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Executive Summary

This initiative of International INCE deals with noise walls—the outdoor barriers erected in parallel with
highway and rail lines, and in other areas (such as airport runways), where there is a demand to reduce the
noise levels of surface transportation sources. There is worldwide interest in the control of noise by the erec-
tion of such barriers. Walls are composed of wood, metal, masonry, earth, and other materials, both opaque
and transparent. Most of the walls that have been erected to date completely block the sight lines between ve-
hicles and roadside housing. The cost of installation usually exceeds USD one million per kilometre. In some
countries, governmental authorities have authorized the use of highway construction funds for the erection of
noise walls. When building a new highway or widening an existing highway, the construction of noise walls is
required in some jurisdictions when the predicted noise levels of the road traffic exceed defined governmental
guidelines. The key questions are: how valid are the traffic noise predictions, and how effective are the noise
walls acoustically after they have been erected? Over the years, a number of analytical studies have facilitated
the prediction of the noise reduction afforded by such barriers. It is reported, however, that barriers may not
always perform acoustically as well as intended.

The principal objective of this study is to obtain a global view of the effectiveness of noise walls—the out-
door barriers erected in parallel with highway and rail lines, and in other areas (such as airport runways). The
report summarizes the scientific basis of noise barriers, including measures of barrier efficiency, the physical
phenomena involved (including effects associated with the propagation and effects associated with the noise
wall as well as different barrier shapes), and the various models used to predict barrier performance. Different
barrier materials are briefly described. The measurement of barrier effectiveness is also discussed. A section
discusses the three main application areas where barriers are used: road traffic noise, railroad noise, and
ground-based aircraft operations.

The main conclusions of the Working Party are summarized below:

1. Thereis a strong body of evidence to support the use of barriers as an effective method of abating transpor-
tation noise.

2. Thebestdescriptor of barrier performance is its insertion loss, which is the difference in the noise environ-
ment before and after the barrier is constructed.

3. Itisthe collective experience of the Working Party that the most common values for A-weighted insertion
loss range between about 5 to 12 dB.
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4. Barrier height is of fundamental importance to the effectiveness of a barrier. Proximity of source/receiver
relative to the barrier is also of fundamental importance to the insertion loss provided by a barrier.

5. The material used to construct barriers must be such that there is sufficient transmission loss of sound
through the wall. It is also important that there be no significant air gaps in the structure nor between the
barrier and the ground.

6. Sound-absorbing material may be important in reducing noise between parallel reflective walls

Finally, recommended directions for future research are presented.

Foreword
The International INCE General Assembly on 1994-08-31 approved an initiative to review current knowl-
edge and practice concerning Effectiveness of Noise Walls with the objective of obtaining a review of the tech-
nical aspects of the acoustical performance afforded by noise barriers for transportation noise sources. This
initiative deals with the important physical phenomena and how to model them.
The study was undertaken with the following objectives:

Identify the development of barrier usage and performance during the past few decades.

. Examine the scientific basis behind noise barriers by listing the physical phenomena affecting their per-
formance. Discuss which phenomena are important and to what extent. Review the use of parallel barriers
and the need for absorptive material.

3. Collect the available information regarding the performance afforded by noise barriers separated into

three areas of application: road, rail, and ground-based airport operations.

4. Provide information on tolerance/spread of prediction to provide an informed judgement for legislation.

5. Discuss the generic properties of products used in the construction of noise barriers.

6. Identify outstanding issues and direction for future work.

N =

The study started in 1995 April, when members of a Working Party on the Effectiveness of Noise Walls were
appointed by the Member Societies of I-INCE. The study was completed in 1997 and published as a draft re-
port in Noise/News International in 1998 (Vol. 6, No. 1, pp. 11-36), 1998 March. After review and changes,
this report was approved for publication by the International INCE General Assembly on 1998-11-15.

Each member of the Working Party which prepared this report represents a different Member Society that
supports the International Institute of Noise Control Engineering; in addition, there was a Convenor. Coun-
tries and members of the Working Party as follows:

Convenor: Gilles A. Daigle

Australia: Ron Rumble Austria: Dieter Hohenwarter

Belgium: Jean-Pierre Clairbois France: Jacques Beaumont

Italy: Alessandro Cocchi Japan (ASJ & INCE/Japan): Kohei Yamamoto
Korea: Doo-Hoon Kim Lithuania: Aleksandras Jagniatinskis
Sweden: Leif Akerlsf The Netherlands: Hans J.A. van Leeuwen
United Kingdom: David Hothersall USA (INCE/USA): Christopher W. Menge

USA (ASA): Ilene Busch-Vishniac

This report was approved for publication by a ku'nanimous vote of the General Assembly at its
meeting in Christchurch, New Zealand, on 1998.11.15. The Board concurs with the decision of
the General Assembly and the final report is published herewith.
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Introduction

Transportation activities are one of the most com-
monly occurring sources of noise outdoors. Sources
can be classified into air, road, and rail transporta-
tion. Noise levels from these transportation sources
are not usually sufficiently high to cause permanent
hearing loss in communities affected, but they may
cause considerable annoyance and activity interfer-
ence. For example, recent reports indicate that a
large number of persons worldwide are exposed to
outdoor time-average A-weighted sound levels
Lacgsn greater than 65 dB. The most effective noise
control measures are those affected at the source,
particularly by quieter designs, together with the ap-
plication of careful land use planning measures in
the community. Tangible progress has been made in
the abatement of aircraft noise through new genera-
tions of quieter engines. Also, in motor vehicles,
quieter engines, better air-intake and exhaust muf-
flers, quieter tires, and more recently, low noise road
surfaces reduce the impact of traffic noise in com-
munities along roadways. These advances have
been directed by legislation in many countries in
which the allowed maximum noise levels from road
vehicles and aircraft have been progressively re-
duced. Recently, I-INCE reviewed the effects of
regulations on road vehicle noise.

There are also many ways of modifying the trans-
mission path to reduce the level of noise at the re-
ceiver. At the land use planning stage, the distance
between source and receiver can be increased by set-
ting aside sufficiently large areas of land along new
roads and around new airports. The receiver can be
screened from ground transportation noise by erect-
ing noise barriers. Barriers are now in common use
as a method of abating noise. They are used to re-
duce the noise from vehicle traffic, railways, and to
some extent, to control noise from ground-based air-
port operations such as start of take-off roll. A large
body of research work has been carried out aimed at
understanding the diffraction of sound around barri-
ers, predicting their performance and developing
more efficient designs.
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This report reviews the scientific basis for the
performance afforded by noise barriers. Barriers de-
rive their performance by blocking the line-of-sight
as illustrated in Fig. 1 thus creating a sound shadow.
Barrier performance is measured by its insertion
loss defined as the difference in sound pressure level
before and after the barrier is constructed

D11 = Lp(before) - Lp(after).

In some cases L,(before) is not available and the in-
sertion loss is approximated by some other measure.

The factors affecting the performance of noise
walls can be grouped as those relating to the source,
to the surrounding total environment, and to the
noise wall itself. After a brief discussion of the vari-
ous source factors, the physical phenomena associ-
ated with outdoor noise propagation are then
discussed in detail, followed by a review of the ef-
fects associated with the noise wall.

Accurate prediction of barrier insertion loss must
account for a wide variety of physical phenomena
simultaneously. This is beyond current capabilities
and thus limits the accuracy of any prediction
model. There are currently a large number of models
in use today around the world to predict barrier per-
formance. The accuracy of various models depend
on how many physical mechanisms are included and
to what level of detail they are considered and how
the source is modeled. This report will therefore
stress that results from models should only serve as a
guide to expected barrier performance, as different
models will yield differing results.

The report includes a brief discussion of the ge-
neric properties of the products and materials used
to construct noise barriers. The issues related to the
measured field performance of noise barriers are
discussed. Finally the report reviews the three main
areas of application: road noise, rail noise, and noise
from ground-based airport operations.

Purpose

The main purpose of this report is to undertake a
state-of-the-art review of the technical aspects of the
acoustical performance afforded by noise barriers
for transportation noise sources; road, rail, and air-
port ground operations (runup, taxi, take off, land-
ing). The report describes different types of barriers
and focuses on the important physical phenomena
and how to model them. The document is intended
for the non-specialist as well as technical designers
and practicing engineers. Extensive references are
provided. The report is also intended as an educa-
tional paper to review all the relevant issues as they
are understood by the Working Party. The report
identifies outstanding issues and directions for fu-
ture work. The objective is to develop a program of
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Fig. 1. Barriers derive their performance by blocking
the line-of-sight.

work for a future I-INCE Working Party dealing
with the measurement and evaluation of noise walls.

Scope
The report describes the work on barriers worldwide
and comments on the current state of knowledge. The
scientific basis behind noise barriers is reviewed. The
report comments on the height of the barriers, the ef-
fects of parallel barriers, modification of perfor-
mance due to multiple edge barriers and the use of
absorptive treatments, and the effects of gaps and
holes on transmission loss. Particular attention is paid
to existing design solutions. Measurement methods
are discussed including intrinsic properties and ex-
trinsic in-situ performance. The report includes gen-
eral non-acoustical parameters such as long-term
performance but excludes aesthetic, structural and
maintenance considerations. Three areas of applica-
tions are reviewed; road noise, rail noise, and noise
from ground-based airport operations. This docu-
ment focuses on free standing vertical noise walls.
The International Organization for Standardiza-
tion (ISO) has an active standards development
group that has recently completed a Draft Interna-
tional Standard on a general method of calculating
the attenuation of sound during propagation out-
doors and includes the presence of noise walls. It is
intended that the program of work of the I-INCE
working party will not duplicate or overlap the work
of the ISO. In addition, the European Committee for
Standardization (CEN) is developing acoustical test
methods for road side noise barriers in
TC226/WG6/TG1. These include tests of sound
transmission, sound absorption and definition of the
traffic noise spectrum.

Scientific Basis

A noise barrier can be defined as any solid obsta-
cle that is relatively opaque to sound, that blocks
the line-of-sight from sound source to receiver,
thus creating a sound shadow. Since the dimen-
sions of the barrier are usually of a similar order of
magnitude as the wavelength of the sound, the
shadow is not sharply defined. Significant sound
energy propagates into the shadow region. The
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factors affecting the performance of noise walls
can be grouped into those relating to the source, to
the surrounding total environment, and to the
noise wall itself.

There are various types of sources. At distances
that are large compared with the effective size of the
noise source, most sources can be considered a
localised point source. Very often barriers are in-
stalled close to the noise sources, and these sources
must be considered as extended sources. In the case
of long moving sources such as trucks or trains,
there are often time-related effects on the attenua-
tion associated with multiple reflections between
the source and the barrier. Vehicle traffic noise
sources can be a distribution of sources such as road
vehicles or a line source such as railway vehicles.
The spectral characteristics of the source or sources
are also important. Many models assume a domi-
nant octave frequency and calculations are per-
formed directly in A-weighted sound levels. In other
models, the spectral components of the source are
used to perform calculations per octave or 1/3 oc-
tave frequency band.

Sound propagating outdoors through the atmo-
sphere generally decreases in level with increasing
distance between source and receiver. This attenua-
tion is the result of several mechanisms, principally
geometrical divergence from the sound source, ab-
sorption of acoustic energy by the air through which
the sound waves propagate, and the effect of propa-
gation close to different ground surfaces. Atmo-
spheric conditions, principally wind and
temperature, have major effects on the propagation
of sound over distances greater than about 100 m.
All these effects must be considered to assess accu-
rately the acoustical effectiveness of sound barriers.

There are several effects associated with the
noise wall itself. Barrier height is of fundamental
importance to the attenuation produced by the bar-
rier. The higher the barrier, the more the
line-of-sight is blocked, the greater the path differ-
ence (difference in length between the
unobstructured path and the path over the barrier
top) and the greater the attenuation. The nature of
the noise wall is also a factor. There are modifica-
tions of performance due to shape of the noise wall,
the nature of the diffracting edge, the finite length of
the noise wall such as at access gaps, and the addi-
tion of absorptive material.

The position of the source or receiver relative to
the barrier is also of fundamental importance to at-
tenuation. There is also degradation due to parallel
barriers, and interaction between the source and bar-
rier when large sources are close to the wall. In the
case of parallel barriers, the ratio of the width (W)
separating the two barriers to the height (H) of the
barriers is an important factor. Other aspects also
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come into play such as the construction and trans-
mission loss of the barrier as well as gaps due to de-
terioration of the structure and gaps between the
barrier and the ground. It is important that there be
no significant air gaps.

Measures of Barrier Efficiency
In general, a barrier’s performance is measured by
its insertion loss (Dy.). The insertion loss of a barrier
at a given point is defined as the difference in sound
pressure level (measured at that point) before and af-
ter the barrier is constructed.

Di1L = Ly(before) - Ly(after) N

Insertion loss can be defined for sound of a single
frequency, a band of frequencies or a broad band
source. Insertion loss is of direct practical interest to
those considering the construction of a barrier; it
also avoids the ambiguity that arises because the
barrier, besides introducing attenuation due to dif-
fraction, also commonly reduces the attenuation due
to the ground (by increasing the height of the sound
path above the ground). The insertion loss of a bar-
rier varies with several parameters, most notably the
frequency of the sound (the higher frequencies are
more attenuated). Insertion loss can be determined
by means of calculation or measurement.

In some cases, especially when a barrier is al-
ready in place, L,(before) is not available and the in-
sertion loss is approximated by some other means.
The Nord Test Nr. 496-84 defines an index called
the Barrier Noise Reduction (B.N.R.). According to
this index, the “before” condition is estimated from
sound pressure levels measured by a microphone lo-
cated at aheight of 1 m above the barrier and correct-
ing these levels to the required distance. The B.N.R.
index has sometimes been used in Japan. In the
USA, ANSI S12.8-1987 standard describes a simi-
lar method, as well as an approach that employs an
equivalent site without a barrier.

In many cases, barrier noise reduction is ex-
pressed as “attenuation.” The term attenuation can
have many definitions. The most widely used defi-
nition for attenuation is to describe the amount of
diffraction behind a barrier and usually refers to
sound levels behind the barrier relative to the sound
levels in the absence of the barrier and the ground,
i.e., in free field.

For lightweight construction, the transmission
loss of the barrier is an important measure. The trans-
mission loss (TL) of a partition or test section of a
noise wall, for a specified frequency band, is given by

TL = Lps - Lpr + 10 1g(S/A) )

where L,s and L,k are the average sound pressure
levels in a reverberant source room and receiving
room respectively (expressed in decibels), S is the
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area of the common partition and A is the Sabine ab-
sorption in the receiving room. The construction of
the barrier must ensure that it has a closed surface
without large cracks or gaps and the surface mass is
at least 10 kg/m’ to ensure adequate TL.

The most commonly used noise index to describe
road and rail traffic noise is the A-weighted equiva-
lent continuous noise level, Lacqr, Which is specified
over a time period T. Other statistical noise level in-
dices are used in some countries, including Lao,
Laso, Lamax, Lax or SEL. For example, Las is cur-
rently used in Japan for road traffic noise and Lamax
for railway noise (although the use of Laq is cur-
rently being proposed).

Physical Phenomena—General

Sound levels in the vicinity of an outdoor source
are influenced by the medium through which the
sound propagates. Normally occurring variations
in meteorological conditions result in sound level
variations and the presence of the ground, in partic-
ular, or other surfaces normally influence levels. In
order to design a noise barrier, it is imperative to
understand and consider the influence of environ-
mental variables on the sound levels. Embleton
(1996) has recently published a tutorial on sound
propagation outdoors. This section summarizes the
physical phenomena associated with outdoor
sound propagation.'

Sound propagating outdoors through the atmo-
sphere generally decreases in level with increasing
distance between source and receiver. The oc-
tave-band (or 1/3-octave band) sound pressure
level L,, in decibels, at a microphone can be ap-
proximated by

Lp=Lw-Ar-101g(4 1) 3)

The term Lw in Eq. (3) is the effective sound power
level of the source (in decibels re 1 pW) for radiating
sound in the direction of propagation from source to
receiver. (A temperature of 20° C and an atmos-
pheric pressure of 1 atm has been assumed). The to-
tal attenuation in each octave band, Arin decibels, is
the result of several mechanisms and can be ap-
proximated by

AT=A5+Aa +Ae (4)

In Eq. (4) the first three terms give the attenuation
from three principal mechanisms—geometrical
spreading from the sound source (A,), absorption of
acoustic energy by the air through which the sound
waves propagate (A,), and the effects of the environ-
ment (A.). The environmental effects arise princi-
pally from propagation close to different ground
surfaces in the presence of ambient atmospheric
conditions, especially wind and temperature varia-
tions. The last term (A,) also covers attenuation from
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additional effects which arise only in specific cases,
in particular, diffraction by a noise barrier.

In the case of a line source the total attenuation
can be obtained by integration of a series of point
sources along the line.

Geometrical Spreading

At large distances from a source in a homogeneous,
non-dissipative atmosphere in the absence of a re-
flecting plane, the sound pressure varies inversely
with distance from the source. The attenuation due
to spreading, A, is therefore approximated by

As = C lg(r/ro) (dB) 5)

where r is the distance from the source center in me-
tres and ry is a reference distance of 1 metre. For a
point source C = 20 and for a line source C = 10.

Air Absorption

As sound propagates through the atmosphere its en-
ergy is gradually absorbed by a number of energy-
exchange processes in the air. The amount of ab-
sorption depends strongly on frequency and relative
humidity, and less strongly on temperature. It also
depends slightly on the ambient pressure, suffi-
ciently to require consideration with large changes
of altitude (thousands of metres).

In most conditions, dry air can produce high at-
tenuation of sound at high frequencies. Therefore, in
the case of a predominantly high-frequency source,
measurements made under dry conditions can differ
considerably from measurements made under more
humid conditions.

Details on attenuation by air absorption are given
in American National Standard “Method for the Cal-
culation of the Absorption of Sound by the Atmos-
phere” (ANSI S1.26-1978 (R1995)) or International
Standard ISO 9613-1 “Acoustics—Attenuation of
sound during propagation outdoors - Part 1: Calcula-
tion of the absorption of sound by the atmosphere.”

Effects of the Environment

There are two main environmental factors which

can influence sound propagation:

* The ground effect—including surface proper-
ties, source and receiver heights;

* Meteorological conditions—including wind ve-
locity gradients, temperature gradients, and tur-
bulence.

The propagation of sound close to the ground for
horizontal distances less than a few tens of metres is
essentially independent of meteorological condi-
tions; for this case the atmosphere can be regarded as
homogeneous and the sound paths (see Fig. 2) ap-
proximated by straight lines. The attenuation due to
the effects of the environment (A.) is then that due to
the ground alone. For greater distances, meteorologi-

http://ince.org Noise/News International

cal conditions usually become a major factor. These
factors are refraction by wind and temperature gradi-
ents, and atmospheric turbulence. The meteorologi-
cal effects then modify the ground attenuation to
produce the total attenuation due to the environment.

When the sound source is located above a ground
surface, sound waves which reflect from the ground
will constructively or destructively interfere with
those propagating directly from the source (see Fig.
2). Since most grounds are partially reflecting, the
reflected wave is also modified in amplitude and
phase by its interaction with the ground surface. The
amount of attenuation attributable to this ground in-
teraction, and its variation with frequency depends
on the surface type and the source/receiver heights
and their separation. The effects of the ground are
largest for intermediate frequencies (around 500
Hz) when the source is above the ground (1 m or
more). If the source is close to the ground all fre-
quencies above 500 Hz display large attenuations.

The main effect of meteorological conditions is
refraction, a change in direction of the sound wave
propagation, produced by vertical gradients of wind
and temperature. Sound refracts (bends) upward, as
shown in Fig. 3(a), when the propagation is upwind.
Refraction upward often produces a shadow zone
near the ground, as shown in the figure, resulting in
an excessive attenuation that often reaches 20 dB or
more. Sound refracts downward, as shown in Fig.
3(b), when the propagation is downwind. Such
downward refracting conditions are favourable for
propagation, producing a minimum of attenuation
due to the effects of the environment.

During the late morning and afternoon on sunny
days, the air temperature usually decreases steadily
with increasing height above the ground, a condition
known as temperature lapse; sound refracts upward
resulting in a shadow zone near the ground [Fig.
3(a)]. In contrast, at night the temperature often in-
creases with increasing height (due to radiation
cooling of the ground surface), a condition known as
temperature inversion, which may extend to one
hundred metres or more above the ground late at
night. In a temperature inversion, sound refracts
downward, producing a minimum of attenuation
due to the environment [Fig. 3(b)].

}

-< d —

Fig. 2. Direct path r] and reflected path r2 between
source S and receiver R.
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Fig. 3. (a) Sound refracts upward when the propagation
is upwind or during sunny days. (b) Sound refracts
downward when the propagation is downwind or during
a temperature inversion.

The atmosphere is an unsteady medium with ran-
dom variations in temperature, wind velocity, pres-
sure, and density. In practice, only the temperature,
wind direction, and wind velocity variations signifi-
cantly affect sound waves over a short time period.
When sound waves propagate through the atmos-
phere, atmospheric turbulence scatters the sound en-
ergy resulting in random fluctuations in measured
sound pressure levels. Many acoustical phenomena
are strongly and directly affected by atmospheric
turbulence. For example, the scattering of sound en-
ergy increases the time-average sound levels behind
anoise barrier, thus limiting the attenuation that can
be provided by a barrier.

Physical Phenomena Associated with
the Noise Wall

Numerous physical features*** associated with the
noise wall can influence its insertion loss:
e Barrier height and proximity of source/receiver

to the barrier;
* Sound absorbing material in the case of a single

wall;
* Sound absorbing material to reduce multiple re-

flections due to parallel reflecting walls;
* Atmospheric effects;
« Effects associated with the surface of the source;
* Time related effects;
¢ Transmission loss.

A thin barrier is one in which diffraction occurs at
a single edge, as shown in Fig. 4(a). A solid fence, of
the type usually constructed to be a noise barrier, and
a free standing wall are examples of a thin barrier. A
thick barrier is one in which diffraction occurs at two
edges, i.e., another diffraction point is provided as
shown in Fig. 4(b). A building or an earth berm with a
wide flat top are examples of a thick barrier.
Typically, if the barrier thickness is greater than 3 m,
abarrier is regarded as thick for sound components of
all frequencies. If the thickness ¢ is less than 3 m, the
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barrier is still regarded as thick for sound compo-
nents of wavelength less than #/5.

Barrier Height and Proximity of Source/Receiver
to the Barrier

Barrier height and proximity of source and receiver
to the wall are of fundamental importance to the at-
tenuation provided by a barrier. In countries around
the world, typical barrier heights range between 2
and 6 m. In some countries heights of 8 to 10 m are
common and heights as low as 1 m are also found.
Barrier protection is greatest for the first row of
housing (closest proximity) while reduced protec-
tion results for further rows of housing. The most
common values for insertion loss range between
about 5 and 12 dB, but values between 3 and 25 dB
are also measured.

The highest insertion loss is found in the case of
rail traffic noise due to the proximity of the source to
the barrier. For example, the normal barrier height
for the Shinkansen Railway (high speed railway) is
only 1.5 to 2 m, while in Europe typical rail barriers
are only slightly higher, yet these barriers are found
to be quite effective. Intermediate values of inser-
tion loss are characteristic for road traffic noise. For
example, in the US highway barrier heights of 6 m
and 7 m are very common. In Japan the normal bar-
rier height for highways is 3 m and measured B.N.R.
ranges between 15 dB to 23 dB, but barriers tend to
reach a height of 8 m to achieve B.N.R.s of 25 to 30
dB in the suburbs of Tokyo. Barrier heights of 5to 6
m are now common in Australia. Measured inser-
tion losses for barriers 3 to 6 m high are typically be-
tween 5 and 12 dB. The smallest insertion loss is
obtained in the case of ground-based airport opera-

Fig. 4. (a) Diffraction at a single edge. (b) Diffraction
occurs at two edges with a thick barrier.
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tions due to the larger source/receiver distances and
greater source height. For example, barriers 10 m
high are common for runup enclosures at US air-
ports, with propagation distances up to 2000 m.

Sound Absorbing Material— Single Walls

Given a thin vertical reflecting noise barrier that
obstructs the source-receiver path, an added de-
vice, material, or shape may be used to improve its
performance. However, such modifications must
not be used to reduce the height of such a barrier
below the source-receiver direct paths.

There is a body of evidence'™'******% o sug-
gest that the use of absorbing materials can en-
hance barrier performance. The information is
based on the effects of absorbers on single barriers
and parallel barriers. As with all barrier problems it
is very difficult to give a simple description of a
particular effect since so many other parameters
are involved. Nonetheless, the general principles
can be described. Placing absorptive material on a
single barrier has theoretically two advantages (see
Fig. 5). One is to reduce diffracted sound into the
shadow zone. The second is to minimize sound re-
flection between the source and the barrier surface,
thus avoiding the build up of the sound level.

The effectiveness of absorbing surfaces depends
upon the efficiencies of the absorbing material. The
effectiveness of a porous absorber usually decreases
as the frequency decreases. Resonators usually have
a maximum of absorption around their resonance
frequency. Theoretical and experimental results in-
dicate that the increase in insertion loss of a barrier
due to the introduction of absorber on one side is re-
lated to the angle 0 between the absorbing barrier
surface and the ray from the source or receiver to the
top of the barrier. When 6 is 90° the effect is negligi-
ble. The increase in insertion loss rises to approxi-
mately 2 dB when 0 is 45° and may reach 10 dB for
very low angles. If both sides are absorbing the ef-
fect is approximately additive. Thus it is necessary
for the source or receiver to be close to the barrier for
this effect to be significant. For example, a source 1
m above the ground would need to be 4 m froma 3 m
high barrier for an absorbing surface on the source
side to produce an increase in in-

tured) barriers can scatter the sound incident over
them in many non-specular directions; this diffusion
should not be confused with the phenomenon of ab-
sorption.

Sound Absorbing Material—Parallel Barriers

An important application of absorption is in the case
of parallel barriers. The attenuation provided by the
barrier on one side of the source is degraded™* due to
reflections from the reflective barrier on the oppo-
site side [see Fig. 6(a)]. In the case of road traffic
noise, results show that the degradation typically
ranges from about 2 to as much as 7 dB. A more
complete discussion of the degradation in insertion
loss from parallel rigid barriers is given in the appli-
cations section under road traffic noise. Application
of absorption over the road-facing side of the barrier
restores the performance with a progressive im-
provement depending on the area covered. The per-
formance can also be restored by sloping'’ the
barrier, as shown in Fig. 6(b). The required angle
will depend on the separation of the barriers. This
may not be an optimum solution that should be en-
couraged, as the reflected sound could cause prob-
lems elsewhere. If the sloping surface has
dimensions less than the wavelength of the sound, a
scattering rather than a reflection process occurs.
Unlike absorption, which dissipates acoustic en-
ergy, scattered sound may lead to increased sound
levels elsewhere.

Atmospheric Effects

Barrier performance is disturbed by other factors
such as the atmosphere. Upward-curving sound
paths, as in propagation upwind or during the tem-
perature lapse characteristics of sunny days, do not
reduce the acoustic performance of a barrier. How-
ever, it is generally recognized that downward-
curving sound paths, as in propagation downwind or
during the temperature inversions that are common
at night, do reduce the insertion loss of a barrier.
This reduction varies with wind speed, frequency
and propagation distance. For example, in Japan,
road traffic noise measured behind various barrier
sites was analysed to examine the relationship be-

sertion loss of about 1 dB behind
the barrier. The full effect of an
absorber on the diffracted path
can be achieved by a strip at the
top or sides of a barrier which
has a width of one wavelength.
For a broadband spectrum this
means the whole of the side for
normal height barriers (e.g. 3.4

Barrier
Without Absorbtion With Absorbtion

m for 100 Hz). Non-flat (struc- Fig. 5. The effects of placing absorptive material on a single barrier.
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tween barrier noise reduction and vector wind. The
results showed a wide scatter for vector winds in
the range + 2.0 m/s, indicating no systematic de-
pendence. However, downwind data obtained on
one site when the vector wind was greater than 2 m/s
showed a decrease in barrier noise reduction.

Atmospheric turbulence scatters’ sound energy
into the acoustic shadow behind a barrier. There-
fore, turbulence is responsible for setting an upper
limit to the amount of insertion loss that can be ob-
tained from a given barrier configuration. For exam-
ple, when the barrier noise reduction values
obtained from the study in Japan are averaged and
plotted against the design chart, close agreement is
obtained until the predicted values exceed 20 dB.
The measured barrier noise reduction tends to level
off at around 20 to 25 dB.

Effects Associated with the Surface of the Source
For sources which have significant bulk, such as
trucks or trains, multiple reflections' between the
barrier and the surface of the source could be ex-
pected to degrade the performance of the barrier par-
ticularly when the source and barrier are in close
proximity (see Fig. 7). There are two distinct cases;
one in which the vehicle side with the major noise
sources is visible over the top of the barrier, the other
when it is not. Computer simulation results show a
progressive degradation of the insertion loss as the
height of the vehicle is increased, with an approxi-
mately constant degradation of about 5 dB when the
vehicle is visible. This number is dependent on
many other parameters. Using a sound intensity
technique to measure the sound radiation character-
istics from Shinkansen trains", it was found that the
apparent height of the noise source is changed by the
effect of the noise barrier.

Time-Related Effects
The assumption that traffic can be described by a se-
ries of fixed sources can lead to problems>" in the
derivation of some noise quantities. These arise be-
cause the vehicles are actually moving reflecting
bodies, and also because practical barriers have a fi-
nite length. As a result, the effectiveness of the bar-
rier changes with the vehicle position, which is also
related to any effects of multiple reflections that oc-
cur between the barrier and the body of the vehicle.
A fundamental descriptor of noise from aroad, or
arailway, is the function of sound pressure level ver-
sus time at a given receiver point for the passby of a
single vehicle. This descriptor can then be used to
derive the noise assessment indices La,, Leqr, etc.
In the case when the interaction between the vehi-
cle body and the barrier can be neglected, the time
function is still required in order to derive the statisti-
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Fig. 6. (a) The attenuation provided by the barrier on one
side of the source is degraded due to reflections from the
reflective barrier on the opposite side. Application of ab-
sorption restores the performance. (b) The performance
can also be restored by sloping the barrier.

ds

Fig. 7. How multiple reflections can cause a degrada-
tion of performance for noise barriers.

cal indices. However, in this specific case, the La.,r
can be calculated accurately assuming a series of
fixed noise sources. In cases where high sided vehi-
cles are close to barriers with a reflecting surface on
the roadway side, multiple reflections can occur,
which can degrade the performance of these barriers.

Transmission Loss

Theoretically, the sound transmission loss of noise
barriers must be accounted for in determining the in-
sertion loss, since the sound transmitted through the
barrier makes some contribution to the sound level at
the receiver. However, for practical purposes, barri-
ers are often constructed of materials that have suffi-
ciently high transmission loss such that the
contribution from transmission is negligible. To en-
sure that this is true, and to avoid the need to compute
the contribution from sound transmitted through the
barrier, the transmission loss should be at least 10 dB
more than the desired insertion loss. An important con-
sideration is that laboratory-measured transmission
loss may be significantly higher than in-situ transmis-
sion loss if substantial gaps are present between barrier
panels, between panels and support columns, or be-
tween panels and the ground. If gaps are present, cal-
culations to estimate in-sifu transmission loss can
assist in determining net barrier insertion loss.
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Barrier Shapes

Results in the literature”* have identified a wide
range of noise barrier systems, some of which ap-
pear to be more effective in terms of acoustic perfor-
mance than the simple plane reflective barrier
widely used. There are two distinct cases; one case is
that of a single barrier of different shapes, the other
is the case of multiple edge barriers. Many of these
systems incorporate absorbing surfaces. Resonant
cavities have been used to produce “soft” surfaces
and some configurations are designed to promote
destructive interference between waves following
two different paths. A problem that needs to be over-
come with these designs is the narrow band of fre-
quencies for which they are usually effective.
Studies have included computer modelling, labora-
tory experiments, and field measurements. The av-
erage improvement in insertion loss for the various
designs 2 m high compared with simple plane re-
flective barriers of identical height ranges from 0.5
to 3.5 dB depending on detailed design.

Single-Shape Noise Barriers
Single-shape noise barriers include wedge-shaped
barriers, berms of various kinds, T- shaped and Y-
shaped barriers, and arrow-profile barriers. In Ja-
pan, barriers in which the upper section is angled or
curved over part of the roadway are common. Nu-
merical modelling of the efficiency of single noise
barriers of various shapes confirms that barrier
height (i.e., the path length difference effect) is of
fundamental importance to the attenuation pro-
duced by a barrier. Also, the type of ground cover
has a large effect upon the calculated insertion loss.
For barriers with hard reflecting surfaces, those
with vertical or nearly vertical sides perform signifi-
cantly better than those with shallow sloping sides.
For example, there is general agreement that the in-
sertion loss for the hard-surface wedge is lower than
for a vertical barrier, but no consensus exist as to the
magnitude of this effect. Further, for wedge shaped
barriers, a progressive reduction in insertion loss is
observed with increasing wedge angle. T-shaped
barriers give consistent improvements in insertion
loss over a wide area compared with a simple plane
reflective barrier of the same height. However,
when the T-profile is modified to an arrow-profile, a
significant reduction in insertion loss is observed.
Application of absorbent material to the upper
surface of a T-profile barrier increases the insertion
loss by an amount depending upon the width of the
cap and the efficiency of the absorber. When the
T-shaped barrier with strongly absorbing upper sur-
faces is modified to an arrow or Y-shape there is a
significant reduction in insertion loss. Field data
published in Japan show the effects of placing an ab-

http://ince.org Noise/News International

sorbing cap or modified cylindrical shape on top of a
thin hard barrier. By measuring the sound pressure
levels from traffic noise before and after the installa-
tion of the absorbent material they find that barrier
performance is improved by approximately 2 to 3
dB. An attenuation of 2 dB corresponds to the in-
crease in the barrier height of about 2 m. However,
this much improvement is only achieved for rela-
tively large diffraction angles, where source and re-
ceiver are close to high barriers. The improvement
reduces to about 0.5 dB for typical geometries along
suburban highways.

Calculations show that when the wall becomes a
broad wedge or a berm, an absorbing surface can be-
come very important. When an absorbent surface is
introduced to shallow-sided forms of barrier, some
improvement in insertion loss is found that is associ-
ated with increased attenuation at high frequencies.
Some evidence shows that a grass covered wedge is
less efficient than a rigid wall of the same height if
the wedge angle is more than about 45 degrees. On
the other hand for geometries encountered in prac-
tice, a flat topped grass covered berm generally per-
forms similarly to a wall of the same height at the
same location. Further, when source and/or receiver
are very close to the berm there is usually an increase
in insertion loss, again mostly associated with in-
creased attenuation at high frequencies. Walls on top
of berms are becoming a common approach to noise
abatement. Mounting a thin-wall atop an absorptive-
topped berm does not initially increase the insertion
loss, since the beneficial effect of the absorptive top is
lost and is not fully recovered by the increase in the
total barrier height. However, as the height of the
thin-wall increases, the performance is recovered.
The wall/berm combination has the advantage of not
requiring as much land as a full berm.

Multiple-Edge Barriers

Multiple-edge barriers can be of two different kinds.
There are multiple-edge barriers with a single foun-
dation and there are those comprised of several par-
allel barriers on the same side of the road. Studies
show that multiple-edge barriers give consistent im-
provements in insertion loss over a wide area com-
pared with simple plane reflective barriers. A
benefit of this type of barrier is that an extra edge
could be incorporated onto existing noise barriers.
The number of possible multiple-edge designs is
large, and studies of different configurations are
on-going.

Double barriers represent the second type of mul-
tiple-edge barriers. They can be efficient in attenuat-
ing noise, in comparison with a vertical screen of the
same effective height. Double barriers can provide
large gains where significant diffraction occurs at
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the upper edge of both screens. The attenuation im-
proves as the distance between the barriers increases
beyond a few wavelengths but also depends on the
absorption between the barriers and/or ground ab-
sorption (spacing must be much greater than a wave-
length and absorbers present to effect substantial
improvements). As further barriers are added the ef-
ficiency increases, although if working within a lim-
ited ground space, there may be a trade-off between
the addition of another barrier and the subsequent
reduction in barrier spacing. It is noted that the bene-
fits from multiple barriers occur throughout the
spectrum, even at low frequencies.

Models

Accurate prediction of barrier insertion loss must
somehow simultaneously account for all of the
physical phenomena discussed above. Although this
goal is still beyond current capabilities, develop-
ments™” in our ability to predict sound propagation
through the atmosphere has increased dramatically
during recent years. Models can be separated to two
main categories; empirical models and theoretical
models. Both types of models include the attenua-
tion due to geometrical spreading. Where the empir-
ical models differ from theoretical models is in the
incorporation of the other attenuation mechanisms.
The empirical models tend to rely on general ten-
dencies found in experimental data bases. They of-
ten work well as long as the specific situation of
interest falls within the bounds of the databases.
Theoretical models on the other hand rely on our
mathematical ability to describe real-life situations.

The incorporation of the effects of the
ground***"** is now fairly widespread in the theoret-
ical models. Only a very limited number of models
include the effects of curved sound paths due to re-
fraction. However, refraction is most important at
longer ranges where barriers generally begin to lose
their effectiveness. Only a very limited number of
models include the degradation due to scattering by
atmospheric turbulence, but the limiting insertion
loss due to this phenomenon is generally known
through the empirical databases. Often the calcula-
tion involves propagation from traffic located on a
paved road surface to a receiver on grass covered
ground. There are few theoretical models® that ac-
count for the effect of the hard/soft transition and
this effect is most often ignored. There are virtually
no theoretical models that incorporate more com-
plex topographical features, and most often a ray
tracing approach is used. However, these effects are
included in most empirical models.

Itis very important to recognize the limitations of
the models being used for prediction or design pur-
poses. The Working Party recommends comparison
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of various models when designing a barrier. It is also
important to appreciate how to enter data and to be
confident in these inputs. It is the collective experi-
ence of the Working Party that inexperienced users
cannot use models as effectively as experts, largely
due to inadequate documentation on the protocol to
follow in using models and insufficient appreciation
of their limitations.

Computation of barrier insertion loss is done in
two parts according to Eq. (1). First, sound levels in
the absence of the barrier are calculated followed by
sound levels calculated in the presence of the bar-
rier. The techniques™ available to calculate sound
levels in the absence of the barrier include empirical
codes, analytical solutions for propagation above a
flat porous ground, analytical solutions for selected
atmospheric profiles, ray tracing techniques which
include interaction with the ground and meteorolog-
ical conditions, and more sophisticated numerical
solutions to the full wave equation: the fast field pro-
gram (FFP) and the parabolic equation (PE). There
is also an International Standard® covering predic-
tion of levels from a source. The attenuation that can
exist due to natural features, particularly absorbing
ground cover, before the construction of a barrier is
often not appreciated. For this reason the measured
insertion loss of a barrier when constructed is not as
large as predicted from the barrier diffraction atten-
uation and can sometimes result in negative values
in certain regions of the spectrum. Approximations
in models can also lead to calculations indicating
negative insertion loss.

The presence of the barrier imposes an additional
challenge for computational techniques. Most of the
theoretical methods which have been developed to cal-
culate the attenuation of barriers are semi-empirical
and based on ray tracing and geometrical acoustics.
These methods fall into two categories: those in which
only the amplitude of the sound field is predicted; and
those in which the phase of the sound field is estimated
so that interference effects can be studied.

Empirical
In the first category the most influential early studies
were those of Maekawa®' and Kurze and Ander-
son”’. These researchers predicted the sound attenu-
ation due to a reflecting knife-edge in terms of the
Fresnel number. These prediction methods have
been applied to predict the insertion loss of a vertical
rigid barrier located on the ground, and form the ba-
sis of the current road and railway traffic noise bar-
rier prediction method in many countries. In some
countries barrier height is determined by other spe-
cific design charts.

In its simplest form, the attenuation provided by
a thin barrier represented by an infinite half-plane
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is calculated as a function of Fresnel number N de-
fined as

N = (2/\)(d + d2 - d3) (6)

(see Fig. 4(a); A is the wavelength of the sound). The
curve in Fig. 8 is the attenuation provided by a thin
barrier as a function of Fresnel number and forms
the basis for the well-known chart developed by
Maekawa. Maekawa empirically corrected the
curve in Fig. 8 to account for the presence of the
ground. The remarkable agreement, on average,
with a large body of measured field data and its sim-
plicity of use has led to the widespread engineering
use of the chart.

Theoretical
In the second category of theoretical methods some
form of a geometrical theory of diffraction’**"'is

used, coupled with an approximation for the spheri-
cal wave reflection coefficient at an impedance
plane, to account for ground reflections. The sound
field behind the barrier is determined by the sum of
the terms associated with the four paths shown in
Fig. 9 and a complex interference spectrum is
formed. Mostly these methods have been restricted
to a thin vertical barrier on a reflecting or finite im-
pedance ground.

To produce predictions for configurations which
are more complicated in terms of barrier shape and
absorptive treatment, the use of the boundary element
method has been investigated*”. This method has
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Fig. 8. Attenuation provided by a thin barrier as a function of Fresnel
number according to the chart developed by Maekawa.
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important advantages over the methods based on a
geometrical theory of diffraction approach. A main
advantage is its flexibility, in that, by positioning the
boundary elements appropriately, arbitrary shapes
and surface acoustic properties can be accurately rep-
resented. Secondly, it has the advantage of accuracy
in that, provided that the boundary elements are made
asmall enough fraction of a wavelength, a solution of
the governing wave equations of acoustics can be
produced that is correct to any required accuracy. The
disadvantage of the boundary element method is that
large computing times and storage can be required,
especially for barrier designs which vary along the
length as well as in cross-section. A further limitation
which it shares with the other methods described
above, is that atmospheric effects are not considered,
so that only predictions for a neutral quiescent atmo-
sphere are obtained.

Application of the Models
International Standard ISO 9613-2 Acoustics—"“At-
tenuation of sound during propagation out-
doors—Part 2: General method®® of
calculation”—specifies an engineering method for
calculating the attenuation of sound during propaga-
tion outdoors in order to predict the levels of noise at a
distance from a variety of sources. It aims to deter-
mine the average time-interval equivalent continuous
A-weighted sound pressure levels under meteorolog-
ical conditions favourable to propagation from
sources of known sound emission above natural
ground surfaces. These conditions are for downwind
propagation, or equivalently, propagation under a
well developed moderate ground-based temperature
inversion, such as commonly occurs at night.

It also aims to determine a long-term average
A-weighted sound pressure level. The duration of the
long-term interval is much longer than that required
for specifying the average equivalent continuous
A-weighted sound pressure level for downwind
propagation described above, and encompasses a
wide variety of meteorological conditions.

The method consists specifically of octave band
algorithms (with nominal midband frequencies
from 63 Hz to 8 kHz) for calculating the attenuation
of sound which originated from a point source, or an
assembly of point sources. The source may be mov-
ing or stationary. The method is applicable in prac-
tice to a great variety of noise sources. It is
applicable, directly or indirectly, to most situations
concerning road or rail traffic, and many other
ground-based noise sources. Specific terms are pro-
vided in the algorithms for a variety of physical ef-
fects, including screening by noise barriers.

The formulas to be used are for the attenuation of
sound from point sources. Extended noise sources,
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therefore, such as road and rail traffic are repre-
sented by a set of sections, each having a certain
sound power and directivity. A line source may be
divided into line sections, an area source into area
sections, each represented by a point source at its
centre.

The International Standard calculates diffraction
over the top edge and around a vertical edge of a bar-
rier. Double diffraction over thick barriers can also
be calculated. (The Working Party notes, however,
that the formulas for calculating double diffraction
yields a discontinuity in the solution when passing
from single diffraction to double diffraction). The
screening attenuation is not taken to be greater than
20 dB in the case of single diffraction from thin
screens, and 25 dB in the case of double diffraction
by thick screens. The screening attenuation for two
screens is calculated as in the case for double dif-
fraction.

Each country®"'® has usually adopted its own
specific method for predicting the performance of
barriers for specific transport noise sources. For ex-
ample in the UK™, calculation of the attenuation of
road traffic noise by a barrier is performed using a
chart in terms of path length difference. In Japan,
barrier height is determined by a design chart” such
as Maekawa’s or other specific design charts using a
representative spectrum of road traffic noise. In
Lithuania the decrease in A-weighted noise level
due to a noise wall is estimated in decibels using a
design chart which assumes that the wall is 3 m from
the edge of the road. When walls in city streets are
used as barriers, they must be sound absorbing. The
frequency dependence of sound absorption is cho-
sen in accordance with the typical spectrum of noise
for the transportation source. In the USA, STAM-
INA/OPTIMA has been the official highway noise
prediction and barrier design model®>*.

The US Department of Transportation’s Federal
Highway Administration (FHWA) is developing
the next generation of highway noise prediction
computer code™ called the Traffic Noise Model
(TNM). In addition, the new model has the potential
for standardizing and improving rail and transit
noise prediction in the USA. The only significant
sound propagation components that have not been
included in the TNM are those due to atmospheric
effects such as wind and temperature gradients; the
model assumes a neutral atmosphere. This decision
was motivated by FHWA’s purpose that propaga-
tion over relatively short distances (less than about
200 m) is most important. The expected increases in
development cost, computation time, and user input
complexity associated with including such atmo-
spheric algorithms would be quite significant.

Many models such as the TNM and the Dutch
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Fig. 9. The sound field behind a barrier is determined
by the sum of four paths.

model calculate all important sound propagation
paths from the source to the receiver, including re-
flection and diffraction, at one-third octave or oc-
tave band centre frequencies. The TNM model
includes diffraction from ground impedance discon-
tinuities, such as the edge of the pavement adjacent
to a highway. Ground lines and earth berms are in-
cluded, so that the exact terrain between source and
receiver can be entered. Special reflective barriers
can be coded which generate an image of the road-
way to account for reflection at the barrier surface.
Only single reflections are supported in the three di-
mensional portion of the TNM. (A two dimensional
ray-tracing module is included for analysis of multi-
ple reflections.) Multiple diffraction is included. The
model computes the cumulative effects of diffraction
from various points in the geometry, if they are sig-
nificant contributors to the total sound level at the re-
ceiver. Perturbable barrier and berm heights are
included, so that a matrix of results for several barrier
heights at once can be constructed for rapid barrier
design decisions later. Rows of buildings can be in-
cluded, and require the user to specify the percentage
of area that the buildings block in each row. Tree
zones are included, and incorporate the ISO values
for attenuation due to dense foliage. Sound level de-
scriptors include Lacqin and Ly, Traffic data input ta-
bles allow traffic input for both descriptors.

The US Army Construction Engineering and Re-
search Laboratory (USA-CERL) has developed a
long-distance sound propagation model”™ called
SoundProp that incorporates the effects of atmo-
spheric conditions. It is a point-to-point model that
operates in 1/3 octave bands and computes the propa-
gation of sound in the atmosphere above the ground
and in the presence of a barrier if one exists. The prop-
agation mathematics are based on a fast field program
that was exercised many times on a supercomputer to
generate a large database of results under various
conditions of atmospherics, ground type, and geome-
try (source and receiver height and range).
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Products and Materials

Barrier materials are briefly described here'™. Dif-
ferent products have their own characteristics apart
from their acoustical performance, including cost,
durability, safety and aesthetics.

There are a range of traditional building materi-
als commonly used for noise barriers, This is being
supplemented by innovative, proprietary products
developed for specific barrier applications. All of
these barriers can be categorized as either reflective
or absorptive.

Reflective Barriers
Reflective barriers are constructed using all of the
common building materials and include:

* concrete—precast panels, masonry blocks, and
purpose-designed masonry units

* lightweight concrete - fibrous cement, purpose-
designed elements

* metal sheeting
* plastics

e glass

e wood

* other materials

The use of these various products tends to be region-
alized, obviously dependent on relative economies
of the different materials in different areas and other
factors mentioned above.

Concrete walls are common reflective barriers.
They are usually made up of stacked panels 3 to 5 m
long and 0.5 to 1.8 m high. The thickness is 90 to 200
mm and the surface density of this type is 200 to 400
kg/m’. There are also barriers designed with ele-
ments that consist of combinations of flower boxes
on different heights on the barrier. In this case a lux-
uriant vegetation can be obtained and the barrier be-
comes more or less absorptive.

Lightweight concrete and other fibrous cement
can also be used for barriers. In most cases the low
density is not a problem since the transmission loss
of the barrier is not the critical parameter.

Metal sheeting is also used for barriers. Com-
monly used is steel and aluminium that is sea water
resistant. Mostly thin sheets from 1 to 2 mm are be-
ing used. These materials are often combined with
mineral fibres giving an absorptive barrier. With
metal barriers, care must be given to ensure that they
are thick enough to give a high enough transmission
loss, particularly at low frequencies. Also metal
sheet barriers are combined with vegetation (fast
growing trees or shrubs) in front of and behind the
barrier to obtain a “green” barrier.

Plastic elements are also used for barriers.
Sometimes they are made of recycled materials.
The surface density averages around 10 to 20
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kg/m’. Plastic elements are used more in absorptive
barriers.

Glass and other transparent plastic elements are
coming into use for barriers. They are made of glass,
of acrylic or polycarbonate resin of 5 mm to 8 mm
thickness, or polymethylmethacrylate of 15 to 20
mm thickness. The surface density averages around
10 to 20 kg/m”. The advantage of this material is that
drivers and passengers can see the landscape
through the barrier and residents can see the road or
railway line. This can be important when barriers
are erected in front of dwellings. Problems are vis-
ual reflections on the barriers (as a mirror) and the
cleaning of the barrier, but these can be solved by in-
clining the construction.

Wooden barrier materials are commonly used in
the UK, the US, The Netherlands and in Austria.
Timber is also widely used in Northern Europe,
Scandinavia, Australia and Canada.

Other materials or combination of materials can
be used as well. For example, metal sheeting or plas-
tic elements in combination with glass and other
transparent plastic elements can be employed. Also
combinations with absorptive elements, glass and
other transparent plastic elements can be very prac-
tical. Architects can make some attractive designs
by combining different materials with special
shapes. There are many examples of interesting
shapes and material combinations in France, Ger-
many and The Netherlands.

Absorptive Barriers

Absorptive barriers are a fairly recent innovation

and their use is not as widespread as reflective barri-

ers. Absorptive barriers include:

* composites—using traditional acoustical tech-
niques such as commercial mineral fibres behind
a perforated facing, wooden network, perforated
plastics, porous concrete, etc.

e ceramics

* sintered metals

» cement-bonded wood-wool or wood chips

* aerated concrete

There are two general types of systems that are used

to create absorbing surfaces of barriers.

Systems with Cavities Incorporating

Absorbing Materials

The most common systems of this type are perfo-
rated metal boxes containing fibrous materials. An
example of this is the standard absorptive panel de-
sign specified by the Public Highway Corporation
of Japan since the early 1970s. The barrier panel
consists of a glass fibre sheet 50 mm in thickness,
wrapped with polyvinyl fluoride film of 21 um
thickness. This fibre sheet is inserted in a metal box
with a back air space of 33 mm thickness. The front
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surface of the box is made from an aluminum panel
with slits and the back side of the panel is made of
steel sheet of 1.6 mm thickness. The absorption co-
efficients (measured in a reverberation chamber) are
greater than 0.7 and 0.8 for 400 Hz and 1000 Hz re-
spectively. This type of material is widely applied to
barriers used for inter-city highways.

A second type is a construction of cement or baked
clay blocks with internal cavities. The traffic-facing
side of the block contains holes or slots. Sound is ab-
sorbed at the resonance frequencies of the cavities
and the range of frequencies absorbed is extended by
the inclusion of fibrous or foam fillers.

Systems with Panels of Open Textured

Porous Materials

Absorption within the material is achieved by iner-
tial and frictional losses. These materials are usually
incorporated with a hard backing to prevent sound
being transmitted through the panel. If the panel is
directly mounted on the backing a thickness of 50 to
100 mm is required to provide good absorption char-
acteristics at the lower frequencies. The front faces
are often profiled rather than flat. If an air gap is in-
troduced between the panel and the backing, the
thickness can be reduced and the low frequency per-
formance retained.

Materials used in this category are porous cement
and concrete, wood chips in a cement matrix and
small particles in an epoxy matrix. Ceramic sound ab-
sorbers are made from particles of a hard porcelain
and are formed into a porous board of 10 mm to 50
mm in thickness. This material has thermal resistance
and resistance to chemical substances in exhaust
gases from heavy trucks and cars. However, it is not
as resistant to physical impact such as the impact re-
sulting from a collision with a car. A common absorp-
tive material used adjacent to highways and railways
in the US and Canada is made from wood fibres
bonded together with portland cement of 50 to 100
mm thickness and backed with a solid concrete panel.

Vegetative barriers are constructed from vegeta-
tion that is rooted in a soil mound or in specially-
constructed panels. The insertion loss of these con-
structions is determined primarily by the dimen-
sions of the earth bank or solid structure. For
artificial, steep-sided structures, some form of irri-
gation is necessary to retain viable plants.

Measurements

It is the collective experience of the Working Party
that well conceived and documented experimental
measurements are the only reliable way to verify the
effectiveness of road and rail noise barriers. Mea-
surements can be of two types; verification of the
field insertion loss and laboratory measurements on
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sample constructions. Field measurements verify
how the design is performing. A program of in-situ
field measurements'®"'” shows how assembled
components age and also how movement of a barrier
with time affects the insertion loss and/or transmis-
sion loss. Sample constructions can be tested in the
laboratory and include methods to measure the ab-
sorption and transmission loss. However, intrinsic
properties of the individual components may not
necessarily reflect the in-situ performance and as a
result it is important to test sample constructions.

Standards for Measuring Barrier

Insertion Loss
American National Standard “Methods for determi-
nation of insertion loss of outdoor noise barriers”
(ANSIS12.8-1987) covers insertion loss determina-
tion by measurement or by measurement and predic-
tion for outdoor noise barriers of all types. The
standard adopts insertion loss as the basis for deter-
mining effectiveness of a barrier. The standard rec-
ommends use of the A-weighted sound exposure
level or time-averaged sound level or octave band
sound pressure level, but does not preclude use of
other noise descriptors. It provides methods for de-
termining the insertion loss of outdoor noise barriers
at receiver locations of interest under conditions of
interest. In addition, the standard presents require-
ments for the documentation of the procedures and
results to permit interpretation and independent
evaluation of the results. It may be used for routine
barrier performance checking, or engineering or di-
agnostic evaluation, and may be used in situations
where the barrier is to be installed, or has already
been installed. Three methods are presented. The
recommended method is the “direct measured”
method where the user measures levels at the refer-
ence and receiver positions both before and after
barrier installation. The same receiver and reference
positions are used in both the “before” and “after”
case. It may be used only if the barrier has not yet
been installed or can be removed for the “before”
measurements.

Alternative methods are an “indirect measured”
method and an “indirect predicted” method. If the
barrier has been installed prior to any direct “before”
measurement and it cannot be readily removed to
permit such measurements, the user may simulate
the “before” condition by measuring at a site that is
equivalent to the study site minus the barrier. If it is
not possible either to make actual before measure-
ments or to make substitute “before” measurements
at an equivalent site, then “before” predictions may
be possible. When predictions are used, errors inher-
ent in the chosen prediction method further decrease
the precision of the resulting insertion loss.
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Draft International Standard ISO/DIS 10847
Acoustics—*“In-situ determination of insertion loss
of outdoor noise barriers of all types”—also speci-
fies methods for the determination of insertion loss
of outdoor noise barrier intended to shield various
kinds of noise sources. The International Standard
only specifies two methods for the determination of
insertion loss of outdoor noise barriers. The recom-
mended method is the direct measurement method
discussed above. The alternative method is the indi-
rect measurement method also discussed above us-
ing measured “before” levels at an equivalent site.
The International Standard does not include the in-
direct predicted method.

Applications

This section discusses three main application ar
eas'” where barriers are used: road traffic noise,
railroad noise, and ground based aircraft operations.

Road

Road traffic''™'" is the most widespread source of
noise in all countries and the primary reason for an-
noyance and interference with human activities.
Figure 10 shows the typical profile of a road noise
barrier installed between four lanes of traffic and
residential dwellings. Several factors affect the per-
formance of the barrier and most of these have been
discussed in general terms above. The height of the
barrier is of fundamental importance to the attenua-
tion of road traffic noise. In many countries, typical
highway barrier heights range between 2 and 3 m,
while in other countries heights range between 3to 6
m and barriers up to 8 m high can also be found.
Proximity of source to barrier is an important factor
in determining the attenuation. For example, in Fig.
10, the barrier provides less attenuation for the west-
bound traffic than for the eastbound traffic. A very
important issue in the case of road traffic noise barri-
ers is the degradation in performance of a barrier on
one side of the road by the presence of a second par-
allel barrier on the other side of the road.

The effects of multiple reflections between two
barriers placed on both sides of a highway because
noise reduction is needed on both sides, has been the
subject of much debate and some research. Research
shows that under various circumstances, the degra-
dation (reduction) in barrier insertion loss
(A-weighted) can be as high as several decibels
when normal reflective walls are used. Since some
models do not compute this degradation, many users
are ignorant of the potential compromise of their
barrier designs by this effect. Several models have
been developed to attempt to compute the effect, but
measurements have shown less degradation than the
models have predicted. (Partly as a result, the
FHWA in the US has not taken an official stand or
recommended a procedure to deal with multiple re-
flections.) Consequently, some barriers are being
constructed without this effect having been com-
puted or accounted for in the acoustical design. In
many cases, these barriers are not providing the ex-
pected insertion loss. The FHWA’s new Traffic
Noise Model will include a two-dimensional multi-
ple-reflection module that is calibrated to match
measurements.

Studies™" in the US going back into the 1970s
have shown that degradation of single-barrier per-
formance does occur when parallel reflective walls
are used. The studies showed that as much as 7 dB
degradation of insertion loss could be expected with
certain highway geometries. Measurements of in-
sertion loss degradation outdoors at a full scale test
roadway have been performed at Dulles Interna-
tional Airport and along highways in California and
Maryland. It was found that the measured degrada-
tion is a function of the ratio of the distance between
the two barriers (W) and the barrier height (H). Table
I shows the highest measured insertion loss degra-
dation for A-weighted traffic noise from each of the
three studies, along with the W/H ratio of the mea-
sured geometry.

In Japan, measured results from a parallel barrier
site were analysed and the results show that the dif-

Route 51 Route 51
Westbound Eastbound

Fig. 10. Proximity of source to barrier is an important factor in determining attenuation. The barrier provides less
attenuation for the westbound traffic than for the eastbound traffic.
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ference in barrier efficiency between single and par-
allel barrier is less than 1.5 dB for barriers of 3 m
height at roads with 24 m to 30 m width (W/H ratio
between 8 and 10). Experimental results are summa-
rized in Table 1.

There is a body of literature evaluating the im-
provement in parallel barrier insertion loss by the
use of absorbers. In Japan, measurements” were
made of the insertion loss for parallel barriers at a
test field where all conditions except meteorological
factors were artificially controlled. The test was car-
ried out under calm wind conditions. The results
showed that the absorptive treatment of the wall sur-
face was important and the improvement of barrier
efficiency was 2 dB to 5 dB for parallel barriers 3 m
high with a separation of 15 m (a width-to-height ra-
tio, or W/H, of 5). When the separation of the barri-
ers is 45 m, the increase is 4 dB. In Canada, field
measurements in the Toronto area''"''? showed no
significant change in site results when parallel 3 m
barriers 74 m apart were treated with absorbers.
These results are summarized in Table 2.

Trees and bushes are very poor road noise barri-
ers; they provide very little attenuation as a result of
shielding. Their roots do provide some ground at-
tenuation by keeping the soil porous. Therefore, the
principal contribution of vegetation is not to barrier
attenuation but instead to ground attenuation, which
is inherent in the calculation for A.. However, if the
foliage is dense enough to completely obstruct the
view, and if it also intercepts the path of sound
propagation, and if it is also deep enough, there may
be some additional attenuation caused by propa-
gation through the foliage. A hedge, a row of
bushes, a strip of vegetation left to grow naturally,
or a forest may all be examples of dense foliage.
There is little or no attenuation from bare
branches or trunks of trees at frequencies of inter-
est. Nonetheless, aesthetic consideration should
notbe ignored. If noise barriers are made to appear
more attractive visually, by incorporating vegeta-
tion in the design, they may reduce annoyance fur-
ther than would be predicted from the actual
acoustic attenuation provided.

Elevated roads or viaducts are common in ur-
ban areas, and without noise barriers they present
the worst case for noise propagation, as compared
with at-grade roads and depressed roads (roads in
cuttings). Elevating the noise sources allows
sound to propagate at higher levels to larger dis-
tances from the road, because the noise-reduction
benefits of building shielding and ground-effect
attenuation are reduced or eliminated [Fig. 11(a)].
However, adding noise barriers to elevated road-
ways provides more efficient noise reduction than
barriers for at-grade and depressed roadways.
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Table 1. Highest measured insertion loss
degradation for A-weighted traffic noise from
five studies, along with the W/H ratio of the
measured geometries.

Study Max. IL degradation (dB) W/H
Dulles 6.2 6
Maryland 2.8 9
California 14 15
Japan 1.5 81010
Canada 0 25

There are two reasons for this. One reason is that
the path length difference is greater for elevated
roads. The other reason is that since little noise
shielding is present at distant receivers, the intro-
duction of a barrier on an elevated road can make a
significant improvement; whereas barriers along
at-grade and depressed roads provide little or no
benefit to distant receivers, since they represent
little additional shielding over the substantial
amount that already exists.

However, building barriers on viaducts or em-
bankments is not always easy: one must often limit
their height for specific reasons (foundations,
weight, aesthetics, safety...). Meanwhile, barriers
below 2 m cannot be really effective for the traffic
on the farthest lanes: the use of a “central” barrier
can solve the problem [Fig. 11(b)]. The close posi-
tion of these barriers to the vehicles gives high inter-
actions between these (see the related paragraph).
The use of high absorptive (one side lateral, double
sided central) barriers is necessary to get the real
benefit of this screening design.

Rail
The use of barriers to control railway noise''*'* is
most common in the European countries. They are
considered easier to design. In general railway noise
barriers are lower than road noise barriers; except in
Australia where there are barriers up to 8 m high.
The main source of noise at speeds less than 270
km/h is due to the wheel/rail interaction. At greater
speeds, aerodynamic noise tends to dominate. For

Table 2. Improvement in parallel barrier insertion
loss by the use of absorbers.

Study Inprovement (dB) W/H
UsS 6 4
Japan 2to5 5
Canada 0 25
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Fig. 11. (a) Comparison of the sound propagation with
a road and with a viaduct. Adding a barrier to elevated
roadways provides more efficient noise reduction than
bariers for at-grade roadways. (b) Ways to reduce bar-
rier height on a viaduct.

trains, vehicles are longer and more reflective than
road traffic and the directivity patterns are different
and must be accounted for.

A survey'™ of fourteen models (see Table 3) for the
prediction of the effectiveness of a noise barrier along
arailway line has recently been completed. The mod-
els are compared with each other and to some mea-
surements. The main objective of the investigation is
to gain insight into the rules of calculation used in or-
der to determine the acoustic effect of barriers. The
calculation methods show differences in the acoustical
and geometrical characterization of the noise source or
noise sources. A wide range of source locations is
specified and also the calculation of the attenuation of
a barrier and the calculation of the effect of the ground
absorption gives a variety of mathematical formulas.
The computed insertion loss of an absorptive barrier of
2 mhigh, along a two track railway, varies between ap-
proximately 7 and 12 dB. For the nearest track the re-
sult varies between 8 and 15 dB.

Figure 12 gives an overview of the various
source locations. The most frequently used location
of the source is at the head of the nearest rail and ata
height of 0 m. With the exception of the model from
Japan, all other source locations are, seen from the
top of the barrier, at a higher position. We note that
the model for the Channel tunnel calculates the ef-
fect of a barrier for the two tracks together. The
highest source location is found in the French
Mithra-fer model. This model is mostly used for
TGYV trains where, at high running speeds, the noise
sources from air turbulence especially on the top of
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the train becomes important. Due to the fact that
there are various source locations, every model will
yield a different path difference, but the models also
use different relationships between the path differ-
ence and the barrier attenuation.

In Fig. 13, an overview is given for the measured
effect of the barrier and the calculated insertion loss
of a barrier with a height of 2 m above the railhead
along a two track railway and 4.5 m from the centre
line of the nearest track. The overview is given for
acoustically absorptive barriers. If one compares the
insertion loss of an absorptive barrier for the nearest
track (Track 1), the result of the calculations for the
standard situation (a barrier of 2 m) with the different
calculation models varies between 8.0 and 15 dB.

Differences of Barrier Effectiveness between
Roads and Railways
Beyond the fact that the diversity of vehicles is much
higher with road traffic than with trains, some impor-
tant differences play a big role in the way a barrier can
be effective. These differences should be taken into
account in order to assess the real effectiveness of a
barrier either along a highway or along a railway.

Location of Vehicles/Barriers

While the location of road vehicles is “free” on the
width of the roadway, trains are normally well local-
ized on the tracks. Moreover, the width of a railway
is much narrower than that of a highway. Finally, for
road safety reasons, it is not possible to erect barriers
too close to a highway, while barriers can usually be
place quite close to trains. For these reasons, noise
barriers are generally more effective along railways
than along highways.

Need for Absorption

The large size of the railway vehicle allows multiple
reflections between the side of the train and the barrier,
which may be located quite close to the train. There-
fore, absorptive materials are often required on the side
of the barrier facing the train, to reduce reflected sound
energy and retain desired insertion loss. For highways,
absorptive materials may only be needed to prevent
multiple reflections with an opposite-side barrier or
large vehicles if they are very close to the barrier, or if
reflections could cause unwanted sound-level in-
creases on the opposite side of the highway.

Directivity Patterns

The performance of a noise barrier will be affected by
the directivity of the source and this should be taken
into account in the design. Single road vehicles can be
approximated as monopole sources, but the rail-wheel
noise source from railways is strongly directional with
high intensity in the horizontal direction.

http://i-ince.org 1999 September



Y319y W ()°() Je PUE SUI[ JOJUID YOBI} Y] JB 90IN0S oY) YIIM SPOYIoul asauede[ 10410 918 9I9Y], 44

Yok} QY3 WOIJ SIOUBISIP HOYS JOT 4

sok S9K 0€0 QuI[ I9JUD Yor1) ‘331p yred our] peAInd aandiosqe 9yo1dwod enoads 0€/8C TVQ ueLnsny

ou ou 0€0 QuI[ I0JUAD YorlH) ‘131p yed oury JySrens aandiosqe erdwod (v)gp siduts (¢ TYQ ueLISnY
mnoym
se oures $9K 0S0 peayjrel ‘JJip yred auif y3Jrens aandiosqe ordwos (v)gp [9qIWog SSIMS

Sk Sk 080 peayjrel ‘J31p yred oury JysSrens yl0q edwos e1)oads I9J-BIYIA] YOUQL]

ou ou S9°0 peayjres wrei3ououwr aandiosqe a1erdwrod v)gap [opoW INJ3)) YOoUaL]
(v)gr 0 (V)gro 000 [rel ay) Teau “31p yred aurp 1ySrens yioq Istireq (v)gp xxpOYIOW dsaueder

ou ou 000 peayjiel “131p yred ourf ySrens aandiosqe Ioleq w)dgap 0861 UBULIdD

ou ou 000 payjrel “J1p yred aurp 1ySrens qoq Iotlireq (v)gp [opou epayy OE9LAL
+«(V)dp 0 sk 000 QUI] I9JUID JOBT) “331p yied oury JySrens aandiosqe Jjerdwod (v)ap €0 [[BYOS UBWLIAD)

S9K sk 0S°0/00°0 peayrel “J31p yred aur] paAInd aandiosqe ordwod enoads SpUBlIay)aN YL
(v)dp 0 sak (00'%)/00°0 pesyrel “J1p yred aurf ySrens yloq a1[dwod (v)gap [opoul "TY.L
(v)gpr 0 soA 0S0 QUI] J9)UID AeMIIel ‘331p yied ourj JySrens yjoq ordwod v)ap [euung, [ouuey))

ou ou 000 peay[rel "Jip yred aurf 1ySrens yloq Iolireq (v)dap [rey ysnig

sok sak 0S°0 QuI[ J2IUD Yors) ‘131p yred oury jySrens yloq 9yordwoo (v)gp [opow JIPION

JoLLIEQ (NI | IOLLIEQ JNOYIAN | (W) IYSIoH [eIUOZLIOH
e1oads
poyjow uone[no[ed s1o1req aAandidspe pue (yv)gp
uondiosqe punoin Uo1Ed0[ 90INOS uoneNUANe IoLLRg IO/pUE JATIORJY [opout jo odK1, | ur uoneMOED

-aul[ ABM[Iel B SUO[R JOLLIB( ISIOU B JO SSIUIAIIIJI 3} JO UondIPdad ay) 10J S[POU UII}IN0J JO LIAINS € Qe

155

i-ince.org

//i

http

Noise/News International

ince.org

/1)

http

1999 September



156

Ground-Based Air Operation
There is sometimes a need to control noise from cer-
tain specific ground-based airport operations'”'.
Barriers are often used for this purpose, but it is rec-
ognized that this is not a big market.

Barriers for Aircraft Runups

“Runups” are aircraft engine tests that are performed
by mechanics to ensure that the engines they have
serviced are ready for carrying passengers. Runups
are frequently conducted at night and often at rela-
tively high power settings. Unlike aircraft takeoffs
and landings, runups do not follow a predictable time
pattern; the duration can be from a few seconds to
many minutes. This indeterminate duration of runups
adds to the annoyance factor and the usual noise im-
pact criteria are not always appropriate.

Since the noise emissions from jet engines are
quite directional, the orientation of the aircraft dur-
ing a runup has a significant influence on the sound
levels radiated into the surrounding community.
Where airports have residential land use within a
kilometre or so of the runup area, and where the op-
tions for orienting the aircraft are limited, many air-
ports have constructed noise barriers or runup
“enclosures” to reduce the radiated noise. Barriers
or enclosures are located as close to the aircraft as is
practical, to increase noise reduction and to mini-
mize cost. In the U.S. the minimum distance be-
tween source and barrier is about 6 m, and typical
distances range from 10 m to 40 m, depending on
aircraft size and engine location. Ordinarily, the bar-
riers are designed to provide 10 to 15 dB of noise re-
duction. Where wide body jets such as the DC-10
and L-1011 must use the runup area, the barriers
must be up to 10 m high to block the propagation for
the high tail-mounted engine.

Multiple sound reflections within the runup area
must be controlled in order to maximize the barrier
effectiveness. In some cases, sound-absorptive ma-
terial is used or sloped sides are used to eliminate
multiple reflections. Long propagation distances
give rise to issues that need to be considered in the
acoustical design of barriers used to control runup
noise. The primary issues are atmospheric effects
and ground effects. Many times, noise problems
from runups occur at night when winds are light and
do not affect barrier performance substantially.
However, in areas where prevailing winds or tem-
perature inversions are common, reduced barrier ef-
fectiveness due to curved propagation paths should
be considered. If there is soft ground in the vicinity
of the runup area, barrier insertion loss may be re-
duced due to loss of ground-effect attenuation.

Barriers for Start of Takeoff Roll
Jet aircraft create high noise levels especially to the
side and behind them during their takeoff roll down
the runway. Many airports are located in areas
where only a few hundred meters separates the
planes from the nearest homes. Often, the terrain is
flat and unobstructed. A-weighted sound levels of
around 90 dB have been measured at homes 300 m
from the runways during the start of the takeoff roll.

Since areas around runways must be clear of ob-
struction, barriers cannot be located near the aircraft
for safety reasons. In the U.S., the Federal Aviation
Administration imposes restrictions that prevent
useful barriers from being located within about 200
m of a runway. This means that barriers for start of
takeoff roll noise must be constructed near the re-
ceivers to be effective.

Because aircraft are generally assigned to use run-
ways so that they take off into the wind, there is fre-
quently a wind component in the source-to-receiver
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Fig. 12. Overview of the various source locations.

http://ince.org Noise/News International

http://i-ince.org 1999 September



direction during takeoff. This tends to reduce the ef-
fectiveness of the barrier, however, a study in the U.S.
has shown that even fairly strong winds degraded in-
sertion loss to only a minor degree when the barrier
was in close proximity to the receiver.

In designing barriers to control start of takeoff
roll, ground-effect attenuation must usually be con-
sidered to assess properly the expected insertion
loss, unless all ground surfaces between source and
receiver are acoustically hard. Since propagation
distances can be large, accurate prediction of the ex-
pected loss of attenuation due to soft ground is diffi-
cult, particularly over terrain with variable
geometry and impedance. Often the expected loss of
ground-effect is determined through measurement
at different heights.

Earth berms are sometimes constructed at air-
ports in the U.S. to control start of takeoff roll noise.
Berms are often less expensive than walls, they re-
ceive wide acceptance for aesthetics, and the neces-
sary land is often available on the airport’s property.
If walls are used, they are usually in the range of 6 to
10 m high.

Other

The most effective noise control measures are those
effected at the source, particularly by quieter de-
signs. Tangible progress'” has been made in the
abatement of motor vehicles noise by quieter en-
gines, better air-intake and exhaust mufflers and
quieter tires and road surfaces to reduce the impact
of traffic noise in communities along roadways.
Also there are many ways of modifying the trans-
mission path to reduce the level of noise at the re-
ceiver. At the land use planning stage, the distance
between source and receiver can be increased by set-
ting aside sufficiently large areas of land as buffer
zones along new roads and around new airports.
Valuable land close to new highways or railways
which is not suitable for housing development be-
cause of noise nuisance may be used for the con-
struction of light industrial or commercial premises
where the sensitivity of the occupants would be less.
These structures then act as noise barriers. The
buildings can be connected by noise walls to provide
a continuous screen. It is also possible to erect bar-
rier blocks of single aspect dwellings where the fa-
cades of the buildings facing the noise source have a
high noise insulation specification and may contain
no windows or access points.

A growing number of studies have described the
design of specific surfaces to exploit the interaction
of the sound field with the ground to obtain noise re-
duction. In Europe, a new road structure'® called
drainage asphalt has appeared in which discontinu-
ous granular formulation can produce an important
void content (porosity) inside the structure. It is pos-
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sible to obtain a porosity of 20% or more with 0-10
mm aggregates and a 2-6 mm discontinuity. Some re-
sults show an overall noise reduction. In Europe and
beginning in North America, much research has been
conducted on reducing tire/road noise through the use
of open-graded or porous road surfaces. Many differ-
ent types of surfaces have been investigated, with re-
ported reductions of up to about 5 dB. However, the
noise reduction realized by such pavements has been
found to deteriorate within a few years, as the voids
fill or wear down. Also, recent studies have shown
that rougher pavements can increase roadside noise
levels substantially. Some examples of rough pave-
ments include grooved concrete, chemically-washed
concrete and pavement blocks.

In Europe false tunnels have been used when im-
portant insertion loss is required rather than the bar-
riers of height greater than 3 m that would be
required to achieve the desired attenuation.

Direction for Future Work

The Working Party believes that the issue of the ac-
curacy of noise level estimation calculated with
prediction models requires more attention. Calcu-
lation of A-weighted levels cannot be as accurate
as calculations made per octave frequency band or
per 1/3-octave frequency band. If 1/3-octave or oc-
tave band levels are known or predicted, this opens
up the possibility of using a loudness scale in sones
or phons. Sone values relate directly to subjec-
tively perceived loudness which is a major compo-
nent of noise nuisance. The effects of a barrier
could then be more closely gauged in terms of hu-
man perception.

Also it is desirable that each source on a vehicle
be characterized by a height, position, and sound
power level depending on the type of vehicle (road
orrail) and on the speed. For example, in the case of
passenger cars or light trucks, a first noise source
just above the road surface is the corresponding
source for the tire-road noise. The other source,
slightly higher, corresponds to the engine exhaust,
fan, and/or aerodynamic noise. Currently, it is
common to perform calculations using normalized
traffic flow. In the future, effort should be devoted
to the average characteristic of the source(s) of a
traffic flow with passenger cars, light trucks and
heavy trucks, and for different types of trains such
as rim braked passenger trains, discbraked passen-
ger trains, diesel trains and different types of
freight trains. It is necessary to define and stan-
dardize these characteristics for every type of vehi-
cle separately, so that when a calculation is made
with a prediction model the different vehicles can
be combined with different speeds to the actual
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duced by a barrier. In countries around the world
typical barrier heights range between 2 and 6 m. It
is the collective experience of the Working Party
that the most common values for insertion loss
range between about 5 and 12 dB, but values be-
tween 3 and 25 dB are also often found. There is
smaller body of evidence to support the use of ab-
sorbing material to improve the performance of
barriers. Parallel vertical reflective barriers along
both sides of a roadways may degrade perform-
ance. The use of absorbing material is particularly
important in this type of application. It is the col-
lective opinion of the Working Party that gener-
ally documentation on noise walls are difficult to
interpret and apply in practice.

The reduction in noise levels provided by bar-
riers can be expressed in other quantitative terms
or in terms of psychoacoustical measures of the
effects of noise of people. For example, a 12 dB
reduction is equivalent to a four fold increase in
the source to receiver distance (for “point”
sources). Sociological studies have shown a di-
rect relationship between community noise levels
and the number of persons highly annoyed in a
given population. Although the relationship in not
linear, a reduction of 12 dB is roughly expected to
reduce the percentage of people highly annoyed
by traffic noise in typical circumstances by as
much as 20 to 30%. Speech communication is
clearly essential in human society. When speech
sounds are masked by noise, speech intelligibility
is reduced and the quality of communication is
impaired. An improved speech-to-noise ratio of
12 dB can improve the percentage of correct
words by about 40%.
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traffic flow in order to get the equivalent sound lev-
els at the receiver.

Further, road side studies of the effectiveness of
absorptive treatment on noise barriers should be
made where traffic and meteorological factors are
strictly quantified.

Conclusion

The Working Party believes that there is strong body
of evidence to support the use of barriers as an effec-
tive method of abating transportation noise. Barrier
height and proximity of source and receiver are of
fundamental importance to the attenuation pro-
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