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Acoustic barriers which are positioned along traffic lanes are designed to protect the surroundings
from  excessive noise. Such structures are to reverberate, diffract and damp the propagating acoustic
waves. However, this method of shielding has some disadvantages which include constraint visibility and
structure-born noise. The interaction between traffic-caused movement of air mass and acoustic barriers
may generate infra noise waves. That is undesirable and should be estimated. The authors undertook the
research to diagnose the plausible side effect of structure-born noise of such barriers because it may influ-
ence human body (KAsPRzAK, 2014). As a mechanical structure, the acoustic barrier is characterized by
mechanical parameters which, in the field of modal analysis, are made up of natural frequencies, damping
factors and mode shapes. In this paper the authors investigated the acoustic pressure distribution in the
neighborhood of a real acoustic barrier in the scope of infra noise propagation. The methods of modal
analysis were used to identify natural frequencies of the barrier and dominating frequencies of propagating

waves in the far field. The correlation between observed vibration and acoustic signals is presented.
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1. Introduction

Methods of measurement and analysis may be divi-
ded into two types. One group is connected with di-
rect acoustic field measurements and the other with
structure mechanical parameters identification. Both
have advantages and disadvantages. Accordingly, ac-
cessibility of the object under test is quite different. In
the following paper two different methods of structural
behaviour analysis are compared and correlation of re-
sults is discussed. One of the methods uses infra range
acoustic microphones positioned in different points
with one taken as the reference. The correlation of sig-
nals measured in different points and their power spec-
trums were calculated. The other is a classical modal
analysis method (REMINGTON, 1997), where measure-
ment of vibrating structure — acoustic barrier was per-
formed with the use of a laser scanning vibrometer. As
the source of vibration both an impact hammer and
road traffic environmental influence were utilized.

2. Field of interest

The aim of the research was to evaluate the magni-
tude of acoustic waves in the infra range and identify
the source of generation of that signal near acoustic
barriers. It is important to establish whether the prop-
agating waves get to a point positioned behind a noise
barrier as a secondary effect of vibrating surface of the
shielding construction or they are generated by other
sources positioned in the neighborhood of measure-
ment points. There are many areas where researchers
investigate the influence of infra range waves on human
body, e.g. wind turbines (CARLILE et al., 2018). Also,
reduction of continuous-cycle stationary low-frequency
tone-like noise propagated through diffraction over
a barrier border is limited (BORCHI et al., 2016). Ac-
cordingly, different methods to measure and analyze
these phenomena have been incorporated (DEGAN,
2003; SERRARIS, 2016). The problem of reducing noise
in low frequency range is well known and difficult to
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solve (PEIRO-TORRESA et al., 2016). In this paper
a comparison between vibration response of acoustic
barriers and acoustic field measurements using low fre-
quency range microphones is presented. These meth-
ods utilize modal analysis procedures and are used in
order to realize the targeted study.

3. Methods

Three methods were used to measure the plausible
effect of reverberated noise emission of acoustic bar-
riers.

The first approach was based on measurements of
vibration of the acoustic barrier, mainly the shielding
surface, utilizing laser scanning vibrometer. The inves-
tigated acoustic barrier and distribution of measure-
ment points are presented in Figs 1 and 2.

Fig. 1. The investigated noise barrier and distribution
of measurement points.

Fig. 2. The investigated acoustic barrier and distribu-
tion of measurement points.

The second approach was based on both vibration
and acoustic measurements, i.e. signals from two mi-
crophones positioned at the far field at a distance of
8 m behind the acoustic barrier were correlated with
vibration signal from the reference accelerometer posi-
tioned at different places, shown in Fig. 1, on the shield
—marked as 1, attached using glue mass, on the pillar —

marked as 2, attached using an adapter plate, and near
the ground — marked as 3, cemented to the bottom part
of the fence. In all positions the vibrations were mea-
sured in the horizontal direction, perpendicular to the
acoustic barrier.

The third measurement approach was a pure acous-
tic one with low frequency microphones localized at
a distance of 8 m behind the acoustic barrier under
test. The measurement points are shown in Fig. 2.
There was one reference microphone localized at
point 5 (at height of 1.6 m), and three rowing mi-
crophones positioned sequentially at points 4, 6, 7,
8, and 9 (at height of 1.6 m and 3.9 m). Additionally
two points were localized close to the acoustic bar-
rier at height 1.6 m and 3.9 m, positioned in the gap
space of the investigated structure, not shown in Fig. 2.
The scanning points are marked as 1, the investigated
acoustic barrier as 2 and the laser scanning vibrometer
as 3.

The measurements were performed using Polytec
PSV-400 laser scanning vibrometer and Briiel & Kjeer
PULSE measuring system. In measurement chain PCB
accelerometers type 393B12 and GRAS microphones
type 40AN, and 40AZ were used. The results of these
approaches were analyzed and compared.

4. Results

To describe a mechanical structure behaviour com-
pletely the following models may be used: a spatial
model — represented by mass, stiffness and damping
matrixes, a response model — consisting of all the fre-
quency response functions for all degrees of freedom,
and a modal model — covering all the mode shapes
and natural frequencies. These models are equivalent
to each other. In experimentally — based investigations
it is almost impossible to match their accuracy. So we
use reduced models, which means that the complete
structural model of the investigated object of N x IV
matrix is related to n xn model of response matrix
and m xn model of modal matrix, where N > n > m.
General rules for relevance and adequacy of complete
and incomplete models for the response, modal and
spatial models are as follows (EwINs, 2000):

Response Modal Spatial
nY(@)yxy T— [0 vxn  [Hluxn :[M]wa [K]NXN l
V2@ sen 7= 0FTuen [69 . | 7= MFluxn  [K®Jxn
mlY @len T [0Fem [6n —> M Imem (K%l

/

N[Y(w)]nxn
where letter N represents full dimension of analyzed
model of the structure, n and m refer to the number
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of measured response functions and modal vectors re-
spectively.

Moreover, as all the results were obtained using ex-
perimental modal analysis, in cases where both micro-
phones and accelerometers were used, the reciprocity
theorem condition was not fulfilled. Although it is one
of the modal analysis basic assumptions, we must be
aware that in such a situation it cannot be achieved
for practical reasons. However, the aim of this study
was not to give full description of mechanical behaviour
and dynamic properties of the investigated structure as
well as to describe its spatial model. The investigation

was performed to show the correlation between differ-
ent approaches to vibroacoustic measurements of the
tested object and seemed to be adequate for scientific
analysis.

The main purpose of investigations was to diag-
nose the propagating noise behind the acoustic barrier
and to answer the question: what the source of that
noise is, especially in the infra range and whether it is
the effect of response of acoustic barriers to mechani-
cal excitation. In Tables 1 to 9 the results of analysis
performed for the aforementioned situations are pre-
sented.

Table 1. Comparison of the results of scanning method of two repeated measurements, the reference piezoelectric

accelerometer attached to a pillar using stud and sticking mass.

Frequency 1 | Frequency 2 | Difference | Damping 1 | Damping 2 | Difference
9.77 10.20 0.43 0.43 0.53 0.10
12.12 11.95 0.17 0.65 3.29 2.64
16.19 15.95 0.24 0.04 1.75 1.71
16.71 15.95 0.76 0.05 1.75 1.70
27.90 - 0.20 - -
33.28 33.28 0.00 0.04 0.03 0.01

placement — on the pillar versus in the ground.

Table 2. Comparison of the results of scanning method, a change of the reference piezoelectric accelerometer

Frequency 3 | Frequency 4 | Difference | Damping 3 | Damping 4 | Difference
12.12 12.02 0.10 0.65 1.81 1.16
16.71 16.56 0.15 0.05 0.66 0.61
27.90 28.33 0.43 0.20 0.34 0.14
33.28 = 0.04 = =

Table 3. Comparison of the results of a scanning method using laser vibrometer with piezoelectric accelerometer
positioned on the pillar as a reference versus the results of measurement performed at the same time using 2 micro-
phones positioned in the far field (approximately 8 m from the acoustic barrier) with the reference accelerometer

positioned on the screen.

Frequency 5 | Frequency 6 | Difference | Damping 5 | Damping 6 | Difference
9.77 8.94 0.83 0.43 0.91 0.48
12.12 11.88 0.24 0.65 0.59 0.06
24.62 2491 0.31 0.08 0.59 0.51
33.28 33.31 0.03 0.04 0.13 0.09

Table 4. Comparison of the results of a scanning method using laser vibrometer with piezoelectric accelerometer
positioned on the pillar as a reference versus the results of measurement performed at the same time using 2 micro-
phones positioned in the far field (approximately 8 m from the acoustic barrier) with the reference accelerometer

positioned on the pillar.

Frequency 7 | Frequency 8 | Difference | Damping 7 | Damping 8 | Difference
9.77 10.36 0.59 0.43 0.09 0.34
12.12 12.05 0.07 0.65 0.08 0.57
16.71 16.22 0.49 0.05 0.10 0.05
24.62 - 0.08 - -
33.28 33.29 0.01 0.04 0.09 0.05
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Table 5. Comparison of the results of a scanning method using laser vibrometer with piezoelectric accelerometer
positioned on the pillar as a reference versus the results of measurement performed at the same time using 2 micro-
phones positioned in the far field (approximately 8 m from the acoustic barrier) with the reference accelerometer

positioned in the ground.

Frequency 9 | Frequency 10 | Difference | Damping 9 | Damping 10 | Difference
9.77 9.24 0.53 0.43 1.06 0.63
12.12 11.46 0.66 0.65 0.17 0.48
16.71 = = 0.05 = =
23.45 23.39 0.06 0.24 0.18 0.06
27.90 27.02 0.88 0.20 0.10 0.10
33.28 32.88 0.40 0.04 0.06 0.02

Table 6. Comparison of the results of a scanning method using laser vibrometer versus the results of measurement
performed at the same time using 2 microphones positioned in the far field (approximately 8 m from the acoustic

barrier), in both cases the reference accelerometer positioned in the ground.

Frequency 11 | Frequency 12 | Difference | Damping 11 | Damping 12 | Difference
8.93 9.24 0.31 0.77 1.06 0.29
12.02 11.46 0.56 1.81 0.17 1.64
12.30 11.46 0.84 0.32 0.17 0.15
16.56 = = 0.66 = =
17.17 18.15 0.98 0.47 0.06 0.41
28.33 - - 0.34 - -

Table 7. Comparison of the results of measurement with microphones positioned at 6 points in the far field

(approximately 8 m from the acoustic barrier, one of microphones used as a reference) versus the results of

measurement performed using 2 microphones positioned in the far field (approximately 8 m from the acoustic
barrier) with the reference accelerometer attached to the screen.

Frequency 13 | Frequency 14 | Difference | Damping 13 | Damping 14 | Difference
6.59 - - 1.82 — —
12.51 11.88 0.63 0.25 0.59 0.34
14.32 14.18 0.14 0.86 0.48 0.38
18.81 = = 0.18 = =
30.09 30.10 0.01 0.16 0.11 0.05
33.36 33.31 0.05 0.10 0.13 0.03
34.63 - - 0.24 - -

Table 8. Comparison of the results of measurement with microphones positioned at 6 points in the far field

(approximately 8 m from the acoustic barrier, one of microphones used as a reference) versus the results of

measurement performed using 2 microphones positioned in the far field with the reference accelerometer mounted
on the pillar.

Frequency 15 | Frequency 16 | Difference | Damping 15 | Damping 16 | Difference
6.59 — - 1.82 — —
12.51 12.05 0.46 0.25 0.55 0.30
14.32 13.49 0.83 0.86 0.55 0.31
18.81 18.70 0.11 0.18 0.19 0.01
30.09 30.10 0.01 0.16 0.11 0.05
33.36 33.29 0.07 0.10 0.09 0.01
34.63 - - 0.24 - -
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Table 9. Comparison of the results of measurement with microphones positioned at 6 points in the far field

(approximately 8 m from the acoustic barrier, one of microphones used as a reference) versus the results of

measurement performed using 2 microphones positioned in the far field with the reference accelerometer mounted
in the ground.

Frequency 17 | Frequency 18 | Difference | Damping 17 | Damping 18 | Difference
6.59 - 1.82 - -
12.51 12.85 0.34 0.25 0.41 0.16
14.32 13.70 0.62 0.86 0.37 0.49
18.81 18.15 0.66 0.18 0.06 0.12
30.09 = = 0.16 = =
33.36 33.28 0.08 0.10 0.13 0.03
34.63 - - 0.24 - -

We may group the following tables as comparison
between:

e laser scanning measurements with reference point
attached to different parts of the acoustic barrier,

e measurements of microphone signals with refer-
ence to a vibration signal measured at points
placed on the acoustic barrier,

Linear regression: Freq. 1 vs Freq. 2
Freq. 2 = 0.0749 + 0.99585 « Freq. 1
Correlation: r = 0.99891

Freq. 2

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

0.95 Confidence level

Freq. 1

e measurements of microphone signals with refer-
ence to one microphone signal in the far field.

Additionally, to analyze results of those approaches
more precisely, statistics tools were used and corre-
lation as well as linear regression were calculated, as
shown in Figs 3 to 7.

Linear regression: Freq. 3 vs. Freq. 4
Freq. 4 = -0.6396 + 1.0370 « Freq. 3
Correlation: r= 0.99991

Freq. 4

10 12 14 16 18 20 22 24 26 28 30
Freq. 3 0.95 Confidence level

Fig. 3. Correlation and linear regression, Tables 1 and 2.

Linear regression: Freq. 5 vs. Freq. 6
Freq. 6 = -0.8487 + 1.0331 « Freq. 5
Correlation: r = 0.99963

Freq. 6

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

0.95 Confidence level

Freq. 5

Linear regression: Freq. 7 vs. Freq. 8
Freq. 8 = 0.20480 + 0.98916 « Freq. 7
Correlation: r= 0.99916
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Fig. 4. Correlation and linear regression, Tables 3 and 4.
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Linear regression: Freq. 9 vs. Freq. 10 Linear regression: Freq. 11 vs. Freq. 12
Freq. 10 =-0.5816 + 1.0035 « Freq. 9 Freq. 12 =-1.448 + 1.1127 « Freq. 11
Correlation: r = 0.99955 o Correlation: r= 0.98158
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Fig. 5. Correlation and linear regression, Tables 5 and 6.
Linear regression: Freq. 13 vs. Freq. 14 Linear regression: Freq. 15 vs. Freq. 16
Freq. 14 = -0.6660 + 1.0205 * Freq. 13 Freq. 16 = -0.9159 + 1.0286 « Freq. 15
» Correlation: r= 0.99984 Correlation: r = 0.99973
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Fig. 6. Correlation and linear regression, Tables 7 and 8.
Linear regression: Freq. 17 vs. Freq. 18 . . . .
Freq. 18 = -0.2872 + 1.0016 « Freq. 17 of the investigated acoustic barrier, the measurements
” Complation: x= 09674 and consequently modal analysis were performed us-
34 ing 2 microphones positioned in the far field (approx-
%2 imately 8 m from the acoustic barrier) with the ref-
30 erence accelerometer positioned in sequence on the
28 screen, on the pillar and in the ground, shown in Fig. 1.
20 That is not a typical use of modal analysis (see the
© . .
'é 2 comment above regarding the use of both microphones
22
i and accelerometers). These measurement results were
20 . .
B compared with results taken from the scanning method
% — the comparison between the first and second type of
» measurements, aforementioned in the text. The results
- of comparison are presented in Tables 36 and in Figs 4
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Freq. 17 0.95 Confidence level

Fig. 7. Correlation and linear regression, Table 9.

In order to check the correlation between acoustic
response (in the far field) and vibration excitation

and 5.

Looking for relationships between the above results
we have observed that in almost all cases, Tables 1
to 9, except Table 6, there are diagnosed modes of
frequencies of about 12 Hz and 33 Hz (matched with
green shadow colour). It implies that these modes are
characteristic of both the analyzed acoustic barrier



A. Staniek, C. Bartmarski — Side Effect of the Use of Acoustic Barriers Observed in the Infra Range 109

as well as of propagating acoustic waves, and conse-
quently that these modes are excited by the acoustic
barrier itself. For a frequency of about 16 Hz (marked
out in blue shadow colour) we may imply that it is
the mode characteristic of the pillar vibration, not ob-
served in the remaining cases. The frequencies of about
14 Hz, 18 Hz and 30 Hz (marked out in orange shadow
colour) seem to be generated by other sources posi-
tioned in the neighboring environment. Other modes
may have more local character. The diagnosed fre-
quencies are generally well correlated. In two cases the
correlation is worse: Tables 6 and 9, where the com-
parison is made with measurement performed with 2
microphones positioned in the far field with the ref-
erence accelerometer mounted near the ground. That
might be explained by the fact that there is a poorer
correlation between reference accelerometer and micro-
phone signals. It should also be mentioned that in some
cases all frequencies could not have been detected so
they are missing from particular tables. This might
result from not exciting or measuring the correspond-
ing frequencies. Considering that the results were ob-
tained with the usage of different approaches of excit-
ing the investigated structure to vibration as well as
with different response and reference signals, we may
infer that for frequencies of about 12 Hz and 33 Hz it
is the inner feature of an acoustic barrier that causes
such an effect, i.e. generates these frequencies in the in-
fra range. The measured levels at low frequency range
using microphones exceeded 70 dB and the recorded
noise was generated mainly by heavy and long vehi-
cles.

Figure 8 shows the waterfall diagram of one of the
laser scan where the vibration of acoustic barrier un-
der test was measured. Figure 9 presents the laser scan-
ning vibrometer head and distribution of points of per-
formed scan.
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Fig. 8. Cross spectrum functions for operational modal
analysis of the object under test.

Fig. 9. Laser scanning vibrometer and investigated noise
barrier. Distribution of measurement points.

5. Conclusions

Taking into account the above results, we may
imply that acoustic barriers generate acoustic waves
in the infra range as a response to traffic transport,
which is an undesirable side effect of reducing noise in
a protected area. Though it is difficult to assess the
impact of low frequency noise on human body, it in-
fluences citizens living in the neighboring area. The
research made by Central Institute for Labour Protec-
tion (KACZMARSKA et al., 2008) revealed that infra-
sonic noise at workplaces in offices requiring employee’s
special attention focus cannot exceed 86 dB for 8 hours
duration. Here the influence of analyzed phenomena
is permanent and exceeding 70 dB, but not all diag-
nosed modes may be attributed to acoustic barriers as
a source of infra range noise. Nevertheless, it is sug-
gested the constructors should consider designing such
protecting shields with resonant frequencies well above
the infra range (ISHIZUKA, FUJIWARA, 2003; BORCHI
et al., 2016). Also the analysis for other types of acous-
tic barriers should be performed.
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