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Abstract: The paper includes a short review of selected problems in railway vehicle-track system dynamics
which are related to the running safety. Different criteria used in assessment of the running safety are
presented according to the standards which are in force in Europe and other countries. Investigations of
relevant dynamic phenomena, including the mechanism of railway vehicle derailment, and the resulting
modifications of the running safety criteria are also discussed.
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1. Introduction

Among the first problems that have emerged in the
early development of the railways was guidance of
the railway vehicle along the track and the
associated excessive wear of wheel flanges.
Solution to both problems was achieved in the
second and third decades of the nineteenth century
by the introduction of a conical wheel tread and a
clearance between wheel flange and the rail head.
This was primarily the result of empirical
observations, supported by the intuition of the first
constructors of railway vehicles, starting from
George Stephenson who built the steam locomotive
for the first public inter-city railway, the Liverpool
and Manchester Railway [11]. Already then, the
designers were aware that the introduction of
wheels with conical profiles leads to the
appearance of lateral vehicle vibrations (hunting)
during the vehicle motion which are now known as
kinematic oscillations.

Before it was possible to solve numerically the
equations of motion of mechanical systems with
many degrees of freedom with the aid of
computers, investigations of the dynamics of
railway vehicles were mainly done in a theoretical
way and were focused on analytical relations
associated with the running safety and the stability
of the vehicle motion [52]. At this point one should
mention the work by W. Klingel [30] on the
wheelset hunting and the investigations of J. Nadal
[35] aimed to determine the dynamic conditions in
which there is a danger of derailment due to the
wheel climb on the rail. The results of these
studies, despite the passage of over a hundred years

and a great development in the field of modeling of
the railway vehicle-track systems and simulations
of their motion, remain valid and are still used in
the analysis of the dynamics of such systems.

2. Investigations of railway vehicle dynamics

The first realistic model of railway vehicle
dynamics was proposed by Frederick W. Carter — a
British engineer who graduated in mathematics at
the University of Cambridge. In his model, he
established that the forces acting between the
wheels and the rails are proportional to the slip at
the point of wheel-rail contact, which helped to
explain the mechanism of the wheelset hunting
within the theoretical description of the lateral
motion of the vehicle. Further understanding the
dynamics of railway vehicles, especially the
stability of their motion, was significantly
contributed to by the studies of Tadashi Matsuidara
working at Railway Technical Research Institute of
Japanese National Railways (JNR). The aim of
these studies was to increase the vehicle speed and
their results, indicating an important role of the
vehicle suspension in ensuring the running safety,
have been applied in the technical solutions used in
the high-speed Shinkansen trains.  Similar
conclusions have been obtained a result of the
investigations (largely independent of the Japanese
studies) conducted by the group of A.H. Wickens at
the research center of the British Railways in Derby
since the early sixties of the last century. Another
important, and, in fact, truly landmark step in the
field of railway vehicle dynamics was the theory of
rolling contact developed by J.J. Kalker [25] which
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has provided an effective way to determine
tangential forces in the wheel-rail contact with high
accuracy. A simplified form of this theory, known
as the FASTSIM algorithm [24], is currently the
most widely used method for determining contact
forces in the simulation models of railway vehicle-
track systems.

An important problem in the dynamics of railway
vehicles is wheelset hunting which can strongly
affect the running safety. Hunting is an undulating
motion along the track, during which oscillatory
changes of the lateral wheelset displacement from
the track centre line are coupled with its yaw
rotation which an oscillatory rotation of the
wheelset around the axis perpendicular to the track
plane. In the simplest terms wheelset hunting is
purely kinematic phenomenon associated with the
conicity of the wheels, whereas the wavelength of
the hunting determined with the Klingel formula is
independent of the railway vehicle velocity [30,41].
The phenomenon of the wheelset swaying motion
while hunting along the track is very accurately
described by W. Gasowski and R. Lang [20]. To
quote these authors, "swaying of a wheelset occurs
when it moves without slip along the track
direction, and some random factor, for example,
local track irregularity knocks it out of the center
position on the track, or deviates its axis from the
direction perpendicular to the track" ([20]-(7)). As
the authors point out in the summary of the work
[20] the analysis of the hunting phenomenon
extends the ability to understand manyphenomena
associated with the dynamics of railway vehicles.
An example of this approach is the works of the
present author [26-28], which have analysed the
impact of geometrical irregularities of the track on
the wheelset hunting and the derailment coefficient
which determines the running safety.

In general, the wheelset hunting is related to the
stability of the railway wvehicle motion and
corresponds to oscillations with a fixed amplitude
which occur at high vehicle velocities (above the
critical speed). From a mathematical point of view,
hunting is a kind of self-excited vibrations that after
a long time become periodic vibrations called limit
cycles. In linear models of railway vehicles—track
systems such vibrations are represented by
asymptotically unstable solutions of the equations
of motion, which, according to the Routh-Hurwitz
criterion, correspond to the roots of the

characteristic equation with positive real parts. In
the case of nonlinear models, studies based on the
bifurcation theory have shown that, the Hopf
bifurcation occurs in a railway vehicle-track
system, which leads to the hunting of the wheelsets.
At the same time, as it is underlined the author of
the monograph [59], both sub-critical bifurcation,
with a stable limit cycle (attractor) in a certain
speed range, and supercritical bifurcation, with no
stable periodic solution for any velocity, may occur
in nonlinear models. Investigations of the wheelset
hunting phenomenon and the stability of the
railway vehicle motion using the bifurcation theory
have been the subject of many works, among others
[39,49,53,58,60].

The rapid development of the information
technology and the increase in computing power of
modern computers enables simulations of the
dynamics of multibody systems (MBS) using
increasingly accurate simulation models which
describe them. The results of simulations of railway
vehicle motion can be used to understand the basic
phenomena which determine their dynamics
[10,13,18,23]. Simulation studies are also a widely
used approach for evaluating the dynamic
properties of railway vehicles related to the running
safety and the ride comfort [3,6,43]. Simulations
are used at the stage of designing railway vehicles,
in diagnosing problems occurring during vehicle
operation, as well as in investigating the causes of
railway accidents and their reconstruction.
Simulations are used even to predict the dynamics
of the vehicle after its derailment [2]. The use of
simulations has many advantages compared to the
experimental studies of the real systems: in
addition to being much cheaper (by avoiding the
cost of access to railway infrastructure), they
provide possibility to perform tests in a much wider
range of running conditions (even extreme ones
which lead to the vehicle derailment) and allow one
to determine quantities whose direct measurement
is difficult or impossible (like creepages and forces
present in the wheel-rail contact). Simulation
models are also used for diagnosis and monitoring
the state of the railway vehicle-track system [7,8].
In the studies of railway vehicle dynamics with the
aid of simulations, though in many cases original
programmes are still used to target specific
problems, commercial software is increasingly
more frequently applied, since it allows not only to

38



AoT Vol. 31/Issue 3

2014

carry out the simulations, but it also provides a
convenient way to create a mathematical model
using the graphical user interface and to
automatically generate equations of motions. The
first such program was MEDYNA developed by
W. Kik [29]. A list of other currently available
commercial packages includes ADAMS/Rail,
NUCARS, SIMPACK Rail, VAMPIRE. Still, in
many cases, due to the specific aspects of the
examined problems and the possibility of full
control over the applied simulation model and
introduced modifications, original programmes are
developed by the research groups working in the
field of the railway vehicle dynamics. Examples of
such are the programs developed at the Faculty of
Transport of Warsaw University of Technology:
ULYSSES package [5] used to automatically
generate the equations of motion and the simulation
programme [9] running in MATLAB.

3. Running safety of railway vehicle

3.1. Criterion of safety against derailment
Dynamic responses that are directly related to
safety against derailment are forces in the contact
zone between the railway vehicle and the track.
Establishing this relationship was the result of the
already mentioned studies by Nadal [35] who
concluded that the derailment due to wheel
climbing on the rail may occur when the ratio of
the lateral (Y ) and the vertical (Q) forces at the
wheel-rail contact exceeds a certain limit value.
This value depends on the flange angle related to
the geometry of the contact and the coefficient of
friction. The condition of safety against derailment
based on the Nadal criterion but modified by
accounting for the duration of the Y /Q impulse
(or distance over which the actual derailment takes
place) is an essential element in the evaluation of
dynamic properties of railway vehicles and their
approval for operation in accordance with the
current regulations. These regulations include the
EN 14363 standard [16], in force in the European
Union, and the UIC 518 code [50] published by the
International Union of Railways. The derailment
criterion is also included in the technical standards
used in the US [19,34] and Japan [47]. The
determination of the derailment coefficient is also
required in testing of railway vehicles by the
regulation of the Polish Minister of Transport [40]
in order to obtain certificates of admittance to

operation for various types of railway vehicles,
including locomotives, passenger cars, freight
wagons as well as special and auxiliary vehicles.
The UIC 518 and EN 14363 standards include
permissible length of the track section, on which
the condition specified in the criterion Nadal can be
violated without the risk of derailment. It should be
noted, however, that despite the modifications
taking into account, to a significant extent, the
dynamic aspect of the derailment phenomenon, the
Nadal criterion is based mainly on quasi-static
conditions of the vehicle motion that lead to the
risk of derailment by the wheel flange climb on the
rail. However, the phenomenon of the wheel climb
derailment is, in fact, dynamic in nature and it has
been the subject of further intensive studies
[1,3,4,8,14,15,18,21-23,31,33,36,37,42-44,46,54-
58,61,62]. The goal of these studies is
determination of the dynamic conditions leading to
such type of derailment and developing new
criteria for the assessment of the running safety. In
particular, the investigations by Elkins and Wu
[15,54,55] have revealed the need for such
modifications of the derailment criterion that take
into account the effect of the angle of attack
(wheelset yaw angle). Also, one should mention a
new approach to the derailment problem using the
energy method [37,58].

The criterion for wheel climb derailment (criterion
Nadal), specifies the maximum (limit) value of the
ratio of the lateral force Y and the vertical force
Q acting on the wheel at the point of wheel-rail
contact. The ratio Y /Q is called the derailment
coefficient. The limit value of this ratio depends on
the wheel flange angle » at the contact point and
the coefficient of friction x between the wheel

and the rail. Since the derailment of the vehicle can
occur if the value of this ratio exceeds the limit
value for a sufficiently long period of time or track
distance, the assessment of the safety against
derailment following the mentioned standards is
carried out by using the moving average (Y /Q),,,

calculated by averaging Y /Q over the window of

the 2m width around each track point. According to
the UIC 518 code and the EN 14363 standard the
risk of derailment is high if (Y /Q),, exceeds

(Y /Q),,, =0.8. This limit value, adopted in these
two standards, corresponds to x=0.6 and the
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maximum value of the flange angle » =70° for the
S1002/U1C60 wheel/rail profiles commonly used
by the railways in the European countries. It should
be noted that in the normal operation conditions the
coefficient of friction 4 is usually much lower,
particularly on the side surface of the rail head (at
the point of its contact with the wheel flange)
where 4 does not exceed 0.4 [45,46]. A typical

value of £=0.36 for the S1002/UIC60 wheel/rail
profiles gives (Y /Q),,, <1.2. The latter condition

is considered in the EN 14363 standard as the
criterion for safety against derailment in quasi-
static conditions corresponding to vehicle speeds
below 40 km/h.

The occurrence of the risk of derailment depends

strongly not only on the duration of the Y /Q
impulse (i.e., large value of Y /Q in a short time
interval), but also on the angle of attack y since
exceeding the limit value by this ratio can lead to
derailment only for large angles . Namely, when
the angle of attack does not exceed 5 mrad
(approximately 3°) or becomes negative, the
permitted values of Y /Q are much higher than it
stems directly from the Nadal criterion [15,54,-56].
Such were the conclusions of derailment tests in
running conditions conducted by the Association of
American Railroads (AAR, USA) [45] and the
results of simulation studies done with the
NUCARS programme by the Transportation
Technology Center Inc. (TTCI, USA) [56]. The
following analytical form of the dependence of the
limit value for the derailment coefficient on the
angle of attack has been proposed by Elkins and
Wu [15]:

1.0, v >5mrad
Y/Q). =
(Y1 Qi {12/(1//+7),

As a result of further investigations by TTCI more
sophisticated analytical dependences on the angle
of attack y have been developed for both the
derailment coefficient and the derailment distance
(i.e., the distance the vehicle runs until the wheel
fully climbs on the rail) [54,55].

Another extension of the Nadal criterion, which

defines the limit value (Y /Q),  for a single wheel

lim

1
v <5mrad )

(the one whose flange is in contact with the rail
head), is the criterion proposed by H. Weinstock,
which imposes a limit on the sum of the ratios
Y /Q for the two wheels on the same axis [51].
Although the Weinstock criterion is known for
almost 30 years and is considered [38,56] to be a
more accurate and less conservative than the Nadal
criterion, it is not included in the UIC 518 and
EN14363 standards as the recommended method
for assessing the running safety of railways
vehicles.

Limit value of derailment coefficient and its
dependence on derailment distance

As already noted above the time interval At or the
length of a short track section Ax in which the
ratio Y /Q must be exceed its limit value for the
risk of derailment to occur, are included directly in
the AAR [34] and Federal Railroad Administration
(FRA) [19] standards which are in force in the
United States. The AAR standard adopts the time
interval At=0.05s in accordance with the results
of previous studies conducted by General Motors
Electro-Motive Division (EMD) [31] and the
Japanese National Railways (JNR) [33]. It was
found in these studies that the limit value of Y /Q
at which a railway vehicle can derail (as a result a
wheel climbing on the rail) is much greater than the
value determined from the Nadal criterion if the
duration of an Y /Q impulse is shorter than
0.05 s. Furthermore, in the FRA standard [19] the
value of the derailment distance Ax=5ft=1.52m

has been adopted for the limit value of Y /Q
calculated directly with the Nadal formula for
4#=0.5 and the flange angle y corresponding to
the pair of wheel/rail profiles that are actually used.
The derailment distance, i.e., the length Ax of the
track section, in which the ratio Y /Q must exceed

its limit value, is also accounted for in the UIC 518
code [50] and the European standard EN 14363
[16] which is in force in Poland. This is done in a
indirect way, by using the moving average of
Y /Q with the window of the width Ax. The
above-mentioned results of the EMD [31] and JNR
[33] investigations lead to the conclusion that the
applied width Ax of the averaging window has a
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significant impact on the moving average (Y /Q),,
and its limit value (Y /Q),,, above which there is a
risk of derailment. The window width Ax=2m
used to calculate the moving average (Y /Q),, of
the derailment coefficient according to both the
UIC 518 code and the EN 14363 standard is a fixed
value corresponding to the Ilimit value
(Y /Q)yn =0.8.

Dependence the moving average (Y /Q), of the

derailment coefficient on the window width Ax
and the resulting necessity of modifying the limit
value (Y /Q),,, with the change of Ax has also

been the subject of the research conducted by the
present author [26]. This relationship has been
analysed by determining the moving average
(Y /Q),, for different window widths

Ax=0.0,0.4,0.8,2.0,40m (Ax=0.0means no
averaging).

The mechanism of changing the 99.85 percentile
value (Y /Q) |, o0 (Used for direct comparison

with (Y /Q),,, according to the UIC 518 code and

the EN 14363 standard) with the window width Ax
is related to the fact that the application of the
moving average leads to decreasing the magnitude
of the local maxima of Y /Q . It has been found
[26] that the obtained strong influence of the
averaging window width Ax on the moving
average (Y /Q), and its percentile value

\4 /Q)AX\O_9985 is the consequence of the occurrence

of short-lived Y /Q peaks during the wvehicle
motion along the track. These peaks occur as a
result of wheelset hunting when the railway vehicle
moves at a velocity greater than the critical speed
so that bifurcation takes places and a limit cycle
(corresponding to hunting) exists. During the
hunting the wheel flange gets in contact the rail
head in short time intervals when the wheelset is
maximally displaced in the lateral direction. Such
contact of the wheel flange with one of the rails,
alternately for the left and right wheels,
corresponds to the maximum value of the flange
angle at the contact point which results in a large
value of the ratio Y /Q (its local maximum)

[17,20,22,26,27,28,41].

This explains why the percentile value
\4 /Q)AX\O_9985 determined for the window width

Ax larger than the typical width (full width at half
maximum) of local maxima of the function

(Y/Q)(x) (approximately 0.6 m - 1.0 m) is much

smaller than the corresponding percentile value
found for the raw (not averaged) signal (Y /Q)(x)

which is a direct result of measurements or
simulations. This confirms that the limit value

(Y /Q),,, used for comparison with (Y /Q)AX\O_9985

in assessment of the running safety has to be
chosen in such way that it also depends on the
applied window width Ax .

3.2. Criterion for lateral load of a rail vehicle
on the track

Running safety is also related to lateral forces with
which a railway vehicle acts on the track. The
corresponding condition for this aspect of the
running safety is the Prud’homme criterion that
defines the limit value of the lateral load exerted by
a railway vehicle on the track superstructure [48].
The lateral load of a wheelset on the track is given
by the sum of the lateral forces present at the
contact points of the left and right wheels with the
rails, and the limit value of this sum depends on the
vertical load exerted by the wheels on the track.
The satisfaction of the Prud'homme criterion is one
of the conditions required in tests of railway
vehicle dynamics for their approval for operation in
accordance with the UIC 518 code [50].

The Prud’homme criterion is applied to reduce the
total lateral force exerted by a wheelset on the track
in order to prevent the shift of the track panels in
the ballast in the lateral direction as a result of the
dynamic interactions occurring during the vehicle
motion. Repeatedly exceeding the limit value of the
lateral force acting on the track leads to a rapid
though gradual increase of lateral shift of the track
panels relative to the ballast. The result is a
permanent deformation of the track which can
become so large that there is a risk of derailment on
the deformed section of the track, particularly in
operation of high-speed trains. Limiting lateral load
imposed by the Prudhomme criterion is
particularly important in cases of noncontact tracks
for which the phenomenon of the track buckling
can take places due to the large longitudinal
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stresses  (compressive)
temperature.
Acceptable impact on the track superstructure
depends on its resistance to permanent lateral
deformation of the track (the track frame shift in
ballast), and it is expressed by the limit value of the
sum of the lateral forces acting on the track [48].
This relationship is given by the Prud’homme
criterion [16,50] and it used to assess the running
safety in the UIC 518 code.

The Prud’homme criterion has the following form:

caused by increasing

DYy < a(lO + %j o)

where: XY, is the sum of the lateral contact forces

acting on the wheelset (at the points of contact of
the two wheels with rails) averaged around each
track point over the 2 m wide window (similarly as
it is done for the derailment coefficient), expressed
in kN, Pis the value of the vertical axle load

expressed in kN and « is the coefficient depending
on the type of railway vehicle and it is equal to
o =1for a passenger car.

According to the UIC 518 code the quantity >Y,,,

used in the above criterion is the maximum value
of the module XY, , after rejecting 0.15% and

0.15% of maximum and minimum values XY,

obtained from measurements or determined in
simulations.

3.3. Maximum values of railway vehicle body
accelerations

Another condition for the running safety included

in the UIC 518 code for application for a passenger

car moving along a tangent track sets the limits for

the maximum values of the wvehicle body

acceleration in the lateral direction

(19, )., =2:5mis® and the vertical direction (for

a two-stage suspension): (|2 ) =2.5ms’.

lim
An additional criterion contained in the UIC 518
code, which is not directly related to the running
safety, but determines the required operating
conditions is defined by imposing the limits on the
rms values of the body accelerations, i.e., their
standard deviations (since their mean values vanish

in the case of the vehicle motion along a tangent
track). The limit values of the standard deviations
of the wvehicle body acceleration are:

(Gy)lim=0.5 m/s? for the lateral direction and

(6,),, =0.75m/s* for the vertical direction (in a
railway vehicle with two-stage suspension).

4.  Summary

The running safety is one of main topics in studies
of the railway vehicle dynamics. Ensuring the
ultimate level of the running safety and, in
particular, preventing derailments of railway
vehicles is in fact the fundamental requirement in
operation of the rolling stock. This requirement is
expressed in a quantitative way through the criteria
that are contained in the national and international
regulations regarding testing and approval of
railway vehicles. The subject of these criteria are
the forces which act at the wheel-rail contact points
and the limit values that are imposed on the
derailment coefficient and the lateral load on the
track which are both expressed in terms of these
forces. Vehicle body accelerations are also the
subject of limiting their maximum values which is
another criterion whose satisfaction is required to
ensure the running safety. However, none of these
criteria alone fully determines the conditions in
which the running safety is compromised and, in
particular, the risk of derailment is increased.
Therefore, the simultaneous use of multiple criteria
in assessment of the running safety is fully justified
and improvement of these criteria is still a subject
of numerous studies and publications regarding the
dynamics of railway vehicles and the running
safety.
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