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Running safety of a railway vehicle in the presence
of random track irregularities

The paper presents the author’s investigations on dynamics of a railway
vehicle, especially the effect of various factors on the running safety. The
applied simulation methods used for analysis of running safety are in
agreement the technical standards UIC 518 and EN 14363. The numerical
simulations are performed for non-linear model of railway vehicle (a
passenger car) moving along a tangent track with lateral and vertical
geometrical irregularities of random character. The obtained results are used
to study how the derailment coefficient is affected by the ride velocity, the
parameters of the primary and secondary vehicle suspension, the wear of
wheel and rail profiles as well as the track condition. The investigation of
running safety is further enhanced by performing the spectral analysis of the
dynamical responses of the railway vehicle-track system. It is found that there
is a direct relation between the obtained power spectral density (PSD) of the
derailment coefficient and the PSD of the lateral and angular wheelset
displacements showing the characteristic oscillations due to the wheelset
hunting. Finally, the paper presents the results of the statistical analysis of
local track geometrical irregularities occurring in the vicinity of the track

points where the derailment coefficient attains large values.

1. Introduction

Running safety is the key element in the analysis
of the railway vehicle dynamics and it has to be taken
into account in modeling and assessment of the vehi-
cle running behavior. The main objective in assuring
the high level of running safety is preventing derail-
ment of a railway vehicle which occurs when the
wheels run off the rails. The derailment can be the
result of various, sometimes very complicated, condi-
tions which lead to the lost of the lateral guidance,
provided by the track during the normal vehicle op-
eration. The four main causes of derailments are:
wheel flange climb, gauge widening, rail rollover and
track panel shift as it is pointed out in the review [26]
by Wu and Wilson in [8]. The dynamical conditions
leading to wheel flange climbing over the rail and the
resultant derailment are related to the forces at the
wheel/rail contact according to the Nadal criterion
proposed in the end of the 19" century [20]. This
criterion amended with more contemporary modifica-
tions [4,9,10,17,18,23,25,27,29] is still used to assess
risk of flange climb derailment in the current regula-
tions [5,7,19,24] applied for testing running safety
and approval of railway vehicles. These technical
standards include the UIC 518 code [24] and the
European standard EN 14363 [5], which are applied
in the present study of running safety related to de-
railment by flange climbing. Investigations of the
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dynamics of a railway vehicle and the assessment of
running safety can be nowadays performed reliably
with the aid of the computer simulations [1-3,6,12-
17,22,29] based on a realistic model of a railway
vehicle/track system which includes non-linear
wheelset/track geometry constraints as well as non-
linear dependence of the forces at the wheel-rail
contact on the creepages [21]. In the present paper,
numerical simulations based on a non-linear model of
railway vehicle are used to determine the motion of a
passenger car along a tangent track with random
(stochastic) geometrical irregularities. The main
objective of these investigations is comparison how
various factors, like ride velocity, suspension
parameters and track irregularities, affect the running
safety and the ride comfort. The methods used in the
technical standards are enhanced by performing the
spectral analyses as well as statistical analysis of
derailment coefficient and track geometrical
irregularities with the objective to established the
mutual relation between them.

2. Railway vehicle-track model

The performed numerical simulations are done for
a railway vehicle moving at constant speed v along a
stiff, tangent track. The applied non-linear model of a



railway vehicle consists of seven rigid bodies: the car
body, two bogie frames, and four wheelsets (27
degrees of freedom) [3,12-16]. The primary and
secondary vehicle’s suspensions are assumed to have
linear characteristics. The stiffness constants and
damping coefficients as well as masses and inertia
moments of the car body, bogies and wheelsets
correspond to a passenger car [28]. The forces at the
wheel/rail contact are determined with the FASTSIM
algorithm developed by Kalker within the simplified
non-linear theory of contact [11]. The nominal non-
linear wheel (ORE S1002) and rail (UIC 60) profiles
as well as worn profiles of various degree of wear are
considered. The model includes the geometrical track
irregularities represented by lateral and vertical track
deviations y, (x), z,(x), variable gauge 2/,(x) and
superelevation A, (x). These parameters are random

quantities which vary with position x along the track
and are treated as stationary and ergodic stochastic
processes. The realizations of the track irregularities
are directly included into the equations of motion.
These equations are solved numerically to find the
coordinates  y(¢) =(y;,¥5,...,V,7) describing the
positions and rotations of all vehicle elements during
the vehicle motion over a long track section of the
length L. The realizations of the track irregularities
(see  Fig. 1) applied in  simulations,
e, v, (x), z,(x), 2[,(x), hy,(x) have the length of
4000m and their respective standard deviations are
equal to 0,,=0.003m, 0,.,=0.0035m,

0,,=0.0011m,0, =0.0010rad; the corresponding

power spectral densities are shown in [3,14]
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Fig. 1. Lateral ( y,, ) and vertical ( z,, ) track irregularities used in

the simulations (data for the initial 500 m track section are
shown)

3. Assesment of running safety

As it has already been mentioned in the introduc-
tion, there are several causes of the derailment of a
railway vehicle. One of the main scenarios of derail-
ment is realised when during the vehicle motion a
large lateral force acting on a wheelset leads to the
wheel flange contact with the rail — as a result flange
climbs up the rail rapidly (especially after the flange
angle attains its maximum value) and the wheelset
derails. The occurrence of the flange climb derail-
ment is related to the ratio Y /Q of the lateral to

vertical force components at the wheel-rail contact,
see Fig.2. This force ratio is usually called the de-
railment coefficient.
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Fig.2. Force components at a wheel/rail contact: lateral (¥ ) and
vertical (Q) , normal force ( N ) and lateral rolling-friction force

(F).

The condition of the saturated friction force (de-
pending on the friction coefficient t) leads to the

Nadal criterion [24]:
r
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0 ®
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which gives the maximum value of Y /Q calculated

for the maximum flange contact angle 0. This crite-
rion is easy to implement and it is widely used for
assessment of the safety against derailment. In par-
ticular, the Nadal criterion - in a modified form - is
applied to assess the risk of flange climb derailment
in the UIC 518 code [24] and European standard
EN14363 [5] used for testing and approval of railway
vehicles. The main modification adopted in these two
standards is the requirement that the ratio Y /Q ex-
ceeds the assumed critical value of 0.8 over a 2m
track interval. This is done because derailment can
actually take place only if the ratio Y / Q exceeds the
limit value for a sufficiently long time interval as it
was concluded in the studies of Japanese National
Railways (JNR) and General Motors Electromotive
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Division (EMD). The condition of minimum Y /Q
duration is also imposed in other regulations regard-
ing the running safety that are used for certification
and testing of railway vehicles by Association of
American RailRoads (AAR) [19] and the Federal
Railroad Administration (FRA), U.S.[7]. The risk of
wheel climb derailment also strongly depends on the
wheelset angle of attack ( so that the actual derail-

ment occurs at the original Nadal’s value of Y /Q
only for sufficiently large (¢ [4]. Therefore, Elkins
and Wu [4] proposed the increased Y /Q limit value
for angle of attack ( smaller than 5 mrad. This con-
clusion was confirmed in the report [27] which pro-
posed bi-parameter expressions for the flange climb
distance as a function of both ¢ and Y /Q. Another
extension of the Nadal criterion is the Weinstock
criterion [25] which sets a maximum value for the
sum of the Y /Q ratios for both wheels on the same
axle instead the single ratio Y /Q for flanging wheel
only. It is less conservative and regarded to be more
accurate than the Nadal criterion, but it is not so
widely applied.

The assessment of safety against derailment in
the present work is performed according to the UIC
Code 518 and the EN 14363 standards. In the first
step, the ratio Y /(Q obtained from simulations is
averaged at each track point x over the surrounding
2m track section (window) [x —Im,x +1m ] . This is
done to satisfy the discussed requirement of mini-
mum flange climb distance necessary for derailment.
Thus, the running average (Y / Q),,, is calculated.

Next, the 99.85 percentile value (Y/Q)2m|0.9985 is
found following the UIC recommendations. The ob-
tained values (Y/Q)2m|0_9985
the limit value 0.8 adopted in the standards [5,24].
This method of assessment of safety against derail-
ment - described in more detail in [13,15] - is pre-
sented schematically in Fig.3.

have been compared to

4. Running safety — effect of speed, suspension and
track irregularities

On the basis of the simulation studies [12-15], it can
be concluded that the values of (¥ / Q)2m|0'9985 :

* grow with the increase of the ride velocity
but they do not exceed the limit value 0.8 for
the investigated speeds in the interval from
80 to 200 km/h (see Tablel),

e grow with the increasing amplitude of the
lateral irregularities, while the effect of the
vertical irregularities is practically negligible
(see Table 2),

* are practically identical for the front and rear
bogies, and significantly larger for the lead-
ing wheelset than for the trailing one.

The effect of various suspension parameters on safety
against derailment has been investigated in the work
[12] and the results are summarized in Table 3.

Table 1
The 99.85 percentile value (Y / Q)2m|09935 for various ride velocities v
bogie wheelset v =80 km/h v=120 km/h v =160 km/h v =200 km/h
leading 0.266 0.321 0.411 0.650
front/rear
trailing 0.105 0.134 0.236 0.482
Table 2

The 99.85 percentile value (Y / Q)2m|0 gogs for various amplitudes of the lateral y, and vertical z,, track irregularities;
ride velocity v=160 km/h

simulation results | running average with

the 2m window

probability distribution
function

heel Y w,exp>Z w,exp Yw = 2)’w,exp Yw=3y w,exp Zy = 2Zw,exp Zy= 3Zw,exp
. wheel- . —_ — — —
bogie set (experimental Zw= Zw,exp Zw = Zw,exp Yw = Yw,exp Yw = Yw,exp
realization)

leading 0.411 0.538 0.670 0.414 0.418
front/ rear —

trailing 0.236 0.377 0.447 0.237 0.237

Y/ Q - (y / Q)Zm - F(Y / Q)Zm - (Y / Q)Zm |0,9985 <0.8

99.85 percentile value

Fig.3. Evaluation of safety against derailment according to UIC Code 518 [12] -

the illustration of its consecutive steps based on the simulation results.
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Values of (Y /0),,,
k., 3 v=160 km/h

|0.9985

for various values of the suspension stiffness and damping parameters: ¢

Table 3

o k,.,c.. and

bogie wheelset ¢,, = 0 kNs/m ¢,, = 10 kNs/m ¢,, =20 kNs/m
(nominal value)
leading 0.444 0.426 0.411
front/rear
trailing 0.257 0.236 0.236
bogie wheelset k,.,=200 kN/m k,,= 414 kN/m k,,= 600 kN/m
(nominal value)
front/rear leading 0.413 0.411 0.446
trailing 0.234 0.236 0.212
bogie wheelset c..,= 0 kNs/m c..= 85 kNs/m c..=200 kNs/m
(nominal value)
leading 0.550 0.411 0.409
front/rear
trailing 0.509 0.236 0.136
bogie wheelset k., = 1000 kN/m k., = 1962 kN/m k., =4000 kN/m
(nominal value)
leading 0.400 0.411 0.411
front/rear
trailing 0.307 0.236 0.181

The obtained results show that the changes of stiff-
ness constants and damping coefficients usually af-
fect the values of (Y / Q)2m|0_9985 weakly, especially
for the leading wheelset, while the effect for the trail-
ing wheelset is slightly stronger. The important ex-
ception from this general rule is the breakdown of the
damper in the vertical primary suspension
(c., =0)which leads to a large increase of

Y/ Q)2m|0.9985 for all wheelsets even to doubling

this value for the trailing wheelsets). On the other
hand, the change of the damping coefficient in the
lateral secondary suspension (even ¢ ,,=0) modifies

(Y/ Q)2m|0 gogs Very slighty, by less than 10%.
Based on the obtained results presented in tables
1-3, it can be concluded that the wvalues of
Y/ Q)2m|0‘9985 are practically identical for the front
and rear bogies, and significantly larger for the lead-
ing wheelset than for the trailing one. The only ex-
ception is the case of ¢ =0 when the values of

(Y / Q)amlyoogs are only slightly larger for the lead-
ing wheelset than for the trailing one.

5. Effect of wheel and rail profile wear and track
condition

Several further simulation tests have been done
with objective is to study the effect of factors on the
running safety defined with the “safety against de-
railment” criterion discussed in the previous section.

The following factors have been investigated:

» different rail and wheel profiles (nominal and
worn),

* track sections with different quality (QNI1,
QN2),

e ride velocity (for every case of considered
profiles and track sections).

In the performed simulations three different pairs of
wheel and rail profiles have been applied: a pair of
the nominal S1002 (wheel) and UIC60 (rail) profiles
and two pairs of the worn S1002 and UIC60 profiles
— with medium and strong degree of wear. The
applied nominal and worn wheel and rail profiles are
shown in Ref.[3].

Simulation tests used in the running safety studies are
done for two sections of straight track with different
quality: QNI1, QN2. The respective standard
deviations of track irregularities are given in the
Table 4. The standard deviations are larger for the
QN2 section than for the QN1 section for every
component of track irregularities. In simulation tests,
the values of Y /Q for leading and trailing wheelsets

of front and rear boogies have been obtained for both
track sections, three pairs of wheel/rail profiles and
several ride velocities v. For each case the values

(Y/Q)2m|o.9985 are then
simulation results Y /Q as explained in Section 3.
The dependence of the obtained (¥ / Q)2m|0'9985

the wear of wheel and rail profiles, track quality, and
ride velocity v, is analyzed in the cumulative plot

calculated from the

on
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shown in Fig.3, for leading wheelset.

These results show that the effect of the considered
factors on the running safety is not always easily
predictable and interplay between different factors
can take place. First, it is found that the value of

Y/ Q)2m|0 9ogs Zrows with v for most investigated

running conditions. It confirms the well-known fact
that the ride velocity v is an essential factor in
running safety which decreases with the increase of

V.
Table 4.

Standard deviations of track geometric deviations of
alignment y ,level z,, gauge 2/ and cant %, for the QN1

and QN2 track sections used in simulations

Track ir-
) yplm] | z,[m] | 2/[m] h,, [m]
regularity
Track sec-
tion
QN1 0.00080 | 0.00106 | 0.00030 [ 0.00095
QN2 0.00122 | 0.00132 | 0.00054 | 0.00199
oa
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Fig 3. The 99.85 percentile value (Y /Q),,, |09985

wheelset of front/rear boogie for various rail and wheel profiles,
track conditions (QN1 and QN2) and ride velocities v.

for the leading

The track quality is another key factor which af-
fects the running safety. For all considered wheel/rail
profiles and ride velocities, the obtained values of

Y /70)sm | 09985 are usually much larger for the QN2

track section than for the QN1 section and the effect
of track quality becomes stronger for high ride ve-
locities.

The influence of the wheel and rail profile wear is
more complex. It is found on the basis of simulations
that in most cases the ratio ¥ /Q tends to decrease

for strongly worn wheel and rail profiles in compari-
son to nominal profiles. It is the result of a better
match between the worn wheel and rail profiles than
nominal ones. The dependence on the profile wear is
more pronounced for higher ride velocities and track
sections with poorer quality (e.g. QN2).

In conclusion, the running safety of railway vehi-
cle is strongly affected by both track quality and de-
gree of wheel/rail profile wear. However, this effect
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is diverse for different wheelsets and ride velocities.
6. Spectral analysis of derailment coefficient

The lateral (Y) and vertical (Q) forces at
wheel/rail contact in the simulation are the system’s
dynamic responses to the perturbation induced by the
random track irregularities. Thus, the ratio Y/ Q can

be treated as a stationary and ergodic stochastic proc-
ess which contains component oscillations with vari-
ous frequencies and random phases. Its spectral com-
position is analyzed with the power spectral density
(PSD) determined numerically from the signal Y /O .

This is done with Welch’s modified periodogram
method in which a long track section (0,L) is split

up into partly overlapping segments (L(Om),L(km)) of
the same length AL =L - . The Fourier trans-
form of a function y(x) = y(vt) is then computed for
each of the M segments (L(Om),L(km)) and a given spa-
tial frequency f:

Im 2
) .
(m) - i27f x
Sy (f)—E y(x)e ™ dx| “)
Lm
where m = I, 2,..., M. The estimator of the power

spectral density S,(f) for the whole track section is

found as the following arithmetic mean
1 M
Sy(f)=ﬁ25§m)(f) &)
m=1
The numerical PSD calculations based on the above

method are performed with the aid the pspect
procedure from the SCILAB package.
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Fig.4. Power spectral density of (a) lateral track irregularities y,,

and (b) local superelevation 4,



The investigated PSD, Sy,,(f) of the derailment

coefficient has been computed from Y /(Q obtained

in the simulations over a 4000 m track section. The
PSD of the track irregularities (lateral and
superelevation) are shown in Fig. 4. It is found that
the obtained PSD are nearly identical for the leading
wheelsets of the front and rear bogie. The same is
true for the two trailing wheelsets. However, the
spectral distribution of Sy ,,(f) is significantly
different for the leading wheelset than for the trailing
one. The PSD of Y /Q in the leading wheelset has
three main peaks with maxima at frequencies
£,=0.0lm™, £,=0.11lm " ,and f,=2f,=022m™";
see Fig. 5. In the case of the trailing wheelset, the
function Sy, (f) is concentrated within the spatial

1

frequency interval 0.06m™' < f<0.18m™ and it

attains the maximum for f, =0.11m™"; see Fig. 5.

The peak positions at spatial frequencies fi, f2, f3 do
not change when the ride velocity increases or if the
amplitudes of track irregularities become larger.
However, the magnitude of Sy ,,(f) grows with

increasing ride velocity v in the whole range of the

spatial frequencies f, particularly strongly near
f = f,. This corresponds to the increase of standard
deviation 0y, of Y/Q (see Table 5) which can be
expressed with the integral of the function Sy, (f)
over f . Similarly as the percentile values
Y/ Q)2m|()'9985 , the standard deviation gy, is larger

for the leading wheelset than for the trailing one
despite the fact that the peak values of S, (f) at

f=5r

wheelset.

are significantly larger for the trailing

By comparing the density Sy,,(f) with the
power spectral densities of track irregularities, it is
found [18] that the Y /Q component waves with the
spatial frequencies at f = f, are induced by the
dominating component waves in the lateral and verti-
cal track irregularities y,,, z,, which disturb the rail-

way vehicle motion. The Y /Q PSD peak at f = f,

originates from wheelset hunting. This conclusion is
reached by comparing the obtained Sy, (/) with the

PSD of the lateral displacement y -y and yaw
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Fig. 5. Power spectral density of Y/Q for the (a) leading and (b)
trailing wheelsets (left wheel) of the rear boogie; v = 200km/h.

rotation angle ¢ —(,, of a wheelset with the respect
to the track [14].

The third peak f; corresponds to the doubled fre-
quency f,. The origin of the peak at /= f; =21, ,is
investigated by analyzing the components of the lat-
eral contact force Y =Y, +Y, given by Eq.(1), see

Fig.1. First, it is found that while wheelset displace-
and "=y -y, have quasi-
sinusoidal dependence on time ¢ during the wheelset
hunting, the time dependence of the flange angle y

ments yD =YV

at the point of the wheel/rail contact is not given by a
similar smooth function of ¢, though the function

y(¢) has the same periodicity as y"(¢) and @"(z).
This is related to the non-linear dependence of
y = y(»", ") which results in large flange angle y at
maximum lateral displacements y~ of the wheelset

during hunting. This non-linearity generates second-

harmonic terms in the function y(¢) and, conse-
quently, in the forces components Y, =Fcosy,
Y, = Nsiny. This leads to peaks at f =2f, in the

power spectral densities of the derailment coefficient

Table 5

Standard deviation ¢ of Y /Q for leading and trailing wheelsets (left wheel) of the front boogie for

various ride velocities v

wheelset w =80 km'h v =120 km'h w =180 km'h v =200 km'h
leading 0034 0.0s0 0074 0140
trailing noleE 0.030 00s7 0145
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of Y/ Q. Thus the occurrence of the peak at the dou-
bled hunting frequency in the PSD of Y /Q is shown

to be the result of the strongly non-linear dependence
of the wheel flange angle at the wheel/rail contact
point on the wheelset displacement with respect to
the track. The important additional factor that facili-
tates the emergence of the Y /Q oscillations with

double hunting frequency the leading wheelset is the
significant difference between the oscillation phases
of the two components (Fcosy, Nsiny) of lateral

contact force Y : one proportional to the normal load
N and the other - to transverse tangent contact force
F, dependent on creepages at the wheel/rail contact.
The difference between the phases of the two lateral
contact force components is found to be much
smaller for the trailing wheelset which explains the
absence of the f =2f,peak in the corresponding

PSD of Y/Q. Such phase differences between the

oscillations of the two contact force components are
shown to be closely related to the phase shift between
the oscillations of the lateral wheelset displacement
(with respect to the track) and of the yaw angle (an-
gle of attack) due to wheelset hunting. This phase
shift is found to be significantly smaller for the lead-
ing wheelset than for the trailing one when the rail-
way vehicle negotiates geometrical irregularities
during its motion along the track.

It is also found that the spectral distribution of the
derailment coefficient depends strongly on the lateral
stiffness and vertical damping in the primary suspen-
sion, as well as on track condition (geometrical ir-
regularities) however its characteristic shape with one
or three peaks remains unchanged. The magnitude of
Syio(f) grows at each of three peak frequencies

f =1, /5. f; if the lateral stiffness in the primary
suspension is reduced; see Fig. 6. The failure of the
vertical damper in the primary suspension leads to a
three-fold increase of the peak value Sy,,(f) at

f = f, while other PSD peaks are much less affected.
It has been shown [14] that the characteristic three-
peak structure of Sy,,(f) exists for the leading

wheelset and the third peak is absent for the trailing
wheelset for track sections with significantly differ-
ent track irregularities.

0.20

v=160
a)
0.15 4
0.10 +
- W
0.00 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

f[1/m]
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Fig. 6. Power spectral density of Y/Q the (a,c) leading and (b,d)
trailing wheelsets (left wheel) of the front boogie for modified
parameters of the primary suspension: (a,b) lateral stiffness
constant (per wheelset) 1000 kN/m (nominal value 1962 kN/m),
(c,d) zero vertical damping (damper failure).

The relation of wheelset hunting to track condi-
tion is analyzed by simulations of the vehicle motion
for track irregularities with oscillations from various
spatial frequency ranges obtained by applying a
band-pass filter. It is concluded that the wheelset
hunting and the resultant peak of Sy ,,(f)at f = f,

are induced by the lateral track irregularities with
spatial frequencies from the interval
0.05m~'< £ <0.15m " including hunting frequency
/, . This conclusion is not so obvious (as it may seem
so at first) since the PSD of the applied lateral track
irregularities is concentrated almost entirely within
the interval 0< /' <0.05m~'; see Fig.4. This means
that relatively very small oscillatory component of
track irregularities is responsible for a major effect in
vehicle dynamics (i.e. wheelset hunting) and thus



leads to large component in the ratio of Y /Q

determining the running safety. The oscillations of
Y /Qrelated to hunting manifest in strong though

narrow peaks of the derailment coefficient Y /Q

with instantaneous values often exceeding the Nadal
limit (thought becoming smaller than 0.8 after
averaging with 2m window according to UIC 518
code.

7. Safety against derailment - statistical analysis of
local track irregularities

Track geometric irregularities are a major factor
which leads to large vales of the derailment coeffi-
cient Y/Q during the motion of a railway vehicle. The
relation between Y /Q and local track condition has

been studied with a statistical analysis of local track
irregularities performed for many peaks of Y/O ob-
tained in simulations of vehicle motion on a long
section of tangent track with random irregularities.
This analysis is done by considering the track irregu-
larities, e.g. the lateral irregularities

Y (X) = p, (xS +u) in the vicinity of different M

(%)

track points X =X,

Y/0

where the high peaks of

, exceeding 1.3, occur. The statistical average
I L )
Yw (H) _ﬁkz_lyw(xpeak +1/l) (8)

describes a typical dependence of y,, as a function of
the distance u from the track point at which the Y / Q

peaks are present. In a similar way, the statistically

av
w 2

averaged values at local superelevation 4, and of

the lateral wheelset displacement y;"(u)— v (u)
with respect to the track are determined. The obtained
values of y&'(u), A2 (u) and y"(u)—y3(u) are
shown in Fig.7.

It is found that within short track intervals, about
30 m long, directly before the Y/Q peaks, both lateral
irregularity and local superelevation contain domi-
nant oscillatory components of spatial frequencies
close to the spatial frequency of wheelset hunting,
equal to 9 m in the performed simulations. Thus, it is
concluded that local increase of oscillations of lateral

track irregularities y,, and local superelevation #,,,
with wavelenghts close to hunting wavelenght, is
responsible for the occurrence of the ¥ /O peaks and
consequently, for the increased risk of derailment.

This conclusion regarding the local track condi-
tion is in agreement with the previous results of the
spectral analysis of the ratio Y /O obtained for track
geometrical irregularities modified with band- pass
filter for chosen spatial frequency bands.
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superelevation and lateral displacement (with respect to the track)
of leading wheelset (in front bogie) in the vicinity of track points

statistically averaged values:

lateral  track irregularities, local

where the maximum values |Y / Q| >1.3 occur.

8. Conclusions

The results of reported investigations based on
numerical simulations for a non linear model of rail-
way vehicle show how the running safety is affected
by various factors, related to the vehicle build and
track conditions. The risk of derailment is assessed
according to current UIC and European technical
standards [5,24] with the aid of the wheel/rail contact
force ratio Y/Q. It is found to be strongly influ-

enced both by ride velocity and lateral track irregu-
larities, while changes of stiffness and damping coef-
ficients of the vehicle suspension modify the derail-
ment coefficient Y /Q less significantly, except for

the case of the breakdown of the damper in the verti-
cal primary suspension. Another important factor
which affects the safety against derailment is the
wear of wheel and rail profiles. The obtained simula-
tion results shown in that the Y /Q value decreases

for worn profiles which emphasizes the role of
matching the wheel/rail profiles in the process of
railway vehicle operation.

The spectral analysis of the derailment coefficient
Y /Q allows for enhanced investigation of the run-
ning safety in relation to the vehicle dynamical be-
havior and the track condition. The power spectral
density of Y /(Q have been found to contain up to
three main peaks, the first of which directly corre-
sponds to the spatial frequency of the dominating
oscillatory contributions in the lateral and vertical
track geometrical irregularities. The other two peaks
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in the PSD S, ,(f) result from the wheelset

hunting and they are concentrated around the spatial
frequency of hunting f, and at its double 2 £, . This

frequency doubling is obtained only for the leading
wheelsets and it is shown to be the result of the
strongly non-linear dependence of the wheel flange
angle at the wheel/rail contact point on the wheelset
displacement. The spectral distribution of the
derailment coefficient is also shown to depend
strongly on the lateral stiffness and vertical damping
in the primary suspension.

It is also found, by applying a band-pass filter to
track irregularities prior to simulations, that the
wheelset hunting and the resultant peaks emerging in
the PSD of Y /Q (at f = f,, 2f,) are induced by a

very small fraction of the total track irregularities
which corresponds to a spatial frequency range
centered at the hunting frequency. This conclusion is
confirmed by a statistical analysis applied to track
geometrical irregularities in the vicinity of track
points where large values of derailment coefficient
Y /O occur. It is found that lateral track irregularities

and superelevation on short track sections before
such points include large local oscillations with
wavelengths close the wavelength of wheelset
hunting which lead to the occurrence of local extrema
of Y/Q.
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