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Abstract. This paper presents a virtual test method for structure-borne noise 

generated from railway running gear. This method combines a number of exist-

ing tools to form a system approach. The wheelset and bogie frame are mod-

elled using FEM software Nastran to include details of their construction. The 

primary springs are simplified to standard CBUSH elements in Nastran with 

point and transfer stiffness modelled by frequency-dependent complex stiffness, 

which are tuned against measurements. The wheel-rail contact forces due to 

roughness excitation are obtained by the wheel-rail interaction tool TWINS. 

The vibration of the full running gear is simulated in Nastran by applying the 

wheel-rail contact forces. The forces transmitted to the vehicle body through 

traction bars and dampers are calculated for predicting structure-borne noise.   

Keywords: bogie, structure-borne sound. 

1 Introduction 

The concern of environment, climate change and increased living standards have 

driven road, railway and air industries to provide innovative technologies to develop 

better and more sustainable transport systems. The need to design quieter and more 

comfortable trains has never been higher than in the present time.  

The most important source of noise from the rail transport system is rolling noise 

caused by wheel and rail vibrations induced at the wheel/rail contact [1]. This is par-

ticularly the case for low-speed metros and light rail systems. The mechanism of roll-

ing noise has been well understood through many years of research and a validated 
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modelling tool, TWINS was also developed by Thompson et al. [2] to predict 

wheel/rail contact forces and radiated noise of wheel and rail. Rolling noise is trans-

mitted to the interior of vehicles through not only airborne paths, but also structure-

borne paths, which include the whole running gear system. Airborne transmission 

tends to be dominant at higher frequencies while structure-borne transmission at low-

er frequencies. The difference between the mechanisms of airborne and structure-

borne transmission also leads to different modelling approaches [1]. This paper focus-

es on the structure-borne noise. To control the structure-borne noise and vibration 

inside the vehicle, the whole running gear system including the bogie, suspensions 

and wheelsets must also be considered. However, a whole-system approach intended 

for use in design has not been reported before.  

In the automotive industry, the full vehicle structure is digitized and its operational 

conditions are simulated by computers to predict interior acoustic responses and to 

approve vehicle designs. The modelling approach is mainly based on approaches such 

as the finite element method (FEM). As many similarities for the noise and vibration 

problems are shared between railway and automobile industries, this type of virtual 

test process used in the automobile industry can also be applied to rail vehicles for 

structure-borne noise. The key to build a good virtual test process is to have a validat-

ed engineering method and efficient computational techniques. This paper presents a 

comprehensive virtual test method for the structure-borne noise inside railway vehi-

cles. 

2 Methodology 

The structure-borne path starts at the wheel/rail contact and propagates through the 

suspensions and bogie frame into the car body. The proposed method combines FEM 

for the running gear and the established TWINS method for the wheel/track interac-

tion, which together lead to a whole system approach. A trailer bogie of a metro train 

is used as an example for the proposed method. Structural components of the running 

gear, including the bogie frame, traction bars, dampers, wheelsets and axle boxes are 

modelled using FEM. Special attention must be given to modelling suspension ele-

ments as they often show frequency-dependent characteristics. The rubber bushings of 

the traction bar and dampers are modelled with complex stiffnesses, which have been 

obtained from laboratory measurements. The primary springs have been modelled as 

a series of lumped masses and springs. The stiffness of the springs also takes account 

of the internal mass effect of the rubber elements and has been tuned with the meas-

ured dynamic stiffness. The wheel/rail contact forces can be calculated using TWINS 

with measured wheel and rail roughness. For the full bogie system, each wheel is 

excited by the wheel/rail forces and frequency response analyses are then carried out 

in FE software. Dynamic forces transmitted to the train body through the connection 

points obtained from frequency response analyses can then be used for transfer path 

analysis (TPA). The structure-borne noise can then be predicted by using these forces 

together with noise transfer functions from forces at these positions to the interior 

sound pressure. These could be obtained either through simulations or measurements. 
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For frequencies up to 1 kHz, the number of acoustic modes is very high due to the 

size of the interior cavity of the railway vehicle. It is therefore very rare that the full 

vehicle body is modelled using FEM. In the present project measured transfer func-

tions have been used. The model has been validated against field-test data obtained 

from an experimental campaign. 

3 Structure-borne noise transmission model 

3.1 FE model  

In the present study, a trailer bogie of a Metro de Madrid vehicle is modelled using 

the FE package Nastran. The full FE model includes the bogie frame, a front wheel-

set, a rear wheelset, axle boxes, primary suspension springs, lateral dampers and trac-

tion bars, as shown in Fig. 1. The wheelsets, bogie frame and axle boxes are modelled 

using solid elements. The structural part of dampers and traction bars could also be 

modelled using solid elements or appropriate one-dimensional beam elements; the 

latter approach is used here. They are connected by bushing elements to the bogie. 

The primary suspension spring is modelled using spring elements with frequency-

dependent complex stiffness without FE representation of its structure. The whole FE 

model consists of over 1.36 million nodes. 

 

Fig. 1. The FE model for the bogie with dampers and traction bars modelled by 1D bar ele-

ments. 

3.2 Frequency-dependent stiffness 

The primary suspension spring is built with four layers of metal and rubber, as shown 

in Fig. 2. The dynamic model is composed of a series of masses and springs [3]. The 

mass-spring model was extended to include wave motion of rubber elements. As re-

sult, each spring has frequency-dependent point and transfer stiffness and this model 

gave the best correlation with dynamic tests carried out in laboratory. To simplify the 

global FE model, the series of masses and springs was reduced to a single frequency-

Wheel/rail forces Fixed boundaries   
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dependent spring for each direction, connected between wheelset and bogie frame. 

The stiffness matrix is expressed as  

 𝐾 = [
𝑘po −𝑘tr
−𝑘tr 𝑘po

]  (1) 

Note that the point stiffness kpo on the bogie side is different from the wheelset side 

due to the asymmetric build of primary spring whereas the transfer stiffnesses ktr are 

equal by reciprocity. To represent this stiffness matrix in Nastran, CBUSH element 

was used [4].  CBUSH element is a general spring and damper element with the capa-

bility of including frequency dependent stiffness and damping. A conventional 

CBUSH element, connecting bogie and wheelset, and two grounded springs on both 

bogie and wheelset sides have to be combined. These three springs together give the 

stiffness matrix as 

 𝐾 = [
𝑘tr −𝑘tr
−𝑘tr 𝑘tr

] + [
𝑘po − 𝑘tr 0

0 0
] + [

0 0
0 𝑘po − 𝑘tr

] (2) 

where the first part is a normal CBUSH and other two are grounded springs. 

For the traction bar and lateral damper, the measured dynamic stiffnesses of the 

bushing are applied to local coordinates which are defined to be the same as that used 

in the measurements. 

 

Fig. 2. Left, primary spring. Middle, cross section layout of rubber and metal. Right, the model. 

The frequency response calculation in FEM is usually carried out using a modal 

summation approach to reduce the computational cost. The modal equation is given 

by 

  (−𝜔2[𝑚] + 𝑖𝜔[𝑏] + [𝑘]){𝑞(𝜔)} = 𝑓(𝜔) (3) 



5 

where [m],[b] and [k] are modal mass, damping and stiffness matrices of the FE mod-

el and q(ω) contains the modal generalised coordinates. This approach can also be 

used for a system which contains frequency-dependent stiffness and damping. In this 

case, the mode shape obtained from the constant stiffness is used and a modal correc-

tion to the modal damping and stiffness matrices is carried out to account for the fre-

quency-dependent part of the stiffness. Eq.(3) becomes  

 (−𝜔2[𝑚] + 𝑖𝜔[𝑏 + Δ𝑏] + [𝑘 + Δ𝑘]){𝑞(𝜔)} = 𝑓(𝜔) (4) 

where Δk and Δb are modal correction terms which are due to ΔK and ΔB, the chang-

es of stiffness and damping in physical coordinates, given by 

 Δ𝑏 = [𝜙]𝑇[Δ𝐵][𝜙] (5) 

 Δ𝑘 = [𝜙]𝑇[Δ𝐾][𝜙] (6) 

where [𝜙] is the matrix of mode shapes.  

3.3 Wheel/rail contact force 

The contact force 𝐹⃗contact resulting from the wheel-rail interaction is calculated using 

a TWINS-like approach [2] as follows. For this, the roughness excitation 𝑅⃗⃗, and the 

receptance matrix [𝐴] of the wheel, rail and contact at the contact point are required. 

The contact force 𝐹⃗contact is then calculated according to 

 𝐹⃗contact = (
𝐹𝑧
𝐹𝑦
) = ([𝐴]𝑤 + [𝐴]𝑟 + [𝐴]𝑐)

−1𝑅⃗⃗ (7) 

The roughness excitation 𝑅⃗⃗ is actually an imposed displacement in the vertical direc-

tion, such that 𝑅⃗⃗ = (𝑅𝑧 , 0). Furthermore, the input roughness is filtered by the contact 

patch. This filtering effect depends on speed and wheel load. A Remington contact 

filter will be used here [1]. 

The receptance matrices [𝐴] of the wheel, rail and contact are calculated by differ-

ent means [3]. In the present paper, [𝐴]𝑤 is calculated with the FE method; [𝐴]𝑐 and 

[𝐴]𝑟 are calculated with TWINS.  

4 Results 

4.1 Contact forces 

Fig. 3 shows the lateral and vertical contact forces calculated from filtered roughness 

excitation. The wheel load is 6 tons and the vehicle speed is 60 km/h. The track dy-

namics was modelled with TWINS. Wheels 3 and 4 are the rear left and rear right 

wheels as shown in Fig. 1. Due to asymmetry of the wheelset, the left and right 

wheels of a wheelset have different contact forces.  
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Fig. 3. Wheel/rail contact forces. 

4.2 Forces acting on vehicle body 

Since the vehicle body was not considered, the so called blocked-force method was 

used. Therefore the connecting points on the bolster, to which the traction bars and 

lateral dampers are attached, are fixed in the Nastran calculations. The forces acting 

on these four nodes are forces transmitted to the vehicle. For each wheel, vertical 𝐹𝑧 

and lateral 𝐹𝑦 contact forces are correlated (longitudinal contact forces are negligible). 

However, contact forces on different wheels can be regarded as uncorrelated. There-

fore, the forces acting on the vehicle body can be obtained by superposition of the 

force calculated for each of the four wheels individually. Such calculation can be 

readily carried out with the random analysis capability available in Nastran. 

Fig. 4 (top figure) shows the resultant forces acting on the vehicle body by the trac-

tion bars and lateral dampers. The lateral dampers contribute more to the resultant 

force than the traction bars, in particular between 200 and 500 Hz. 

4.3 Interior noise  

The interior noise due to a single wheel is calculated by multiplying the transmitted 

forces obtained from above with transfer functions.  

 𝑝𝑖 = ∑ 𝐻𝑘𝑗𝐹𝑘𝑗𝑗,𝑘  (11) 

where i is 1 to 4 wheels, k is 1 to 4 corresponding to four connection positions to the 

vehicle body and j is 1 to 3 DoFs. The total structure-borne noise is finally given by 

 𝑝 = √∑ |𝑝𝑖|
2

𝑖  (12) 
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The transfer functions obtained through measurements and the predicted structure-

borne noise are shown in Fig. 4 (middle and bottom figures). The main transfer paths 

can be identified as the longitudinal direction of the traction bar and the lateral direc-

tion of the lateral damper. 

 

Fig. 4. Transmitted forces, measured noise transfer functions and predicted structure-borne 

noise from traction bars and lateral dampers 

 

Fig. 5. Comparison of structure-borne noise levels inside the vehicle for a microphone above a 

trailer bogie. 

Fig. 5 compares the total structure-borne noise predicted for one microphone posi-

tion inside the vehicle above a trailer bogie with the result from the experimental TPA 

as well as predicted contributions of the traction bar and the lateral damper. A very 
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satisfactory agreement in the total structure-borne noise is observed between 80 and 

400 Hz, which corresponds to the frequency range for which structure-borne noise 

was found to be significant during tests.  

At low frequencies (below 50 Hz), discrepancies could be related to the measured 

rail roughness or track impedance. Above 400 Hz, the computations under-estimate 

the structure-borne noise contribution, which is likely to be due to inconsistent stiff-

ness for the rubber bushings at the extremities of the lateral dampers and traction bars.  

5 Conclusions 

A virtual test method for the structure-borne noise of railway running gear has been 

presented in this paper. The bogie, wheelsets and suspensions have been modelled 

using FEM including dynamic properties measured in the laboratory. The excitation 

force on the wheel-rail contact has been calculated using TWINS. The blocked forces 

method was used to obtain the transmitted forces to the vehicle body. A case study 

implementing this method has been carried out on a metro vehicle using Nastran. The 

structure-borne noise inside the vehicle has been predicted using measured noise 

transfer functions. The developed model for the metro bogie requires validations 

against measurements, which will lead to further refinement and update to the model. 

Having validated the model, the developed virtual test model can be used to evaluate 

the impact of design changes at early stage, such as new material, component or noise 

and vibration countermeasure. Industry can potentially significantly shorten the de-

sign cycle and reduce costs of hardware tests. 
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