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Abstract

Nowadays there are more and more possibilities to mitigate noise and vibration emitted by railway transport to the lower levels. 

Among them, rail dampers with highly viscous properties placed on the rail web, fixed with adhesives or other methods, appeared as 

a new element in the railway superstructure. The elements are applied to reduce noise and vibration by transforming the vibration 

energy of the rail web into heat, through their large internal friction. Many companies produce rail web elements and apply them with 

success abroad. Domestic manufacturers have already appeared in Hungary; however, the installation of these elements is still very 

limited. This publication is intended to introduce the rail dampers and to demonstrate their efficiency through laboratory and field 

measurements. Experimental modal analysis was used during the laboratory test to determine the eigenfrequencies, the damping 

factors and the mode shapes of an experimental rail section, thus analyzing the vibration damping and noise reduction effect of 

the elements. Field measurements were also carried out at a segment installed with rail web elements in Hungary and its vicinity, 

under standardized conditions. By averaging measured noise level values for various types of trains, comparable noise reduction of 

the investigated rail web element can be achieved. The laboratory and field test results confirmed that the rail web elements can be 

suitable for rolling noise reduction and vibration damping in most of the cases. The results of the measurements provide guidance 

and information for future development of the elements.
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1 Introduction
Rail dampers or absorbers are used to reduce the sound 
radiation resulting from the wheel/rail contact. Due to the 
relatively small mass and stiffness of the rail web it can 
easily vibrate, therefore it is considered a weak point of 
the system acoustically. The rail dampers reduce noise 
and vibration by transforming the vibration energy into 
heat, through their large internal friction. One of the 
well-known basic principles of acoustics is that the most 
effective way to reduce undesirable vibrations is to focus 
directly on their source. By installing these elements, we 
follow this approach, because of the wheel/rail interaction. 

In this article, we present various rail dampers and des-
cribe their controlled laboratory test which developed to 
determine the damping efficiency of these elements by using  

the modal analysis method. In the laboratory, we only 
examined the vibrations of the rail. Although we know that 
a train has several other noise sources that together deter-
mine the resulting sound pressure level of the railway noise. 
For instance, if we only focus on the wheel/rail rolling noise 
generation mechanism, the track contains other components 
than the rail that also radiate noise (e.g. the sleepers [1], the 
wheel itself etc.). Finally, we describe the conditions of the 
field measurement and the results of examined rail damper.

In fact, there are no standardized procedures to mea-
sure the efficiency of a rail damper [2]. We present a possi-
ble method with experimental modal analysis to determine 
and improve the efficiency of these elements. We validated 
this test with field measurement.
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2 Laboratory tests
We planned our experiment based on a previous labora-
tory test conducted at Technische Universität Berlin [3]. 
However, our measurements provided more detailed results 
due to the more complex method. 

The same conditions, measurement tools and the mea-
suring system was required to determine and compare the 
effectiveness of rail dampers. The experiment took place 
in the semi-anechoic room of the Laboratory of Acoustics 
and Studio Technologies of the Department of Networked 
Systems and Services of BME. 

Due to the laboratory constraints, the tests were carried 
out on a 120-cm long 60E1 rail which was fastened with 
Skl-1 type rail fastening system at a standard distance of 
60 cm to two half L4 type sleepers (Fig. 1).

We tested seven rail dampers with different properties 
(Table 1). At the request of the manufacturers, the exam-
ined elements (Fig. 2 (a–e)) are described with letter code. 
For the measurements we needed two rails because of the 
bonded elements. The order of tests on one of the rails: S-T, 
S-T (bonded), S-F. The adhesive bonding of the S-T-type 

was dissolved, after that the S-F-type was bonded to the 
rail. The order of test on the other rail: SL-A, G1-G4, 
G3 (bonded). The undamped rails were used as a reference.

We used experimental modal analysis technique to ana-
lyze the vibration processes in the rail and to quantify the 
damping effect of the rail dampers [4–7]. The rail was rep-
resented by a wireframe model which consists 13 × 2 points. 
Roving impact hammer excitation was applied to each node 

Table 1 Examined rail dampers and their properties

Type Profile Material
Mass
[kg]

[kg/m]

Width
Height
Depth
[mm]

Fixing method
Installation 

position
Elem. on the rail

[pcs]

S-F Fig. 2 (a) waste tire rubber powder, 
poly-urethane

1.10 500

bonded continuously on 
the rail web 2 × 2.494

2.20 20

S-T Fig. 2 (b) waste tire rubber powder, 
poly-urethane

2,48 600
bonded / 

mounted by clips
continuously on 

the rail web 2 × 2101

4.13 60

G1 Fig. 2 (d) waste tire rubber powder, 
poly-urethane

5.16 600

mounted by clips continuously on 
the rail web 2 × 2115

8.60 60

G2 Fig. 2 (d) waste tire rubber powder, 
poly-urethane

5.90 600

mounted by clips continuously on 
the rail web 2 × 2115

9.83 60

G3 Fig. 2 (d) waste tire rubber powder, 
poly-urethane

6.63 600
bonded /mounted 

by clips
continuously on 

the rail web 2 × 2115

11.05 60

G4 Fig. 2 (d) waste tire rubber powder, 
poly-urethane, gravel

10.64 600

mounted by clips continuously on 
the rail web 2 × 2115

17.73 60

SL-A Fig. 2 (e)
vulcanized natural rubber 

mixture, 
steel core

6.14 430

mounted by clips in the middle  
of sleeper span 2 × 190

14.28 70

Fig. 1 Mechanical system: undamped rail
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of the model mesh, while the response was measured by 
accelerometers in three reference points and by a measuring 
microphone in the sound field at 1 m distance from the rail. 
The vibration reference points were selected on the basis of 
introductory, finite element (FE) calculations.

Simple models of the rail have earlier been based on 
the Euler-Bernoulli or Timoshenko beam equations with 
one- or two-layer mass-spring foundation [8]. According 
to Thompson [9], none of these models can be applied reli-
ably across the whole frequency range. In order to model 
the rail as a vibration structure, a double beam model was 
created [10] to describe the behavior of the vertical vibra-
tions at high frequencies. The results show that the con-
ventional Timoshenko beam model is usable only up to 
2000 Hz because of the rail foot response. There are num-
ber of models concerned with quantifying noise reduction 
effects. The rail radiated noise can be reduced by about 
6–8 dB(A) using the rail absorber according to a finite ele-
ment model of the railway track [11, 12]. Some guidelines 
are gained on selection of the types and parameters of 
the rail absorbers through analysis of the track dynamics.  
It is found that a large active mass used in the absorber is 
beneficial to the decay of rail vibration [13, 14].

Without the need for complex calculations, we have cre-
ated a simple Timoshenko beam model by using the MSC 
Nastran structural FE program. The calculations were also 

performed on a 120-cm long 60E1 rail. The model mesh 
consists 1-cm high triangular prisms. To produce the mass 
and the stiffness matrix, the material properties of the rail 
are given. During the eigenfrequency analysis we exam-
ined the model without any excitation and looked for the 
first 15 mode shapes without limiting the frequency range. 
As a result of the analysis, the eigenfrequencies and mode 
shapes of the model can be calculated, the most important 
of which are shown in Fig 3. 

From the results of the FE-calculations, we decided 
where to place the vibration sensors (as vibration reference 
points) on the mechanical system. One sensor was located 
on the rail head at center of the rail (horizontal direction), 
on the rail foot one sensor at the end (horizontal direction) 
and one sensor in the center of the rail (vertical direction).

By measuring the transfer functions between the impact 
force and acceleration response in more than one point, a 
multiple input – multiple output system was set up involving 
the time domain multiple degree of freedom method. (This 
was necessary because it was assumed from the beginning of 
the analysis that we will be confronted with multiple, closely 
spaced eigenfrequencies and similar mode shapes.) In order 
to obtain global estimates of the system characteristics, the 
applied parameter estimation method was the least square 
complex exponential method, implemented by the Test.Lab 
software package, developed by LMS International [15].

Fig. 2 Type of rail dampers: (a) S-F, (b) S-T, (c) S-T bonded, (d) G1-G4, (e) SL-A

(a) (b) (c)

(d) (e)
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2.1 Vibration damping 
Based on the ratio between responses and excitations, 
the applied Test.Lab software package determines eigen-
frequencies, mode shapes and damping factors of the 
investigated system. Out of the theoretically obtainable 
13 × 2 modes, three relevant normal modes were selected. 
These physically relevant mode shapes could be matched 
to the FE simulation results and had relevance from the 
acoustical radiation point of view as well. Based on the 
modal analysis results, we determined the efficiency of 
the rail dampers by comparing their damping factors for 
the selected normal modes (Fig. 4). There are other tests 
focusing on the first and second pinned-pinned frequen-
cies, for example [16], but also determining the efficiency 
of the elements by comparing the damping factors. 

The degree of effectiveness of the elements can be char-
acterized by damping factors. The higher the value of the 
damping factor, the more effective vibration damping can 
be achieved. The difference between damping factors is 
considered as the result of the tests (Table 2).

It is important to note that the selected normal modes 
resulted in mode shapes at different frequencies due to the 
different rail dampers, the reference rails and of course the 
loosening and tightening of the rail fastenings. Therefore, 
the values of the resulted eigenfrequencies (from Table 2) 
were averaged. This averaged value is given for grouping 
the three mode shapes in Fig. 4 and in the Table 2, but 
this is not a specific result. Furthermore, it is not only the 
rail that plays a role in the generation of mode shapes, but 
also the rail fastenings. Even though we have sought to 
tighten the rail fastenings in the same way, the shape of the 
modes depends on the effect of the clamping force. This is 
the only reason that the symmetry in the mode shapes is 
reduced in some places.

Comparing the Figs. 3 and 4, it can be seen that the mode 
shapes calculated by the FE-model and resulting from the 
measurements of the experimental structure are nearly 
identical and generated at almost the same frequency. 

Fig. 3 Results of the FE calculations. 3 of the most important 
eigenfrequencies and their corresponding mode shapes Fig. 4 The wireframe model (black) with 13 × 2 points and  

example results of the selected normal modes (red) with their 
corresponding averaged eigenfrequencies
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One can see from Table 2 that at 320 Hz frequency the 
expected mode shapes were not generated by G3, G4 and 
in case of any fixing methods of the S-T elements, the nor-
mal modes could not be detected. Also, the element of 
type S-F did not prove to be effective at this frequency. 

At a higher frequency, at almost 780 Hz, using the ele-
ment type S-F, G3 bonded and SL-A, we also could not 
detect eigenvibrations. The reverse behavior of the S-T-
type element can also be observed here, as only a small 
damping factor was measurable with its mounted version, 
but the bonded proved to be quite effective.

We can state that while the F-type is not suitable at low 
frequencies at all, at higher frequencies, like 1315 Hz, it can 
be as efficient as the larger and heavier S-T-type element.  
It is also an important result that the S-T-type element 
was also the best with adhesive bonding at this frequency.  
The results of G-types show at any frequency that the more 
compact and heavier the element, the more efficient it is. 
The SL-A element mounted only on the middle of sleeper 
span had remarkably good results at each frequency.

2.2 Noise reduction
The microphone was placed at 1 m from the measuring 
system. Parallel to the structural frequency response mea-
surements we directly measured the time domain of vibro-
acoustic impulse responses too, from which the transfer 
functions of sound radiation could be determined.

The frequency response function resulted from the 
excitation of the 13 × 2 points was averaged. Representing 
the results from each force excited point together, we get 
an idea of the range in which a significant sound pressure 
level is emitted. As an example, the results of the S-type 
elements are illustrated (Fig. 5).

Table 2 Comparison of modal parameters of various rail dampers

Type of rail web 
element

Eigen 
frequency 

[Hz]

Damping 
factor
[%]

Difference 
of damping 

factors

Frequency of mode shape: avg. 316 Hz

Undamped 328 0.78

S-F 314 0.88 +0.1

S-T - - -

S-T bonded - - -

Undamped 321 0.87

G1 328 4.27 +3.40

G2 329 7.03 +6.16

G3 - - -

G4 - - -

G3 bonded 283 3.43 +2.56

Undamped 321 0.87

SL-A 310 4.19 +3.32

Frequency of mode shape: avg. 788 Hz

Undamped 811 1.02

S-F - - -

S-T 811 3.46 +2,44

S-T bonded 778 1.48 +0.46

Undamped 774 0.58

G1 776 1.27 +0.66

G2 779 1.58 +1.00

G3 780 1.53 +0.95

G4 791 3.29 +2.71

G3 bonded - - -

Undamped 774 0.58

SL-A - - -

Frequency of mode shape: avg. 1308 Hz

Undamped 1318 0.09

S-F 1280 1.97 +1.88

S-T 1313 2.47 +2.38

S-T bonded 1330 2.00 +1.91

Undamped 1302 0.11

G1 1304 0.47 +0.36

G2 1305 0.67 +0.56

G3 1306 0.71 +0.60

G4 1308 0.95 +0.84

G3 bonded 1304 2.30 +2.19

Undamped 1302 0.11

SL-A 1314 1.06 0.95

Fig. 5 Results of the S-type rail dampers measured by microphone
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The different peak amplitudes, which can be deter-
mined from the graph, indicate the modes. The peaks of 
the damped rail are shifted on the frequency axis com-
pared to the undamped rails due to the mass and the damp-
ing effect of the web elements. The result of the sound 
radiation can be calculated from the values of the peaks 
at almost the same frequency (same mode) compared to 
the value of the peak of the undamped rail. The follow-
ing basic formula is used to determine the resulting level 
reduction in dB for each element:

∆L p
p

= ⋅








20 2

1

log ,  (1)

where p1 is the undamped rail as reference, and p2 is the 
examined web element. Thereby, it is possible to obtain 
the value of noise reduction relative to the undamped rail.  
The results (Table 3) are the values of the peaks of the 
measured frequency transfer functions in the frequency 
range that we have chosen, converted to decibel. The neg-
ative sign means the negative difference with respect to 
the peak of the undamped rail. It is important to note that 
these damping values were achieved on the laboratory 
sample system, under ideal semi-anechoic conditions. 

It can be seen that the same results were obtained 
during the noise measurements, as in the analysis of vibra-
tions. The result of the S-F element, which was the small-
est, is again similar in not being effective at low frequen-
cies, but at higher frequencies, it is also suitable for noise 
reduction. Another important result is that when the S-T 
element is bonded to the rail, it gives almost double the 
damping value as the mounted version.

The results show again that the heavier elements are 
more efficient. Interestingly, based on the values of G3 and 
G4 elements, after a certain mass, it is not worth apply-
ing a more compact element because we cannot achieve 
higher reduction. Results of noise reduction at higher fre-
quencies are usually more significant because the human 
ear is the most sensitive in between 1000 and 3000 Hz.

3 Field measurement
At present, only the S-F-type rail dampers were installed 
on the Hungarian railway network. For this reason, we 
could examine only this type on site. The longest segment 
is 12 km between Kápolnásnyék and Dinnyés. The field 
measurement was carried out at the end of the 12-km seg-
ment near Dinnyés. We set up two measuring points at 
approx. 300–300 m distance from the segment border and 
at 5 m from the axis of the left track. One measuring point 
was next to the damped- while the other one was next to 
the undamped track (Fig. 6). The superstructures were the 
same, except for the built-in rail dampers. 

The field measurement and evaluation were carried 
out according to standard [17]. We used two Brüel & 
Kjaer 2250 sound level meters and frequency analyzers.  
The precision grade instruments were calibrated by using 
a Larson Davis CAL250 calibrator. The deviation of the 
calibration values was 0.2 dB, which was corrected during 
the evaluation. The instruments measured LAeq values in 
each second. From these time series energy equivalent 
sound pressure levels were derived on the basis of the rel-
evant standard method [18], representing each train pass 
by one single dB(A) value. The background noise was on 
average 45 dB(A), therefore the measurements did not 
require correction. We measured the speed of the passing 
trains with a radar speedometer. It is important that the 
results can only be compared if the speed of the passing 
train is the same at the two points. 

We present two of the recorded pass-by events: the result 
of a Stadler FLIRT (Fig. 7) and a freight train (Fig. 8). The 
time series of sound pressure levels recorded at the two 
measurement points can be read from the graphs below 
(with a timestep of 1 s).

Table 3 Noise reduction of various rail web elements

Type of 
rail web 
element

Frequency range

200–400 [Hz] 1200–1400 [Hz]

Max. peak 
values

Noise 
reduction [dB]

Max. peak 
values

Noise 
reduction [dB]

Undamped 2.9 16.9

S-F 2.4 -1.7 1.3 -22.4

S-T 0.5 -14.9 3.8 -12.9

S-T bonded 0.3 -20.4 1.2 -23.1

Undamped 1.5 10.9

G1 0.4 -11.0 2.7 -12.1

G2 0.3 -13.1 1.3 -18.6

G3 0.3 -12.8 0.4 -29.3

G4 0.3 -13.8 0.4 -29.2

G-3 bonded 0.5 -9.4 0.4 -29.2

Undamped 1.5 10.9

SL-A 0.5 -9.7 3.9 -9.0
Fig. 6 Conceptual layout of the field measurement
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The obtained equivalent sound pressure values are sum-
marized in Table 4. The differences are the noise reduction 
of S-F-type rail damper. We averaged the measured val-
ues for each type of train, as well as we calculated stan-
dard deviations. Finally, we averaged all pass-by events 
to get the result of the damping effect of the S-F-type rail 
damper (Table 5). 

The results met our expectations. It was expected that 
the rail dampers would not be effective during the pass-
ing of a freight train, since the vibration of the rail is not 
the predominant noise source for this type of train. In 
case of freight trains, the noise of locomotive or wagons 
determine the sound pressure levels. However, more than 

2 dB(A) noise reduction can be achieved for the modern 
and quieter Stadler FLIRT trains. Considering the results 
of all field measurements, the S-F damping elements 
results in an average 1.7 dB(A) noise reduction. 

These results are in line with international experience 
[e.g. 19]. Previously, the national railway company of 
Switzerland (SBB) has already produced a report on the 
experience of the rail dampers [20]. The results of the ele-
ments have been reviewed for European countries. There 
is a large variability in the results (because of the differ-
ent parameters and track/vehicle characteristics), but it 
can be stated that the maximum noise reduction is around 
3 dB(A). According to a Hong Kong measurement [21], 
which was conducted at a curved operational track inside 
a tunnel, rail dampers can reduce rail vibration by about 
10 dB(A) and noise level by 3.5 dB(A). It is a valuable 
statement that after installation of rail dampers, the sleeper 
blocks become the dominant noise sources. 

4 Comparison of laboratory and field measurements 
Sound can be described not only by the temporal move-
ment of the vibrating system but also as the components of 
the spectrum. The spectrum is made up of divergent inten-
sity sounds at different frequencies. The range of spec-
trum is between 6.3 Hz and 20 kHz. 

Fig. 7 Sound pressure levels of a Stadler FLIRT train

Fig. 8 Sound pressure levels of a freight train

Table 4 Recorded trains and related noise reductions

Type of train Sound pressure level (SPL) [dB(A)]

Undamped Damped Difference

To Budapest (left track)

InterCity 98.2 96.5 -1.7

Stadler FLIRT 77.3 74.9 -2.5

Stadler FLIRT 82.2. 80.4 -1.8

InterCity 96.0 94.3 -1.6

Stadler FLIRT 83.8 81.3 -2.5

To Székesfehérvár (right track)

Stadler FLIRT 76.6 73.8 -2.8

InterCity 91.8 89.4 -2.3

Express 83.6 82.3 -1.2

Stadler FLIRT 74.4 72.8 -1.5

Freight train 85.3 84.9 -0.5

Table 5 Noise reduction of type S-F rail damper

Type of train SPL difference (AVG ± SD) [dB(A)]

Stadler FLIRT -2.2 ± 0.5

InterCity -1.7 ± 0.5

Freight train -0.5 ± n. a. 

All passed train -1.8 ± 0.7
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We show the result of only one train (Fig. 9) and we plot 
the graph only up to 2000 Hz to be comparable to the lab-
oratory test. The graph shows, for which frequency ranges 
is the S-F element effective. At this point, laboratory and 
field measurements can be compared.

In the course of laboratory tests, we could see that the ele-
ment had reductions in the ranges of 600–800, 1200–1400, 
and 1800–2000 Hz frequencies (Fig. 5). It can be stated 
that the S-F-type elements cause noise reduction at all fre-
quencies except for the ranges of 30–70 and 350–600 Hz. 
At higher frequencies, for which the human ear is the most 
sensitive, the elements work better. Between 500–2000 Hz, 
the noise radiated from the rail is the dominant source of 
the environmental railway noise [22]. The operating ranges 
of the S-F element are the same, but its efficiency is insig-
nificant. It is expected that greater noise reduction would be 
achieved by installing elements that have better laboratory 
results, such as S-T and G4 type elements.

By comparing the numerical results of the two exam-
inations, we see an order of magnitude difference. We 
examined natural vibrations in laboratory and vibrations 
at operating conditions at field measurement, therefore the 
values are significantly different. Nevertheless, the results 
are comparable in relative terms, which shows that the 
obtained values follow the same trends.

5 Discussion
Based on the results it can be established that the same ele-
ment bonded to the rail web causes higher noise and vibra-
tion damping than the mounted version. However, both 
fixing methods raise further questions. The disadvantage 

of the bonded elements is that they cannot be removed and 
reinstalled: it would be hard work and may also lead to 
breaking the elements. The advantage is that water cannot 
get in between the element and the rail web, causing fur-
ther corrosion problems because of the adhesive. On the 
other hand, the mounted elements with clips can be easily 
and quickly installed, but at this method the water can eas-
ily get in. Further problem is that there is almost no fric-
tion and interaction between the damping element and the 
rail web what the adhesive provides. 

The mass (profile, composition) of the elements are influ-
encing the efficiency of the noise and vibration damping. 
We must strive to produce solid structural elements for the 
most efficient insulation. An important question at this point 
is the benefit-cost ratio because the elements do not cause 
any significant reduction after reaching a certain mass.

The results of field measurement were in line with our 
expectations and further supported the laboratory work. 
It is important to know that sound pressure levels are 
mostly determined by the condition, age, and quality of the 
trains. Noise can be reduced by web elements if the roll-
ing noise is the predominant noise source. Here, we would 
like to point out that we examined on the field the lightest 
and smallest web element. In our view, a heavier element 
– with better results in the laboratory – can cause better 
noise reduction under operating conditions. We intend to 
support this hypothesis with further field measurements.

Further field measurements are also required for verify-
ing the vibration insulation efficiency. If the vibrations of 
the rail are effectively reduced and thus the vibration path 
is blocked, the vibrations of the sleepers and the ballast are 
also expected to decrease. As a result, the life of the track 
can be increased.

Although we used modal analysis to investigate the 
effectiveness of the rail web damping elements, there is 
a more appropriate method that can be performed both in 
laboratory and in situ. The method is the decay rate mea-
surement [e.g. 2, 22, 23]. It is also worth testing the ele-
ments by using this method in the future.

6 Conclusions
In this research we examined the noise and vibration 
effect of different types of rail dampers under labora-
tory conditions by means of structural modal analysis 
and vibroacoustic transfer function measuring methods.  
The real noise reduction of one of these elements was also 
determined under operating conditions. We also compared 
the effect of various fixing methods of the elements.Fig. 9 Frequency spectrum of a Stadler FLIRT train
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The noise reduction of the 2.20 kg and 20 mm thick ele-
ment under operating condition is 1.8 dB(A) in average. 
Noise emitted by the multiple-unit trains (FLIRT) was 
reduced by an average of 2.2 dB(A). However, there is no 
sensible damping effect in case of passing freight trains, 
obviously, since the dominant source is the vehicle itself.

When evaluating these results, one has to bear in mind 
that the noise component radiated by the rail is just one 
component of the noise, generated by the rolling stock and 
the superstructure together. In the case of freight trains, a 
number of other, mostly predominating sources do exist, 
therefore just minimum effect should be expected from the 
application of rail dampers. The obtained 2.2 dBA reduc-
tion for the FLIRT however means that the contribution of 
the rail vibration is nearly as important as any other com-
ponent of the noise generation process. (3 dBA reduction 
would mean that the sound energy radiated by the passing 
train is halved.) Considering that the main railway noise 
source is the wheel/rail contact and some other sources 
also exist, one cannot expect much more by reducing – or 
even by entirely removing – the rail vibration component.

If rail damping elements are required, one should use 
the element with the highest possible mass while rational-
izing production costs. Based on our laboratory results, 
we recommend the elements with a minimum value of 
11–14 kg/m. The elements should be bonded to the rail web.

Our results presented in this paper clearly point out that 
rail dampers alone are not sufficient to mitigate the railway 
noise considerably. However, the purpose of this article was  
not to present a highly effective noise control method, but 
to compare various rail dampers and draw conclusions with  
respect to different types and fixing methods. In the absence 
of an appropriate standard and taking into account the very 
limited experience one can collect from real-life measure- 
ments, the laboratory work described herein seems to be an  
appropriate approach to experiment with elements and to iter-
ate the most advantageous geometry, mass and composition.
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