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Analysis of geometrical layout of tram tracks based on therailway methods

Abstract: The paper describes problems occurring duringettiag by trams over curves. It
was determined that stong jerks occur as a reduthe lack of analysis of kinematic
parameters on curves and changes in the constustioeme of trams. A proposal for a
computational methodology has been given. Calanatiof kinematic parameters were
carried out for typical geometric layouts in acande with the Polish Guidelines.
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Introduction

In recent years, an accelerated process of reglaoimn-out tram rolling stock with modern,
low-floor constructions can be observed in Polafte wagons are not always brand new,
very often they are used vehicles, factory low-fl@s rebuilt from high-floor as part of
modernizations. Most low-floor trams currently ogtérg in Poland were produced according
to the construction scheme, developed since thelolegwment of the Siemens Combino tram
[14, 15] (50.4% at the end of 2018, a decrease Bdi8% at the end of 2016). Besides, in
new orders (at the beginning of 2019) such constmE constitute 71.2%. Undoubtedly,
Warsaw is the leader when it comes to low-floomsaboth in terms of the number of such
trams (281) and their share in the low-floor fl€32.7%). In the case of producers, Pesa is the
most popular with its Tramicus, Swing and Jazz samhich constitute 78.2% of the trams
with the structure described above in Poland. Them@s consist of an odd number of
components (3, 5, 7), of which the outer and mids#letions are rigidly supported on the
bogie. The even members are based on both siddeeaydd members. This design allowed
to obtain (at low purchase and operating costs)cleh with a fully low floor, which
undoubtedly contributed to their definite advantager other constructions.

Simultaneously with the purchase of new vehiclepairs and modernizations of
existing tram routes are carried out. Thanks tgdlections, local speed limits resulting from
the poor condition of the surface have been eliteohaThis allows trams to develop full
speeds on inter-route sections and thus, reducmgitime.

However, it has been noted that despite the impneve of both rolling stock and
railroad track, passengers complain that the namdrexperience significantly greater jerks
when passing through the curves. Most often ik@aned that multi-articulated trams based
on rigid bogies are by definition very uncomfor@bkhicles and passengers have to get used
to the inconvenience associated with travel. Mealewlsimilar trams are successfully
running on the tracks in France, where they aresidened as very comfortable means of
transport. This is a premise to determine the shdsat the reason for the disturbance of
comfort when traveling by low-floor trams in Polarsdthe mismatch of track infrastructure
design methods to modern tram vehicles. This m#aatist is necessary to develop methods
that enable the assessment of real kinematic gonsdibccurring on geometrical systems and
proposals for adapting them to changing wagonsrardasing speed.

For this purpose, an analysis of typical geometgistems found on tram tracks in
Poland was performed, using the theory populaailrtnansport.
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Therigid base method in therail transport
During the analysis of railway geometrical systertte method of analyzing kinematic
parameters is commonly used. It assumes modelitigeofehicle using a material point [3, 9,
10]. The material point is believed to be in on¢loée states:

e uniform linear motion (motion model along a strditjhe),

» uniform motion in the constant curvature (arc motioodel),

« uniform motion in the variable curvature (motiongebalong a transition curve).

The acceleration values in the horizontal plangygrdicular to the track axis, are determined
for each state. For the movement of a materialtpoithe arc, the value of lateral acceleration
IS:
as VO

1296 R 1)

The acceleration increase over time, along thetleon§ the transition curve, with a linear
increase in curvature connecting the straight i the arc, is determined based on the

relationship:
da___ V?
dt 46,656 RL ()

The basic deviation from treating the vehicle asaderial point is the train movement pattern
along with the cant. In this case, the passengieeated as a material point. The acceleration
value (), affecting the passenger in the vehicle, dependfe tilt of the wagon body on the
cant @) and the value of gravity Jaand centripetal accelerationg,(@alculated as for the
material point model). Figuré shows the states in which a moving vehicle maydgoated.
Scheme A shows a vehicle moving in a curve witlgauit, Scheme B - a vehicle traveling in
a straight section with a cant, Scheme C movingénrve with a cant.

A B Cc

1. The idea of calculating resultant acceleratidaaing a passenger

The accelerationyas called the unbalanced acceleration and itsevaucalculated
according to the dependence:
__V* _gbD
& 126 R s 3)

The relationship between the curvature, cant, @edlaration on an arc with transition curves
is shown in Figur@. The value of the increase of unbalanced acc@erat time, along the
length of the transition curve, with a linear ingse in curvature, connecting the straight line
with the curve, with a cant ramp with ordinatesra@asing in line with increasing linear
curvature is described by the following formula:
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2. Diagram of the variability of parameters on anaith transition curves

The second reason for moving away from treatinglacle as a material point occurs during
the analysis of systems consisting of tangent odiores of arches with straight lines
(connection without transition curve). In railwagnsport, such cases most often occur at
switches and station track systems, where the sr@tgemade without cant. It is assumed that
the acceleration increase will occur along the tlefggtween the bogie pivots (constituting the
so-called rigid base of the wagon) [3, 10]. Foy@idal passenger car, the length of the rigid
base is 20 m. The value of the acceleration inereasr time, along the length of the rigid
base of the wagon, is described by the followirnmgnida:

da Ve

ot 46656 RL, ()

In addition to accelerations, the cant incremerdrdime (wheel rise speed over the rail) and
cant increment over the length (steepness of theraanp) are determined along the length of
the cant ramps. The values for a rectilinear camtpr with a length equal to the length of the
transition curve are calculated based on the fatigwelationships:

dD_ VD

dt  36L (6)
d_D

ds L (7)

The calculated values are then compared with tlusvable values and on this basis, it is
determined whether the project was carried outectlir. To consider a geometric system to
meet the assumptions, the following relationshipsnbe true:

-asas ay, 8)
(). ©)
= (3). (10)
(&) (11)

Due to the significant differences in the constirctof tram and railway wagons and
different track widths, it was decided to analyzieeknatic parameters using the acceleration
method. The use of this approach, in contrast ta daficiency, significantly facilitates the
analysis, as there is no need to create a largdeupof variants of acceptable parameters.
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This particularly applies to the permissible vatdi@ sudden change of cant deficiency, which
value must reflect both track and rolling stockgraeters.

Geometric layouts on the tramways
Currently, in Poland, tram routes are designed dase the provisions appearing in
Regulation [4] and the Technical Guidelines [7]eTdrdinance concerns the design of tram
tracks situated in the width of the road lane andgonly limit parameters for horizontal and
vertical arches and longitudinal inclination. Thege no requirement to use kinematic
parameter analyzes as well as no limit paramefengs is a significant impediment to
assessing the quality of the project, in termsavhfort and safety as well as the operational
durability of the rail surface. For this reasonfrastructure managers recommend that
designers use the provisions of the Technical Giuee This document is an optional
obligation to extend the entries in the Regulatitbis recommended to use curves with a
larger radius (on the route 150 m instead of a mmumn of 50 m), which was to enable the
passage of trams without reducing the speed oguhes. At the same time, an analysis of
kinematic parameters is still not required, theigieey can use a table in which cant values
have been determined for specific values of arusaand travel speed. The design of straight
connections with arches has also been greatly giethl Designing transition curves is not
required for arches over 100 m in radius, while design for arches with smaller radii is
maximally simplified. The transition curve in therfn of tangent arcs with gradually
decreasing radii is most commonly used.

Alternatively, the guidelines recommend the degifjtransition curves in the form of
the third-degree parabola, described by the equatio

X3

T (12)

where c is a constant parameter of the value of1Z®RD, and the length of the transition
curve is calculated from the relationship:

“R (13)

It is clear that the length of the transition cyrtetermined according to the method presented
in the Guidelines, does not depend on kinematiarpaters, but only on the arc radius and the
arbitrarily chosen parameter(the Guidelines do not specify on what basis thlee of this
parameter should be selected).

The method of designing cant ramps has been adamegletely separately, for
which the only parameter analyzed is the ramp niatibon. They need not be in any way
related to the length of the transition curveshar $peed of the trams traveling on the track. A
slightly different approach is shown in the InterfBuidelines [8], which were developed in
the early eighties. The document recommends tlediréimsition curve should be related to the
length of the cant ramp. The length of the ramp wasulated in the same way as in the
railway case, however, the value of the maximunt carease speed in time was not given,

but only a ready formula for the length of the ramp
L= 10V D (14)

The lack of requirement in the document for assgstfie speed of acceleration increase over
time may lead to the use of systems without trasiturves in the case of arches without
cant. However, interim guidelines have never becwontespread due to the halting of tram
investments in the early 1980s recession. Curremtgnagers rarely refer to the provisions of
this document due to difficult accessibility.
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It is clear that although trams are part of a grofipail vehicles, the approach to
tramway design is different from that of railwaytmadequately formulated design
assumptions lead to the widespread use of simglgiestems, without transition curves and
with cant ramps located on straight sections. Taey one of the sources of the common
belief in Poland that trams are an uncomfortableamseof transport because passengers
overcome curves experience unpleasant jerks.

Calculations of kinematic parameterson tram systems

During research conducted on tram rails [5, 6,il#jas determined that the most common
geometric layout in Gdask, where the direction of the route is change@, $ystem without
transition curves (over 75% of cases), without cantthe arch (analogous to the one
occurring on railway tracks) or with cant (typidat tram tracks). Figur8 shows the analysis
of the acceleration variability course, adopts ttrénciple of determining acceleration
increases according to the rigid base method ofviggon.
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3. Diagram of parameter variability on a cant cumw#hout transition curves
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Maintaining the required high ride comfort on suclyeometric layout requires that
the relationships shown in formulas (8-11) are nidte dependencies regarding the cant
increments depend on the speed and the lengtheofaht ramp, so they are analogous to
those in the railway case. The relationship regaytlhe increase in unbalanced acceleration is
different. The value of the acceleration increastnmo intervals should be checked, along the
length of the cant ramp and in the place wheresttaght line with the arc is connected. On
the cant ramp, the acceleration will result frora dtcurrence of straight line motion with the
cant (according to figure 1B) and will be directedhe opposite direction to the acceleration
on the circular arc (in the absence of excessaatihe curve). For this reason, the increase in
acceleration over time along the length of the rampdetermined by the following
relationship:

(&)-2e50=

36sL dt » (15)
And the acceleration gain at the connection ofstin@ight line with the arc, along the length
of the rigid base of the wagon:
( v: _gb gD
( l Viha, _ 1296 R s s ve da) (16)
dop

361, T 26656 RL, \dt

The transformation presented above shows thatdahe\of acceleration increase over time,
along the rigid base of the wagon, with the tangemnection of the straight line with the
arch, does not depend on the value of the carti@arch.
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Among the systems with transition curves, thereadége systems in which the lengths of cant

ramps are associated with the lengths of the tiansturves (system compatible with railway

solutions, Fig. 2) and systems with transition esrwiot related to cant ramps. The system

may consist of a transition curve in the form oftherd-degree parabola and a longer

rectilinear cantilever ramp that overlaps both $iright section and the circular arc. The

relationship between cant, curvature, and accéberan such a system is shown in Figdre
General relationships allowing the calculation oineknatic parameters were

determined. The maximum value of centripetal acaéilen on a straight section with a cant

is:

__ 9Dk
TR (17)
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4. Diagram of the variability of parameters on achawrith cant and transition curves with a
length not related to the length of the cant ramp

The maximum value of unbalanced centrifugal acedlan is:
_ VP gD(L+L,)
&T D06 R S(LrLtly) e (18)

On the length of the cant ramp overlapping thegittasection and the arc {land Lg), there
is an identical value of acceleration increase tivee, determined by the relationship:
dax)_ Vig D - da)

\dt J 36 (Li+L+L) \dt (19)
There is an increase in acceleration in time dveréngth of the transition curve:

%)k -V ___ VgD _ma

dt ), 26656 R1, 368 (L,+L+Ly) \dt 20,) (20)

The above relationships are universal and can bd f® any system where the lengths L
and Lgcan be equal to zero. The second case of an andnaitsition curves with lengths not
related to the length of the cant ramps occurbencase of a transition curve designed using a
series of arches with gradually decreasing radhie flelationship between cant, curvature, and
acceleration on such a system is shown in the Etgur
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5. Diagram of the variability of parameters on an&ith cant and transition curves in the
form of arches with gradually decreasing radii

It should be noted that the system constructetigway may consist of a much larger
number of transition arches than presented in thiesH Guidelines. For example, in the
Australian guidelines, there is a basket transiwomve, consisting of up to 11 transition
arches with gradually decreasing radii [19]. It wietermined that it is possible to record
general relationships enabling the calculationafeteration values at individual points, and
acceleration increases at individual sections. dtae two sections analyzed, the section
where the acceleration gradually decreases duleet@dnt increase at a constant arc radius,
and the section where the acceleration increasegtb (rigid base of the wagon). The
minimum value of unbalanced acceleration in eadh®fanges is:

-asas ——<a,
1296 Ry, " (21)
31; L)
The maximum value of unbalanced acceleration i @athe ranges is:
k
V2 g[D[Z1 Lo,
-a<a= - = <
YA DR, o % (22)

SJ; L)

The acceleration increase over time, along thetleafithe transition arches and the length of
the cant ramp on a straight section is:

da, VgD da
( ) . @EZ L dt)dop (23)

The acceleration increase over the length of thel lbase of the wagon at the tangential
connection between sections with different cunegus:

da v 0 v: [ da
dt | 746656 R, L, 46656 R, L, | ot | (24)

Deter mination of therigid base length in multi-articulated low-floor trams

The dependencies presented in the previous chagpgarding the increase in unbalanced
acceleration result directly from the calculatioethodology adopted in railways. According
to the railway regulations [3], the length of thgid base of the wagonylis taken as the
distance between the pivots of the wagon bogiess dpproach can be applied directly to the
analysis of geometrical systems on which multi-wagmam-trains consisting of wagons
based on rotary bogies run (e.g. 105N and deries}ivin such vehicles, the construction of
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the wagon allows an unequivocal determination chsa distance, which is 6 m. Meanwhile,
the Technical Requirements of Warsaw Trams seletigth of the rigid base design at 10 m
[17]. In [16] it was determined that for a rigiddeaof 6 m length, tangentially connecting
straight lines with arches is possible if the adius for a given travel speed is not less than
given in Tablel. The values are presented for an acceleratioeaserof 1 mfs This is the
maximum permissible value for railway regulatioBf s well as for tramways in Poland and
the world [1, 17, 18]. Designing infrastructure hvihe assumption of maximum values of
acceleration increases, however, causes jerkbyghassengers, therefore it is recommended
to take values smaller than 0,5 fn/s

Tab.1. Minimum arc radius values allowing connectionhaat straight line without a
transition curve for j=6 m
V =40 km/h V =50km/h V= 60km/h V=70km/h

Ruin 300 m 500 800 1400

A comfortable ride at the speeds allowed by thegtlesonditions of the 105N tram is
hindered by the small arc radii typical of tramtemiand the lack of transition curves. 105N
wagons and derivatives are, however, high-floorstmections and are now obsolete, which
are successively replaced by modern low-floor mardticulated trams. Modern vehicles have
a definitely different construction, not reministe typical rail vehicles. The first low-floor
tram, Alstom TFS-1, consisted of three componertsed on rotary bogies [14]. It was
created based on a high-floor, articulated streetdatn a Jacobs rolling bogie. Determining
the length of the rigid base for such a tram isaxatajor problem and is approximately 6 m
(as for the 105N wagon). Currently, however, suchctures are being moved away (due to
the lack of a low floor along the entire lengthtloé train) and trams of completely different
construction are being produced. The most frequgnitchased trams in Poland today are
multi-articulated carriages modeled on the Combimadular tram [15]. They consist of two
types of elements: elements based on a rigid garriand elements hanging between
supported elements. Trams can be entirely low-fleathout transverse steps and ramps
(such as Pesa Jazz), they are also relatively uplamated and inexpensive. The great
operational difficulty of these vehicles is duethe use of rigid trucks (without the possibility
of free circulation). When the vehicle moves alengurvature, along with the rotation of the
bogie, the entire support element rotates.

In a multi-articulated tram, two zones with diffatdengths of rigid bases can be
distinguished:

- The first zone is located in leaning elementsrabterized by sudden jerks. The
rotation of the supporting element is minimallyuedd by springing in relation to the trolley,
however, with the same operating conditions (speadius, length and type of transition
curve) passengers experience significantly greetds than when traveling by tram with
rotary bogies. These elements lack the possittititg@etermine the length of the rigid base
(according to railway rules). In the literature abizes are showing that in the case of rigid
trucks, the length of the rigid base is calculdteded on the wheelbase of the axle (1.9 m)
[11]. Since the bogies in the analyzed trams atecampletely rigid and have the possibility
of a small turn, the observed values of accelendtioreases were smaller than would appear
from the calculations. Comparative analysis (udEMS accelerometers in the Pesa Swing
and N8C tram) allowed to determine that the catedlaigid base for such a zone is about 4
m [13].

- The second zone is located in the hanging memidrsre the jerks are not that
perceptible compared to a ride on a classic trams i due to the fact that the rigid base for
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these elements refers to the distance betweeretiters of Hubner's passages (joints with the
possibility of movement in two planes) and is oftemger than for 105N wagons.

Calculation of kinematic parametersfor low-floor trams

Currently, an intensive rolling stock replacemeragess is underway in Poland. Cities are
moving from the operation of wagon vehicles to rraitticulated low-floor trams. Most
often, it is planned to maintain operational parerse(or improve them due to the increase in
speed) on the unchanged geometrical system ofstradkpted to running trams on rotary
trucks. As shown earlier, the lengths of rigid lsaéend thus acceleration increases) differ
significantly between modern and classic constomsti For this reason, after the introduction
of new trams, it is very common for passengersaly that the vehicles are undoubtedly
comfortable, but they pull hard when driving. Aetekame time, passengers not realizing the
variability of travel conditions in different partg the tram, most often blame the driver for
reduced driving comfort. For this reason, it wasidied to calculate acceleration increases on
systems designed by the Guidelines [7], assumimmgid base length of 4 m (as for an
element based on a multi-articulated tram). Forhescwith a radius below 100 m,
calculations were made assuming that the transitimmves are designed in the form of
tangential arches (with a cant ramp not relatethéolength of the transition arches), and for
arches with a larger radius without a transitiorrveu Table 2 shows the maximum
acceleration increase values for a given systegulzéd for the minimum cant. The values
given for normal cant are comparable, but the ¢alimn range would be reduced (lower
maximum speed). Values exceeding 1 m/s3 (maximurmmipsible value) are marked in
black, and values exceeding 0.5 m/s3 (value abdwelmpassengers experience a decrease in
driving comfort) are marked in light gray. It shdube noted that only when adopting the
permissible acceleration increase value of 1 mtd8,possible to drive low-floor trams at a
speed of 70 km/h, on geometric layouts designedrdoty to the Guidelines [7].

Tab.2. Maximum acceleration increase value due to thespeed and radius

VIkm/hl 15 20 25 30 40 50 60 70
R[m]

20 0,161 0,504 gmWLyi

25 0,107 0,323 0,804

30 0071 0,202 0,520
35 0054 0,181 0,429 0,701
40 0,054 0,181 0,429 0,701
50 0054 0,181 0,429 0,772
75 0036 0121 0,286 0,558
100 0,054 0,181 0,429 0,837
150 0,036 0,121 0,286 0,558 0,965
200 0,027 0,090 0214 0,41( 0,723
300 0,018 0,060 0,143 0,279 0,48
400 0,013 0045 0,107 00209 0,36 0,857
500 0,011 0,036 008 0,167 0,28 0,686
750 0,007 0,024 0057 0112 0,193 0,4

0,893
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1000 0,005 0,018 0,043 0,084 0,145 0,3 0,670 pEE-YARNRIK]:)

2000 0,003 0,009 0,021 0,042 0,072 0,171 0,2 0,579 0,919

Conclusions

Comfort disturbance on curves is due to the lackrafsition curves or their insufficient
length. In the absence of curves, or when arrayls griadually decreasing radii are used, the
unbalanced acceleration increases along the leosfgtie rigid base of the wagon. At higher
travel speeds, the very short bases of modern lmov-fram wagons are of insufficient length
to ensure acceptable travel comfort.

Putting into operation modern low-floor trams shibtdke place simultaneously with
the process of adapting the infrastructure to isecased speed of new trams compared to the
old ones and differences in cooperation betweenréoi and the vehicle. Vehicles with rigid
support for elements on bogies (or providing thesgality of a small turn), in analyzes
should be treated as if the length of the rigidebakthe wagon was very short (proposed
design length 4 m).

The use of simplified geometrical systems, withtransition curves and with cant
ramps located on straight sections in front ofahghes should be abandoned, as they do not
ensure gentle increases of unbalanced accelerétiors possible, arches should be designed
preceded by transition curves in the form of aldat of appropriate length. If it is not
possible to enter transition curves (e.g. at swsghthe principle of calculating the actual
kinematic parameters should be introduced and spestlictions should be applied as
required.

If it is not possible to adapt the infrastructuecethe operation requirements of trams
with a very short calculated length of the rigicséaf the wagon, consideration should be
given to formulating tender conditions for the fhase of new wagons so that new vehicles
will have longer base lengths. This can be achidnedstablishing the appropriate structure
of the bogies (all rotating bogies) and their agement along the length of the wagon (in
equal distances). An example of such constructtamsbe trams purchased by Krakow, e.g.
Bombardier NGT8 or Pesa Krakowiak, which, despie higher price, are characterized by
higher traction properties and gentler fitting e tarches.

Symbols

a8 — acceleration [m/s2]
8, — unbalanced acceleration [m/s2]

da

gt — velocity of unbalanced acceleration increasesm/
db .

dt — wheel lift speed on the cant ramp [mm/s]

dD

ds — Steepness of the cant ramp [mm/m]

D _ cant - [mm]

9 _ gravitational acceleration [mls

kK _ the number of considered transition arch
L _length of the transition curve [m]

L, — length of wagon's rigid base [m]

N — number of transition arches

R _ radius of the arc [m]

10
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S —wheelbase [mm]
t —time [s]

V' — velocity [km/h]
X —distance [m]
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