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Abstract

Damping devices for railway tracks have been developed in recent years in which a tuned mass-spring absorber system is

formed by an elastomeric material and embedded steel masses. The loss factor and stiffness of the elastomer are very

important for the performance of the system but, unfortunately, both properties are sensitive to changes in the

temperature. Although having a high loss factor gives good noise reduction, it also means greater variation of stiffness, and

consequently tuning frequency, with temperature. Conversely, with lower loss factors the tuning frequency can be kept

close to the target but a smaller noise reduction is achieved.

To investigate the effect of the temperature on the performance of a generic rail absorber, a simple Timoshenko beam

model of the track is used. To this is added a single-frequency continuous tuned absorber. The noise reduction at each

frequency is estimated from the ratio of the track decay rates of treated and untreated rails.

There is a physical link between the damping loss factor and the stiffness variation with temperature, of which account

must be taken. The rate of change of stiffness with log frequency is established by assuming a constant value of loss factor.

Using the time-temperature superposition principle, this is expressed in terms of temperature dependence. This is used in

the prediction of decay rates and thereby noise reduction at different temperatures. This leads to an assessment of the

relative importance of using a high damping loss factor or a temperature-independent stiffness.

Finally, a method of weighting the noise reduction at different temperatures is investigated. A distribution of rail

temperatures at a site in the UK is used to develop a weighting procedure. This is extended to account for temperature

variations at other locations, where less data are available.

r 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The major source of noise from railway vehicles is wheel–rail rolling noise. This broadband noise is caused
by the vibrations of the wheels, rails and sleepers induced by the irregularities (roughness) on the surface of the
wheel and rail [1]. The wheel is usually the dominant source of noise at high frequency, typically above about
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2 kHz. The sleeper can become the dominant source below 400Hz. However, the rail is usually the greatest
source in the frequency range 500–2000Hz and often forms the most important contribution overall [2].
Several methods are available to reduce rolling noise; in particular noise barriers can be used but these are
expensive and have other disadvantages. Moreover, various studies have shown that noise control at source is
generally more cost-effective than using barriers [3]. One method of control at source that has been shown to
be effective is to use rail dampers (or ‘absorbers’) on the track. In one application a reduction of 6 dB(A) was
found in the rail component of noise [4].

This paper considers an important aspect in the optimisation of the design of a rail absorber. The class of
absorbers considered here, as in Ref. [4], is based on an elastomeric material which is used with steel masses to
form a tuned mass-spring system. The stiffness and loss factor of the elastomer are very important for the
performance of such a system but both properties are sensitive to changes in the temperature. This must be
taken into account as the device is required to operate in a range of environmental temperatures between
about �20 and 40 �C. Ideally, the elastomer in such a rail absorber should have a relatively high loss factor
and a stiffness which does not vary strongly with temperature but these are physically conflicting requirements
[5]. The key question is how to reach a suitable compromise between these two requirements.

In order to demonstrate a suitable methodology, a simple model of a generic vibration absorber attached to
a railway track is introduced and used to study the influence of the stiffness and damping of the elastomer on
the noise reduction. A physically-consistent estimate is made of the frequency-dependence of the stiffness by
assuming a constant loss factor. Then, by using the time–temperature superposition principle, this is expressed
as a temperature-dependence of the stiffness. This is used to estimate the noise reduction as a function of
temperature. The aim is to determine the relative merits of high damping or a low variation in stiffness, in
order to establish a practical target for a new material.

Although the assumption of a constant loss factor represents a gross simplification of the behaviour of real
materials, it enables trends to be established without using the properties of any particular material. These
general trends allow insight to be gained into the inter-dependence of the temperature-dependence of stiffness
and the amount of damping. The method can also be used with the stiffness and damping properties of real
materials but this is beyond the scope of the present paper.

It should also be pointed out that the radiation of noise from the absorber mass itself can be an issue for
lightly damped absorbers, although in Ref. [4] it was found to contribute less than 1 dB to the rail noise for a
practical case. However, this is considered to be a secondary effect and in the present analysis this additional
noise radiation is neglected.

The rail temperature varies considerably in the course of a year, affecting the performance of the rail
absorber. The statistical distribution of rail temperatures is, therefore, investigated and used to develop a
weighting procedure with which to account for temperature variation. A method is presented from which
plausible rail temperature distributions can be derived from the daily maximum and minimum air temperature
data, which is the form of data most commonly available. Temperature distributions for the UK, Sweden and
Italy are evaluated. The results obtained provide weighting functions for the noise reduction. This method can
be used to assess various elastomeric materials to determine the optimum material for a given situation in
terms of the average noise reduction.

2. Model for track vibration and decay rate

The noise from the track depends on the rate of decay of waves propagating along the rail [6]. The sound
power radiated by the rail is proportional to 1=D, where D is the decay rate in dB/m. This is given by

D ¼ �8:686 ImðkÞ (1)

where k is the complex wavenumber of waves in a rail [7].
An initial study is presented in this section using a simple track model to identify the effect of varying these

parameters. The untreated track is modelled as a beam on a damped elastic foundation (rail pad), as shown in
Fig. 1(a). By introducing the damped mass-spring system (absorber), as shown in Fig. 1(b), an estimate is
obtained for the decay rate of the track with a generic absorber. The ratio of the decay rates of the treated and
untreated rails is used to determine the effect of the damping device.
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Fig. 1. Schematic diagram of (a) untreated track and (b) treated track.
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The track is modelled as a Timoshenko beam (see e.g. Refs. [8,9]) on an elastic layer of stiffness sp per unit
length. The equations of motion are

GAk
q
qx

f�
qu

qx

� �
þ spuþ rA

q2u
qt2
¼ FdðxÞeiot (2)

GAk f�
qu

qx

� �
� EI

q2f
qx2
þ rI

q2f
qt2
¼ 0 (3)

where u is the vertical deflection, f is the rotation of the cross-section relative to the undeformed axis, k is the
shear coefficient, ko1, r is the density, A is the cross-sectional area, I is the second moment of area, E is
Young’s modulus and G is the shear modulus.

To find the dispersion relation free wave solutions are sought of the form uðx; tÞ ¼ Ueikxeiot and
fðx; tÞ ¼ UCeikxeiot, where U is the complex amplitude of u and UC is the corresponding amplitude of f.
From Eq. (3) C is given by

C ¼
�ikGAk

rIo2 � GAk� EIk2
(4)

The dispersion relation can be obtained by substituting this equation into Eq. (2) giving

k4
þ C2ðoÞk

2
þ C3ðoÞ ¼ 0 (5)

where

C2ðoÞ ¼
sp � rAo2

GAk

� �
�

rIo2

EI

� �
(6)

C3ðoÞ ¼
sp � rAo2

EI

� �
1�

rIo2

GAk

� �
(7)

Damping can be introduced by making E, G and sp complex with the form Eð1þ iZrÞ, Gð1þ iZrÞ and
spð1þ iZpÞ, where Zr is the loss factor of the rail and Zp is the loss factor of the rail pad.

For the treated track, a similar procedure is followed except that the absorber is introduced onto the
existing beam as shown in Fig. 1(b). Its dynamic stiffness is

sdynðoÞ ¼
1

sa

�
1

mao2

� ��1
¼ sa �

s2a
sa � mao2

(8)

where ma is the mass of the absorber per unit length of rail and sa is the absorber stiffness per unit length. As
before, this can be made complex with the form sað1þ iZaÞ, where Za is the loss factor of the absorber material.
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The stiffness can be chosen according to the ‘tuning’ frequency of the absorber, which is obtained from
oa ¼

ffiffiffiffiffiffiffiffiffiffiffi
sa=ma

p
. sdyn should be added to sp, giving a modified value of C2 and C3.

Fig. 2 shows the predicted decay rate obtained from this model, using the parameters listed in Table 1. The
decay rate of the untreated track shows a similar trend to measured ones (see e.g. Ref. [4]). Although the
sleepers and ballast are omitted from this model, these have little effect on the decay rate at frequencies
above about 400Hz, where propagating waves occur in the rail. This frequency corresponds to the drop in
decay rate seen in Fig. 2. A rail absorber only has effect above this frequency [7].

In the track model, damping is added to the rail to ensure that the predictions follow the trend of measured
curves, especially above 1 kHz. Otherwise, the curve would continue to fall at high frequency [7]. However, it is
known that in practice this damping is not associated with the rail itself, but with the rail pad, the damping
effect of which is increased at high frequencies due to cross-sectional deformation of the rail.

Fig. 2 also shows the decay rate of the treated track for the parameters given in Table 1. The tuning
frequency of the absorber is set to 1000Hz. The absorber introduces a large peak in the decay rate between 500
and 3000Hz with its maximum around the tuning frequency. This corresponds to the region where the rail
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Fig. 2. The decay rate of the untreated ð� � �Þ and treated (—) track. The parameters used are listed in Table 1.

Table 1

Parameters used for railway track including absorber.

Rail

Cross-sectional area A 7:68� 10�3 m2

Second moment of area I 3:0� 10�5 m4

Young’s modulus for steel E 2:11� 1011 N=m2

Density for steel r 7850kg=m3

Timoshenko shear coefficient for rail k 0.4

Poisson’s ratio n 0.3

Damping loss factor of rail Zr 0.02

Pad

Support stiffness per unit length sp 3:80� 108 N=m2

Damping loss factor of support Zp 0.16

Absorber (default values)

Stiffness per unit length sa 6:91� 108 N=m2

Mass per unit length ma 17.5 kg/m

Damping loss factor Za 0.35
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Fig. 3. The decay rate of the rail with absorber for various values of absorber stiffness. —, sa ¼ 1:73� 108 N=m2 (500Hz); ���,

sa ¼ 3:39� 108 N=m2 (700Hz); � � �, sa ¼ 6:91� 108 N=m2 (1000Hz); � � �, sa ¼ 15:5� 108 N=m2 (1500Hz); þ, sa ¼ 27:6� 108 N=m2

(2000Hz).
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Fig. 4. The decay rate of the rail with absorber for various absorber loss factors: —, Za ¼ 0.05; ���, Za ¼ 0:1; � � �, Za ¼ 0:2; � � �,
Za ¼ 0:4; þ, Za ¼ 0:8.
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noise component is dominant (see Section 3). The added mass of the absorber slightly reduces the cut-on
frequency of propagating waves in the rail and, hence, reduces the decay rate between 200 and 500Hz [7].

Fig. 3 shows the effect of increasing the stiffness of the absorber. This increases its tuning frequency. Fig. 4
shows that increasing the loss factor of the absorber will increase the breadth but decrease the peak of the
decay rate. For high loss factors, the peak of the decay rate is also shifted slightly towards higher frequencies.
In order to determine the relative merits of the breadth and height of this peak, these results must be combined
with noise predictions; these are considered in the next section.
3. Predicted rail noise

In order to estimate the effect on the radiated sound, a prediction is made of the sound power radiated from
an untreated track using the TWINS model [10]. The sound power of the damped track is then calculated by
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modifying the rail noise component predicted by the TWINS model in accordance with the ratio of decay
rates.

Fig. 5 shows the initial sound power spectrum predicted using TWINS. The separate components radiated
by the wheel, rail and sleeper are shown. This initial situation represents a typical modern track with relatively
soft rail pads, as in Section 2, a train speed of 100 km/h and a roughness spectrum corresponding to wheels
with cast-iron block tread brakes.

The noise from the rail is composed of components due to both vertical and lateral vibration. In this
untreated situation the vertical component is 7.5 dB greater than the lateral component. Even in the treated
situation, if the vertical component is modified by the effect of the rail absorbers but the lateral component is
left unaffected, the vertical component would still be greater than the lateral component. In practice, the
absorbers will also introduce some damping to lateral vibration. However, from these comparisons it can
be concluded that the lateral component can be neglected in optimising the effect of the absorber because of
the dominance of the vertical motion.
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Fig. 5. The initial sound power level from one wheel and associated track predicted using TWINS.—, total; � � �, wheel; � � �, rail; ���,

sleeper.
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Fig. 6. The predicted vertical component of rail noise with and without absorber. The input parameters are as in Table 1, tuning frequency

1000Hz, Za ¼ 0:35. —, vertical untreated (113.2 dB(A)); ���, vertical treated track (109.1 dB(A)).
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The predicted noise reduction has, therefore, been calculated in terms of the reduction in the vertical
component. The sound power levels of treated and untreated tracks are shown in Fig. 6. These are obtained
using the parameters given in Table 1. The absorber is found to give an overall reduction of 4.1 dB(A) in this
component of rail noise. The maximum effect is about 10 dB occurring in the 1000Hz band; this can also be
seen from the ratio of the decay rates in Fig. 2. Note that the vertical component of rail vibration consists of a
propagating wave and a nearfield wave; only the decay rate of the propagating wave is modified in this
calculation.

Fig. 7 shows the reduction in overall A-weighted noise from the rail vertical motion found for a range of
values of the loss factor and stiffness (corresponding to a range of tuning frequency of 250–2000Hz). This
shows that the maximum noise reduction is achieved for loss factors of 0.3 and above, and a stiffness of about
4:0� 108 N=m2 (tuning frequency of about 800Hz). As the loss factor is increased beyond 0.3, the noise
reduction increases, but only slightly. It is also observed that the maximum noise reduction occurs at a slightly
lower stiffness as loss factor increases. This corresponds to the shift in the decay rate peak, for a given stiffness,
towards higher frequencies that is seen in Fig. 4.

Although this analysis indicates that a high loss factor is beneficial, materials with a higher loss factor will
have a stiffness that varies more significantly with temperature. This inter-relation between damping and
stiffness will be considered in the next sections.
4. Temperature dependence of loss factor and stiffness

It is known that the dynamic properties of the absorber will vary with temperature: the higher the loss
factor, the bigger the change in the stiffness over a range of temperatures. If the stiffness varies too much, then,
as seen above, the absorber will be less effective at extremes of temperature. Conversely, if the loss factor is too
low the effect of the absorber is reduced. The balance between these two effects over the range of temperatures
required is now investigated.

It is known from Ref. [11] that, for a general elastomer, the slope of the shear storage modulus G0 with log
frequency is related to the loss modulus G00 by

dG0

dx
¼

2G00

p
(9)

where x ¼ logeðf Þ and f is frequency. The loss factor Z can be written as

Z ¼
G00

G0
(10)
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Substituting this into Eq. (9) gives

dG0

dx
¼

2Z
p

� �
G0 (11)

Although the loss factor is generally dependent on frequency and temperature, insight can be gained by
assuming a constant value for Z. In this case, the solution to Eq. (11) is

G0 ¼ G0e
ðð2ZxÞ=pÞ ¼ G0f

ð2Z=pÞ (12)

Thus the ratio of G0 at two frequencies f 1 and f 2 is

G0ðf 2Þ

G0ðf 1Þ
¼

f 2

f 1

� �2Z=p

(13)

This frequency-dependence is next converted into a temperature-dependence. According to the principle of
time-temperature superposition [12], it is possible to superimpose the curves of G0 against log10 f at different
temperatures T by adding a temperature-dependent factor log10 a(T) called a shift factor, to log10 f . This
applies strictly only for a thermorheologically simple material. The shift factor should then be the same for all
frequencies for a curve measured at a given temperature.

Thus if aðT0Þ ¼ 1 at a reference temperature T0

G0ðf 1;T1Þ ¼ G0ðf 2;T2Þ ¼ G0ðf 0;T0Þ (14)

where f 1 ¼ aðT1Þf 0 and f 2 ¼ aðT2Þf 0 are shifted frequencies for temperatures T1 and T2. Hence

G0ðf ;T1Þ ¼ G0
f

aðT1Þ
;T0

� �
(15)

and similarly for T2, giving

G0ðf ;T1Þ

G0ðf ;T2Þ
¼

G0
f

aðT1Þ
;T0

� �

G0
f

aðT2Þ
;T0

� � ¼ aðT2Þ

aðT1Þ

� �2Z=p

(16)

The Williams–Landel–Ferry (WLF) model [13] can be used to generate a suitable approximation for the factor
aðTÞ. This model is found to apply to a wide range of elastomeric materials [12,13]. The WLF model predicts
the shift factor as

log10 aðTÞ ¼
�8:86ðT � TsÞ

101:6þ T � Ts

(17)

where Ts is a reference temperature applying to a given material. It can be estimated approximately as
Tg þ 50, where Tg is the glass transition temperature of the material [13]. Eq. (17) is valid over a range
Ts � 50oToTs þ 50.

Fig. 8 shows the shift factor for different Ts predicted according to Eq. (17) for temperatures between �20
and 40 �C. These have been normalised by dividing aðTÞ by the shift factor at 10 �C. The slopes of these curves
increase with increasing Ts and decreasing temperature. Using this with Eq. (13), the ratio of storage modulus
at two temperatures T1 and T2 and for a given frequency is given by

log10
G0ðT1Þ

G0ðT2Þ

� �
¼

2Z
p

8:86ðT2 � TsÞ

101:6þ T2 � Ts

�
8:86ðT1 � TsÞ

101:6þ T1 � Ts

� �
(18)

It is now necessary to select a value of Ts. Taking, for example, a value of Tg of �70 �C, corresponding to
butyl rubber, Ts will be about �20 �C. Fig. 9 shows the variation of G0 with temperature for various loss
factors for a value of Ts of �20

�C. The slope of G0 increases as the loss factor increases. Here, the value of G0

is shown relative to the value at 10 �C.
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5. Effect of temperature dependence on noise reduction

If a constant loss factor is assumed, the temperature variation of the stiffness can be introduced into the
noise predictions, based on the results of the previous section. Dynamic properties at 10 �C are used as
nominal input parameters in the prediction of noise reduction. These are based on a stiffness of
4:36� 108 N=m2, corresponding to a tuning frequency of 800Hz. The stiffness is then varied according to
the ratio in Eq. (18), i.e. as given in Fig. 9, as temperature varies and according to Eq. (13) as frequency varies.

Fig. 10 shows the reduction of the vertical rail noise as a contour plot against temperature and damping loss
factor. Results are shown for three values of Ts. In all cases, low loss factors give less noise reduction but these
results are less sensitive to the change of temperature than at high loss factors. For example, for Ts ¼ �20

�C
(Fig. 10(b)), a loss factor of 0.1 enables a noise reduction of 3.5 dB to be sustained across most of the
temperature range. A loss factor of 0.3 allows a maximum reduction of 5 dB to be achieved and this remains
above 4 dB between �10 and 40 �C. However, when the loss factor is increased to 1.0, although the maximum
noise reduction is still 5.5 dB, the results are much more strongly dependent on temperature due to the higher
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variation in stiffness. Generally, a loss factor around 0.25–0.4 appears to give the best results across the range
of temperatures considered.

The assumed value of Ts also affects the results. The lowest value of Ts (�40 �C) gives less variation of
noise reduction across the temperature range than a Ts of 0

�C. This follows from the stiffness variation seen
in Fig. 7. The choice of Ts in the analysis is somewhat arbitrary, but �20 �C is realistic for a common
workable material such as butyl rubber.
6. Estimating the weighted noise reduction for a range of rail temperatures

Due to the variability of weather and climate the rail temperature varies considerably in the course of a year.
This will also have an effect on the performance of the rail absorber. To cover a wide range of situations in
Europe, temperature distributions from three different countries, the United Kingdom (UK), Sweden and
Italy, have been evaluated. In this section the statistical distribution of rail temperatures is investigated and
used to develop a method to estimate a weighted noise reduction based on the rail temperature distribution for
any location. This method will be used to assess various elastomeric materials in order to determine the
optimum material for any given situation.

Rail and air temperature data were collected at 10min intervals over a 12 month period [14] at a site at
Leominster in the UK and the raw data has kindly been supplied to us by the author. The rail and air
temperatures are arranged into a frequency distribution with a 5 �C resolution. In Fig. 11 the distribution of
rail temperature can be used as a weighting for the noise reduction obtained at each temperature. Thus most
account should be taken of the noise reduction at 10 �C, and relatively little of that at �10 and 40 �C. The
distribution of air temperatures is similar to that of the rail at low temperatures, but the rail temperature has
more occurrence at high temperatures because of the effect of sunlight.

To gain an impression of the likely distribution of rail temperatures in other countries, use has been made of
more widely available meteorological data in the form of daily maximum and minimum air temperatures. For
Sweden, data were obtained for Fulum covering the period from January to December 2000 and for Italy were
obtained for Brindisi from January to December 2005 [15].

Figs. 12(a) and (b) show distributions of the maximum and minimum daily air temperature for Sweden and
Italy, again in 5 �C intervals. At the location in Italy, the temperature range is 0–35 �C. The distributions of
minimum and maximum temperature are similar apart from a constant shift. For Sweden the temperature
distributions contain a large ‘tail’ at low temperatures. The range of temperatures here is between �30 and
25 �C.
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Fig. 11. Distribution of rail temperature (—) and instantaneous air temperature ð��Þ throughout the year for Leominster, UK.
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Fig. 12. Maximum (—) and minimum ð��Þ daily temperature throughout the year for (a) Italy and (b) Sweden.
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Fig. 13. Rail temperature distribution for UK (—) and estimated for Sweden ð��Þ and Italy ð� � �Þ.
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As the temperature data from Sweden and Italy do not include rail temperature, the rail temperature
distribution obtained from the UK site has been used as a guide to estimate the rail temperature distribution
for Sweden and Italy. To do that, it is convenient to take the points mid-way between the maximum and
minimum air temperature for each day of the year. The data from the UK site has been converted to this form
so that comparisons can be made.

Based on these distributions, plausible rail temperature distributions that are consistent with the available
air temperatures have been determined. The results of the estimation are shown in Fig. 13. The rail
temperature for the UK is in the range �10 to 40 �C, Italy in the range 0–50 �C and Sweden in the range �25
to 35 �C.

The temperature distributions in Fig. 13 can be used as weighting functions. A temperature-weighted noise
reduction for each country can be estimated based on these. The weighted noise reductions have been
determined as follows. For a given loss factor and stiffness at 10 �C (which can also be expressed in terms of
the tuning frequency at 10 �C), the corresponding stiffnesses are determined at each temperature in the range
�20 to 40 �C. For each of these temperatures the rail decay rate is determined and used to find the noise
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reduction achieved by the absorber. The results for each temperature are then weighted using the factors
shown in Fig. 13 to give a weighted noise reduction.

DLA;T ¼
Xn

i¼1

ðwT ;i � DLA;iÞ (19)

where DLA;T is the average weighted noise reduction with respect to temperature, wT ;i is the weighting factor
for temperature i and DLA;i is the A-weighted noise reduction for temperature i.

Fig. 14 shows the results using the UK weighting for a range of loss factors and stiffnesses. This shows that
the maximum benefit is found for a nominal tuning frequency of 800Hz at 10 �C and loss factors between 0.25
and 0.75. Fig. 14(b) confirms this by showing the results for the nominal tuning frequency of 800Hz plotted
against loss factor.

Fig. 15 shows the equivalent results for the Swedish weighting. Fig. 15(a) shows that the greatest weighted
noise reduction occurs for a tuning frequency of about 700Hz at 10 �C. As this material gets stiffer at lower
temperatures, this will mean that the tuning frequency will be around 800Hz for the most common
temperature of 5 �C. The maximum benefit is slightly reduced due to the wider spread of temperatures,
particularly low temperatures, included in the weighting. The result in Fig. 15(b) falls more rapidly at high loss
factors than for the UK weighting.
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Fig. 14. (a) Contour plots of weighted noise reduction against tuning frequencies and loss factor for UK weighting. (b) The effect of

various loss factors on the weighted noise reduction for tuning frequencies at 10 �C of 800Hz.
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Fig. 15. (a) Contour plots of weighted noise reduction against tuning frequencies and loss factors for Swedish weighting. (b) The effect of

various loss factors on the weighted noise reduction for tuning frequency at 10 �C of 700Hz.
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Fig. 16 shows the weighted noise reduction for Italy. This shows the opposite trend, with the maximum
benefit for a slightly stiffer material, which gives a tuning frequency of 800Hz at 15 �C. The maximum benefit
and dependence on loss factor are similar to the results for the UK.
7. Conclusions

An investigation has been made into the optimum damping loss factor and stiffness of the elastomer in a rail
absorber, in terms of the reduction of noise that can be achieved. In order to calculate the noise reduction, a
mathematical model of a beam was used to represent the rail. The noise reduction from the vertical wave is
most important and the rail absorber has to be optimised for this component.

The reduction of noise is influenced by changes of temperature. Knowing that the stiffness is very sensitive
to temperature, an approximate technique has been adopted to estimate this effect. By assuming a constant
loss factor, the variation in stiffness across the temperature range has been estimated, assuming only a value
for the temperature Ts as used in the WLF equation. It is shown that the noise reduction can be maintained
within 1 dB of the maximum effect in a range �10 to 40 �C for a loss factor of about 0.3. With lower loss
factors the result is less sensitive to temperature but the overall reduction obtained is smaller. With higher loss
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Fig. 16. (a) Contour plots of noise reduction against tuning frequencies and loss factor for Italian weighting. (b) The effect of various loss

factors on the weighted noise reduction for tuning frequencies at 10 �C of 900Hz.
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factors, although the same maximum reduction can be achieved, this is much more sensitive to variations in
temperature.

Rail temperature distributions can be used as weighting functions for the noise reduction to ensure that a
rail absorber design is focussed on the temperatures that occur most commonly at a given location. For the
UK, the most common temperature is at 10 �C so the maximum noise reduction is required at this
temperature. For Italy a slightly stiffer material is required to give the maximum noise reduction at around
15 �C, while for Sweden a slightly softer material is required.

The analysis method presented here could be readily extended to study more complex absorber designs
accounting for the temperature- and frequency-dependence of real elastomers but that is beyond the scope of
the present paper.
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