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Abstract When a train runs through a turnout or a sharp curve, high lateral
forces occur between the wheels and rails. These lateral forceaseonden the
couplers between the wagons are loaded in compression, i.e., aceardtve
pushing a train or a front locomotive braking a train. This study quantifiese
effects for a train that begins braking when steadily curving and foriia tinat
brakes upon entering a turnout. Our approach allows distinguishing &etive
effects of braking and the transient effects of entering the turnoutdyhamic
derailment quotient is mapped as a function of the vehicle speed andake br
ing effort. Then the dynamic derailment coefficient obtained from theadyic
simulations are compared to results from quasi statics. This allows debegrain
dynamic multiplication coefficient that can be used on the quasi static derailm
coefficient to obtain a first estimate of the dynamic derailment coefficient.

Keywords: longitudinal train dynamics; turnout; derailment quotient; vehicle
simulation; braking
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sented at the 22nd International Symposium on Dynamics of Vehicle®adsR
and Tracks, Manchester, UK (August 15-19, 2011).

1 Introduction

1.1 Background on longitudinal-lateral train dynamics.

The effects of braking and traction on long trains have oftean studied from the longi-
tudinal dynamics point of view [1]. The longitudinal probiecan be solved with just one
degree of freedom per vehicle, thereby limiting the caldotaeffort even for long trains.
Many authors have published longitudinal coupler modeds iticlude non-linear springs,
slack and/or friction [2, 3, 4, 5, 6]. Others have studieddbenbination of the longitudinal
and vertical problems [7] including the wheel unloading doéogie or carbody pitch
and bounce. The pitch and bounce modes are excited becausertters of gravity of
the vehicles are often higher than the couplers, partiguwanen the wagons are loaded
[1]. The lateral forces in long trains were first studied bySJbaie [8], who conducted an
experimental analysis of the problem. The lateral couplerds on one test wagon were
controlled by actuators on the adjacent vehicle; then,rdia tan through a curve, while
the forces on the wheels were measured using an instrumerhteelset. This approach
allows monitoring of the relationship between vehicle spaad coupler force, and the
derailment quotient. Cole et al. [9] (amongst others) corabisimulations of longitudinal
train dynamics with quasi-statics to obtain the lateratést, the coupler angles were calcu-
lated using an approach suggested by [10]. Xu et al. [11, d@Jined a detailed model of
three vehicles with a simple model (1 degree of freedom) fostmehicles; this approach
reduced the total degrees of freedom and so the calculaffiorn. &he vehicles modeled
in detail were the locomotives and the adjacent wagons Isedais between them that the
highest coupler forces occur. They concluded that theiootéitmit for the coupler best be
set to4°.

This paper features simulations of a train consisting otaneotive followed by seven
wagons, each of which is modeled with 42 degrees of freedons, including all lateral,
vertical and longitudinal motions and rotations. The maslef a passenger train; therefore
the secondary suspension is soft compared to freight \e=hielnd the results obtained
are useful for operators of passenger trains. This workdcbalparticularly applicable in
designing pulling/pushing policies for passenger tramshunting yards. Shunting yards
have many turnouts, that often receive insufficient mamer; therefore most derailments
happen there. Although the paper does not address longfiedins, our methodology and
estimation/mapping could be useful for heavy-haul opesato

1.2 Background on vehicle-turnout interaction

The interactions between trains and tracks are most vialeltrnouts due to the complex
geometry and structure. Improperly designed or maintainetbuts can cause discomfort



Fast Estimation of the Derailment Risk of a Braking Train 3

to passengers, damage to cargo, or even a derailment. Mantte and repair of turnouts
are a major cost driver for many infrastructure managers.

Lateral train-track interaction force is high in turnoutsecto their small curve radii,
and it might be increased further by the compressive forcéss couplers of a train due to
braking or traction. A high lateral force may lead to defotimaof the control mechanism
of a switch, and a lateral shift of the entire track. A defodnstretch bar of the control
mechanism may lead to incorrect positioning of switch béaddl of these may result in
malfunctioning of turnouts, causing wheel climb and subeegderailment. Wear and head
checking are other common consequences of high wheelengiict forces.

There are many aspects to the modeling of vehicle-turndatantions, and different
authors have focused on different aspects. Menssen andLB]Jknjere among the first to
address the numerical simulation of a rail vehicle pasdingugh a turnout. Some of the
most recent work in vehicle-turnout interaction has beefop@ed by Kassa and Nielsen
[14] and Alfi and Bruni [15]. They focused on the detailed mlougof a single vehicle
passing a turnout, with flexibilities to account for highdtency phenomena. Other authors
have focused on the wheel-rail contact in turnouts, whicoimplex due to the profiles of
the switch blade and the crossing. Wiest et al. [16] and Shl Et7] focused on the normal
contact problem, while Burgelman et al. [18] consideredtdrgential problem. To the
authors’ knowledge, all the models in the literature to detee included a single vehicle
coasting through a turnout. Work on train-turnout inteiactather than vehicle-turnout
interaction appears lacking, particularly analysis ofitifeience of the coupler forces on
the lateral train dynamics and on the derailment quotient.

The goals of this paper are to establish a simple method tkigtassess the derailment
risk by estimating the derailment quotient, and to validlaitemethod using vehicle dynamic
simulations with a detailed model of a locomotive followgdgdeven wagons. To this end,
guasi-statics is used to obtain a first guess of the derailqentient. Because quasi-statics
does not require any simulation, this can be performedyefmsibny combination of curve
radius, braking force, number of vehicles, etc. Then, sitiihs are performed to calculate
the maximum derailment quotient of a locomotive followeddsyen wagons on a curve
or a turnout. This dynamic derailment quotient is used tongedi dynamic multiplication
coefficient to be used with the static derailment quotierdapping the derailment quotient
as function of speed and braking effort can provide a toaldimtoperators formulate upon
their braking protocols. Assessing the derailment riskhwit long and complex vehicle
simulations might be especially interesting when a fastmede is required for a train
configuration different from those in typical daily opecats.

Relating the results from quasi-static calculation withaswaed or simulated results in
order to obtain a fast way of estimating the dynamic forcesh®en investigated before.
The dynamic wheel-rail forces on curves and straight trackuding track irregularities
have been mapped in [19] based on results from [20] and [2Hss$Ee [22] published a
relation between the quasi-static load and the dynamicce¢track forces as a transfer
function which is basically a wavelength-depended muttgilon factor. Dietrich et al. [23]
have investigated the effect of cross wind; they conclutiatithe allowable cross wind was
just3m/s lower when calculated with quasi-statics compared to ¢afed using a vehicle
dynamic simulation.

the assumptions made in the quasi-static analysis argetibia reality, but the results
will still be valid, as long as itis possible to define a dynamiltiplication coefficient which
allows obtaining a reasonable estimate of the dynamic foreeusable range of vehicle
speeds and traction/braking efforts. This means that atritmtions to the dynamic lateral
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force that scale approximately linearly with the tractimaking effort and quadratically
with the vehicle speed are accounted for.

2 Themodel

2.1 Track model

Two models are used: one for a curved track with a transitiwhame for a turnout without
a transition. The curve is modelled with the same radiusasutmout:260 m and without
cant. This way we can analyse separately the transientmsespdrom braking and from
entering the turnout. In reality, a curve will; always haweegain cant except for some trams
that share the tramway with road vehicles. The divergingegraias modelled, meaning that
there is no transition curve between the straight track hadtirvature of the turnout. The
rail profiles used for the tong of the turnout were obtainedugh measurements on a 1:9
turnout, which had been in regular service for some years [24ds turnout was described
as heavily worn and was on the limit of the safety criteriadmfile change.

2.2 \ehicle model

The vehicles modeled are those of the VIRM trains of the DiReafiways. Each vehicle
has 42 degrees of freedom (dof): 6 dof for each of the whexl8et bogie frames and the
carbody. All major nonlinearities in the primary and secanydsuspension are considered,
including the friction dampers, the bump stops and the airgp. The model has been
validated by comparing the hunting wavelength obtaineafsomulations with wavelengths
observed from wear patterns on the rails [25]. The wheéEaaitact was treated using the
multi-Hertzian approach for the normal contact problem dnr@dFASTSIM algorithm for
the tangential contact problem.

2.3 Train configuration

The configuration of the train is shown in Figure 1. The passd@ locomotive followed by
7 identical wagons is simulated through a curve and a turobitaking force is applied to
the wheels of the locomotive when the first wagon enters tmetu, which is implemented
in the model as an actuator applying a moment between thébaxks and the wheelsets.
The wheelsets of the wagons do not apply traction or braKihg.train is modelled with
of 336 degrees of freedom (8x42). For the simulations in &nile, with a simulation
times from5s to 10s, the computation time was found to be aroufidnin on a common
computer.

2.4 Coupling of the coaches

The VIRM vehicles are coupled with Scharfenberg couplehss Type of coupler does not
transfer any yaw moment when coupler angles are small. ltodeted as one spring in
parallel with a damper, positioned in the center-line ofulkicles; the force-displacement
curves of the non-linear springs have been obtained fronB2ffers and chain couplers,
used mostly in freight vehicles, consist of a center chaat tlansfers the pulling forces
and one buffer on each side, transferring pushing forces biiffers and chain coupler are
modeled as two spring/damper pairs, one on each side. Traofycoupler transfers a yaw
moment between the carbodies.
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Figurel Overview of the train and the applied traction and braking.

2.5 Quasi-static derailment quotient

If all energy dissipation from wheel-rail contact, the seisgion elements and air resistance
is neglected, the effect of braking is to consume the kiret&rgy of the train and dissipate
it in the brakes. Because all the vehicles are subject todheesdeceleration, the force
in each coupler is proportional to the total mass of the Jekibehind it. Therefore, the
coupler forces will be largest in the coupling between tlwoiootive and the first wagon:

m
Iy = 7wagF rakin 1
°l 7mwag + Mioc braking ( )
with
Fbraking = K g Mioc (2)

wherey is the braking coefficient defined as the braking force peralgst divided by the
axle load,g is the gravity constanty,,. is the mass of the locomotive (he$8 000 kg),
Mwag IS the mass of a wagon (hesé 000 kg), Firaking iS the total braking force applied
by the locomotive, and, is the force in the first coupler.

Because the coupling does not transfer a yaw moment, thikanetsiorce of the coupler
on a wagon is always in the direction of the coupler. Defirgs the coupler angle, i.e., the
angle between the coupler and the vehicle (see SectiontBeblateral component of the
coupler force becomes:

Eatpl = Fcl Sind) (3)

This lateral force is distributed among the wheelsets ofviitacle. Assuming that these
forces are distributed uniformly by the wheelsets of theié®@djacent to the coupler
(because the other bogie must carry the lateral force inted by the other coupler) and
assuming that the lateral load due to the centripetal feraaiformly distributed, the lateral
force,Y’, per wheelset on the wheelsets of the leading bogie of thenfiagon becomes:

Fosing  Myag V2
Y = — - 4
5t || e (4)
whereV is the velocity of the traing is the cant angle, an® is the curve radius. The
derailment quotient is the ratio of the lateral force to thdical force ), of the outer wheel
in the turnout. If we assume that the lateral force is tramsteto the track by the outer
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wheel and neglect the lateral force on the inner wheel, tieedbforce on the outer wheel
is Y. The vertical force on the outer wheel can be estimated bygiepiatics as follows:

Mya Mya V2 h
Q=—""Lg+—"¢ (—ge> (5)

8 4 R N

whereh is the height of the center of gravity of the vehicle abovertiktop, andi is the
track width.

2.6 Coupler angle calculation

The magnitude of the coupler angle affects the lateral corepbof the coupler forces.

Simson [10] has proposed an approach to calculate the coamiée that can be extended
for a transition curve or a turnout. If we ignore the displaeats in the bogie suspension
and the stiffness of the coupler, then the bogie pivot céstecated above the center of the
track, and the coupler has a fixed length. Hence the couptge diecomes independent of
forces and velocities and depends only on geometric vasalbimensions of the vehicles
(the distance between the bogies, the distance betweengrednd the coupler pivot and
the length of the coupler itself) and the track curvatureéhicase of a curve transition or
a turnout, the local track curvature needs to be known at pairtt of the track where the

two vehicles adjacent to the coupler are. The general caswisn in Figure 2

L=B;+Bj+1+D (6)

whereL is the distance between the centers of the two bogies ofadljaehicles (assuming
small angles)B; and B, are the overhangs, i.e., the distances between the cefitbes o
bogies and the pivots of the coupler link, afdis the distance between the two coupler
pivots.

The angle between the carbodies of the two vehiélesan be calculated as follows:

0=a+p8+2y 7)

wherea and g are the angles between each vehicle and the tangent to tieitrahe
bogie pivot adjacent to the coupler (i.e., pointand f; 1, see Figure 2) angl is the angle
between the two tangents to the track-jrand f; ;. These angles can be calculated using
integrals along the trackl§):

o = sdas
2AL r; i Riocal
1 Ti41 s ]_
8= / dsds 9)
2Ai+1 fivr Jfin Riocal
IR
= - dS 10
v 2 fita Rlocal ( )

whereA; is half the distance between the two bogie pivots of vehicle
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If the curve radius is piecewise constant between the bagxsgthena, 8 and~ can

be calculated as:
e
Ritq 2R,

11

whereR); is the curve radius betwegfy andr;, andR; is the radius betweefy,; andr;.
The coupler angles (see [10]) are the angles between théecam vehicle, ¢;, or
vehiclei + 1, ¢;y1:

L(y + @) — Biy10 L(y+p)—Bif

O = o) , o Gip1 = D

(12)

Driving direction

Vehicle i+1

Vehicle

Figure2 The coupler angle in a curve with varying radius.

2.7 Coupler angle in a curve and upon entering the turnout

For a curve with constant radiug and two geometrically identical vehicles, the angle a

coupler makes with the centerlines of the wagons to whichattached isp = QL—;%, where

L, is the length of one wagon including the couplers (see Figlir& his equation is a
simplification of equation (12); the two coupler angles demiical and depends only on the
total vehicle length and the curve radius. For the vehictaimstudy and 60 m curve, the
resulting coupler angle &.75°. Connecting two vehicles with a different geometry would

result in a larger coupler angle.
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A turnout consists of a straight part followed, without s#ion, by a curve with a
constant radius. Therefore it is not necessary to evalhatetegrals of equations (8-10);
equation 11 can be used instead. When a train passes a 1:8tiuh® largest coupler
angle occurs upon entering the turnout when the first veladtethe turnout ; = 260 m)
and the two bogies of the second vehicle are still on the w@ngack (R, = oo), while
the overhang of the second vehicle is already in the turn@ut( 260 m); this situation is
drawn in Figure 3. The resulting maximum coupler angle ferdase study of this paper is
7.14° between the locomotive and the coupler; the angle betweeodhpler and the first
wagon is smaller and acts in the other direction; i.e., tealtig lateral force from braking
pushes the wagon inwards. Due to symmetry, a reverse situaill exist upon leaving
the turnout, but the lateral force will be smaller becausaihasi-static lateral force on the
locomotive will be zero. Therefore this study focuses omyeatering of turnout.

Driving direction
2

Vehicle 2 A,

n

Vehicle 1

Figure3 The coupler angle with vehicle 1 in the turnout and vehicle 2 with the leadinig st
at the beginning of the turnout.

3 Results

3.1 Quasi-statics

3.1.1 Curving

The derailment quotients calculated from equations (4)(&hdre plotted in Figure 4a as
functions of the train velocity and the braking coefficieppbed by the locomotive. The
influence of the train velocity is larger than that of the lingk however the latter is not
insignificant. A train entering a turnout &0 km /h, the maximum allowed speed in a 1:9
turnout, with the highest possible braking of the locomm{jive. braking coefficient = 0.6)
creates a higher derailment quotient on the wheel thanmadcaisting (braking coefficient
= 0) through the same turnout&ikm /h.

3.1.2 Turnout

In a turnout the coupler angle is much larger; therefore,gamed to a curve the influence
of the braking coefficient on the derailment quotient is ataach larger. The derailment
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Figure4 The maximum derailment quotient of the outer wheels of the rear bogie ddtomotive
in a curve, (a) calculated with equations (4) and (5), (b) obtained fngmarmic
simulations. The braking coefficient, ranges from 0 (no braking) tqd@hé achievable
on dry track/perfect conditions). The velocity is swept freérkm /h to 80 km /h;
40km/h is the maximum speed allowed in a 1:9 turnout.

quotient is shown in Figure 5a. The quasi-static derailnggiotient of a train entering a
turnout at40km /h, the maximum allowed speed in such a turnout, surpassesthd-d
ment quotient of a train running through the turnou8@km /h with a moderate braking
coefficient of 0.2.

3.2 The vehicle eigenmodes

To understand the dynamic behavior of the train, a rigid budyal analysis was performed
for a train with Scharfenberg couplers and a train with buéfied-chain couplers (see Table
1). Most of the eigenmodes are identical except for the ayrisavay, roll and yaw modes,
where the yaw moment between the carbodies transferredebgatiplers plays a role.
Because of the yaw stiffness between the carbodies, thensaif the vehicles influence one
another; therefore there is arange of frequencies for tmdg yaw and sway modes rather
than one specific frequency. This range represents a nurhblasely related eigenmodes
in which the adjacent vehicles move in phase or in anti-phase

In the longitudinal carbody modes the train acts as a numberasses in series con-
nected with springs. One can see this eigenmode as a staodigitudinal wave in the
train. In the case of a discrete number of masses in seriegigenfrequencies are close
to multiples of the first standing wave. Unlike the other eig@des, which depend mostly
on the vehicle properties, the longitudinal eigenmodesgily depend on the train config-
uration, i.e., the number of vehicles; when the train is Enthe eigenfrequency of the first
longitudinal carbody mode will decrease in proportion te ttumber of vehicles.

3.3 Train simulations

The quasi-statics do not include some 'quasi statics’ effeach as wheel unloading due
to static carbody pitch. The static carbody pitch origisatem the coupler forces that
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Figure5 The maximum derailment quotient of the outer wheels of the rear bogie ddtomotive

in a 1:9 turnout, (a) calculated with equations (4), (5) and (12), (b) obddiom

dynamic simulations. The braking coefficient ranges from 0 (no bggk0.6 (only
achievable on dry track/perfect conditions). The velocity is swept f80i#m /h to

80km/h; 40km/h is the maximum allowed speed in a 1:9 turnout. The horizontal line is
the maximum derailment quotient according to Nadal (calculated with flangke65°,

and friction coefficient 0.6.)

Tablel The eigenmodes and eigenfrequencies of the whole train model.
Frequency in Hz

Eigenmode

Scharfenberg | buffer-and-chain
Carbody sway of the wagons 0.42 0.36-0.37
Carbody sway of the locomotive 0.48 0.37
Carbody roll of the wagons 0.67-0.68 0.62
Carbody bounce of the wagons 0.79 0.79
Carbody bounce of the locomotive 0.84 0.84
Carbody yaw of the wagons 0.84 0.84-0.89
Carbody pitch of the wagons 1.1-1.2 1.1-1.2
Carbody pitch of the locomotive 1.2 1.2
Carbody longitudinal through the couplers2.4-4.7-6.8-8.7| 2.4-4.7-6.8-8.7
Bogie pitch of the wagons 5.9 5.9
Bogie roll of the wagons 9.3 9.3
Bogie higher modes >10 >10

are not the same height above the rail as the center of malss wéhicles; moreover, the
locomotive static carbody pitch also originates from thakiorg forces on the wheels. To
quantify the effects of the quasi-static assumption, a rermobdynamic simulations were
performed for two cases: first, a train steadily curving dmshtsuddenly applying a braking
force (Section 3.3.1), and second, a train braking uporriegta turnout (Section 3.3.2).
Each case was simulated with 7 different coefficients ofibgand 5 different initial train

speeds.
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The cases of a curve and a turnout allow studying the diffetgnamic effects, which
are composed of the eigenmodes of the train. These dynafaistan be split into two
parts: first the dynamic effect due to application of brakimgich changes the longitudinal
acceleration of the vehicles, and second, the dynamictafiée to the curve transition,
which changes the lateral acceleration of the vehicles.

3.3.1 Derailment quotient while curving

To study the influence of the dynamics in a turnout we have lsited the case of a train
running at40 km/h through a260m curve (see Figure 6). After the transient phenomena
from entering the curve have died out, braking is appliedhéowheels of the locomotive.
Prior to braking, the wheels of the leading bogie of the firatjan carry the lateral load due
to the centripetal force. The average of the force can beiledéd from equation (4), but it
is non-uniformly distributed in that the outer front wheakiges a much higher load than
the outer rear wheel. The average lateral force from thelaiion is9.5 kN, as predicted by
guasi-statics. This quasi-static lateral force corredpdo a quasi-static derailment quotient
of 0.05 (see Figure 4a), while the derailment quotient from the satioih is0.11 (see Figure
4b). When the braking takes effect, the lateral force in@gsas both wheels but more on
the rear wheel. Because the vehicle loses speed, the atatfiprce decreases, and so does
the lateral force on the wheels. The maximum simulateddhferce is29.5kN for the
train with buffer-and-chain couplers agd.5 kN with Scharfenberg couplers, whereas the
quasi-static approach predict&6.7 kN. This difference from the quasi-static approach is
partly because the front wheel transfers most of the loagarity due to dynamic effects.
The difference in the lateral force between the two typesapters is small, approximately
7.3%. The maximum derailment quotient in the case of bralsn@ 09 from the quasi-
statics and 0.195 from the dynamic simulations. From Figari¢ can be concluded that the
simulated dynamic derailment quotient is not higher tham2s the quasi-static derailment
quotient. This dynamic multiplication factor may be usednake a conservative estimate
of the derailment quotient based on quasi-statics.

As the vehicles steadily curve the eigenmode that will betrarsited, when braking
starts is the longitudinal vibration of the carbodies. Oagr observe this eigenmode as a
standing longitudinal wave in the train. The oscillatiorFigure 6b has resonance frequen-
cies at approximatel9.4 Hz, 4.7 Hz, 6.8 Hz and8.7 Hz, which is close to the longitudinal
eigenmodes (see Table 1). A second eigenmode that is eixifeel vehicles’ pitch mode.
The eigenmode analysis predicts its eigenfrequentyl &iz, and indeed, in the simulation
an oscillation atl.1 Hz can be observed.

3.3.2 Derailment quotient when entering a turnout

When atrain brakes upon entering the turnout, lateral grait, sway) as well as longitudinal
modes are excited in the coupling. The eigenfrequencigsgmonding to these modes are
close to one another (see Table 1), therefore it is not plessilidentify these eigenmodes
in the frequency domain as could be done in the case of brakiig steadily curving.
Figure 8 shows the lateral force on the outer wheels of thikrigdoogie of the locomotive
when entering a 1:9 turnout &b km/h. When the wheels enter the turnout the contact on
the outer wheel changes from one point contact to two-paointact: one at the wheel flange
and one at the wheel tread. When the wheel flange makes corith¢hesrail there is an
impact force. This impact force is important when consiagnivheel-rail wear or impact
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Figure6 The lateral force on the outer wheels of the leading bogie of the first mvigourve at
40km /h. The vehicle is dynamically simulated steadily curving i268 m radius curve.
At time 20s the locomotive starts braking with a braking coefficient of 0.4.
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Figure7 The dynamic multiplication coefficients, i.e. the ratio between the Y/Q ratiosaof the
dynamic simulation and from the quasi-static calculations; (a) for the cande(b) for
the turnout.

noise. However, if the goal is to assess the derailment pisik forces lasting less than

50ms can be ignored [1]. This0 ms threshold was used to create Figure 5b.

The derailment quotients are compared with a threshold fisedeby Nadal’s crite-
rion (horizontal line in Figure 5b). In this case the criteriwas calculated using a friction
coefficient of 0.6, corresponding to dry conditions and aelflange angle 065°, corre-

sponding to a worn wheel profile. &0 km /h not all simulations converged due to the high

lateral forces so that derailment occurred. Several assonggnade in vehicle simulations

do not hold at these high derailment quotients, especiabyassumptions made for the
wheel-rail contact calculations, such as planar contadi@m spin creepage. Because the
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assumptions made in the simulation are violated, it is pdss$hat some combinations of
vehicle speed and braking converge in the simulation while=ality they would lead to
derailment. Indeed, some simulations resulted in a deeaitmuotient higher than Nadal’s
maximum, such as all cases with a braking coefficient of @tégpective of the speed) and
braking coefficients of 0.4 and 0.5 at speeds higher tdan /h.

When the first wagon enters the turnout the locomotive staekity. The dynamic
effects of entering the turnout and the application of brgkire combined. Entering a curve
gives a sudden change in the lateral acceleration. Thesafwr lateral carbody modes are
excited: the carbody sway, roll and yaw modes. They causa keral force on the wheels;
the maximum lateral force when applying braking after sitgairving is 29.5 kN, while
the maximum lateral force when braking (with braking coédfi¢ of 0.4) upon entrance to
the turnout ist8.4kN, ignoring peaks in the force shorter thahms. These lateral forces
correspond to a derailment quotient of 0.20 without bralang 0.41 with braking (see
Figure 5b). In the quasi-static calculations shown in Fedia these derailment quotients are,
respectively).085 and0.23, which means that taking account of the dynamics increases t
lateral force by 135% for a train coasting through the tutramd by 78% for braking with
a braking coefficient of 0.4. Another observation is thatghasi-static derailment quotient
in Figure 5a changes linearly with the braking coefficierdr the dynamic simulations,
the increase in derailment quotient is irregular, thoughegelly faster than linear with the
braking coefficient. In fact, in the case of a braking coedfitiof 0.6, the Nadal criterion is
always exceeded even at low speed. From Figure 7b we canucenttiat the derailment
quotient from simulation is at mosttimes larger than the derailment quotient estimated
from quasi-statics. So a dynamic multiplication coeffitieh3.1 can be used to obtain a
conservative estimate of the dynamic derailment coefficiane the quasi static derailment
coefficient has been calculated.

Lateral contact force on the outer wheels of the rear bogie of the locomotive
90 T T T T T T T

Front wheel-braking
80 Rear wheel-braking
Front wheel-no braking .
70 |- == — Rear wheel-no braking Two point contact
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Figure8 The lateral force on the outer wheels of the rear bogie of the locomotieswntering a
1:9 turnout obtained through vehicle dynamic simulation. Just beforeet#trdpgie of the
locomotive enters the turnout, the locomotive starts braking with a brakiefficient of
0.4.
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4 Discussion and further research

Seventy (2x5x7) vehicle simulations have been performesltih a curve and a turnout,
each with 5 different vehicle speeds and 7 different brakiogfficients. Each simulation
resulted in a maximum derailment quotient, that can be coedpwith the results from
guasi-static calculatio to determine a dynamic multiglmacoefficient. For braking while
curving, the dynamic multiplication coefficient &5, whereas for braking in a turnout
the dynamic multiplication coefficient &.2. Moreover, in a turnout braking coefficients
higher than0.5 result in derailment irrespective of the vehicle speed. Aseovative ap-
proach would be to adhere to a dynamic multiplication coiefficof2.5 for all cases, while
limiting the braking coefficient t@.5. This outcome does not mean that a higher braking
coefficient cannot be achieved, only that it should not bdiegpy the leading locomotive
in a turnout. In an emergency situation the braking is ugugbplied all the wheels of a
train, however attention needs to be paid to the timing withicv the different braking
systems are applied. Future research is needed to detetmese dynamic multiplication
coefficients for different turnouts, different curve raatid different train configurations. An
experimental validation of the proposed approach can bewsdh by measuring the Y/Q
ratio by instrumented wheelsets or by measuring the dispteat in the primary suspension
[26]. The measures can then be used to validate the vehédtefhodel. The determination
of the dynamic multiplication coefficients would still neetb be obtained through vehi-
cle dynamic simulations with a validated vehicle. This isdugse the determination of the
dynamic multiplication coefficient would require a vast rhan of simulations (different
speeds, train composition, traction/braking effort), ethivould not be practically possible
with measurements.

The case of braking is relevant for the scenario of a traierérg a turnout at a speed
higher than allowed and trying to correct that by strong lmgkBecause this is potentially
a dangerous scenario, this article has chosen the braléngso to show the methodology;
however, the same methodology can be used for a trailingriotige that initiates traction
(acceleration). This scenario also results in compresziupler forces and subsequently
increased lateral forces from between wheel and rail. Tlhasiegtatic analysis would result
in the same forces at the most loaded coupler, which in tlsis sathe coupler between the
locomotive and the last of the wagons.

The lateral forces originating from centripetal forcesronf the lateral coupler forces
can cause derailment, but also vehicle rollover due to whelelading. The common cri-
terion for wheel unloading is that the vertical dynamic foan one wheel should be at
least 60% of the normal wheel load (half the axle load). Fash éstimate of this vertical
dynamic load the same methodology could be used as for tladrdent coefficient in this
article: making use of the moments cause by the centripmted fand lateral coupler force a
quasi static vertical force can be calculated. This quiadiesvertical force can then be com-
pared to dynamic vertical forces obtained through dynarefiate simulation to obtain a
dynamic multiplication coefficient that is valid in a sufécitly large range of vehicle speed
and traction/braking effort. Similarly as for the derailmeoefficient it will be necessary to
define a different dynamic multiplication coefficient foetbase of a turnout (no transition
curve) and for normal curves.

The train model here was of a passenger train consistingozfcariotive and 7 wagons;
however, our methodology and the estimation/mapping ntetioalld be extended to long
freight trains and provide a tool for heavy haul operatossng a full model for each vehicle
would generate a large number of degree of freedom in lorigstrand corresponding
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calculation time. This drawback can be avoided using thecagmh of [11]: a long train
modeled with one degree of freedom per vehicle, with onlyuékicles of interest are
modeled in detail.

5 Conclusions

We propose a methodology to assess the increase in deraifigkerdue to pushing or
braking a train through an estimate of the derailment qunotdtained by multiplying a
derailment quotient calculated from quasi-statics by aadyic multiplication coefficient.
These derailment quotients can be compared to the Nadatioritto assess the derail-
ment risk. Based on vehicle dynamic simulations, the dyonamiltiplication coefficient is
estimated a8 in curves and.1 in turnouts.

The derailment quotient has been mapped as function of spaktraking or traction
(as a braking coefficient or as a total braking force). Theapsrare easy to interpret and
do not require deep knowledge of the train dynamics; acoghdi they can be used by
operators to determine a braking/traction strategy, edliéomated in a control system,
or as guidelines to drivers. Two different couplers werestdered: one transferring only
force in the coupler direction and one that also transfermaeri between the carbodies.
The effect of the type of couplers on the lateral wheel-raité was found to be small,
approximatelys %.
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