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Abstract

This licentiate thesis summarises four reports 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 an application where the alignments instead of the vehicles are altered.
Methods for quantifying passenger comfort as a function of vehicle reactions caused by
the alignment are investigated. Comparisons are made with ISO (1985) and BS (1987)
standards for evaluation of human exposure to whole body vibrations, and it is found

that passenger comfort on curve transitions PCT (CEN 1995) 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/track 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.

Keywords: Vehicle dynamics, simulation, track/vehicle interaction, track geometry,
cant, alignment, transition curves, wheel forces, guiding forces, track shift forces,

climbing ratios, wear index, passenger comfort, PCT.
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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, but 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 may 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 study has focused on alignment and cant on single horizontal curves. In this
case, the following track quantities are chosen: radius, cant, and lengths of transition
curves and corresponding superelevation ramps.

According to Schuhr (1985), the use of transition curves was suggested by Pressel as
early as 1854. Such curves were first used in the construction of the Brenner railway in
1864-1867 (Weber 1990). A question which has been asked since that time 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 2.3), 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 be 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. Contrary 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 Shortt (1909) and Scramm (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 dealt 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 did 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
vibrations 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.

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 reactions.



1.4 Publication list

The following reports have been published in the present study:

Mathematical description of railway alignments and some preliminary comparative

studies (Kufver l997a) 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 (Report A).

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

railway alignment (Kufver 1997b) analyses the usefulness of the evaluation procedures
for mechanical vibration according to BS 6841:1987 and ISO 2631/1 1985 as well as
the usefulness of results from field tests concerning passenger comfort in railway
vehicles (Report B).

Variables and criteria for evaluation of vehicle reactions caused by railway alignment
(Kufver l997d) is mainly focused on the evaluation of wheel/track forces and similar
quantities, which are relevant when evaluating vehicle dynamics on curves (Report C).

Optimisation of single horizontal curves in railway alignments (Kufver 1997c) presents
an integrated application of the concepts presented in Reports A-C (Report D). For two
types of passenger coaches (conventional and tilting respectively) running at a
predefined speed, passenger discomfort on curves is minimised. Wheel/track 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.



1.5 Thesis contribution

This thesis is believed to make the following contributions:

A. 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 or changing 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 and 8).

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 A (Chapter 5).

When limits in the 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/track 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).



2. Mathematical description of alignment

2.1 Differential equations for the direction l/fand the

coordinates x and y

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

The direction of the track l//(S) (rad) can be calculated by integration of the

curvature k(s)

ms) = ] du; = [ k(s)ds [2.1]

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

integration

x(s) = JCOSl/l(s)ds = Jcosjk(s)dsds [2.2]

y(s) = J-Sin 1/1(s) ds = Jsinjk(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 (1/1 << l ) the following approximations can be made:

sint/1 = 1/1 = tant/f [2.4]

cosw = l [2.5]

According to the assumption of small angles, approximate solutions to the equations
[2.1]-[2.3] applied to a circle (with constant curvature k) are:

w(s)=[kds=yf0 +k-s [2.6]

x(s)=[cosw(s)ds=[1ds=x0+s [2.7]

2

y(s) = [sint/[(s) ds =]. kdsds = [(I/IO +k-s)ds = yo +1/10 -s+k-% [2.8]

The integration constants 1/10, xo 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:

k(s) = ko + £3- [2.9]

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

In equation [2.9] A is a constant. The denominator 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 (k0=0), has the length Lt (t : transition) and ends

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

[A2| = Lt-R [2.10]

Equation [2.9] combined with equations [2.1] and [2.3] - [2.4] gives

2
S Sl//(s) = [ k(s)ds = [ (kg +Azjds = 1/10 + ko s + 2315 [2.11]

2
. Sy(s) = [Sing/(sms = k(s)dsds = [[I/;O +k0 -s+2_A2)ds :

S2 S3= + -+k - + === 2.12yo Wo S o 2 6-A2 [ l

for OSSSLt.



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

consists of two elements, with length LO and curvature ko, and length L1 and curvature k]

respectively. The chainage is defined with s = O at the beginning of element 0 and the
coordinate system is defined with x = O, y = 0 and 1/1 = 0 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 1:

S=LO+L1 [2.13]
szo l'Ll [2.14]

yzgg'L%+k0'Lo'h+ I%°L% [2.15]

W=ko'Lo+k1'Ll [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 I]! as the original element 1, we will obtain the following equations for

the second chain of elements:

x = LcO + Lt + LC] [2.17]

2
 
Lt

l/fszHLCO'i'koLf i'z AZ +k1'LC1 _

L
:ko'LC0+k0Lt+(k1 k0)'_2£+k1 'LC1=

Zko'LC0+k0'%+kl'%+k1'Lcl [2.18]

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

Lt
k =k +- [2.19]1 O A2

By comparing [2.14] and [216-218] we find:

ALC : LO _ LCO z [; [2.20]

Lt
AL] : L1 Lc1 z 2 [221]

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.

Even if the alignment including a clothoid ends up with the same direction 1,11 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:



Lt3
A2
 

k [(
yzå-Lcå+kO LcO-Lt+ åQ Lt2+ +

 
Liz k 2

+[k0HLC0+kOLt+2A2jHLCI+ 2LLC1 :

=__.[ +1c .z, -L + -zq+ k k o L 2.22

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

Lt2
w z - k k 2.2324 l 1 ol [ ]

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.

2.2 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,
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 postions.

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, see Figure 2.2.
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Figure 2.2 Curvature diagrams for alignment alternatives with and
without a clothoid respectively. (Source: Kufver ] 997a. )

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 curves or required curvature when passing obstacles.
The determination of an unknown curvature in a surveyed track is illustrated in

Figure 2.3.
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Figure 2.3 Analysis ofslew diagram of circular curve.
(Source: Kufver 199761. )



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

distances between the calculated track and the surveyed existing track.

If the existing track has no misalignments, it can be represented by the equation

__ k_e 2
ye(s)~yeO+WeO'S+ 2 'S [2-24]

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

N k_c 2
yc(S)~ch+l/ICO'S+ 2 'S [2.25]

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

2
S
? [2.26]Slew z (yeO _yc0)+(l/jeO _I//CO)'S+(k _kC).

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.

The mismatch in curvature may be analysed from the 52 term. In Figure 2.3, the

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

2Mia-w, m
where oc and [3 are identified in the slew diagram.

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

ke = kc + 2 - 52 [2.28]
06

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. 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 in uence 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.

lO



 

    

  
LEAST SQUARES FIT/

BEST FIT

 
   
 

Figure 2.4 Circular curve determination with least squares calculation
compared with bestfit. (Source: Kufver 199761.)

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.
(Source: Kufver 199761. )

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.

11



 

Slew A

     
Figure 2.6 Slew diagram at a kink. (Source: Kufver l997a. )

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 which reduces the
misalignments but which does not include any unnecessary slew where there are no
misalignments.1 Figure 2.7 shows the expected result from such a calculation.
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Figure 2. 7 Expected resultfrom a realignment calculation.
(Source: Kufver l997a. )

 

1 The objective in this chapter is not to improve the alignment, but to identify the effects in a slew diagram when
changing the alignment.
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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 of lateral shift w.

 

 

  

     

k(s) /\

> s

Slew /\

ffix._________________ . ......

; &
f \

fx / \\=w=,f'\,= = > S

Figure 2.8 Calculated transition lengths differs from existing lengths.
(Source: Kufver ] 997a. )

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.
(Source: Kufver 1997a.)
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2.3 Comparisons of clothoid - circle - clothoid combinations

As shown in Section 2.2, 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 (E2 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 (R) and the length of a transition curve (Lt).

 

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

(Source: Kufver 199701.)

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. But 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
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turnout defines a longitudinal obstacle, since a turnout should preferably be located on a
straight line.

 
Figure 2.11 A double slip as a (binding) longitudinal obstacle in the up

line of the Nynäs Line, Alvsjö. (Source: Kufver 199761. )

The objective should now be to choose the best2 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 the 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.

 

2 Possible object functions are discussed in Chapters 3-5.
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Figure 2.12 Curve design in the R-Lt plane. (Source: Kufver 199751. )

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)_R =M_R [2.29]1 2
cos(AW) cos(Al/jj

2 2

where Aw: the angle between the adjacent straight lines

Ri = radius in alternative i

wi = lateral shift for alternative i

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

A_Vf(R1+w1)-tan

 

 
+%tiz(R2+w2)~tan

 
A V +5151 [230]2 2 

where Lti = 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 A1 has
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the same radius as AO, but longer transition curves. Since Al is always on the inside of

A0, a comparison is not relevant. If the lateral position of Al 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.3

 

 

   
    

k(s)

> s

Slew /\

> s

A2

A1

Figure 2.13 Comparisons in the Slew diagram. (Source: Kafver 1997a.)

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

comparison between AZ and AO is relevant. If the binding obstacle is a longitudinal one

(04 in Figure 2.10) a comparison between A4 and A0) is relevant, and if the binding

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

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

extremes. An obstacle in 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.

 

3 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. 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).
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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. In focus
are 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 rotational accelerations (Kufver 1997b). 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 which 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 influence the ride simultaneously,
such as relatively high frequency vibrations (caused by track irregularities), and 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.

19



 

Track geometry Physical quantities

Yaw velocity
 

Magnitude

Duration

Magnitude of first derivative

/' (yaw acceleration)

Duration of first derivative

( yaw acceleration)

 

Horizontal radius
 

 

Length of circular curve
   /Magnitude of higher derivatives

 

 

Gradient of curvature on

transition curve

 

Lateral acceleration

Magnitude

><I
  

 

 

 
 

 

 

 

Type of transition curve Duration

C \ Magnitude of first derivative
ant ( lateral jerk )

Gradient of cant on XADuration of first derivative
superelevation ramp ( lateral jerk) 
 

 

Type of superelevation ___-+ Magnitude Of higher derivatives     
 

 

 

  
 

  

ramp

Roll velocity

Magnitude
X _

Vertical radius Duration

Magnitudes of derivatives

Length of vertical curve
 

 

  

Type of vertical curve Vertical acceleration  
 //

/ l
yx

/N
!

Magnitude

N

\ Magnitudes of derivatives

Duration  
   
 

Figure 3.1 Some relations between characteristics in the track geometry
and certain physical quantities of vehicle motions.
(Source: Kafver 199719. )

In a world of perfect knowledge, there would exist a comfort function expressed in
monetary units. 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
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(with a larger curve radius and hence lower lateral acceleration) could be justified when

the present value of comfort 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
Mäkälä 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 of 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 two4 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.

 

4 In some comfort tests in Sweden, there were three alternatives.
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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 q,, is studied.

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

discomfort = qa + Z-qb [3.1]

 

 

    
Qa   

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

(Source: Kufver ] 99719. )

lf these three test subjects are exposed to different combinations of the quantities % 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.

(Source: Kufver 199719. )

If all integer combinations of the quantities qa and qb in the intervals 1561055 and

lgqbgj are used in a test series, a multiple regression analysis will give the following

result:

Relativefrequency = 0.36 - qa + 0.6 ~ qb - 0.72 [3.2]

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

qa, 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

0.5 2.0 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 (1985) and the second draft of
ISO 2631 12 (1995) have generally the same characteristics as those in BS 6841
(1987). (There are slightly different values for the weights for vertical translational
accelerations and the numerical values for the weights are not presented separately, but
multiplied by the numerical factors for the band-pass filters.)

Both BS 6841 (1987) and ISO 2631 1 (1985) 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 1.0 HZ). This indicates that perceived comfort is related to
magnitude in velocity rather than acceleration.

Payne, Brinkley and Sandover (1994) argued, as 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 p 21).

3.3 Comfort tests in railway vehicles

Comfort tests 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 1986a, 1986b), Sweden (ASEA & SJ 1979, Johansson 1991,

Förstberg 1993, Förstberg 1994), France (ORE 1987), Poland (ORE 1987) and Italy

(ERRI 1996).

Urabe, Koyama & Iwase (1966) reported an analysis of variance which, however, cannot
be used in a research project concerning the optimisation of the alignment. An analysis
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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), Förstberg (1993) and Förstberg (1994) conducted only one

dimensional analysis. 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 quasi static 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/s?") 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 (1996),

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). 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

99 ,,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
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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(2.80- y'+2.03-§ 11.1, 0)+0.185.(z'9)2-283_ [3.3]

where y : maximum absolute value of lateral acceleration of vehicle body5,

in the time interval between the beginning of the transition and
the end + 1.6 s, expressedin per cent of g, see Figure 3. 5

y maximum absolute value of lateral jerk of vehicle body, in the

time interval between l s before the beginning of the transition and

the end, expressed in per cent of g per second, see Figure 3.5

19 = maximum absolute value of roll velocity of vehicle bodyS, in the
time interval between the beginning and the end of the transition,
expressed in degrees per second, see Figure 3.4

and among seated passengers:

PCT = max(0.88 - y + 0.95 - 5; 5.9, 0) + 0120 0501-626 [3.4]
The formulas are valid for entry transitions and reverse transitions, but not for run-off
transitions.

Absolute value

of roll velocity
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Figure 3.4 Definition of 19 in the PCTformulas.

(Source: CEN 1995. Modified by the author. )

 

5 The signal shall be low pass filtered, see Appendix 4.
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Figure 3.5 De nitions of y and y in the PCTformulas.

(Source: CEN 1995. Modified 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 (1995) as non mandatory evaluation functions.

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). The 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).
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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 a

recent draft of ISO 2631 1 (1995) 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 should be measured and fully reported, even
though no guidance was given for the evaluation of motions in the horizontal directions.
ISO 2631-1 (1995) implicitly suggested the same, since they recommended the
directions of motions to 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 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).

In the absence of a generally accepted model for motion sickness, no guidance can be

suggested in this document.

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, but data presented by Yonekawa and Miwa (1972) indicate that
equivalent comfort curves (plotted in an acceleration frequency plane), in the frequency
range of 005 10 HZ, are functions where acceleration depends on frequency in the
power of approximately 0.8.
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Figure 3. 6 Lateral accelerations in two alignment alternatives.
(Source: anver 199719. )

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 one of
the alternatives, 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 other case, 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 normal frequency weighting (according to Section 3.2) for
frequencies above 0.5 Hz, and assuming constant weights for frequencies below
0.5 Hz6, 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 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 alternative. 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.

 

6 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 (1985), 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

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 will be rated differently.
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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. But 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 (1985), this is principally taken into consideration through the

frequency weightings. But 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 (1985) 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 1997c).
Recently, CEN TC 256 WG 10 (1996) and UIC (1997) have been working on
standardisation of evaluations, tests and approvals of railway vehicles. In this study,
their procedures should be used whenever possible and relevant, but additional variables

may be used. Comparisons are also made with the variables, procedures and provisional
limits used in the Swedish acquisition of high speed trains. The variables could be used
as object function or definition 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 a 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 reactions, rather than full scale testing.

4.2 Analysis of non-stationary situations

In CEN TC 256 WG 10 (draft March 1996) and in UIC 518 OR (draft January 1997) 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 m5R5600 m). Each area

should be tested in a minimum of 25 50 test sections, each with a length of at least

70 m. Transition curves and circular curves should be evaluated separately. CEN

explicitly and UIC implicitly also stated that maintenance status must remain the same
over the entire length of a test section. UIC 518 OR 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, 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 518 OR stated that median values

should not be used on transition curves.

Both CEN TC 256 WG 10 and UIC 518 OR 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 F1=0.15% (when the measured variable has a

negative sign) and F2=99.85% of the distribution function, should be evaluated. In some

cases, the median (F0:50%) should be evaluated.

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

33



value is not relevant. It should also be noted that the 99.85 percentile may systematically
disregard the most interesting section of the track. For example in a clothoid - circle -
clothoid combination, the highest S forces may be expected at the tangent point between

a transition curve and the circle. At this point, the vehicle is running at the maximum
lateral acceleration combined with yaw acceleration. (Such peaks will be even more
obvious a few metres after a change of curvature without a transition curve.) For a

500 m long curve combination, use of the 99.85 percentile means that data from the
worst 0.75 m are neglected. In order to avoid biased results, all compared alternatives of
non-stationary situations should have the same evaluation length.

In Swedish test procedures for approval of new vehicles, the limit values for certain
forces are compared with the medium value plus three standard deviations of the
measured forces (Andersson, von Bahr & Nilstam 1995). However, there is a major

difference between the standard deviations caused by irregularities on straight lines and
on circular curves, and the standard deviations caused by changes in the alignment. If
there were no standard deviations of the first type (caused by irregularities) the

measured force, on a circular curve with small radius, would be constant and would

represent the sought maximum force. In that case, it would be irrelevant to superimpose

standard deviations, caused by another constant level of forces on the adjacent track

elements and which do not re ect any dynamic behaviour.

Hence, when evaluating alignment alternatives, it seems more reasonable to compare the
Swedish limit values with the calculated 99.85-percentiles of the variables in question.

4.3 Test speed

According to CEN TC 256 WG 10, train speeds in the tests on straight track must be in
the range 70% to 110% of permissible speed. On curves, the actual test speeds must

generate cant deficiencies of 70% to 110% of permissible value (but the speed must not
exceed 110% of permissible speed). The actual cant deficiencies in the tests must be
evenly spread within this range.

According to UIC 518 OR, the actual test speed on large radius curves must be in the

range from the vehicle operating speed limit (th) minus 5 km/h to 110% of Vlim plus

5 km/h. In tests and approvals, the cant deficiency must be in the range 70% to 115% of
permissible cant deficiency.

In full scale testing, the actual train speed may be difficult to control. Both CEN and
UIC stated that regression analysis must be used to analyse the measured data.
According to CEN, for each variable studied, an upper limit for a confidence interval
must be calculated for 110% of the permissible speed (or cant deficiency). UIC
implicitly indicated that it is sufficient to study the upper limit for the confidence
interval at 100% of the permissible speed (or cant deficiency).

In simulations, it is not difficult to control the speed of the train. It should be sufficient

to calculate the vehicle reactions at the target speed. The target speed should be the
lower of 110% of permissible speed and the speed which corresponds to 110% of
permissible cant deficiency, in order to correspond to the evaluation according to CEN
TC 256 WG 10. This target speed is slightly different to that stated in UIC 518 OR, and
slightly different to possible operating speed according to the Swedish ATP system.
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(The Swedish ATP system does not brake the train unless the driver exceeds the

permissible speed by 10 km/h.) However, the evaluation of passenger comfort may be
more adequate at a target speed related to 100% of permissible speed and 100% of
permissible cant deficiency respectively.

In certain studies, it may be relevant to compare alignments with slightly 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, safety and rail wear

The evaluation variables below vary with designed track geometry and track irregularies
(as well as actual test speed and 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 1996, Kufver 1997d and
UIC 1997).

However, since the in uences of track irregularities and different friction coefficients

are not investigated in this study, the subsequent statistical analysis is not commented
upon.

4.4.1 Maximum vertical wheel forces

According to CEN TC 256 WG 10 and UIC 518 OR, the maximum vertical wheel

forces must be low pass filtered with a 3 dB cut off frequency within the frequency
range 20-30 Hz. The gradient of the filter must be at least 24 dB/octave.

From the time history of the filtered forces, the 99.85-percentile must be chosen to
represent the maximum vertical wheel force.

According to CEN TC 256 WG 10, the limit for the maximum vertical wheel forces is

provisionally 170 kN and is based on 46 kg/metre rails with a strength of 700 N/mmz.

UIC 518 OR applied limits (Q1im) depending on the vehicle operating speed limit (Vlim):

v m_<_ 160 km/h Q m = 200 kN
160 km/h<V1im5200 km/h th = 190 kN
200 km/h<Vlim5250 km/h Q m = 180 kN
250 km/h<Vlim§300 km/h Qlim = 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. An upper level for a confidence interval is calculated as the medium value
plus 3 standard deviations (see Section 4.2). Although changes in alignment should
generate almost no changes within the frequency range 30 90 Hz, it may be important to
monitor the general level of the vertical wheel forces (caused by short-wave track
irregularities and stiffness variations). It seems reasonable to follow the same
calculation procedures as above. Hence, the 99.85-percentiles should be used.
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It was decided that the Swedish provisional limit for dynamic vertical forces of 170 kN
should be used in this study, even though this criterion is more restrictive than the CEN
and the UIC criteria.

4.4.2 Guiding forces

According to CEN TC 256 WG 10 and UIC 518 OR, this criterion must be used when

the radius is in the range 250 m5R5600 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 provisionally 60 kN and is based on 46 kg/metre rails
with a strength of 700 N/mmz.

The CEN and UIC documents did not state why this analysis should be restricted to radii
of 250 650 m. The use of median values is regarded as relevant only when elements
with constant curvature are being evaluated.

In Sweden, the guiding forces are filtered with a low-pass filter with a 3 dB cut off
frequency of 90 Hz. An upper level for a confidence interval is calculated as the medium
value plus 3 standard deviations. A provisional limit is 45 kN when curve radius is
greater than 300 metres and 55 kN when curve radius is 300 metres or less.

Pfarrer (1990) has reported that the Swiss Federal Railways (SBB) have used both

dynamic and quasi static guiding forces in the specifications of new vehicles. The limits
were 110 kN and 70kN respectively. However, the filtering of the measured guiding
forces and the associated statistical methods were not described.

Since neither median values nor medium values of a single time history are relevant

where curvature is not constant, the most reasonable way of monitoring the guiding

forces is to use the 99.85 percentiles of the 90 HZ low-pass filtered forces.

It was decided that the Swedish provisional limit for dynamic guiding forces of 45 kN
should be used in this study, even though this criterion is much more restrictive than the

CEN and the UIC criteria.

4.4.3 Track shift forces

CEN TC 256 WG 10 and UIC 518 OR 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 shall 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 & is 0.85. The limit is based on 46 kg/metre rails in

ballasted track with a maximum sleeper spacing of 650 mm.

In Sweden, the track shift force has previously been calculated as the minimum value in

a 2 m rectangular window. The factor k4 has been set to 0.85. The CEN and UIC sliding
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mean leads to a more restrictive criterion. This may be regarded as acceptable in
combination with the less restrictive rules concerning test speed (see Section 4.4.3) and

the less restrictive k4=1.0.

4.4.4 Climbing ratios

CEN TC 256 WG 10 stated that this criterion should be used on curved track with

radius 132250 m, while UIC 518 OR stated that the criterion should be used on both

large radius curves and small radius curves.

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).

4.4.5 Wear index

According to ORE (ERRI) B176 (1989a, 1989b, l989c) the rate of wear is a major

criterion for assessing performance on curves. The wear is assumed to be proportional to

the energy dissipation in the contact patch. Hence, the wear index for the wheel and/or
the rail may be calculated as the derivative of the energy dissipation with respect to
running distance.

In Sweden, when evaluating different vehicles, the wear index is calculated as the
average index over a longitudinal distance on circular curves. N0 defined limit exists.

When evaluating alignments, the wear on the rails instead of the wear on the wheels is
in focus, especially since the wear may be concentrated longitudinally to locations
where the radii change (with or without intermediate transition curves). Hence, it seems

reasonable to calculate longitudinal series of wear index as the sum of the wear index
for the right wheels and the left wheels respectively. These two longitudinal series of
wear index should be smoothed (since the simulations may create insignificant

anomalies) but with care (since peak values are of interest).

It is suggested that the following filtering and statistical analysis be performed:

The wear index for the right rail and left rail respectively is averaged in a sliding 2
metre rectangular window. The 99.85 percentiles of the averaged signals may be used to
quantify the rail wear index.
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4.5 Conditions during test and simulation

Some conditions during the tests need to be mentioned. According to CEN TC 256
WG 10, the wheel profiles of the vehicle should correspond as closely as possible to the
theoretical wheel profile. The test tracks should correspond to the planned area of
operation in regard to track superstructure, rail inclination, maintenance status etc. The
on track tests should mainly be carried out on dry rails. UIC 518 OR stated that vehicle

tests should be conducted both with theoretical wheel profiles and wheel profiles
naturally worn through service.

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 (l989b, 1989c) for the evaluation of different bogies and is the
minimum value used in safety assessment tests in the USA (AAR 1993).

According to CEN TC 256 WG 10 and UIC 518 OR, the tracks for the testing of a
vehicle should be chosen to re ect the condition of the tracks in the planned area of

operation. Furthermore, CEN TC 256 WG 10 stated that rail inclinations of 1:20, 1:30,

and 1:40 should be included if they exist in the planned area of operation, while

UIC 518 OR stated that 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.

4.6 Discussion about the evaluation procedures

The aim of this chapter is to define variables which could be used for evaluation of
vehicle reactions caused by the alignment (consisting of combinations of track elements

such as circular curves and different kinds of transition curves). 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 518 OR stated that on curves, the
centiles 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 TC 256 WG 10 and UIC 518 OR, test sections
where the train passes at different speed, will be analysed with linear regression. In this
study, the evaluation of track/vehicle interaction will be made by means of simulation
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(rather than full scale testing), so the regression analysis with intervals for speed (or cant
deficiency) is superfluous. It is recommended that the vehicle reactions at the chosen
target speed be simulated directly.

The following variables are regarded as relevant when evaluating different alignments:

99.85 percentiles of vertical wheel forces,

99.85 percentiles of guiding forces,
99.85-percentiles of track shift forces,

99.85 percentiles of climbing ratios, and

99.85-percentiles of wear index.

Quasi static guiding forces may only be relevant where curvature and cant are constant.

The following variables have defined limits which may be used:

99.85 percentiles of vertical wheel forces,
99.85 percentiles of guiding forces,
99.85 percentiles of track shift forces, and
99.85-percentiles of climbing ratios.

Some of these limits apply to rails of 46 kg/m, while the heavier UICÖO-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. The wear index
has no predefined limit.

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 minimising forces and climbing ratios). Hence, PCT is

used as object function in this study.

It seems relevant to monitor the wear index, but there is no generally accepted limit. For

tracks with no passenger trains, the wear index or an index derived from vertical wheel
forces, guiding forces and/or track shift forces may be more suitable as object function.
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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.

 

   

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

Table 5.1 Swedish limits for a number of track geometry quantities,
applicable to conventional vehicles, class A. (Source:
Banverket 1996. )

The limits7 are applicable to class A vehicles. After special investigation, vehicles may
be classified differently, 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 is lower (70 mm)

if the curve radius is less than or equal to 1000 m (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 1997c). 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.

 

7 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 ofcant deficiency and rate ofcant
according to present track geometry standards.
(Source: Kafver 1997c. )

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 costs8, 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,
 

8 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-Ltplane. (Source: Kufver 1997c. )

If the change in direction All! is large enough9 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 is11

m =k1 &? [5.1]

 

9 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 the 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.

10 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].

Derivations of formulas [5.1] [5.4] are shown in Appendix 3.
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where kl 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 - & [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

VD3
Lt = 0.064- [5.3]

where Lt and R are expressed in metres and VD is design speed expressed in km/h

and a preferred transition length could be expressed as

V 3

Lt = 0.080 -% [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 already been published by other authors. In two cases (Shortt 1909

and 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=82 mph, since he assumed that the use of [5.1] in such cases would be unnecessary

expenditure.12 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 [5. 1]

 

12 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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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). He gave two different values for

the constant kl when building new lines. The first value was k1=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 kl 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 kl which Schramm

mentioned was 5.5 m1 /2 , 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 (l989b, 1989c), 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 (1997a), 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 and 8,

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 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 l997c). An effective roll factorfr will be used to express the ratio between

the lateral acceleration in the vehicle body and the lateral acceleration in the 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. The simplified analysis assumes that the body tilt is perfectly
synchronised with the curve transitions and that the maximum tilt angle which the
system may provide is not exceeded. The simplified analysis also assumes that the roll
angle caused by the primary and secondary suspensions, changes linearly in 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 j}, the maximum lateral jerk y and the

maximum roll velocity 19 in formulas [3.3]-[3.4] are therefore substituted by:13

"_l fl
y 15 [6.1]

"'=_I_fL._V_ [6.2]

54 Lt

- V
o_{D (fr 1)-1\-m [6.3]

where the following units are used:

y (per cent of g), y (per cent of g per second), 19 (degrees per second),

I (mm), D (mm), Lt (m), V (km/h) and f, (-)

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

 

13 Derivations of formulas [6.l] [6.3] are shown in Appendix 3.
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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 to find the optimal cant makes use of optimal cant deficiency for a
fixed alignment, and thereafter the cant is calculated according to [6.4].

Equation [6.3] combined with [6.4] gives

V
19='DEQ fr'1|'m [6.5]

Hence practical expression for PCT for standing passengers, with the independent

variables expressed in ordinary railway units for the track quantities, reads:

PCT = max(0.1867-I-fr +o.0376.1.f,.% 11.1, 0)+

+5.75-10 6 -(|DEQ f, J] %)2-283 [6.6]

while PCT for seated passengers reads:

PCT = max(0.0587-lofr +0.0176-1-f, iii 59" 0)+

+73.96 1(r6 -(|DEQ f,-Il-%)1'626 [6.7]

Kufver (l997c) found that PCT for seated passsengers 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 passsengers. Hence, only PCT for standing passengers is analysed in this summary

report.

6.2 PCT and the choice of cant

Expressions [6.6] and [6.7] consist of two terms. The first term, which is here called

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.

48



 

PCT1 (%)

 
 
   
 

»

I (mm)

Figure 6.1 The PCT] term as a function of cant deficiency (I).
(Source: anver 1997c.)

The highest cant deficiency I for which PCT] is at its lowest value (zero) is

1 1.1 59.5
I = _ [6.8]  

- 0.1867+0.0376. L . 1+()_2014.__L
fl ( Lf) fr ( [)

for standing passengers.

The term taking into consideration roll velocity 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.

 

PCT2 (0/0)

A

Vehicle body ; Vehicle body
rolls inwards : rolls outwards
 

  
  
 

D E Q | (mm)

f,

Figure 6.2 The PCT; term as afunction ofcant deficiency (I).

(Source: anver 1997c. )

The minimum value for PCTZ (zero) is achieved when the vehicle is not rolling at all, i.e.

When
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fr

for standing as well as for seated passengers.

I [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 : 0dl [6.10]

dPCT or, since is not a continuous function, at the cant deficiency according to [6.8].

Four different cases may occur.

Case A curves: Very low equilibrium cant

dPCTZIn this case, the derivative is positive at the level of cant deficiency 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, see Figure 6.3. For standing passengers, the

following two equations apply:

DEQ s 59'5 v [6.11]
1+o.2o14-

Lt

 

DEQ s 59'5 [6.12]
f,, .(1+ ozon-Z)

Lt

 

 

 

    

 

  

PCT (%)

A
PCT

_ _ PCT1
PCTmlnlmum .. .. ... Pom

 where Pom = 0

 
  

   
Figure 6.3 PCT on case A curves as a function ofcant deficiency (I).

(Source: Kufver l997c. )

 

14 Both equations apply, but for conventional vehicles ( >1) equation [6.12] is binding, while for tilting vehicles
(f,<l) equation [6.11] is binding.
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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 f,, 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 l second to pass, the highest value

of equilibrium cant DEQ according to [6.12] is 28.7 mm for a conventional vehicle with

fr=l.2. If no cant is arranged, PCT for standing passengers will be 0.006%.

For a tilting train with effective roll factor fr=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 l second to pass,

the PCT values will be even smaller. Therefore, it may be concluded that on case A

curves a suitable cant is zero.

Case B curves: Low equilibrium cant

dPCTZ
In 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, see Figure 6.4. This case is only relevant when the effective roll factor fr is greater

than unity.

For standing passengers, the following equation applies:

  

 

 

    

 

59.5 V < DEQ 5 59.5 V [6.13]

fr-(1+O.2014-v) l+0.2014-
Lt Lt

PCT+(%)

'_'-" PCT
Pon &

PCT minimum .. .. .. PCT2 *   
where Pera = O  

 
  

I (mm)
    

Figure 6.4 PCT on case B curves as a function of cant de ciency (I).
(Source: Kufver ]997c. )
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When considering standing passengers, the highest level of equilibrium cant DEQ

according to [6.13] is 34.5 mm if the effective roll factor fr equals 1.2 and if the vehicle

takes 1 second to pass the transition curve. lf no cant is arranged, PCT] for standing

passengers will be 2.2% and PCT2 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

D = (1 _]1) DEQ [6.14]
1

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 f,, 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 PCTZ term will be slightly reduced,

compared with the 1 second transition curve, but the PCT] term is unaffected.

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, see Figure 6.5.

By definition and according to [6.8], the optimal cant deficiency I* for standing
passengers is

pk : 59-5 [6.15]
f,. -(1+O.2014 - 1)

Lt

 

 
 

PCT (o/O) _ PCT

 

   

 

  PCT minimum where  

  dP . . .
___CTL IS dlscontlnuous

   
   
Figure 6.5 PCT on case C curves as a function ofcant de ciency (I).

(Source: Kufver l997c. )
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Some examples of optimal cant deficiencies [* are given, for conventional coaches

(f,:1.2) in Table 6.1 and tilting coaches (f,=0.3) in Table 6.2 on transition curves which

the vehicles take 1-5 seconds to pass.

 

 

       

Lt=V/3 .6 Lt=V/ 1 .8 Lt=V/ 1 .2 Lt=V/O.9 Lt=V/0.72

(mh/km) (mh/km) (mh/km) (mh/km) (m-h/km)

Duration 1 sec 2 sec 3 sec 4 sec 5 sec

l* (standing) 28.7 36.4 39.9 42.0 43.3
 

 

 

 

Table 6.1 Optimal cant deficiencies (mm) on case C curves for

conventional coaches with fr=1.2. (Source: Kufver 1997c. )

Lt=V/3 .6 Lt=V/1 .8 Lt=V/ 1 .2 Lt=V/O.9 Lt=V/O.72

(m-h/km) (mh/km) (m-h/km) (mh/km) (mh/km)

Duration 1 sec 2 sec 3 sec 4 sec 5 sec

I* (standing) 115.0 145.6 159.7 167.9 [73.2

 

       
 

Table 6.2 Optimal cant deficiencies (mm) on case C curves for tilting

coaches with fr=0.3. (Source: Kufver 19976.)

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

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.

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 PCTZ that the total PCT will be lower. The optimal cant deficiency is

 found where the derivative T is zero, see Figure 6.6.
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PCTA(o/0) _ PCT

PCT minimum where PC
== ... ... PCT2

.. = = _ a m = ' >

I (mm)

Figure 6.6 PCT on case D curves as a function ofcant de ciency (I).

(Source: Kufver 19976. )

A necessary condition for this case is that the derivative is negative at a level of I

slightly above [6.15], i.e.

<0 6.16dl [ ]

Equation [6.16] and a derivation of equation [6.6], concerning standing passsengers,

give

dPCT
 = f, -(O.1867 + 0.0376 - %) _

V V 128313.13.10 6- - - D -I __ - <0 6.17fr Lt (( EQ fr ) Lt) [ ]

A simplification of [6.17] gives

1

DEQ f,, -I > I; - (14219 - % + 2864)1-283 [6.18]

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 (03-250 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.)
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Lt=V/7.2 Lt=V/3 .6 Lt=V/2.4 Lt=V/ 1 .8 Lt=V/ l .44

(m-h/km) (m-h/km) (m-h/km) (m-h/km) (m-h/km)

Duration 0.5 sec I see 1.5 sec 2 sec 2.5 sec

Equivalent 103.4 mm 270] mm 494.0 mm 771.5 mm 1099. 7 mm

cant

PCT2 20. 7% 38.1% 59.9% 85.9% >100%

Table 6.3 Minimum equivalent cant (mm) on case D curves, standing
passengers. (Source: Kufver l997c. )

Hence we may question whether or not it is relevant to study the case D curves. They
correspond to a situation with high cant, large tilt angle and a transition curve with a

shorter duration than 1.5 seconds, which leads to very high PCT values.15

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 cases A and

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.

Unless cant is optimised for tilting trains, the optimal tilt is not proportional to cant
deficiency.16 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
 

15 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 dPCp/dle.

16 For case C curves, re-arrange equation [6.15] and express an optimal effective roll factor få as a function of I,
V and Lt.
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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

In 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 Al]! 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 All!

between the straight lines and the longitudinal positions of the binding obstacles (Kufver

1997a). For a certain change in transition length, a smaller angle AI]! requires a larger

adjustment of radius than a larger angle Al/l. 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.

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.17

Figures 6.7 6.10 show PCT for standing passengers on horizontal curves with a change

in direction Al/f 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 fr (0.3 for tilting trains and

1.2 for conventional trains).18

 

17 Some railway companies accept higher cant than 150 mm. According to Goldenbaum and Meyer (1985), Italy
and Poland accept 180 mm of cant, while France and Japan accept 200 mm.

18 Corresponding curve radii and cant deficiencies are shown in Appendix 5.
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Figure 6.7 Simplified PCTfor standing passengers on a curve with

All/:O.] rad and a midpoint obstacle. (Source: Kufver 1997c. )
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Figure 6.8 Simplified PCTfor standing passengers on a curve with

All/:O.] rad and an endpoint obstacle. (Source: Kufver 1997c. )
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Figure 6.9 Simplified PCTfor standing passengers on a curve with

Ay/=O.5 rad and a midpoint obstacle. (Source: Kufver 1997c. )
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Figure 6.10 Simplifed PCTfor standing passengers on a curve with

Ay/=O.5 rad and an endpoint obstacle. (Source: Kufver 1997c. )

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 (31/1. The speed of the tilting
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coaches (72:03) is 250 km/h and the speed of the conventional coaches (fr=1.2) is

200 kna/h.19
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Figure 6.11 Simplified PCTfor standing passengers on curves with

Al/l=0.1-1.0 rad and a midpoint obstacle.

(Source: Kafver 19970. )
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Figure 6.12 Simplified PCTfor standing passengers on curves with

Al/I=0.1-1.0 rad and an endpoint obstacle.

(Source: Kafver 19970. )

 

19 Corresponding curve radii and cant deficiencies are shown in Appendix 5.
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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 (1997b) 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 factorfr, 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. Hence, at a certain

train speed, lower effective roll factors favour longer transition curves than higher
effective roll factors. (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 All! also affects the

optimal lengths of the transition curves. Regardless the position of the binding obstacle,

a larger angle All/requires smaller changes in the horizontal radius for certain changes in

transition length, compared to those at a smaller angle. Hence, for large angles At/I the

optimal transition curves will be longer.

The optimal transition lengths for conventional coaches are in some cases relatively

short (see Figure 6.12).20 All PCT values with shorter transition curves than 180 m refer

to a rate of cant D higher than the present limit of 46 mm/s. 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 the

passenger discomfort is caused by the rolling 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.

At higher train speeds, the optimal transition length is shorter and its dependence on
train speed is not very strong. The optima are usually quite flat, hence 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
 

20 The potential benefit of an increased rate of cant has already been reported by Harborough (1986a) and

UIC (1991).
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(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 radgAy/gl 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 optimised transition curves. Both methods
usually increase the lateral acceleration (when obstacles are considered), but modifying
the alignment results in a lower lateral acceleration than reducing the tilt.

Another important conclusion is that, since the optima are at for the lower train speeds,
there is no great disadvantage for trains at such speeds if the transition lengths are

optimised for higher speeds.

When the track is used for conventional as well as tilting trains, the optimal transition

lengths may differ considerably. However, optima are at and reasonable comprimises

may be found.

The alternatives with shorter transition lengths 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).
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7. Models for dynamic track/vehicle analysis

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 (Lange 1996, Persson 1995b). 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 phase (time domain simulations, frequency domain

simulations, quasi-static analysis), etc.

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, see

Figure 7.1
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Figure 7.1 Degrees offreedom in this study.

 
  

There are three types of coordinate systems in the model. First, there is a fixed
coordinate system. Second, there are coordinate systems, esys, which follow alignment
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and cant in the nominal speed of the vehicle. Esys are Euler systems, which are related
to the fixed system with trigonometric functions and therefore are 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 track plane (and is
perpendicular to the x direction), while the local vertical z direction is perpendicular to
this plane.

The coupling elements are modelled as piecewise linear springs and dampers. 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 and the wheel/rail creep are calculated
according to derivations calculated by Ingvast (1993). Wheel/rail contact functions,
consisting of change of rolling 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).

Wear index is expressed as energy dissipation in the contact patch. The energy
dissipation considers both translational creep multiplied by creep force and spin
creepage multiplied by a corresponding spin moment.
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7.2 Model of the Eurofima standard coach UIC-Zl

The Eurofima standard coach (UIC 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 (IRJ 1978) and models of the coach have been
used by ERRIB176 (1993) to compare different software for simulation of vehicle
dynamics. The GENSYS software generates results which correspond well with the
simulation results published by ERRI B 176 (Persson l995a, l996a, l996b).

 
Figure 7.2 A Euro ma coach at Ziirich HB.

The GENSYS model of the Eurofima coach consists of the following rigid bodies:

 

Mass Mass moment of inertia Height of mass centre
M (kg) JXX (kgmz) JW (kgmz) 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

Table 7.1 Rigid bodies in the model of the Eurofima coach.

The static axle loads are in the range 107.4 110.7 kN . The bogie pivot distance is 19 m
and the bogie wheelbase is 2.56 m. UIC/ORE 81002 wheel profiles have been used in
the model.
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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.)

 

 

 
 

Spring stiffness Stiffness in damping element

kXp (kN/m) kVD (kN/m) kZp (kN/m) kdzp (kN/m)

| 31 391 | 3 884 | 781 600 |

Table 7.2 Stiffness in the primary suspension in the model of
the Eurofima coach (per axle end).

The primary dampers are modelled piecewise linear between the velocity/force
combinations in Table 7.3.

 

Velocity (m/s)|0 0.025 0.056 0.10 0.18 0.625 6.25 12.5 31.2 |
Force(kN) |0 0.16 0.32 0.48 0.64 1.60 13.6 26.9 67.2|
 

          

Table 7.3 Vertical dampingforce in the primary suspension in
the model of the Eurofima coach (per axle end).

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, see
Table 7.4.

 

 

  

Spring stiffness Stiffness in damping element

kxs (kN/m) kys (kN/m) kZS (kN/m) kdxs (kN/m) kdys (kN/m) kdzs (kN/m)

| 160 | 160 | 430 30 000 | 6 000 T6 000 |

Table 7.4 Stiffness in the secondary suspension in the model of
the Eurofima coach (per bogie side).

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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Velocity (m/s) I0 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 66.5 1310 |

Table 7.5 Lateral dampingforce in the secondary suspension in
the model of the Eurofima coach (per bogie side).

 

 

       
| Velocity (m/s) | 0 0.015 0.08 0.26 1.0 10.0 20.0
IForce (kN) | 0 1.0 2.0 3.0 7.1 57.0 1130 |

Table 7.6 Vertical dumpingforce in the secondary suspension in
the model of the Eurofima coach (per bogie side).

 

 

         
Velocity (rn/s) |0 0.04 0.055 0.11 0.14 1.0 10.0 20.0 |

Force (kN) | 0 7.0 8.0 10.0 11.0 39. 7 339. 7 673.3 |

Table 7. 7 Yaw dampingforce in the secondary suspension in
the model of the Eurofima coach (per bogie side).

Each bogie is provided with a secondary roll bar stiffness of 940 kNrn/rad, and a lateral
secondary bump stop with characteristics according to Table 7.8.

 

 

           

Displacement 0 25 30 35 40 45 50 55 60 65

(mm)
Force (kN) |0 0 0.60 1.76 3.73 6.87 11.58 17.17 29.2 230.0|

Table 7.8 Secondary lateral bump stop in the model of the Eurofima
coach.

The coach has a roll coefficient of 0.22 (effective roll factor f,. 1.22) at a cant deficiency

of 100 min. In a linearised model, it has been found that the body lower sway
eigenmode has an eigenfrequency of 0.50 Hz (Persson l995a).
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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 trainset. The normal SJ X2
trainset 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] UA2 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:

 

Mass Mass moment of inertia Height of mass centre
M (kg) JXX (kgmz) JW (kgmz) JZZ (kng) above track plane (m)

Vehicle body 32 41] 6] 000 ] 510 000 I 508 000 1.61
 

 

        
 

Bogie 5 420 3 300 5 700 7400 0.56

Wheelset l 340 750 250 750 0.44

Table 7.9 Rigid bodies in the model of the S] UA2 tilting coach.

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 S 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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Upper (tilting)
bolster

- - Hydraulic
cylinder

 

- r Lower bolster

h i Bogie frame

Pendulum -

Figure 7.4 Body tilt system of the SJ UAZ tilting coach. The secondary
suspension is located above the upper bolster, which reduces
the lateralforces on the air springs. (Source: Andersson,

von Bahr & Nilstam I 995. )

In this study, the body tilt system of the model has been programmed to tilt
proportionally to the lateral acceleration in the track plane (at the leading bogie), with a
factor of 0.08 rad per m/s2. Considering also the de ections in the primary and

secondary suspensions, the effective roll factor fr is 0.28. The tilting is synchronised

with the alignment with no delays, and with no mass moment of inertia taken into

consideration.
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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 fr 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:

 

 

 

        
 

Mass Mass moment of inertia Height of mass centre
M (kg) JXX (kgmz) JW (kgmz) JZZ (kng) 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

Table 7.10 Rigid bodies in the model ofthe S] X2 power car.

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 51002 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.
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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.

 
 

    
 

 

J &_

ESI I]

\

| 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 in Figure 7.6 are interpolated linearly in
Table 7.11.

 

lWheel/rail contact angley(rad) I -1.57 0 1.57 |
 

 

   
| Stiffness (MN/m) | 42 150 42 |
| Damping (st/m) | 60 300 60 |

Table 7.11 Stiffness and damping in the wheel/rail contact areas.

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 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 reactions when altering alignment and
cant
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8. Dynamic analysis of vehicle reactions on single curves

8.1 Initial dynamic studies

In the initial dynamic studies, comparisons of vehicle reactions were made on different

types of superelevation ramps. The ramps were combined with horizontal curves with
equilibrium cant, 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.

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. The other three were
arranged by lifting the outer rail 75 mm and lowering the inner rail 75 mm. In Sweden,
these two principles are the subject of discussion. With modern surveying methods, it is
easier to survey the height of the track centre line than inner rail, since the horizontal
position of the track refers to the centre line.

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 were 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.

With the vehicle and track models in this study, there were certain differences in the
resulting vertical wheel forces on the six ramps if 90 Hz low pass filtering is conducted.
With 30 Hz low pass filtering according to CEN (1996) and UIC (1997), the resulting

vertical wheel forces showed very small differences between the six alternatives. In all
cases, the maximum vertical wheel forces were far lower than their limit.

The resulting values of the physical quantities used in the PCT function (maximum

lateral acceleration, maximum lateral jerk and maximum roll velocity of the vehicle
body) showed no significant differences between the six superelevation ramps.

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 was 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 not be valid.

Another conclusion was that from the dynamic point of view, it is favourable to arrange
superelevation ramps twisted around the track centre line rather than twisted around the
inner rail. Vertical accelerations in the vehicle body and vertical wheel forces are
slightly lower and the object function is unaffected. Since surveying is easier when the
track is twisted around the centre line, it is recommended that this layout be used also in
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Sweden when building new railways and renewing existing ones. Hence, this layout was
used when evaluating alignments in this study.

The PCT calculation involves certain procedures for evaluation of the maximum lateral

acceleration y (see Section 3.3). The lateral acceleration must be averaged for 1 second

and the l-second window must slide within a certain time interval. However, CEN

(1995) did not state to which part of the l second rectangular window the time limits

refer. Two alternatives have been investigated in the initial study. The first alternative
reads

t0.. 1 100
yTF(tO)= _ 'ay(t)dl [8.1]

T 8
[() T

In [8.1] the time position to corresponds to the front edge of the window, in the same

way as in the running r.m.s. formula provided by ISO (1995)

 

a,.(to) = \/%.Lt;_7a2(t)dt [8.2]

The second alternative reads

[0 1 5

.. 1 100
yTC(tO)= _ -ay(t)dt [8.3]

T T g
ILO 5

and in this case the time position to corresponds to the centre position of the window.

In several cases, there are fairly large differences between PCT values according to

formula [8.1] and PCT values based on a slightly extended evaluation period.

Differences also exist if formula [8.3] is used instead of [8.1], but are less pronounced.

Since CEN TC 256 WG 7 did not provide any arguments for their introduction of a
limited evaluation period, and since the position of the averaging window was not

clearly defined, it was decided not to use the limited evaluation period in this study.

Hence, PCT values in the following sections are based on the extended evaluation

period.

Differences between the PCT values were also found, depending on the position for

which lateral acceleration and lateral jerk have been calculated. These differences are
caused by the yaw acceleration of the vehicle body. Since the Eurofima coach is not
symmetric, each alignment alternative has been evaluated as a right hand curve as well

as a left hand curve. In Sections 8.2 8.4, the worst case (maximum PCT) has been

considered for each alignment alternative.
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8.2 Conventional coach on curves without track irregularities

As in Figures 611 612, the vehicle speed is 200 km/h when evaluating PCT for a

conventional non-tilting coach. However, according to CEN TC 256 WG 10 (draft
March 1996) and UIC 518 OR (draft January 1997), forces and climbing ratios must be
evaluated at a slightly higher speed than the intended permissible speed. CEN TC 256
WG 10 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 (1997d)
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 reactions in the boundary
conditions were 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.

When simulating the Eurofima coach at a higher speed than equilibrium speed, there

were no interesting differences between the 30 Hz and 90 Hz low pass filtered forces.
(This may not be the case when track irregularities are superimposed on the track
geometry.)

The results from alignment alternatives with a change in direction AI]! of 0.1 rad and

0.5 rad, and a binding midpoint obstacle and a binding endpoint obstacle respectively,
are shown in Figures 8.1 8.5. The following numerical values of the limits21 have been

used in the figures:

Vertical wheel forces (Q) 170 kN

Guiding forces (Y) 45 kN

Track shift forces (S) 45.8 kN

Climbing ratios (Y/Q) 0.8

These limits have been compared with the 99.85-percentiles of each variable. (It may be
noted that both CEN TC 256 WG 10 (1996) and UIC 518 OR (1997) stated that the Y
forces must be quantified with median values only, and should be evaluated only when
the curve radii are in the range 250 to 600 metres. CEN and UIC suggested a limit of
60 kN.)

Track lengths of 500 metres and 1000 metres were considered for the alignments with a

change in direction All! of 0.1 rad and 0.5 rad respectively. 500 samples per second were

stored.

 

21 The limit for S 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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Figure 8.1 PCTfor standing passengers in a conventional coach passing

curves with a change in direction of All! = 0.1 and 0.5 rad and

with a binding obstacle at the midpoint and the endpoint of
the curve respectively, at 200 km/h. (Source: Kufver l997c. )
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Figure 8.2 Wheel/trackforces and climbing ratios ofa conventional

coach passing a curve, with All/:O.] rad and a midpoint

obstacle, at 205 km/h (worst wheel or wheelset). Cant
de ciency I varies between 59 mm and 113 mm.
1:80 mm at Lt*=]40 m. (Source: Kufver 19976.)
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Figure 8.3 Wheel/trackforces and climbing ratios ofa conventional

coach passing a curve, with All/:O.] rad and an endpoint

obstacle, at 205 km/h (worst wheel or wheelset). Cant
de ciency I varies between 35 mm and 113 mm.
1:35 mm at Lt*=]00 rn. (Source: Kufver l997c.)
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Figure 8.4 Wheel/trackforces and climbing ratios ofa conventional

coach passing a curve, with Aw=0.5 rad and a midpoint

obstacle, at 205 km/h (worst wheel or wheelset). Cant
deficiency I varies between 110 mm and 189 mm.
I=119 mm at Lt*=3OO m. (Source: Kufver 1997c.)
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Figure 8.5 Wheel/trackforces and climbing ratios ofa conventional

coach passing a curve, with Ayf=0.5 rad and an endpoint

obstacle, at 205 km/h (worst wheel or wheelset). Cant

de ciency 1 varies between 92 mm and 272 mm.
I=102 mm at Lt*=140 m. (Source: Kafver 1997c.)

None of Figures 8.2 8.5 (considering the boundary conditions related to track/vehicle
interaction) offers any formal reason for excluding any of the alignment alternatives. In
Figures 82-85, the longest transition curve corresponds to a cant deficiency of 113 mm,
113 mm, 189 mm and 272 mm respectively.

In Figure 8.1, minimum PCT in the dynamic analysis is found at transition 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 (Figure 8.1) are
compared with the results from the simplified analysis (Figures 6.7 6.12) in Table 8.1.
At these transition lengths, all variables in Figures 82 85 have reasonably low values.

 

 

 

      

Angle between adjacent straight lines 0.1 rad 0.1 rad 0.5 rad 0.5 rad

Type of obstacle Midpoint Endpoint Midpoint Endpoint

Ltd< accord. to dynamic analysis 140 m 100 m 300 m 140 m

Lt* accord. to simplified analysis 100 m 120 m 260 m 140 m
 

Table 8.1 Optimal transition lengths for a conventional coach in four
different cases, according to dynamic analysis and simplified
analysis. (Source: Kafver 1997c. )

Curve radii and cant deficiencies for the optimal transition lengths according to the
dynamic analysis are presented in Table 8.2.
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Angle between adjacent straight lines 0.1 rad 0.1 rad 0.5 rad 0.5 rad

Type of obstacle Midpoint Endpoint Midpoint Endpoint

Lt* accord. to dynamic analysis 140 m 100 m 300 m 140 m

Curve radius 2157 m 2687 m 1846 m 1967 m

Cant deficiency at 200 km/h 69 mm 26 mm 106 mm 90 mm

Cant deficiency at 205 km/h 80 mm 35 mm 119 mm 102 mm      
Table 8.2 Curve radii and cant deficiencies for the optimal transition for

a conventional coach, according to the dynamic analysis.
(Source: Kafver 1997c.)

In all three cases where the optimal transition length is shorter than the 180 m reference

transition length, 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.

Wear index (energy dissipation), has been monitored, but has no generally accepted
limits. The index is shown in Appendix 6.

When superimposing track irregularities on the alignments, all the variables in

Figures 81-85 are expected to be higher. If all PCT values increase by the same amount,

the optimal transition lengths will remain the same, but if the increments of PCT depend

on the transition lengths, the optimal transition lengths Lt* will change. A consequence

of the irregularities may also be that the limits concerning the Q, Y and/or S forces

and/or the climbing ratio Y/Q will be exceeded for some alignment alternatives. Hence,
the optimal solution may be affected by the boundary conditions related to these limits.
The track irregularities in such a comprehensive dynamic study should correspond to the

standards for track with a permissible speed of 200 km/h.

8.3

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 (see
Figure 8.6), and forces and climbing ratios have been evaluated for a train speed of 260
km/h (see Figures 87 810). In the reference alternative with Lt=180 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 (113% of 241 mm).

Tilting coach on curves without track irregularities

The following numerical values of the limits have been used in Figures 8.7-8.10:

Vertical wheel forces (Q) 170 kN

Guiding forces (Y) 45 kN

Track shift forces (S) 49.7 kN

Climbing ratios (Y/Q) 0.8

As in the previous section, these limits have been compared with the 99.85 percentiles
for each variable. Track lengths of 500 metres and 1000 metres were considered for the
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alignments with a change in direction Al/I of 0.1 rad and 0.5 rad respectively. 500

samples per second were stored.
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Figure 8.6 PCTfor standing passengers in a tilting coach passing curves

with a change in direction of At/f = 0.1 and 0.5 rad and with a

binding obstacle at the midpoint and the endpoint of the curve
respectively, at 250 km/h. (Source: Kafver 1997c. )
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Figure 8.7 Wheel/trackforces and climbing ratios ofa tilting coach

passing a curve, with All/:O.] rad and a midpoint obstacle,

at 260 km/h (worst wheel or wheelset). Cant de ciency I varies

between 187 mm and 272 mm. 1:24] mm at Lt*=]60 m.
(Source: Ku er I997c. )
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Figure 8.8 Wheel/trackforces and climbing ratios ofa tilting coach

passing a curve, with All/:O.] rad and an endpoint obstacle,

at 260 km/h (worst wheel or wheelset). Cant de ciency I varies
between 126 mm and 272 mm. I=199 mm at Lt*=140 m.
(Source: Kufver 1997c. )
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Figure 8.9 Wheel/trackforces and climbing ratios ofa tilting coach

passing a curve, with Al/f=0.5 rad and a midpoint obstacle,

at 260 km/h (worst wheel or wheelset). Cant de ciency I varies
between 270 mm and 395 mm. 1:306 mm at Lt*=460 m.
(Source: Kufver 1997c. )
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Figure 8.10 Wheel/trackforces and climbing ratios ofa tilting coach

passing a curve, with Alt/1:05 rad and an endpoint obstacle,

at 260 km/h (worst wheel or wheelset). Cant deficiency I varies
between 250 mm and 529 mm. 1:333 mm at Lt*=300 m.

(Source: Kufver 1997c. )

None of Figures 8.7 8.10 (considering the boundary conditions related to track/vehicle
interaction) offers any formal reason for excluding any of the alignment alternatives. In
Figures 8.7 8.10, the longest transition curve corresponds to a cant deficiency of
272 mm, 272 mm, 395 mm and 529 mm respectively.

In Figure 8.6, minimum PCT in the dynamic analysis is found at transition 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 (Figure 8.6) are
compared with the results from the simplified analysis (Figures 6.7-6.12) in Table 8.3.
At these transition lengths, all the variables in Figures 8.7-8.1() have reasonably low
values.

 

 

 

      

Angle between adjacent straight lines 0.1 rad 0.1 rad 0.5 rad 0.5 rad

Type of obstacle Midpoint Endpoint Midpoint Endpoint

Lt>l< accord. to dynamic analysis 160 m 140 m 460 m 300 m

Lt> < accord. to simplified analysis 160 m 140 m 400 m 260 m
 

Table 8.3 Optimal transition lengths for a tilting coach in four different
cases, according to dynamic analysis and simplified analysis.
(Source: Kufver 1997c.)

Curve radii and cant deficiencies for the optimal transition lengths according to the
dynamic analysis are presented in Table 8.4.
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Angle between adjacent straight lines 0.1 rad 0.1 rad 0.5 rad 0.5 rad

Type of obstacle Midpoint Endpoint Midpoint Endpoint

Lt < accord. to dynamic analysis 160 m 140 m 460 m 300 m

Curve radius 2042 m 2288 m 1749 m 1652 m

Cant deficiency at 250 km/h 21] mm 172 mm 272 mm 296 mm

Cant deficiency at 260 km/h 24] mm 199 mm 306 mm 333 mm

Table 8.4 Curve radii and cant deficiencies for the optimal transition for
a tilting coach, according to the dynamic analysis.
(Source: Kafver 19976. )

Wear index (energy dissipation) is shown in Appendix 6.

8.4 Power car on curves without track irregularities

Since British Rail Research found that expectations concerning jerks affect perceived
comfort (Harborough 1986), and that the train driver sees curves before a jerk occurs,

PCT has not been evaluated for the driver.

Forces and climbing ratios have been evaluated for train speeds of 260 km/h. As in
Section 8.3, 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 (113% of 241 mm) in
the reference alternative with Lt=180 m.

The following numerical values of the limits have been used in Figures 8.11 8.14:

Vertical wheel forces (Q) 170 kN

Guiding forces (Y) 45 kN
Track shift forces (S) 70.0 kN

Climbing ratios (Y/Q) 0.8

As in previous sections, these limits have been compared with the 99.85 percentiles of
each variable. Track lengths of 500 metres and 1000 metres were considered for the

alignments with a change in direction Al/I of 0.1 rad and 0.5 rad respectively. 500

samples per second were stored.
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Figure 8.11 Wheel/trackforces and climbing ratios ofa power car

passing a curve, with All/:O.] rad and a midpoint obstacle,

at 260 km/h (worst wheel or wheelset). Cant de ciency I varies
between 187 mm and 272 mm. 1:241 mm at Lt*=160 m.

(Source: Kufver 1997c. )
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Figure 8.12 Wheel/trackforces and climbing ratios ofa power car

passing a curve, with All/=D.] rad and an endpoint obstacle,

at 260 km/h (worst wheel or wheelset). Cant de ciency I varies
between 126 mm and 272 mm. 1:199 mm at Lt*=140 rn.

(Source: Kufver 1997c. )
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The Y-force of the power car exceeds the limit22 on the curve with A =0.5 rad and an

endpoint obstacle, if the transition curves are at least 120 m longer than the optimal
transition lengths for a tilting coach. (The curve alternatives in question have cant
deficiencies of at least 415 mm.) Otherwise, there are no formal reasons for excluding
any alignment altenative. Exceeding the limits for Y forces is of no practical importance,
since it does not involve the optimal alignment alternatives for the tilting coach.

Wear index is shown in Appendix 6.

Since the optimal transition lengths are shorter (and radii larger) for a conventional

coach, it seems unnecessary to evaluate the forces and climbing ratios for the power unit
at a speed of 200 km/h.

8.5 Discussion of the results from the dynamic analysis

The dynamic PCT evaluation confirms fairly well the results from the simplified PCT

calculations. The optimal transition 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 transition lengths are about the same. Since

the optima are quite at, slightly non optimal transition lengths do not increase PCT very

much.

Both dynamic and simplified PCT evaluation result in optimal transition lengths either

shorter or longer than the 180 m 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 8

(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 transition lengths which

are systematically much shorter than the optimal lengths according to Chapters 5, 6 and

8, and Figures 6.7 6.10 indicate there are no substantial benefits with short transitions

for any level of train speed.

As already discussed in Section 8.2, the track irregularities may affect the optimal

solutions in two different ways. If the increments of PCT are dependent on the transition

lengths, the optimal transition lengths Lt* will change. Alternatively, if the limits
concerning the Q, Y and/or S forces and/or the climbing ratio Y/Q are exceeded in an

alignment alternative which would otherwise have been the optimum, the optimal
transition length Lt>1< will be shorter, since the radius must be increased.

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 transition lengths seem to be somewhere
between the optima for each type of vehicle. Transition curves longer than the optimum

 

22 The limit which has been used in this study is the Swedish provisional limit of 45 kN for the 99.85-percentile,

see Kufver (1997d). CEN TC 256 WG 10 (1996) and UIC 518 OR (1997) suggested the Y-forces be evaluated
only if the curve radii are in the range 250-600 m. In these cases, they suggested a limit of 60 kN for the median
value of the Y force.
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for the tilting coaches may be favourable for reducing the risk of motion sickness, but

are unfavourable for the Q, Y and S-forces and slightly negative for PCT (since the

alignment will have less 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, Y and S

forces with other track designs, and it may be possible to reduce these forces with other
vehicle designs. Hence, it seems likely that optimisation of passenger comfort will lead
to alignments which are very suitable also for new track and vehicle designs.
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9. Conclusions

In this summary report, the following conclusions have been drawn concerning
alignment calculations in general:

If the objective is to compare alignment alternatives which 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 not fixed points. With this procedure, obstacles which
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 an ordinary curve combination 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 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.

The procedures provided by CEN TC 256 WG 7 (1995) for calculating PCT must be

better defined. The time position for the 1 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 evalution
of different vehicles.

The use of median values is not relevant where curvature and/or cant is not constant.

For railway lines with passenger traffic, it is probably more important to maximise

passenger comfort rather than minimising wheel/track forces and/or climbing ratios.

Hence, PCT is a suitable object function (when comparing equally costly alignments)

while vertical wheel 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 the arrangment of cant and tilt of vehicle bodiesforfixed 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 track plane, may tilt unnecessarily much. In these 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 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. 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 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.
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Simplified calculations and dynamic analysis have led to the following conclusions
concerning the lengths of the transition curves:

When building new lines, optimised transition curves are more efficient for reducing the
roll velocities in tilting trains, compared to a reduced limit for tilt velocity. Both
methods usually increase the lateral acceleration, where lengthened transition curves
lead to a smaller radius of the circular curves, but optimising the alignment results in a
lower lateral acceleration than reducing the tilt.

At least for vehicles with 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 transition

curves, and the wheel/track forces and climbing ratios would still be lower than their
limits. (The effect on passenger comfort has already been reported by Harborough

(1986) and UIC(1991)).

The optimal lengths of the transition curves 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 transition curves for conventional coaches

(12:12) are relatively short in some cases (curves with a small change in direction Al/l

and/or binding longitudinal obstacles). For curves with a larger change in direction Al]!

and with binding obstacles in the middle of the curve, the optimal transition curves are

longer than the 180 m reference alternative.

The optimal lengths of the transition curves 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 transition curves.

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 2) and

minimisation of PCT values for fast trains (as in Chapters 3 and 5), 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

cant deficiency, no substantial benefits have been found when using the formula

v 3 . . . . .
Lt=k1-Z compared to optimismg the trans1tion length for a speed V such as

VD< V_<_VP.

The optimisation using the procedures in this report leads to alignments which 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 which may have to be realigned in
the future (and the associated future construction cost) will be reduced.
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Future research

The influence of track irrregularities on PCT values, wheel/track forces, climbing ratios

and wear index needs to be investigated. A more advanced dynamic evaluation may also
include the influence of strong side winds on wheel unloading.

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, for example the optimal curvature pattern in

crossovers.

In order to enable comparisons of alignment alternatives which are not equally costly,
there is a need for monetary assessment of passenger comfort as well as monetary

evaluation of wheel/track forces etc.
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Appendix 1

Terminology and definitions

Alignment

ATP

Cant

Cant deficiency

Cant excess

Cant gradient

Chainage

Climbing ratio

Clothoid

Compound curve

Crest factor

Crossover

The alignment is a mathematical description of the designed
position of the centre line of the track. An alignment consists of
elements which are connected at tangent points. An alignment

can be divided into a horizontal alignment and a vertical
alignment.

Automatic Train Protection, a signalling system which
automatically brakes the train if the train speed exceeds the

permissible speed by too great a margin.

The difference between the heights of the right and left rails, at
the same longitudinal position, is called cant and/or
superelevation. The cant is positive if the outer rail is higher
than the inner rail.

When the cant is lower than equilibrium cant, the difference is

called cant deficiency.

When the cant is higher than equilibrium cant, the difference is

called cant excess.

Cant gradient is the derivative of cant with respect to

longitudinal distance.

The longitudinal position of the track centre line is described by
a chainage. A specific position is normally called stationing or

cross-section.

Guiding force Y divided by the vertical wheel/rail force Q.

The clothoid is a type of transition curve where curvature
changes linearly (as a function of longitudinal distance).

A chain of elements consisting of at least two circular curves in
the same direction, without any intermediate straight line.

The crest factor is defined as the frequency weighted peak value
divided by the frequency weighted r.m.s. value of the same
variable.

A crossover makes it possible for a train to change from one
track to another. It consists of two turnouts, placed in two

adjacent through tracks, and an intermediate diverging track.
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Curvature

Effective roll factor

Element

Equilibrium cant

Fixed point

Gauge

Guiding force

Jerk

Lateral direction

Lining operation

Misalignment

Octave band

The horizontal curvature is the derivative (with respect to
longitudinal distance) of the direction of the track. On a straight
line, the curvature is zero and on a horizontal circular curve, the

absolute value of curvature is the inverse of the radius. On a

vertical curve, the vertical curvature is the derivative of

arcus tangens of the slope.

The effective roll factor fr expresses the ratio between the lateral

acceleration in the vehicle body (parallell to the floor) and the
lateral acceleration in the 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.

An element is a section of the track with specific mathematical
characteristics. An element may be a straight line, a circular

curve or a transition curve.

The equilibrium cant is the amount of cant which eliminates the
quasi static lateral acceleration (in the track plane).

Fixed points are used to define the position of elements in a

calculation. A fixed point has predefined coordinates and a
predefined lateral (or vertical) distance to the element in

question. (Example: The position of a circular curve may be
calculated with three fixed points, or with two fixed points and a
predefined radius.) With some computer programs (such as
STEPP and DRD9O from the Swedish National Road
Administration) it is also possible to use a fixed point to define a

longitudinal distance to a tangent point.

The lateral distance between the inner edges of the two rails is

called gauge. Standard gauge is 1435 mm.

See Y force.

Time derivative of acceleration.

The lateral direction corresponds to the y direction. See x, y and

z-directions.

A lining operation is an adjustment of the lateral position of the

track.

A misalignment is a track irregularity in the horizontal
alignment.

A frequency interval where the upper limit is twice the lower

limit, flow Sf <fhigh zz'fzow-
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Permissible speed

Q-force

Q0

Quasi static

Radius

Rate of cant

Roll angle

Running r.m.s.

S-force

Simplified PCT

When evaluating vehicles: The (planned or real) maximum
speed which the vehicle in question may have in revenue
service. In UIC 518 OR, the corresponding term is vehicle
operating speed limit , while in CEN TC 256 WG 10 the term is
permissible maximum speed of the vehicle .

When evaluating alignments: The (planned or real) maximum

permissible speed in the curve combination in question.

The vertical wheel/rail force, Q, is positive if the force acting on

the wheel is directed upwards.

Half the static axle load.

The quasi static level of a signal corresponds to the average
level during stationary conditions (such as running at constant
speed on a curve with constant radius and cant). However,

CEN TC256 W610 and UIC 518 OR quantified this level by
taking the median value of the signal.

In this document, the horizontal radius R is positive in both right
and left hand curves. Hence, the radius equals the absolute value
of the inverse of the horizontal curvature of the track centre line.

Rate of cant is derivative of cant with respect to time.

Roll angle go defines rotation around x axis. In some literature

the roll angle is denoted rx.

A filtering procedure for smoothing a very irregular time history
(shocks and high crest factor motions). A new time history is
 

_ I to 2 -created, ar (tO) l/ T L Ta (t) dt or alternativelyo
 

[___[n
Tar(to)=\/%£(Zoa2(t)°e dt .

The track shift force, S, is the sum of the two Y-forces acting on

the same wheelset. The force is positive if the force acting on the
wheelset is directed to the right. (According to older definitions
of the Y forces, where these forces are positive in the direction
inwards to the track centre line, the S force may be defined as
the difference between the two Y forces.)

PCT value based on radius, cant, length of transition curve,

effective roll factor and train speed. Simplified PCT does not

consider the dynamic behaviour of the vehicle.
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Slew

Stationing

Superelevation

Superelevation ramp

Tangent point

Target speed

Test speed

Track irregularity

Track plane

Track renewal

Track shift force

Track superstructure

Transition curve

Vertical direction

Slew is the change in lateral position of a track. The slewing of
track is introduced to reduce misalignments and sometimes also
to change the designed alignment.

See chainage.

See cant.

A superelevation ramp is a section of the track where the cant
changes gradually. (According to the standards of many railway
companies, a superelevation ramp should normally coincide with
a transition curve.)

A tangent point is where two elements are connected to each
other.

In this document, target speed is a term which describes the
speed which should be used in a test or a simulation. In a
specific test, the actual speed (test speed) may differ from the
target speed. In simulations, the test speed equals the target

speed.

The actual speed of the vehicle in the test (or in the simulation).

When the actual track position differs from the designed
position, track irregularities exist. The mismatch between actual
position and designed position could involve horizontal
alignment, gauge, vertical alignment and/or cant. Track

irregularities are more frequently described by deviations in the
first derivative (cant) or second derivative (alignment) of the

position, rather than by deviations in the position itself.

The track plane is a function of longitudinal distance. The
instantaneous direction of the track centre line defines the x axis

within the track plane, while the y direction within the track
plane is a tangent to the designed positions of the top surfaces of
the two rails.

In track renewals, the old track superstructure is replaced by a
new one.

See S-force.

The track superstructure consists of rails, sleepers, intermediate
pads and rail fastenings.

A transition curve is a type of element where the curvature
changes gradually.

The vertical direction corresponds to the z direction. See x, y and
z directions.
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x, y and z-directions

Y-force

When evaluating passenger comfort, the directions refer to the
vehicle body; the x and y directions are longitudinal and lateral
directions parallel to the oor, while the z-direction is
perpendicular to the floor.

When evaluating wheel/rail forces, the directions refer to the
track plane; the x and y-directions are longitudinal and lateral

directions parallel to the track plane, while the z-direction is
perpendicular to the track plane.

When referring to alignment calculations, the x and y directions
are normally fixed directions in the horizontal plane, while the z
direction is perpendicular to the x-y plane.

The guiding force, Y, is the lateral force between the wheel and

the rail. The force is positive if the force acting on the wheel is
directed to the right. (According to older definitions, the force

may be positive if the force on the wheel is directed inwards to

the track centre line.)
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Notations

Appendix 2

Note: According to praxis in the railway sector, certain quantities are expressed in other
units than SI-units.

a(t)

ay )

PCT

PCT]

PCTZ

Acceleration at time t (m/sz)

Lateral acceleration at time t (m/sz)

Clothoid parameter (m)

Alignment alternative ( )

Half distance between the wheel/rail contact patches (mm)
Cant in circular element (mm)

Cant at longitudinal position 5 (mm)

Equilibrium cant in circular element (mm)

dD(s) (mm/s)
 Maximum absolute value of

»

Element ( )

Frequency (Hz)

Effective roll factor ( )

Accumulated relative frequency ( )

Gravitational acceleration (In/$2)

Cant deficiency in circular element (mm)
Cant deficiency at longitudinal position s (mm)

dl s
( ) (mm/s)
dt

Mass moment of inertia with respect to its centre of gravity and

around the x axis (kg-m2)

Curvature in element with constant curvature (m"l )

Curvature at longitudinal position s (m'l)

Stiffness in primary damping element in the x direction (N/m)

Stiffness in secondary damping element in the x direction (N/m)

Constant, general.

 Maximum absolute value of

Spring stiffness in x direction, primary suspension (N/m)

Spring stiffness in x-direction, secondary suspension (N/m)

Factor used in the expression for limit for S force ( )
Length of alignment element (m)

Length of alignment element with constant curvature (m)
Length of transition curve (m)

Tonnage (kg)

Obstacle ( )

Passenger comfort on curve transitions (%)

The term of PCT which considers lateral acceleration and lateral

jerk (%)

The term of PCT which considers roll velocity (%)
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Y/Q

D
i
m
Q

(PD

(of!

IMS)

d(-)

(')c

(')e

(')lim

(')r

(')fC

(')rF

(-)*
|(-)|

Physical quantity

Vertical wheel force (N)

Half static axle load (N)

Radius in circular element (m)

Stationing (m)

Track shift force (N)

Time (s)

Position of averaging window (5)
Speed (m/s)

Speed (km/h)

Design speed (km/h)

Potential permissible speed (km/h)

Absolute value of lateral shift (m)

Maximum absolute value of lateral acceleration of a vehicle

body (% of g)

Maximum absolute value of lateral jerk of a vehicle body (% of

g per second)
Guiding force (N)

Climbing ratio ( )

Length in slew diagram (m)

Slew value in slew diagram (m)

Angle of wheel/rail contact area (rad)

Change in direction in the horizontal plane (rad)

Maximum absolute value of % of a vehicle body (degrees per

second)

Duration (s)

Roll angle (degrees)

Roll angle between horizontal plane and track plane (rad)

Roll angle between track plane and vehicle body (rad)

Direction (in the horizontal plane) at longitudinal position s (rad)

Derivative with respect to ()

Value of () in calculation

Value of () in existing track

Limit value of ()

Running r.m.s. of ()

Average of () during c, with the time position referred to centre

of the window

Average of () during c, with the time position referred to front

edge of the window

Local or global optimum of ()

Absolute value of ()
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Appendix 3

Certain mathematical expressions concerning track quantities

Equilibrium cant

The equilibrium cant1 DEQ is the amount of cant which eliminates the quasi static lateral

acceleration (in the track plane).

When a vehicle runs on a circular horizontal curve, the absolute value of quasi-static

lateral acceleration ay in the horizontal plane equals

= [A3.1]
 

v : speed (rn/s)
R = (absolute value of) radius (m)

The quasi static vertical acceleration perpendicular to the horizontal plane aZ equals

az : g
[A32]

g = gravitational acceleration = 9,81 m/52

if the track has constant zero gradient in the vertical alignment.

In order to eliminate the quasi static lateral acceleration in the superelevated track plane,

the following apply

2 D
arctan L : arcsin EQ [A3.3]

R- g 2 ~ 19

DEQ : equilibrium cant (mm)

219 = the lateral distance between the wheel/rail contact patches = 1500 mm

for standard gauge 1435 mm

 

Hence the equilibrium cant DEQ can be expressed as

2 2
DEQ = 2 - b - sin(arctan[gn z 153 - VR [A3.4l

'8

according to the small angle approximations.

Substituting v (rn/s) by V (km/h), gives the expression

V2

 

I Equilibrium cant is greater than zero, both in right and left hand curves.
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Normal and preferred transition lengths according to SJ (1978)

Normal and preferred transition lengths Lt (m) are based on rates of cant D of 35 and
28 mm/s respectively, and a cant2 D (mm) which equals approximately two thirds of

equilibrium cant DEQ (mm).

2
D = 8 - V [A3.6]

R

The normal length of the transition curve may be calculated as

V2

D 8 ' "_ V V3Lt= .-v= R . =0.064. [A3.7]
D 35 3.6 R

and the preferred length of the transition curve may be calculated as

V2

Lt = R - _ : 0.080 - _ [A3.8]
28 3.6 R

Optimal transition lengths for long curves according to track standards

The transition lengths represents optima for curves with a large change of direction
( long curve ) and with no binding obstacles on the outside of the curve. Object

function is permissible speed when there exist limits for cant Dlim (mm), cant deficiency

[lim (mm) and rate of cant Dlim (mm/s) or rate of cant deficiency llim (mm/s).

The potential permissible speed on the curve Vp (km/h) may be calculated from the

conditions in the circular portion of the curve

Ki11.8 R z Dlim + 1lim [A39]

The transition lengths must fulfil both [A3.l()] and [A3. 1 1]

 

 

  

 

 

 

/(D1im +Ilim)'R
D » D -

Lt 2 AMA - v = .hm W 11-8 [A3.10]
Dlim Dlim 3-6

x/(Diim +I1im)'R

Ltz i -vzl m- 11-8 [A3.11]
[lim Ilim 3'6

 

2 Cant is greater than zero if the outer rail is higher than the inner rail.
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With Dnm : 150 mm, [lim : 100 mm, Dlim = 46 mm/s and ihm = 46 mm/s, formula

[A3. 10] is binding and the optimal length may be expressed as

 

(l50+100)-R
 

150 11.8
Lt z - = 4.17-a/R A3.12

46 3.6 [ ]
 

Shorter transition curves than [A3. 12] reduce permissible speed on the transition curves,

while longer transition curves result in unnecessary small radii in the circular portion of

the curves.

Approximate relations between track quantities and physical quantities in the PCT

formulas, used in the simplified analysis

The maximum absolute value of lateral acceleration y (% of g) in the vehicle body is

assumed to equal the absolute value of quasi static lateral acceleration in the circular

portion of the curve.

.. 100 v2 ( _ (D ]] D
YZM'fr' -Cos arcs1n g. z

g R Z-b 2.19

2 .2399. r.[V _ 8 D) [A3.13] 

However, the cant D in the circular curve may be substituted by

2 2 2

D=D _lz11.8 V 1=11.8.5 3 ' 6 Y ) 1=153 V 1 [A3.14]
EQ R R R

Combining [A3. 13] and [A3. 14] gives

2
V

112 (gr (153754)
 

R _ 1500

 
100 _[vz v2+l-g)_l-fr

r
[A3.15]

R R 1500 15

The lateral jerk in the transition curve is assumed to be constant. Hence, the maximum

absolute value of lateral jerk y (% of g per second) equals the maximum absolute

value of lateral acceleration divided by the time in the transition curve.

---~1-fr,L_1'fr,_K
[A3.16]

15 Lt 54 Lt

A3-3



The cant D causes a roll angle between the horizontal plane and track plane3 0) D (rad),

which may be described as

 (pD = arcsin(21?l?) z 15130 [A317]

The effective roll factor of the vehicle fr causes a roll angle between the track plane and

vehicle body4 gofr (rad). The roll angle qofr may be derived from

v2 .
fr Ié -cos¢D g-sm§0D =

v2 v2
=[R-cosch g-sing0D -cosg0 , k ~-singoD+g-cosgoD singo , [A3.18]

Assuming small angles go D and gaff results in

 

 

2 2
v D v D. ___ . z __ ._ _ . A3.19

f [R £1500) [R g1500]g¢f" [ ]

V2

2 153- I
(f __1). V___g._____R____ x_gm [A3.20]

' R 1500 f

(fr 1) I x_gofr [A3.21]
1500

Hence, the total roll angle of the vehicle body (rad) on the circular curve may be
described as

D (fr _l)!

1500
 

QDD + $]? z [A3.22]

The roll angle of the vehicle body is assumed to increase linearly on the transition curve.

The maximum absolute value of roll velocity 19 (degrees/second) in the PCT formula

equals

1500 z-n Lt_ 30-7z-Lt
 

 

3 The roll angle (DD is positive if the outer rail is higher than the inner rail (i.e. when the cant D is positive).

4 The roll angle (pf, is positive if the effective roll factor f, is less than unity.
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Appendix 4

Variables and limit values for evaluation of railway alignments

Maximum vertical wheel forces, alternative 1

Low pass filtering with a 3 dB cut-off frequency in the interval 2051330 Hz
(gradient224 dB/octave).

All wheels treated separately.

99.85 percentiles.

Limit 170 kN (provisional value).

Maximum vertical wheel forces, alternative 2

Low pass filtering with a 3 dB cut off frequency of 90 HZ (gradient224 dB/octave).

All wheels treated separately.

99.85-percentiles.

Limit 170 kN (provisional value).

Maximum guiding forces

Low pass filtering with a 3 dB cut off frequency of 90 HZ (gradient224 dB/octave).

All wheels treated separately.

99.85-percentiles (or 0.15 percentiles according to the direction of the curve).

Limit 45 kN (or 55 kN if curve radius is less than or equal to 300 metres) (provisional
values).
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Track shift forces

Low pass filtering with a 3 dB cut off frequency in the interval 209330 Hz
(gradient_>_24 dB/octave).

All axles treated separately.

Averaging in a sliding 2 metre rectangular window.

99.85-percentiles (or (MS-percentiles according to the direction of the curve).

Limit O.85-(lO+2-Q0/3) kN for freight wagons, and l.OO~(lO+2-QO/3) kN for other

vehicles.

Climbing ratios

Low-pass filtering with a 3 dB cut off frequency in the interval 20§f_<_30 Hz

(gradient_>_24 dB/octave).

All wheels treated separately.

Averaging in a sliding 2-metre rectangular window.

99.85 percentiles (or 0.15 percentiles according to the direction of the curve).

Limit 0.8.

Wear index

The wear index is calculated for each rail as the sum of the energy dissipation (in the
contact area between wheel and rail) for the right hand wheels and the left hand wheels

respectively.

Averaging in a sliding 2 metre rectangular window.

99.85 percentiles.

No limit.
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Passenger comfort on curve transitions

Low-pass filtering (of acceleration and roll velocity) with a 3 dB cut-off frequency of
2 HZ (gradient 3 dB/octave).

Lateral accelerations and lateral jerks for each end measuring point treated separately.

The lateral acceleration should be averaged in a sliding 1 second rectangular window.
The window should slide from the the start of the transition curve to 1.6 seconds after
the end of the transition curve. The maximum absolute value is used in the formulas
below.

The lateral jerk should be calculated as the change in acceleration during 1 second. The

1 second window should slide from 1 second before the start of the transition to the end
of the transition. The maximum absolute value is used in the formulas below.

The roll velocity used in the formulas should be the maximum absolute value in the
transition curve (from the start to the end).

Standing passengers;

PCT = max(2.80 - 'y' + 203-941 1.1, 0) + 0.185 - (1502-283 [A4.1]

Seated passengers;

PCT = max(0.88 _ 'y' + 095 - y' 5.9, 0) + 0120-0301-626 [A42]

The units for maximum lateral acceleration y, maximum lateral jerk y and maximum

roll velocity 19 are per cent of g (9.81 m/sz), per cent of g per second and degrees per

second respectively.

No limits.

Test speed

The lowest value of 110% of permissible speed and the speed corresponding to 110% of
permissible cant deficiency when evaluating forces and climbing ratios. Otherwise, the
lowest value of 100% of permissible speed and the speed corresponding to 100% of
permissible cant deficiency.

Other conditions

Rail UIC60.

Gauge 1435 mm.

Friction coefficient 0.4.

Rail inclination 1:30.

Wheel profile S 1002.

A4 3



A4 4



Appendix 5

Radii and cant deficiencies on the curves studied.
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Figure A5-1 Radii on curves with All/=0.1-1.0 rad and a midpoint obstacle.

(Source: Kufver 19976. )
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Figure A5-Z Radii on curves with Al/l=0.1-1.0 rad and an endpoint

obstacle. (Source: Kufver 19976. )
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Figure A5-3 Cant de ciencies in simplified analysis of curves with

All/:O.] rad and a midpoint obstacle. (Source: Kufver 1997c. )
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Figure A5-4 Cant deficiencies in simplified analysis ofcurves with

All/:O.] rad and an endpoint obstacle. (Source: Kufver 19970 )
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Figure A5-5 Cant de ciencies in simplified analysis of curves with

Al/f=0.5 rad and a midpoint obstacle. (Source: Kafver 1997c. )
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Figure A5-6 Cant de ciencies in simplified analysis of curves with

Al/I=0.5 rad and an endpoint obstacle. (Source: Kufver 19976. )
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Note l to Figures A5 3 A5 6:

Cant deficiencies for tilting coaches (fr=0.3) in 220 km/h are higher than those for

conventional coaches (f,=l.2) because of different optimal cant.

Note 2 to Figures A5-3 A5 6:
 

Optimal cant has been rounded off to multiples of 5 mm. A limit of 150 mm has been

applied.

Note 3 to Figures A5-3 - A5 6:
 

Optimal cant deficiencies according to

pk = 59-5 [A5.1]v
- 1+o.2014-fr ( Lt)

 

create the at gradient in the left side of some curves, while the limit 150 mm for cant

creates the steeper gradients to the right.

Note 4 to Figures A5 3 A5 6:
 

All I Lt combinations are (local) optima of case C curves.

Note 5 to Figures A5 3 - A5-6:
 

In the dynamic analysis, the optimal cant deviated slightly from those in the figures for
some of the alignment alternatives. These deviations were at the most 20 mm and

occurred only with the shortest transition lengths: 80 m S.Lt &100 m.
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Appendix 6

Wear indices
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Figure A6-1 Wear index on curves with All/:O.] rad and a midpoint

obstacle. Cant deficiency I varies between 49 mm and

24] mm. (Source: Kufver 1997c.)
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Figure A6-2 Wear index on curves with All/:O.] rad and an endpoint

obstacle. Cant deficiency I varies between 33 mm and
24] mm. (Source: Kufver 1997c.)
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Figure A6 3 Wear index on curves with Al/l=0.5 rad and a midpoint

obstacle. Cant de ciency I varies between 98 mm and
354 mm. (Source: Kafver 1997c.)
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Figure A6 4 Wear index on curves with Al/f=0.5 rad and an endpoint

obstacle. Cant deficiency I varies between 8] mm and
500 mm. (Source: Kafver 1997c. )
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