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Abstract: The dynamic performance of the railway vehicle, mainly the rolling comfort, strongly depends on the 

level of vibrations.  The suspension, when its characteristics are properly adopted, has the ability to maintain the 

vibration behavior at a level that will provide the passengers with comfort, even though velocities increase.  The 

vertical vibration eigenmodes, the bounce, the pitch and the bending of the carbody are essential for comfort.  

The paper proves that the level of the accelerations derived from these vibration eigenmodes is influenced by the 

extent of the suspension damping. 
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 1. INTRODUCTION 

  

 The rolling comfort is an important criterion for the analysis of the dynamics in railway 

vehicles and needs to always be considered when modelling and evaluating their behavior, as 

the railway transportation means a permanent change in the velocities [1]. 

 Besides other factors, the ride comfort is a function of the vehicle’s vibration behavior 

and, in particular, of the vibration eigenmodes. The vibrations of the vehicles develop both 

vertically and horizontally but the two vibrations are decoupled and can be studied separately, 

due to their construction symmetries.  As for the vertical, pitch, bounce vibrations and the 

carbody bending, they are fundamental for the vehicle dynamic behavior and they can impact 

the running behavior, comfort, safety and track quality [2].  

 Generally speaking, suspension plays an important role for the railway vehicle in terms 

of providing comfort from the vibration level perspective, upon a proper adoption of its 

characteristics [3-5]. In particular, the selection of the damping degree for a railway vehicle is 

a sensitive issue, since a too low damping can compromise the vehicle dynamic performance 

whereas a high damping will lead to an intensification of the vibration behavior, due to the 

dynamic stiffening effect [6].  The paper evaluates the influence on the vertical damping of 

the secondary suspension on the vibration eigenmodes of a railway vehicle. 

 

 2. THE VEHICLE MECHANICAL MODEL  

  

 The case here is of a four-axle vehicle, with two-stage suspension which travels at the 

constant speed V on a track with irregularities of longitudinal nivelment.  The mechanical model 

for the study of the vertical vibrations in the vehicle includes a body with parameters distributed 

for the carbody and a system of rigid bodies, respectively the wheelsets and the suspended masses 

of the two bogies (figure 1). The vehicle carbody of a length L is modelled via an Euler-Bernoulli 

beam of constant section and uniformly distributed mass, with the bending module EI, mass on 

length unit m and damping coefficient . The displacement of a beam section is w(x,t), where t is 

time.  
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Figure 1. The vehicle mechanical model. 

  

The bogies suspended masses are considered two-degree freedom rigid bodies, namely 

the bounce movement zbi and pitch bi, with i = 1, 2.  The mass of a bogie is mb and its inertia 

moment Jb. The suspension levels are modelled via Kelvin-Voigt systems. The elastic 

constants are kzb, kzc, and the damping ones czb, czc. 

Once the mechanics laws are implemented, the movement equations of the vehicle are:  

- for the carbody bending 
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where (.) is Dirac’s delta function, and Fi represents the force due to the i secondary bogie 

suspension that acts at the distance li from the carbody end. 

- for bounce of bogies 
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- for pitch of bogies 
 

 

0)2(2)2(2 4,23,12,14,23,12,12,1 bbbzbbbbzbbb aakaacI  ,          (3) 
 

where 2ab, 2ac are the axle bases of bogies and carbody and i with i = 1,..,4, the irregularities 

against the wheelset i. 
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While only considering the first two natural modes of bending, symmetrical and 

antisymmetrical, the vehicle vibrations are described by a 8-equation set that can be divided 

into two independent systems, by applying the modal analysis. These systems describe the 

symmetrical and asymmetrical movements: the carbody bounce, the symmetrical bending of 

carbody and the bogies symmetrical bounce; the carbody pitch, the antisymmetrical bending 

of carbody and the bogies antisymmetrical bounce [7]. 

 

3. THE SPECTRUM OF POWER DENSITY OF IRREGULARITIES 

 

As shown earlier, the study of the vehicle vertical vibrations involves the hypothesis that 

this vehicle runs on a track with random defects of a longitudinal nivelment.  Also, it is 

assumed that the rolling track random defects are stationary in nature. 

For the power spectral density of such irregularities, the ORE recommended forma [8] 
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where  is the wave number, c = 0.8246 rad/m, r = 0.0206 rad/m and A = 4,032 10
-7

 rad m 

or A = 1,080 10
-6

 rad m, depending on the track quality. 

The track irregularities become an excitation factor for a vehicle that travels at speed V 

and this is the reason why the power spectral density of the track irregularities need to be 

expressed as a function of the angle frequency  = V  and G( ) = S( /V)/V respectively.  As 

a result, the rel. (5) will trigger   
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Starting from the carbody frequency response ),(xHc  and the power spectral density 

of track irregularities, the acceleration power spectral density may be calculated at a point 

located at distance x from the carbody referential 
24 ),()(),( xHGxG cc .                                              (7) 

Further, the vehicle vertical vibrations behavior can be assessed, based on the 

acceleration spectral density.  For this reason, the acceleration spectral density matters in three 

reference points – at the carbody center and above the two bogies. 

 

 

4. THE EVALUATION OF THE VIBRATION DEPENDING ON THE 

SUSPENSION DAMPING 

 

This section introduces the results of the numerical simulations regarding the influence 

of the vertical suspension damping on the vibration eigenmodes in a passenger vehicle on a 

Y32R bogie, with a maximum velocity of 200 km/h.  
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In order to facilitate the analysis, the damping ratio of each suspension level is 

introduced, with reference values: b = 0.22, c = 0.12. 

In figure 2, we see the acceleration response at speed 200 km/h for the non-damped case 

(fig. 2, a) and for the reference values of damping ratios (fig. 2, b). At carbody centre, its 

response is due to only the symmetrical modes of vibration, bounce and symmetrical bending. 

Above bogies, vibration comprises all four vibration modes, and it results into an 

intensification of the vibration behaviour. Intensification in the vibration behaviour may also 

derive from the fact that the geometrical filtering effect is very much lowered, due to the 

position above bogie [9].  

 

 
Figure 2. Influence of damping upon carbody response: (a) b = 0, c = 0; (b) b = 0.22, c = 0.12; 

——, at carbody centre; −  −  −, above the front bogie; ∙ ∙ ∙ ∙, above the rear bogie. 

 

The peaks of resonance frequencies of symmetrical modes are noticed – low bounce at 

1.17 Hz, high pitch at 6.71 Hz and symmetrical bending at 8.1 Hz, plus the resonance 

frequencies of anti-symmetrical modes: high bounce at 6.65 Hz, low pitch frequency at 1.47 

Hz and anti-symmetrical carbody bending at 22.10 Hz. Likewise, a series of anti-resonance 

frequencies is to be noticed, as due to the geometric filtering effect.  For the reference values 

of the damping, it should be noticed that the acceleration power spectral density is dominated 

at the carbody center by the low vibration modes (the symmetrical bounce and the bending), 

while the low frequencies of the pitch and bounce prevail above the two bogies. 

Finally, it is worthwhile mentioning that the carbody vibration behavior above the two 

bogies is symmetrical when damping is absent; whenever damping is taken into account, 

sensible differences between the two bogies become visible. 
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Figure 3 presents the distribution of the acceleration power spectral density at the 

carbody center, for velocities ranging from 10 to 200 km/h. Three values of the damping 

degree of the secondary suspension are being looked at, namely c = 0,05; c = 0,12; c = 0,3.   

A first observation is related to the fact that an increase in damping will lead to a lower value 

of the carbody vibration level at the low bounce resonance frequency, whereas the vibrations 

intensify within the resonance frequency of bending. On the other hand, a higher damping 

modifies the extent of the vibration eigenmodes.  Thus, for the reference value of the damping 

degree (fig. 3, (b)) and for smaller values (fig. 3, (a)), the dominant vibration mode is 

represented by the low bounce.  Once the damping goes up (fig. 3, (c)), a system dynamic 

stiffening occurs, and the carbody bending becomes dominant for a wide range of velocities.  

 

Figure 3. Acceleration power spectral 

density at carbody centre: 

(a) c = 0,05; (b) c = 0,12; (c) c = 0,3. 
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Figure 4. Acceleration power spectral density 

above the front bogie:  

 (a) c = 0,05; (b) c = 0,12; (c) c = 0,3. 

Figure 5. Acceleration power spectral density 

above the rear bogie: 

(a) c = 0,05; (b) c = 0,12; (c) c = 0,3. 

 

The increase of damping also will trigger the same effect above the two bogies, which is 

a reduction in the level of vibrations (fig. 4 and fig. 5).  As already mentioned, the dominant 

frequencies of the acceleration spectral density are the ones corresponding to the low pitch 

and bounce, and a higher damping will not change it. On the other hand, the vibration 

behavior is different above the two bogies. While for the rear bogie the spectral density 

increases along with the velocity, for the front bogie the velocity will be around of 120 km/h 

because of the geometric filtering effect derived from the vehicle axlebase. 
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5. CONCLUSIONS 
 

The paper herein evaluates the influence of vertical damping of the secondary 

suspension on the vibration eigenmodes in a passenger vehicle.   Generally speaking, the 

acceleration power spectral density is dominated by the low vibration modes, at the carbody 

center – symmetrical bounce and bending, and above the two bogies – the low bounce and 

pitch.  An increase in damping will trigger a decrease in the vibration level for the small 

frequency range – at the low resonance frequency of bounce and pitch, whereas this vibration 

level will go up within the frequency range of the bending resonance.  For high values of 

damping, as an effect of the system dynamic stiffening, the carbody bending becomes the 

dominant vibration mode at the carbody center. 

In particular, a string of issues related to damping influence upon the carbody vibration 

behavior are being approached.  Thus, it is shown that damping activates the asymmetry in the 

carbody vibration level on either side of the carbody center.  The geometric filtering effect is 

being pointed out at and, similarly, its influence on the carbody vibration level in its reference 

points. 
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