

of At/f = 0.5 rad at a speed of260 km/h.

The evaluation of the vehicle response from the SJ X2 power car shows the following

for Track-B. The vertical wheel/rail forces Q become a binding constraint when clothoid

lengths Lt are in the range 300-340 m along the terrain corridor with an angle of 0.5 rad

and an endpoint obstacle. There, curve radius R is 1573 m 5 R 5 1652 m and cant

deficiency I at V = 260 km/h is 333 mm _<_ I _<_ 357 mm. The track shift forces ZY

become a binding constraint at 380 m 5 Lt _<_ 420 m (where radius R is smaller and cant

deficiency I is higher).

Track-A, the almost unrealistically rough track for 250 km/h operation, impose more

severe restrictions on curve radius R and cant deficiency 1. Hence, vertical Q forces

become binding at 220 m 5 Lt 5 260 m along the terrain corridor with an angle of 0.5

rad and an endpoint obstacle. There, curve radius R is 1731 m _<_ R 5 1809 m and cant

deficiency I at V = 260 km/h is 291 mm 5 I g 311 mm. The track shift forces ZY become

a binding constraint at 300 m 5 Lt 5 340 m.
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For both Track-A and Track-B, vertical Q forces are binding at a larger radius than the

track shift forces ZY. Wheel climbing ratios Y/Q are not binding in either of the two

cases.

Since the optimal clothoid lengths are shorter and radii larger (cant deficiency lower) for

a conventional coach, it seems unnecessary to evaluate the forces and climbing ratios for

the power car at a speed of 200 km/h.

11.4 Discussion of the results from the dynamic analysis

The dynamic PCT evaluation confirms fairly conclusively the results from the simplified

PCT calculations in Chapter 6. The optimal clothoid lengths depend not only on the

vehicle speed and the effective roll factor, but also on the angle between the adjacent

straight lines and the position of the binding obstacles. The PCT values in the dynamic

analysis are higher than the simplified PCT values, but the optimal clothoid lengths are

about the same. Since the optima are quite at, slightly non optimal clothoid lengths do

not increase PCT very much.

Both dynamic and simplified PCT evaluations result in optimal clothoid lengths either

shorter or longer than the 180m reference alternative. This is an indication that the

optimisation in Chapter 5 (fixed limits for certain track quantities and maximisation of

speed V, see Figure 5.2) is not compatible with the optimisations in Chapters 6 and 11

(fixed speed V and minimisation of PCT). However, it must be noted that using

Formulas [5.3] [5.4] with a low predefined design speed VD may result in clothoid

lengths which are systematically much shorter than the optimal lengths according to

Chapters 5, 6 and 11. Figures 6.7 6.10 indicate there are no substantial benefits with

short clothoids for curves where cant deficienies anyway are low.

Introduction of the track irregularities increases the PCT levels but does not significantly

change the clothoid lengths that minimise PCT. However, with irregularities, limits for

Q, and/or ZY forces are exceeded for long clothoids (since in defined corridors long

clothoids require small curve radii and hence higher cant deficiencies). However, in

most cases, the limits for Q, and/or ZY forces are not binding at clothoid lengths where

PCT is minimised. There is one exception: A terrain corridor with an angle of 0.5 radians

and an endpoint obstacle. The SJ UA2 coach exceeds the limit for track shift forces in

that corridor at Lt=300 m. The overrun is very small for the most relevant track quality

(Track B), and if slightly shorter clothoids (and larger radii) are chosen, PCT will not

increase very much.

It should be mentioned that the SJ UA2 coach is a more than 10 year old design,

intended for a maximum cant deficiency I of 245 mm (which is exceeded in many cases

in the present study) and a maximum speed of 200 km/h. More modern tilting trains,

such as NSB BM73 (Signatur), are designed for maximum cant deficiencies in the range

280 mm 5 15 300 mm.

Two types of non tilting coaches (with different vehicle data) have been studied, the

Eurofima coach and the S] UA2 coach with the tilt system switched off. The clothoid

lengths that minimise PCT are almost the same for these two coaches.
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If both conventional and tilting coaches are to be used on the same track (at speeds of

200 km/h and 250 km/h respectively), the best clothoid lengths seem to be somewhere

between the optima for each type of vehicle. Clothoids longer than the optimum for the

tilting coaches may be favourable for reducing the risk of motion sickness, but are

unfavourable for the Q and ZY forces and slightly negative for PCT (since the alignment

will have smaller radii).

Since alignment is a property with a long life expectancy, we may wonder how future

track and vehicle developments could affect the optimal alignments. The negative

in uence of lateral acceleration, lateral jerk and/or roll velocity on passenger comfort

will always be present. However, it may be possible to raise the limits for Q and ZY

forces with other track designs, and it is possible to reduce these forces with other

vehicle designs. Hence, it seems likely that optimisation of passenger comfort

(minimising PCT) will lead to alignments which are very suitable also for new track and

vehicle designs.
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12. Applications in the Norwegian tilting trains project

12.1 Background to the Norwegian tilting trains project

As the rail network in Norway contains many curves, there has long been an interest in

high speed curving (Serigstad & Potter 1995). The possibility of operating with tilting

trains was investigated as early as 1973, and in 1981 special express trains were put into

service. These trains, consisting of class El 17 locomotives and NSB B7 coaches with a

low mass centre and stiff secondary suspension in order to reduce the effective roll

factor fr, can run through curves at a speed approximately 10% higher than conventional

trains. The NSB B7 coaches were prepared for active tilt technology, but due to various

technical problems, such as unreliable components in the tilt system and high track

forces from the NSB El 17 locomotive at increased curving speeds, the tilt technology

was not implemented for revenue service.

During 1993, trials with the Swedish class X2 and German class VT610 tilting trains

were carried out in Norway. Wheel/rail forces were measured with instrumented

wheelsets and found acceptable.

In 1996, an SJ X2 trainset was hired from the Swedish State Railways (SJ) and used in

revenue service on the Oslo-Kristiansand main line. Before starting the service, track

stability was measured with a Swedish test vehicle. These measurements confirmed that

the track could carry lateral loads according to international standards (from CEN and

UIC). During revenue service with the SJ X2 trainset, surveys of passengers judgement

of comfort, service, etc. were conducted. Vibration levels in the trainset were measured

and found satisfactory.

Further measurements were conducted on the track. The relative displacements between

rails and sleepers were measured in order to investigate the roll behaviour of the rails

and risk of fatigue of the rail fasteners at high cant deficiencies. Also, the angles of

attack of the wheelsets were measured on curves to investigate the radial steering

capability of the bogies.

The results of the trials in 1996 were positive and it was decided to acquire tilting

trainsets for Norway. The 16 EMUs for the Oslo Gardermoen Airport line have a

maximum speed of 210 km/h and one of these trainsets has been equipped with active

tilt technology. So far (August 2000), another 22 EMUs and 11 DMUs, with a

maximum speed of 160 km/h, have been ordered and will be put into traffic on main

lines where the present maximum speed is 130 km/h for conventional and express

trams.

The 1993 test trials included high speed curving with more than 300 mm of cant

deficiency, and based on the results, a preliminary track standard was drafted, see

Table 12.1.
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Table 12.1 Certain track limits in Norway.

 

 

 

 

 

  

Conventional Express trains Tilting trains
trains

Maximum cant, D (mm) 150 150 150

Maximum cant 100a,
deficiency, I (mm) 13ob, 150C 160 280
Maximum rate of cant,

D (mm/s) 55 69 75

Maximum rate of cant

deficiency, i (mm/s) 80 100 140

Maximum instantaneous

change of cant deficiency (mm) 106.2 106.2 106.2  
 

a)R<290m, b)290m5R5600m, c)R>600m

According to the test trials, the wheel/rail forces will be acceptable if the curves do not

contain large track irregularities. Hence, the present applied study focused on other

aspects than wheel/rail forces. The following topics were studied:

1. Consequences for conventional trains when applying the track standards

Analysis of passenger comfort in the tilting trains and comparisons with

comfort in other trains

3. An overall judgement and a recommendation for handling conflicting

requirements on the track

The last point may be specified further: Are the track standards reasonable from the

comfort point of View? Will the track standards provide sufficient guidance for track

engineers so that, at a predefined train speed, a reasonable track geometry (combination

of curve radii, lengths of clothoids, amount of cant) is achieved? With a predefined track

geometry, will the resulting permissible train speed be reasonable or should it be

decreased (alternatively increased)?

12.2 Consequences for conventional trains and potential speed

levels for tilting trains

This part of the study was conducted with the same method as an earlier study of

Swedish track standards (Kufver 1995). Applying the track limits in Table 12.2, there is

a potential con ict between fast trains and slow freight trains when choosing cant for

circular curves. With the exception of the Oslo Gardermoen Airport Line, the highest

permissible speed in Norway is 160 km/h and the smallest curve radius for this speed is

R=703 m when maximum cant D: 150 mm is used. The cant deficiency will be

I = 280 mm for tilting trains running through the curve at a speed of 160 km/h. For a

slow freight train at a speed of 80 km/h, the cant excess will be 43 mm, which must be

considered a very modest value. At larger curve radii than R = 703 m, the difference

between equilibrium cant for tilting trains (at 160 km/h) and slow freight trains is

reduced and the need for cant and cant excess is also reduced. For smaller curve radii,
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the maximum cant is still D = 150 mm and the equilibrium cant increases and cant

excess decreases for slow freight trains. The conclusion is that cant excess for freight

trains will not be a binding restriction for the operation of tilting trains in Norway.

However, conflicting requirements will occur when optimising cant (with respect to

permissible train speed) for a predefined alignment with short clothoids. For each

category of train (see Table 12.1), there are two variables (permissible train speed and

cant) and normally only two of the limits for cant D, cant deficiency I, rate of cant D ,

and rate of cant deficiency I should be binding. In cases where only one of the limits is

binding for permissible train speed, the actual cant is not the amount of cant that

maximises permissible train speed. On very short clothoids, the binding limits are those

for rate of cant D and rate of cant deficiency I .

Figure 12.1 shows permissible train speeds for the three categories of Norwegian trains

as functions of the amount of cant on a very short clothoid, with limits as shown in

Table 12.1.
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Figure 12.1 Permissible speeds for the three categories of trains (expressed in

per cent of the highest possible train speed for conventional trains)

as a function of cant (expressed in per cent of equilibrium cant for

conventional trains) on a very short clothoid.

A number of observations may be made in Figure 12.1. For conventional trains, the

amount of cant that maximises permissible train speed is approximately 40% (of

equilibrium cant). This percentage may also easily be calculated with data from

Table 12.1. At a lower cant, the permissible train speed will be bound by the permissible

rate of cant deficiency I alone, while a margin exists for rate of cant D. At a cant

higher than 40% of equilibrium cant, the situation is the opposite.

Express trains and tilting trains may run through the short clothoids at higher speeds

than conventional trains, which is obvious from the data in Table 12.1. In Figure 12.1, it

can be seen that cant that maximises permissible speed is higher for these two categories

of trains. When choosing cant, there is therefore a con ict between the desire for high
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permissible speeds of both conventional and tilting trains. In order to avoid unnecessary

speed restrictions for conventional trains (including freight trains), it was recommended

to optimise the cant for conventional trains rather than tilting trains, even though the

permissible speed for tilting trains is thereby not quite as high as would otherwise be

possible. (The limits for rate of cant D for express trains and tilting trains, shown in

Table 12.1, should therefore not be binding.)

The permissible overspeeds for tilting trains (compared to conventional trains),

according to Table 12.1, have been systematically calculated and analysed for

22 different alignment cases. Table 12.2 shows examples of these.

 

 

Table 12.2 Examples ofpermissible overspeeds for tilting trains in Norway.

Alignment case Overspeed

Radius binding (R < 290 m) 31 .1 %

Radius binding (290 m 5 R 5 600 m) 23.9%
Radius binding (R > 600 m) 19.70/0

Radius binding, without cant (R < 290 m) 67.3%

Radius binding, without cant (290 m 5 R 5 600 m) 46.7%

Radius binding, without cant (R > 600 m) 36.6%
Cant gradient binding 36.3%

Very short clothoid (D optimised for conv. trains) 14%

Change of curvature without transition curve 0
Small radius of vertical curve O   
 

12.3 Analysis of the choice of cant and/or compensation ratio

The first level in the comfort analysis is the choice of cant and the choice of

compensation ratio in the tilt systems (i.e. the choice of effective roll factor). For

passengers, it is of no importance whether the track is superelevated or the train tilts in

relation to the track. Hence the effective roll factor was used as an independent variable

in the analysis. Figure 12.2 shows PCT for both seated and standing passengers, together

with roll velocity, for two cases where cant has been chosen to maximise the

permissible speed for conventional trains.
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Figure 12.2a-b Passenger comfort expressed in PCT and roll velocity for a tilting

train running through a curve at a speed of 155 km/h. Left: Radius

is R = 665 m, cant is D = 150 mm and clothoid lengths are Lt = 99 m.

Right: R = 1330 m, D = 65 mm, Lt = 46 m.

In the alignments in Figure 12.2, the best compensation ratio with respect to PCT is in

the range 70-85%. However, the roll velocity reaches 6.5 degrees per second for such

high levels of compensation ratio, that, according to Koyanagi (1985) and Förstberg

(1996), they may lead to motion sickness among sensitive passengers. In Norway, the

tilt systems are designed for a compensation ratio of 55% (effective roll factor 0.45),

which leads to roll velocities up to approximately 5.5 degrees per second. This may be

regarded as a compromise between the contradicting desires of low PCT values and low

roll velocities. Several horizontal alignments have been studied and the conclusions are

similar.

The draft track standards cannot be changed without increasing either PCT or roll

velocity.

12.4 Analysis of the lengths of the clothoids

The second level in the comfort analysis evaluates whether or not the alignments

maximising the permissible speeds of conventional trains result in the best possible

comfort in tilting trains. Four different terrain corridors for single curves were defined

and analysed using procedures described in Chapters 6 and 11. The terrain corridors are

described by the angle between two straight lines to be connected by the curve, and the

longitudinal position of a binding obstacle. In all four cases, the binding obstacle was

placed to enable the combination of curve radius R=665 m and clothoid lengths

Lt=99 m, see Figure 12.3. These are the smallest radius and the correspondingly

shortest clothoid for a permissible speed of 130 km/h for conventional trains. The

obstacles are placed either in the middle of the circular portion of the curve or in the

adjacent tangent track (a turnout that should remain straight).

When applying limits for conventional trains in Table 12.1, all deviations from this R/Lt

combination lead to a lower permissible speed than 130 km/h for conventional trains (if

the track remains within the defined corridor and does not require the obstacles to be

removed).
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Figure 12.3 Possible combinations of curve radius R and Clothoid lengths Lt in

four different terrain corridors in the Norwegian study.

The resulting PCT values for standing and seated passengers in a tilting train running

through the curves at a speed of 155 km/h are shown in Figures 12.4 and 12.5,

respectively. (At R = 665 In and Lt = 99 m, the cant deficiency is I = 276 mm, the rate of

cant deficiency is I = 120 mm/s and the rate of cant is D = 65 mm/s.)
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Figure 12.4 Simplified PCT (standing passengers) for a tilting train running

through curves at a speed of 155 km/h.
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Figure 12.5 Simplified PCT (seated passengers) for a tilting train running

through curves at a speed of 155 km/h.

On short clothoids, discomfort is caused mainly by high levels of lateral jerk and roll

velocity, while on long clothoids, discomfort is caused mainly by a high level of lateral

acceleration. In two of the cases, the lowest discomfort is achieved with a clothoid

length around Lt : 99 m, which is optimal for conventional trains. In the third case, a

slightly lower PCT value is achieved with a shorter clothoid and in the fourth case with a

longer clothoid. As an overall judgement, it may be concluded that the track standards,

applied with the de ned speed-maximisation approach, lead to almost the best possible

ride comfort for the Norwegian tilting trains.

Further calculations were made for the same terrain corridors as in Figure 12.3. It was

assumed that the tilting trains passed the curves at a lower speed than 155 km/h, see

Figures 12.6-12.7.
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through curves at a speed of 150, 145 and 140 km/h.
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Figure 12.7 Simplified PCT (seated passengers) for a tilting train running

through curves at a speed of 150, 145 and 140 km/h.

PCT is generally lower in Figures 12.6-12.7 than in Figures 12.4 12.5, but PCT minima

are still found at approximately Lt= 99 m. Hence, as long as PCT is used as object

function, margins for planned maximum permissible speed do not justify an

abandonment of the speed-maximisation approach. However, roll velocities decrease

with increased clothoid lengths, and the risk of motion sickness may justify longer

clothoids.

The investigation has also been extended to a more dynamic evaluation of tilting

vehicles with the use of GENSYS. Vehicle data according to the Swedish SJ X2 train
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were used, but with a lower tilt compensation ratio (that corresponds to the Norwegian

ratio).

The results from the dynamic simulations correspond very well with the original

investigation. For the coach centre, the PCT values are almost the same. Above the

bogies, PCT may be up to 3% higher. The differences are explained by a high level of

yaw acceleration when the vehicles enter the curves. For all positions within the

coaches, PCT minima were found at approximately Lt = 99 m, see Figure 12.8.
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Figure 12.8 Passenger comfort expressed in PCT (seated passengers) for a tilting
train running through curves at a speed of 155 km/h.

12.5 Analysis of the speed levels

In order to analyse whether the permissible speed for tilting trains in Norway will be

reasonable or whether the speed ought to be decreased (alternatively increased),

comparisons were made with other categories of trains in Norway and with different

categories of trains in Sweden. A summary of the Swedish track standards is shown in

Table 12.3.

 

 

 

 

 

Table 12.3 Certain track limits in Sweden.

Conventional trains Tilting trains
Categon/ A Category B Category 8

Maximum cant, D (mm) 150 150 150

Maximum cant

deficiency, I (mm) 100 150 245

Maximum rate of cant,

D (mm/s) 46 55 69

Maximum rate of cant

deficiency, 1 (mm/s) 46 55 79    
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Table 12.4 shows the physical quantities related to passenger comfort and the resulting

PCT values for the worst possible cases. The Norwegian and Swedish tilting trains have

an effective roll factor of 0.55 and 0.28, respectively. Other train categories are assumed

to have an effective roll factor of 1.2 (even though an effective roll factor of more than

1.2 may be more reasonable for certain conventional Norwegian and Swedish trains).

 

 

Table 12.4 Resulting (simplified) physical quantities and passenger comfort PCT

for the worst case for different train categories in Norway and

Sweden.

Norway Sweden

Conv. Express Tilt. Cat. (A) Cat. (B) Tilt. (S)

Lat. acc. (m/sZ) 1.18 1.26 0.82 0.79 1.18 0.48
Lat. jerk (m/s3) 0.63 0.79 0.41 0.36 0.44 0.16
Roll vel. (degrees/s) 1.5 1.5 5.4 1.4 1.5 4.4

PCT stand. (%) 36.0 41.4 29.5 19.2 32.0 11.3
PCT seat. (%) 11.0 13.2 7.3 4.9 9.1 1.3    
 

Table 12.4 shows that the lateral acceleration and lateral jerk will be lower in the

Norwegian tilting trains compared both with other categories of trains in Norway and

trains of Category B in Sweden (trains with high quality running gear, but without tilt

systems). The roll velocity will be higher than in any other category of train.

Aggregating these quantities into PCT shows that instantaneous discomfort (PCT) will be

lower for Norwegian tilting trains than for Norwegian conventional and express trains.

However, the high roll velocities may lead to tendencies to motion sickness among

sensitive passengers. For the first vehicle in a tilting trainset, with a 0.2-second delay in

tilt operation, PCT will be 1 2% higher compared to the trailing vehicles, but is still

lower than for conventional and express trains.

12.6 Conclusions and recommendations to Jernbaneverket

In the application of the track standards in Table 12.1, it is recommended to maximise

the permissible speed for conventional trains. Hence, the limit for rate of cant should not

be binding for tilting trains since an overspeed of 36% (75 mm/s compared to 55 mm/s)

cannot be justified when applying other limits in Table 12.1. It should also be noticed

that in the case of single curves, only one of the limits for cant deficiency and rate of

cant deficiency will be binding (as in Figure 12.2a and 12.2b, respectively).

The Norwegian tilting trains are considered to have a reasonable compensation ratio for

Norwegian tracks. The Norwegian track standards, applied with the speed-maximisation

approach for conventional trains, will guide track engineers to a reasonable balancing

of contradicting desires when choosing alignment and cant. It minimises the need for

speed reductions for conventional trains and it leads to (or close to) PCT minimum for

tilting trains. It is also concluded that the permissible speed for tilting trains will be

reasonable.
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(It should also be noted that the recommended approach does not lead to best possible

PCT values for the conventional trains. Neither does it lead to highest possible

permissible speed for tilting trains. In Figure 12.1, it can be seen that the amount of cant

that maximises permissible speed for conventional trains does not maximise the

permissible speed for tilting trains. The same applies to the choice of clothoid lengths.)

The major uncertainty in the Norwegian tilt project is the risk of motion sickness. Due

to short clothoids, the roll motions will be more severe in tilting trains in Norway

compared to tilting trains in Sweden.
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13. Conclusions

In this thesis and summary report, the following conclusions have been drawn

concerning alignment calculations in general:

If the objective is to compare alignment alternatives that are associated with the same

construction costs, the alternatives should pass the same obstacles along the alignment.

For such comparisons, the following conclusions have been drawn:

The obstacles should generally define inequalities (a minimum lateral distance between

the obstacle and the alignment, or a minimum longitudinal distance between the

obstacle and a tangent point) and should not define fixed points. With this procedure,

obstacles that are not binding will be neglected in the final solution.

Least squares calculations of track elements do not automatically give the best solution

since the obstacles are not taken into account.

For a single curve between two fixed straight lines, a lengthening of the transition

curves will require a reduction of the radius in the circular part of the curve. The

magnitude of the necessary reduction depends not only on the difference in direction for

the two straight lines but also on the positions of the binding obstacles. A lateral

obstacle in the middle of the curve requires the smallest reduction and a longitudinal

obstacle on a connecting straight line requires the largest reduction.

Concerning passenger comfort, the following conclusions have been drawn:

The conclusion of this report is that the PCT functions (included in CEN (1999a)) are the

most reasonable overall comfort functions when optimising railway alignments. The

reason for this is that PCT includes the lateral acceleration, lateral jerk and roll velocity,

which are the most basic physical quantities when calculating alignment and cant.

An alternative method for comfort rating, which may be considered, is the general

model of Parsons and Griffin (1983). However, there is a crucial lack of knowledge

concerning the weightings of very low frequency accelerations.

On the other hand, when using PCT there is a lack of information concerning effects of

the duration of the journey, the number of curve entries and large track irregularities.

However, when optimising the alignment of single curves, the duration of the journey

and the number of curve entries will be the same for all alignment alternatives. (It must

also be questioned whether or not large track irregularities should be taken into account

when designing alignments.) Also, the PCT functions do not take risks of motion

sickness into account.

The procedures provided by CEN (1999a) for calculating PCT must be better defined.

The time position for the l second rectangular averaging window is not clearly defined.
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Concerning other aspects of track/vehicle interaction (than passenger comfort), the

following conclusions have been drawn:

The same variables and limits should be used in evaluation of alignments as in

evaluation of different vehicles.

The use of median values is not relevant where curvature and/or cant are not constant.

For railway lines with passenger traffic, where it is important to maximise passenger

comfort, PCT is a suitable object function (when comparing equally costly alignments)

while vertical wheel/rail forces, guiding forces, track shift forces, climbing ratios and

their corresponding limits can be used in boundary conditions.

Simplified calculations and dynamic analysis have led to the following conclusions

concerning linear or S-shaped superelevation ramps:

Long smoothing of cant and curvature patterns results in an unnecessary high values for

maximum rate of cant and maximum rate of cant deciciency (at the middle of the

superelevation ramp and transition curve, respectively). This applies both where inward

shifts (lateral obstaclas) and where element lengths (longitudinal obstacles) are binding

for the length of the ramp and the transition curve.

Since passenger comfort in terms of PCT depends on lateral jerk, but not on higher

derivatives of lateral acceleration, and on roll velocity, but not on higher derivatives of

roll angle, it has not been possible to find any substantial advantages with S shaped

ramps and corresponding types of transition curves. Where lengths are binding, PCT

values are significantly higher for S shaped ramps.

Maximum values of track forces are not significantly improved by the smoothing. The

impact forces where cant gradient changes are often smaller than the forces in the

circular portion of the curve, or as an effect of track irregularities. If desired, the impact

forces may be lowered by a very short smoothing (about 6 m) of an otherwise linear

ramp.

Simplified calculations and dynamic analysis have led to the following conclusions

concerning the arrangment of cant and tilt of vehicle bodies forfixed alignments:

An optimal cant may be calculated as the level at which the discomfort caused by lateral

acceleration and lateral jerk is eliminated. Higher cant leads to unnecessarily high roll

velocities, which affect PCT slightly negatively, but may also provoke motion sickness to

an unnecessary degree. If the limit for cant or the limit for cant excess for slower trains

is binding, the optimal cant is the highest possible with regard to the limit in question.

In some alternatives, the optimal cant for tilting trains is relatively low. This is an

indication that tilting trains, with a constant ratio between tilt angle and lateral

acceleration in the superelevated track plane, may tilt to an unnecessary extent. In these
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cases, the tilt angle may be reduced without loss of passenger comfort (i.e. without

increased PCT), and this may also reduce the risk of motion sickness.

The tilt angle should be evenly increased (or decreased) over the entire transition length,

since deviations from this pattern create an unnecessarily high level of lateral jerk for a

certain roll velocity (or vice versa). Delays in the tilt system also cause an unnecessarily

high level of lateral acceleration for a certain roll velocity.

Since the optimal tilt is non proportional to lateral acceleration on the circular curve, it

would be favourable to provide the tilting trains with a route file in order to enable the

tilt control system to calculate the optimal tilt angle and velocity on transition curves.

The cant may be arranged by lowering the inner rail half the amount of cant and by

lifting the outer rail the other half. Such superelevation ramps are easier to survey, and

the vertical impulse forces on the track where ramps start and end are minimised.

Simplified calculations and dynamic analysis have led to the following conclusions

concerning the lengths of the clothoids:

When building new lines, longer clothoids are more efficient for reducing the roll

velocities in tilting trains, compared to a reduced limit for tilt velocity. Both methods

increase the lateral acceleration, where lengthened clothoids lead to a smaller radius of

the circular curves, but the effect on lateral acceleration is smaller when optimising the

alignment.

At least for lines where vehicles have low unsprung masses and low axle loads, the limit

for rate of cant D may be increased. In some cases, a higher magnitude of D may

improve passenger comfort, since radii may be increased at the expense of shorter

clothoids, and the wheel/rail forces and climbing ratios would still be lower than their

limits. (The effect on passenger comfort has already been reported by Harborough

(l986a) and UIC (l99l)).

The optimal lengths of the clothoids (minimising PCT) depend on the change in direction

between the adjacent straight lines Aw and the positions of the binding obstacles.

Provided that the limit for D is increased, the optimal clothoids for conventional

coaches (fr: 1.2) are relatively short in some cases (curves with a small change in

direction Al/I and/or binding longitudinal obstacles). For curves with a larger change in

direction Al/f and with binding obstacles in the middle of the curve, the optimal

clothoids tend to be longer.

The optimal lengths of the clothoids depend on the limit for cant, the roll coefficient of

the vehicle and a body tilt system, if used. A higher limit for cant, a lower roll

coefficient and a higher degree of compensation in the body tilt system (if used) favour

longer clothoids.

The introduction of track irregularities does not significantly change the clothoid lengths

that minimise PCT. However, track irregularities increase the wheel/rail forces and these
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forces may exceed their limits for alignment alternatives that minimise PCT, i.e. in cases

where cant deficiency is high.

A comparison of the results from the simplified analysis and the dynamic analysis

shows that they tend to give a PCT minimum at the same clothoid lengths (at least if

clothoids are not shorter than those in the present study).

Concerning the optimisation of alignments when building new lines, the following

conclusions may be drawn:

The differences between maximisation of permissible speed, using predefined limits for

cant, rate of cant, cant deficiency and rate of cant deficiency (as in Chapter 5) and

minimisation of PCT values for fast trains (as in Chapters 6 and 11), are substantial only

for the fastest trains. Hence, if the design speed VD is lower than the potential

permissible speed Vp on the circular curve, with respect to future cant and permissible

. . . . . V 3
cant def1c1ency, no substantial benef1ts are found when us1ng the formula Lt : kv - £

compared to optimising the transition length for a speed V such as VD < V 5 Vp.

The choice between the method of maximising permissible speed (as in Chapter 5) and

the method of minimising PCT (as in Chapters 6 and 11) is not obvious when regarding

the curves individually. The choice may become easier when designing sequences of

curves. If the curves are close to each other, so that train speed does not vary between

them (due to limited acceleration and deceleration), the tightest curve in the sequence

may be designed to maximise the permissible train speed. The other curves may be

designed for lowest possible PCT values (with track limits taken inte consideration,

applied on the maximum permissible speed on the tightest curve).

The optimisation using the procedures in this report leads to alignments that are better

prepared for future traffic demands without significantly increased construction costs. If

the optimisations lead to alignments where potential permissible speed varies greatly

between different single curves, the number of curves that may have to be realigned in

the future (and the associated future construction cost) will be reduced.

Future research

The negative consequences of high cant excess for slow freight trains need to be

investigated. Such studies may also investigate whether or not the limit for cant may be

raised.

There are more complex curve combinations (than the clothoid circle - clothoid

combination) which ought to be studied, such as the optimal curvature pattern on

crossovers.

The in uence of track irregularities (peak values, general levels of amplitudes,

wavelengths, etc.) on vehicle response is an area that merits further research.
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In order to enable comparisons of alignment alternatives that are not equally costly,

there is a need for monetary assessment of passenger comfort as well as monetary

evaluation of wheel/rail forces, etc.
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