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STATISTICAL ANALYSIS OF DYNAMICAL QUANTITIES RELATED
TO RUNNING SAFETY AND RIDE COMFORT OF A RAILWAY
VEHICLE

Summary. This paper investigates the variation of track geometrical parameters
that lead to a local increase of specific dynamical quantities of a railway vehicle,
possibly beyond their acceptable values. In particular, the changes of track
geometry are investigated near track points where the running safety or ride
comfort are significantly decreased during the vehicle motion due to track
irregularities. The investigated dynamical quantities include the lateral and
vertical forces at the wheel-rail contact as well as the acceleration of the vehicle
body. The vehicle motion has been simulated using a non-linear model of a
passenger car moving along a nominally tangent stiff track with random
geometrical irregularities. The relationship between the local track condition and
the maxima of the dynamical quantities was investigated with the statistical
method proposed by the author. The performed analysis clearly identifies the
characteristic variation of track irregularities that leads to a large increase of the
investigated dynamical quantities at some track points.
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1. INTRODUCTION

This paper investigates the dynamical behaviour of a railway vehicle in relation to its
running safety and ride comfort. The special emphasis is put on the effect of track condition
in the immediate vicinity of track points where large risk of derailment occurs or the ride
comfort related to vehicle body vibrations rapidly deteriorates.

A railway vehicle derails when its wheels run off the rails and, in effect, the rails no
longer provide the guidance of the vehicle in the lateral direction. Since the risk of derailment
is of the ultimate safety concern in the operation of railway vehicles, it has been a subject of
many studies in the past (for example, [12]) as well as the topic of ongoing researches
[6,10,15,16,19,20,24]. While various scenarios of derailment are possible and the respective
criteria have been proposed and are in use [18], one of the earliest relevant works was
published by Joseph Nadal in 1896 [17]. The conditions for the derailment by the wheel climb
over the rail are determined by lateral (Y ) and vertical (Q) forces that act at the wheel/rail

contact. The Nadal criterion of safety against derailment gives the limit value of the
derailment coefficient Y /Q depending on the friction coefficient and the wheel flange angle

at the contact point. This criterion is included in the current railway safety regulations, like the
UIC 518 code [23] and the EN 14363 standard [4] used for the evaluation of dynamical
vehicle behaviour with the tests of the running characteristics required for acceptance of
railway vehicles.

The ride comfort is one of the fundamental issues in transportation. It is a complex
notion, which contains a series of components specifying, among others: thermal comfort,
acoustic comfort, air quality, and vibrational comfort. The sensations related to comfort
depend on various factors characterising, the surroundings in which the passenger of a railway
vehicle is in, such as vibrations, temperature, humidity, noise and lighting as well as the
passenger’s position and the length of time during which the passenger is affected by the
aforementioned factors. Comfort level indicators, dependent on one or several physical
parameters characterising the passenger’s environment, are used for the synthetic evaluation
of the ride comfort [7].

One of the most important physical factors that substantially impact the ride comfort is
the vibrations to which the passenger is exposed to during the travel. The main parameters
determining the comfort related to vibrations are the accelerations experienced by a person
travelling in a chosen means of transportation. The usual approach to the evaluation of
vibrational comfort is the spectral analysis of the vehicle vibrations. This analysis gives the
root-mean-square (rms) accelerations in 1/3—octave frequency bands which are subsequently
compared with the relevant limits in each frequency band or used to calculate a synthetic
index of vibrational comfort. The former method was implemented in the standard 1SO 2631-
1:1985 [11], where the frequency-dependent boundaries of reduced comfort, fatigue-
decreased proficiency and exposure are given. The current regulations, like the 1SO 2631-
1:1995 [11] standard and the European standard EN 12299:2009 [3], follow a simpler
approach, originally proposed by Sperling [22], where a synthetic comfort index is obtained
with the rms accelerations weighted with the frequency-dependent functions [2]. The use of
weighting functions in the evaluation of the vibrational comfort is connected to the different
sensitivity of the human body to vibrations with different frequencies which are related to
resonance frequencies of various parts of the body. The influence of vibrations on the human
body also depends on their direction and the body’s posture (standing, sitting, lying down). A
detailed overview of the influence of vibrations on a human body can be found in Griffin’s
monograph [7] and in Forstberg’s comprehensive PhD thesis [5].
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The spectral analysis of vibrations provides its global characteristics that do not properly
reflect their local variation due to discrete events. This aspect of vibration comfort is due to
the momentary increase of acceleration and the presence of jerks (sudden changes of
acceleration). A complex comfort index related to discrete events and depending both on the
maximum values of the acceleration and jerk is included in the ISO 2631-1:1995 [11]
standard and the European standard EN 12299:2009 [3]. On the other hand, the UIC 518 code
[23] gives the limits for lateral and vertical acceleration in the running behaviour of the
railway vehicle. In the present work, we follow this latter attitude and investigate the
conditions for the occurrence of large values of the vehicle body acceleration.

Investigation of vehicle dynamics, including evaluation of running safety and ride
comfort, is often performed with the aid of numerical simulations [8,9,12,14,15,21]. This
approach was applied in this work in order to investigate the variation of track geometrical
parameters near the track points where a strong increase of Y /Q occurs or the lateral vehicle
body acceleration becomes large. The main part of this work is the statistical analysis of the
random track irregularities disturbing the vehicle motion and the dynamical responses. This
analysis is done in a non-standard way since it is limited to the set of short track sections
around these specific track points. In this way, it is possible to determine the characteristic
local variation of track irregularities that leads to a local increase of the chosen dynamical
responses of a railway vehicle, like Y /Q and the vehicle body acceleration. In particular, the

track geometry is investigated near track points where large risk of derailment occurs.

2. METHODS

The reported theoretical and numerical investigations are performed in the following
way. We start with a model of a discrete mechanical system representing a railway vehicle —
track system. The model is used in numerical simulations of a railway vehicle moving along a
track with geometrical irregularities. The obtained simulation results are subsequently
analysed with the proposed statistical method for discrete events corresponding to the
occurrence of large values of selected dynamical responses.

2.1. Railway vehicle — track model

The present simulation study was performed based on a non-linear model of a railway
vehicle with 27 degrees of freedom, which describes a conventional passenger car built of
seven rigid bodies: car body, two bogies and four wheelsets with the primary and secondary
suspension [14]. The forces at the wheel/rail contact point are determined within Kalker’s
simplified non-linear theory [13] for rails of UIC60 profile and wheels of S1002 profile.

The vehicle motion has been simulated for a constant velocity v along a nominally
tangent stiff track with random geometrical irregularities. The track irregularities include:
lateral irregularities y,, , vertical irregularities z, , cant (superelevation) é,,, variable gauge

(2ly), and they depend on the location X along the track. The problem of track irregularities,

their evolution and relation to track settlement was considered, for example, in the paper [1].
The vehicle motion is described with the set of second-order differential equations of the
following general form:
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2
M‘ZT;”+<:3_‘3+ Kq = F[q, dq/dt &, d&/dt] . (1)

Here gq=(q;,0,,...,0,7) is the vector of generalised coordinates (independent) of the
mechanical system, M - its inertia tensor, C,K — damping and stiffness matrices
(describing the vehicle suspension), t — time, while the vector &= (y,,,Zy,6,,2ly) includes

geometrical track irregularities which act as kinematic excitations. The right-hand side in
Equation 1 is given by the vectors of external forces and torques which both arise due to the
forces at the wheel-rail contact points.

2.2. Statistical method for discrete events

During the vehicle motion along the track, the values of dynamical variables can rapidly
change at some times (or at the respective track points) which may correspond to discrete
events undesired from the point of view running safety or ride comfort. The relation between
the local track condition and such discrete events, herein maxima of a dynamical response
Rp (like derailment coefficient [Y /Q| or one of the vehicle body accelerations a,,, a,) is
investigated with the aid of the following statistical method, which is an extension to the
approach presented in [14]. The novel element in the present work is extending the scope of
this method to various dynamical responses related not only to the running safety but also to
other aspects of running behaviour. In this method, the track irregularities are considered as a

function of u=x—x{, only around several (M) track points x = x{, (k=1,...,M) at which

the dynamical response Ry in question has local maxima (or minima) of large value (peaks).
The value of a track irregularity & at a distance u from the peak position is averaged over
the set of all M short track intervals near the track points where the peaks of Ry occur.

As a result, the average dependence of this irregularity in the vicinity of the peak
locations is obtained:

av 13 ()
w(U)= Mzg W(Xpeak +U) 1)
k=1

as a function of the distance u from the peak. Taking this average reveals components of track

irregularities &, that are common in all the dependences &,(x)=&,,(x(), +u) around the

peak locations. In particular, relevant oscillatory components with the same wavelengths and
phase can be extracted. In this way, it is possible to determine the characteristic variation of
the track irregularities before the track locations where the peaks of the investigated
dynamical response Ry occur.

A similar formula can also be used to determine the average dependences of the vehicle
dynamical responses in the vicinity of the Ry peak locations:

1 M
R¥(U) = = > R +U) 2)
k=1
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where R is an arbitrary dynamical response, for example, wheelset lateral displacements v,
(i=1,2,3,4) or even the Ry response itself.

3. RESULTS

The simulations were performed for a track section of 4000 m with random track
irregularities with standard deviations corresponding to QN1 track class [14]. The presented
results correspond to simulation runs at v=160 and 200 km/h. The selected dynamical
responses whose peaks are considered are the derailment coefficient Y /Q and the lateral

body acceleration a,, .

The ratio Y /Q obtained in simulations for the leading wheelset of the front bogie at
v=200 km/h has momentary minima with values less than -1.3 at M = 10 track points. The
variations of the following quantities around the Y /Q peak locations: the lateral track
irregularity vy, , the lateral wheelset displacement y, —y,, with respect to the track centre line

and the derailment coefficient Y /Q itself, are shown in Fig. 1. The figure also shows the

average dependences of these quantities found with the statistical method described in the
previous section.

The obtained average dependences around the peak locations prove clearly that the peaks
of Y /Q occur at points where the lateral wheelset displacement is maximal due to local

occurrence of enhanced wheelset hunting. As seen in Fig.1, this dynamical behaviour is
excited by lateral track irregularities y,, which include — on short track sections, around 30 m

long before the Y /Q peak positions — a dominant oscillatory component with wavelength

close to the wheelset hunting wavelength, equal to 9 m in the reported case. Thus, it can be
concluded that such specific oscillations of lateral track irregularities are responsible for the
occurrence of Y /Q peaks.

A similar analysis is done for the lateral body acceleration a, and its results are
presented in Fig. 2. It is found that for the railway vehicles travelling at the speed of v=160
km/h the acceleration a,, has minima lower than —0.45m/s® at M =13 points X, on the

eak

considered track of the 4000 m length. At the same number of points (M =13), though lying

at different track locations ngk , the acceleration a, has maxima greater than 0.45m/s*. The

variations of a , are very similar on a very short track section (less than 40 m long) in the

(k)
peak *

the peak is well represented by the statistical average aj;(x—x,,) found with the formula (2).

immediate vicinity of every minimum location X The common variation of a , around

It has the form of local oscillations which have the largest amplitude at the location of the a ,
peak.



68

E. Kardas-Cinal

0.0

(Y/Q)™ [m]

Y, =Y, [M]

0.010

% 0.000 ~
>

-0.5

-1.0 4

Fig. 1. Derailment coefficient Y / Q, lateral track irregularities y,, and relative lateral

displacement of leading wheelset y, —y,, Versus U= X — X,y near various M =10 track
points where the minima Y / Q <—1.3 occur for the ride velocity v =200 km/h . The bold

lines mark the average values y

Y - ya (Y 1Q)Y; Equations 1 and 2)
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Fig. 2. Lateral body acceleration a,,, and track irregularities: y,, z,, and &, (thin grey lines)

around the points x{)

peak

(k =1,...,M =13) where a,, <-0.45m/s* (left column) or
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These oscillations are also present at larger distances from the peak location where the
individual dependences a,(Xx—X'g) (k=1...,M) differ significantly but still include a

common oscillatory component. The same conclusions apply for the variation of a, around
the locations of the a,, maxima.

The peaks of the lateral body acceleration arise mainly due to the lateral track
irregularities. Their average dependence yg'(x—x,,) shows enhanced oscillations in the

vicinity of the peak and the oscillation wavelength is identical as for the local oscillations of
ag (X—X,) 1N the same track section around the peak. Another track irregularity which can

be a source of the peaks in the lateral body acceleration is variable cant. Indeed, the obtained
results show (Fig. 2) that the average cant dependence 67’ (x—x., ) shows clear oscillations of

the same wavelength but they are less pronounced than the oscillations of the average lateral
track irregularities y;'. The determined wavelength, around 9-10 m, of the y;’ and &’

oscillations is very close to the oscillation wavelength of the wheelset hunting which is known
to be almost independent of the ride velocity. Thus, the specific oscillatory components of the
track irregularities (lateral and cant) with the wavelength close to the wheelset hunting
wavelength are also responsible for the large peaks of the lateral body acceleration. On the
other hand, the vertical track irregularities z, do not play a significant role in occurrence of

the peaks of a, since the average dependence zy'(x—Xx,,) does not show any specific
variation in the vicinity of these peaks as seen in Fig. 2.

4. RESULTS

The statistical method previously introduced for investigating the derailment coefficient
[14] is now extended to various dynamical responses related not only to the running safety
but also to other aspects of running behaviour, like the ride comfort. In particular, alongside
the derailment coefficient, vehicle body acceleration is also investigated. The developed
method is used to determine characteristic variations of local track irregularities that lead to
the occurrence of large peaks of selected dynamical quantities describing a moving railway
vehicle. For this purpose, the statistical analysis is limited to a set of short track sections
where such peaks occur. This specific statistical method is an efficient means of investigating
discrete events that occur during the motion of a railway vehicle along the track with random
geometric irregularities.

The performed analysis reveals that the peaks of the derailment coefficient and lateral
vehicle body acceleration arise due to local oscillations of lateral track irregularities and cant
with wavelengths close to the wavelength of the wheelset hunting. Thus, it is found that
specific track irregularities of this form are a common factor that leads to lowering both the
running safety and the ride comfort at some discrete times during the vehicle motion. It
should be noted that the statistical analysis of discrete events is focused on the local variation
of the dynamical responses and the relevant excitations. Therefore, it provides valuable
conclusions, which are complementary to the global characteristics of such quantities that are
obtained with the spectral analysis, routinely used not only in the evaluation of the ride
comfort but also in specific problems of the running safety [14]. The presented statistical
method can also be applied to investigate the relationship between the disturbances and
dynamical responses in other mechanical systems or dynamical systems in general.
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