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Abstract. The research is targeting at multi-level overpasses which offer one of the solutions for
laying the highway in conditions of dense residential development and close proximity to bedroom
communities. In terms of acoustics, multi-level overpasses are semi-enclosed structures made of metal
and reinforced concrete, where a complex sound field with numerous re-reflections is formed. There is no
method of calculating noise from such structures in the literature of our country, therefore forecasting sound
levels in the adjacent residential areas while designing noise mitigation measures is extremely challenging.
The article proposes the method of calculating the efficiency of the noise barriers installed on the overpass
edge based on the statistical theory of acoustics. The main assumption of the proposed model is the
allocation of semi-closed volume in an acoustically untreated overpass and generation of a diffuse sound
field in it, which is fundamentally different from the currently used methods for calculating the efficiency of
the barriers installed in galleries as the barriers located in the open space, similar to motorways on the
earth roadbed. When considering the diffuse field, the sound is not diffracted over the upper free edge of
the barrier, but radiated outwards through the opening. According to the calculation results using the
derived formulas, the efficiency of the barrier installed on the overpass does not exceed 2—6 dBA at its
different heights, which corresponds to experimental results.

AHHoTauma. O6beKkTamy uccnegoBaHNs SBMASAIOTCS MHOTOYPOBHEBbIE aBTOMOOUIbHbIE 3CTakaabl,
KOTOpbIE SABMAITCA OQHUM U3 PELLEHNA MPOSTOXKEHNA aBTOCTPaAbl B YCITOBUSX MIOTHOW XXUITOW 3aCTPOMKM
1 B6NM3un cnanbHblX paioHoB. C akyCTUYECKOW TOYKM 3PEHNSi MHOTOYPOBHEBbIE 3CTakaAbl NpeAcTaBnAlT
coboli nonysakpbiTble KOHCTPYKLUW M3 MeTanna u xenesobeToHa, rae obpasyeTcs CroXkHoe 3BYKOBOe
none ¢ MHOrOYMCNEHHbIMU NepeoTpaxkeHnaMU. MeToamkn pacyeTa wyma OT NOAOOHbIX KOHCTPYKLWA B
OTEeYeCTBEHHOW nuTepaType OTCYTCTBYIOT, B CBSI3M C YeM MPOrHO3MpoOBaHWE YPOBHEW 3BYyKa Ha
npuneravLwmx cenuTebHbIX TePPUTOPUSX NPV NPOEKTUPOBaHUM LLYMO3ALLUTHBLIX MEPOMPUATUIA ABNSETCA
KpanHe 3aTpyaHuTenbHbIM. B cTaTtbe npeanoxeHa metoauka pacyeta SOMEKTUBHOCTU LLYMO3ALUUTHBIX
9KPaHOB, YCTAHOBIIEHHbIX HAa Kpaw 3cTakagbl, OCHOBaHHAs Ha CTaTUCTUYECKOW TEOpWUWN aKyCTUKW.
OCHOBHbIM JOMyLeHNeM MpeasioKeHHON Mogenu SIBNAETCA BblAerneHne MNofy3amMKHYyToro obbema B
akyctuyeckn HeobpaboTaHHOW ranmepee W co3gaHuMe B HeM Auddy3HOro 3BYKOBOIO MOMs, 4TO
NPUHUMMNMANbHO OTNMYAETCs OT NMPUMMEHSAEMbIX B HACTOsILLEe BpeMs METOAOB pacyeTa aeKTMBHOCTH
9KpaHOB, YCTAHOBIIEHHbLIX HAa ranepesix, kak 3KpaHOB, pacrnonaratWwmxcsi B OTKPbITOM MPOCTPaHCTBE,
aHanorm4Ho aBTOMOOUIbHBIM JOPOraM Ha 3eMrsiHOM nornoTHe. [pu paccmoTpeHun anddy3Horo nons
3BYK Audpparmpyet He yepe3 BepxHee cBOGoAHOE pebpo akpaHa, a U3nydaeTcsl HapyXy yepe3 MpPoeMm.
PesynbTatbl pacyeToB No BbiBeAeHHbIM opmynamM AaloT 3dEKTUBHOCTL LIYMO3aLMUTHOrO 3KpaHa,
YCTaAHOBMEHHOINO Ha acTakage, He bonee 2—-6 ABA npum pasHOW ero BbICOTE, UYTO COOTBETCTBYET
pesynbTaTtam 3KCNepUMEHTOB.

1. Introduction

The problem of enhanced sound levels in the urban areas and communities is one of the most
important worldwide. In order to reach the goal of providing the fastest possible transport connections, the
new roads are built and the existing ones are expanded. Given the dense residential development, building
of overpasses and multi-level galleries is often the only possible way. However, providing of the
acoustically-safe conditions in the adjacent residential areas is also an important task.
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In view of formation of a semi-enclosed space in the galleries, it is necessary to take into account
the special conditions of noise propagation and reflection in an artificially created volume while designing
noise mitigation measures. Otherwise, the developed noise protection measures, including installed noise
barriers may not be effective or even worsen the acoustic environment. Thus, the research is targeting at
multi-level overpasses.

Constructing galleries on the highway is a new phenomenon in the practice of road construction and
the experience of the appropriate noise barrier application is virtually absent.

An overpass is referred to as a superstructure, which is an extended hollow metal engineering
structure with enclosing structures of the cover and overlapping of various types. The general view of the
structure is shown in Figure 1.

Figure 1. General view of the vehicle overpass

In general, three basic theories of acoustics can be applied to calculate the efficiency of the noise
barrier: optical-geometric (geometric), wave and statistical [1, 2].

Optical-geometric theory considers sound as rays and takes into account diffraction phenomena. In
1818, A. Fresnel showed that diffraction can be explained by the application of the K. Huygens principle,
which lies in the fact that each point of the disturbed medium is a source of the secondary waves. Later,
D. Maekawa [2, 3-5] applied the ideas of the Fresnel-Kirchhoff diffraction theory for sources and noise
barriers of different shapes, suggesting a well-known formula (1) as a calculation to determine the
effectiveness of the noise barrier.

ALs =101g20N L)

N=5%,5=A+B—d (2)

where N is the Fresnel number calculated using formula (2);
0 is the path difference of the wave lengths, m;
A — wavelength, m;
A is the distance from the noise source to the (upper) edge of the noise barrier, m;
B - distance from the reference point (receiver) to the (top) edge of the noise barrier, m;

d is the distance between the noise source and the target point (receiver), m.

U. Kurze [2, 6-8] suggested the formula (3) for calculation of the noise barrier efficiency, used in
cases with a point source of noise.

ALy = 20lg20Y27N_ 5 @3)
th</27zN

One of the main drawbacks of the optical-geometric theory is the impossibility of taking into account
sound absorption and the length of the noise barrier.
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The wave theory considers wave processes and is applicable to the calculation of the noise barrier
efficiency using the boundary element method and the finite element method, which was first applied to the
problems of acoustics by Gladwell and Zimmerman, who developed a General energy approach of the
structural and acoustic theory to the solution of the differential Helmholtz equation, when the wave equation
is converted into the form of a harmonic time dependence [9].

The disadvantage of the wave theory is the assumption that the noise barrier must be either perfectly
reflective or perfectly absorbing, which is hard to achieve under real-life conditions.

Statistical theory is the most applicable for the calculation of the noise barrier efficiency because it
allows to take into account the greatest number of influencing factors, namely the material and design of
the noise barrier, changes in the nature of the sound fields when noise reduction structures are available.

Among the Russian authors, such scientists and researchers as N.I. lvanov [1, 10], N.B. Tyurina
[1, 2, 11], N.N. Minina [11], G.L. Osipov [12], P.l. Pospelov [13] and others researches [14-16] have been
dealing with the problem of noise barriers and determining their efficiency. However, studying the efficiency
of the noise barriers installed on the overpasses was considered only in the papers by N.I. lvanov [1, 10],
N.N. Minina [11] and N.B. Tyurina [1, 2, 11], and was based on determining the effective height of the noise
reduction structures. Among the foreign authors, Malcolm Crocker made a significant contribution to the
development of acoustics [17]. Investigation of noise barriers abroad is still carried out [18—20].

The author have not found any papers studying the noise barriers efficiency in the galleries.

Thus, the purpose of this study is the development and specification of the calculation methods for
assessing the efficiency of the noise barriers installed in acoustically untreated galleries. The main
objectives of the study are to substantiate the reliability of applying the statistical theory in assessing the
efficiency of the noise barriers installed on acoustically untreated galleries and development of the
calculation formulas.

The article deals with the calculation of the efficiency of the noise barriers installed on the vehicle
overpass. The formulas for calculation of an overpass span, which is a semi-enclosed volume, are given.
Open overpass spans, as well as overpasses located above the water surface, are not the subject of this
paper.

2. Methods

The statistical theory of acoustics is suggested as the basis for engineering calculations. In order to
apply it properly, it is necessary to take into account all acoustic processes occurring in the gallery, namely
radiation, propagation, reflection, absorption and sound diffraction.

Due to multiple reflections of the sound from the metal arch of the gallery and road surface, a
complex sound field close to diffuse is created in the gallery [2]. Overlapping of the apertures on such
overpasses is not allowed according to the fire safety requirements, therefore unobstructed apertures are
significant noise sources (further referred to as NS).

Figure 2 shows the views of the vehicle overpass on Kanonersky island in St. Petersburg.

T = b)
Figure 2. Views of the vehicle overpass on Kanonersky island, St. Petersburg:
a) the vehicle overpass above the playground;

b) the vehicle overpass in a dense residential development

Due to the fact that the real noise sources are oscillatory systems of complex shape, the calculation
model uses idealized sound sources of simple shape with the given acoustic power.

The main assumption is that in an acoustically untreated gallery a diffuse sound field is generated
instead of the quasi-diffuse sound field considered earlier in works of N. Tyurina [2], where isotropy of the
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sound occurs, and the intensity of the sound field decreases with the increase of the noise barrier height.
In this field the sound is not diffracted through the upper free edge of the noise barrier, but emitted outside
through the aperture. The calculation takes into account the sound-absorbing properties of the noise
barrier.

The design scheme is shown in Figure 3.
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Figure 3. The design scheme of the noise barrier installed in the gallery:
1-NS, 2 —noise barrier, 3 —acoustically untreated gallery, 4 — aperture,
5 —reference point, 6 — overpasses, 7 — supporting surface

A technical tool, by means of which the derivation of formulas is carried out, is a consistent
description of all acoustic processes. In this case, the initial value is considered — the acoustic power of the
sound source, and the final value obtained is the intensity of sound, taking into account the change in the
sound field when noise barrier is introduced into it.

Acoustic efficiency of the noise barrier is determined:

”\gob
ALb = 10|g —/b (4)
I

where | E{,’Ob is the sound intensity in the RP without the noise barrier, W/m?;

w/b

Ip is the sound intensity in the RP with the installed noise barrier, W/m?,

The intensity of the incident sound on the aperture with the height h;”"b

determined by the following formula:

without the noise barrier is

—w/ob
I ;’V/Ob — M , W/m2 (5)

\va/ob Av//ob
where Whs is the NS acoustic power, W;

\P\‘j”"b is the coefficient showing the sound field diffusivity level without the installed noise barrier;

A\‘jv"’b is the equivalent sound absorption area of the equivalent volume without the installed noise
barrier, m?, calculated using the formula (6);

—w/ob
da is the average volume sound absorption coefficient without the installed noise barrier,

calculated using the formula (7).

A\\;vlob — Ib(hgag n bgag + bgaS + 2h\2’/0b) (6)
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where lb is the length of the installed noise barrier, m;

hg is the height of the gallery part under the aperture, m;

by is the gallery width, m;
dg is the sound absorption coefficient of the gallery material;

as is the sound absorption coefficient of the supporting surface;

hz’“’b is the height of the aperture without the installed noise barrier, m.

—wioo _ Ib(Ngal + bedg + Dgas + ZhZV/Ob)

P (7)
Y 2|b(hg + bg + h;vIOb)
where Ib, hg, by, ag, as, h‘;w"b are the same as in formula (6).
Acoustic power W '®® of the aperture:
W yv/ob W/Obl hw/ob w (8)
1 a

where |; Wb is the intensity of the sound incident on the aperture with the height of hW"’b without the noise

barrier, calculated using the formula (5), W/m?;
| Wb are the same as in formula (6).

b

The sound intensity I;”;/"b in RP without the installed noise barrier:

w/ob

w/ob Wa Iy w
I'rp _—Zﬂlb o arctg ik /m? ©)
where Wiw/" ? is the acoustic power of the aperture, W, calculated using the formula (8);
|y is the same as in formula (6);
h, is the overpass height, m;
R is the distance from the overpass base to the reference point (further referred to as RP), m.

Let us substitute (5), (6) in (9):

—w/ob

MWns(l—ay  )lbh™'® I
I = 2 arctg ———— W, , (10)
P \yy"’wmb 271\ ho?® + R? 2+/ho® + R? mn
After reductions:
—w/ob
Mms(l—a, )h™
w/ob __ ( ) arCtg Ib , W/rn2 (11)

| /o =
R N N[ =t 2Jhe? + R

The intensity of the sound incident on the noise barrier IiW/b , if itis installed:

Mns(1—a""
IW/b \PVSTA\?X)) W/mz (12)

where Whs is the NS acoustic power, W;

‘I’\‘j”’b is the coefficient showing the sound field diffusivity level with the installed noise barrier;
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A,W/b is the equivalent sound absorption area of the equivalent volume with the installed noise

barrier, m?, calculated using the formula (13);

c‘rl‘f’/b is the average volume sound absorption coefficient with the installed noise barrier, calculated

using the formula (14).

A\V,V/b = Ib(hgag + bgag + bgas + 2lvan + Z(h;vmb - ho)) , M2 (13)
where v, hg, by, ag, as, h;’“/"b are the same as in formula (6);

ap is the noise barrier sound absorption coefficient
ho is the overpass height, m.

wih _ |b(2hgag + bgag + bgas + 2(h;N/Ob - ho))

vo= : 14
a 21(hedo + b + Mo+ (N — o)) ()

Where Iv, hg, by, ag, as, h;'”"b, ay, ho are the same as in formula (13).

ho is the noise barrier height, m.

Glass wool, mineral wool and other materials with a high sound absorption coefficient can be used
as a sound-absorbing material in the noise barrier design [21-23].

Acoustic power WiW/b of the aperture:
W = 1 1o(h* —ho) , W (15)
where IiW’b is the intensity of the sound incident on the noise barrier if is installed, calculated using the
formula (12), W/mz;

lb, ¥, ho are the same as in formula (13).
Sound intensity I:”F’,/b in the RP:

W-W/b Ib
b = : arctg Wy 16
" 2aly(ho + hv)? + R? 2J(ho+ho)? +RZ '™ (o

where WiW/b is the acoustic power of the aperture, W, calculated using the formula (15);

Iv, ho, ho are the same as in formulas (14)—(15);
R is the distance from the overpass base to the reference point, m.
Let us substitute (12), (13) in (16):

_ AWss(L—a)")ls(h)"*™ —ho) Ib

|V = arctg w 17
"W A 27, (o + hb)? + R 2(ho+ho)? +RE ™ 4
After reductions:
" Mns(L—a"")(hY"* —ho |
[ Wb _ @-a")(h ) arctg b ’W/mz 18)

T WA 27 [(ho+ hb)? + R? 2/(ho+hs)? + R?

Thus, substituting (10) and (18) in (4), we will obtain the noise barrier efficiency:
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lo

Wby wiobygwib pwib \/ﬁ aragﬁ
ALb6=10|g 4Wns(1 dy )ha \Pv A/ 27 (ho-l—hb) +R 2o + R

—w/ol ,dB (19)
\P\‘;vmb A\/WIOD 27\ ho® + R? 4Wns(1— av/ b)(h;N/Ob - ho) arctg b
2./(ho + hb)? + R?
After reductions and taking the logarithm, we will obtain the following:
ALbs =1O|g ( s b) + +10|g ‘Pwv/ob +1O|g (1 —awlob) +10|g wlznab +
2vhe’ +R? ¥y l-av ) (h™ =ho)
w/ob 0
+10lg lo(2hgag + boag + bgas + 2hsas + 2(1}1b ho)) (20)
ls(2hgag + bgag + bgas + 2h,"*")
I Ib
+101g arcty ———+arctg
24/ho? + R 2/(ho+hb)? + R?
Assuming that ho>>hp we will simplify:
wib _ Wi wiob
ALvs =10lg \;Pwvmb +101g- 872 ) gy (hwt‘; ot
y (l-av ) a ° (21)

(Zhgag + bgag + bgas + 2hban + Z(h:’mb - ho))

+101
g (Zhgag + bgag + bgas + Zh;V/Ob)

3. Results and Discussion

The analysis of the formula (21) showed that noise reduction with the installed noise barrier is
determined by two factors:

— decreasing the radiation area of the aperture;
— increasing the sound absorbing properties of the volume when the noise barrier is installed.

The results obtained are extremely important due to their significant difference from the typical
approach to the calculation of the noise barrier efficiency in the open space. Thus, the average efficiency
of the noise barrier at different heights in the free space can theoretically reach 20 dBA. Under real-life
conditions the efficiency of flat barriers does not usually exceed 10-15 dBA due to the additional reflections
and finiteness of the noise barrier length. In turn, the efficiency of the noise barriers installed in galleries,
in accordance with the results of theoretical calculations according to the derived formula, cannot exceed
6 dBA at different heights, taking into account the sound-absorbing properties of noise-protective
structures, which coincides with the average results of experimental studies. Without consideration of the
results obtained, greatly inflated values can be calculated while assessing the noise barrier efficiency in
galleries. These results commensurate with the noise barriers efficiency in the free field, which will still lead
to complaints of the population of the surrounding residential areas about high noise levels despite
unreasonably high financial costs.

For different values of the height h;”")b and hp, the ratio in practice can be in the range of 1.3-3, and

noise reduction due to the installation of the noise barrier and decrease of the aperture area can reach
1-5 dBA. Analysis of the remaining components of the formula suggests that changing the acoustic
properties of the volume increases the acoustic efficiency of the noise barrier by no more than 1-2 dBA.
Thus, the noise barrier efficiency will not exceed 2—6 dBA at its different heights.

4. Conclusion
As a result of the study, the following results were obtained:

1. To determine the acoustic efficiency of noise barriers installed at multi-level galleries, an
approach based on the main provisions of the statistical theory of acoustics is proposed.
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2. A design scheme has been developed to determine the effectiveness of noise barriers in a

multilevel gallery

3. The formula for calculating the efficiency of the noise barriers installed in multi-level galleries on

the assumption of the approximation of the generated sound field by diffuse one was derived.

4. The main parameters on which the efficiency of the installed noise barriers depends, among
which is the decreasing the radiation area of the aperture and the sound absorbing properties of the volume.

5. It has been shown that it is necessary to use absorbing noise barriers in multi-level galleries. The

use of reflective noise barriers will not effectively reduce noise due to multiple reflections.

6. The effectiveness of noise barriers installed in multi-level galleries is much less effective in
comparison with noise barriers installed in the open space, due to the formation of a diffuse field in a closed

volume.
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