environments

Article

Repeatability of the European Standardized Method for
Measuring Sound Reflection and Sound Insulation of

Noise Barriers

Paolo Guidorzi *

check for
updates

Citation: Guidorzi, P.; Garai, M.
Repeatability of the European
Standardized Method for Measuring
Sound Reflection and Sound
Insulation of Noise Barriers.
Environments 2023, 10, 139.
https://doi.org/10.3390/

environments10080139

Academic Editors: Gaetano Licitra

and Vogiatzis Konstantinos

Received: 21 June 2023
Revised: 28 July 2023
Accepted: 3 August 2023
Published: 7 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Massimo Garai

Department of Industrial Engineering, University of Bologna, 40136 Bologna, Italy; massimo.garai@unibo.it
* Correspondence: paolo.guidorzi@unibo.it

Abstract: The EN 1793-5 and EN 1793-6 standards have been in use for many years as a method for
measuring the intrinsic characteristics of noise barriers installed along highways and railways. They
require a sound source and a grid of microphones, to be placed near the barrier and in free field
conditions, according to predetermined distances. In principle, small errors in positioning the sound
source and microphone grid may affect the results obtained. An international round-robin test was
carried out in 2012 to evaluate the repeatability and reproducibility of the method, but until now no
studies have been carried out to evaluate and compare the repeatability of laboratory versus in-place
measurements performed with the same equipment and its variance when an imperfect positioning
of sound source and microphones is taken into account. In the present work, multiple series of sound
reflection index and sound insulation index measurements performed on noise barriers of the same
kind installed in the laboratory or along a highway are presented. The measurements were repeated
in different ways: (1) in the laboratory, leaving the source and microphones unmoved to assess the
repeatability of the results and of the measurement system under controlled conditions; (2) in the
laboratory, repositioning for each measurement the source and microphone grid to assess the robustness
of the method under real conditions but in a controlled environment; (3) in situ, along a highway open to
traffic, repositioning for each measurement the source and microphone grid to assess the repeatability of
the method under real conditions in a critical environment. In both reflection index and sound insulation
index measurements, the standard deviation on single-number ratings in all cases examined is well
below the value presented in EN 1793-5 and EN 1793-6, which was obtained from statistical analysis of
the international round-robin test performed a dozen years ago, suggesting that expert operators with
state-of-the art equipment can achieve much better results now.

Keywords: noise barrier; Adrienne method; EN 1793-5; EN 1793-6; sound reflection index; sound
insulation index; repeatability

1. Introduction

Noise is one of the most pervasive pollution factors affecting the environment and
quality of life. It can also have adverse effects on human health [1,2]. In order to mitigate
these effects, noise barriers are often built along roads and railways. In recent years,
measurement of the intrinsic insulation and reflection characteristics of noise barriers
installed along highways and railways has become a common practice. In the European
Union, this measurement is conducted using the European standards EN 1793-5 [3] and
EN 1793-6 [4], also known as the Adrienne method. This type of measurement provides an
evaluation of the installed product in use and is therefore very advantageous compared
to laboratory methods requiring one to place the barrier being tested in reverberation
rooms. In principle, it could also be applied to innovative barriers, such as sonic crystals [5],
even though some care may be required, as explained in [6]. The incident sound field
on installed barriers is generated by vehicular or rail traffic and is stronger at a shorter
distance (i.e., near normal incidence). The Adrienne method also involves measuring at
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normal incidence. Before the advent of this methodology, the absorbing and insulating
materials used in noise barriers were tested in reverberation rooms under a diffuse sound
field, thus obtaining results that were not fully comparable to the real use case (unless the
noise reducing device is placed inside a tunnel or a deep trench). In situ measurement also
makes it possible to assess any degradation in the sound performance of the barrier by
taking repeated measurements over time. It is also possible to detect installation defects or
material inhomogeneities by measuring at different points of the barrier.

The Adrienne measurement system is innovative in several aspects. It is described
in more detail in Section 2.3, but it is useful to note here that it requires the use of an
artificial sound source (amplified loudspeaker box), a square grid of nine microphones,
and instrumentation for the generation and acquisition of impulse responses, reflected
and transmitted by the barrier (i.e., computer, multi-channel audio interface, and micro-
phone preamplifiers; see Figures 1 and 2 below). The post-processing requires intensive
operations on impulse responses and on their Fourier-transforms, so it is implemented
in specific software, assuming a perfect positioning of the sound source and microphone
grid. Therefore, the repeatability and reproducibility of the whole procedure needed to be
assessed. To provide a first answer, an international round-robin test was carried out in
2012 [7], from which the basic statistical information regarding the method was obtained
and then included in EN 1793-5 and EN 1793-6. However, until now no studies have
been carried out to evaluate and compare the repeatability of laboratory versus in situ
measurements performed with the same equipment (software included) and its variance
when an imperfect positioning of sound source and microphones is taken into account.
The aim of the present research is to provide a clear answer to this question and thus
increase the confidence in the method and promote its wider use, including its use outside
of Europe.

Figure 1. Laboratory measurement of sound reflection index according to the EN 1793-5 standard.

This article is organized as follows. In Section 2, the measurement methods for sound
absorption and sound insulation are described (Sections 2.1 and 2.2). It should be noted
that the measurement system tested in this study was included in the international round-
robin test [7] and therefore fully meets the specifications of the method; it is presented
in Section 2.3. In Section 3, the measurements performed are presented. For both sound
reflection index and sound insulation index measurements, the same scheme is applied:
(i) repeated measurements in the laboratory on the same acoustic barrier, leaving the sound
source and microphone grid in place; (ii) repeated measurements in the laboratory on
the same acoustic barriers, repositioning the movable components (i.e., loudspeaker and
microphone grid) for each measurement; (iii) repeated measurements along a highway
under real-world conditions on the same acoustic barriers, repositioning the movable
components (i.e., loudspeaker and microphone grid) for each measurement. Section 4
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presents a discussion on the obtained results, with comparison plots and tables, and finally,
Section 5 summarizes the main conclusions.

Figure 2. In situ measurement of sound reflection index according to the EN 1793-5 standard.

2. Materials and Methods

In this section, the Adrienne measurement method for measuring the sound absorp-
tion and sound insulation of a noise barrier and the equipment used for measurement
are described.

Figures 1 and 2 show the used Adrienne measurement system, inside the laboratory
and along a highway, respectively.

This study has the purpose of evaluating the following;:

e the repeatability of the measurement system in the laboratory, applied to a full-scale
barrier, obtained by comparing repeated measurements on the same acoustic barrier
under the same boundary conditions, leaving the sound source and microphone grid
in place;

e the repeatability of the measurement method in the laboratory, comparing repeated
measurements on the same noise barriers and repositioning the movable components
(i.e., loudspeaker and microphone grid) for each measurement;

e the repeatability of the measurement method applied on a barrier mounted along
a highway under real-world conditions, repositioning the movable components for
each measurement.

2.1. Sound Absorption Measurement

The standard EN 1793-5 [3] prescribes the measurement of sound reflected by the noise
barrier (sound reflection index, RI). The sound absorption characteristics of the barrier can
be obtained in a complementary way from the previous parameter.

Two separate measurements are conducted, maintaining the same geometric configu-
ration between the sound source and microphone grid: the first is a free-field measurement,
as shown in Figures 3a and 4, in which the sound source and microphone grid are placed
in an obstacle-free area, at a relative distance of 1.25 m; in the second measurement, the
microphone grid is placed in front of the barrier, as shown in Figure 3b or Figures 1 and 2,
in which the distance between the sound source and microphone grid is the same as in
the previous case and the distance between the microphone grid and the barrier reference
surface is 0.25 m. The height of the speaker and the center of the microphone grid were
at a height of 2 m (half the height of the barrier) for all measurements. For both positions,
nine impulse responses, measured from each grid microphone, are acquired. The impulse
responses from the free-field measurement are appropriately windowed and used to obtain
the power spectra of the system in the absence of the barrier. The impulse responses from
the measurement in front of the barrier are windowed to obtain the power spectra of the
reflected sound from the barrier only. Prior to the computation on the reflected responses, a
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time domain subtraction is performed between the two sets of impulse responses to remove
the tail of the direct responses from the reflected responses [8].

6—

(a) (b)

Figure 3. Schematic diagram of the positioning of sound source (in green) and microphone grid (in
red) for the measurement of sound reflection index according to EN 1793-5: (a) free-field measure-
ment; (b) measurement in front of barrier; 1: height of source hg = hg/2; 2: front surface of sound
source; 3: distance between sound source and microphone grid, dgy = 1.25 m; 4: microphone grid;
5: distance between sound source and barrier reference surface dg = 1.5 m; 6: barrier reference surface;
7: microphone grid-reference surface distance dy; = 0.25 m; 8: barrier height hg.

The reflection index is calculated according to Equation (1), in 1/3 octave bands:
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where:

e i(t) is the incoming free-field reference impulse response component from the
k-th microphone;

h, k(1) is the reflected impulse response component, at the k-th microphone;

w; 1 (t) is the Adrienne time window [3] for the incident reference component of the
free-field impulse response, at the k-th microphone;

wyk(t) is the Adrienne time window for the reflected component, at the k-th microphone;
F is the symbol for the FFT operator;

j is the index of the 1/3 octave frequency bands, from 100 Hz to 5 kHz;

Afj is the width of the j-th 1/3 octave frequency band;

k is the number of the microphone, from 1 to 9;

n;j is the number of microphone positions on which to average;

Cgeok is @ geometrical divergence correction factor, to compensate the direct and
reflected waves path difference, at the k-th microphone;
Cuirk (Bfj) is a loudspeaker directivity correction factor, at the k-th microphone;

®  Cguink (Bfj) is a gain mismatch correction factor, used to correct errors in amplifi-
cation settings between the free-field and barrier measurements, if required, at the
k-th microphone.

From the reflection index, represented in 1/3-octave bands, it is then possible to
calculate a single number in dB called the single-number rating of sound reflection DLg;j,
computed by weighing the individual bands of the reflection index according to the
traffic-normalized spectrum defined in EN 1793-3, to get an overall indication of the
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performance of the barrier [3]. A more detailed description of the measurement procedure
and calculations can be found in [3,7], or references [9-12].

Figure 4. In situ measurement of sound reflection index according to the EN 1793-5 standard:

free-field measurement (front view) and measurement system.

2.2. Sound Insulation Measurement

The measurement of the sound insulation characteristics of the barrier (sound insula-
tion index, SI), described in EN 1793-6 [4], is carried out in a similar way to the previous
case, with a free-field measurement and a measurement across the barrier (i.e., placing
the sound source on the street side), at a distance of 1.0 m from the active surface of the
barrier, and the microphone grid on the opposite side, 0.25 m from the rear active surface,
as shown in Figures 5 and 6. In this case, when making the free-field measurement, the
thickness of the barrier must also be added to the distance of 1.0 + 0.25 m to maintain the
same distances between the sound source and microphone grid in the two measurements.
The height of the speaker and the center of the microphone grid were at the height of 2 m
(half the height of the barrier) for all measurements.
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Figure 5. Schematic diagram of sound source placement (in green) and microphone grid (in red) for
sound insulation index measurement according to EN 1793-6 standard: (a) free-field measurement;
(b) measurement on the barrier; 1: sound source height hg = hg/2; 2: sound source front; 3: sound
source-reference surface distance dg = 1 m; 4: barrier reference surface; 5: barrier thickness; 6: backside
barrier reference surface; 7: microphone grid—backside reference surface distance dy; = 0.25 m;
8: microphone grid; 9: barrier height hg.

Figure 6. In situ measurement of sound insulation index according to the EN 1793-6 standard: (a)
sound source placed on the road side of the barrier; (b) microphone grid placed at the rear of the
barrier, matching the source.

The sound insulation index is calculated according to Equation (2), in
1/3 octave bands:

J |Flheg(tywe i (6)]Pdf

1 & Af
J S [ | Flhie(Hywig (1)) Pdf

Afj

where:

e Iy (t) is the transmitted impulse response component, at the k-th microphone;
e wy(t)is the Adrienne time window for the transmitted component, at the k-th microphone;
e 1 = the number of microphones on the grid.
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In addition, for this measurement, from the sound insulation index, represented in
1/3-octave bands, it is possible to calculate a dB single-number rating, DLgj, calculated
by weighing the individual bands of the reflection index according to the normalized
traffic spectrum defined in EN 1793-3, to get an overall indication of the sound insulation
performance of the barrier, if necessary differentiating measurements on posts from those
on barrier elements [4]. A more detailed description of the measurement procedure and
calculations can be found in [4,7,10,12].

2.3. Measuring System

The measurement system used for this study, shown in Figures 1 and 4, consists of the
following components:

e sound source based on Sica Z002601 loudspeaker (120 W, 8 ), amplified by an ST
CCAO044V1 class-D amplifier, as described in detail in [8], connected to the output
of the sound card by an Andoer MX5 2.4G wireless system (uncompressed digital
audio data transmission, sampled at 48 kHz), to make it easier to measure the sound
insulation behind the barrier without cable problems;
microphones model PCB 130F20 and IEPE/ICP preamplifier TMP PS12A;

RME M-16 AD multichannel ADC converter, connected by MADI protocol (over a
single coaxial cable) to a MADI digital audio interface RME MADIface XT;
Projectlead Traveller Pro 2.0 computer;

MCIRMS measurement software, designed and programmed specifically for this type
of measurement.

The impulse responses measured at the nine microphones are obtained using the
MLS (maximum length sequence) method (see references from [13-23]), implemented in
the MCIRMS measurement and computation software. The MLS signal was chosen and
preferred, over other signal types such as ESS (exponential swept-sine), because of its
robustness to impulsive and traffic noise, typical of the measurement environment along
highways or railways [21]. Signals sampled at a frequency of 44.1 kHz of length 256K and
four averages were used for each measurement, so as to obtain an excellent signal-to-noise
ratio [17,19,20]. More details on the signal-to-noise ratio of the measurement system can
be found in [12]. It should be noted that the mathematical cyclicity properties of the MLS
signal allow for perfect software compensation of latencies due to the sound card, software
drivers, and digital signal transmission system to the loudspeaker.

3. Repeatability Tests

Tests of measurement repeatability were performed in laboratory and in situ. In
particular, the following tests, performed over 10 repeated measurements, are presented:

e sound reflection index and sound insulation index measurements in the laboratory on
a non-flat wooden barrier, visible in Figure 1, leaving sound source and microphone
grid in place (i.e., without moving them from one measurement to the other; test of
measurement system repeatability), with a single free-field measurement being used
for all measurements on the barrier;

e measurements of sound reflection index and sound insulation index in the laboratory
on the same non-flat wooden barrier as in the previous case, visible in Figure 1,
repositioning the movable components (i.e., sound source and microphone grid)
randomly within £50 mm from the nominal position (marked on the floor) for each
measurement (test of repeatability of measurement method on non-flat barrier);

e measurements of sound reflection index and sound insulation index in laboratory on a
perforated flat-surface metal barrier, visible in Figure 1 (colored green), repositioning
the movable components (i.e., sound source and microphone grid) randomly within
£50 mm from the nominal position (marked on the floor) for each measurement (test
of repeatability of measurement method on flat barrier);

e measurements of sound reflection index and sound insulation index in situ, along
the A22 Brennero highway near Verona (Italy), on a wooden barrier with a non-flat
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surface and concrete base, visible in Figure 2, repositioning the movable components
(i.e., sound source and microphone grid) for each measurement (test of repeatability
of the measurement method on a non-flat barrier and in real conditions). The main
reasons for the in situ positioning problems are uneven ground, presence of obstacles
on the ground, guardrails, uneven asphalt, ground with plants, and ground that is not
flat. Note that this barrier has different acoustic characteristics from the wooden one
tested in laboratory.

All measurements of sound reflection index and sound insulation index as well as
single-number ratings are analyzed from 200 Hz to 5000 Hz, because according to [3,4] the
available active surface area allows reliable results to be obtained starting from the 200 Hz
1/3 frequency band. Keeping the instrumentation in place, the measurement sessions lasted
about 1 h for each type of measurement and barrier. Repositioning the instrumentation, the
measurement sessions, both in the laboratory and in situ, lasted about 1.5 h for each type
of measurement.

3.1. Sound Reflection Measurements

Figure 7a shows the results of 10 repeated laboratory measurements of reflection index
on the non-flat wooden barrier visible in Figure 1, made while keeping the sound source
and microphone grid in place. This assessed the repeatability of the measurement system
itself. Figure 7b shows the DLy 200-5000 Hz values of the 10 measurements. The standard
deviation values of these measurements are shown in Figure 15 (blue line). It is observed
that the highest standard deviation occurs at the lower and upper extremes of the analyzed
frequency range, although they are very low values. The DLg; 200-5000 Hz values of the 10
measurements are almost identical as well, with differences of fractions of a dB: the mean
value of the DLg; 200-5000 Hz values is 5.51 dB with a standard deviation of 0.01 dB.
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Figure 7. Sound reflection index—repeated laboratory measurements on non-flat wooden bar-
rier, keeping the sound source and microphone grid in place: (a) sound reflection index; (b) DLgg
200-5000 Hz from the 10 measurements.

Figure 8a shows the results of 10 repeated laboratory measurements of sound reflection
index on the non-flat wooden barrier visible in Figure 1, made by moving and repositioning
the sound source and microphone grid at each measurement. Figure 8b shows the DLy
200-5000 Hz values of the 10 measurements. The standard deviation values of these
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measurements are shown in Figure 15 (orange line). It can be seen in Figure 8a that
the sound reflection index results have some differences between them, due to the small
positioning errors of the instrumentation. The standard deviation, shown in Figure 15,
is clearly larger than in the case of Figure 7, and larger values are observed in the high-
frequency bands, probably accentuated by the non-flat surface of the barrier. The DLg;
200-5000 Hz values of the 10 measurements show greater variations than in the previous
case, although they are small: the average value of the DLg; 200-5000 Hz values is 5.55 dB,
with a standard deviation of 0.12 dB.
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Figure 8. Sound reflection index—repeated laboratory measurements on non-flat wooden barrier,
repositioning the sound source and microphone grid for each measurement: (a) sound reflection
index; (b) DLgy 200-5000 Hz from the 10 measurements.

Figure 9a shows the results of 10 repeated measurements of sound reflection index in
the laboratory on the flat metal barrier visible in Figure 1, colored green, made by moving
and repositioning the sound source and microphone grid at each measurement. Figure 9b
shows the DLg; 200-5000 Hz values of the 10 measurements. In Figure 15, the standard
deviation values of these measurements are shown (gray line). It can be observed that the
standard deviation values, at the mid and high frequencies, are lower than in the case of
the non-flat barrier, confirming that these are due to the diffraction of sound waves on the
non-flat surface, which are highly dependent on the position of the microphone grid. The
mean value of DLg; 200-5000 Hz values is 8.29 dB, with a standard deviation of 0.12 dB.

Figure 10a shows the results of 10 in situ repeated sound reflection index measure-
ments on the non-flat wooden barrier visible in Figures 2 and 4, made along the A22
Brennero highway, moving and repositioning the sound source and microphone grid at
each measurement. In Figure 15, the standard deviation values of these measurements are
shown (yellow line); it can be seen that the values are significantly higher than in previous
cases. This is due to the greater difficulties in positioning the equipment in situ compared
to laboratory measurements due to possible uneven ground conditions, the presence of
background noise from vehicular traffic, and aerodynamic wind noise on the microphones
caused by the fast passage of vehicles along the highway. In this case, the average of DLgy
200-5000 Hz values, shown in Figure 10b, is 5.44 dB, with a standard deviation of 0.20 dB.
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Figure 9. Sound reflection index—repeated measurements in laboratory on flat metal barrier, repo-
sitioning the sound source and microphone grid for each measurement: (a) sound reflection index;
(b) DLRy 200-5000 Hz from the 10 measurements.
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Figure 10. Sound reflection index—repeated in situ measurements on non-flat wooden barrier and
concrete base, repositioning the sound source and microphone grid for each measurement: (a) sound
reflection index; (b) DLy 200-5000 Hz from the 10 measurements.

3.2. Sound Insulation Measurements

Figure 11a shows the results of 10 repeated measurements of sound insulation index
in the laboratory on the non-flat wooden barrier visible in Figure 1, made while keeping the
sound source and microphone grid in place. Figure 11b shows the DLg; 200-5000 Hz values
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of the 10 measurements. In Figure 16, the standard deviation values of these measurements
are shown (blue line). It should be noted that in the case of SI measurements, the results
are expressed in dB, and this should be taken into account when analyzing these results,
which are not directly comparable with RI measurements. In this series of measurements,
it can be noticed that the higher standard deviation values among the results are in the
low-frequency bands. The mean of DLg 200-5000 Hz values, shown in Figure 11b, is
29.21 dB, with a standard deviation of 0.27 dB.
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Figure 11. Sound insulation index—repeated measurements in laboratory on non-flat wooden barrier,
keeping sound source and microphone grid in place: (a) sound insulation index; (b) DLgy 200-5000 Hz
from the 10 measurements.

Figure 12a shows the results of 10 repeated measurements of sound insulation index
in the laboratory on the non-flat wooden barrier visible in Figure 1, made by repositioning
the sound source and microphone grid at each measurement. Figure 12b shows the DLg;
200-5000 Hz values of these 10 measurements. In Figure 16, the standard deviation values
of the measurements are shown (orange line). An increased standard deviation can be seen
in mid- and high-frequency bands. The average value of the DLg; 200-5000 Hz, shown in
Figure 12b, is 28.95 dB, with a standard deviation of 0.25 dB, almost like in the previous
case. It could be inferred that the sound insulation measurements are less affected by small
inaccuracies in instrumentation placement.

Figure 13a shows the results of 10 repeated measurements of sound insulation index
in the laboratory on the flat metal barrier visible in Figure 1, performed by repositioning
the sound source and microphone grid at each measurement. In Figure 16, the standard
deviation values of these measurements are shown (gray line). The average of DLg;
200-5000 Hz values, shown in Figure 13b, is 26.72 dB, with a standard deviation of 0.19 dB.

Figure 14a shows the results of 10 sound insulation index measurements repeated
in situ on the non-flat wooden barrier visible in Figures 2 and 4, made along the A22
Brennero highway, near Verona (Italy), moving and repositioning the sound source and
microphone grid at each measurement. In Figure 16, the standard deviation values of
these measurements are shown (gray line). It can be seen that, despite the more difficult
measurement conditions, the values are relatively low and similar to previous cases. The
average of DLg 200-5000 Hz values, shown in Figure 14b, is 13.29 dB, with a standard
deviation of 0.06 dB. This rather low value may be due to a particularly homogeneous
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barrier and the weak dependence of SI measurement on perfect instrumentation positioning
(within certain limits).
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Figure 12. Sound insulation index—repeated laboratory measurements on non-flat wooden barrier,
repositioning the sound source and microphone grid for each measurement: (a) sound insulation
index; (b) DLg; 200-5000 Hz from the 10 measurements.
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Figure 13. Sound insulation index—repeated measurements in laboratory on flat metal barrier,
repositioning the sound source and microphone grid for each measurement: (a) sound insulation
index; (b) DLg; 200-5000 Hz from the 10 measurements.
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Figure 14. Sound insulation index—repeated in situ measurements on non-flat wooden barrier and

concrete base, repositioning the sound source and microphone grid for each measurement: (a) sound

insulation index; (b) DLg; 200-5000 Hz from the 10 measurements.

4. Discussion

Figure 15 and Table 1 show a comparison of the standard deviation values between the
sound reflection index measurements in the four cases described above. The same graph
shows the values of standard deviation of repeatability obtained in the round-robin test [7]
and reported in EN 1793-5 [3] (green line). The data are shown in logarithmic scale given

the difference of several orders of magnitude between the different results.
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Figure 15. Summary graph of the standard deviations of sound reflection index in the presented

cases and median standard deviation of repeatability s, from EN 1793-5 [3].
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Table 1. Standard deviations of sound reflection index in the presented cases and median standard

deviation of repeatability s, from EN 1793-5.

1/3 Oct Band (Hz)

RI St. Dev. Wood
In Place Instr. Lab

RI St. Dev. Wood
Repos. Instr. Lab

RI St. Dev. Metal
Repos. Instr. Lab

RI St. Dev. Wood 2
Repos Instr. In situ

EN 1793-5 RI sr

200 0.0051 0.0207 0.0266 0.0603 0.0800
250 0.0038 0.0149 0.0210 0.0320 0.0800
315 0.0032 0.0116 0.0163 0.0198 0.0800
400 0.0010 0.0037 0.0085 0.0147 0.0700
500 0.0007 0.0021 0.0068 0.0081 0.0700
630 0.0007 0.0019 0.0033 0.0127 0.0900
800 0.0006 0.0031 0.0018 0.0174 0.1000
1000 0.0007 0.0061 0.0012 0.0179 0.0900
1250 0.0009 0.0058 0.0018 0.0291 0.1000
1600 0.0013 0.0224 0.0051 0.0240 0.1200
2000 0.0024 0.0361 0.0104 0.0517 0.1100
2500 0.0015 0.0314 0.0072 0.0311 0.1100
3150 0.0022 0.0505 0.0166 0.0562 0.1200
4000 0.0031 0.0841 0.0333 0.0921 0.1500
5000 0.0051 0.0963 0.0465 0.2129 0.1700

The lowest standard deviation values (blue line in the graph) are obtained in the case
reported in Figure 7, where the sound source and microphone grid in the laboratory are
left in place, which represents the highest achievable accuracy of the instrumentation used.

The laboratory measurements with repositioning, described in Figures 8 and 9, plotted
in the gray and orange lines, follow similar and higher trends than the previous case.

The in situ measurement, reported in Figure 10 with the yellow line, shows signifi-
cantly higher values than the previous cases. It can be observed that all standard deviation
values obtained from the presented measurements are lower than those obtained from the
round-robin test [7] (green line), with the single exception of the value at 5000 Hz from the
in situ measurement, which is slightly higher. Moreover, it should be noted that in the in
situ measurement, the standard deviation on the DLg; 200-5000 Hz of 0.20 dB is far less
than the median value prescribed in the EN 1793-5 standard of 0.53 dB, which resulted
from the international round-robin test [7]. In all cases, higher values of standard devia-
tion values are noticed at high frequencies, due to the sound wave interference reasons
described above, and at low frequencies, probably due to the lower energy emitted by the
sound source, and the consequent lower signal-to-noise ratio.

Figure 16 and Table 2 show the standard deviation values of sound insulation index
measurements in the four cases described above. The standard deviation values of repeata-
bility obtained in the round-robin test [7] and reported in EN 1793-6 [4] are shown (green
line). Data are shown on a logarithmic scale.

In the case of the insulation measurements, looking at the various curves in Figure 16,
smaller differences can be seen among the cases presented. Particularly at low frequencies,
the curves tend to converge toward similar, higher values, probably due to the lower energy
emitted by the sound source, which increases measurement errors in these frequency bands
and makes the data difficult to interpret. On the mid-high frequencies, it is apparent that
the case in which the instrumentation remains in place (blue line) results in the lowest
values, as logically expected. The other cases show oscillating values and fluctuate quite
randomly, highlighting the low (but not negligible) dependence of SI measurements on
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instrumentation placement. All standard deviation values obtained from the presented
measurements are lower than the curve obtained from the round-robin test [7] (green line).
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Figure 16. Summary graph of the standard deviations of sound insulation index in the presented
cases and median standard deviation of repeatability s, from standard EN 1793-6.

Table 2. Standard deviations of sound insulation index in the presented cases and median standard
deviation of repeatability s, from EN 1793-6 [4].

SI St. Dev. Wood SI St. Dev. Wood SI St. Dev. Metal SI St. Dev. Wood 2

13 Oct Band (Hz) In Place Instr. Lab Repos. Instr. Lab Repos. Instr. Lab Repos Instr. In situ EN 1793-6 SI st
200 0.6863 0.9879 0.6023 0.3838 1.7000
250 0.7032 0.6953 0.3686 0.1561 1.3000
315 0.6050 0.5656 0.2547 0.1671 1.2100
400 0.3314 0.3495 0.1484 0.1459 1.1400
500 0.3071 0.2175 0.1604 0.1624 1.2000
630 0.2373 0.2356 0.2255 0.0769 1.2800
800 0.0544 0.1466 0.1133 0.1353 1.4700
1000 0.0906 0.1074 0.2392 0.1118 1.9700
1250 0.0578 0.1406 0.1862 0.3303 1.8300
1600 0.1040 0.1679 0.3646 0.2056 1.8800
2000 0.0680 0.0908 0.3972 0.0838 0.9700
2500 0.0602 0.2028 0.2557 0.2654 0.9300
3150 0.0518 0.1811 0.4374 0.3943 1.5300
4000 0.0874 0.4277 0.2892 0.0895 2.5000
5000 0.0823 0.2904 0.3881 0.4075 2.2200

In the in situ measurement, the standard deviation on the DLg; 200-5000 Hz of 0.06 dB is
well below the median value presented in EN 1793-6, which was found from the data of the
international round-robin test [7] as 1.03 dB for measurements across the acoustic element.

5. Conclusions

In this work, multiple series of repeated measurements of the sound reflection index
and sound insulation index, performed in laboratory and in situ along a highway, with
different boundary conditions, were presented to derive information on the repeatability
of the measurement system and of the method. Measurements without moving the in-
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strumentation were used as a benchmark value of the measurement system. The results
obtained indicate that the measurement of sound reflection index is more sensitive to instru-
mentation placement than the measurement of sound insulation index. In particular, the
non-flat surface barriers show more variability in the results at high frequencies, depending
on the placement of the microphone grid, due to the diffraction of sound on the surface
irregularities, but this variability has little effect on the single-number rating because the
normalized spectrum of traffic noise weights the mid frequencies more heavily. Repeated
measurements of sound insulation index showed little, but not negligible, dependence
of this parameter on sound source and microphone grid placements. In both sound re-
flection index and sound insulation index measurements, and for all cases examined, the
standard deviation of the single-number rating is well below the value presented in the
current European standards ([3,4], obtained from the statistical analysis of an international
round-robin test [7] performed a dozen years ago. It is hoped that this striking result will
highlight the need for a new inter-laboratory test to find more up to date figures for the
repeatability and reproducibility of the Adrienne method. The authors will continue to
test the potentialities of the method, checking the influence of other parameters, such as
the sound signal spectrum (pre-emphasized noise), or using a larger set of measurements
taken in the same day along the same noise barrier to calculate more elaborate statistics
(e.g., on the variance of the workmanship along nominally identical barrier fields).
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