
 

 

- lng rallways|track &
ren als-l|near versusS-shaped

* superelevatlon ramps
Paper presentedatthe2nd International conference

Railway Engineering-9-9, May 25-26,1999,

* Commonwealth Institute, London, United Kingdom

 

65
cn
O')
FI

oo
vi

ca
x
0
>
h
4a
h
25
U)

& Björn Kufver

 

, Swedish National Roadand
'ii'ansport Research Institute  
 



VTI särtryck 318 - 1999

Realigning railways in track
renewals linear versus S-shaped

superelevation ramps
Paper presented at the 2nd International conference

Railway Engineering -99, May 25 26, 1999,

Commonwealth Institute, London, United Kingdom

Björn Kufver

  
SWQdiåh 8533!påägd Cover: VTI Archives. A Eurofima standard

ISSN 1102-62 6X ansparr'msggmw coach (um-21) at Z rich HB.



REALIGNING RAILWAYS IN TRACK RENEWALS

- LINEAR VERSUS S-SHAPED SUPERELEVATION RAMPS

Björn Kufver

VTI Railway Systems

SE-581 95 Linköping

Sweden

KEYWORDS: Alignment, Cant, Superelevation ramps, Transition curves, Vehicle dynamics

ABSTRACT

When increasing permissible train speeds on existing lines, the horizontal alignment is often a binding

constraint. The introduction of tilting trains reduces the restrictiveness of small curve radii, but solutions
for short transition curves still need to be found.

Increasing the lengths of existing transition curves requires a slewing of the track, which may be

prevented (or made uneconomical) by physical obstacles along the route.

The following question arises. Do unconventional types of superelevation ramps and transition curves,

with S-shaped patterns of cant and curvature respectively, offer substantial advantages compared to the

linear superelevation ramp and the clothoid type of transition curve?

Vehicle reactions in both tilting and non tilting coaches on S-shaped superelevation ramps have been

simulated using a multibody computer code with 42 degrees of freedom for each vehicle. Various

conditions have been evaluated according to the concept of equally costly alignment alternatives. The

vehicle reactions are sampled, filtered and analysed according to recent draft standards from CEN

(TC 256 WG 7 and WG 10) and UIC (518 OR).

The analysis shows that vehicle reactions from the Eurofima standard coach (UIC-21) and the SI X2

tilting trainset, analysed according to the procedures mentioned above, are not more favourable on S-

shaped ramps.

INTRODUCTION

When increasing permissible train speeds on existing lines, the horizontal alignment is often a binding

constraint. The introduction of tilting trains reduces (but does not eliminate) the restrictiveness of small

curve radii, but attention still needs to be paid to short transition curves.

Due to increased inward shift w, increasing the lengths of existing transition curves requires a slewing of

the track, which may be prevented by physical obstacles along the route (Shortt, 1909), (Schramm,

1962), (Baluch, 1982 & 1983), (Kufver, l997a, 1997c & 1998a b). Increased lengths of transition curves

may also be prevented by the accompanying shortening of an adjacent element ALD.

Therefore, the following question arises. Do unconventional types of superelevation ramps and transition

curves, with an S-shaped pattern of cant and curvature respectively, offer advantages compared to the

linear superelevation ramp and the clothoid type of transition curve?

DEFINITION AND USAGE OF THE LINEAR SUPERELEVATION RAMP

The most common type of superelevation ramp is the linear type, where the cant gradient with respect to

longitudinal distance is constant (non zero) within the ramp, but changes instantaneously at the tangent

points. At these points, there are kinks in the vertical alignment of one or both rails, where vertical

impact forces will occur between wheel and rail. Such peak forces are undesirable not only in
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themselves, but also because they generate a high level of vertical acceleration and roll acceleration of

the vehicle. According to Schramm (1934), vehicles with friction damping perform badly, with

undesired swaying, if the friction breakout force is reached at these points.

The linear ramp is usually combined with the clothoid type of transition curve, where curvature changes
linearly.

DEFINITIONS AND USAGE OF S SHAPED SUPERELEVATION RAMPS

S-shaped superelevation ramps do not introduce kinks in the rails since the mathematical form is chosen

to create a continuous first derivative (with respect to longitudinal distance) of cant. Various

mathematical forms have been suggested for S-shaped superelevation ramps.

Equations [1]-[5] define superelevation ramps with the following characteristics. The cant and the first

derivative of cant are continuous over the start and end points of the ramp. The second derivative of cant

changes instantaneously not only where the ramps starts and ends but also at certain points within the

ramp.

Superelevation ramp according to Helmert (1872), also known as a bi-quadratic parabola
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D<s>=DO+2-(;) «DI Do) [1]
for OSSSO.5-Lt, and

2

Doha 4L ) «Bl Do) [2]
for 0.5-LtSsSLt.

D(s)=superelevation at stationing (5) [mm], Do=superelevation in element before the ramp

[mm], D1: superelevation in element after the ramp [mm], Lt=length of the superelevation

ramp and corresponding transition curve [m], s=stationing within the ramp [m].

The superelevation ramp according to Ruch (1903) has a linear intermediate part between parabolas of

the same type as in the Helmert ramp.
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D =D + -D D 3(S) O 2' '(1 6)'Lt2 (1 0) []

forOSsSe-Lt,

_e-Lt

2Ds =D + - D 4(> 0 a_ewn o) [1
for e-LtSsS(l e)-Lt,and

(Lz s)2
D =D .D D 5(S) 1 2' '(1 )'Lt2 ( 1 O) []

for (l e)-Lt S s SLt.

e=portion at each end of the ramp which is smoothed [ ]

If e=0, the superelevation ramp is strictly linear and if e=0.5, the Ruch ramp equals the Helmert ramp.
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Equations [6]-[10] define superelevation ramps with the following characteristics. The cant and the first
derivative of cant are continuous at the start and end points of the ramp. The second derivative of cant
changes instantaneously where the ramp starts and ends, but is continuous Within the ramp.

Voj acec (1868) suggested a ramp in the shape of a half period of a cosine curve

72.8)
-(D1 Do) [61 

1 cos(

D(s) : D0 + 2

Bloss (1936) suggested a ramp in the shape of a third-degree polynomial

2 3
SD(s)=DO+(3-ztz 2-Lt3)-(D1 Do) [7]

Gubar (1990) suggested a modified cosine ramp with a linear intermediate part, analogous with the Ruch
ramp

  
e 71-

D(S) D0+2' .(l COS(2-e-Lt.sj).(Dl_DO) [8]
7Z 2-7r-e+4-e

for OSsSe-Lt,

(2 75)-e+Q
Lt

D =D+ -D D 9(S) 0 71 2-7z-e+4-e (1 0) []

for e-LtSsS(1 e) Lt,and

 

  D(s)=D1 2- e (l cos(
7r 2-7r-e+4-e

for (1 e)-LtSsSLt

nU-(Lt s))J-(D1 DO) [10]
.e.

If e=0, the superelevation ramp is strictly linear and if e=O.5 , the Gubar ramp equals the cosine ramp.

Equations [11] [12] define superelevation ramps with the following characteristics. The cant, the first

derivative of cant and the second derivative of cant are continuous at the start and end points of the ramp
as well as within the ramp.

Watorek (1907) suggested a ramp in the shape of a fifth degree polynomial

z 4 5
SS, S

D =D + 10- 15- +6- -D D 11
(S) 0 ( Lt3 Lt4 LP) ( 1 0) [ ]

Klein, according to Weigend (1975), suggested a ramp in the shape of a period of a sine curve

 

s s1n[Lt S)

D(s)=D0+ E 2. '(D1_Do) [12]



Even though these functions are primarily suggested for cant, the authors suggested the same type of

function for curvature. Therefore, the different types of superelevation ramps are associated with

different types of transition curves, with different inward shift of the circular portion of the curve (as a
function of radius and transition length).

Schramm (1937) discussed the idea of combining S shaped superelevation ramps with clothoids, but

rejected the idea since he believed the associated surveying work would be too laborious. However,

according to Alias (1984), the French railways intentionally smooth the ends of the superelevation ramps

with a shape without mathematical definition ( sans definition mathématique ).

S shaped superelevation ramps and corresponding transition curves are used in Germany and Japan,

among other countries. There is an interest in Sweden and the UK in evaluating the potential advantages

and disadvantages of these track elements.

VARIOUS ARGUMENTS FOR AND AGAINST S-SHAPED SUPERELEVATION RAMPS

The main argument in favour of S shaped ramps is that the vehicle reactions caused by these types of

ramps are believed to be superior to those caused by linear ramps. Another argument is that it is

impossible to arrange the kinks in the rails, where linear ramps start and end.

Arguments against S shaped ramps include the following:

1. The differences between linear and non-linear ramps (and the associated transition curves) are smaller

than the magnitudes of the track irregularities. Schramm (1934) argued against this opinion since the

differences cannot be assumed to be distributed in the same way.

2. S shaped ramps (and associated transition curves) are difficult to arrange and maintain. This

statement is not believed (by the author) to be correct since most modern tamping machines are equipped

with microcomputers for calculating the necessary correction values (versines, etc.). There are very few

manufacturers of tamping machines and it would probably be possible to convince them to modify the

computer code.

3. Track calculations for the design of new railways and realignments of existing ones are made with a

variety of software on the market. Many of these computer codes (such as DRD9O from the Swedish

National Road Administration) do not include other types of transition curves than the clothoid.

Requirements on using other types of transition curves may reduce competition in the software market.

In the worst case, such requirements would lead to the exclusion of the most efficient design tools,

which may result in poorly designed alignments.

4. Railway companies applying geodetic methods in track surveying often use programmable data stacks

when setting out calculated alignments. These data stacks do not usually include other types of transition

curves than the clothoid. Requirements on using other types of transition curves may reduce competition

in the market for surveying equipment.

SIMPLIFIED ANALYSIS AND COMPARISONS

It is obvious that, in principle, it is preferable to have low levels of first and second derivatives of cant

and curvature in the superelevation ramps and transition curves. Long ramps and transition curves are

therefore desirable. However, obstacles along the route must be taken into account. Only alignments

passing the same set of obstacles may be assumed to be equally costly to build. Using the same approach

as in Kufver (l997a, 1997c & 1998a b), two extreme cases may be identified when defining the lengths

of superelevation ramps and transition curves:



l. The binding obstacle is placed in the circular portion of the curve. In this case, different types of
ramps and transition curves with the same inward shift w should be compared.

2. The binding obstacle is a turnout placed on an adjacent straight line and the turnout should remain

straight and not canted. In this case, different types of ramps and transition curves entailing the same

shortening of the adjacent straight line ALO should be compared.

Possible combinations of first and second derivatives of cant and curvature are shown in Figures 1 and 2.

Figure 1 shows the inward shift w as a function of change in curvature (kl-kg), peak (absolute value) of

the first derivative of curvature (k max) and peak value of the second derivative of curvature (k max).

Figure 2 shows the necessary shortening of an adjacent element as a function of the same variables as in
Figure l.
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Figure 2. Shortening of adjacent element (ALG) as a

function of change in curvature and its derivatives.

(Source: Kufver, l997a.)

Figure l. Inward shift (w) as a function of

change in curvature and its derivatives.

(Source: Kufver, l997a.)

In both Figures 1 and 2, low values on both axes are desirable. The Ruch type of superelevation ramp

and transition curve appears attractive compared to the other types, but the best value for the e-parameter

cannot be judged. Hence, it was decided to study this type of ramp and transition curve in more detail.

EVALUATION OF DYNAMIC VEHICLE REACTIONS

Here, the evaluation of S-shaped superelevation ramps is based on dynamic vehicle reactions rather than

physical quantities in the track plane. For economic and practical reasons, the dynamic vehicle reactions

are estimated through simulations instead of measurements in full-scale tests. Such tests are expensive

and it is difficult to control background variables such as vehicle speed, friction in the wheel/rail contact,
track stiffness and track irregularities.

The simulations have been conducted with the multibody code GENSYS. Each vehicle is modelled with

seven rigid bodies (a vehicle body, two bogies and four wheelsets), each having six degrees of freedom,

see Figure 3.

The following three vehicles have been studied:

The Eurofima coach (UIC Zl), a non-tilting standard coach.

The S] UA2 coach, a tilting coach used in the Swedish X2 trainsets (also called X2000)

The SJ X2 (X2000) power car, representing a modern, high speed locomotive.
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    Figure 3. Degrees of freedom in the models.

    
Figure 5. SJ UA2 and UB2 coaches. Figure 6. An SJ X2 power car.

Public vehicle data are published in Kufver (1997c). Referring to the discussion of Schramm (1934), it

should be noted that none of these three vehicles uses friction dampers. The tilt mechanism in the model

of the S] UA2 coach has been programmed to tilt proportionally to lateral acceleration in the track plane

at the leading bogie, eliminating 72% of the lateral acceleration in the track plane. (Exception: When S

shaped ramps are combined with clothoids, the tilt angle is instead proportional to the amount of cant.)

The track model consists of a lumped mass connected to each Wheelset. Each mass has one degree of

freedom, lateral displacement. Vertical exibility is introduced by a spring, representing a lumped

exibility, in the wheel/rail contact with a stiffness of 150 MN/m. Data for dampers and horizontal

springs in the track model are published in Kufver (1997c). In order to enable comparisons of small

changes in output, the track model does not include track irregularities.

From vehicle models with 42 degrees of freedom, there are many variables that may be evaluated. It has

been decided (Kufver, 1997d) to follow recent CEN (1995 & 1996) and UIC (1997) draft standards on

evaluation of track/vehicle interaction as closely as is possible and relevant. In the wheel/rail contact,

vertical wheel forces Q, lateral wheel forces Y, track shift forces S and climbing ratios Y/Q have been

evaluated, see Table 1. It should be noted that the evaluation of Y forces matches Swedish procedures

rather than CEN and UIC procedures, since the latter suggest only median values be evaluated.

Table 1. Variables in wheel/rail contact, processing and limits.

 

Variable Low-pass filter Statistics Limit
Vertical wheel force, Q 30 Hz 99.85 percentiles 170 kN

Lateral wheel force, Y 30 Hz 99.85 percentiles 45 kN

Track shift force, S 30 Hz, 2 m averaging 99.85 percentiles 10 kN+static axle load/3

Climbing ratio, Y/Q 30 Hz, 2 m averaging 99.85-percentiles 0.8   



According to CEN (1996) and UIC (1997), the quantities in Table 1 should be evaluated at a slightly
higher speed than the planned operating speed.

Two different aspects of passenger comfort are evaluated. First, the instantaneous discomfort when

entering transition curves is expressed in PCT, passenger comfort on curve transitions. This quantity takes

into consideration the combined effect lateral acceleration, lateral jerk and roll velocity of the vehicle

body (CEN, 1995), (Kufver, 1997b). The signals are 2 HZ low-pass filtered and averaged during

1 second according to CEN. (However, it must be noted that the PCT functions have been validated for

clothoids and linear ramps only. It is possible that they are not valid for other types of curve transitions,

but there are no alternative functions for quantifying the combined effect of accelerations, jerks, etc.)

Second, tendencies to motion sickness, an aggregate effect of many curves, are believed to be correlated

with roll motions (Koyanagi, 1985), (Förstberg et al., 1998). Hence, ODS-0.35 HZ band-passed roll

velocity and roll acceleration have been calculated. The filter corresponds fairly well with the Wf filter in
 
T

ISO (1997). Various researchers believe that motion doses (dOS =i\/Im0ti0n(l )i ~dt, where i is a
0

constant and T is evaluation time) rather than individual peak values are a cause of the motion sickness.

Since r.m.s. values are proportional to doses (i=2) when evaluation T time is fixed, r.m.s. values and

peak values of roll velocity and roll acceleration are evaluated in this study. In figures showing these

band passed filtered roll motions, also the roll velocity, low-pass filtered according to the PCT evaluation,

is illustrated.

VEHICLE REACTIONS ON LINEAR RAMPS

Vehicle reactions on linear ramps have been studied in Kufver (1997c). It has been found that vertical

wheel/rail impact forces are dependent on rate of cant, possible unintentional smoothing at the vertical

kinks, cut-off frequency of low-pass filters and whether the superelevation ramp is arranged by twisting

the track around its centre line or around the inner rail. However, for reasonable values of cant, cant

deficiency, rate of cant and rate of cant deficiency, the limits for the forces and the climbing ratios are

not binding (at least in the absence of large track irregularities). Evaluation of vehicle reactions on ramps
and transition curves may be focused on the aspect of passenger comfort.
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Figure 7a-b. PCT (left) and roll motions (right) for the Eurofima coach running through linear ramps and

clothoids of different lengths. Vehicle speed is 200 km/h, radius R1 is 1888 m and cant D1 is 150 mm.

Figures 7a and 7b show the advantage of long transition curves. However, longer transition curves

generate a larger inward shift w of the circular portion of the curve and a shortening of adjacent elements

ALD. Obstacles along the route may preclude such slewing of the track, or the available terrain corridor

may be better used with larger curve radii rather than long transition curves. (Evaluations of vehicle

reactions when increased lengths of transition curves require smaller curve radii are reported in Kufver

(1997c & l998a)). With these observations in mind, we now turn to the issue of the vehicle reactions on

S shaped superelevation ramps.



VEHICLE REACTIONS ON S SHAPED RAMPS AND CORRESPONDING TRANSITION CURVES

As stated earlier, the positions of the binding obstacles must be taken into consideration also when

comparing different types of transition curves and superelevation ramps. There are two extreme cases:

The inward shift is binding or the shortening of an adjacent element is binding. The comparisons are

made with a clothoid and a linear ramp with a length of 180 m (which is the case where e=0). As in

Figure 7, the circular portion of the curve has radius R1=1888 m and cant D1=150 mm. According to

Swedish track standards, the geometry consists of the smallest radius and the shortest linear ramp for
conventional trains running at a speed of 200 km/h.

When inward shift w is binding, the Ruch type of superelevation ramp and transition curve will have

lengths of 180 255 m when the e-parameter varies within the interval 056505. Figures 8-10 show the

evaluated vehicle reactions for the Eurofima coach and the SJ UA2 coach.
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Figure 8a b. PCT for the Eurofima coach (left) and the SJ UA2 coach (right) when passing

Ruch ramps and corresponding transition curves at speeds of 200 km/h and 250 km/h,

respectively. The inward shift w is binding.
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Figure 9a b. Roll motions for the Eurofima coach (left) and the SJ UA2 coach (right) when

passing Ruch ramps and corresponding transition curves at speeds of 200 km/h and

250 km/h, respectively. The inward shift w is binding.
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Figure lOa-b. Wheel/rail forces and climbing ratios for the Eurofima coach (left) and the SJ

UA2 coach (right) when passing Ruch ramps and corresponding transition curves at speeds

of 205 km/h and 260 km/h, respectively. The inward shift w is binding.
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When shortening of an adjacent element ALO is binding, the Ruch type of superelevation ramp and

transition curve has a constant lengths of 180 m when the e parameter varies within the interval 056505.

Figures 11-12 show PCT and roll motions for the Eurofima coach and the SJ UA2 coach passing the

ramps at 200 km/h and 250 km/h, respectively. Figure 13 shows the wheel/rail forces and climbing ratios

when passing the ramps at 205 km/h and 260 km/h, respectively.
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Figure lla b. PCT for the Eurofima coach (left) and the SJ UA2 coach (right) when passing

Ruch ramps and corresponding transition curves at speeds of 200 km/h and 250 km/h,

respectively. The shortening of an adjacent element ALO is binding.
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Figure 12a b. Roll motions for the Eurofima coach (left) and the SJ UA2 coach (right) when

passing Ruch ramps and corresponding transition curves at speeds of 200 km/h and

250 km/h, respectively. The shortening of an adjacent element ALD is binding.
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Figure l3a-b. Wheel/rail forces and climbing ratios for the Eurofima coach (left) and the SJ

UA2 coach (right) when passing Ruch ramps and corresponding transition curves at speeds

of 205 km/h and 260 km/h, respectively. The shortening of an adjacent element ALC is

binding.



VEHICLE REACTIONS ON S SHAPED SUPERELEVATION RAMPS AND CLOTHOIDS

The combination of an S shaped superelevation ramp and a clothoid was discussed at an early stage by

Schramm (1937). The purpose of this combination is to eliminate the kinks in the rails without changing

the type of transition curve. Here again, the positions of the binding obstacles must be taken into

consideration also when comparing different types of transition curves and superelevation ramps. In all

cases, transition curves are 180 m long, curve radius is R1=1888 m and cant is D1=150 mm.

When inward shift is binding, the Ruch type of superelevation ramp may be of infinite length. Hence, a

second condition is introduced: The ramp gradient in the middle of the transition curve should be equal

(l/ 1200) for all alternatives. Therefore, the superelevation ramp will have a length of 180 360 m when

the e-parameter varies within the interval 05e50.5. The superelevation ramps are placed symmetrically

around the transition curves. Figures 14 16 show the evaluated vehicle reactions for the Eurofima coach

 

 

 

   

    

and the SJ UA2 coach.
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Figure l4a b. PCT for the Eurofima coach (left) and the SJ UA2 coach (right) when passing

Ruch ramps combined with clothoids at speeds of 200 km/h and 250 km/h, respectively. The

inward shift w is binding.
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Figure 15a-b. Roll motions for the Eurofima coach (left) and the S] UA2 coach (right) when

passing Ruch ramps combined with clothoids at speeds of 200 krn/h and 250 km/h,

respectively. The inward shift w is binding.
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Figure 16a b. Wheel/rail forces and climbing ratios for the Eurofima coach (left) and the S]

UA2 coach (right) when passing Ruch ramps combined with clothoids at speeds of 205 km/h

and 260 km/h, respectively. The inward shift w is binding.
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When shortening of an adjacent element ALO is binding, the Ruch type of transition curve as well as the

clothoid will have a constant length of 180 m, since it is assumed that a turnout on an adjacent straight

line should not be provided with cant. Figures 17 18 show PCT and the resulting roll motions for the

Eurofima coach and the SJ UA2 coach passing the ramps at 200 km/h and 250 km/h, respectively.

Figure 19 show the wheel/rail forces and climbing ratios when passing the ramps at 205 km/h and

260 kni/h, respectively.
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Figure l7a b. PCT for the Eurofima coach (left) and the SJ UA2 coach (right) when passing

Ruch ramps combined with clothoids at speeds of 200 km/h and 250 km/h, respectively. The

shortening of an adjacent element ALO is binding.
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Figure 18a-b. Roll motions for the Eurofima coach (left) and the SJ UA2 coach (right) when

passing Ruch ramps combined with clothoids at speeds of 200 km/h and 250 km/h,

respectively. The shortening of an adjacent element ALD is binding.
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Figure 19a b. Wheel/rail forces and climbing ratios for the Eurofima coach (left) and the SJ

UA2 coach (right) when passing Ruch ramps combined with clothoids at speeds of 205 km/h

and 260 km/h, respectively. The shortening of an adjacent element ALD is binding.

DISCUSSION AND CONCLUSIONS

When evaluating vehicle reactions according to international draft standards (CEN, 1995 & 1996), (UIC,

1997) there are no substantial advantages to be gained from using S shaped superelevation ramps and

corresponding transition curves. Differences in roll motions are small between ramps with different e
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values. (These differences should be compared to the differences in vehicle reactions when the transition

lengths Lt are changed. See Figure 7.) When the shortening of an adjacent element ALC (instead of

inward shift w) is binding for the ramp length, S-shaped superelevation ramps and corresponding

transition curves result in less favourable vehicle reactions than linear ramps and clothoids.

When combining S-shaped superelevation ramps with clothoids, roll motions may be reduced if the

ramps are extended so that they are longer than the transition curves (cases where inward shift w is

binding), see Figure 15a b. However, this layout increases the instantaneous discomfort PCT. When the

shortening of an adjacent element ALO is binding for the ramp length, S shaped superelevation ramps

combined with clothoids result in less favourable vehicle reactions.

The vehicle reactions from the SJ X2 power car follow the same patterns as the Eurofima coach and the

SJ UA2 coach. No substantial advantages have been found for the S-shaped ramps.

The vehicle reactions have also been evaluated for other curve radii and cant. The Eurofima coach has

been simulated on transition curves leading into curve radius R1=3147 m and cant D1=150 mm (which is

the equilibrium cant for 200 km/h) and curve radius R1=4720 m combined with zero cant (cant

deficiency equals the value in Figures 8a-19a, I=lOO mm). Similarly, the SJ X2 power car and the SJ

UA2 tilting coach have been simulated on transition curves leading into R1=4917 m and cant

D1=150 mm (which is the equilibrium cant for 250 km/h) and curve radius R1=3065 m combined with

zero cant (cant deficiency equals the value in Figures 8b 19b, I=24l mm). Again, no substantial

advantages were found with the S-shaped superelevation ramps and corresponding transition curves.

Other types of S-shaped superelevation ramps than the Ruch type, such as the Bloss ramp and the

Watorek ramp, probably do not generate more favourable vehicle reactions than the Ruch type. From

Figures 1 and 2, it is clear that the Ruch type of superelevation ramp and transition curve has the

smallest inward shift w and smallest shortening of adjacent element ALC when change of cant (or

curvature) and first or second derivative of cant (or curvature) are predefined. Hence, for a predefined

inward shift w or shortening of adjacent element ALC, the Ruch type of ramp and transition curve have

the smallest values for first and second derivatives of cant and curvature.

The results of this study both support and contradict observations and conclusions in a study by

Hashimoto (1989), who compared the vehicle reactions on linear ramps and clothoids with those on a

cosine ramp and corresponding transition curve with equal inward shift w. The differences in vehicle

reactions between the different types transition curves were found to be small, but slightly lower values

of peak to-peak accelerations were achieved on the cosine type of superelevation ramp and transition

curve.

The most important conclusion of the present study is that S-shaped superelevation ramps cannot be

regarded as substitutes for linear ramps with sufficient lengths for high speed traffic. The main task in

track design is to find optimal combinations of curve radii and lengths of transition curves and

superelevation ramps.
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