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THE GEOMETRIC FILTERING EFFECT ON RIDE 

COMFORT OF THE RAILWAY VEHICLES 

Dragoș Ionuț STĂNICĂ1, Mădălina DUMITRIU2, Mihai LEU3 

The geometric filtering effect of the excitations derived from the vertical 

track irregularities is an important feature of the behaviour of vibrations of the 

railway vehicle.  The paper herein examines the influence of this effect upon the ride 

comfort, by using results from numerical simulations. The numerical simulation 

applications are developed on the basis of a rigid-flexible coupled vehicle model 

type, where the bogies and wheelsets are represented by rigid bodies and a ‘flexible 

carbody’ model is used for the carbody. The efficiency of the geometric filtering 

effect is determined on the basis of the velocity range covered by the geometric 

filtering velocities, at the resonant frequencies of the carbody vibration modes, 

relevant for the ride comfort. The results show that the ride comfort does not 

continually deteriorate due to the geometric filtering effect; this effect is efficient on 

a larger velocity range in the case of rigid carbodies. 
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1. Introduction 

The railway vehicle is a complex oscillating system, which exhibits 

vibrations behaviour with specific characteristics [1, 2]. The railway vehicle 

vibrations develop both in the vertical and horizontal plane, in the shape of 

translation and rotation moves, independent or coupled among them. The 

construction of the railway vehicle usually comply with the rules of geometric 

symmetry, inertial and elastic, hence the moves in the vertical plane can be 

regarded as decoupled from the ones in the horizontal plane and, for that reason, 

separately dealt with [3, 4].  

An important feature of the behaviour of vertical vibrations of the railway 

vehicles is the geometric filtering effect of the excitations coming from the 

vertical track irregularities. This effect exclusively depends on how the track-

generated excitations are conveyed to the suspended masses of the vehicle 

through the wheelsets, irrespective of the suspension characteristics. 
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In the last decade, the geometric filtering effect has been dealt with in a 

large number of scientific papers [5 - 14], which describe the conditions of 

occurrence for this effect, the filtering characteristics and the influence of this 

effect upon the vibrations behaviour of the railway vehicle. 

This paper examines the influence of the geometric filtering effect on the 

ride comfort of the railway vehicles. Ride comfort is one of the criteria for 

evaluating the dynamic behaviour of the railway vehicles [16]. This is used to 

describe the degree of the passengers’ comfort from the perspective of mechanical 

vibrations, taking into account the physiological characteristics of the human body 

[3]. The analysis stands on the results from numerical simulations developed on 

the basis of a theoretical model of rigid-flexible coupled type railway vehicle, 

which allows considering the vertical vibrations modes of the vehicle, relevant for 

the ride comfort – the carbody bounce, pitch and bending. 

The paper is further structured into five sections. The first one introduces 

the vehicle model and the motion equations, the second one describes the 

calculation methodology for the ride comfort index according to EN 12299 

standard [17] and UIC 513R leaflet [18], used in the paper to assess the ride 

comfort. A third section follows, with a synthetic description of the mechanism of 

geometric filtering occurrence and analysis of the efficiency of the geometric 

filtering effect at the resonance frequencies of the vibration modes of the vehicle 

carbody, depending on the geometric filtering velocities range. The section on 

results and discussions deals with the influence of the geometric filtering effect 

upon the dynamic response of the vehicle carbody, expressed as the power 

spectral density of the carbody vertical acceleration, and upon the ride comfort in 

three carbody reference points. These points, located at the carbody centre and 

against the two bogies, are considered critical points in terms of the ride comfort 

[19, 20].   

2. The railway vehicle model  

To study the geometric filtering effect upon the ride comfort at the vertical 

vibrations, the railway vehicle is reduced to a mechanical model equivalent of 

rigid-flexible coupled type (see figure 1) [13]. The two bogies and the 

corresponding wheelsets are modelled by rigid bodies. For the carbody, a ‘flexible 

carbody’ type model is adopted, where the carbody is represented by an Euler-

Bernoulli beam equivalent. This model allows to consider the vibration modes of 

the vehicle in the vertical plane that are relevant for the ride comfort, namely the 

carbody rigid vibration modes (bounce zc and pitch c) and of the bogies’ (bounce 

zb1,2 and pitch b1,2) and the first vertical bending mode of the carbody.  
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Fig. 1. The model of the railway vehicle. 

Each wheelset is connected to the bogie frame with a Kelvin-Voigt system 

that models the primary suspension. The bogie is linked to the carbody through 

the secondary suspension modelled via a ensemble comprising two Kelvin-Voigt 

systems. The Kelvin-Voigt system for translation on the vertical direction models 

the elements themselves of the secondary suspension, while the Kelvin-Voigt 

system for translation on the longitudinal direction models the transmission 

system of the longitudinal forces between the carbody and the bogie. The 

secondary suspension plane finds itself at distance hc from the carbody medium 

fiber and at distance hb from the bogie centre of gravity.   

The parameters of the model vehicle are shown in table 1.  

As for the track model, the rigid track hypothesis is being used. The 

vertical track irregularities are leading to vertical displacements of the wheelsets, 

noted with zw1...4. The vertical displacements of the four wheelsets zw1...4 equals the 

vertical track irregularity as follows: 

 

)(2,1 bcw aaxz += , )(4,3 bcw aaxz −= ,                                            (1) 

 

where (x) is the function of the vertical track irregularity and Vtx = is the 

coordinate for the carbody centre. 
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Table 1 

The parameters of the vehicle model. 

The parameters of the carbody and bogie 

Carbody mass mc = 34.0103 kg Carbody length Lc = 26 m 

Bogie suspended mass mb = 3.20103 kg Carbody wheelbase 2ac = 19.0 m 

Carbody inertia moment  Jc = 1.96106 kgm2 Bogie wheelbase 2ab= 2.56 m 

Bogie inertia moment Jb = 2.05103 kgm2 Distances of the 

secondary suspension 

plane 

hc = 1.30 m 

Bending modulus EI = 3.02109Nm2 hb = 0.20 m 

The parameters of the secondary suspension per bogie 

Vertical damping  2czc = 34.3 kNs/m Vertical stiffness  2kzc = 1.2 MN/m 

Longitudinal damping 2cxc = 50.0 kNs/m Longitudinal stiffness  2kxc = 4.00 MN/m 

The parameters of the primary suspension per wheelset 

Vertical damping  2czb = 26.1 kNs/m Vertical stiffness  2kzb =2.2 MN/m 

 

It is considered that the track vertical irregularities can be represented as a 

stationary stochastic process, which can be described via the power spectral 

density [17] 
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where  is the wavenumber, c = 0.8246 rad/m, r = 0.0206 rad/m, and A is a 

coefficient depending on the track quality (A = 4.03210-7 radm for a high level 

quality track, and A = 1.08010-6 radm for a low level quality).  

As a function of the angular frequency  = V, where V is the vehicle 

velocity, the power spectral density of the track irregularities is 

])(][)([

)/(
)(

2222

32

rc

c

VV

VA

V

VS
G

++


=


= .                                      (3) 

The motion equation of the carbody vehicle has the general form 
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where E is longitudinal modulus of elasticity, I - inertia moment of the beam’s 

transversal section),  - structural damping coefficient, and c = mc/Lc – beam 

mass per unit length; (.) is Dirac’s delta function; distances l1,2 = Lc/2 ± ac fix the 

supporting points position of the carbody on the secondary suspension. Fzc1.2 and 

Fxc1.2 represent the forces due to the secondary suspension, 
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The vertical displacement of the carbody medium fiber wc is the result of 

having the three vibration modes overlapped – bounce, pitch and vertical bending, 

 ( ) )()()(2/)(),( tTxXtLxtztxw cccccc +−+= ,                                            (7) 

where Tc(t) is the coordinate of the carbody bending and Xc(x) represents the 

natural function of this vibration mode, described in the equation  

  
cc

cc
c

LL

xxLL
xxxX

−

+−
−+=

coshcos

)cosh)(cossinh(sin
sinhsin)( ,              (8) 

with 4 2 )/(EIcc= , 1coshcos = cc LL ,                                                       (9) 

where c is the natural pulsation of the carbody bending. 

  The application of the modal analysis help infer the bounce, pitch and 

vertical bending equations, 
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where kmc is the carbody modal stiffness, cmc - carbody modal damping and mmc - 

carbody modal mass. 

The equations of bounce and pitch motions of the bogies are 
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where Fzb1...4 represent the forces due to the primary suspension,  

)(2)(2 2,1112,1112,1 wbbbzbwbbbzbzb zazkzazcF −+−−+−=   ,                   (15) 

)(2)(2 4,3224,3224,3 wbbbzbwbbbzbzb zazkzazcF −−−−−−=  .                  (16) 

The motion equations for the carbody and bogies make up a 7-equation 

system with ordinary derivatives. The system can be matrix-like written  
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ww zz RPKppCpM +=++  ,                                                                  (17) 

where M, C and K are the inertia, damping and stiffness matrices, P and R are the 

displacement and velocity input matrices, and zw is the vector of the 

heterogeneous terms. 

3. Calculation of the ride comfort index at vertical vibrations 

According to the standard of railway applications EN 12299 [17] and the  

UIC 513R leaflet [18], the cuantification of the comfort to vibrations is performed 

with ride comfort index ride comfort index (NMV), and with a conventional scale 

linking the values of this index and the comfort sensation (see table 2). 
Table 2  

The significance of the ride comfort index NMV. 
 

Ride comfort index NMV Significance 

      NMV < 1 Very comfortable 

  1 ≤ NMV < 2 Comfortable 

 2 ≤ NMV < 4 Medium 

4 ≤ NMV < 5 Uncomfortable 

     NMV ≥ 5 Very uncomfortable 

 

The ride comfort index is calculated with the general relation [17, 18] 
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where aX, aY and aZ is the root mean square of the longitudinal, lateral and vertical 

carbody acceleration, 95 refers to the quantile of order 95%, and Wad, Wab 

represent the weighting filters of the longitudinal, lateral, respectively vertical 

acceleration.  

To evaluate the ride comfort for vertical vibrations, a partial ride comfort 

index is used, defined as in the general relation [17] 
abW

MVZ aN 956= ,                                                                                          (19) 

where Wab = WaWb represents the weighting filter of the vertical acceleration.  

The filter Wa is a passband filter with the following frequency weighting 

function 
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where s = i (with i2 = -1),  f1 = 0.4 Hz, f2 = 100 Hz and Q1 = 0.71 .   
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The filter Wb takes into account the high human sensitivity to the vertical 

vibrations and has the frequency weighting function in the form of   
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where f3 = 16 Hz, f4 = 16 Hz, f5 = 2.5 Hz, f6 = 4 Hz, Q2 = 0.63, Q4 = 0.8 and K = 

0.4.   

Figure 2 shows the frequency weighting functions of the weighting filters 

Wa and Wb, whereas the figure 3 showcases the frequency weighting function Hab 

=HaHb of the filter Wab. The latter shows that the mean comfort takes into 

account the higher sensitivity of the human body to vertical vibrations within the 

frequency interval of 4 Hz and 16 Hz.  

 
Fig. 2. The frequency weighting functions: (a) of the filter Wa; (b) of the filter Wb . 

 

 
 

Fig. 3. The frequency weighting function of the filter Wab . 

 

 As for the ride comfort, three carbody reference points are important, 

considered critical points [19, 20]. These points are marked in figure 1: C is 
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located at the carbody centre and B1 and B2 above the bogies, against the carbody 

leaning points on the secondary suspension.   

 The root mean square of vertical acceleration of the carbody reference 

points is calculated on the basis of the power spectral density of the carbody 

vertical acceleration, defined as follows 
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cTcczcCC HLXHGHGG ,           (22) 
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where )(CH  and )(
2,1
BH  stand for the response functions of the vertical 

acceleration of the carbody reference points, calculated in dependence on the 

frequency response functions corresponding to the rigid vibration modes of 

bounce and pitch )(
czH , )(c

H , and to the vertical bending )(
cTH ; )(G is 

the power spectral density of the vertical track irregularities (see eq. 2). 

The root mean square of vertical acceleration is calculated as below 
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When adopting the hypothesis that the vertical accelerations have a 

Gaussian distribution with the null mean value, we will have the following 

relation to calculate the partial ride comfort index in the carbody reference points  
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where )95.0(1−  represents the quantile of the standard Gaussian distribution 

with the probability of 95%, and Hab() = Ha()Hb(). 

4. The geometric filtering effect 

The geometric filtering effect is an important feature of the behaviour of 

vertical vibrations of the railway vehicles. The mechanism of generating the 

geometric filtering relies on the movements of the wheelsets’ planes coming from 

the excitations resulting from the track. The vertical track irregularities are 
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transmitted to the wheelsets, thus producing vertical motions of bounce and pitch 

of their planes (fig. 4).  

Under certain conditions, based on geometrical considerations, the plane 

of the wheelset of a bogie can only have pitch motions, as the bounce motion is 

not transmitted to the bogie frame – the plane of the wheelsets filters the bounce. 

Similarly, the plane of the wheelset can only have bounce motion, the pitch 

motion is not transmitted to the bogie, as the plane of the wheelsets filters the 

pitch.  

 
 

Fig. 4. The plane movements of the bogie wheelsets:  (a) bounce; (b) pitch. 

 

By combining the motions of bounce and pitch of the wheelsets planes of 

the two bogies, the symmetrical and asymmetrical motion modes of the planes of 

the vehicle wheelsets result, as shown in figures 5 and 6. For the symmetrical 

bounce of the vehicle wheelsets planes, all four vehicle wheelsets move in phase, 

whereas the wheelsets of a bogie are in anti-phase with the wheelsets of the other 

bogie for the antisymmetrical bounce of the wheelsets planes. The symmetrical 

pitch of the vehicle wheelsets planes is defined by rotations in anti-phase of the 

wheelsets’ planes of the two bogies, while the anti-symmetrical pitch is described 

by in phase rotation motions of the wheelsets’ planes [8, 12, 13]. 

 

 
 

Fig. 5. The bounce of the vehicle wheelsets planes:  

(a) symmetrical bounce; (b) antisymmetrical bounce. 
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Fig. 6. The pitch of the vehicle wheelsets planes:  

(a) symmetrical pitch; (b) anti-symmetrical pitch. 

Practically, the geometric filtering effect is the result of the phase shift of 

the vertical motions of the wheelsets, generated by the track irregularities, where 

this shift comes from the distance between the vehicle wheelsets and velocity. 

This will provide the geometric filtering a selective character, depending on the 

bogie wheelbase, carbody wheelbase and velocity, hence a differentiated 

efficiency along the vehicle carbody and depending on the velocity.  

The velocities corresponding to the geometric filtering effect depend on 

the bogie wheelbase or the carbody wheelbase and the excitation frequency f = 

/2 [14].  

The symmetrical and antisymmetrical bounce of the wheelsets planes is 

filtered by the distance between the bogie wheelsets – the geometric filtering 

effect caused by the bogie wheelbase, at the velocities 
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whereas the symmetrical and antisymmetrical pitch of the wheelsets planes is 

filtered by the bogie wheelbase at the velocities   

n

fa
V b2
= , with n = 1, 2, ....                                                                    (29) 

The distance between bogies also filters the bounce and pitch motions of 

the wheelsets planes - filtering effect due to the carbody wheelbase. For the 

symmetrical bounce and the antisymmetrical pitch of the wheelsets planes, the 

geometric filtering effect is maximum at the velocities   
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V c , with n = 0, 1, 2, ... ,                                                              (30) 

and for the symmetrical bounce and antisymmetrical pitch of the wheelsets planes, 

at the velocities  

n
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V c2
= , with n = 1, 2, ...                                                                     (31) 
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Figures 7 and 8 feature the filtering velocities at the resonance frequencies 

of the carbody bounce (1.17 Hz), carbody pitch (1.53 Hz) and carbody bending (8 

Hz) calculated with relations (28) - (31), where nmax = 15.  

 
 

Fig. 7. Filtering velocities corresponding to the geometric filtering effect given by the bogie 

wheelbase (a) for the symmetrical and antisymmetrical bounce of the wheelsets planes;  

(b) for the symmetrical and antisymmetrical pitch of the wheelsets planes.  

 
 

Fig. 8. Filtering velocities corresponding to the filtering effect given by the carbody wheelbase:  

(a) for the symmetrical bounce and antisymmetrical pitch of the wheelsets planes;  

(b) for the antisymmetrical bounce and the symmetrical pitch of the wheelsets planes.  
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The diagrams in figure 7 show that the bogie wheelbase generates a 

filtering effect at very low velocities, under 30 km/h, at the resonance frequencies 

of the carbody bounce and pitch. At the resonance frequency of the carbody 

bending, most filtering frequencies are in the range of low velocities, under 50 

km/h, save for the maximum filtering velocity.  

Based on the diagrams in figure 8, the range of the filtering velocities 

corresponding to the filtering effect due to the carbody wheelbase is analysed, 

excluding for this from the analysis the maximum filtering speeds. The filtering 

velocities of the symmetrical bounce and the antisymmetrical pitch of the 

wheelsets planes at the frequencies of 1.17 Hz and 1.46 Hz, do not exceed 55 

km/h and 65 km/h, respectively. Similar observations can be made in relation to 

the filtering velocities of the antisymmetrical bounce and the symmetrical pitch in 

the wheelsets planes, namely filtering velocities being lower than 40 km/h and 50 

km/h. Most of the filtering velocities are to be noticed to be in the range of very 

low values, under 20 km/h. As for the filtering velocities at the carbody bending 

frequency, they cover a large interval, spanning up to circa 365 km/h for the 

symmetrical bounce and antisymmetrical pitch of the wheelsets planes and 274 

km/h for the antisymmetrical bounce and symmetrical pitch of the wheelsets 

planes. Nevertheless, most of the filtering velocities do not exceed 150 km/h. 

The efficiency of the geometric filtering effect is assessed based on the 

velocity range covered by the filtering velocities. Summarizing of the above, the 

conclusion can be that the geometric filtering effect is efficient at only low and 

very low velocities, at the resonance frequencies of the vehicle carbody bounce 

and pitch. Likewise, the filtering velocities cover a large interval, including high 

running velocities, at the resonance frequency of the carbody bending. 

5. Results and discussion 

This section analyzes the results of the numerical simulations concerning 

the dynamic response of the vehicle carbody and the ride comfort in the carbody 

reference points, when running on a low quality track.  

 The diagrams in figure 9 present the dynamic response in the carbody 

reference points, expressed as the power spectral density of the vertical 

acceleration, for 20 - 250 km/h. At the carbody centre, the power spectral density 

of acceleration is dominated by the bounce vibrations (at 1.17 Hz). In the 

reference points located above the two bogies, the dominant vibration modes of 

the carbody are the pitch (at 1.53 Hz) and bounce. For high velocities, the peaks 

corresponding to the carbody bending can be also noticed in all reference points 

of the carbody (at 8 Hz). This vibration mode has a greater weight at the carbody 

centre [22, 23]. Along with the resonance frequency peaks of the carbody 

vibration modes, a series of minimum corresponding to the geometric filtering 
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effect can be seen. These values are more visible in figure 10, where the power 

spectral density of the vertical acceleration at the resonance frequencies of the 

carbody vibration modes is presented. It is observed that due to the geometric 

filtering effect, the behavior of vibrations of the carbody does not continually 

intensify with the increase in velocity.  

 The power spectral density of acceleration has a succession of maximum 

and minimum values; the maximum points correlate with the situation when the 

geometric filtering effect does not operate, while the minimum points show 

against the geometric filtering velocities. As above, the geometric filtering effect 

is more efficient at the resonance frequency of the carbody bending, in which case 

it covers a velocity range up to 200 km/h. Within this interval, most filtering 

velocities are found between 50 and 150 km/h. 

 

 

Fig. 9. Power spectral density of the carbody vertical acceleration:                                                     

(a) in point C; (b) in point B1; (c) in point B2. 

 

 
 

Fig. 10. Power spectral density of the carbody acceleration (PSD acceleration) at the resonance 

frequencies of the carbody vibration modes.      

 

The increase in the carbody bending frequency in the 7 to 10 Hz interval 

leads to a reduction in the carbody flexibility by raising the bending modulus (EI) 

from 2.42109 Nm2 to 4.93109 Nm2 (see figure 11).  
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In this case, the velocity range covered by the geometric filtering 

velocities is expanded, thus increasing the efficiency of the filtering effect at high 

velocities. The diagrams in figure 11 show another important aspect, namely the 

reduction of the carbody bending vibrations by reducing the carbody flexibility.                                               

 

 
 

Fig. 11. Influence of the bending frequency on the  

power spectral density of the carbody acceleration. 

  

 
 

Fig. 12. Ride comfort index depending on the vehicle velocity. 

 

Figure 12 shows the ride comfort indices in the carbody reference points 

calculated for velocities between 20 and 250 km/h. As a rule, the comfort index 

increases along with the velocity in all the carbody reference points. The 

increment of the comfort index is not continuous, however, due to the geometric 

filtering effect, which introduces a series of minimum values, velocity-dependent. 



The geometric filtering effect on ride comfort of the railway vehicles                       151 

This effect is more visible up to velocity of 150 km/h. Regarding the values of the 

ride comfort indices in the carbody reference points, it is observed that they are 

very close up to the velocity of 80 km/h. As the velocity increases, the highest 

values of the comfort indices are recorded in the reference points above the two 

bogies. At high velocities, the comfort index at the carbody centre becomes 

comparable with the comfort indices in the points above the bogies. For instance, 

the comfort indices have the following values at 250 km/h - 1.91 – in point C, 

1.82 – in point B1, 1.86 – in point B2.  

 

 
 

Fig. 13. Ride comfort index depending on the carbody bending frequency. 

 

Based on the diagrams in figure 13, the influence of the geometric filtering 

effect upon the ride comfort index is analyzed, in correlation with the carbody 

bending frequency.  
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One observation is that the ride comfort index is affected by the increase 

in the carbody bending frequency in all the reference points, irrespective of 

velocity. Visible changes in the ride comfort index are nevertheless recorded at 

the carbody centre for high velocities, where the weight of the carbody bending 

vibrations is important (see figure 9, diagram (a)). As shown above, the geometric 

filtering velocities rise along with the carbody bending frequency (see figure 10). 

This is evident in the variation of the ride comfort index with the bending 

frequency, since the minimum values of the ride comfort index corresponding to 

the filtering velocities are moving in the sense of bending frequency increase.  

6. Conclusions 

The paper examines the influence of the geometric filtering effect of the 

excitations coming from the vertical track irregularities upon the dynamic 

response of the vehicle carbody and on the ride comfort. This analysis relies on 

the results from the numerical simulations concerning the power spectral density 

of the vertical acceleration of the vehicle carbody and ride comfort index in three 

important points of the carbody. The numerical simulation applications are 

developed on the basis of a theoretical model of the railway vehicle  that takes 

into account the vertical vibration modes of the vehicle that are relevant for the 

ride comfort – the carbody bounce, pitch and bending.  

The efficiency of the geometric filtering effect at the resonance 

frequencies of the vertical vibrations modes of the vehicle carbody is appreciated 

on the velocity range covered by the filtering velocities. At the resonance 

frequencies of the carbody bounce and pitch, the geometric filtering effect is only 

efficient at low and very low velocities. Instead, the filtering effect is efficient on 

a large velocity interval, which also covers the high velocities, at the resonance 

frequency of the carbody bending. 

Due to the geometric filtering effect, the vibrations behaviour of the 

carbody does not intensify continually along with the velocity increase. This 

aspect is also emphasized for the ride comfort; the rise of the comfort index along 

with the velocity is not continuous due to the geometric filtering effect, which 

introduces a series of minimum values, velocity-dependent. For the flexible 

carbodies, the geometric filtering effect influences the ride comfort, mainly at 

velocities under 150 km/h. The velocity range extends itself through the reduction 

of the vehicle carbody flexibility. As for the efficiency of the geometric filtering 

effect in the carbody reference points, the geometric filtering has been confirmed 

to be more visible at the carbody centre, where the weight of the carbody bending 

vibrations is important.  
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