Abstract

Railway track irregularities consist of a deviatiointhe inside edge of the rail from
the ideal geometric rail contour and may occur edanng the passage of the
vehicle at a very low speed. Track irregularitiesn cinfluence the dynamic

behaviour of railways bridges and increase dynatoad effects. This paper

addresses the influence of different irregularitoes the dynamic behaviour of a
medium span bridge. Random irregularities, contusu@ll over the rail, are

considered. The maximum response of the bridgelatisments and accelerations,
at the mid span is calculated. For these calculatibe dynamic model of the ballast
track, present in the ERRI studies, is used andrebponse of the ballast is also
analysed.

Keywords: irregularities, railway bridges, ballast trackglmispeed trains.

1 Introduction

The response of railway bridges under the moviamtis a complex task involving
dynamic interaction between the vehicles and thégbr The train running with
high speed induces dynamic impact on the bridgeyibration of the bridge affects
the running stability and comfort of the train. Thesponse of the bridges is
conditioned by several factors: the characteristiche bridge, first frequency and
damping; the characteristics of the vehicles: speadber of axles, axle spacing,
axle loads and the characteristics of the ballestki stiffness, damping and
roughness profile. Several of these factors areamnor dominated by statistical
uncertainties, for example the track irregulariti@sd an appropriate assessment of
the dynamic response of the bridge requires theldpment of probabilistic models
where the consideration of randomness is applied.

In order to avoid complex dynamic calculations, wehy the bridge and specific
track profiles are considered, the eurocode [l]iep@ factore” to increase live



load effects which represents the additional dyeareifect due to track
irregularities. The purpose of this paper is tosprg the dynamic response of a
medium bridge when different profiles for superelgan irregularities are
considered. Two wavelength ranges are used: Bis<Z5 m, and D2, 28.<70 m,
whereby the amplitude is defined as the maximurhttigger alarm limits given in
[2], for the alert limit, and consequently for mi@nance operations. The maximum
response of the bridge, displacements and acdelesatat mid span, and the
acceleration on a sprung mass, simulating the faxte of the train are presented.
As the dynamic model of the ballast track, preskentethe ERRI studies [3], is
implemented between the bridge and the moving \ehtice response of the ballast
is also analysed.

2 Thebridge/track/vehicle system

The railway ballasted track model is made of sdwelements which represent the
rails, the sleepers, the connections between aaits sleepers, and the ballast. A
large variety of ballasted track models has beeestigated, from the simple 2D
model, where a single rail is modelled as an itdifdernoulli-Euler or Timoshenko
beam resting on supports defined by springs, dasn@ged point masses, to more
complex 3D models, where both rails are taken atwount and bending and shear
deformation of the sleepers are included. In tmesdels, the ballast bed is included
through vertical spring and damper elements [4]e[B]. The ballast model used in
this investigation is presented in the ERRI studieghe subject, [3]. In this model,
the connections between rail and sleeper are iedlas linear springs and viscous
dampers acting in parallel. Their elastic and dampproperties are mainly
determined by the properties of the material amdntfanufacturing processes. The
sleepers are included as rigid bodies with poirdsn@he ballast bed is included as
discrete linear springs and viscous dampers, thresmohthe ballast is included as
point mass instead of distributed mass, and spangsdampers are used to simulate
the connection between bridge and ballast. Theegabi the mechanical properties
for each model are presented in [3].

The bridge deck is a prestressed concrete, 23.8rsnking, simply supported slab
with a slightly variable depth and a mass per lamgth of about 21 ton/m, existing
on the Austrian Railway, [7]. The stiffness of tirdge is EI=18722 MNfand the
first frequency is g=2.7 Hz. These parameters defined a flexible sirecat the
lower frequency limit permitted by [1] and the reaace effects are very critical. A
damping of 1% was assumed, as prescribed in [Ahridges with a span320 m.

In order to ensure that the resonance effects n@renderestimated, the ICE2 train
was selected because it has the largest numbesgolarly repeating groups of
axles. Additionally all the ICE2 vehicles have telaly high unsprung masses of 2
tonne, for the power car, and 1.7 tonne for allcboaxles. The vehicle model
applied in this study is formed by a single unsprorass N and a sprung mass,M
supported by a spring with stiffness,kand a damper, representing the viscous
damping mechanism, with constant Che values of the parameters for the vehicle
model are presented in [3].



The software ADINA is used to compute the dynangsponse, by direct time
integration of the system of the dynamic equilibridifferential equations using the
Wilson-8 method. Concerning the damping, the Rayleigh matas used, that is,
C=a-M+p-K, with constants. andf3 compatible with the value &f at the first and
fourth eigenfrequencies of the bridge.
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Figure 1: The vehicle/track/model system considered

3 Evaluation of the Irregularities Effects

3.1 Track superelevation irregularities

Railway track irregularities are normally due topenfections, to fabrication, to the

construction of the track or even due to inadequadetenance. There are several
kinds of irregularities that may be found on raywaidges: deterministic, isolated

or regular along the rail, or irregular random oaddong the rail, their probabilistic

idealization involves the use of the theory of ktstic processes. An appropriate
mathematical modelling of these irregularities dam based on the concept of
stationary stochastic process, whose probabilistiacture can be conveniently
characterized by their respective power spectnasithefunctions G(€2), in whichQ

is the spatial frequency (rad/m). According to [#is power spectrum can be
represented by the following formula for superetmra
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where A=0.59E-06 rad.n);=23.3E-03 rad/m an®,=13.1E-02 rad/m, for the class
6, according to thé&ederal Railroad Administration (FRA), class 6 indicating the
best quality. For this study, the value of A wasumsed in order to establish samples
profiles of irregularities with root mean-squarelwes similar to the alert limits
proposed in [2]. The irregularities were consideneder a vertical deformation of
the rail of the ballasted track.

The generation of an artificial discrete profiletbé rail can be performed based on
the previous knowledge of the power spectral derfsihction G;(Q2), assuming
such a profile given by a Fourier series, as faflow



r(x)=zn:Ai [Bos(Q; (x-6) (2)
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Qi is a frequency within the interval of relevant &pal content, Ais the amplitude

of the corresponding harmonic wawg,is the random phase angle with uniform
distribution in the interval [0/2 and n is the total number of harmonic waves
considered. The amplitude #an be determined from a given power spectralifens

by

Aj =400 [6(Q) 3)

whereAQ; is the frequency increment. Figure 2 representsastificially generated
profiles using different intervals of wavelengtiixl and D2, as defined in [2]. In
figure 2a) D1, 3A<25 m, and Figure 2b) D2, 26<70 m, the red lines indicate the
alerts limits for standard deviation.
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Figure 2: Track superelevation irregularities desfiwith wavelengths range: a) D1
and b) D2.

Special attention should be paid to short wavelengfects, D1, which, although
unlikely, can become dangerous when their amplitsidiggh.

3.2 Resultson thebridge

When a dynamic analysis is made, a series of spgeds the maximum design
speed must be considered. The maximum design $pek@ times the maximum
live speed at the site. Calculations were madesf@eds in the interval [140, 300]
km/h with a step of about 5 km/h. A smaller stepswadopted around the resonant
speeds.

Considering the different profiles of irregulardje the displacements and
accelerations were computed and the maximum valisted against the speed. As
it can be seen in Figure 3 and Figure 4, the resgwnof the bridge appear that track
irregularities have a greater effect on deck acaBens than on dynamic
deflections. For speeds below 200 km/h, the respoofs the bridge for the
irregularities with wavelength D1 are more critidhlan the irregularities with
wavelength D2. At resonance, the values for botlasbns are very similar, see



also Figure 5. Based on the maximum deflection arwkleration of the bridge at
mid-span, values of the parametetsy ando" i cafepresenting the increase in the
deflection and in the acceleration due to the tia@gularities can be calculated at
different speeds by the expressions (4) and (5):
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Figure 3: Comparison of the maximum response obtldge taken the wavelength
range D1: a) Displacements; b) Accelerations.

4.0E-02 10.0
3.5E-021— —— Ballast track A 90 T T Balast track witholt 7\
without irreg / \ 8077 irreg
_ 3.0E-02- @ [\
e —— Ballast track / \ £ 7.077|——Ballast track
E 2.5E-021— imeg_FRA6_D2 / ® 601 ireg_FRA6_D2 / \
E 2.0E-02 \ £ 50
g 1ee02 § 40 /
2 1l0E o2 / g 30 //
8 1.0E
N <20
5.0E-03 10
0.0E+00 T T T T T T T 0.0 T T T T T T T
140 160 180 200 220 240 260 280 B0O 140 160 180 200 220 240 260 280 B0O
Speed (kmvh) Speed (km/h)
a) b)

Figure 4: Comparison of the maximum response obtldge taken the wavelength
range D2: a) Displacements; b) Accelerations.
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Figure 5: Comparison of the maximum response obtldge taken: a) the
wavelength range D1; b) the wavelength range D2.

dmaxirre IS the maximum deflection of the beam at mid spéh irregularities and
dmax 1S maximum deflection of the beam at mid-sparaut irregularities.
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amaxirre IS the maximum acceleration of the beam at miadh spi¢h irregularities and
anax IS maximum acceleration of the beam at mid-spginoart irregularities.

3.3 Resultson the ballast
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Figure 6: Maximum acceleration response of thealsatiaken: a) the wavelength
range D1; b) the wavelength range D2.

The Figure 6 represents the maximum accelerationshe ballast mass of the
railway track at the mid-span of the bridge. Thepmnse of the ballast on the
resonance of the bridge is very similar for bothations, but for speeds lowers than
220 km/h the irregularities with the wavelength ganD2 leads to higher

accelerations.

3.4 Resultson the normal contact force between rail and whed

Figure 7 represents the comparison between thenmuaxiand minimum values
obtained for the normal contact forces of the fowvheel of the ICE2 train, for the
different situations analysed: the perfect railwanack, irregularities with
wavelength range Dland irregularities with wavetengange D2. The vertical
contact between wheel and rail has been modellddavspring according the Hertz
theory [8]. The consideration of irregularitiesdsdo higher and lower values on the
normal contact forces between the rail and the Wiiesn those obtained for the
perfect railway track. It can also be concluded, tfie perfect railway, that the
normal contact forces increase as the speed dfdimeincreases, but for the railway
with random irregularities this behaviour is nosetved: the maximum difference
happens for speeds between 180 km/h and 257.5 kn@'lresonance speed of the
bridge, mainly for the irregularities with wavelehgange D2.
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Figure 7: Comparison between the maximum and mimnmnalues of normal
contact forces of theawheel of the train ICE2.

3.5 Resultson sprung mass of the vehicle

Figure 8 represents the comparison between thenmaxivertical accelerations
on the sprung mass of the fourth axle of the tfainthe different situations
analysed. The comfort criteria depend on the \adraccelerations inside the coach
during the passage over the bridge. The level aiffod is associated to limiting
values for the vertical accelerations given in @)ery good level is associated to a
maximum acceleration equal to 1.0 fn/a good level equal to 1.3 r/and an
acceptable level equal to 2 m/§or the perfect railway, the vertical accelenasio
increase as the speed of the train increases,djpeed lower than 180 km/h the level
of the comfort is very good and for speeds gredten 265 km/h the level of
comfort is smaller than the acceptable.
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Figure 8: Comparison between the maximum and mimnalues of normal
contact forces of thewheel of the train ICE2.




When the wavelength range D1 is considered, itb@aobserved that the level of
comfort on the vehicle decreases, and correspomdbe acceptable level. For
speeds greater then 265 km/h the level of com®oiess than acceptable. The
consideration of the irregularities with the wavegth range D2 establish vertical
accelerations, on the forth sprung mass, greager 2hm/§, so the level of comfort
is always less than acceptable.

4 Conclusions

Several researchers and railway institutions hawelied the influence of the
irregularities on the dynamic behaviour of the sgstvehicle/ballast track/bridge,
for example [4] and [6]. In this paper the respoosethe several elements of the
vehicle/ballast track/bridge system is analysed. tRat we have considered track
superelevation irregularities, implemented on thié defined as random variables
with an appropriate amplitude and wavelengths. ddses considered correspond to
short wavelength D1,<3.<25 m, and D2, 28.<70 m. The amplitude was defined as
the maximum that would trigger the alarm limits ander to be limited by
maintenance action.

The response of the bridge allows to conclude tizatk irregularities have more
effect on deck accelerations than on deflectiopscislly for speeds lower than 220
km/h. On the resonance response the values fordiifitions are similar to those
obtained for the perfect railway. This conclusienvalid on the response of the
ballast mass, but here, is observed the considarati the irregularities with the
wavelength range D2 is more adverse than the ilmagas with the wavelength
range D1.

The normal contact forces between the wheel andaihés analysed too and it can
be concluded that the consideration of irreguksitestablishes higher and lower
values on the normal contact forces between tHearad the wheel than those
obtained for the perfect railway track. Althoughr the perfect railway, the normal
contact forces increase as the speed of the tramireases, for the railway with
random irregularities this behaviour is not vald,the maximum difference happens
for speeds between 180 km/h and 257.5 km/h, theneexe speed of the bridge,
mainly for the for the irregularities with wavelghgange D2.

In terms of the comfort level, the considerationrcggularities decrease the level of
the comfort determined for the perfect railway. Titregularities with wavelength
range D2 establish very high vertical acceleratiomghe fourth sprung mass of the
train, conducting to a level of comfort lower thaine acceptable level. The
irregularities with wavelength range D1 determirsues of vertical accelerations
corresponding to the acceptable level in all dymaamalysis. According to these
results it can stated that although the bridge shewwme sensitivity to the presence
of irregularities on the railway track, the crificeehaviour seems to happen on the
ballast, on the normal contact forces between theelvand the rail and on the
vertical acceleration of the sprung mass. For ltinidge, the traffic safety and the
passenger comfort are influenced by the presencerrefularities, even for
irregularities where the alert limit is defined.
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