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Results are presented of a study of the performance of various track-side
railway noise barriers, determined by using a two-dimensional numerical
boundary element model. The basic model uses monopole sources and has been
adapted to allow the sources to exhibit dipole-type radiation characteristics. A
comparison of boundary element predictions of the performance of simple barriers
and vehicle shapes is made with results obtained by using the standard U.K.
prediction method. The results obtained from the numerical model indicate that
modifying the source to exhibit dipole characteristics becomes more significant as
the height of the barrier increases, and suggest that for any particular shape,
absorbent barriers provide much better screening efficiency than the rigid
equivalent. The cross-section of the rolling stock significantly affects the
performance of rigid barriers. If the position of the upper edge is fixed, the results
suggest that simple absorptive barriers provide more effective screening than tilted
barriers. The addition of multiple edges to a barrier provides additional insertion
loss without any increase in barrier height.
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1. INTRODUCTION

Noise nuisance from railways has become a major concern particularly near lines
which carry heavy traffic at high speeds. Noise barriers are commonly used to
alleviate the problem. A range of experimental and theoretical studies have been
reported on the efficiency of plane screens and other forms of noise barrier in
attenuating railway noise [1–6]. In this paper results are presented of a study of
the performance of various forms of track-side noise barrier, determined by using
a numerical model based on the solution of a two-dimensional boundary integral
equation [7]. The model has been adapted to allow for the simulation of
dipole-type sources. Use of the model enables the effects of many factors which
affect the performance of noise barriers to be investigated in a controlled manner.
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A comparison is carried out of the performance of simple barriers and vehicle
shapes, calculated using monopole and dipole sources, with results obtained by
using the standard U.K. prediction method, the Calculation of Railway Noise [8].
Results are presented showing the effects of the cross-sectional profile of the rolling
stock. For a cross-section representative of high speed trains, calculations have
been carried out on a wide range of barrier profiles to establish the effect of barrier
shape on screening performance. The barrier position relative to the track has been
chosen by using an appropriate structure gauge.

2. SELECTION OF SOURCE CHARACTERISTICS

2.1.  

Three main forms of noise generation occur on railway trains. These are from
the interaction and vibration of the rails and wheels, aerodynamically induced
sound from the vehicle body and pantograph, and power unit noise (see, e.g.,
reference [9]).

Noise from locomotives is less dependent on movement than that from other
sources and the array of individual source components varies with the type of
vehicle. For high speed trains, which are of primary concern, the power units are
located at the ends of the train. The aim here is to predict levels which could be
expected when the centre of the train passes the observation point, when power
unit sources will have little contribution to the overall level, particularly for
receiver positions relatively close to the track.

King [10] observed that aerodynamic sound sources on a high speed train
include pantographs and other roof-mounted equipment, bogie units and the
‘‘cut-out’’ areas of the body shell into which these are mounted, and detached flow
at the head of the leading car. At high speeds, the latter often produces the
strongest aerodynamic source, followed by vortex shedding from pantographs.
For the most part, such sources have been shown [11] to be unimportant at speeds
below 240 km/h although experimental results from studies of the French
TGV-Atlantique [12] have suggested that this limit is actually as high as 300 km/h.
Aerodynamic noise tends to increase more dramatically with speed than wheel/rail
noise. Measurements performed by Hölzl et al. [13] indicated that for high speed
trains the noise levels resulting from pantograph noise and wheel/rail noise on the
front and rear power cars are similar. The sound propagating from the majority
of aerodynamic sources on the upper half of the train body, the pantograph and
also the locomotive exhaust outlets will be unobstructed by a typical low barrier
of approximately 2 m in height. The direct propagation of sound from these
sources should thus be considered separately. Barriers 5–6 m in height would be
necessary to shield the surroundings from these sources. In the region of the rails
and wheels noise arising from vibration and interaction of these elements is
significantly shielded by low barriers. The purpose of this investigation is to
examine the attenuation of noise produced in this region.

Van Leeuwen [14] conducted a survey of various prediction models used to
determine the effects of track-side noise barriers and found that from the 14 models
studied, 9 different source positions were used. These were located predominantly
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above either the centreline of the nearest track or the nearside rail and all at heights
of Q1·0 m above the trackbed.

In theoretical calculations Ughi et al. [15] used a source spectrum composed of
wheel/rail noise, pantograph and aerodynamic noise but maintained the source
position at the railhead. A source position at the railhead was used in this
investigation.

2.2.  

There are considerable difficulties in establishing a typical source spectrum for
a train. Apart from individual variations between vehicles, the distribution of the
sources is diverse and the relative contributions to the overall noise levels vary with
speed.

Hemsworth [16] presented wheel/rail noise spectra for several vehicle types,
using different wheel diameters and either tread or disc-braked wheels. These
included British Rail Mk II and Mk III carriages fitted with tread-brakes and
disc-brakes respectively. The A-weighted spectrum for the Mk III carriages is
shown in Figure 1. The train speed for this particular data was 160 km/h and the
measurement position was 25 m from the nearside track. Figure 1 also shows
bypass spectra established during other studies. These have all been adapted to
values equivalent to a measurement position of 25 m from the nearside track and
are as follows.

Houtave [17]. Measured data from studies of the TGV-Atlantique to investigate
the performance of noise barrier systems (rolling stock, TGV-Atlantique; train
speed, 300 km/h, original measurement position was at 25 m).

Van Der Toorn [18]. Measured data from studies of the TGV-Atlantique to
identify the vertical distribution and strength of acoustic sources (rolling stock,

Figure 1. 1/3 octave band A-weighted bypass spectra for different rolling stock. Adjusted for
measurement position at 25 m from the nearside track. ——, Hemsworth; – – –, Houtave; +, Van
Der Toorn (1); w, Van Der Toorn (2); ×, Feldmann (1); r, Feldmann (2); — — —, Ughi.
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TGV-Atlantique; train speeds, 200 km/h (1) and 300 km/h (2); original
measurement position was at 25 m).

Feldmann [19]. Measured data for coaches with different wheel types from a
study of the noise behaviour of wheel/rail-systems (rolling stock, carriages with
absorber rim damping (1) and sandwich disk damping (2); train speed, 200 km/h;
original measurement position was at 3 m).

Ughi [15]. Measured data from a study into the combined effectiveness of
different height noise barriers. This spectrum is a combination of wheel/rail,
pantograph and aerodynamic noise (rolling stock, ETR 500; train speed,
250 km/h; original measurement position is not specified).

Although there is considerable variation in the results shown in Figure 1 the
general trend is similar, with a peak in the spectrum at approximately 1–2 kHz.
The source spectrum used in the investigation was that of Hemsworth for British
Rail Mk III disc-braked rolling stock.

2.3.   

Wheel/rail noise is commonly modelled by a line of incoherent dipole sources.
This approximation gives good agreement with measured data [20]. Hohenwarter
[21] conducted measurements at short distances for a selection of different trains
and speeds and found that in most cases electrically hauled trains radiate sound
with dipole source characteristics. The ÖAL model [22] uses a combination of
dipole and monopole sources, with the ratio 15% monopole and 85% dipole type
radiation.

3. THE BOUNDARY ELEMENT MODEL

The approach adopted in this study is to solve accurately the governing wave
equation by using the boundary element method which allows complete flexibility
in the specification of noise barrier design, shape of rolling stock, and distribution
and type of ground surface and absorbent barrier elements. To obtain a
computationally manageable problem, the noise barriers and rolling stock are
approximated as infinitely long and of uniform cross-section and acoustical
properties along their length. The excitation is modelled by coherent line
monopole and dipole sources. Then the mathematical problem reduces to solving
the two-dimensional Helmholtz equation in the plane perpendicular to the track
and noise barriers. In this plane Cartesian co-ordinates Oxy are adopted, with the
y-axis vertically upwards. The axes are chosen so that the boundary (ground
surface, noise barriers, rolling stock, etc.) lies entirely on or above the line y=0
and, in the cases treated, the ground surface coincides with the line y=0. The
boundary is assumed locally reacting and b(rs ) denotes the surface admittance
relative to air at a point rs =(xs , ys ) on the boundary. It is also assumed that, for
some constant value bc , b(rs )= bc at points on the boundary sufficiently far from
the tracks. g denotes those parts of the boundary on which b$ bc or which lie
above the line y=0.

The numerical procedure treats the above problem as a perturbation of the case
in which the boundary is coincident with the line y=0 and b0 bc . In this simple
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case the propagation problem can be solved exactly. Let Gbc (r, r0) denote the
Green’s function for this problem: i.e., Gbc (r, r0) denotes the acoustic pressure at
r when a unit strength monopole source is located at r0 above a flat homogeneous
plane of admittance bc . Expressions and efficient numerical methods for the
evaluation of this Green’s function are given in reference [23].

The boundary element method is a numerical method applied to the
reformulation of the Helmholtz equation as a boundary integral equation. In this
study the integral equation employed [7, 24] is

o(r)p(r)= p0(r)+gg 01Gbc (r, rs )
1n(rs )

− ikb(rs )Gbc (r, rs )1p(rs ) ds(rs ), (1)

this equation holding for points r=(x, y) on or above the boundary, where k is
the wavenumber, p(r) denotes the pressure at r and p0(r) the pressure that would
be measured if the boundary were flat, coinciding with the line y=0, and had
constant admittance bc . For points r=(x, y) on the boundary, o(r)=V(r)/(2p)
if yq 0, =V(r)/p if y=0, where V(r) is the corner angle at r (=p if r is not a
corner). o(r)=1 at points above the boundary. Equation (1) is solved by the
piecewise constant collocation boundary element method described in references
[7, 25].

For the purpose of this study, the boundary element method is implemented
using two sources for each track, located at the railhead and exhibiting either
monopole or dipole type radiation characteristics. A separate simulation is made
for each source position and the resulting predicted noise levels are added
logarithmically.

For a monopole source located at r0, p0(r)=Gbc (r, r0). A dipole source is two
coincident monopole sources. That is, for a dipole source,

p0(r)= lim
h:0 $Gbc (r, r0 + hu)−Gbc (r, r0)

h %= u · 9r0Gbc (r, r0)

=ux
1

1x0
Gbc (r, r0)+ uy

1
1y0

Gbc (r, r0), (2)

where u=(ux , uy ) is a unit vector along the axis of the dipole (i.e., the axis of
maximum emission). In the simulations carried out it is assumed, as in reference
[20], that u=(1, 0) is in the horizontal direction. Expressions and efficient
numerical calculation procedures for 1Gbc (r, r0)/1x0 and 1Gbc (r, r0)/1y0 are given in
reference [23].

4. METHOD AND COMPARISON WITH OTHER PREDICTION METHODS

The cross-section of the track, rolling stock, ballast and sound sources is shown
in Figure 2, together with a noise barrier situated at one side of the track. This
is a multiple edge barrier configuration [26], achieved by fitting two extra panels
to a plane screen, which is discussed later. The ground is flat and the non-rigid
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Figure 2. Basic railway cross-section.

surfaces, namely the ballast, grass and absorbing barrier faces, are assumed to
consist of a homogeneous porous layer with a rigid backing. The acoustical
properties of the porous layer are given by the four-parameter model of
Attenborough [27, 28], with use of the parameter values given in Table 1. Type
1 ballast is equivalent to pea-gravel. Type 2 ballast is based upon measurements
carried out as part of a study into noise barriers for the TGV [17]. For these
preliminary tests, Type 1 ballast is assumed. All other surfaces are assumed rigid,
with zero admittance. Receiver positions are located at distances of 20, 40 and
80 m on the far side of the barrier and at heights of 1·5 and 4·5 m. A source is
located at each railhead. The source spectrum used is that of Hemsworth for
British Rail Mk III disc-braked rolling stock [16] as shown in Figure 1.

Several different configurations of plane screen of different heights were
considered which are described in Table 2. For the absorbing barrier case, only
the traffic-facing side of the barrier was treated. Insertion losses were calculated
at 1/9th octave band centre frequencies and the results combined to obtain a broad
band insertion loss. Results for carriages on the nearside and farside tracks were
considered separately. Results were calculated by using the boundary element
method, for both monopole and dipole sources, and the standard U.K. prediction
model, Calculation of Railway Noise (CRN) [8].

The insertion losses for the rigid barrier as calculated by using the boundary
element method are small for both monopole and dipole sources, not exceeding

T 1

Parameter values used in the impedance model

Flow Pore shape
resistivity Porosity Tortuosity Layer depth factor

Surface type s (Ns m−4) V q d (m) sp

Grass 125 000 0·50 1·67 a 0·5
Ballast, Type 1 9570 0·40 1·54 0·5 0·4
Ballast, Type 2 180 000 0·40 2·30 a 0·5

Absorbing barrier 6300 0·90 1·50 0·13 0·5
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T 2

Comparison of broad band insertion losses (dB)

Nearside track Farside track
ZXXXXCXXXXV ZXXXXCXXXXV

1·5 1·5 1·5 1·5 1·5 1·5
20·0 40·0 80·0 20·0 40·0 80·0

Barrier type Model (m) (m) (m) (m) (m) (m)

1·5 m rigid Monopole 3·7 0·0 −4·0 3·3 −0·7 −4·1
Dipole 3·9 0·3 −3·8 3·4 −0·7 −4·1
CRN 9·9 9·4 8·7 6·4 5·9 5·3

1·5 m absorbing Monopole 12·7 9·5 6·2 6·9 3·4 0·7
Dipole 13·3 10·0 6·9 7·1 3·6 0·8
CRN 14·3 13·8 13·1 9·6 9·2 8·5

2·0 m absorbing Monopole 15·6 11·7 8·0 9·6 6·3 2·6
Dipole 16·2 12·5 8·7 10·0 6·4 2·6
CRN 16·3 15·7 14·9 11·9 11·2 10·4

4 dB. The introduction of an absorbing surface onto the track-facing side of the
barrier significantly improves performance by reducing multiple reflections.
Increasing the height of the absorbing barrier further improves performance at all
positions. The differences between the monopole and dipole results increases with
increasing barrier height, as would be expected from consideration of the emission
characteristics.

For the rigid barrier, the boundary element results are very much smaller than
those predicted by CRN. This may be because the boundary element method
over-estimates the effect of multiple reflections between parallel surfaces due to the
perfect geometry of the model and the exactly parallel faces of the rolling stock
and barrier. There is good agreement between results from CRN and the boundary
element model for the absorbing barriers and the close receiver positions. At larger
distances the differences are attributable to ground attenuation which is always
considered in the boundary element model. In CRN the gound effect can never
exceed 4 dB and is assumed zero when the barrier is present.

Table 3 presents the results from the numerical model when using a dipole
source for various plane barrier arrangements and the multiple edge barrier
configuration shown in Figure 2. The results suggest that inclusion of the
additional panels is equivalent to increasing the height of the plane absorbing
barrier by at least 0·5 m.

5. THE EFFECT OF CARRIAGE SHAPE UPON BARRIER PERFORMANCE

To investigate the effect of the carriage shape upon barrier performance,
calculations were carried out for a complex cross-section characteristic of high
speed trains as shown in Figure 3. This cross-section is based upon British Rail
Mk IV carriages and is similar to the profile of TGV rolling stock which is also
shown in Figure 3. The barrier position was determined by using standard
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T 3

Broad band insertion losses (dB) for various barrier configurations

Nearside track Farside track
ZXXXCXXXV ZXXXCXXXV
1·5 1·5 1·5 1·5 1·5 1·5

20·0 40·0 80·0 20·0 40·0 80·0
Barrier type (m) (m) (m) (m) (m) (m)

1·5 m rigid 3·9 0·3 −3·8 3·4 −0·7 −4·1
1·5 m absorbing 13·3 10·0 6·9 7·1 3·6 0·8

1·5 m absorbing, and RTB panels 15·4 12·3 9·3 9·7 6·1 3·1
2·0 m absorbing 16·2 12·5 8·7 10·0 6·4 2·6

2·0 m absorbing and RTB panels 19·0 14·9 11·1 12·7 8·6 5·0
3·0 m absorbing 18·9 16·3 10·4 13·2 8·3 4·6

3·0 m absorbing and RTB panels 21·2 17·3 13·2 16·4 11·4 6·9

structure gauges [29] and corresponded to the position of overhead cable masts.
The impedance characteristics used for the ballast were those given for Type 2 in
Table 1. Carriages on the nearside track were considered with a dipole source at
each railhead. Results are presented in Table 4, in terms of the mean insertion loss
over the 6 measurement positions described previously.

For the case of the rigid barrier, there is a significant improvement in barrier
screening when using the complex cross-section, an average of almost 7·5 dB. As
already observed, the low values for the simple cross-section are due in part to
the perfect geometry of the model. However, the angle of the lower surfaces on
the complex cross-section suggests that reflected sound is directed back towards
the ground between the train and the barrier, whilst the upper surfaces help direct
sound above the receiver positions which have been used.

Figure 3. Cross-section for comparison of carriage shapes. — —, Simple; – – –, BR Mk IV; · · · · · ,
TGV
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T 4

Comparison of average insertion losses (dB) for different
carriage profiles

Average insertion loss (dB)
Cross-section ZXXXXXXXCXXXXXXXV

type Rigid barrier Non-rigid barrier

Simple 4·1 18·5
Complex 11·4 17·4

Introducing an absorbing surface onto the track-facing side of the barrier
reduces the benefits of these inclined rigid-surfaces, leading to a similar degree of
screening for the two carriage cross-sections.

6. THE EFFECT OF BARRIER SHAPE UPON SCREENING PERFORMANCE

To investigate the effect of the shape of the noise barrier upon the screening
performance, the same basic geometry and sources were adopted as in section 5.
The barrier height was 2·0 m. Figure 4 shows the position of five of the different
barrier profiles which were studied. The positions were chosen such that no barrier
surface fell within the structure gauge. The top edge of the vertical barriers and
those inclined towards the track were coincident.

Figure 5 shows the individual barrier arrangements together with the
corresponding mean insertion loss over the six measurement positions. In the case
of absorbent barriers, the whole track-facing side was treated except in case (d)
where the treatment was applied to the upper 0·75 m. ‘‘R’’ denotes the result for
a rigid barrier and ‘‘A’’ the absorbing case.

Consider first the rigid barriers [Figures 5(a), (c) and (f)]. The mean insertion
loss is in the range 7·1–13·5 dB. Of the three designs, the parabolic form, (c), is

Figure 4. Cross-section for comparison of barrier shapes.
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Figure 5. Average insertion losses for the barrier arrangements tested. R=rigid; A=absorbing.

the least efficient. The reason for this may be that the outward sloping lower
section of the parabolic profile is reflecting sound upwards and reducing the
benefits of profiling the carriage sides. The screen sloping towards the carriage,
(f), is more efficient than the plane screen when their upper edges are coincident.

For those barriers with absorbent surfaces, the mean insertion loss is in the
range 11·8–17·9 dB. As for the rigid case, barrier (c) produces the lowest value of
mean insertion loss. The most efficient single barrier is the plane screen (a). Other
designs produce very similar mean insertion losses between these values, as was
observed by Van Tol [6]. In assessing the relative efficiency in these cases it must
be remembered that the performance will be affected by the criteria used for the
relative positions of the upper edges. In this investigation the position of the upper
edges are coincident. Other studies [4, 5], in which the feet of the barriers are
coincident, report that screens inclined towards the track are the most effective.
For the partially absorbing barrier, (e), the mean IL is midway between that
achieved using either a fully rigid or fully absorbing barrier. In this instance,
screening will be improved by increasing the proportion of the barrier surface
which is absorbent.

Enhanced screening can be achieved by incorporating multiple edge devices, as
was observed by Rudolphi and Åkerlöf [3]. For the complex train cross-section,
the insertion loss of the multiple edge device is approximately 0·5 dB greater
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than that for the plane absorptive barrier. This is not as significant as was observed
during the preliminary tests with a simple cross-section, where the improvement
was equivalent to a 0·5 m increase in barrier height.

7. CONCLUSIONS

The boundary element numerical model is a useful tool for investigating the
relative efficiency of various forms of track-side noise barrier for railways. The
results of the two-dimensional model can be interpreted in three dimensions as
equivalent to those for a coherent line source of sound. The results are expected
to be representative of levels obtained when the centre of the train passes the
observation point.

Sources at the railhead have been used which are appropriate for a variety of
sources below the level of the upper edge of the noise barriers. Aerodynamic and
power unit noise above the barrier will not be attenuated and have not been
considered.

The difference in barrier insertion loss resulting from assuming monopole and
dipole source characteristics is quite small, but becomes more important as the
height of the barrier increases.

The results obtained by using the numerical model suggest that for any
particular shape, an absorbent barrier provides much better screening efficiency
than the rigid equivalent. The cross-section of the rolling stock significantly affects
the performance of rigid barriers. The screening efficiency of such barriers is poor
when the sides of the rolling stock are vertical. However an average improvement
in insertion loss of up to 7·5 dB for a 2 m high barrier results when the upper and
lower surfaces of the vehicle sides are inclined; this helps to redirect reflected sound
either towards the trackbed or upwards. Such profiles are commonly used,
particularly on high speed trains.

If the position of the upper edge is fixed, the results suggest that vertical
absorptive barriers provide more effective screening than those tilted towards the
track, since the benefits of using profiled rolling stock are eliminated. The addition
of multiple edges to a barrier provides additional insertion loss of up to 3·0 dB
without any increase in height for carriages with vertical sides. The average
improvement is 0·5 dB for profiled rolling stock.
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