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PREFACE

In 1978, the Danish Road Directorate’ published its first
report about noise barriers. It contained guidelines for the
design and placement of acoustic shields and was the first
of a series of reports on this topic from the Danish Road
Directorate. The second report appeared in 19892, which,
in addition to guidelines, gave many examples of noise
barriers both in Denmark and other European countries.

In 1999 a new report® was published by the Danish Road
Directorate with detailed examples of screens at different
locations in Denmark. The present report continues this
ten-year series on noise barriers. In the last ten years, new
materials and new standards have been developed, and
more traffic on the roads makes it even more necessary to
understand how a noise barrier works, what kind of barriers
are available on the market, which effects have been docu-
mented in experimental studies and finally, how screens
can be optimised to obtain a higher noise reduction per
invested unit of money.

This report contains a state-of-the-art on the international

SUMMARY

Noise barriers are one of the most effective ways to mitigate
road traffic noise. They are often found along highly traf-
ficked roads close to urban areas. However, compared to
other known ways to mitigate traffic noise, noise barriers are
among the least cost-effective, i.e. less noise reduction is
achieved per price unit. There is therefore a need to study
noise barriers thoroughly and try to optimise their acoustic
performance in order to achieve more noise reduction per
invested unit of money.

The present report reflects the first phase of the project “Op-
timised Noise Barriers”, which intends to develop better and
more cost-effective noise barriers. The goal of this first pha-
se was to investigate which types of noise barriers can be
found on the market, what the international state of research
in this area is and what could be the solutions to study and
optimise in the next phase of the project. This report is
therefore a state-of-the-art on optimised noise barriers.

The introduction presents some basic physical principles of
noise barriers. These are necessary to better understand
how the sound behaves around noise barriers and also to
identify where an optimisation of such barriers is possible.

The first type of barrier to be presented is regular noise
barriers, i.e. flat (or vertical) barriers.

The next chapter presents noise barriers with improved
performance. Usually these barriers are modified versions of

research carried out on noise barriers around the world.

It focuses on the acoustic characteristics of the screen
rather than on its appearance, design or maintenance. The
report points out different types of noise barriers that might
be worthwhile trying in Denmark in the coming years.

In the agreement on Green Transport Policy from the Dan-
ish Parliament in 2009 10 mil. DKK was reserved for devel-
opment of new methods of noise abatement in the period
2009 to 2014. As a part of this the Danish Road Directorate
has started a project on optimisation of noise barriers. The
present report is produced as a part of this project.

This report does not necessarily reflect the view of the Dan-
ish Road Directorate or the Danish Ministry of Transport.
Marks or commercial products mentioned do not constitute
any endorsement or recommendation for use.

The present report was written by Gilles Pigasse and review-
ed by Jgrgen Kragh, both from the Danish Road Directorate.

the regular barrier. These barriers can be absorbing, tilted,
dispersive or active. Some have specially formed tops such
as random edges or forming a T-, L-, Y- or Q-shape. The last
type of noise barrier presented is green noise barriers, i.e.
made up of vegetation (earth berm, tree belt...). For each of
the above mentioned barrier types, a summary of the study
is presented and the barrier performance expressed in dB.

The final chapter of this state-of-the-art report deals with re-
maining important considerations that have to be taken into
account in order to benefit from any noise barrier. These are
for example the location of the barrier, its length, its cost and
the influence of the atmospheric conditions and the neigh-
bours’ perception of the barrier.

In conclusion different types of noise barriers are found suit-
able for further research and full scale testing in Denmark.
These are barriers with T-top, random-edge top and Watts
type (three-panel top). A suggestion is given for the proce-
dure to follow in order to test the different noise barriers.
This includes finding a location where the noise barrier will
be tested in full scale, simulating the sound propagation
with the help of a software (possibly using the boundary
element method), and choosing which of the different
barrier shapes provides the best noise reduction for that
specific location. Following this first phase in the project is
to determine a location in Denmark where noise barriers
with modified top can be tested.



FORORD

| 1978 udgav Vejdirektoratet den ferste rapport om stgj-
skaerme’. Den indeholdt retningslinjer for design og
placering af stgjafskaermning. Det var den forste af en
reekke rapporter fra Vejdirektoratet om dette emne. | 1989
udkom en anden rapport?, som udover retningslinjer, giver
mange eksempler pa stgjskeerme bade i Danmark og
andre europeeiske lande.

| 1999 udkom en rapport® med detaljerede eksempler pa
skaerme forskellige steder i Danmark. | de sidste ti ar, er
nye materialer og nye standarder blevet udviklet og med
mere trafik pa vejene er viden om optimerede stgjskaerme
kun blevet mere relevant. Der er ligeledes behov for viden
om hvordan skeerme kan optimeres for at opna hgjere dB
reduktion per investeret krone.

I henhold til aftale om en grgn transportpolitik af januar 2009
erder bl.a. afsat en pulje til udvikling af nye metoder til stgjbe-

keempelse i perioden 2009-2014. Som en del af dette har Vej-
direktoratet igangsat et projekt om optimering af stgjskeerme.

Projektet begyndte i september 2009. Denne rapport inde-
holder en state-of-the-art pa den forskning, der udfgres med
optimering af stgjskeerme rundt om i verden. Den fokuserer
pa de akustiske egenskaber af skeermen og ikke sa meget
pa dens udseende, design eller vedligeholdelse. Rapporten
papeger forskellige udformninger, det kunne veere veerd at
pregve i Danmark i de kommende ar.

Denne rapport afspejler ikke ngdvendigvis holdningen til

emnet i Vejdirektoratet eller Transportministeriet. Varemaer-
ker eller kommercielle produkter, der er omtalt er ikke med-
taget specifikt for at fremhaeve et produkt frem for et andet.

Denne rapport er skrevet af Gilles Pigasse og gennemset af
Jargen Kragh begge fra Vejdirektoratet/Vejteknisk Institut.

SAMMENFATNING

Stgjafskeermninger er et af de mest effektive virkemidler

til reduktion af trafikstgj ved boliger og udearealer teet pa ve-
jen. I forhold til andre kendte virkemidler er stgjafskaermning
dog blandt de mindre omkostningseffektive (omkostning pr.
opnéet stgjreduktion). Der er behov for at f& udviklet og op-
timeret stgjafskaermninger, sa der opnas mere stgjreduktion
pr. investeret krone.

Denne rapport afspejler den farste fase af projektet "Opti-
merede stgjskaerme”, som har til formal at udvikle bedre og
mere omkostningseffektive stgjafskaermninger langs veje.
Den forste fase af projektet er at undersgge, hvilke typer
stejskaerme der findes pa markedet, hvad status er internati-
onalt for forskningen pa dette omrade, og hvilke muligheder
der er for at studere og optimere i neeste fase af projektet.
Denne rapport er derfor en State-of-the-art om stgjskaerme.

Indledningsvis preesenteres nogle grundlaeggende fysiske
principper for stgjskeerme. Disse er ngdvendige for at forsta,
hvordan lyden opfaerer sig omkring stgjafskaermningen og for
at identificere, hvor en optimering af skaerme er mulig. Den
forste type skaerm, der beskrives er almindelige st@jskeer-
me, dvs. flade (eller lodrette) skaerme.

| andet kapitel preesenteres stgjskeerme med forbedret
stgjdaempning. Disse skaerme kan ses som modificerede
versioner af den almindelige skaerm. Disse skaerme kan
vaere absorberende, skra, dispersive eller aktive.

Nogle har specielt formet top sasom T-, L-, Y-eller Q-form
eller sakaldt tilfaeldigt udformet kant.

Den sidste type stgjafskaermning, der praesenteres er
grgn afskaermning, dvs. jordvolde, bevoksningsbeelter, etc.
For hver af de ovenneevnte skaermtyper, praesenteres en
sammenfatning af de undersagelser som er rapporteret i
litteraturen. Stgjskeermens ydelser er udtrykt i dB.

Det sidste kapitel i denne State-of-the-art rapport beskeefti-
ger sig med andre vigtige overvejelser, der er ngdvendige
at medtage for bedre at kunne optimere en stgjskaerm.
Disse er for eksempel skaermplacering, leengde og pris,
samt betydningen af de atmosfeeriske forhold og naboens
opfattelse af skaermen.

| konklusionen preesenteres forskellige typer af stgjskaerme,
som vurderes at vaere egnet til yderligere undersggelse.
Det er f.eks. stgjskeerme med T-top, tilfaeldige-kant top og
tre-panel top (Watts typen). Det foreslas at udpege en loka-
litet hvor en stgjskaerm kan afprgves i fuld skala. Derefter
skal lydudbredelsen pa lokaliteten simuleres ved hjeelp af
en egnet model og tilhgrende software (evt. ved hjeelp af
boundary element metoden), og til sidst skal det fastlaegges
hvilke af de forskellige skeermformer der giver den bedste
stagjreduktion pa den specifikke placering. Det neeste skridt
bliver at finde et sted i Danmark, hvor en stgjskaerm med
modificeret top kan afprgves i fuld skala.



FIGURE 1. This drawing shows how a screen
changes the sound path length from a source (S) to a
receiver (R). The path length difference is 8=a+b+c.
A receiver in the illuminated zone receives the

noise directly from the source while receivers

in the shadow zone are acoustically protected.
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The increasing number of noise reduction programmes

in Europe and other countries shows the greater concern
from society for noise pollution. The Danish Environmental
Protection Agency (Miljgstyrelsen) has found that between
one third and one fourth of the dwellings in Denmark are
exposed to noise above 58 dB, which is the limit for the road
noise. The noise may come from highways, railways, air-
ports or industrial areas and residential areas may be very
close to them. The most typical mitigation of traffic noise is
to build noise barriers along the roads. The ever increasing
traffic has led to more noise barriers through the years and
there is a wide range of designs, shapes, colours, materials
and acoustic benefits.

The goal of this report is to present a state-of-the-art on

noise barriers, with a focus on their acoustic performance. It
introduces various types of noise barriers, either completely
new or with modified designs. Such optimised noise barriers
can be used to improve sound reduction along the roadside.

An important parameter for noise barrier performance is
the weather. The attenuation effect of a barrier is sensitive
to the atmospheric conditions because of diffraction and
refraction. The influence of these phenomena varies with
the weather. This makes it difficult to calculate how much
reduction a noise barrier can actually bring. This point
should be remembered when different types of screen and
their performance are presented in the following chapters.
Another project for the Ministry of Transport*, carried out by

0=atb+c

the Danish Road Directorate, aims at analysing noise barrier
performance in all weather conditions occurring within a typi-
cal year in Denmark. This will have important implications
for noise mapping and for the number of affected dwellings.
The reader is referred to this project for further details.

Some noise barriers have a really refined design but almost
no effect on noise while others are quite effective but not
very nice to look at. The next section of this chapter intro-
duces some basic principles of noise barrier acoustics. In
Chapter 2 various noise barriers with improved performance
are presented. Chapter 3 focuses on other important con-
siderations that may affect the noise barrier effect. Finally,

in Chapter 4, it is concluded how the existing noise barriers
can be optimised and what solutions can best reduce noise
in residential areas.

1.1 NOISE BARRIER THEORY IN BRIEF

Without a screen, the sound propagates directly between
the source and the receiver. Figure 1 shows the direct path
length c between the source S and the receiver R.

When a screen is placed between S and R, the space is
divided into two: an illuminated zone and a shadow zone. All
observation points in the shadow zone perceive a reduction
of the sound level while those in the illuminated zone get
very little advantage from the barrier. This may for example
occur for the upper floors of tall buildings.



The noise reduction in the shadow zone depends on the dif-
ference between the direct path length (c) and the indirect
path length (a+b) travelled by the sound between the source
and the receiver. This path length difference is denoted
d=a+b+c and it has been estimated® that a theoretical limit
for noise reduction is obtained for & = 3 m and gives approx.
20 dB attenuation.

Another important concept to understand is by how many
decibels (dB) the sound level is dropped at a specific ob-
servation point when building a screen. In other words, how
large is the screen effect in dB. This is called the barrier
Insertion Loss and is calculated as

Insertion Loss = 20 log (g—;)dB
Where P, is the sound pressure at the observation point with
screen and P, is the sound pressure without screen. This
concept will be used later when presenting the different
types of noise barriers. To be effective, it is important that
the noise barrier does not let noise pass through its struc-
ture, meaning that the direct energy transmission should be
as little as possible. In practice, it happens if the energy trans-
ferred through the screen is more than 10 dB below the en-
ergy that passes over the top and around the edges. This is
a requirement that noise barrier manufacturers have to fulfil.

So far the sound has been thought of as an entity.

The sound is actually made of different frequencies which
do not react the same way when encountering a noise bar-
rier. The acoustic performance of a noise barrier can be
defined in terms of the Fresnel number N = 2% where 8 is
as defined above and in Fig. 1 and A is the wavelength of
the sound in air. With this Fresnel number it can be seen
that the lower the frequency, i.e. the longer the wavelength,
the lower N. In other words, noise barriers are less effective
(bring less attenuation) for low frequency noise.

One last concept that can help understanding how a noise
barrier works is the imaginary line source. When the noise
is diffracted at the top edge of the barrier (see Fig. 1), this

edge can be seen as a new source of noise — seen from

the receiver side. This important acoustic concept is called
“imaginary line source”. It helps to understand how noise is
perceived and what solutions may exist for increasing the at-
tenuation. It is particularly important when the noise barriers
should be optimised since new shaped- and absorbing-tops
can possibly reduce the strength of this imaginary source.
This is the concept behind many research projects and
some of them are presented in next chapter.

The way the human ear perceives noise at different frequen-
cies can be described by an A-weighting of the noise levels.
Traffic noise is generally described by the energy-equivalent,
constant A-weighted sound pressure level, L., in dB. In the
next chapters L., is used to describe the sound barrier
performance.

1.2 REGULAR NOISE BARRIERS

A regular noise barrier can be described as the simplest
form of noise barriers; it is typically a vertical screen, as
shown in Fig. 1. The main requirement is that the screen
must be high and long enough to maximise the shadow
zone. The noise reduction in practise can be up to 15 dB,
under good conditions. When the buildings to be protected
are near a busy road, a regular screen provides sound
reduction actually closer to 5-10 dB. However, this regular
vertical noise barrier has some disadvantages, such as be-
ing highly reflective, i.e. it can increase the noise level on
the other side of the road.

One solution is then to extend the noise screen vertically but
this may conflict with the landscape and can be perceived
as visually disturbing to those it should actually protect. A
plain vertical noise barrier may therefore be of limited bene-
fit, and in the last many years a lot of projects were under-
taken to try to improve its effect. There was indeed a need
to optimise the barrier materials and their shapes. The next
chapter presents some of the most relevant studies that
have been published about the optimisation of noise barriers.




2. NOISE BARRIERS WITH
IMPROVED PERFORMANCE

The regular vertical noise barrier, which was presented

in the previous chapter is the simplest form of protection
against noise and has limited effect. Increasing the height of
a screen can increase its effect but brings other problems.
The challenge of constructing a noise barrier is to think it
through regarding design, landscape, acoustic performanc-
es and especially costs (including maintenance costs). It can
be expensive to increase the height of a noise barrier and
for all these reasons acoustic engineers have been working
on new innovative solutions to improve the sound barrier
efficiency. This chapter presents different models that could
be considered when a noise barrier must be optimised.

There exist of course several types of noise screens and in-
terested readers are referred to the literature, especially ref-
erence 6,7,8,9 and the book by Kotzen and English'. Earlier
reports from the Danish Road Directorate [1, 2, 3] contain
many examples of noise barriers in Denmark and abroad
and also focus on other than purely acoustic considerations.

2.1 COVERING OF A ROAD

The best protection against traffic noise is obviously to cover
the driving lanes completely. A tunnel is by far the most ef-
fective way to mitigate the noise. There are many examples
showing up to 30 dB of noise reduction [10, p. 198], i.e.
much higher than the 10-15 dB provided by a high conven-
tional noise barrier.

A major problem with building a tunnel is its high cost and it
can rarely be done only because of the noise. A tunnel also
brings around issues with air renewal and lighting. These
can be avoided with some openings along the tunnel (called
louvres). It is also possible to add absorbing material in the
tunnel to attenuate the noise but because of the high costs,
a full coverage solution will often be discarded. To putitin a
nutshell, a partial or full coverage of a road can be chosen
when the area is environmentally sensitive or when the road
is then covered with buildings.

In the case where noise barriers are located on either side

of a road, some reflections may occur between the screens.
This may have important implications for buildings on the oth-
er side of the road, i.e. not directly behind a screen. The next
three sections present solutions to reduce such reflections
between screens: using absorbing material on the screen,
tilting the screen or using special geometries which dissipate
the noise. It should be remembered that what creates noise
on the dwelling side are the diffractions at the screen edge;

it means that these three solutions will not do so much to
mitigate noise directly behind the screen. There are however
other solutions that may enhance the effect of the diffraction
at the top edge of the screen, for example noise barriers with
random edges, active noise screens or screens with a modi-
fied top edge. These are mentioned afterwards.

2.2 ABSORBING NOISE BARRIER

A way to enhance the effect of a vertical sound barrier is to
use sound absorbing elements. This may attenuate the in-
coming sound wave and therefore reduce the effects of re-
flections which contribute to the sound level in the vicinity.
Absorbing noise barriers are also effective when vertical
noise barriers are placed on either side of a road.

The absorbing elements minimise the reflections between
the screens and hence the noise level at the receiver side.
An example is shown in Fig. 2 left. Another situation where
absorbing noise barriers are effective is when the reflec-
tions between a moving car and the screen must be sup-
pressed, see Fig. 2 right.

Examples of absorbing materials are mineral wool, wood fi-
bre, fibre glass and concrete with holes or a mixture of dif-
ferent materials. Although absorbing noise barriers have
been used along roads or railways they are expensive
compared to conventional noise barriers. This means that
one should investigate if this solution provides the best
acoustic performance.

FIGURE 2. Left: Reflections between two parallel screens can increase the noise level on the adjacent side. Right: Multiple reflections between
a high vehicle and a noise barrier can have similar consequences. In both examples absorbing material on the road side of the noise barrier may
reduce the reflections. From ref.10, © 2009, reproduced by permission of Taylor & Francis Books UK.




2.3 TILTED BARRIER

May and Osman'" showed that a screen tilted outwards
does not bring any extra reduction compared to a verti-

cal screen of the same height. On the other hand, when it
comes to parallel screens, i.e. on either side of the road, an
outward tilted screen is a good solution because the sound
is reflected away from housing, see Fig. 3

FIGURE 3. Example of parallel screens tilted outwards. Such a con-
figuration reflects the noise upward and reduces reflections between
the screens. From ref. 10, © 2009, reproduced by permission of Taylor
& Francis Books UK

Slutsky and Bertoni'? showed that only a 3° angle is enough
to remove the effect of multiple reflections between screens
(for a 45 m wide road). For narrower roads, the angle should
be between 10° and 15°. Since absorbing materials are
quite expensive, it might be a good and more cost effective
alternative to tilt the noise barriers instead.

2.4 DISPERSIVE BARRIER

If a tilted screen is too expensive to implement, it is also pos-

sible to use a kind of dispersive screen. An example is shown
in Fig. 4. This solution can be used to reduce the effect of re-

flections between the screens placed on either side of a road.

1.28 m

This kind of barrier is better than the ordinary flat screen
because the energy is reflected in all directions, i.e. the
sound is spread more and if it reaches a building its energy
is reduced. May and Osman [11] showed in a modelling
study that it might bring up to 1.1 dB additional noise reduc-
tion compared to a flat screen. The limitation with this type
of screen is that low frequencies can not be reduced
because their wavelength is larger than the screen size.
This solution can be chosen depending on the surroundings.

2.5 RANDOM EDGE BARRIER TOP

Menounou et al.” carried out a 1/10 model experiment and
found that a screen with uneven and sharp edges can re-
duce noise in the shadow zone: the signal amplitude was
only one third compared to a conventional vertical screen
performance. They measured 30 cm behind the screen and
42.5 cm high with a "spark” sound source of 4-20 kHz. An
example of such a screen is shown in Fig. 5. According

to Menounou et al. the effect is as good as with a noise
barrier with absorbing material. The great advantage of a
random edge barrier is its low cost. This type of barrier can
for example be included on an already existing barrier. In
the study [13] there are however no calculations in terms

of sound level, it is therefore difficult to assess whether this
kind of noise barrier top works in practice. Parnell et al.™
have investigated the performance of flat, T-top and random
edge barrier in a 1:1 experiment. They concluded that the
random edge top yields better performance than the others.

Ho et al.’® conducted a few laboratory experiments on
random-edge barriers, see Fig. 5. They found that the more
random the edges, the more attenuation it brings. Their
laboratory scale model showed that the attenuation is only
improved at frequencies above 5 kHz.

FIGURE 4. Example of a dispersive screen viewed from above. The incoming sound wave
spreads in all directions and hence reduces the noise level at the buildings behind the barrier.



There is a need for further studies to prove the effectiveness
of such barriers since there seems to be a potential im-
provement with multi-edge barriers. These types of screens
seem to be good candidates for full-scale experiments.
Multi-edge barriers might be a good solution to bring extra
noise reduction when a screen already exists.

2.6 ACTIVE NOISE BARRIER

Active noise barriers use active noise control to mute the
sound. The barriers contain a number of microphones that
record the traffic noise and some loudspeakers are included
in the structure as well.

The speakers produce the same sound that is coming in,
just 180° out of phase so that it cancels the original sound
(from the road). Started in Japan, active noise barriers were
also tried in other countries. For example in Holland, in the
context of the IPG program'® different configurations were

tested. Some limitations of such a system were observed,
mainly due to noise which can only be reduced at a certain
position (e.g. at a house) and not in a broad area. Moreover,
the number of necessary microphones is really high. The
conclusion of this sub-project in the IPG framework was that
active noise systems provide better reduction than conven-
tional noise barriers for houses up to two storeys.

For higher buildings or bigger facade areas this will require
even more speakers and microphones to achieve an accept-
able level, and this would increase the cost of such a system.

Ise et al.”” also reported that there were some practical
issues with the implementation of an active noise barrier,
e.g. there should be a second noise source away from the
screen to include the effect of terrain reflections.

All'in all the active noise barriers are not such a good solu-
tion unless the dwelling to be protected is a one-storey house.

FIGURE 5. Examples of jagged or random edge barrier tops. Top is a "Jagged Edge”
(from [13]) and Bottom is a "random edge” from [15]. Both experiments are scale models.
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2.7 BARRIER WITH NOVEL CAP

2.7.1 T-SHAPED BARRIER

A T-shaped barrier can be viewed as a conventional verti-
cal screen with an horizontal panel on top. An example is
shown in Figure 6. This kind of screen can be an alternative
to increasing the height of a screen. What a T-top screen
does is to move the imaginary source line further away from
the receiver.

The shadow zone behind the screen increases and can
protect a larger space. The shadow zone 1 in Fig. 6 is below
the line of sight and the shadow zone 2 is where the second
diffraction occurs at the furthest top edge, seen from the
road. Therefore an L-shaped screen would bring a smaller
shadow zone behind the screen than would a T-shaped
screen.

With regard to noise attenuation an IPG report [16] shows
that a T-shaped noise barrier brings up to 2.7 dB of

FIGURE 6. Example of a T-screen. Adding a top is an alternative to
increasing the barrier height. The shadow zone behind the screen
becomes larger and increases the shielding. A T-top brings extra
diffrac-tion compared to a conventional vertical screen. Shadow zone
1 is below the line of sight and in shadow zone 2 a second diffraction
occurs at the furthest top edge, seen from the road.

Source

additional attenuation if the receiver is in the shadow zone,
see Figure 7 and Kaptein et al. (2004)'@.

The black dots in figure 7 indicate the locations of the
measurement points; the black text shows the experimental
results and the red text shows the results of predictions.
Measurements were performed behind a barrier along

the N11 motorway in Holland and the exact location of the
measurement positions can be found in ref.18.

According to the IPG report a T-shaped noise barrier is
cost efficient. It costs just as much to build a T-shaped
noise barrier as it costs to increase an already existing
noise barrier by 1m, in the case where the foundations
should not be strengthened or modified. And when the
insertion loss of the barrier is taken into account, the cost
for a T-shaped noise barrier proved to be 5 to 15% less
than for increasing the height of a screen.

Shadow zone 1

=

L~

1"



FIGURE 7. Experimental setup for the noise measurements at two screens with different tops: a 3-panel top and a
T-top. The black dots indicate the measurement points, the black text shows the experimental results and the red text

shows results of the calculations. From ref. 18, reproduced with permission from the authors.

T-top

Lateral view of highway N11

Black: Meas. results
Red: Prediction results

3-panel top
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2.71.1 T-SHAPED BARRIER WITH ABSORBING
MATERIALS

Hothersall et al.’® compared different types of noise barrier
tops: T-, Y- and arrow-shaped (see Figure 8). They showed
that a T-shaped noise barrier with an absorbing surface on
its top is more effective than a simple vertical noise barrier
and gives approx. 2.5 dB extra attenuation?. This was con-
firmed by in situ measurements reported by Watts?'.

Fujiwara et al.?2 have studied a series of noise barrier tops
with rigid, absorbing and soft surfaces. They concluded that
a T-shaped noise barrier with a soft surface provides most
attenuation. However, there are practical disadvantages

of using an absorbing surface. Such materials are not all
suitable for being used close to highways. They might also
be damaged by moisture, water and dust and lose their
properties over time.

Fortunately, there is also another kind of damping which
can be as effective as the absorbing material. It is called a
Schroeder diffuser. A special case of Schroeder diffusers is
presented in the next section.

2.7.1.2 T-SHAPED BARRIER WITH SCHROEDER
DIFFUSERS

A Schroeder diffuser is a structure that contains a series of
wells or channels side by side and of various depths. These
different depths cause the sound wave to be reflected with a
difference in time and space from each well. The energy of
the incoming sound wave is spread in all directions and this
reduces the reflections from the incoming wave.

This type of diffuser was introduced by M.R. Schroeder
in the 1970s2® with the primary goal to improve the sound
quality in a concert hall. A popular Schroeder diffuser is a
quadratic residue diffuser (QRD) of which an example is
given in Fig. 9.

Monazzam et al.?® compared the acoustic properties of
sound barriers with different top shapes: cylindrical-, arrow-,
Y-and T-shape with QRD.

FIGURE 8. The four different types of noise barrier, whose acoustic properties Monazzam et al. studied: T-shape,
cylindrical, arrow and Y-shape. Reprinted from ref. 25, ©2005, with permission from Elsevier.

lm Im
-

AR

& = 60

0 !'@'

B e A

(T —Shape)  (Cylinder - Shape)

FIGURE 9. Vertical section of a Qua- =
dratic Residue Diffuser (QRD) mounted
on a T-shaped barrier. Reprinted from
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Monazzam et al. [25] made the comparison by using a 2-D
boundary element method (BEM) model (see Section 3.4)
and they have calculated the Insertion Loss in various situa-
tions. They found that the QRD increased the noise attenua-
tion in all cases investigated and concluded that a T-shaped
noise barrier with a QRD tuned to around 400 Hz provides
an additional attenuation of up to 3.5 dB relative to a simple
T-shaped noise barrier.

A countour plot level curve was calculated with 2-D BEM
using a sound source with a traffic noise spectrum, and it
showed better attenuation than from a simple T-shape bar-
rier at positions close to the ground behind the screen and
also at positions 4 to 7m above the ground 30 m behind the
screen [25, Fig. 12].

Other variations of the QRD are possible, and it was found
that a higher absorption can be achieved if the bottom part
of the wells is skewed?. If the wells are covered with a per-
forated plate, then the Insertion Loss of the screen can be
improved by approx. 2 dB compared to a basic T-shaped
noise barrier [24]. This is an average value over nine points
(20, 50 and 100 m behind the screen and 0, 1.5 and 3m

above the ground), calculated with 2-D BEM. Wu et al.?"2,
showed that a QRD Schroeder diffuser could also be effec-
tive at frequencies lower than its resonance frequency.

A full-scale experiment was conducted along a railway in
Hong Kong?®. The effect turned out to be not as good as ex-
pected. The sound reduction was somehow problematic at
low frequencies. The main reason was explained to be some
holes and leaks through the commercial product they used.

They also showed that the addition of absorbing material

on the top of the screen actually makes it less effective, the
reason being that noise reduction comes from the reso-
nance of the wells and it is reduced when absorbing material
is used. All in all, noise barriers with QRD on their top still
yield 4 to 5 dB better attenuation compared to the conven-
tional noise barriers.

The choice of a T-shaped barrier may be best when the en-
vironment does not allow having a higher screen. It is also a
good solution if it becomes too expensive to extend the screen
vertically. A test could be conducted using a QRD T-screen
after the costs of such a solution has been investigated.




2.7.2 L-SHAPED BARRIER

Sakuma et al.* calculated the insertion loss of an L-shaped
screen using the BEM. The screen was 5 m high, 90 m long
and the L was 3 m wide; the source was a point source 10
m from the screen assumed to emit sound at five different
frequencies below 500 Hz. The measurement points were
15 m behind the screen. They showed that an L-shaped
screen brings 3 to 5 dB more attenuation than a conven-
tional vertical screen.

2.7.3 CYLINDRICAL BARRIER TOP

Some experiments were also conducted with a cylindrical
barrier top. In 1991 Fujiwara and Furuta®' showed that

a screen with a cylindrical top can reduce noise. They inves-
tigated both in theory and in an experiment the effect of
applying hard or sound absorbing cylindrical screen tops.
Their full-scale experiments were with a 3 m high screen
with a 50 cm absorbing cylinder; the measuring point was

RBellected wave

Antiphase

Incident wave

FIGURE 11. A new design of a barrier top with measures
given in millimetres. The five different channel lengths cor-
respond to a quarter-wavelength at 200, 250, 330, 530 and
940 Hz, respectively. Reprinted with permission from [32]
© 1999, Acoustic Society of America.
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6 m behind the screen and below the road level (see [31,
Fig.9]). It showed a 2 - 3 dB decrease in noise level.

With these results in mind Okubo et al.*? developed new
types of cylindrical tops; one of them is shown in Fig. 10.
This type of barrier top looks like a waterwheel, where a
specific frequency is caught between the panels. It is the
same principle as an acoustic Schroeder diffuser: the sound
of a specific frequency is reflected from the bottom of the
well and is cancelled by the incoming antiphase sound. The
reflected sound is therefore attenuated.

The effect of this type of barrier top is very frequency-depen-
dent and it does not work so well for a broadband noise (like
traffic noise). From their BEM analysis Okubo et al. predicted
only a 1.7 dB decrease in the overall sound pressure level 25
m behind the screen, despite more than 10 dB attenuation at
630 Hz. They therefore tried to improve the absorption proper-
ties of the cylindrical barrier top by using absorbing materials
and different panel lengths. An example is shown in Fig. 11.

FIGURE 10. Okubo et al. [32] investigated different
types of cylindrical barrier top. This is an example of a
simple form. The sound with wavelength A is reflected
from the bottom of the cylinder and is cancelled by the
incoming antiphase sound.

Typical sizes are 25 cm for the inner cylinder diameter
and 17 cm for the panel length. Reprinted with permis-
sion from [32], © 1999, Acoustic Society of America.
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This screen top shape has been chosen assuming that only
the upper part of the structure is effective and that double

bends of the channels prevent reflections. The five different
channel lengths are equivalent to one quarter wavelength at
200, 250, 330, 530 and 940 Hz, respectively. This geometry
is suitable for the noise spectrum that Okubo et al. meas-

ured and it would be different for another frequency spectrum.

Implementing this kind of top leads to a 2 to 7 dB decrease
of the overall sound pressure level in a measuring region of
5 to 30 m behind the screen; the results depend on the
height of the screen (3, 5 or 8 m) and on the distance to
the source (5, 12.5 or 20 m from the screen), see Fig. 12
for the experimental setup. Such a cylindrical screen top is
more efficient for a high screen close to the source; it
means that such a cylinder can increase the efficiency of
an already effective screen.

Watts [21] noted, however, that such cylindrical shapes are
theoretically effective but difficult to implement in practice.
That is the reason for not choosing such a solution in the
current project.

Noise barrier with
the waterwheel * m

Line source

x=-3 0an

2.8 BUILDINGS AS NOISE BARRIERS

In addition to all these shapes of screen, other solutions can
be used to protect residential areas from road traffic noise.
Buildings can for example be used as shielding. It can be

a great advantage to have this in mind during planning, so
that buildings can be arranged in a way providing efficient
noise reduction.

A large building or a series of parallel buildings can protect a
house or many houses further away.

A two-storey building along a road can for example reduce
noise by approx. 13 dB.3* Housing blocks oriented parallel to
the road can protect the areas behind the buildings. Some
examples are presented in Fig. 13.

It is also possible to add noise barriers between the build-
ings to create an unbroken facade. This can minimise the
sound propagation between the road and the dwellings. An
example in Sweden showed that an additional noise reduc-
tion of 2-3 dB in the inner yard could be achieved®. Such a
solution may be combined with extra facade insulation.

Receiving region

R b
3 -

=000

R A v an

FIGURE 12. Measurement setup used by Okubo et al. to investigate the effect of the new top design from Figure 11. Such
a screen top can, in theory, yield between 2 and 7 dB extra noise reduction, depending on the receiver and source position.
Reprinted with permission from [32], © 1999, Acoustic Society of America.

(a) FIGURE 13. Examples of the use of buildings as
noise barriers. Top: Configuration to avoid, where
buildings reflect sound to the other buildings. Bottom:
Preferred configuration, where buildings reflect the
sound back to the road. From ref 34
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2.9 EARTH BERM

Earth berms can be a clever way to reduce noise. Berms
appear environmentally friendly and may be designed aes-
thetically pleasant. Applying earth berms makes sense in
rural areas where they fit well with the surroundings. They
have advantages compared to conventional screens [10]:

1. They have a natural appearance and they may not be
perceived as noise barriers.

. They create an open area feeling.

. They do not require extra security fence.

. Costs are lower for construction and maintenance.

. They have a higher perceived effectiveness [36].

. They usually have an unlimited lifespan.

o O WN

They are however not as effective, acoustically speaking,
as the classic noise barriers. Fig. 14 shows a comparison
between vertical noise barriers and earth berms. A 4 m high
earth berm corresponds, acoustically speaking, to a 3.25 m
high screen (H2).

An earth berm is wide and it therefore requires much space
to be effective. Hothersall et al. [19] showed that an earth

berm with a 2 m wide flat top brings 3 dB extra noise reduc-
tion compared to a wedge-shaped berm of the same height.

Some guidelines about the implementation of an earth berm
can be found in the Danish Road Directorate report®” or on

the Danish Road Directorate website®, where rules, tips and
guidelines are given for the construction of earth embank-
ments. These reports do not contain information on how much
noise reduction an earth berm can bring. Some examples of
earth berms can be found in other reports [3, 39] from the
Danish Road Directorate. In conclusion, an earth berm is an
interesting solution if there is enough space to build it.

2.10 VEGETATION AS A NOISE BARRIER

A screen can be partially or totally built by vegetation. Advice
on planting is given in the Danish Road Directorate report
183 [3]. There are different ways to use plantation, for exam-
ple at the bottom of a barrier so that climbers may cover the
screen over time. Vegetation can also be placed at the top
of a screen where cabinets can be positioned so the plants
and bushes can cover the screen. Disguising the screen is
an important benefit of vegetation; it can reduce the sense
of monotony and of being in an enclosed area.

Vegetation gives the experience of being in a green area
and not near a road. This partly explains their popularity
without their acoustic efficiency being demonstrated. There
is the usual perception that what is not visible is not audi-
ble and the effect of green barriers is often overestimated
among architects. It is hard to demonstrate their effective-
ness since they should be investigated through different
seasons (full leaves, without leaf, falling leaves) and
different plant types (swirl, tree, shrub ...).

FIGURE 14. Comparison of the acoustic performance of a vertical noise barrier and an
earth berm. A 4 m high earth berm is equivalent, acoustically speaking, to a 3.25 m high
screen (H2). From 10, © 2009, reproduced by permission of Taylor & Francis Books UK.
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A first attempt by Kragh in 19824 showed that the advan-
tage of a 15 to 40 m wide belt of trees and shrubs is higher
at low frequencies (around 250 Hz) and high frequencies
(above 1 kHz). Such tree belts bring about 6 to 8 dB extra
attenuation compared to a conventional lawn of the same
width. They do not bring such a big advantage in the fre-
quency range where traffic noise is dominant. Huddart*'
drew a similar conclusion in a later study.

The higher efficiency at low frequencies may be explained
by plant roots and the fallen leaves and branches leading to
increased terrain porosity. Attenuation at high frequencies

is caused by the vegetation itself. A major disadvantage is
that the growth of vegetation takes several years and other
solutions must be applied in the meantime. As pointed out in
the Danish Road Directorate report [3], proper maintenance
of the vegetation is often demanding and expensive.

As a conclusion on the green barriers, it can be said that
they make sense either to increase the efficiency of an
existing earth berm or barrier, or to "decorate” an area

FIGURE 15. The model of the IPL test location between a
beach and a highway. This shows three different types of noise
barrier. Image reprinted with acknowledgement from Rijkswater-
staat Centre for Transport and Navigation and M+P, see ref. 46.

where a large noise reduction is not required. A list of climb-
er plants can be found in [10, p. 215].

2.11 AIR CLEANING NOISE BARRIERS

When a noise barrier is built the airflow in its surroundings
is disturbed. This has an impact on air pollution in the area
around the screen. The barrier creates a "breaking” of the
wind leading to an increase of the air flow (i.e. the pollution)
on the neighbouring side and also produces extra turbu-
lences that tend to reduce the pollution.

The combination of these two effects leads to a new pollu-
tion concentration behind the barrier“>#3. There was there-
fore a need for research on barriers that can reduce the pol-
luted air flowing over it.

Two European projects included studies of screens that ab-
sorb noise and dust. There is on one hand the Dutch-based
IPL project (Innovatie Programma Luchtkwaliteit)** and the
Austrian based SPAS project (Sound and Particle Absorbing
System)*.
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2.11.1 THE IPL PROJECT
In the IPL project, six different barrier situations were com-
pared along a highway*®:

. No barrier

. Reference screen i.e., a 4 m high glass screen

. 7. m high screen

. 4 m high T-screen

. 4 m high screen with vegetation

. 4 m high concrete screen with catalytic coating.

A model of the experimental site is illustrated in Fig. 15.
There are three measurement positions, located 5, 10 and
28.5 m behind the barrier. They have measured the con-
centration of NO, and of dust (PM: particulate matter). The
results mainly focus on air pollution rather than on the noise
level. It showed that the noise barriers have a positive effect
on the air quality. The concentrations of NO, and PM,, 10
meters behind a 4 m screen are significantly lower than at
a measurement site without a screen (14% and 34% lower
respectively)*.
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2.11.2 THE SPAS PROJECT

The Sound and Particle Absorbing System (SPAS) project
is a part of the EU Environment Project LIFE [45]. The
SPAS project has three full-scale tests in Austria, including

a 450 m long noise- and dust-absorbing barrier in Viktring.
Some extra filters made of mineral wool are mounted on the
noise barrier, these filters were produced by the Austrian
company CBS, see the example in Fig. 16.

In the Viktring test, there are three measurement positions*®;

1. 1.5 m high, approximately 15 m from the road,

2. at the first-floor height, approx. 10 m from the road

3. 1.5 m high, behind a house, approx.

10 m behind the screen

The exact positions are not indicated in the report and the
results show that these noise and dust absorbing barriers
yield 5.1, 0.5 and 6.7 dB noise reduction, respectively, at
the three positions. While the sound barrier in Viktring was
brand new, another experiment added new absorbing pan-
els to an already existing noise barrier in Wolfnitz. Here the
extra panels appeared to bring 2.1 dB extra attenuation. The
air pollution is also supposed to be measured at these two
places during the project.

These two projects showed that it is possible to combine
noise and dust absorbing barriers. It could be an interesting
type of barrier to develop in Denmark, especially at places
where air pollution is a problem and the screen can be built
close to the road.

FIGURE 16. Test of a noise and dust absorbing barrier in Viktring, Austria.
This study is part of the European project "Life-SPAS” [45]. © City of Kla-
genfurt, Dep. Environment Protection, Austria.




3. OTHER CONSIDERATIONS

3.1 LOCATION OF A BARRIER

To achieve optimal performance of the noise barrier a gener-
al rule is to place it as close as possible to the noise source,
i.e. the vehicles, industrial areas, railways, etc. This advice
applies only in cases where the road is at the same level

as or higher than the receiver. When the road is below the
receiver level, the screen may be placed on top of the hill
instead. It is however not possible to place a screen close to
all lanes, and consequently the noise from the farthest lane
tends to be dominant. One solution is to increase the height
of the screen but it may cause great dissatisfaction due to
visual obstruction. A solution can be to build a noise barrier
in the central reservation. It should preferably be lower than
the screens along the road to avoid reflections from them.

In [16] different possibilities for noise barrier location were
examined. The five options are:

1. Reference location: noise barrier along the road (at the
minimum recommended distance, i.e. approx. 7.45 m
from the centre of the outside lane).

. Noise barrier integrated into the crash barrier (see Fig. 17).

3. Noise barrier very close to the road (about 0.6 m from

painted line), also integrated with a crash barrier.

4. Similar to option 3 with a 2 m top on.

5. Similar to solution 1 with sound-absorbing noise barrier

in the central reservation.

N

The results show that the most effective way to reduce noise
is option 5, in other words there should be a noise reducing
device between the two lanes of the road.

There are also other advantages such as blocking the view
of the oncoming cars, it minimises light reflections from the
cars and also avoid queuing in the vicinity of an accident on
the other side of the road. In practice, the noise barrier can
be placed between the two rows of safety barriers or be in-
tegrated into the crash barrier itself.

The traffic safety should also be taken into account when
implementing this solution. With regard to the geometry of
such a noise barrier, it was argued [16] that barriers should
be angled away from the road and the screen in the central
reservation should stand upright and be lower than the other
screens.

The construction of noise barriers with absorbing material on
both sides of the road can have a positive effect (see Chap-
ter 2). It may be that there are some drawbacks regarding
the optimum positioning of a barrier and compromises have
to be made between the architect’s idea, the acoustic per-
formances and safety.

FIGURE 17. Noise absorbing crash barrier. This is the patent-protected "Laghi” model
of a New Jersey crash barrier, which has been used along a highway in Italy [10] ,

© 2009, reproduced by permission of Taylor & Francis Books UK.
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3.2 LENGTH OF A BARRIER

In Chapter 1 it was presented how the sound is diffracted

at the top of a screen. The sound diffraction does actually
not only occur at the screen top edge but also at the screen
end. This means that the noise attenuation is not only de-
pendent on the barrier height and distance from the receiver
but also on its length.

As a general rules, when the screen is spread over more
than 160° around the receiver, then the diffractions from the
screen vertical edges can be ignored. If such a length is not
possible due to lack of space, the screen can be bent to
keep these 160°, see Fig. 18.

These considerations do not take into account the weather
conditions. Wind and other atmospheric conditions have
significant influence on the transmission of sound (see
section 3.6). To investigate the influence of weather

on sound transmission, a project titled "Analysis of

FIGURE 18. Examples of how a screen can
be placed. As a general rule, a screen should
cover an angle of 160° around the receiver
to avoid possible reflections from the screen
ends. The same effect can also be reached

if the screen is bent. From ref. 10, © 2009,
reproduced by permission of Taylor & Francis
Books UK.
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noise-mapping results with Nord2000” is currently being
carried out by the Danish Road Directorate.

3.3 COST OF A BARRIER

The lifecycle of a noise barrier can be defined as the time
when the noise barrier functions optimally without any
change in its performance. It is typically the time between
the installation and the replacement of the screen. This
lifecycle depends on the barrier type and some studies in
the U.S. have shown that a concrete noise barrier has a life
cycle of approx. 40-50 years while metal barriers live 30-40
years. The life of a timber barrier is very dependent on the
climate and can vary between 15 and 50 years*.

The same study estimated the life cycle cost for various
types of noise barrier. They found that earth berms are the
cheapest solution in terms of installation costs, material
costs and maintenance and the most expensive type of
noise barrier is barriers with absorbing aluminium plates.
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Fig. 19 shows the calculated life cycle costs for various high and 500 m long screen on both sides of a road costs
types of noise barrier in $/m?2. The cheapest are earth berms  approx. 1.2 Mil. €, i.e. approx. 300 €/m2. This figure is an

at a cost of approx. 140 $/m? (105 €/m?) and the most ex- average across Europe and prices in Denmark are closer to
pensive are absorbing aluminium plates with approx. 500 $/ 500 €/m2.

m? (376 €/m?). Between these two extremes the other mate-

rials are around 300 $/m? (226 €/m?). Durisol and Carsonite One way to reduce the cost of a noise barrier is to build it
are two commercial products, Carsonite is a type of fiber- from modules that can be added together. When a product
glass screen and Durisol type is not given in the article. is manufactured in series, it costs significantly less. Such
series production also makes it easier to choose between
The Danish Road Directorate report [3] presented various different modules, so there will not be spending time on
examples of noise barriers in Denmark and gave the costs thinking about design or appearance of the noise barrier.
for planning, design, construction and in some cases for A direct consequence may be a more uniform landscape
maintenance. It also gave an idea about the expenses re- along the road network instead of the great disparity that

lated to a noise barrier. A part of the EU project SILENCE is currently exist between the various types of barriers (timber,
about noise barriers and it was reported [50, p.84] thata4 m beton, PVC,...).
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FIGURE 19. Estimated Life-Cycle Cost for various types of noise barrier [49]. The cheapest type is an earth berm and the most expensive is a
noise barrier with absorbing aluminium plates (noishield aluminum). Figure from [49] reprinted with permission from ASCE
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3.4 MEASUREMENTS AND PREDICTION MODELS
The European Committee for Standardisation (CEN) has
published standards for noise barriers [51, 52, 53, 54, 55].
They define various measurement methods to test noise
barrier performance in a laboratory and in situ. This includes
both “green” and ordinary screens and also includes a sec-
tion on a methodology for performance measurement of bar-
riers with modified edges. The standard does not, however,
give any guidance on the influence of the terrain or other
local conditions and it is therefore difficult to conclude if the
noise barrier will be really effective at a particular location.

According to a German report® it might be better to meas-
ure the noise barrier attenuation by using a microphone
array instead of a single microphone. Usually, at least 200 m
of noise barrier are needed to avoid an edge effect. By using
a microphone array this length may be reduced to approx.
20 m.

Okubo et al.’” have pointed out limitations of the ISO and
the CEN standards about measuring outdoor noise barrier
effect. They suggest new ways to calculate the perform-
ance of barriers with modified edges. Their method has two
steps: first they measure in a laboratory what the difference
in insertion loss is between the barrier with modified top and
a standard barrier. This difference is a function of frequency
and of the angles 85 and 6. It is written A, .. ,, @ shown in
figure 20. The second step is to calculate the efficiency of
the modified top outdoors. The insertion loss of this screen
is the sum of the insertion loss of a regular screen (calcu-
lated with a propagation model such as Harmonoise®® or
Nord2000), based on the sum of the four diffracted paths
around the screen that has a direct path between the source
and receiver, and A .4, (the absorption difference).

Another method for these new types of barriers (T-or L-
shaped) is to calculate a correction term, CT, to add to the

N=25/A

noise barrier insertion loss [16, p. 263]. In the same way, a
correction term is calculated when a noise barrier is placed
in the central reservation of a road [16, p. 266]. This correc-
tion depends on the barrier height and the distance from
the receiver.

Since it is quite expensive to build a noise barrier, it is
best if the performance of the barrier is known (estimated)
in advance. In situ or laboratory measurements make it
possible to know the barrier properties only after they
have been built. Two popular prediction models are the
Boundary Element Method (BEM) and the Finite Element
Method (FEM). These two methods make it possible to
calculate the noise level at a given observation point for a
defined screen geometry. BEM uses discrete points on the
boundary of the geometry while FEM uses discrete points
throughout the geometry. BEM is most commonly used

as it does not require as much computation time as FEM.
This time is often a limitation and most of the studies are
therefore limited to 2D BEM. A major advantage of BEM
is the possibility to include modified barrier edges with a
reasonably complex geometry.

A common limitation for these prediction models is that they
do not take the influence of the weather into account. The
wind speed and its direction are two important factors in how
effective a noise barrier is. Another problem with the predic-
tion models is that it is not possible to take into account the
entire traffic; users have to choose which lane they want

to model. Highways are often modelled as a single source
point in a 2-D model.

Some commercial software can be used to calculate the
insertion loss of a noise barrier with BEM, for example
MICADO from CSTB. Such software has each their limita-
tions and different price levels.

R|+ ﬂ‘Lcdgr:.up{ HS! EIH. )

FIGURE 20. The performance of a screen with modified edge depends on the two angles 65 and 6 and does not depend on their radii.
The insertion loss of a screen with a modified edge is the sum of the insertion loss of a regular screen and the absorption difference between the

two screens. Reprinted from ref. 57, © 2007, with permission from Elsevier.
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3.5 COMBINATION OF POROUS ASPHALT

AND NOISE BARRIER

Watts et al.*® investigated the benefit of porous asphalt over
dense asphalt with and without a noise barrier. Their BEM
calculations showed that, without a screen, porous asphalt
yields 6.3 dB of attenuation (the source was 8 m from the
roadside, at a height of 5 cm, and the receiver 1.5 m high,
40 m from the roadside). With a 4 m high noise barrier be-
tween the source and the receiver the porous asphalt yields
only 4.5 dB attenuation. The only case where there was

a gain to have porous asphalt + screen instead of porous
asphalt alone is when the screen is on the other side of the
road, i.e. the source is between the screen and the receiver.
These calculations were theoretical and the results have not
been confirmed by in situ measurements.

3.6 INFLUENCE OF THE TERRAIN AND

WEATHER CONDITIONS

The terrain is a significant component in noise propaga-
tion. Its type influences how much wave interference or
sound absorption occurs and its shape determines how

the sound is scattered. There is a direct path between the
source and the receiver and also an indirect path in which
the sound wave is reflected from the ground. Interferences
occur between these two sound waves and the amount of
interference depends on the terrain type. Hutchins et al.®°
showed that over a lawn, the destructive interferences were
maximum around 500 Hz and were approximately 12 dB
with a source-receiver distance of 40 m, source and receiver
height were 0.7 m and 1.5 m respectively.

The first reason why the sound pressure level measured
behind a screen may prove higher than one predicted with
models is the atmospheric influence. The sound propaga-
tion is indeed influenced by changes in the sound velocity
and this change depends on temperature gradient and wind
velocity changes®'. Some studies found that wind variation
alone can bring up to 10 dB difference for the receiver®.

This limits how much noise reduction can be achieved with a
barrier. The physical reason for this is that the sound wave
does not propagate in a straight line from the source to the
receiver but follows curved paths because the atmosphere is
not uniform. This induces that the sound waves are bent over
the top edge of the barrier and the performance of the noise
barrier can therefore be drastically reduced. There is howev-
er not so much to do about it. A modified-edge barrier can
help a little and few prediction models have up to now taken
the atmospheric conditions into account (Harmonoise [58]).

3.7 PERCEPTION BY THE BARRIER NEIGHBOURS
Noise barriers are less effective at low frequencies (see
Section 1.1), and this means that there is a dominance of
low frequency noise in residential areas. The residents’
opinion on noise barrier effect is important and it should be
considered when a noise abatement project is undertaken.
May and Osman®® showed that listeners preferred a screen
reducing noise at a moderate noise level to the same screen
in a noisier situation, i.e. a screen which only partially solves
the noise problem. This should be taken into account when
building a noise barrier.



4. DISCUSSION AND
CONCLUSIONS

This chapter concludes on the types of screens presented
in this report. A discussion then follows about what solutions
might be relevant to try in Denmark in the next few years
and what steps should be followed to optimise the process
(analysis-decision-implementation).

Covering a road (partially or fully) is generally a very effec-
tive way to mitigate noise. A major disadvantage is the high
cost of building such a structure. This is the reason why tun-
nels are often rejected as a solution.

Absorptive noise barriers are commonly used and are quite
efficient. Their primary goal is to minimise the reflections
from the screen. Their high cost explains however that con-
ventional screens often are preferred. It is therefore neces-
sary to perform a cost-benefit analysis and examine more
precisely whether it is the best solution.

Tilted and scattering noise barriers are more efficient than
regular vertical noise barriers. They can be a good and

cheaper alternative to absorptive screens, especially when
screens are located on either side of a road.

Active noise control has been shown to have an impact only
on a restricted area and it is hard to find use for such mitiga-
tion in reality.

Multi-edged screens appear to be potentially more efficient
than conventional barriers; this type of screen should be in-
vestigated further in a full scale experiment.

Screens with modified edge such as T, arrow or cylinder
have different acoustic benefits. Studies have shown that

a T-shaped barrier is the most effective, especially when
absorbing materials or Schroeder diffusers are used. These
types of screen can be a good way to increase the noise
reduction for little extra cost and without taking additional
area or bring more visual disturbance. A T-shaped barrier

is therefore a good candidate for further investigation and it
would be relevant to test it in Denmark in the next few years.




Using buildings as noise shield can only be done in large
projects where a town or a neighbourhood is to be built. This
cost effective solution needs to be kept in mind.

Earth berms are the cheapest solution for noise barriers and
may be preferred in situations where there is enough space

and where it would fit better with the surroundings, typically

in the countryside.

Despite a growing interest in vegetation on barriers, tests
are missing to show how effective they actually are. It is dif-
ficult to calculate how much reduction a tree belt, shrubs or
climbers can bring. This kind of barrier generally requires
more treatment and maintenance than a conventional noise
barrier. This solution can be chosen in order to provide an
environmentally friendly aspect to the area, to disguise a
screen or when only limited noise reduction is required.

Air-cleaning noise barriers are still in an experimental phase
and the on-going European projects (IPL and SPAS) should
be followed. This could be a very interesting future solution
if particle filters could also absorb noise. There is a need for
further studies to conclude whether these barriers are ef-
ficient enough.

The conclusion of the present report is close to the sugges-
tions made in the European project Silence [50, p. 85].

It claims that five different types of noise barrier could show bet-
terresults compared to the conventional vertical noise barrier:

1. Noise barrier with absorbing material,

2. Noise barrier with T, L or other top,

3. Tilted noise barrier,

4. Earth berms as additional solutions,

5. Noise barrier covering the road completely or partially.
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It can be concluded that the effectiveness of a screen is
very dependent on its location. The various experiments
described in this report are valid only under specific condi-
tions, i.e., size, location and distance from the road. It is
however possible to calculate the influence and impact a
barrier will have with the help of prediction methods such as
BEM or ray tracing. There is some software that include
these methods and that can give a good estimate of the
barrier performance.

A proper way to plan the implementation of a new screen

is to first choose a place where a barrier could attenuate
the noise level, for example between a very busy road and
a residential area. The next step is to build a model in a pro-
gram that can find the optimum screen design with regards
to the location, height, width, shape, material, etc.

One of the programs which might be used for such predic-
tion is MICADO developed by the French CSTB, and collab-
oration with this research centre could be a valuable option.

In these times where almost everything is about finding a
"green” angle to a product, it may be a good idea to think
of a noise barrier designed in an environmentally friendly
manner. Future screens could be environmentally friendly
in the way they are built, the material they contain and their
potential air-purifying properties. Some experiments were
conducted with screens containing photovoltaic cells (e.g.
in Flang [3] and Germany [10]). This may be a good way to
produce "green” energy while reducing the noise level; this
can probably increase the acceptance from the resident’s
side. Another option would be to combine an optimised bar-
rier (T-, L-or multi-edged top) with a "bio” screen (earth
berm or plantation). This would combine the effectiveness
with environmental friendliness.
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