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ANALYSIS OF TRAMWAY VEHICLE DERAILMENT SAFETY
DURING RIDE IN CURVES WITH SMALL RADIUS
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An inseparable part of big cities is the mass transit, buses,
trolley buses and tramways riding through narrow streets of
the city. Tramways in cities often ride in track curves of a
small radius, which is followed by an increased effect of the
vehicle on the track in the rail- wheel contact and excessive
noise generation. Exactly with the aim to reduce these unde-
sirable effects we designed a tram bogie with a possibility to
steer the wheelsets. This mechanism is registered under utility
model Nr. 201609015. A comparison of safety against derail-
ment results for a tram vehicle riding through a S-curve with a
diameter of 25 metres is given in the article. Three cases are
compared: the first case is a T3 tram vehicle with original bo-
gies, the other two cases represent a tram vehicle with chang-
es in the bogie design - one with the bogies of the vehicle
aligned with front parts facing each other, second with bogies
facing each other with the rear part.

Keywords: safety against derailment, S-curve, wheel profile,
tramway, radial steering of the wheelsets.

Introduction

The existence of buckling of the track of rail is un-
evitable in rail transport. They arise from the configura-
tion of the rail from sections with and without superele-
vation as well as from the differencies in superelevation.
The contemporary occurance of horizontal force and the
buckling of the track wheel lifting force in curves can
lead to derailment of the vehicle, if both effects are pre-
sent during a ride on a track of a sufficient length. The
vehicle derailment problem is a subject to safety against
derailment testing. The problem was already examined
by Nadal in 1908 and the outcomes of his work are
widely used by railways over the world up to this day.
[4,5, 11]

The safety against derailment is affected by the
vehicle with the torsional stiffness of its car, torsional
stiffness of the bogie frame, eccentricity of the centre of
gravity or torsional hysteresis during torsion. The track
transtion curve, superelevation excess or insufficiency
or eventually their difference also influence safety
against derailment. [8, 13] Vehicle safety is determined

by static testing of the vehicle safety against derailment.
The testing verifies the vehicle ability to ride safely on a
buckling of the track. [14, 18]

Due to the fact, that by the first approval of all ve-
hicles it is necessary to perform all necessary tests,
which are financially and time demanding, it is conven-
ient to perform a dynamical analysis of the vehicle be-
fore the testing. [1, 2, 3, 12]

Safety against derailment (SAD)

Safety against derailment is given by the ratio of
forces in the horizontal plane (the guiding force) Y to
the forces in the vertical plane (wheel force) Q. The de-
railment takes place, when the sum of the vertical com-
ponent of the normal and tangential forces is sufficient
to compensate the vertical wheel force. It is assumed,
that in the point of contact with the wheel flange clear
creep in vertical downward direction arises. The limit
value (Y/Q)lim for the wheel flange to start climbing up
the rail head is affected by:

+ steepness of the wheel flange

+ frictional forces between the wheel flange and
the rail (these forces are determined by the characteris-
tics of the wheel tread and rail in the point of contact
and the angle of attack between the wheel and rail).

When it comes to climbing of the flange on the rail
head, it is guaranteed that the wheel touches the rail at
one point and the angle of inclination of the tangent
plane is . Then the wheel affects the rail with critical
value of the guiding forces Y. The critical ratio of SAD
is then:

Y :N~sinﬁ—N~fycosﬁ:tgﬂ—fy -] (1)
0),, N-cosp+N-fsinff 1+ f1gf

where
Y is the guiding force, N;
Q is the wheel force, N;
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N is the normal force, N;
B is the angle of flange, N.

Based on the research of the european railway ad-
ministrations, a limit value for (Y/Q) lim of 1.2 at flange
steepness 70° has been set. The limmit value is to be
calculated for other flange steepness values (the Nadal
equation):

zz tany —0.36 @)
O 1+0.36tany

If a reference tested vehicle exists with a proved
calculation of SAD according to given testing condi-
tions, the testing can be omitted, if the results of the new
calculation are below the reduced limit value (Y/Q) lim
= 0.9 x 1.2 = 1.08 (the safety coefficient is 10%of the
limit value). [6, 7, 17]

Conditions of simulation

For the needs of the research of the safety against
derailment impact we used improved bogie model of a
T3 tram car, which was described in utility model Nr.
u201609015. The model was created in CATIA V5R20.
The dynamic simulation was performed in SIMPACK
9.10 program. [15, 16] The input parameters of the ve-
hicle were taken from the T3 tram, which was modelled
both with the original bogies and with bogies equipped
with the designed mechanism allowing radial steering of
the wheelsets [9]. We decided to compare the original
bogie with the presented adjusted design in the simula-
tion and examine the effects of steering the wheelsets on
SAD. Therefore we compare three cases: a tram with
original bogies, a tram with changed bogie design and
with boogies facing each other with the front of the bo-
gie frame and a tram with changed bogies facing each
other with the frame rear (Fig. 1). The part of the bogie
frame with wheelset being seated in only one axlebox is
considered the frame front.

Fig. 1. Bogies under the vehicle
a — with the bogies of the vehicle aligned with front parts
facing each other, b — with bogies facing each other with
the rear part

The wheelset radial steering mechanism is also
used in some other railway vehicles. In general it is

made of various types of steering rods connecting axle-
boxes of individual axles. The mechanism requires a
gearwheel segment to be fixed on the bottom of the ve-
hicle car. Steering of the bogie is realised using rotation
around the pivot. Levers with gear segment are situated
on the gear frame and pivotally mounted on it. They are
coupled with axleboxes using steering rods. The mecha-
nism allows achieving a more favorable wheelsets posi-
tion in curves. However, in case of trams it is necessary
to provide steering of the wheelsets in a relatively wide
range.

The track used for the calculation was defined
according to TNZ 73 63 61 standard [16], consisting of
straight segments, transition segments, and two curves
of opposite direction with 25 meters radius. The length
of track segments and their layout is shown in Fig. 2.

The rails are seated with a lateral superelevation of
33.6 mm. The track gauge is 1 000 mm. In first case the
rails has a NT1 profile all along the track and the wheel
profile was set to KP-1.

straight track

== (ransition curve

mm circular arc, R 25 m
= sine ramp

= superelevation

L Oplace of tread change

ride direction

Fig. 2. Track segment layout

In the other two cases the rail has a NT-1 profile
on the straight section and a special shape (Fig. 3) in
curve sections. In these cases the wheel profile KP-1
was used as well, but it was adjusted using an additional
tread on the outer side of the wheel, a detailed descrip-
tion of the profile is given in patent Nr. a201701589.
[10].

The tread change is performed on a wheel situated
on the inner side of a track curve at the position of tran-
sition curve, where the curve radius measured from the
track axis reaches a value of 65,64 m. At this point, a
change in the rail profile takes place. The rail profile
placed in an curve of a small radius is offset against the
original profile in lateral and vertical direction for a val-
ue identical with lateral and vertical displacement of the
wheel profile. The change of wheel tread is performed
through vehicle passing this part of the track, as is
shown in Fig. 3.

When a wheelset enters a track curve, it attacks the
outer rail. In a curve with a diameter corresponding the
change of the tread, the clearance provided by the track
free channel is considered to be completely reduced. If
the change of the tread would be performed using an in-
stant offset of the rail profile, as shown in Fig. 3, it
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would result in a step change of the Ar value. The
wheelset would suddenly get into a position favourable
for a ride in curve with a radius of 21,9 m, although the
track radius in the given place is 65,64 m, which would
lead to violent attack on the rail. An instant offset of the
rail profile would therefore become a source of lateral
excitation, which is an unfavourable. It is therefore nec-
essary to prevent a signifficant step change in Ar value
of the wheelset at the moment of tread change. This is
reached using a varying rail profile near the place of
tread change, which minimizes the step change of Ar
value.

curve R > 65.64 m
R sl

inner rail outer rail

curve R € 65,64 m |

Fig. 3. schematic drawing of the rail

A constant velocity of 10 km.h-1 was chosen. The
bogie wheelbase 1 900 mm and wheel diameter 680 mm
were also identical for both bogies. Fixed rails were de-
fined in the calculation, Young’'s modulus of wheel and
rail material E =210 GPa, Poisson ratio p = 0.28, damp-
ing in rail - wheel contact 100 000 Ns.m-1, friction co-
efficient pk 0.4.

Comparison of the stability against derailment

The expressionof the SAD as a ratio of guiding
forces and wheel forces on individual wheels corre-
sponds the guiding forces curve. Higher values repre-
sent a worse state, lower ones represent a safer ratio of
horizontal and vertical forces.

From the results in Fig. 4 can be seen, that all val-
ues are signifficantly under the generally known al-
lowed value of 0.8. Higher values arise, when entering
and coming out from the curve, but even in these cases
they do not reach more than 0.5.

From the graphs can be concluded, that a tram with
original bogies reaches worse results than bogies
equipped with the mechanism. Bogies with the mecha-
nism reach a maximal value of 0.05 and the original
ones a value of 0.3. At the moment of entering and leav-
ing the curve, values around 0.5 are reached. The
wheelset radial steering mechanism could have a posi-
tive impact on SAD.

Conclusion

The described mechanism for steering the wheel-
sets into radial position is able to ensure a more favora-
ble ride in track curves. With its use, decrease of the
SAD index during vehicle ride intrack curves with
small radius can be reached, which is supported by the
performed simulation analysis of a tram vehicle model
with two different types of bogie.
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Fig. 4. Safety against derailment of the front bogie:
a — first wheelset, right wheel, b — first wheelset, left wheel,
¢ — second wheelset, right wheel, d — second wheelset, left wheel
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JloynioBa M., Xaycep B., Hoxkenko O., Kpapuen-
k0 K.O., Oninka koedinieHTy Ge3mexn Big cxoay ¢ peiiok
BaroHa IpH pyci B KpuBiii Mmajioro paaiycy.

Hesgio'emnoro uacmunoio éenuxux micm € epomMaocbKuil
mpauncnopm, asmooycu, mpoaeiuoycu i mpameai, npoixcoica-
10Ul no 8y3vkux gyauyax micma. Tpameauini konii 6 micmax ua-
Cmo pyxalomvcs No Kpuux OilAHKAX KONii Heeenuko2o
paoiycy, wjo npuzeo0ums 00 NOGIUEHHOMY GNAUBY HA KOJIH
ma ymeopenus 3uaunoi wymy 6 micmi. Came 3 Memoro 3meH-
wenns yux Hebadxcanux egpexmie asemopamu po3pooaenuil
6I30K MPameds 3 MOJICIUGICmIO ynpaeninna xonecamu. Ilei
Mexanizm 3anamenmosanuli 3as6Kol0 HA KOpuchy mooens Ne
u201609015. YV cmammi  HagOOumvcs  NOPIGHAHHA
Koeiyicnmy 6e3neku 6i0 cx00y 3 peloK OISl MPAMEAUHO20
MPAHCNOPMHO20  3AC00y, WO NpoxXooums no S-nodibHiu
Kpusiii padiycom 25 mempis. IlopisHwoomsbcs mpu 6UnaokiL:
nepwiutl unadox - mpamear T3 3 opuciHanbHUMU BI3KAMU,
06a HWUX 6UNAOKU € Mpameail 3i 3MIHeHOI0 KOHCMPYKYIEIO
8I3KA - OOHUH 3 GI3KAMU MPAHCHOPMHO20 3AC00Y, IUYbOBA Yd-
CIMUHA SKUX 36EPHEHI 00UH 00 00HO20, Opyee - 3 BI3KAMU 368ep-
HeHi 00uH 00 00H020 3a0HLOI0 YACMUHOIO.

Kniouogi cnosa: roegiyienm 6esneku 6i0 cxody 3
petiok, S-kpusea, npogine Koneca, mpameail, padianvha ycma-
HOBKA KOMICHUX nap.

JloyaoBa M., Xaycep B., Hoxenko E.C., KpaBuen-
ko E.A., Ouenka ko3¢ ¢puuuenta 6e30nmacHOCTH OT €X0/1a ¢
pesIbCOB BaroHa NMpH JBHKEHHH B KPHBOI MaJioro paany-
ca.

Heomwvemnemotl wacmuvio Oonvuux 20podos A81semcs
00WeCmEeHHbIIL  MPAHCHOPM,  A8MOoOYCvl, MpOoLLeldycvl U
mpameau, npoesdcaroujue no y3kum yuuyam 2opooa. Tpam-
6aliHble Nymu 8 20p00ax HAcmo OBUNCYMCS NO KPUBLIM
yuacmkam nymu Hebonbul020 paouyca, ymo npugooum K no-
BIUWEHHOMY 8030€UCMBUI0 HA NYyMb U 00PA308AHUIO 3HAUU-
menvbHo2o uiyma 8 2opode. HMMeHHO ¢ yenvio ymeHbuleHus
IMUX HeHCeNAMENbHbIX P Permos asmopamu paspabomana
MENeHCKA MPAMBAS C 603MONCHOCNIBIO YIPABIEHUS KOAECAMU.
Dmom mexanusm 3anameHmo8ar 3ds6KOU HA NONE3HYI0 MO-
oeav Ne u201609015. B cmamve npusooumcsi cpagmenue Ko-
a¢hpuyuenmy bezonacHocmu om cxooa ¢ peibcog sk mpam-
6aliHO20 MPAHCNOPMHO20 CPeOCmed, npoxooaujeco ho S-
obpasHoll kpugou paouycom 25 mempos. Cpasnugaromes mpu
cayuas: nepewiil cayuaii - mpameai 13 ¢ opusunaibHeiMu me-
JexcKamu, 08a Opyaux ciyyas npedcmasisaom cooo mpam-
8aiiHOe MPAHCNOPNIHOE CPEOCMBO ¢ USMEHEHHOU KOHCMPYK-
yueil menexicku - 00HO ¢ MeNeNHCKAMU MPAHCNOPIMHO20 CPed-
cmea, auyesas 4dacmv KOMOpbIX 00pawjeHvl opye K opyey,
emopoe - ¢ menexcKkamu obpaujernvie opye K opyey 3a0Hel
yacmoio.

Kniouesvie cnosa: rkosgpguyuenm 6ezonacnocmu om
cxooa ¢ penvc, S-kpusas, npoguis Koieca, mpameat, paou-
AIbHASL YCMAHOBKA KOECHBIX NAp.
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