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Universitàdi Bologna, Viale Risorgimento, 2, 40136 Bologna, Italy

~Received 3 December 1999; accepted for publication 9 May 2000!

In the frame of the 1994–1997Standard, Measurement and Testingprogram, the European
Commission funded a research project, namedAdrienne, to define new test methods for measuring
the intrinsic characteristics of road traffic noise reducing devicesin situ. The research team
produced innovative methods for testing the sound reflection/absorption and the airborne sound
insulation characteristics of noise barriers. These methods are now under consideration at CEN
~European Committee for Standardization!, to become European standards. The present work
reports a detailed verification of the test method for airborne sound insulation over a selection of 17
noise barriers, representative of the Italian and European production. The samples were tested both
outdoors, using the newAdriennemethod, and in laboratory, following the European standard EN
1793-2. In both cases the single number rating for airborne sound insulation recommended by the
European standard was calculated. The new method proved to be easy to use and reliable for all
kinds of barriers. It has been found sensitive to quality of mounting, presence of seals, and other
details typical of outdoor installations. The comparison between field and laboratory results shows
a good correlation, while existing differences can be explained with the different sound fields and
mounting conditions between the outdoor and laboratory tests. It is concluded that theAdrienne
method is adequate for its intended use. ©2000 Acoustical Society of America.
@S0001-4966~00!03208-2#

PACS numbers: 43.50.Gf, 43.50.Sr, 43.50.Lj@MRS#
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INTRODUCTION

The role of noise barriers in reducing the impact of ro
and train noise is widely acknowledged by the internatio
community.1 The effectiveness of noise barriers depends
several factors such as

~i! barrier geometry: height, length, thickness, shape;
~ii ! barrier acoustical characteristics: sound reflection

diffusion of the surface exposed to noise, airbor
sound insulation;

~iii ! installation-related factors: quality of workmanshi
way of mounting ~panel–post and panel–panel a
sembling mechanism!, presence of seals;

~iv! deterioration with time;
~v! site geometry: ground profile, screen position relat

to noise sources and receivers;
~vi! site acoustical characteristics: ground impendan

and
~vii ! meteorological conditions: wind, temperature gra

ents, etc.

Among these, airborne sound insulation is important
attenuate the noise transmitted directly through the scree
that it is not significant compared with the sound diffract
over the top edge. Airborne sound insulation of instal
screens depends on two classes of factors:

a!Electronic mail: massimo.garai@mail.ing.unibo.it
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~i! intrinsic characteristics: airborne sound insulatio
quality of workmanship, way of mounting, presen
of seals; and

~ii ! extrinsic characteristics: all the other site-related ch
acteristics.

Only the intrinsic characteristics are relevant to qual
the product itself. Therefore, a method should be availabl
test on the installation site the compliance of the intrin
characteristics of the installed product to the design spe
cations. Moreover, installed noise barriers may change t
characteristics with time; therefore, existing noise barri
should be regularly testedin situ, i.e., along roads and rail
ways where they are installed, to check the possible deca
their acoustical properties.

For all these reasons, there is a strong need of a me
to test the intrinsic characteristics of noise barriersin situ. On
the other hand, no such method exists at international le
In most European countries only laboratory tests are p
formed, accordingly with the new EN 1793-1, 1793-2, a
1793-32–4 ~European standards are identified by the two l
ters EN before their number!. The European standards re
on the ISO 3545 for sound absorption and the ISO 140-36 for
airborne sound insulation, with the additional requireme
that a post must be included in the laboratory specim
~when applicable for the specific kind of barrier!. The above-
mentioned ISO standards have been designed for build
products and therefore require the tests to be performed
side special rooms under a diffuse sound field, which is v
105408(3)/1054/14/$17.00 © 2000 Acoustical Society of America
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different from the sound field in front of an installed noi
barrier. As a result, the airborne sound insulation of no
barriers in their intended use is underestimated.7 Further-
more, the most common defects of actual installations al
roads and railways, like sound leakage due to poor wo
manship, bad connections between panels and posts, ab
of seals, etc., cannot be detected using laboratory metho

At national level, there is only one standard regardingin
situ measurements, used in France.8 However, this method
relies on the use of a gunshot as sound source, which h
poor repeatability, and a short time window for the analy
~3 ms in length!, which limits the lowest reliable frequenc
to the one-third octave band of 400 Hz. Moreover, the pla
ment of the analysis window is left to the operator’s choi
For these reasons, the French method has not been acc
by the European Committee for Standardization~CEN!.7,9,10

Recognizing that this situation is an obstacle to the f
circulation of noise barriers on the European market, the
ropean Commission, in the frame of the 1994–1997Stan-
dard, Measurement and Testing~SMT! program, funded a
research project, namedAdrienne, to define new test meth
ods for measuring the intrinsic characteristics of road tra
noise reducing devicesin situ. After a three-year work, the
research team produced innovative methods for testing
sound reflection/absorption and the airborne sound insula
characteristics of noise barriers. These methods are now
der consideration at CEN, in CEN/TC 226/WG6~Technical
Committee 226, Working Group 6!, to become European
standards. The present work reports a detailed verificatio
the Adrienneairborne sound insulation test method on a
lection of 17 noise barriers, representative of the Italian a
European market. The samples were tested both outdo
using the newAdriennemethod in controlled conditions, an
in laboratory, following the EN 1793-2 standard. In bo
cases the single number rating for airborne sound insula
recommended by the European standard was calcula3

The main aims of the work were at least three:

~i! to test the practicability and the reliability of the ne
Adriennemethod for different kinds of barriers~com-
posed mainly of concrete, metal, acrylic or woo
having a flat or nonflat surface; having an absorb
or reflecting surface; etc.!;

~ii ! to test the sensitivity of the new method to quality
workmanship, way of mounting, and other deta
typical of real outdoor installations; these sources
possible problems are present in real situations but
carefully eliminated when preparing laboratory spe
mens; and

~iii ! to compare the outdoor and laboratory airborne so
insulation values obtained on the same set of bar
samples and to investigate their possible correlati
which would be useful for predicting the expecte
field performance from laboratory data.

I. THE SAMPLES

All samples had the same global size: about
33.5 m2 for the laboratory test~the size of the test openin
between the coupled rooms! and 18.034.0 m2 for the out-
1055 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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door test. The basic characteristics of the 17 barrier sam
are summarized in Table I. The barrier samples are prese
with conventional names in order to not disclose the p
ducer names. The barriers submitted to the test can
grouped in six classes:

~1! Concrete barriers~five samples!: a typical barrier ele-
ment is made of a heavy concrete back panel suppor
a front panel made with lighter concrete and with a no
flat shape, in order to increase the sound absorption
the surface. The posts are large and strong to suppor
considerable weight of the structure.

~2! Metallic barriers~seven samples!: a typical barrier ele-
ment is a box made with a metallic sheet having a thi
ness ranging from 1 to 2 mm. The box is perforated
one face and partially filled with a high-density roc
wool. In two cases a high-density synthetic damper w
added ~MET2 and MET7!. In two cases the metallic
sheet was not folded to form a box and not perfora
~MET4 and MET5!. The posts are metallic beams with
‘‘ H’’ section and 160 mm wide.

~3! Resin barriers~one sample!: the barrier elements ar
boxes made with a 3-mm-thick polyether resin sheet
inforced using glass fibers. The boxes are perforated
one face and partially filled with a glass fiber blanke
The posts, 100 mm wide, are made of the same polye
resin, using a layer 10 mm thick.

~4! Acrylic barriers ~one sample!: the barrier elements ar
transparent polymethylmethacrylate~PMMA! sheets, 20
mm thick, supported by a light metallic frame.

~5! Mixed barriers~one sample!: the half-barrier close to the
ground is made of metallic panels, like those describ
above~point 2!; the upper half is made of transpare
polymethylmethacrylate~PMMA! sheets, 15 mm thick
supported by a light metallic frame. The posts are me
lic beams with a ‘‘H’’ section and 160 mm wide.

~6! Wood barriers~one sample!: the barrier is made of four
layers i.e., from front to back, wood tiles made of spac
laths; rock wool blanket; fiber–concrete aggrega
board; wood board. The posts are metallic beams wit
‘‘ H’’ section and 160 mm wide.

II. LABORATORY MEASUREMENTS

The laboratory test method specified in EN 1793-23 fully
conforms to the well-known ISO 140-3,6 with some addi-
tions particularly relevant for noise barriers. The most imp
tant points of the procedure are summarized in the followi

The measurements are performed in laboratory test
cilities consisting of two adjacent reverberant rooms, cal
the source room and the receiving room, respectively, w
an opening between them in which the test specimen is
serted. Transmission of sound on flanking paths must be
pressed. The measurements reported in the present
were performed in a laboratory where the test aperture
about 3.033.5 m2 ~width3height!. When necessary, a fille
wall with a significantly better sound insulation than the te
specimen was used to fit the specimen in the aperture.

Following EN 1793-2, the test specimen must
mounted in the test opening and assembled in the same m
1055M. Garai and P. Guidorzi: Testing noise barriers in situ



TABLE I. Basic characteristics of the tested barriers.

Sample Type Basic elements composition

Element
thickness

~mm!

Element
height
~m!

Element
width
~m!

CON1 Concrete Back: concrete 2500 kg/m3 275 2.00 4.50
Front: light clay aggregate 1250 kg/m3

CON2 Concrete Back: concrete 2500 kg/m3 250 2.00 3.00
Front: light clay aggregate 1250 kg/m3

CON3 Concrete Back: concrete 2500 kg/m3 250 2.00 3.00
Front: light clay aggregate 1250 kg/m3

CON4 Concrete Back: concrete 2050 kg/m3 220 2.00 3.26
~last: 1.70!

Front: light clay aggregate blocks~1000
kg/m3! with holes~resonators!

CON5 Concrete Back: concrete 2500 kg/m3 190 4.00 2.40
Front: light clay aggregate 1200 kg/m3 ~last: 1.20!

CON6 Concrete Back panel: concrete 2500 kg/m3 240 1.00 4.00
Front panel: grooved light concrete ~last: 2.00!

MET1 Metal Box made with a 1.5-mm metallic sheet,
perforated on one face and filled with a
100-kg/m3 rock wool blanket, 80 mm thick

119 0.50 4.00
~last: 2.00!

MET2 Metal Curved box made with a 1.5-mm metallic
sheet, perforated on one face and filled
with an 85-kg/m3 rock wool blanket, 50 mm
thick, and a high-density synthetic damper

130 0.50 4.00 and 3.00

MET3 Metal Box made with a 1.5-mm metallic sheet,
perforated on one face and filled with a
95-kg/m3 rock wool blanket, 60 mm thick

115 0.50 3.00

MET4 Metal Single 1.0-mm metallic sheet, folded to
form protruding supports 60 mm wide

60 0.50 4.00
~last: 2.00!

MET5 Metal Single 1.0-mm metallic sheet, folded to
form protruding supports, 60 mm wide,
containing panels in polyesther fibre wool,
thickness 50 mm, density 50 kg/m3.
Frontal protection grid.

60 0.50 4.00
~last: 2.00!

MET6 Metal Box made with a 1.0-mm metallic sheet,
perforated on one face and filled with a
100-kg/m3 rock wool blanket, 40 mm thick

122 0.50 3.00

MET7 Metal Box made with a 1.8-mm metallic sheet,
perforated on one face and filled with a
85-kg/m3 rock wool blanket, 40 mm thick,
and a high-density synthetic damper

80 0.50 4.00 and 3.00

RES1 Resin Box made with a 3-mm-thick polyether
resin sheet reinforced using glass fibers,
perforated on one face and filled with a
60-kg/m3 glass fiber blanket, 40 mm thick

86 0.50 3.00

ACR1 Acrylic Polymethylmethacrylate~PMMA! sheets
20 mm thick, supported by a metallic
frame, 130 mm thick

20 2.00 3.00

MIX1 Bottom
~0 to 2 m!:
metal;
top ~2 to
4 m!:
acrylic

Box made with a 1.5-mm metallic sheet,
perforated on one face and filled with a
90-kg/m3 rock wool blanket, 60 mm thick.
Polymethyl methacrylate~PMMA! sheets
15 mm thick, supported by a metallic
frame, 120 mm thick

120/15 0.50/2.00 3.00

WOOD Wood From front to back: wood tiles 131 m2,
made of spaced laths 19 mm thick;
90-kg/m3 rock wool blanket, 60 mm thick;
fiber-concrete aggregate board, 4 mm
thick; wood board, 19 mm thick

127 1.00 3.00
th
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ner as the manufactured device used in practice, with
same connections and seals between component parts
edge supports must not overlap the sample by more tha
mm and must be sealed to prevent leakage of sound. W
posts are employed in construction, at least one post mus
1056 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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included in the specimen, with panels attached on both si
The length of the panels on one side of the post must
greater than or equal to 2 m. The side that would face
traffic noise source must face the source room.

In the source room a loudspeaker produces a continu
1056M. Garai and P. Guidorzi: Testing noise barriers in situ
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broadband noise~pink noise was used in the present work! in
the one-third octave bands from 100 Hz to 5 kHz. Movi
microphones are used to obtain the average sound pre
levels in each room. Measurements are repeated moving
loudspeaker in different positions and averaged. The va
of the airborne sound reduction indexRj , in each frequency
band, is then calculated from the equation

Rj5Lp,1,j2Lr,2,j110•1g
S

Aj
~dB!, ~1!

wherej is the index of the one-third octave bands from 1
Hz to 5 kHz;Lp,1,j is the average sound pressure level in
source room~dB!; Lp,2,j is the average sound pressure lev
in the receiving room~dB!; S is the area of the test specime
~m2!; andAj is the equivalent absorption area in the rece
ing room ~m2!.

The sound generation chain was assembled with a W
Electronics loudspeaker, a Masters PWA-202/4 power a
plifier, a Brüel & Kj ,r type 1405 noise generator, and a
Applied Research & Technology, Inc. HD-31 equalizer. T
sound field was sampled using two microphones, Bru¨el &
Kj,r type 4192, with pre-amplifiers, Bru¨el & Kj ,r type
2669, connected to a Bru¨el & Kj ,r analyzer~a type 2144
and a type 2123 were used!.

According to EN 1793-2, a single number rating
sound insulation,DLR , must be calculated to give an overa
indication of the performance of the product. It is defined

DLR5210 lgF ( j 51
18 100.1Lj1020.1Rj

( j 51
18 100.1Lj

G ~dB!, ~2!

whereL j is the normalized A-weighted sound pressure le
of traffic noise in thej th one-third octave band~dB!, as
defined in EN 1793-3,4 ~see Fig. 1!. DLR must be given
rounded to the nearest integer. If there is a need to catego
airborne sound insulation, this is done on the basis of
DLR value, using the categories listed in Table II. It is wor
noting that the normalized traffic noise spectrum comes fr
the average of road traffic noise spectra taken in Euro
consequently, greatest weight is given to performance at
quencies that are important in European road traffic nois
is also worth noting thatDLR is different, for the calculation

FIG. 1. Normalized A-weighted traffic noise spectrum from EN 1793-
1057 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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procedure and the reference spectrum, from the well-kno
rating Rw used in building acoustics.11

Examples of measured values of the sound reduc
index,Rj , in the one-third octave frequency bands from 1
Hz to 5 kHz, are reported in graphical form in Figs. 10–
together with the corresponding outdoor measurement res
~see Sec. IV!. All values of the ratingsRw and DLR are
reported in Table III. TheDLR values were calculated bot
on the full frequency range 100 Hz to 5 kHz, in one-thi
octave frequency bands, and in the ‘‘restricted’’ frequen
range 200 Hz to 5 kHz; the latter calculation was made
view of the comparison with the single number rating valu
resulting from the outdoor measurements, which have a l
frequency limit of about 160 Hz and then a valid frequen
range going from 200 Hz to 5 kHz, in one-third octave fr
quency bands~see Sec. IV C!.

III. SUMMARY OF THE ADRIENNE TEST METHOD
FOR AIRBORNE SOUND INSULATION

As the Adrienne test method is rather new, it will be
summarized here in more detail than the laboratory meth
However, this summary is not intended to explain the rea
of each choice made during the development of theAdrienne
research; for this, reference should be made to Refs. 7
10.

A. Review of previous literature

The Adriennemethod is based on the recovering of
acoustic impulse response behind the barrier under tes
this extent it has an ideal connection with transient meth
proposed for testing the transmission loss of partitions
buildings. The first attempt was made by Raes,12 who used
sinusoidal waves with exponential modulated amplitude
test signal and compared the maximum amplitude of the
cident and transmitted sound signals in the time domain.
subsequent paper, Raes13 distinguished between ‘‘static’’
and ‘‘dynamic’’ transmission loss, the first being measur
using a stationary sound field, the latter using an impuls
excitation. He pointed out that measuring the transmiss
loss using transient sound signals is closer to real life sit
tions, where most noise sources are not stationary and do
produce a diffuse sound field. De Tricaud,14 using a pistol
shot as sound source, obtained a fairly good agreemen
tween impulsive and classical measurements of transmis
loss in buildings. He remarked that the pistol shot sho
have the same power spectrum of the loudspeaker used i
conventional method~at least in octave bands! for the results
of the two tests be comparable. He also claimed that imp
sive methods are more robust against extraneous no
Roland15 improved the de Tricaud technique, pointing o

TABLE II. Categories of airborne sound insulation~EN 1793-2!.

Category DLR ~dB!

B0 Not determined
B1 ,15
B2 15 to 24
B3 .24
1057M. Garai and P. Guidorzi: Testing noise barriers in situ



TABLE III. Single number ratings of airborne sound insulation.

Sample Type

Rw ~dB!
laboratory

100 Hz to 5 kHz

DLR ~dB!
laboratory

100 Hz to 5 kHz

DLR ~dB!
laboratory

200 Hz to 5 kHz

DLSI ~dB!
outdoors
elements

200 Hz to 5 kHz

DLSI ~dB!
outdoors

posts
200 Hz to 5 kHz

CON1 Concrete 56 52 54 63 61
CON2~Q! Concrete 46 44 44 57 38
CON2~A! Concrete 56 52 53 57 38
CON3 Concrete 53 48 50 62 54
CON4 Concrete 55 50 51 60 64
CON5 Concrete 48 45 45 55 57
CON6 Concrete 53 50 51 59 55
MET1 Metal 36 31 33 39 33
MET2 Metal 33 29 31 32 35
MET3 Metal 36 31 34 37 33
MET4 Metal 26 23 23 31 26
MET5 Metal 30 26 26 32 32
MET6 Metal 34 28 31 30 34
MET7 Metal 30 28 28 33 36
RES1 Resin 27 23 25 25 23
ACR1 Acrylic 36 33 33 40 40
MIX1 Metal/acrylic 32 30 31 37 29
WOOD Wood 34 30 30 34 27
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that, for best comparability of the classical and transi
methods,~i! the source used to emit the test signal should
the same in both cases or, at least, should have the s
acoustical characteristics~directivity, volume, etc.! and ~ii !
peaks in the transient test signal should be not so high a
violate the linear acoustic assumptions. Davies and Gib16

applied the impulse method to a freely suspended Pers
panel. They refined the measurement technique using a
tally generated pulse~square wave!, inverted each two cycles
and synchronously averaged 256 times. This test signa
much closer to a maximum length sequence~MLS! than to a
pistol shot. Balilah and Gibbs,17 continuing the work of
Davies and Gibbs with a better instrumentation, tested
ferent samples, in laboratory andin situ. Systematic compu-
tations of time of flights permitted the identification of th
sound radiation due to bending wave propagation in
plates under test. Zuomin and Chu18 proved that transmission
loss measurements can be made in the laboratory usi
MLS signal. They also provided an empirical formula to e
timate the number of averages required to reach a des
accuracy in the presence of a given signal-to-noise ratio.
the above-mentioned authors were mainly concerned w
building acoustics measurements; no tests were perfor
on noise barriers installed outdoors.

B. General principle

A loudspeaker is placed facing the traffic side of t
barrier under test, a microphone is placed on the oppo
side. The loudspeaker emits a test sound wave that is p
reflected, partly transmitted, and partly diffracted by t
noise barrier~see Fig. 2!. The microphone receives a sign
that, suitably postprocessed, gives an overall impulse
sponse. This includes the transmitted component, trave
from the sound source through the noise barrier to the
crophone; the component diffracted by the top edge of
screen; and other ‘‘parasitic’’ components~reflected from the
1058 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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ground, both on the source and the receiver side; diffrac
from the lateral edges, etc.!. In particular, for the test to be
meaningful, the diffraction from the lateral edges should
sufficiently weak and delayed. The transmitted sound pr
sure wave can be extracted by the global impulse respo
applying a suitable time window. If the measurement is
peated without the noise barrier between the loudspeaker

FIG. 2. Sketch of the setup for the sound insulation index measurem
Normal sound incidence of sound on the sample. S: loudspeaker. M: m
phone.~a! Transmitted sound measurement.~b! Free-field~incident! sound
measurement.
1058M. Garai and P. Guidorzi: Testing noise barriers in situ
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the microphone~this is called ‘‘free-field’’ measurement in
Ref. 7!, the direct component alone can be sampled. T
power spectra of the direct ‘‘free-field’’ component and t
transmitted component, corrected to take into account
path length difference of the two signals, gives the basis
calculating the outdoor transmission loss@see Eq.~3!#, which
has been calledsound insulation index.10

The measurement in front of the barrier is repeated
nine points placed on an ideal grid~scanning points!. The
final sound insulation index is the logarithmic average of
results in these nine positions~see Fig. 3!.

C. Measured quantity

The expression used to compute thesound insulation
index SIas a function of frequency is7,10

SIj5210 lgH (k51
n *D f j

uF@ptk~t!wtk~ t !#u2 d f~dk /di !
2

n•*D f j
uF@pi~ t !wi~ t !#u2 d f J ~dB!,

~3!

wherepi(t) is the reference free-field component;ptk(t) is
the transmitted component at thekth scanning point;di is the
geometrical spreading correction factor for the refere
free-field component;dk is the geometrical spreading corre
tion factor for the transmitted component at thekth scanning
point (k51,...,n); wi(t) is the time window~Adriennewin-
dow! for the reference free-field component;wt,k(t) is the
time window~Adriennewindow! for the transmitted compo
nent at thekth scanning point;F is the symbol of the Fourie
transform;D f j is the j th one-third octave frequency ban
~from 100 Hz to 5 kHz!; andn59 is the number of scannin
points.

The geometrical spreading correction factorsdi ~inci-
dent wave! anddk (k51,...,9) are~see Figs. 2 and 3!

di5d55dSM5ds1tB1dM51,251tB , ~4!

d25d45d65d85Adi
21s2, ~5!

FIG. 3. ~a! Grid of the microphone positions for the measurement by sc
ning at discrete points on a test section of a noise barrier~front view, re-
ceiver side!. ~b! Numbering of the measurement points.
1059 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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212s2, ~6!

where tB is the barrier thickness~m! and s is the measure-
ment grid step~m! ~see Fig. 3!.

The frequency domain integration in Eq.~3! indicates
the reconstruction of the one-third octave band valuesj
from narrow-band data. The European standards require
sults be presented in the one-third octave bands from 100
to 5 kHz.

D. Measuring equipment and procedure

1. Measuring system

The measuring equipment comprises an elec
acoustical source, consisting of an electrical signal genera
a power amplifier and a loudspeaker; a microphone with
microphone amplifier; and a signal analyzer capable of p
forming transformations between the time domain and
frequency domain. Part of these devices can be integr
into a frequency analyzer or a personal computer equip
with specific add-on board~s!. The essential components o
the measuring system are shown in Fig. 4.

The impulse response is acquired using the well-kno
MLS technique19–22 that allows the measurement be do
without impulse excitation. A MLS is a deterministic se
quence of bipolar pulses. Its frequency spectrum is white
its circular autocorrelation function is approximately a pe
odic unit-sample, with a negligible dc component. The lou
speaker, driven with an input electrical signal consisting o
MLS, excites the device under test~Fig. 4!. The system im-
pulse response is derived from the signal picked up by
microphone applying a fast Hadamard transform~FHT!. This

-

FIG. 4. Sketch representing the essential components of the measuring
tem.
1059M. Garai and P. Guidorzi: Testing noise barriers in situ
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is equivalent to cross correlating the microphone signal w
the MLS fed to the loudspeaker.20,21,23The sample rate of the
acquisition device must be equal to the clock rate of the M
signal generator. The MLS technique is highly noise reje
ing compared to more conventional ones;21,24 the signal-to-
noise ratio can be further improved by synchrono
averaging.25 An important prerequisite of the MLS techniqu
is that the system under test must be linear and time invar
~LTI system!.

An absolute calibration of the measurement chain w
regard to the sound pressure level is not needed, becaus
measurement procedure described here is based on the
of the power spectra of signals extracted from impulse
sponses sampled with the same equipment in the same
under the same conditions.

For theAdriennetest method, the sample ratef s must
have a value greater than 43 kHz.7 Although the signal is
already unambiguously defined when the Nyquist criterion
met, higher sample rates facilitate a clear reproduction of
signal. Errors can be detected and corrected more ea
such as corrections needed to account for time shifts du
temperature changes. It is worth noting thatAdrienne re-
quirements are the same for sound insulation index
sound reflection index measurements. Thesound reflection
index is the quantity introduced to characterize the reflect
and diffusing property of noise barriers~not treated in the
present article!.7,10 The sound reflection indexis calculated
using the signal subtraction technique,26 which necessitates
of an exact reproduction of time signals and therefore of h
sample rate values.

2. Positioning of the measuring equipment

The measuring equipment must be placed near the n
reducing device to be tested according to the following ru

A source reference planeis defined as the vertical plan
tangential to the most protruding edges of the sample, on
traffic side. Areference positionis located on this referenc
plane at a height equal to half the heighthB of the barrier
under test. The loudspeaker is placed in front of the refere
position at a horizontal distancedS of 1 m from the source
reference plane and at a heighthS equal to half the barrier
height @Fig. 2~a!#.

On the opposite side of the barrier under testa micro-
phone reference planeis located and anideal measuremen
grid is defined on it. The measurement grid must be squa
with a side length of 0.80 m. The measurement grid shal
at a distancedM of 0.25 m from the plane of reference for th
microphone. On the measurement grid, nine measurem
points are located, each of them having horizontal and ve
cal distance from the neighboring points on the same al
ment s of 0.40 m ~see Fig. 3!. The microphone is subse
quently placed in each of the nine measurement points,
horizontal distancedM of 0.25 m from the microphone plan
of reference, and an impulse response is sampled in e
measurement point. When the microphone is in the cen
position of the measurement grid, the acoustic center of
sound source and the acoustic center of the microphone
lie on the same line normal to the two planes of refere
1060 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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and must have the same height, equal to half the bar
height @Fig. 2~a!#.

A free-field measurement is taken displacing the lou
speaker and the microphone far from any nearby object
particular, the distance of the microphone from the sou
source must be kept equal to the distance when the eq
ment is in the position 5@see Fig. 2~b!#:

dTOT5dS1tB1dM51,251tB . ~7!

The nine measurements taken on the measurement
plus the corresponding free-field measurement shall be
cessed and averaged according to the sound insulation i
formula, Eq.~3!. Figure 8 shows the single results of the ni
measurements taken in front of the barrier elements and
final logarithmic average for sample MET1.

For noise barriers constituted by one or several acou
elements sustained by vertical posts at fixed distances, a
of nine measurements on the measurement grid plus a
field measurement must be performed both close to
middle of a representative element and facing a represe
tive post. This permits the detection of the two most comm
kinds of sound leaks, which are usually located at pan
panel and panel–post connections.

If it is suspected that sound leaks may exist at a differ
position, e.g., at the bottom edge of the barrier under tes
further set of nine measurements on the measurement
plus a free-field measurement can be performed placing
measuring equipment close to that position. In this particu
case, the sound signal coming from the bottom edge is
longer a ‘‘parasitic’’ signal: it is of course, the ‘‘transmitted
signal one is looking for. TheAdriennewindow must then be
enlarged so as to include this signal and to avoid other p
sitic signals, on the basis of a geometrical computation to
shown on the test report. Among the possible parasitic
nals, the ground reflection on the receiver side is not of c
cern, as the apparent sound source, i.e., the leak, is loc
on the ground.

Any object other than the device under test shall be c
sidered a reflecting object which could cause parasitic refl
tions ~e.g., safety rails, fences, rocks, parked cars, et!.
These objects must remain far from the microphone.

3. Temporal window

For theAdriennetest method, the analysis window mu
be uniquely defined in shape, length, and position. T
analysis window must be the newAdrienne window, de-
scribed in Refs. 7 and 10. It is a composite analysis windo
built as follows~see also Fig. 5!:

~i! a leading edge having a left-half Blackman-Har
shape and a total length of 0.5 ms;

~ii ! a flat portion having a total length of 5.18 ms~main
body!; and

~iii ! a trailing edge having a right-half Blackman-Harr
shape and a total length of 2.22 ms.

The total length of theAdriennewindow is 7.9 ms; if the
window length has to be varied~this occurs only in excep-
tional cases!, the lengths of the flat portion and the right-ha
1060M. Garai and P. Guidorzi: Testing noise barriers in situ
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Blackman-Harris portion must have a ratio of 7/3. The po
where the flat portion of the Adrienne window begins
called the marker point~MP!.

For the direct ‘‘free-field’’ component, the window i
placed as follows~Fig. 6!:

~i! the maximum peak of the impulse response is
tected;

~ii ! a time instant preceding the direct component peak
0.2 ms is located; and

~iii ! the Adriennewindow is placed so as its marker poi
corresponds to this time instant.

FIG. 5. TheAdrienneanalysis window.~a! In the time domain, the dotted
line shows the marker point MP.~b! In the frequency domain~positive
frequencies only!, the dotted line shows the end of the main lobe.

FIG. 6. TheAdriennewindow applied at the free-field component~sample
MET1!.
1061 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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In other words, the direct componentAdriennewindow
is placed so as its flat portion begins 0.2 ms before the di
component peak.

For the transmitted component, the window shall
placed as follows~Fig. 7!:

~i! the time instant when the transmission begins is
cated, possibly with the help of geometrical compu
tion ~conventional beginning of transmission!;

~ii ! a time instant preceding the conventional beginning
transmission of 0.2 ms is located;

~iii ! the transmitted componentAdrienne window is
placed so as its marker point corresponds to this ti
instant;

~iv! the time instant when the diffraction begins is locate
possibly with the help of geometrical computatio
~conventional beginning of the diffraction!; and

~v! the transmitted componentAdrienne window stops
7.4 ms after the marker point or at the convention
beginning of the diffraction, whichever of the tw
comes first.

In other words, the transmitted componentAdrienne
window is placed so that its flat portion begins 0.2 ms bef
the first peak of the transmitted component and its tail st
before the beginning of the diffraction.

Using these rules, the placement of the analysis wind
can be done automatically, without relying on the operato
skills ~actually, the rules are implemented in the progra
ALFA©, developed by the authors and used for processing
data presented in this article!. In computations involving the
sound speedc, its temperature-dependent value must be
sumed.

It is worth noting that the first peak of the direct ‘‘free
field’’ component is also the maximum peak. This is n
necessarily true for the transmitted component, whose sh
depends on the structural and vibrational characteristics
the barrier under test. For example, Fig. 7 shows the impu
response measured at position 5 in front of the panels of
metallic barrier MET1. Geometrical computation confirm
that the windowed component is the transmitted one, wh
the maximum peak coming after it corresponds to the d
fraction over the top edge of the screen.

The window length of 7.4 ms after the marker point c

FIG. 7. TheAdriennewindow applied at the transmitted component; po
tion 5 in front of an acoustic element~sample MET1!.
1061M. Garai and P. Guidorzi: Testing noise barriers in situ
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be explained with an example, assuming for the sake of s
plicity an infinitely thin screen (tB'0) with a heighthB of 4
m. Let dSE be the distance between the loudspeaker and
diffracting to edge anddEM the distance between the diffrac
ing top edge and the microphone in the central top posit
position 2~Figs. 9 and 3!. The minimum path length of the
diffracted signal is

dSEM5dSE1dEM5AdS
21S hB

2 D 2

1AdM
2 1S hB

2
2sD 2

53.86 ~m!, ~8!

wherehB is the barrier height. The minimum path length
the transmitted signal is

dSM5A~dS1dM !21s251.31 ~m!. ~9!

The time delay gap corresponding to the path len
difference between the transmitted and diffracted sign
therefore is

t5
dSEM2dSM

c
57.4 ~ms!, ~10!

exactly theAdriennewindow length, apart from the ‘‘pre-
window’’ ~left Blackman-Harris edge of 0.5 ms!.

4. Low-frequency limit

The low-frequency limit of sound insulation index me
surements is inversely proportional to the width of the ana
sis window and depends also on its shape; taking the
notch in the magnitude spectrum of the window as an in

FIG. 8. Sound insulation index values measured at the nine scanning
tions in front of the acoustic elements and final logarithmic average~sample
MET1!.

FIG. 9. For the computation of theAdriennewindow length~see text!.
1062 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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cator of the low-frequency limit,27,28for anAdriennewindow
7.9 ms wide, this limit is about 160 Hz@see Fig. 5~b!#.29 It
can be reduced increasing the window width, which is p
sible when the height of the noise barrier under test is gre
than 4 m. Strictly speaking, the outdoor measured val
shown in the following for 4-m-tall barriers are therefo
valid only starting from the 200-Hz one-third octave band.
spite of this, on the graphs~Figs. 10–17! also the values
measured in the 100- to 160-Hz one-third octave bands h
been retained, just to have an idea of their consistency w
laboratory results. The correlations between outdoor
laboratory results presented in Sec. V have of course b
obtained on the valid frequency range 200 Hz to 5 kHz.

IV. OUTDOOR MEASUREMENTS

A. Measuring equipment

The measurement system was assembled using the
lowing devices:

~1! Sound source: prototype diffusor built inserting a sing
loudspeaker driver~JBL type 2123H, diameter 250 mm!
in a closed cabinet with parallelepiped shape.

~2! Loudspeaker amplifier: QSC USA 1300.
~3! Parametric equalizer: BSS Audio FCS-926 ‘‘varicurve

with 12 parametric filters.
~4! Microphone Bru¨el & Kj ,r type 4190, with Bru¨el &

Kj,r type 2669 preamplifier and Bru¨el & Kj ,r type
2807 power supply.

~5! Sampling digitizer board: A2D-160 board, containin
the MLS generator, the programmable eight-pole an
aliasing filter and the A/D converter~having an effective
resolution of 16 bits!.

~6! Toshiba T6600C portable computer, containing t
A2D-160 board.

The A2D-160 board is driven by theMLSSA© software30

for the generation of the MLS signal and the acquisition
the impulse response; the rest of the signal processin
done usingALFA©, a special-purpose software developed
the authors. The test signal was a MLS sequence of orde

si-

FIG. 10. Sound insulation index values for barrier CON2:~d! laboratory
measurements—accurate seal;~s! laboratory measurements—quick sea
~j! outdoor measurements—elements;~3! outdoor measurements—post.
1062M. Garai and P. Guidorzi: Testing noise barriers in situ



FIG. 11. Sound insulation index values for barrier CON4:~d! laboratory
measurements; ~j! outdoor measurements—elements;~3! outdoor
measurements—post.

FIG. 12. Sound insulation index values for barrier MET1:~d! laboratory
measurements; ~j! outdoor measurements—elements;~3! outdoor
measurements—post.

FIG. 13. Sound insulation index values for barrier MET4:~d! laboratory
measurements; ~j! outdoor measurements—elements;~3! outdoor
measurements—post.
1063 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
FIG. 14. Sound insulation index values for barrier MET5:~d! laboratory
measurements; ~j! outdoor measurements—elements;~3! outdoor
measurements—post.

FIG. 15. Sound insulation index values for barrier MET6:~d! laboratory
measurements; ~j! outdoor measurements—elements;~3! outdoor
measurements—post.

FIG. 16. Sound insulation index values for barrier ACR1:~d! laboratory
measurements; ~j! outdoor measurements—elements;~3! outdoor
measurements—post.
1063M. Garai and P. Guidorzi: Testing noise barriers in situ
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generated by the A2D-160 board;30 64 averages were per
formed for each impulse response acquisition.

B. Outdoor test site

The test site is a flat, grass-covered ground. The g
was cut before the beginning of the tests. No trees, stone
other reflecting objects were present in a 50350 m2 area
around the noise barrier under test. All samples were bui
the same place and removed after the test, one after the o
Measurements were taken in good meteorological co
tions, with no rain or strong wind~wind speed always,4
m/s!.

Background noise was very limited, the only noi
source being a local road, where few cars pass every day
m away from the test samples. Moreover, it is well know
that MLS technique is strongly noise rejecting.19,21,23In any
case, when some occasional noise occurred, like airplane
overs, measurements were repeated and it was verified
the extraneous noise had no influence.

C. Outdoor measurement results

Examples of outdoors measurements are reported
graphical form in Figs. 10–17 together with the correspo
ing laboratory measurements~see Sec. II!. In each graph,
three curves are shown, because, as stated in Sec. III D 2
each noise barrier the outdoor measurement procedure
repeated two times, placing the measuring equipment
close to the acoustic elements and then close to a repre

FIG. 17. Sound insulation index values for barrier WOOD:~d! laboratory
measurements; ~j! outdoor measurements—elements;~3! outdoor
measurements—post.
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tative post. This permitted the investigation of the two mo
common kinds of sound leak, which are usually located
panel–panel and panel–post connections.

For each barrier sample tested outdoors, the single n
ber ratingDLSI was computed, using the formula~2! with
SIj in place of Rj . Due to the above-mentioned low
frequency limit of outdoor measurements~see Sec. III D 4!,
the calculations were performed in the one-third frequen
bands from 200 Hz to 5 kHz. The results are reported
Table III.

V. COMPARISON BETWEEN LABORATORY AND
OUTDOOR DATA

There is a general tendency for the laboratory results
be lower than the outdoors results for the same kind of b
rier. This may be due to the different sound fields in front
the test specimen: diffuse field in laboratory, frontal fre
field outdoors. In fact, the oblique components of the diffu
field generate the coincidence effect, which of course is
possible outdoors. This is particularly clear in Fig. 16 f
sample ACR1, constituted by a simple homogeneous acr
sheet: the laboratory curve exhibits an evident coincide
dip in the 1600-Hz one-third octave band; for outdoors m
surements this effect is absent. Moreover, the steady-s
signal recorded in the laboratory is very different from t
impulse response recorded outdoors~Raes13 distinguished
between ‘‘static’’ and ‘‘dynamic’’ transmission loss!. Fi-
nally, the boundary conditions for the laboratory and the o
doors test samples are very different: rigidly clamped on f
sides in the laboratory, relatively free on three sides o
doors. Therefore, differences between laboratory and outd
values were expected. Actually, one of the aims of this w
was to find a correlation between airborne sound insula
values measured using the laboratory andAdrienneproce-
dures~see later in this article!.

In most cases, sound insulation index values measu
outdoor in front of a post are worse than values measure
front of the acoustic elements, especially at high freque
~see, for example, Figs. 10, 12, and 13!. This happens when
the connections between the acoustic elements and the
are not perfect and may depend not only on the workm
ship, but also on the design of connections and the lack
good seals. In these cases, the laboratory performance i
fluenced by the element/post connections and is closer to
outdoor performance in front of a post. This confirms t
importance of including a post in the test, both in laborato
and outdoors. For the concrete barrier CON2~Fig. 10!, the
laboratory test was repeated two times, the first with
-
FIG. 18. Barrier CON4: plan view of typical compo
nents. Dimensions in millimeters.
1064M. Garai and P. Guidorzi: Testing noise barriers in situ
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FIG. 19. Barrier MET4: front, rear, and sectional vie
of the sample for outdoor measurements. Dimensions
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‘‘quick’’ seal at posts—similar to those used outdoors—a
the second with an accurate seal. As can be seen, with
quick seal the laboratory performance is closer to the outd
performance measured in front of a post, while with the
curate seal the laboratory performance is closer to the
door performance in front of barrier panels. The two diffe
ent cases are indicated in Table III with CON2~Q! and
CON2~A!, respectively.

The concrete barrier CON4 gives an apparently ano
lous result: the post performance is better than the elem
performance, and both are better than the laboratory re
~Fig. 11!. This can be easily explained looking at the barr
structure: posts are divided in two halves, each one bein
massive concrete beam, 220 mm thick; each half-post fo
a single block with the back panel of a barrier element,
mm thick, which supports light clay aggregate blocks, 1
mm thick ~Fig. 18!. The blocks contain cavities connected
front holes on the exposed face and are intended to ac
resonators to improve the sound absorption. Connections
formed between half-posts, blocking them on a steel be
and adding a further seal. From this design, one can expe
better outdoor performance close to posts. In the laborat
the use of a diffuse sound field results in lower airbor
sound insulation values.

The sample MET1~Fig. 12! is a metallic barrier with
evident problems of connections between elements
posts; outdoor the difference is remarkable~6 dB in DLSI

values!; in the laboratory the result is strongly conditione
by the presence of the post.

The samples MET4 and MET5~Figs. 13 and 14! are
actually the same barrier: MET4 is constituted of 1.0-m
metallic sheets, folded to form protruding supports, 60 m
wide ~Fig. 19!. MET5 is MET4 plus a lining in polyeste
fiber wool panels~see Table I!. For barrier MET5 all joints
were carefully sealed. With the additional treatment the ov
all performance is better~in terms of single number rating
3-dB gain in the laboratory and 6-dB gain outdoors close
posts; see Table III!; for barrier MET5 the single numbe
ratingDLSI obtained close to a post is equal to that obtain
close to metallic panels.

For the sample MET6~Fig. 15! the metallic sheets ar
relatively free to vibrate. This conditions the outdoor perfo
1065 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000
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mance: the sound insulation index is better close to po
made with a rigid steel beam. In the laboratory, where
test specimen is clamped on four sides, the mobility is
duced and the sound transmission can be influenced.

For the barrier WOOD, the low values at high frequen
of the sound insulation index measured outdoors close
post ~Fig. 17! are due to an evident leakage at panel–p
connection, detectable by visual inspection.

Comparing the values reported in Table III with the ca
egories shown in Table II, it is worth noting that all sample
excluding MET4~laboratory test! and RES1~laboratory test
100 Hz to 5 kHz and outdoor post test!, got a category B3 of
airborne sound insulation, according to EN 1793-2; t
present EN classification does not allow discriminati
among barriers with a single number rating greater than
dB.

Looking at Figs. 10–17, it can also be noticed that o
door measured values in the one-third octave freque
bands from 100 to 160 Hz, while outside the range of val
ity as discussed in Sec. III D 4, are consistent with the la
ratory measured values.

The application of standard statistical theory to data
Table III permitted us to obtain linear correlation laws b

FIG. 20. Linear correlation between the single number ratingsRw andDLR

obtained from laboratory data. Frequency range: one-third octave b
from 100 Hz to 5 kHz.
1065M. Garai and P. Guidorzi: Testing noise barriers in situ
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tween airborne sound insulation rating figures obtained us
the laboratory andAdrienneprocedures.

Figure 20 shows the correlation between the values
the two single number ratings obtained from laboratory m
surements, calculated over the frequency range 100 Hz
kHz, theDLR specified in EN 1793-2 and theRw specified in
ISO 717-1:11

DLR50.98Rw23.05 ~r 50.995!. ~11!

Using the same values ofRw and the values ofDLR

calculated over the frequency range 200 Hz to 5 kHz,
correlation becomes

DLR50.93Rw10.37 ~r 50.992!. ~12!

The controlled conditions of the tests and the excell
value of the correlation coefficientr support the conclusion
that on average the EN single number ratingDLR is few
decibels lower than the indexRw used in building acoustics

Figures 21 and 22 show the linear correlation laws
tween the single number ratingDLR obtained from labora-
tory data and the single number ratingDLSI obtained from

FIG. 21. Linear correlation between the single number ratings obtaine
laboratory (DLR) and outdoors in front of the barrier acoustic eleme
(DLSI). Frequency range: one-third octave bands from 200 Hz to 5 kH

FIG. 22. Linear correlation between the single number ratings obtaine
laboratory (DLR) and outdoors in front of barrier posts (DLSI). Frequency
range: one-third octave bands from 200 Hz to 5 kHz.
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outdoor data measured close to barrier elements and to p
respectively. All ratings are calculated over the frequen
range 200 Hz to 5 kHz. For barrier CON2, submitted
previously explained to two laboratory tests with differe
seals at posts, the ‘‘quick’’ seal rating~44 dB! was taken for
the correlation with the outdoor ratings of measureme
close to a post and the accurate seal rating~53 dB! was taken
for the correlation with the outdoor ratings of measureme
close to the acoustic elements:

Elements: DLSI51.18DLR20.94 ~r 50.97!, ~13!

Posts: DLSI51.18DLR23.16 ~r 50.93!. ~14!

The linear correlation coefficientr is excellent for ele-
ments and very good for posts; this difference was expec
because outdoor results are less regular at posts due t
above-mentioned problems of panel–post connections
any case, the high values of the correlation coefficient s
port the conclusion that Eqs.~13! and~14! can be useful for
predicting the expected field performance from laborat
data measured according to EN 1793-2.

VI. CONCLUSIONS

A detailed verification of theAdriennetest method for
airborne sound insulation over a selection of 17 noise ba
ers, representative of the Italian and European product
has been done. The new method proved to be easy to use
reliable for all kinds of barrier. It has been found sensitive
quality of mounting, presence of seals, and other details t
cal of outdoor installations. The comparison between fi
and laboratory results shows a very good correlation, wh
existing differences can be explained with the differe
sound fields and mounting conditions between the outd
and laboratory tests. In other words, results obtained us
the Adriennetest method are consistent with laboratory r
sults obtained using EN 1793-2. The correlation laws res
ing from the present work can be useful for predicting t
airborne sound insulation performance of noise barriers
the field from laboratory data. It can be concluded that
Adriennemethod is adequate for its intended use.
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