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Abstract 

The noise produced during a train pass-by originates from several different sources such as 

propulsion noise, noise from auxiliary equipment, aerodynamic noise and rolling noise. The 

rolling noise is radiated by the wheels and the track and is excited by the wheel and rail 

unevenness, usually referred to as roughness. The current TSI Noise certification method, 

which must be satisfied by all new mainline trains in Europe, relies on the use of a reference 

track to quantify the noise from new vehicles. The reference track is defined by an upper 

limit of the rail roughness and a lower limit of the track decay rate (TDR). However, since 

neither the rail roughness nor the track radiation can be completely neglected, the result 

cannot be taken as representing only the vehicle noise and the measurement does not allow 

separate identification of the noise radiated by wheel and track. It is even likely that further 

reductions in the limit values for new rolling stock cannot be achieved on current tracks. 

There is therefore a need for a method to separate the noise into these two components 

reliably and cheaply. The purpose of the current study is to assess existing and new methods 

for rolling noise separation. Field tests have been carried out under controlled conditions, 

allowing the different methods to be compared. The TWINS model is used with measured 

vibration data to give reference estimates of the wheel and track noise components. Six 

different methods are then considered that can be used to estimate the track component. It is 

found that most of these methods can obtain the track component of noise with acceptable 

accuracy. However, apart from the TWINS model, the wheel noise component could only be 

estimated directly using three methods and unfortunately these did not give satisfactory 

results in the current tests.  

 

Keywords: Railway noise; rolling noise; experimental methods; source separation; transfer 

path analysis; beamforming 

 

1. Introduction 

 

Railway noise originates from several different sources such as propulsion noise, noise from 

auxiliary equipment, aerodynamic noise at high speeds and rolling noise. The rolling noise is 

radiated by the vibration of the wheels and the track and is excited by the combined wheel 

and rail unevenness, usually referred to as roughness [1]. A high level of roughness in 

combination with low damping of wheel and rail leads to high levels of rolling noise. This 

noise source is considered to be dominant for train speeds up to more than 300 km/h [2]. In 



3 
 

efforts to reduce rolling noise by improved design and to quantify it in relation to vehicle 

certification, a key question is related to the separation of the noise radiated by the wheel 

from that radiated by the track. Without such a separation, certification tests can be 

influenced by the track properties and do not only measure the vehicle noise. Moreover, 

improved designs of vehicle or track may not be properly assessed if the vehicle contribution 

to the noise is masked by the track. 

 

The current certification tests defined in the Technical Specification for Interoperability (TSI) 

Noise [3] and ISO 3095 [4], which must be satisfied by all new mainline trains in Europe, 

rely on the use of a reference track to quantify the noise from new vehicles. The reference 

track is defined by an upper limit of the rail roughness and a lower limit of the track decay 

rate (TDR) which are intended to minimise the influence of the track on the measurement. 

However, since neither influence of the rail roughness nor the contribution from the track 

radiation can be completely neglected in such a test, the result cannot be taken as representing 

only the vehicle noise and the measurement does not allow separate identification of wheel 

and track noise contributions. 

 

Current understanding of railway rolling noise is largely based on the theoretical work of 

Remington [5, 6] and Thompson [1, 7]. This has been implemented in the TWINS model [8], 

which is a prediction tool, developed on behalf of the European railways (ERRI) in the 

1990s. It takes a roughness spectrum as the input and uses the dynamic properties of the 

wheel (from a finite element model) and the track (from an analytical model) to calculate 

their dynamic interaction. Sound radiation is calculated from the vibration of wheel, rail and 

sleeper. Validation measurements [8, 9, 10] have shown that the model can predict the overall 

noise level to within 2 dB and the result in any one-third octave band to within about 5 dB. 

However, this uncertainty was largely attributed to uncertainty in the inputs, particularly the 

roughness. The division into wheel and track components was also verified by means of 

intermediate vibration measurements. The estimates of radiated sound due to wheel and track 

vibration were found to be reliable to within about 2 dB in any one-third octave band 

provided that wheel and rail vibration measurements are available. Although TWINS can be 

considered to be an accurate separation method, the emphasis in the present work is on 

developing a method that is experimentally based and therefore less reliant on expertise in 
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using the models. Moreover, it should not require measurements on the vehicle such as wheel 

vibration but should be possible to execute from the trackside.  

 

The roughness of the wheels and rails can be measured directly [11, 12]. For the TSI and ISO 

test procedure [3, 4] it is required to measure the rail roughness of the test site. However, 

measurements of wheel roughness are not required and would add considerable extra effort. 

An alternative is provided by the Pass-by Analysis method (PBA) which uses rail vibration 

measurements to extract the track decay rate, the combined effective roughness and the total 

transfer function from roughness to noise [13, 14, 15]. The PBA method does not directly 

separate wheel and track contributions although it can form the basis for separation methods, 

as described later in this paper. 

 

Several experimental methods for performing this separation have been proposed and tested 

in previous work with varying results. Different levels of rolling noise separation were 

defined within the STAIRRS project [13]. Level 0 indicates that no separation is achieved; 

only overall noise levels are obtained. Level 1 separation provides the wheel and track sound 

pressure levels in a given situation. Level 2 separation provides the wheel and rail roughness 

as well as the vehicle and track transfer functions. Level 3 separation is intended to provide 

all necessary data to assess the complete vehicle and track interactions. This would normally 

only be required if the vehicle or track are non-standard, for example with resilient wheels. 

 

Various types of acoustic transfer functions can be determined for the track and the vehicle 

separately by using measurements on a stationary vehicle and track. In particular, transfer 

functions from contact force to sound pressure can be measured directly using an 

instrumented hammer impacting on the wheel or rail surface or reciprocally by using a 

loudspeaker near the track [16]. The latter is preferred as it can overcome potential problems 

of poor coherence in direct measurements using an impact hammer. For the track transfer 

function, ideally the vehicle should be present but dynamically decoupled from the track, 

which is difficult to achieve. For the wheel measurement the vehicle should again be 

decoupled from the track but some artificial damping should be introduced to simulate the 

‘rolling damping’ present during running. In order to use these transfer functions to obtain the 

vehicle and track noise contributions from a moving vehicle, they have to be converted into 

transfer functions from combined roughness to sound pressure. To achieve this some 

correction functions were derived in the STAIRRS project based on the TWINS model [13]. 
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The results are used with measurements of the combined wheel and rail roughness to 

determine the track and vehicle contributions to the rolling noise. 

 

Another method developed in the STAIRRS project is called the MISO method (Multiple 

Input Single Output separation method) [17]. This was based on simultaneous measurements 

of the sound pressure and track vibration during the train pass-by. The vibroacoustic 

Frequency Response Functions (FRFs) between the track vibration signals and the sound 

pressure at a close microphone were determined using the parts of the signals corresponding 

to the middle of the vehicles. These were combined with the vibration measured over the 

whole pass-by to estimate the track contribution. The result could then be transposed to the 

standard microphone position using geometrical attenuation. 

 

A ‘reference vehicle’ method was proposed and tested in the METARAIL project [18, 19] 

and further investigated in the STAIRRS project [13]. The principle was to measure the 

sound pressure level and rail vertical vibration level during the passage of a quiet vehicle 

with only rolling noise sources and relatively quiet wheels. These measurements were used to 

estimate a transfer function for the track by assuming that the vehicle contribution is 

negligible. The test vehicle was then measured in the same way. The track contribution was 

determined from the rail vibration during the passage of the test vehicle and the previously 

determined track transfer function. Some experience was gained with this method using 

wagons with bogie-mounted shields [18]. These reference vehicles were not ideal, however, 

as the shielding also reduced the track noise contribution. Vehicles with small wheels were 

used in reference [13]. 

 

In a similar way, the use of a reference track method could be envisaged to determine the 

vehicle contribution. However, even for a quiet TSI-compliant track, the track contribution 

usually exceeds the vehicle one over a large part of the frequency range. No current track 

design is known that would be suitable for such a method.  

 

Microphone arrays with beamforming [20] have been used since the 1980s to locate sources 

on a moving train, with the main application being aerodynamic sources [21, 22]. The 

steering of the array should follow the moving source and the Doppler shift should be 

removed from the signals, for example by resampling [23]. The spatial resolution depends on 

the frequency, with the width (aperture) of the main lobe in the array pattern depending on 
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the ratio of the acoustic wavelength to the array size. Thus at low frequencies large arrays are 

required and it becomes difficult to separate sources that are close together. Conversely at 

high frequencies the results can be subject to spatial aliasing leading to ghost images. 

 

Some attempts have been made to use microphone arrays to study rolling noise [24, 25]. 

However, a common feature of these measurements is that the wheel noise is found to be 

prominent. Although this may be the case in the situations considered, Kitagawa and 

Thompson [26] indicated that the assumption of a distribution of uncorrelated point sources 

in beamforming processing is not appropriate for the rail, which is a distributed source 

radiating at a certain angle with respect to the normal. If the array is focused mainly in a 

direction normal to the rail it is expected that this will suppress the rail contribution [26]. This 

is considered in the present paper as the basis of a new method to identify the wheel 

contribution. 

 

The purpose of the study presented here is to assess existing and new methods for rolling 

noise separation. Dedicated field tests have been carried out under controlled conditions 

allowing the different methods to be compared. The principle of wheel and track separation is 

summarised in Section 2 and the field measurements are described in Section 3. The TWINS 

model [8] is used with measured vibration data to give reference estimates of the wheel and 

rail contributions as described in Section 4. Six different methods are then introduced in 

Section 5 that can be used to estimate the track component and three that can estimate the 

vehicle component (two of which are common to the assessment of both track and vehicle 

components). Each has been applied independently by different organisations and the results 

have been compared with the reference results without further adjustment or tuning. A 

comparison of the results is presented in Section 6 and conclusions are given in Section 7. 

 

2. Overview of noise sources 

 

Figure 1 shows schematically the various sources contributing to the noise during a train 

pass-by. The purpose of a separation method is to identify the different contributions to the 

measured noise. The noise emission is defined over the transit time Tp of the train (or vehicle) 

pass-by at constant speed, as used in the TSI [3] and ISO standard [4]. The pass-by sound 

pressure level is obtained in the form LpAeq,Tp measured at 7.5 m from the track centreline and 

1.2 m above the top of rail.  



7 
 

 

 

 

Figure 1. Schematic representation of the vehicle and track contributions including rolling 

noise and other sources, and excitation by wheel and rail roughness and vehicle and track 

transfer functions. 

 

The pass-by sound pressure level in dB can be expressed as the energy sum (i.e. the sum of 

mean square pressures given in dB, symbol ) of the noise radiated by the vehicle Lp,veh and 

by the track Lp,tr (omitting the subscripts Aeq,Tp for clarity): 

 

veh,tr,),( ppp LLfvL     (1) 

 

The vehicle noise can be expressed as the energy sum of rolling noise Lp,veh,roll, traction noise 

Lp,veh,tract, aerodynamic noise Lp,veh,aero and noise from auxiliary systems such as ventilation fans 

Lp,veh,aux: 

 

auxveh,,aeroveh,,tractveh,,rollveh,,veh, ppppp LLLLL    (2) 

 

In this paper, only rolling noise sources are considered, so the separation methods under 

consideration are limited to those identifying wheel and/or track rolling noise contributions. If 
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other sources such as motors, fans or aerodynamic noise can be neglected, equation (1) applies 

but with both components consisting only of rolling noise. This corresponds to Level 1 

separation [13]. 

 

The representation of rolling noise in Figure 1 is based on the TWINS model [8]. The rolling 

noise is excited by the combination of wheel and rail roughness. The total effective roughness 

level in dB LR,tot in a particular frequency band is given by the energy sum of the rail 

roughness Lr,tr and the wheel roughness Lr,veh, modified by the contact filter CF, expressed in 

dB [15]: 

 

  CFveh,tr,tot,  rrR LLL  (3) 

 

The roughness is a function of wavelength  so that the corresponding frequencies f depend 

on the train speed v according to: 

 

f = v /    (4) 

 

The total effective roughness excites both the wheel and the track, causing them both to 

radiate noise. Thus the vehicle noise can be expressed as a combination of the total effective 

roughness level and a transfer function LHpR,veh  from effective roughness to sound pressure, 

also expressed in dB: 

 

veh,tot,veh, HpRRp LLL   (5) 

 

where, in this case, the addition is a simple arithmetic addition of dB values. Similarly, the 

track noise can be expressed as a combination of the total effective roughness level and a 

transfer function LHpR,tr: 

 

tr,tot,tr, HpRRp LLL   (6) 

 

These transfer functions can also be normalised to the number of axles per unit length, APL = 

Nax/Lveh where Nax is the number of axles per vehicle and Lveh is the vehicle length [13]. This 
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normalisation is required if track transfer functions are to be compared between different 

vehicle types.  

 

As the TSI requires only the overall A-weighted level it would be sufficient in the first 

instance to provide Level 1 separation in terms of overall levels. However, to provide more 

information, separation in terms of one-third octave spectra is preferred. Moreover, Level 2 

separation allows results to be transferred to other situations, for example other speeds, or 

even other sites. An intermediate level (“Level 1.5”) could be envisaged where the vehicle 

and track transfer functions are obtained but only the total roughness is known, not separated 

into wheel and rail.  

 

It should be mentioned that the vehicle contribution can, in principle, be estimated from the 

total and track noise levels by using a subtraction: 

 

 10/10/

10veh,
tr,tot, 1010log10 pp LL

pL   (7) 

 

However, care must be taken when using this formula, especially when the vehicle noise 

level is similar to or less than the track noise level, as the uncertainty can be increased 

considerably by the subtraction operation. As an example, Figure 2 shows half the error range 

in the wheel noise estimate introduced by an error margin of 1, 1.5 and 2 dB in the track 

noise estimate (assuming that the total noise is determined correctly). This is plotted against 

Lp,tot – Lp,tr, the level difference between total noise and track noise. If the track noise 

contribution is 3 dB less than the total, indicating that wheel and track contributions are 

equal, the error in the wheel noise estimate is greater than that in the track noise. If the level 

difference is smaller than 3 dB the error in the wheel noise estimate increases dramatically. If 

uncertainties are also present in the total noise the error margins increase further. For this 

reason, methods relying on Equation (7) are not considered in the present study. 
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Figure 2. Half the error range in wheel noise estimate from Eq. (7) assuming that the total 

noise is known correctly and that the track noise has an uncertainty of 1, 1.5 or 2 dB. 

 

3. Measurement campaign 

 

A measurement campaign was arranged to collect data to test various separation methods. A 

dedicated test train was used for the measurements consisting of an electric locomotive and 

three similar carriages, as shown in Figure 3. The carriage wheels were of type BA093 with 

diameter, as new, of 0.95 m. The wheels on the test bogie had a partially worn diameter of 

0.938 m. The vehicles were all disc-braked to give smooth wheels. On the central carriage, 

one bogie, used as the test bogie, was unbraked to ensure that the roughness remained the 

same. Apart from the locomotive, the only sources of noise on the train were from rolling 

noise (wheels and track). By analysing the sound spectra from different parts of the train it 

was found that the noise levels when the locomotive was in front of the microphones were up 

to 10-15 dB higher than the rest of the train for frequencies below 630 Hz. However, there 

were no consistent differences between the results for bogies 4/5, 6/7 and 8, confirming that 

the locomotive had negligible influence on the results at the centre and rear of the train. 
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Figure 3. Schematic view of test train indicating the test wheelset (6.1). The red rectangle 

indicates the test section used for analysis.  

 

One wheel (numbered 6.1 in Figure 3) was instrumented with accelerometers and a telemetry 

system to allow the vibration of the wheel to be measured during the train passages. A 

telemetry system was used to transmit the acceleration signals to recording equipment inside 

the vehicle. A similar procedure was used for example in [8]. The mobilities of this wheel in 

axial and radial directions were measured prior to the running tests and used to tune a finite 

element model of the wheel by adjusting the natural frequencies and modal damping ratios. 

The measured and calculated mobilities are shown in Figure 4. 

 

(a) 

 

(b) 

Figure 4. Wheel point mobilities: (a) axial; (b) radial.  

 

The test site was located near Haspelmoor, north of Munich in Germany. The track consisted 

of UIC60 rails mounted with relatively soft rail pads on concrete monoblock sleepers laid in 

ballast. The track at the test section was straight and free of gradient. The track decay rates 
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for vertical and lateral motion were measured in accordance with EN 15461 [27], and are 

shown in Figure 5. These decay rates are rather low in comparison with the limits given in the 

TSI [3]. By fitting these measurements with results from a track vibration model based on a 

Timoshenko beam on a dual layer foundation [1], the dynamic pad stiffness was identified as 

105 MN/m in the vertical direction and 14 MN/m in the lateral direction. The results from the 

model are also shown in Figure 5 for comparison. 

 

 

(a) 

 

(b) 

Figure 5. Track decay rates (a) vertical; (b) lateral.  

 

The rail roughness was measured using a corrugation analysis trolley [11] and analysed into 

one-third octave bands of wavelength. The average spectrum is shown in Figure 6 and 

compared with the limit curve from ISO 3095:2013 [4] from which it can be seen that the 

track was relatively smooth although slightly above the limit between 20 and 40 mm 

wavelength.  

 

The wheel roughness of the four wheels in the test bogie was measured using the system 

RM1435. Three traces were measured on each wheel, at the nominal running line and at 

10 mm. The average of these measurements over all four wheels is shown in Figure 6. The 

wheels can be seen to be smoother than the rails apart from the wavelength range between 0.1 

and 0.315 m. Considerable variation was found in the roughness between different wheels at 

wavelengths longer than about 50 mm. 
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Figure 6. Average rail and wheel roughness spectra and total roughness.  

 

The track was instrumented at three different contiguous sections with accelerometers and 

microphones for use with the different separation methods described below. Different 

microphone positions were used at the three sections, as listed in Table 1, which also 

indicates the separation methods tested at each section. Details of these methods and the 

instrumentation used will be given in the appropriate sections of the paper.  

 

It was confirmed that the track decay rates and rail roughness were similar at each of these 

track sections. The test train ran past the trackside instrumentation a number of times over a 

period of two days in June 2016, giving results for three runs at each of 40, 80 and 160 km/h. 

The locomotive, although not coasting, was driven on minimum power to maintain a constant 

speed. During the test runs the train always passed in the same direction. 
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Table 1. Details of the measurement sections used for each method 

Method 

Track 

section 

Microphone 

distance from 

nearest rail 

(m) 

Microphone 

height above 

rail head (m) 

Beamforming 

TWINS with track vibration 

PBA with assumed distribution function  

PBA with previous vehicle transfer function  

A 7.5 1.5 

Wave Signature Extraction (WSE) B 1.2 –0.1 

Advanced Transfer Path Analysis (ATPA) 

MISO method 
C 2.8 0.5 

 

 

4. Reference results 

 

For comparison with the results obtained with the various separation methods tested in this 

study, a set of ‘reference’ results has been produced for each track section; different noise 

levels are obtained at each section due to the different microphone positions, as listed in 

Table 1. To obtain these reference results, use is made of the TWINS model [8] together with 

measured vibration data.  

 

The TWINS model can be used to predict the various components of radiated noise and has 

been validated through field measurements [8, 9, 10]. It is normally used with inputs 

consisting of measured wheel and rail roughness and various parameters to define the track 

and wheel dynamic properties. However, to improve the reliability of the separation 

achieved, in the present study it is used with measured vibration. In [10] it is shown that the 

uncertainty in the predictions is much reduced by basing them on measured vibration. 

 

Poor agreement with measured noise was obtained below 315 Hz, but this is possibly due to 

the influence of wind on the microphones, especially at the close positions. In the analysis 

only the results from 315 Hz to 5000 Hz have been used, which are sufficient to determine 

the overall A-weighted levels to within 0.2 dB compared with the full spectrum. 
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The procedure followed was that first a TWINS model was produced using best estimates of 

various parameters, including rail pad stiffness, track decay rates and wheel mobilities. The 

resulting predicted spectra were found to be close to the measured ones although with some 

differences. It is not possible to enter measured vibration directly into the TWINS software. 

Therefore, to obtain an estimate of the track noise corresponding to the measured track 

vibration, the predicted levels of track noise were adjusted by multiplying by the ratio of 

measured to predicted track vibration. This was carried out separately for the rail vertical, rail 

lateral and sleeper contributions. The measured wheel vibration has not been used in this step 

as this was found to lead to worse agreement with the overall noise; instead, the predicted 

wheel noise from the previous step is retained. Nevertheless, the predicted wheel vibration 

spectra have been checked against the measured ones and found to be broadly consistent, as 

shown in Figure 7. Differences may have occurred due to uncertainties in locating the exact 

section of the pass-by corresponding to the test section. Moreover, the measured vibration 

represents a single wheel whereas the TWINS prediction should represent all wheels in the 

test section and therefore uses the average roughness. 

 

Finally a small difference remained with the measured noise spectrum, so all components 

were adjusted such that the total noise matched the measured noise spectra; that is, the 

difference between measured and predicted total noise is applied as a correction to each 

component. It is assumed, in performing this step, that the measured noise consists only of 

rolling noise, and that the relative contributions of wheel and track in the prediction are 

correct in each frequency band. The corrections applied in the final step, i.e. the differences 

between the total predicted noise and the measured noise, are shown in Figure 8. These 

differences are mostly less than 2 dB with a standard deviation of 1.5 dB and a maximum 

value of 4.1 dB. 

 



16 
 

 

 

Figure 7. Comparison of measured axial wheel vibration with results from TWINS for three 

runs. (a) 40 km/h; (b) 80 km/h; (c) 160 km/h. - - - Measured,  calculated. 

 

 

Figure 8. Corrections applied to the reference results in the final step of the procedure. - - - 40 

km/h,  80 km/h,  160 km/h.  
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Figure 9 shows an example of the contributions of wheel, rail vertical, rail lateral and sleeper 

vibration to the overall noise spectrum at track section A after applying the adjustments 

described above. Characteristically, the wheel is the dominant component above 2 kHz 

whereas the rail is dominant between 315 and 1600 Hz, with the vertical component of rail 

noise greater than the lateral above 630 Hz and the lateral component greater below this 

frequency. The wheel is also important at 250 Hz. Similar results have been found previously 

for other wheel and track designs [9, 10]. 

  

Figure 9. Reference separation based on TWINS results after adjustment to match total 

measured spectrum at track section A. Example run at 80 km/h, shown as A-weighted 

spectra.  

 

The measured overall noise levels at track section A, together with the track and wheel 

components according to the reference results, are listed in Table 2. These are expressed as 

LpAeq,Tp averaged over the length of the test section marked in Figure 3. From this it can be 

seen that the track contribution is within 0.9 to 1.7 dB of the total noise, suggesting that 

estimates of the wheel noise based on Equation (7) would be subject to very large 

uncertainty, see Figure 2. According to the results in Table 2 the noise levels from the track 

are between 3.2 and 6.4 dB greater than those from the wheel. Similar trends are found for 

the other track sections. 

 



18 
 

The method used to obtain these reference results is not considered as a practical method of 

separation, since it is not expected that all the data required for this analysis would normally 

be available as part of a TSI test, in particular the tuned wheel model, wheel roughness and 

wheel vibration (although the latter was not used here). However, the results obtained here 

should provide a good approximation to the actual separation between wheel and track noise 

components and are therefore considered as reference results. 

 

Table 2. Summary of A-weighted noise levels obtained according to reference results for 

track section A, LpAeq,Tp dB re 210-5 Pa (based on 315 Hz to 5000 Hz one-third octave 

bands) 

 Total Track Wheel 

40 km/h 73.4 71.7 68.5 

80 km/h 82.9 82.0 75.6 

160 km/h 91.9 90.4 86.7 

 

5. Separation methods 

 

5.1. Wave signature extraction 

 

A new method based on wave signature extraction (WSE) using a near-field microphone 

array has been developed as part of this work. Further details are given in Zea et al. [28, 29]. 

The method has some similarities to the SWEAM method [30]. The main idea of WSE is to 

estimate the track contribution by means of wavenumber-domain filters, which are designed 

according to the radiation properties of the rail. In the frequency region where waves 

propagate in the rail, it acts as a distributed source with plane wave (or more correctly 

cylindrical wave) radiation [26]. The angle of the wave-front with respect to the rail can be 

identified in the wavenumber spectra of the array data, and this can be filtered in order to 

separate the rail contribution from all other sources. Furthermore, since the rail radiates sound 

both before and after the train passes the array, the wavenumber filter pass-band 

(corresponding to the sound field radiated by the rail bending waves) can be found from the 

dispersion curve obtained from measurement data before and after the pass-by. This avoids 

any need to characterise the wave motion in the track by static tests prior to the pass-by 

measurement. 
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A linear array of 42 equally-spaced microphones was located at 1.2 m from the nearest rail at 

the same height as the centre of the rail web in track section B, as shown in Figure 10. The 

microphone spacing was 0.08 m, which is sufficient to identify waves present in the rail for 

frequencies up to 2 kHz. The temporal sampling frequency was therefore limited, allowing 

analysis only up to the 2 kHz one-third octave band. Two accelerometers were located on the 

track and used as reference sensors.  

 

 

Figure 10. Photograph of the linear microphone array setup at the WSE site.  

 

5.2. Beamforming 

 

A method was proposed using beamforming for wheel/rail source separation, which relies on 

the fact that the radiation from the rail mainly occurs at an angle to the normal that is at least 

10° [26]. Thus by restricting the focus angle of the array within a narrow range, 10 to the 

normal, the sound radiation from waves propagating along the rail should be suppressed and 

only the radiation from the wheel should remain. Additionally there will be a small 

contribution from the sleepers and the near-field vibration of the rail close to each wheel. 

 

The microphone array adopted for the tests is shown in Figure 11. It was equipped with 72 

microphones arranged over nine spirals. The distances between the microphones decreased 
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towards the centre of the array to allow better results to be obtained at high frequencies while 

the outer microphones were arranged over a 4 m diameter circle to allow localisation of 

sources at low frequencies. During the pass by tests, the microphone array was mounted at 

track section A at 7.5 m from the nearest rail (8.25 m from the track centre), and the centre of 

the array was at 1.51 m above the top of the railhead. The frequency range over which results 

can be obtained is 500 Hz to 5000 Hz. The main lobe of the array pattern increases in size as 

the frequency is reduced; at 500 Hz it already has a diameter of 2.6 m (at the 3 dB-down 

point) for this microphone configuration. 

  

 

(a) 
 

(b) 

Figure 11. (a) Microphone array used for beamforming; (b) microphone positions in the 

array. 

 

The output from the array is processed by first removing the Doppler shift according to 

different focus points on the train. Then, frequency spectra are taken for a scanning length 

corresponding to a 10 viewing angle. A frequency domain beamforming approach for 

moving sources is then adopted. This makes use of a weighting function based on a linearized 

approximation for the source motion. More details on the procedure adopted can be found in 

[31]. This results in overlapping beamforming maps which are averaged. The energy within 

the map in each one-third octave band is integrated over a rectangular region surrounding 

each bogie. A frequency-dependent compensation is applied to obtain results that correspond 

to the sound pressure spectrum at the centre of the array. To calculate this compensation a 

beamforming map is first obtained from simulations of a moving monopole source using the 

same method. The spectrum for the moving monopole is obtained by integrating the 

beamforming map over a rectangular area of the same dimension as that used for the bogie; 
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the compensation is finally calculated from the difference between the beamforming 

spectrum and the sound pressure spectrum of a single microphone located at the array centre. 

The result of this analysis is assumed to be the wheel contribution. A small contribution from 

the near-field vibration of the rail and the sleepers will also be captured but this is expected to 

be negligible compared with the radiation from propagating waves in the rail. 

 

An example of the beamforming map is given in Figure 12. The vertical coordinate of 0 m 

corresponds to the top of the rail. The rectangular integration regions are also shown; these 

have dimensions 5.0  2.4 m. Figure 12(b) shows the overall results for the full frequency 

range considered, 500 to 5000 Hz, whereas Figure 12(c) shows the results for the high 

frequency region, 1250 to 5000 Hz, where the wheel component is expected to be dominant. 

From these results, especially Figure 12(b), it is clear that the beamforming analysis has not 

completely suppressed the rail noise component in the current configuration. 

 

 

Figure 12. Example of beamforming results. (a) Outline of the test train; (b) overall map for 

500 to 5000 Hz; (c) overall map for 1250 to 5000 Hz. Range of colourmap is 10 dB. White 

boxes indicate region around bogies that are integrated to give source power.  
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5.3. TWINS model with measured track vibration 

 

As a complementary method to estimate the track contribution, measured track vibration is 

used with the radiation models from TWINS. The vibration of the track was measured at the 

same section as the beamforming method during train pass-bys by three accelerometers. 

These measured the lateral direction in the centre of the rail web (above a sleeper), the 

vertical direction beneath the centre of the rail foot (adjacent to a sleeper) and the vertical 

sleeper vibration near the end of the sleeper. The accelerometers were located directly in 

front of the centre of the microphone array. These signals are used with the radiation models 

from TWINS to estimate the track contribution. This corresponds to the second step of the 

reference method, i.e. before adjustment of the overall spectrum, see Section 4. This method 

can be used to determine the track noise component independently of the beamforming 

method. 

 

5.4. Advanced transfer path analysis 

 

The Advanced Transfer Path Analysis (ATPA) method is an experimental method for 

obtaining the noise contributions from the different parts of a system [32]. The objective of 

the method is to obtain the decomposition of the sound pressure PM at a target location M as 

the sum of N noise contributions.  

 

In a system with N subsystems, the ATPA method performs the following decomposition of 

the total noise PM at time tj [32]: 

 





N

k

j

D

MkjkjM tTtatp
1

),(),(),(   (8)  

 

where ),(),( j

D

Mkjk tTta    is the contribution of each subsystem k to the total noise. This 

contribution is obtained as the product of the vibration signal during the train pass-by ak with 

the so-called Direct Transfer Function (DTF) TD
kM from subsystem k to noise at the target 

location M, which describes the noise produced at M by the vibration of the subsystem k 

when all other subsystems are blocked (forced to have zero acceleration). There is no 

requirement for the signals to be correlated. 
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The so-called ‘Global Transfer Functions’ (GTF) correspond to the physical transfer 

functions measured when performing impact testing with excitation at one subsystem. Both 

DTFs and GTFs are characteristics of the physical system and do not depend on operating 

conditions. However, GTFs can be measured experimentally, but not DTFs. GTFs and DTFs 

are mathematically related as follows [32]: 
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  (9) 

 

In the application of ATPA, the measurement process is divided in two main phases: the 

static tests and the running tests. In the static tests, impact testing is used to measure the 

GTFs and the data are post-processed to obtain the DTFs. The vibration of each subsystem ak 

is then measured during train passages. The contributions of each subsystem can be obtained 

as the product of these signals from the running tests with the DTFs obtained previously, see 

Equation (8). Some preliminary static tests were presented in [33] to apply the method to the 

rolling noise separation problem. 

 

The instrumentation used in the measurements is shown in Figure 13. A microphone (M3) 

was located in front of the instrumented track section at a distance of 3.55 m from the track 

centreline and a height of 0.5 m above the rail head. The distance of 3.55 m was chosen to 

ensure that the instrumented length would be sufficient: a longer instrumented length would 

be required if the TSI position at 7.5 m was used. 

 

The track at section C was separated into six contiguous regions with a spacing of twice the 

distance between sleepers (1.2 m), leading to a total instrumented section length of 7.2 m. For 

each region, five accelerometers were installed: one vertical and one lateral accelerometer on 

each rail and one vertical accelerometer at the centre of the sleeper. The global transfer 

functions were obtained by exciting each track section using a simple hammer (it is not 

required to measure the force) and measuring the transfer functions between the acceleration 

of all sections and the sound pressure at the target microphone M3. The impact loads were 

applied to both rails and to the sleepers. For frequencies between 50 Hz and 2 kHz the 
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coherence was good enough to use conventional transfer functions, whereas at high 

frequencies energetic transfer functions were used. To allow for the effects of the presence of 

the train on the vibration paths and on the acoustic propagation paths, the transfer functions 

have been measured with the presence of the train on the track. Additionally, during the static 

tests with the train on the track, eight accelerometers were mounted on the train, with two on 

each of the four wheels of the bogie present on the instrumented track section. These 

accelerometers on the wheels were installed in order to obtain DTFs from the track 

subsystems without the contribution from the wheel radiation. 

 

Some simplifications of the ATPA procedure have also been investigated in which a more 

limited set of transducers is used [34]. The aim of these simplifications is to reduce the 

number of sensors required for application of the ATPA method. The results were favourable, 

but they are not presented here.  

 

 

 

Figure 13. Scheme of instrumentation of the track for static tests.  

 

5.5. MISO method 

 

The MISO method [17] was added to the comparison at a late stage and so has been applied 

using the instrumentation intended for the ATPA method. Instrumentation at a single cross-

section is used, with vertical and lateral accelerometers on each rail, and a single 

accelerometer on the sleeper. In the original implementation in [17], a microphone at a close 

position (1.75 m from the track centre) and another at the standard position at 7.5 m were 
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used. A trigger was used to locate the train wheels in the recorded signals and a time delay 

correction was applied to the microphone signals in order to take into account the sound 

propagation speed. In the present implementation, as no trigger was available, a trigger was 

reconstructed from the rail vibration. 

 

The vibroacoustic Frequency Response Functions (FRFs) between the track vibration signals 

and the sound pressure at the close microphone are determined using the parts of the signals 

corresponding to the middle of the vehicles, which are assumed to be free of vehicle 

contribution. These are combined with the vibration measured over the whole pass-by to 

estimate the track noise contribution, assuming that the FRFs are the same at the bogie 

regions as in the vehicle centre. Principal component analysis is used to select the number of 

independent signals to be used from the five track transducers [17]. 

 

The microphone position in track section C is at 3.55 m from the track centre, which is 

further away than intended in the original implementation of the method (1.75 m). This 

means that the estimate of track noise obtained from the centre of the train may have been 

contaminated to some extent by noise from the bogie regions. Finally the results are 

expressed in terms of the sound pressure levels at 3.55 m as the results at 7.5 m were not 

available at this track section. 

 

5.6. Methods based on pass-by analysis (PBA) 

 

The pass-by analysis (PBA) method [13] uses measured rail vibration to determine the track 

decay rate and combined effective roughness. The track decay rate is determined by 

averaging the rail vibration over short lengths around each wheel and comparing this with the 

average over the whole vehicle (or train). The combined effective roughness is then 

determined from the rail vertical vibration by applying three conversion spectra [13]. These 

allow for (i) the difference between the rail head vibration and the vibration at the chosen 

accelerometer position, which was under the rail foot, (ii) the difference between the effective 

roughness and the rail head vibration, which depends on the wheel mobility and the contact 

stiffness, and (iii) the difference between the average rail vibration over the measured length 

and that at the contact point. The third term depends on the track decay rate which has 

already been determined as above. Further details are given in [13]. 
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Having determined the combined effective roughness, the total transfer function from 

roughness to sound pressure can be determined for each test run. This transfer function is a 

speed-independent quantity, which can be used for predicting the rolling noise at any speed 

when combined with the effective roughness. The roughness on the other hand depends on 

wavelength rather than frequency. The analysis was applied to each test run using the vertical 

rail acceleration at track section A and a microphone at the centre of the beamforming array. 

The results were averaged over different speeds to obtain the full frequency range. Next, the 

average roughness levels and average transfer functions were used to reconstruct pass-by 

levels at each speed over the entire frequency range. 

 

The combined roughness spectrum derived from the PBA method is shown in Figure 14 

together with results from the direct measurements (Figure 6) after applying a contact filter. 

For this purpose two different contact filters were applied: the Remington analytical formula 

[6, 1], with an assumed contact patch radius of 5.7 mm, and the ‘distributed point-reacting 

springs’ (DPRS) model [35, 36], which was also used in determining the reference results. 

The indirectly measured combined roughness levels match well with the directly measured 

ones after application of the contact filter. 

  

 

Figure 14. Comparison of direct and indirect measurements of total roughness.  

 

The PBA method was also applied to the passage of service trains as well as the test train. If 

the total transfer function LHpR,tot(f) from roughness to noise is measured for the passage of a 

quiet vehicle (for example one with small or well-damped wheels), then it should be similar 
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to that of the track alone LHpR,tr(f). The same is true for the sound pressure level, Lp,tot  Lp,tr. 

Other trains passing at the same site were therefore examined to see whether such vehicles 

were present. It was found that most trains, such as high speed, Intercity and freight trains, 

had standard wheel sizes, which were therefore not quiet, but one of the two freight trains 

passing during the test period contained a single 6-axle articulated wagon with 760 mm 

diameter wheels. However, this was found to have a transfer function spectrum that was only 

2 dB lower than the test train in the frequency range above 1 kHz. This was partly due to the 

fact that the track had a relatively high noise contribution as it has soft rail pads, and 

consequently a very low track decay rate, as seen in Figure 5. Thus the ‘reference vehicle 

method’ could not be applied in the current tests. 

 

Separation could also be achieved if the vehicle transfer function LHpR,veh(f) is measured using 

static tests. However, this was not determined as part of the current test programme. By 

inspection of a previously measured wheel transfer function of a 920 mm wheel it was 

identified that the crossover frequency between wheel and track noise dominance is likely to 

occur at around 2 kHz. This information was used to derive track and vehicle contributions 

using a simple distribution function method. For frequencies below 2 kHz it was assumed 

that the track is dominant, and the wheel transfer function was assumed to be a notional 7 dB 

lower than the total transfer function. The track transfer function was set to 1 dB below the 

total. For frequencies of 2 kHz and above, the wheel transfer function was assumed to be 

dominant, and the track transfer function was assumed to be 7 dB below the total. Figure 

15(a) shows the resulting transfer functions of wheels and track. By adding the combined 

roughness levels obtained for each train speed, see Figure 14, to the separate transfer 

functions, the relative contribution of the wheel and the track to the overall pass-by level 

could be estimated. 

 

As an alternative, a previous static wheel transfer function measurement of a 730 mm 

diameter reference vehicle from the STAIRRS project [37] was used to estimate the wheel 

and track transfer functions, see Figure 15(b). The wheel transfer function was estimated 

from the STAIRRS reference vehicle by shifting the function to lower frequencies by two 

one-third octave bands to approximate a larger wheel. The track transfer function at higher 

frequencies was extrapolated by a simple function, so the wheel dominates the noise radiation 

at higher frequencies. 
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Figure 15. Vehicle and track transfer functions (a) based on assumed distribution function; 

(b) based on adjusted vehicle transfer function from STAIRRS project. 

 

6. Results 

 

6.1. Reference results 

 

The reference results (as described in Section 4) obtained for track section A are shown in 

Figure 16(a). These are shown in the form of the level difference between the estimated 

components (wheel or track) and the measured total noise. Results are shown for three 

speeds, each being the energy average of three train pass-bys. It can be seen that the results 

are fairly consistent across the different speeds, with the wheel component being dominant at 

2 kHz and above, and the track component being dominant below this. The corresponding 

results for the three different track sections are shown in Figure 16(b) for a speed of 80 km/h. 

Again these results are very consistent despite the differences in microphone position.  
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Figure 16. Reference results (a) for track section A at all speeds; (b) for all three track 

sections at 80 km/h. 

 

6.2. Identification of track component 

 

The track component of noise can be estimated from six different methods described above. 

Results for four of them are shown in Figure 17 (the others are discussed below). This again 

shows the level difference between the estimated track component of noise and the measured 

sound pressure level. In each case the corresponding reference results are also shown. The 

average results for each speed are shown in each graph. 

 

The estimates obtained from the TWINS model with measured track vibration in Figure 17(a) 

are, of course, similar to the reference results. The difference lies in the correction applied to 

the reference results to ensure that the total estimated noise spectrum matches the measured 

noise spectrum, as shown in Figure 8. This correction has not been applied to the results from 

the method based on the TWINS model with measured track vibration (Section 5.3) discussed 

here. 

 

As explained in Section 5.1, the results from the WSE method could only be obtained up to 2 

kHz due to the microphone spacing used. The corresponding reference results have therefore 

not been corrected to the measured spectrum above 2 kHz. The results, shown in Figure 

17(b), agree reasonably well, although the WSE results drop below the reference results by 

up to 3 dB at frequencies above 1.25 kHz and, in one case, below 500 Hz. As mentioned in 

[29], the differences above 1.25 kHz are attributed to higher-order waves that are not 

accounted for in the pass band of the wavenumber filters. Although not shown here, it has 
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been investigated in [34] that using low-pass instead of band-pass filters can reduce the 

differences above 1.25 kHz.  

 

As shown in Figure 17(c), the ATPA method (Section 5.4) gives results that agree well with 

the reference results, especially below 1.6 kHz. Above 2.5 kHz the estimate from the ATPA 

method is somewhat higher than the reference results. However, this may be due to the fact 

that cross-section deformation of the rail is neglected in the TWINS prediction, whereas no 

such assumptions are included in the ATPA method. 

 

As shown in Figure 17(d), the MISO method (Section 5.5) underestimates the track 

component below 2 kHz by 1-2 dB and overestimates it by 5-10 dB at 3.15 kHz and above. 

The high frequency results are overestimated even when compared with the results from the 

ATPA method. This may be caused by contamination of the measured track transfer function 

with noise from the wheels, due to the fact that the microphone was further away from the 

rail than desirable. 
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Figure 17. Track component obtained from various methods for all three speeds: (a) TWINS 

with track vibration; (b) WSE method; (c) ATPA method; (d) MISO method. 

 

Figure 18(a) compares the results from the TWINS radiation models with measured track 

vibration (see also Figure 17(a)) with the results from the two PBA-based methods for a train 

speed of 80 km/h; these are all for track section A. The one labelled PBA1 is based on the 

assumed distribution function plotted in Figure 15(a), i.e. 1 dB below the total for frequencies 

up to and including 1.6 kHz and 7 dB below the total above this. It can be seen that the 

chosen cut-off frequency in Figure 15(a) agrees reasonably well with the reference results but 

the level difference should drop more gradually above 2 kHz. The method labelled PBA2 is 

based on an earlier wheel transfer function as shown in Figure 15(b). Here, the track transfer 

function was chosen arbitrarily above 1.6 kHz and can be seen to fall much too rapidly with 

increasing frequency above this. With hindsight, a different distribution function would have 

been more appropriate. The results from the three other methods, already shown in Figure 17, 

are compared for a speed of 80 km/h in Figure 18(b). 

 

 

Figure 18. Track component obtained from different methods, 80 km/h. (a) TWINS with 

measured track vibration and two variants of PBA, including reference results for section A; 

(b) WSE, ATPA and MISO methods including reference results for section C. 

 

6.3. Identification of wheel component 

 

The only methods capable of identifying the wheel component are the beamforming method 

and the two PBA-based methods. Results for the beamforming method are shown in Figure 

19(a). As before, this shows the level difference between the estimated wheel component of 
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noise and the measured sound pressure level. In each case the corresponding reference results 

are also shown. The average results for each speed are shown in each graph. Compared with 

the reference results it is clear that the beamforming method has not been able to suppress the 

rail noise contribution as intended; the estimate is close to 0 dB for all frequencies. The 

results below 1600 Hz appear to be strongly influenced by the rail noise and differ from the 

reference results for the wheel by more than 10 dB. This could be expected from inspection 

of the beamforming maps in Figure 12, from which it can be seen that the region away from 

the bogies still produces noticeable output even when the method was intended to suppress 

this. The reason for this discrepancy is not known. 

 

The wheel noise estimates from the two PBA-based methods are shown in Figure 19(b). 

From this it is clear that the nominal distribution function (PBA1) significantly overestimates 

the wheel contribution below 1.6 kHz. The adapted wheel transfer function (PBA2) appears 

to be slightly inconsistent with the reference results, dropping at a lower cut-off frequency. 

 

 

Figure 19. Wheel component: (a) obtained from beamforming method for different speeds; 

(b) obtained from different methods at 80 km/h. 

 

6.4. Assessment of overall A-weighted levels 

 

The results of the various separation methods are summarised in terms of their A-weighted 

levels in Tables 3 and 4. Table 3 lists the differences in overall A-weighted levels between 

the respective estimation methods and the reference results for the track component, and 

Table 4 gives the corresponding results for the wheel component. Negative values indicate 

that the estimate is lower than the reference result. All the methods can estimate the track 
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noise to within 2 dB; the TWINS-based method, ATPA and the PBA method based on the 

nominal distribution function achieve agreement within 1 dB. The results for the wheel 

component, however, are much less satisfactory with overestimates of 2-3 dB for both PBA-

based methods and of 2-5 dB for the beamforming method, as would be expected from the 

spectral results seen earlier. 

 

Table 3. Summary of differences in A-weighted track noise level obtained using different 

methods relative to reference result 

 TWINS PBA1 PBA2 WSE* ATPA MISO 

40 km/h 0.5 –0.4 –1.0 –1.8 –0.2 –1.3 

80 km/h –0.2 –0.6 –0.5 –0.8 –0.6 –1.2 

160 km/h 0.5 –1.0 –1.9 –1.3 –0.3 –0.1 

*: based on 315-2000 Hz  

 

Table 4. Summary of differences in A-weighted wheel noise level obtained using different 

methods relative to reference result 

 Beamforming PBA1 PBA2 

40 km/h 2.3 1.8 2.6 

80 km/h 4.8 3.0 2.9 

160 km/h 3.1 1.7 2.9 

 

6.5 Effect of the presence of the vehicle in the static tests 

 

In the ATPA method, the DTFs were obtained with the vehicle present on the track section. 

An additional set of measurements was made without the train present. Figure 20 shows the 

difference between the estimate of track noise obtained using the DTFs without the vehicle 

and those obtained with the vehicle in place. If the presence of the vehicle is not taken into 

account, the track component is found to be on average 2.1 dB lower than when using the 

DTFs measured with the vehicle in place. The results are very consistent over different 

speeds. The standard deviation over frequency bands is 1.8 dB. This difference is expected to 

be mainly due to the change in directivity associated with reflections from the underside of 

the train. In the TWINS model this is taken into account approximately by using a directivity 
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for the rail vertical component that is omnidirectional rather than a vertical dipole which is 

more appropriate for a free rail [1]. 

 

 

Figure 20. Level difference between the estimate of track noise obtained using the DTFs 

without the vehicle and those obtained with the vehicle in place. - - - 40 km/h,  80 km/h, 

 160 km/h. 

 

7. Conclusions 

 

Field tests have been carried out under controlled conditions to allow assessment of several 

existing and new methods for rolling noise separation. The TWINS model has been used with 

measured vibration data to give reference estimates of the wheel and rail source 

contributions. Six different methods were then considered that can be used to estimate the 

track component of noise. It was found that most of these methods could obtain the track 

component with acceptable accuracy, giving A-weighted levels within 1-2 dB of the 

reference results. The wave signature extraction method was only tested up to 2 kHz and gave 

a small underestimate of the track noise above 1250 Hz. In principle the 2 kHz limit can be 

increased by means of using a denser array, and the estimation above 1.25 kHz is expected to 

improve if low-pass instead of band-pass wavenumber filters are used. The MISO method is 

particularly simple to implement but gave underestimates of the track noise below 2 kHz and 

overestimates of 5-10 dB at high frequencies. It is expected that this could be improved by 

using a microphone closer to the track. The ATPA method is more complex to implement, 

requiring access to the track for the measurement of transfer functions, but it gave very good 
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results. It suggests that the track noise is slightly higher at high frequency than the TWINS 

model indicates, which is likely to be due to the neglect of rail cross-section deformation in 

the TWINS model. 

 

Apart from the TWINS model, the wheel noise component could only be estimated directly 

using three of the methods, the beamforming method and two based on the Pass-by Analysis 

method, but unfortunately these did not give satisfactory results in the current tests. The PBA 

results could be improved by taking static measurements of the wheel transfer function. The 

estimates of the track noise from these methods were more reasonable than those of the 

wheel. 

 

For implementation in a practical situation, for example as part of standard vehicle testing 

procedures, the cost and practicality of the methods would also need to be considered. Some 

discussion of this is given in reference [34]. The work carried out is not yet directly 

applicable for certification testing. Further development for measuring wheel transfer 

functions including possible hybrid methods, further validation and standardization as well as 

application of transposition methods from one track to another is necessary. 
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