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SOUND RADIATION FROM VEHICLES ON THE RIGHT-ANGLE 
BEND IN THE ROAD 
 

Sound radiation from vehicles traveling on a city road with a right-angle bend is 
studied. The effect of wind on the acoustic field is taken into account. First, a so-
lution to the problem for two-point noise sources moving in opposite directions is 
found using the integral Fourier transforms over space variables and time. Inverse 
transforms are calculated approximately using the stationary phase method. A so-
lution to the general problem is obtained as a superposition of many partial soluti-
ons. The numerical analysis of traffic noise characteristics is carried out for the 
case of a dual carriageway Textile Workers Avenue in the town of Łódź, Poland. 

 
Introduction. A bend in the road is one of many elements of city streets. 

Because of a change in the direction of car motion, this element is an impor-
tant source of noise. Noise generated at a street bend must be different from 
the noise generated by cars traveling on a straight road. However, theoretical 
investigations on this field of acoustic environment have not been sufficiently 
developed yet. 

Recently, Chevallier et al. [3] proposed a model of noise propagation from 
a roundabout. In this work, the state of theoretical and experimental resear-
ches on traffic noise generated near a roundabout were presented. At the sa-
me time, however in a different way, we investigated noise propagation from 
vehicles traveling at a roundabout taking into account wind and sound wave 
reflection from an elastic half-space [9]. It was found that the roundabout is a 
place of a significant sound concentration. Therefore, such behavior must be 
expected also in the case of a road with unclosed arc form [16]. In our new 
model, we also take into account the two-way traffic of transport vehicles. In 
real conditions, the inhomogeneity, temperature and humidity of air, as well 
as the state of roadbed and traffic composition, have an essential influence on 
the formation of sound field structure [7, 13, 14]. Therefore, this problem is 
very complicated. In previous studies [10, 12], considering the mathematical 
model of acoustic waves generated from the straight section of a city multi-
carriageway road and from a traffic crossroad, we showed that the structure 
of traffic noise strongly depended on the type of vehicles, their velocities and 
frequency of sound emission from single sources, the road geometry, as well 
as the velocity and direction of wind. 

The main goal of this work is to formulate and numerically implement an 
analytical algorithm for the analysis of acoustic pressure and power flow den-
sity caused by many vehicles moving in two mutually opposite directions on a 
city dual carriageway road consisting of six lanes with a right-angle bend in 
windy conditions.  

1. Formulation of the problem and the method for its solution. Let us 
consider the problem of sound propagation from vehicles traveling in a road 
with a right-angle bend of radius 0ξ = ξ  and angular coordinate θ , 

3 2 2π ≤ θ ≤ π/ . Two types of vehicles are involved in this study, namely, 

personal cars (L)  and heavy trucks (C) . They travel at constant velocities Lv  

and Cv , respectively. The intervals between discrete vehicles are L∆  and C∆ . 
The road has six lanes with two, anticlockwise and clockwise, directions of 
motion for personal cars and heavy trucks on quarter circles with radii 

0 L1ξ = ξ ± ξ , 0 L2ξ = ξ ± ξ  and 0 Cξ = ξ ± ξ , L1 0,ξ < ξ , L2 0,ξ < ξ , C 0ξ < ξ . The 

vehicles, as the carriers of noise, are determined by point sources located at 
constant heights Lz h=  and Сz h= , L Сh h< , with force vector intensities LF  
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and CF  and with sound radiation frequencies LΩ  and CΩ . Assume that an 
acoustic medium moves parallel to the road plane at constant velocity vector 

w w w( , ,0)x yv v=v  in direction wθ  to axis Ox , where w w wcosxv v= θ , 

w w wsinyv v= θ  and w wv = v . 

The basic relations for linear acoustics of the moving media are the 
equation of motion and mass balance equation [8]: 

 
( , )

( , ) ( , )
d t

p t t
dt

ρ = − +v x
x F x , (1) 
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( , )1( , )
dp t

t
dtc

⋅ = −
ρ

x
v x , (2) 

where ( , )p tx  is the acoustic pressure, ( , )tv x  is the particle velocity, ρ  is the 

acoustic density, c  is the sound velocity, t  is the time,   is the Hamilton 
operator, z z⊥= + ∂ ∂i /  , where x yx y⊥ = ∂ ∂ + ∂ ∂i i/ / , xi , yi , zi  are the 

unit vectors. The full derivative with respect to time is determined as 

wd dt t ⊥≡ ∂ ∂ + ⋅v/ /  . Note that the particle velocity vector is connected with 
particle displacement vector in moving acoustic medium by the relation 

 w
( , ) ( , )

( , ) ( , )
d t t

t t
dt t ⊥

∂= = + ⋅
∂

u x u x
v x v u x∇ . (3) 

In (1), ( , )tF x  is the complex mass load vector, 0 0( , ) ( , ) ( )t G t z z= δ −F x F ξ , 

where 0F  is the vector of constant mass load real amplitudes, ( )zδ  is the 

Dirac function, ( , )G tξ  is the function characterizing complex mass load 

distribution in plane Oxy ; zz= +x iξ  and x yx y= +i iξ  are the radius-vec-

tors in space Oxyz  and in plane Oxy , respectively. 

On the acoustic medium – elastic half-space interface ( 0)z = , the follo-
wing conditions should be satisfied: 

 tot s tot,0,     0,     0,     z xz yz z zp u uσ + = τ = τ = = , (4) 

where tot rad refp p p= + , tot, rad, ref,z z zu u u= +  are the total acoustic pressure 

and total normal component of particle displacement vector in acoustic medi-
um 0z > , respectively, zσ , xzτ  and yzτ  are the stress tensor components in 

the elastic half-space 0z < , and szu  is the component of elastic displacement 

vector. The «rad» and «ref» indices denote the waves radiated by a sound 
source and reflected from plane 0z =  in the acoustic medium. The source 
term in (1) for the reflected wave may be neglected. 

Elastic stress tensor ( , )tx  and displacement vector s ( , )tu x  are expres-

sed by the following relations [2]: 
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where the scalar and vector potentials ϕ  and   satisfy the wave equations 

 
22

2 2 2
2 2 2 2
L T

1 10,   0,   0,   
c t c t

∂∂ ϕϕ − = − = ⋅ = ≡ ⋅
∂ ∂

        . (9) 

Here, L s( 2 )c = λ + µ ρ/  and T sc = µ ρ/  are the velocities of longitudinal and 

transversal waves, λ  and µ  are the Lamé elastic parameters, sρ  is the mate-

rial density of solid. 
To solve the problem, we apply the complex integral Fourier transforms 

over space variables and time: 

 F ( )( , , ) ( , ) i tf z f t e d dt
∞

ω − ⋅

−∞

ω = ∫ ∫ ∫ x kk ξ ξ , (10) 

 F ( )
3

1( , ) ( , , )
8

i tf t f z e d d
∞

− ω − ⋅

−∞

= ω ω
π ∫ ∫ ∫x kk kξ , (11) 

where ( , )x yk k=k , ( , )x y=ξ , x yd dk dk=k , d dx dy=ξ . Then solving the 

problem in the Fourier transforms and returning to the originals, as it was 
shown earlier [9], we obtain 

 rad 0 rad( , ) ( , )p t P t= ⋅x F x , (12) 

 ref 0 ref( , ) ( , )p t P t∗= ⋅x F x , (13) 

where z z∗
⊥= − ∂ ∂i  /  and 

 rad ( , )P t =x  
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4

G t R z z
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′
× ′ −

ξ
ξ

, (14) 

 ref ( , )P t =x  

 w 0 w
1 1, ( , )
4

G t R z z
c

∞ ∞

−∞ −∞

 ′ ′ ′= − − − + − ⋅ × π α ∫ ∫ M[ ]ξ ξ ξ ξ  

 s 0

w 0

( , )
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ξ
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Here, ( , )x y′ ′ ′=ξ , d dx dy′ ′ ′=ξ , 

 2 2 2
w s( ) ,    ( ) ( )/ ( )y x xy xyR x y xy z R V V− += α + α + β + α =x x x x , 

 2 2 2 2
T L T( ) 2 ( ) 4 ( ) ( ) ( )z zV S S S S S± = − + ±x x x x x[ ]  

 2 2 2
s T T w w L( ) 1 ( ) ( ) ( )z zN S c c R S S± − ⋅M x x x/ / /[ ]ξ , 

 w w( ) ( ) ,     ( ) ( ) ( )S R= = −x S x S x r x M/ξ , 

 ( ) ( , )y xy xy xx y x y= α + β β + αr ξ , 

 2 2
A A A A( ) ( ),      ,      A L,Tz xyS S S S c c= − = α =x x / , 

 w s s w w( ) ( ),       ,      z xyS z R N c= α = ρ ρ =x x M v/ / / , 

 2 2 2
w w w w w1 ,   1 ,   1 ,   2x x y y xy xy x yM M M M Mα = − α = − α = − β = , (16) 
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s ( )R x  is the reflection coefficient (as a function of angle spherical coordinates 

and physical-mechanical parameters of the acoustic and elastic media), wM  is 
the Mach number vector for wind. 

Note that presentation (14) is exact, but presentation (15) is found as the 
inverse of Fourier transformations by making use of the stationary-phase ap-
proximation method [5]. Equation (15) does not imply the small contribution of 
the Rayleigh surface wave into the reflected field. 

First, we consider a one-point source moving along the following road 
sections [11]: 1) 0x < , 0y = − ξ ; 2) 0ξ = ξ , 3 2 2π ≤ θ ≤ π/ / ; 3) 0x = ξ , 0y > . 

Then function ( , )G tξ  may be represented as 

 0i
1 2 3( , ) ( , ) ( , ) ( , ) ( , ) tG t G t G t G t G t e− Ω+ + + +≡ = + +[ ]ξ ξ ξ ξ ξ , (17) 

where 

 1 0 0 0( , ) ( ) ( ) ( )G t x x v t y H x+ = δ + − δ + ξ −ξ , 

 2 0 0 0 0( , ) ( ) ( 3 2) ( ) ( 3 2) ( 2 )G t v t t H H+ += δ ξ − ξ δ ξ θ − π − − θ − π − θ − π/ /[ ][ ]ξ ,  

 3 0 0 1( , ) ( ) ( ) ( )G t x y v t t H y+ += δ − ξ δ − −[ ]ξ , 

 0 0 0 1 0 0 0 0 0 0,     ( 2) ,     ( 2)t x v t t v s v s x+ + + + += = + π ξ = = + π ξ/ / / / / . (18) 

In the case of opposite motion of the single-point acoustic source, i.e. along the 
road sections: 1) 0y > , 0x = ξ ; 2) 0ξ = ξ , 3 2 2π ≤ θ ≤ π/ ; 3) 0y = − ξ , 0x < , 

we obtain: 

 0
1 2 3( , ) ( , ) ( , ) ( , ) ( , ) i tG t G t G t G t G t e− Ω− − − −≡ = + +[ ]ξ ξ ξ ξ ξ , (19) 

where 

 1 0 0 0( , ) ( ) ( ) ( )G t x y y v t H y− = δ − ξ δ − +ξ , 

 2 0 0 0 0( , ) ( ) (2 ) ( ) ( 3 2) ( 2 )G t v t t H H− −= δ ξ − ξ δ ξ π − θ − − θ − π − θ − π/[ ][ ]ξ , 

 3 0 1 0( , ) ( ) ( ) ( )G t x v t t y H x− −= δ + − δ + ξ −[ ]ξ , 

 0 0 0 1 0 0 0 0 0 0,     ( 2) ,     ( 2)t y v t t v s v s y− − − − −= = + π ξ = = + π ξ/ / / / / . (20) 

Here and above, ( )H x  is the Heaviside step function, 0 0v >  is the velocity of 

source motion on height 0z z= , 0Ω  is the circular frequency of sound radiati-

on, 0 0x >  is x-coordinate and 0 0y >  is y-coodrinate of the sources at the 

time 0t = . 
Substituting function ( , )G tξ  into integrals (14) and (15), and applying the 

property of Dirac function [1] 

 
( )

( )
( )

j

jj

x x
f x

f x

δ −
δ = ′∑[ ] , (21) 

where jx  are the zeros of ( )f x , ( )jf x′  is the derivative of ( )f x  over x in 

point jx x= , as well as the formula 

 ( ) ( ) ( ) ( ) ( )
b

a

f x x x dx f x H x a H x b′ ′ ′δ − = − − −∫ [ ] , (22) 
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we calculate the acoustic potentials in radiated and reflected waves rad ( , )P tx  

and ref ( , )P tx  for these cases as follows: 

 0
0 0 0 0( , ) ( , , , , , ) i t

q qP t P x t v e− Ω+ +≡ ξ Ωx x , 

 0
0 0 0 0( , ) ( , , , , , ) ,    rad, refi t

q qP t P y t v e q− Ω− −≡ ξ Ω =x x , (23) 

where 

 0 0 0 0 ,1 0 0 0 0, , , , , , , , ,q q q qP z t x v P x x v t y z+ +ξ Ω = + − + ξ Ω ×ξ( ) ( )  

 0 0 1 1 0 0 0( , , )qH x v t L x x v t y z+ +× − + ε + − + ξ +[ ]  

 ,2 0( , , , ) ( , , ) 3 2q q qP z t H z t+ ++ Ω θ − π −/[ ]{ξ ξ  

 ,3 0 0 0( , , ) 2 ( , , , )q q qH z t P x y s v t z+ + +− θ − π + − ξ + − Ω ×[ ]}ξ  

 0 3 3 0 0( ) ( , , )qH s v t L x y s v t z+ + + +× − − − ε − ξ + −[ ] , (24) 

 0 0 0 0 ,1 0 0 0 0, , , , , , , , ,q q q qP z t x v P x y y v t z− −ξ Ω = − ξ − + Ω ×( ) ( )ξ  

 0 0 1 1 0 0 0( , , )qH y v t L x y y v t z− −× − + ε − ξ − + +[ ]  

 ,2 0( , , , ) ( , , ) 3 2q q qP z t H z t− −+ Ω θ − π −/[ ]{ξ ξ  

 ,3 0 0 0( , , ) 2 , , ,q q qH z t P x s v t y z− − −− θ − π + − + + ξ Ω ×[ ]} ( )ξ  

 0 3 3 0 0( ) ( , , )qH s v t L x s v t y z− − − −× − − − ε − + + ξ[ ] . (25) 

In these formulas 

 rad 0 ref 0,      z z z z z z= − = + , 

 rad, 0( , ) exp i ( ) 4 ( )/ ( )m m m mP K L R± ± ± ±Ω = − πx x x[ ] , 

 ref, 0 s( , ) ( ) exp i ( ) (4 ( )),     1,3/m m m mP R K L R m± ± ± ±Ω = − π =x x x x[ ] , 

 rad,2 0 2 2( , , ) exp i ( , ) 4 ( )/ ( )mP t K L t R± ± ±Ω = − πx x x[ ] , 

 ref,2 0 s 2 2 2( , , ) ( , ) exp i ( , ) (4 ( , ))/P t R t K L t R t± ± ±Ω = − πx x x x[ ] , (26) 

and  

 2 2 2
, , , ,( ) 2m y m x m xy m xy mR x y xy z± ± ± ± ±= α + α + β + αx , 

 w , w ,( ) ( ) ,      1,3m m x m y mL R M x M y m± ± ± ±= − − =x x , 

 2 w 2 w w( , ) ( , ) 1 sin ( )R t R z M± ′ ′= − − ε θ − θ +x [ ]{ ξ ξ  

 
0 0

2 , ( )
( ) sin ( ) cosx y t

r r ±′ ′ξ =ξ θ =θ
′ ′ ′ ′+ε − θ − − θ[ ]}ξ ξ ξ ξ , 

 
0 0

2 , ( )
( , ) ( , ) ( )w w t

L t R z ±
±

′ ′ξ =ξ θ =θ
′ ′= − − ⋅ −x M[ ]ξ ξ ξ ξ , (27) 

with the parameters 

 2 2
, , , ,1 ( ) ,      1 ( )x m wx m y m wy mM M± ± ± ±α = − α = − , 
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 2 2
, w , w , , w , w ,1 ( ) ( ) ,     xy m x m y m xy m x m y mM M M M± ± ± ± ± ±α = − − β = , 

 0 , 0 ,,     ,     1,3m xy m m xy mK K M m± ± ± ±= α ε = α =/ / , 

 2 0 2 0,      xy xyK K M= α ε = α/ / , 

 w ,1 w 0 w ,1 w,      x x y yM M M M M+ += − = , w ,3 wx xM M+ = , 

 w ,3 w 0 w ,1 w w ,1 w 0, ,      y y x x y yM M M M M M M M+ − −= − = = + , 

 w ,3 w 0 w ,3 w,      x x y yM M M M M− −= + = , 

 0 0 2( , ) ( ) ( ) ( , )t t L t± ± ±θ = θ − ε ξx x/ , 

 0 0 0 0( ) 3 2 ( )t v t x+θ = π + − ξ/ / , 0 0 0 0( ) 2 ( )t v t y−θ = π − − ξ/ . (28) 

Note that zeros jx  for the case of straight road sections are obtained 

exactly, but for the case of curved road section, they are found using the 
iterative technique of solution of corresponding transcendental equations by 
the method described in our previous work [9]. Substituting functions 

rad ( , )P t± x  and ref ( , )P t± x  into (12) and (13), we obtain the expressions for 

acoustic pressure in waves radiated from single sources moving in two 
opposite directions, and reflected from the surface of elastic half-space: 

 tot 0 0 0 0 0 0 rad 0 0 0 0 0 0, , , , , , , , , , , , , ,p t x z v p z z t x v+ +ξ Ω = − ξ Ω +x F F[( ) ( )ξ  

 0
ref 0 0 0 0 0 0, , , , , , , i tp z z t x v e− Ω++ + ξ Ω F ]( )ξ , (29) 

 tot 0 0 0 0 0 0 rad 0 0 0 0 0 0, , , , , , , , , , , , , ,p t y z v p z z t y v− −ξ Ω = − ξ Ω +x F F[( ) ( )ξ  

 0
ref 0 0 0 0 0 0, , , , , , , i tp z z t y v e− Ω−+ + ξ Ω F ]( )ξ , (30) 

where 

 0 0 0 0 0 0 0 ,1 0 0 0 q 0, , , , , , , , , ,q q qp z t x v iK x x v t y z+ +ξ Ω = ⋅ + − + ξ Ω ×F F A( ) ( )ξ  

 ,1 0 0 0 0( , , , )q qP x x v t y z+× + − + ξ Ω ×  

 0 0 1 1 0 0 0, , qH x v t L x x v t y z+ +× − + ε + − + ξ +( )[ ]  

 ,2 0 ,2 0, , , , , ,q q q qz t P z t+ ++ Ω Ω ×A ( ) ( )ξ ξ  

 , , 3 2 , , 2q qH z t H z t+ +× θ − π − θ − π +/[ ] [ ]{ ( ) ( ) }ξ ξ  

 ,3 0 0 q 0, , ,q x y s v t z+ ++ − ξ + − Ω ×A ( )  

 ,3 0 0 0, , ,q qP x y s v t z+ +× − ξ + − Ω ×( )  

 0 3 3 0 0( ) ( , , )qH s v t L x y s v t z+ + + +× − − − ε − ξ + −[ ] , (31) 

 0 0 0 0 0 0 0 ,1 0 0 0 0, , , , , , , , , ,q q q qp z t y v iK x y y v t z− −ξ Ω = ⋅ − ξ − + Ω ×F F A( ) ( )ξ  

 ,1 0 0 0 0, , ,q qP x y y v t z+× − ξ − + Ω ×( )  
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 0 0 1 1 0 0 0( , , )qH y v t L x y y v t z− −× − + ε − ξ − + +[ ]  

 ,2 0 ,2 0, , , , , ,q q q qz t P z t− −+ Ω Ω ×A ( ) ( )ξ ξ  

 , , 3 2 , , 2q qH z t H z t− −× θ − π − θ − π +/[ ] [ ]{ ( ) ( ) }ξ ξ  

 ,3 0 0 q 0, , ,q x s v t y z− −+ − + + ξ Ω ×A ( )  

 ,3 0 0 0, , ,q qP x s v t y z− −× − + + ξ Ω ×( )  

 0 3 3 0 0 q( ) , ,H s v t L x s v t y z− − − −× − − − ε − + + ξ( )[ ]  (32) 

with 

 rad, 0 , 0 , 0 , 0( , , ) ( , ), ( , ), ( , , )x y zt A A A t± ± ± ±Ω = Ω Ω ΩA x x x xl l l l{ } , 

 ref, 0 , 0 , 0 , 0( , , ) ( , ), ( , ), ( , , ) ,  1,2,3x y zt A A A t± ± ± ±Ω = Ω Ω − Ω =A x x x xl l l l l{ } , (33) 

and 

 ,
, 0 w ,

,

( )1 1( , ) 1
( ) ( )

m
m m

xy m m m m

r
A M

R iK R

±
α± ±

α α± ± ± ±
  Ω = − − −  α   

x
x x

ξ
, 

 , 0
1( , ) 1

( ) ( )
z m

m m m

zA
R iK R

±
± ± ±

 Ω = −  
x

x x
, 

 ,2 0 w w 2 0 w
2

( , )1( , , ) 1 sin ( )
( , )xy

r t
A t M M t

R t

±
± ±α
α α ±

Ω = − − ε θ − θ ±α 
x

x
∓ [ ]{ }

ξ
 

 2 0 0
2 2

1sin ( ) cos ( ) 1
( , )

r t t
iK R t

± ±
α ±

 ± ε θ − θ −    x
[ ] , 

 
0 0, ( )

( , ) ( ) ,     , ,     1,3
t

r t r x y m±
±
α α ′ ′ξ =ξ θ =θ

′= − α = =ξ ξ ξ . (34) 

In the particular case of monopole sound source, the vector 0F  has only 

one radial component 0 0 RF=F i  in the moving spherical coordinates associated 

with a location of this source in an acoustical medium and its mirror image in 
an elastic half-space, where Ri  is the unit vector. 

Then in the moving Cartesian coordinates of this source and its mirror 
image, we obtain, e. g. 

 
0 0 0 0

0 0 0 0

( ) ( ) ( )

( , , )
x y y

R

x x v t y z z

R x x v t y z z

+ − + + ξ + −
=

+ − + ξ −
i i i

i , 

 
0 0 0 0

0 0 0 0

( ) ( ) ( )

( , , )
x y y

R

x x v t y z z

R x x v t y z z

+ − + + ξ − +
=

+ − + ξ +
i i i

i , (35) 

where 2 2 2( )R x y z= + +x . 
After some simplifications, the formulae (31) and (32) can be given as 

 0 0 0 0 0 0 0 1 0 0 0 0, , , , , , , , , ,q q qp z t x v K F B x x v t y z+ +ξ Ω = − + − + ξ Ω ×F( ) ( )ξ  

 ,1 0 0 0 0, , ,q qP x x v t y z+× + − + ξ Ω ×( )  
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 0 0 1 1 0 0 0, , qH x v t L x x v t y z+ +× − + ε + − + ξ +( )[ ]  

 2 0 ,2 0, , , , , ,q q qB z t P z t+ ++ Ω Ω ×( ) ( )ξ ξ  

 , , 3 2 ( , , ) 2q qH z t H z t+ +× θ − π − θ − π +/[ ] [ ]{ ( ) }ξ ξ  

 3 0 0 0, , ,qB x y s v t z+ ++ − ξ + − Ω ×( )  

 ,3 0 0 0, , ,q qP x y s v t z+ +× − ξ + − Ω ×( )  

 0 3 3 0 0( ) , , qH s v t L x y s v t z+ + + +× − − − ε − ξ + −[ ]( ) , (36) 

 0 0 0 0 0 0 0 1 0 0 0 0, , , , , , , , , ,q q qp z t y v K F B x y y v t z− −ξ Ω = − − ξ − + Ω ×F( ) ( )ξ  

 ,1 0 0 0 0, , ,q qP x y y v t z+× − ξ − + Ω ×( )  

 0 0 1 1 0 0 0, , qH y v t L x y y v t z− −× − + ε − ξ − + +( )[ ]  

 2 0 ,2 q 0, , , , , ,q qB z t P z t− −+ Ω Ω ×( ) ( )ξ ξ  

 , , 3 2 , , 2q qH z t H z t− −× θ − π − θ − π +/[ ] [ ]{ ( ) ( ) }ξ ξ  

 3 0 0 0, , ,qB x s v t y z− −+ − + + ξ Ω ×( )  

 ,3 0 0 0, , ,q qP x s v t y z− −× − + + ξ Ω ×( )  

 0 3 3 0 0( ) , , qH s v t L x s v t y z− − − −× − − − ε − + + ξ( )[ ] , (37) 

where 
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2. Numerical analysis of acoustic field and discussion. In the case when 
many sound sources move in each direction, we should replace initial positions 

0x  and 0y  in the foregoing formulas by jx  and jy , where ,j n= −  

( 1), ,n− − … 1,− 0,1, , 1,m m−… , 0n > , 0m > , i. e. at present, we have 

2( 1)n m+ +  sources. 
Let the distances between the sources on straight road sections be equal 

to ∆ . Then instead of 0 jx x=  and 0 jy y= , they can be written as 0x j= ∆  

and 0y j= ∆ , respectively.  

Suppose that in each direction of motion, the three lanes are as follows: 
two lanes along which personal cars travel at intervals between them being 

L∆ l , 1,2=l , and at the same velocity Lv  ( 0ξ  is replaced by L 0 L
±ξ = ξ ± ξl l , 

1,2=l ), and the third lane on which heavy trucks travel at distances betwe-

en them being C∆  and velocity Cv  ( 0ξ  is replaced by C 0 C
±ξ = ξ ± ξ ). Simi-

larly, we replace numbers m  and n  by Lm l  and Ln l , 1,2=l , for personal 

cars, and by Cm  and Cn  for heavy trucks. 
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Applying the mentioned changes in the formulas for acoustic pressure 
and summarizing the contributions of all particular sound sources, we can 
analyze the acoustic field near the bend in the dual carriageway road 
composed of six lanes taking the wind impact into consideration: 

 
L 2

tot tot L L L L L L
1

( , ) , , , , , , ,
L

m

j n

p t p t j h v+ +

=− =

= ξ ∆ Ω +∑ ∑x x Fl l
l

( )[  

 tot L L L L L L, , , , , , ,p t j h v− −+ ξ ∆ Ω +x F( )]l l  

 
C

C

tot C C C C C C, , , , , , ,
m

j n

p t j h v+ +

=−

+ ξ ∆ Ω +∑ x F( )[  

 tot C C C C C, , , , , ,p t j h− −+ ξ ∆ Ωx F( )] . (39) 

The instantaneous acoustic pressure level from the considered sources of 
noise is obtained on the basis of the formula (in dB or phones) 

 tot

0

( , )
( , ) 20 lg

p t
I t

p
 =  
 

x
x , (40) 

where 5
0 2 10p −= ⋅ Pa is the threshold pressure. 

The other energetic characteristic (as a result of noise analysis) is the 
acoustic pressure level averaged over time period 0T  (in dB) 

 
0

0

22
tot

av
0 02

( , )1( ) 10 lg
T

T

p t
I dt

T p
−

   =      
∫

x
x

/

/

, (41)  

where, for example, 0 02T = π Ω/ . 

The analysis of acoustic pressure in radiated and reflected waves is car-
ried out using (29), (30), (36)–(39), i.e. for a monopole sound sources with 

A A RF=F i  (A L,C)= . 

It can be shown that 

 A 20
A A 04 10 1metreIF K p= π ⋅ ⋅/ , (42) 

where AI  is the average acoustic pressure level measured at the one-metre 

distance from individual A -type source, A AK c= Ω /  (A L,C)= . 

For numerical calculations, we take L 75I = dB for personal cars and 

C 85I = dB for heavy transport [4, 7]. The vehicles move in air medium with 

density 1.293ρ = kg/m3 and sound speed 331c = m/s. The road is coated by 

asphalt with material density s 2000ρ = kg/m3 and velocities of longitudinal 

and transversal waves L 3468c = m/s, T 1667c = m/s [6, 15]. The chosen fre-

quencies of source vibrations are L 300Ω = Hz for personal vehicles and 

C 250Ω = Hz for heavy trucks [6]. The heights of sources are L 1h = m and 

C 2h = m, respectively. 
In the model situation, we consider a road with a bend as in the Textile 

Workers Avenue in Łódź (Poland), the radius of which is 0 152ξ = m, with 

distances from the road axis on both sides to the first, second and third lane 
being L1 3ξ = m, L2 6ξ = m and C 10ξ = m, respectively. From the observations 

carried out between 10  and 11  a.m. on 22  June 2011  it was calculated that 
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1255  personal cars and 151  heavy vehicles moved in both directions*. Taking 
approximately small distances along straight sections of the carriageway from 
bend in the road along which the vehicles travel at the same velocity, 

0 L C 40v v v= = = km/h, we obtain the following values for the number of 

vehicles L1 L2 L1 L2 10m m n n= = = = , C C 2m n= = , L1 L2 64∆ = ∆ = m, C∆ =  
264= m. The calculations are mainly done for height 4z = m. 

   
 a) b) 

  
 c) d) 

Fig. 1. Acoustic pressure totRe ( )p  on height = 4mz  vs. time in windless 
conditions on the bisector of road bend: a) in the center of curved road 
section = = 0x y ; b) = − = 152mx y ; c) 304mx y= − = ; 
d) = − = 456 mx y .  

The structure of total acoustic pressure totRe ( )p  (in Pa) is displayed in 
Fig. 1 as a function of time for windless conditions on the different radii with 
the origin in the road arc center and for 315θ = o (i.e. on the axis of geometric 
symmetry of this road section). The signals are calculated in the four points 
during 120 s. Because of non-symmetrical conditions of vehicle motion, the 
structure of acoustic pulses calculated in the two points, 0ξ =  and 304ξ = m, 
symmetrical about the road axis, is different. It is also shown that in these 
points, the amplitudes of signals are smaller than the ones on the road axis. In 
turn, on the road axis, the signals are more separated as compared to the 
signals on the road periphery. The strong acoustic signals are generated by 
heavy transport, while lesser pulses are radiated by personal cars. 

Fig. 2 illustrates the impact of wind velocity ( w 20v = km/h and 

w 40v = km/h) on the structure of acoustic pressure calculated at the distance 

of 40m from the axis of bend in the road ( 192x y= − = m). It follows from 
this illustration that an increment of wind velocity causes a ‘diffusion’ of the 
signal in time. It is worth noting that in these conditions, the acoustic pressure 
radiated from personal cars is increased too. 

                                           
* The observations were done by students of Lodz University of Technology Mariola 

Mądra and Paulina Midera. 
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 a) b) 

Fig. 2. Acoustic pressure totRe ( )p  at the distance of 40 m from the road bend 
( = − = 192mx y ) vs. time taking wind velocity into consideration: 

a) w 20v = km/h; b) w 40v = km/h ( θ = o
w 315 ).  

  
 a) b) 

  
 c) d) 

Fig. 3. Acoustic pressure totRe ( )p  at the distance of 40 m from the road bend 
( = − = 192mx y ) vs. time taking wind direction into consideration 

( w 40 km/hv = ): a) w 0θ = o ; b) w 180θ = o ; c) w 45θ = o ; 

d) w 225θ = o .  

Similar effects are observed in the structure of signals radiated from 
vehicles on a roundabout [9]. Thus, the influence of wind parameters on 
radiated sound signals is evident. 

The effect of wind direction on the structure of acoustic signals is shown 
in Figs. 3 and 4. The value of totRe ( )p  is calculated also at the distance of 

40 m from the road axis ( 192x y= − = m) as a function of time with wind ve-

locity w 40v = km/h for the four mutually opposite wind directions, namely, 

w 0θ = ° and 180°, 45° and 225°, 90° and 270°, 315° and 135° This also shows a 
sufficient influence of wind direction on the structure of sound waves. 
However, in both considered cases the amplitudes of acoustic pressure do not 
change considerably, i.e. the effect of wind parameters has a local character. 
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 a) b) 

  
 c) d) 

Fig. 4. Acoustic pressure totRe ( )p  at the distance of 40 m from the road bend 
( = − = 192mx y ) vs. time taking wind direction into consideration 

( w 40 km/hv = ): a) w 90θ = o ; b) w 270θ = o ; c) w 315θ = o ; 

d) w 135θ = o .  

Figure 5 shows the distribution of acoustic pressure level in space 
( , ) ( , , )I x y I x y t≡  (in dB) for 20t = s, calculated by (39) and (40). From the 

calculations carried out in windy conditions ( w 40v = km/h, w 315θ = °) it 
follows that noise propagation is characterized by a high acoustic pressure 
level (near 70 dB) over straight road and curved road section. 

  
Fig. 5. Sound intensity distribution in space 

tot 0( , ) 20 log( / )I x y p p=  in the 

moment of time 0t = s on the 

square 2300 300m× , 4mz = for 

w 40 km/hv =  and w 315θ = o . 

Fig. 6. Sound intensity distribution 

tot 0( ) 20 log( / )I p pξ =  along 

bisector 0 500≤ ξ ≤ m, 315θ = o  

as a function of wind velocity wv  

( w 315θ = o ) in the moment of time 
0t = s. 

In Figs. 6–8, the distributions of sound intensity ( , )I x y  are displayed 

along bisector 0 500≤ ξ ≤ m, 315θ = ° for different velocities wv  ( w 315θ = °) 
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and directions wθ  ( w 40v = km/h) of wind, and also for different velocities of 

vehicles 0v  ( w 40v = km/h, w 315θ = °). It is shown that the effects of wind 

and car motion on sound intensity structure is the biggest far from the road, 
while immediately over the carriageway it is insignificant. 

  
Fig. 7. Sound intensity distribution 

tot 0( ) 20 log( / )I p pξ =  along 

bisector 0 500≤ ξ ≤ m, 315θ = o  

as a function of wind direction wθ  

( w 40v = km/h) in the moment of 
time 0t = s. 

Fig. 8. Sound intensity distribution 

tot 0( ) 20 log( / )I p pξ =  along 

bisector 0 500≤ ξ ≤ m, 315θ = o  
as a function vehicles velocity 

0 L Cv v v= =  ( w 40v = km/h, 

w 315θ = o ) in the moment of time 
0t = s. 

  

Fig. 9. Average sound intensity distribution 
in space av ( , )I x y  on the square 

2600 600 m× , 4 mz = in 
windless conditions. 

Fig. 10. Average sound intensity distribution 
in space av ( , )I x y  on the square 

2600 600 m× , 8 mz = in 
windless conditions. 

Figs. 9–11 show the distribution of acoustic sound intensity in space 
( )avI x  averaged over time period 0 40T = s for 4, 8z =  and 12m. In this case 

the calculations are obtained using (39) and (41) neglecting the effect of wind. 
It is shown that the right-angle bend in the road is the place of high noise 
concentration (near 66 dB), which decreases with an increase of the height 
and distance from this road section. 

In Figs. 12–14, the distributions of sound intensity averaged power flow 
density ( )avI x  are displayed for 4z =  along bisector 0 500≤ ξ ≤ m, 315θ = ° 
for different velocities wv  ( w 315θ = °), directions wθ  ( w 40v = km/h) and 

velocities 0v  ( w 40v = km/h, w 315θ = °). These results have also shown that 

the effect of wind and motion of sound sources on sound intensity structure is 
the biggest far from the road. 
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Fig. 11. Average sound intensity distribution 
in space av ( , )I x y  on the square 

2600 600 m× , 12 mz = in 
windless conditions. 

Fig. 12. Sound intensity distribution in space 

av ( , )I x y  averaged for time period 
40 s  along bisector 

0 500≤ ξ ≤ m, 315θ = o  as a 

function of wind velocity wv  

( w 315θ = o , 0 Lv v= =

C 40v= =  km/h). 

  

Fig. 13. Sound intensity distribution av ( )I ξ  
averaged for time period 40 s  
along bisector 0 500≤ ξ ≤ m, 

315θ = o  as a function of wind 
direction wθ  ( w 40 km/hv = , 

0 L C 40v v v= = =  km/h). 

Fig. 14. Sound intensity distribution av ( )I ξ  
averaged for time period 40 s  
along bisector 0 500≤ ξ ≤ m, 

315θ = o  as a function of vehicles 
velocity 0 L Cv v v= =  

( w 40v = km/h, w 315θ = o ). 

Conclusions. A new analytical approach to the description of vehicle 
sound radiation from a road bend taking into consideration wave reflection 
from the boundary interface: acoustic moving media – elastic solid half-space, 
is presented. A solution to this problem is obtained with the help of Fourier 
transforms over time and space variables in the plane parallel to the surface 
of elastic half-space. The same resulting integrals are calculated using the 
stationary phase method. The mathematical modeling was carried out for a 
dual carriageway road with three lanes each traveling in opposite directions 
of personal cars and heavy trucks. For numerical calculations data collected 
from one of Łódź streets were used. The analytical and numerical results of 
our work are as follows. 

• The temporal structure of acoustic signal from a group of vehicles as 
the monopole sound sources moving on the road bend is very complicated 
and presented as a superposition of two series of quasi-sinusoidal pulses. The 
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calculations carried out in the immediate proximity to the road show that 
signals with bigger amplitudes (of the order of 0.05 Pa) belong to heavy 
transport, while signals with smaller amplitudes (of the order of 0.02Pa, 
frequently) – to personal cars. 

• The obtained formulas allow us to describe and estimate the acoustic 
field generated by vehicles traveling on the straight road sections and on the 
road bend. The straight and curved road sections are the places of high con-
centration of sound energy, where the acoustic pressure level can increase 
by 20 30÷ dB in comparison to the outside of road. 

• The influence of wind and velocities of cars on the acoustical pressure 
and acoustical pressure level near road is important for the inner structure 
of these characteristics, but not for amplitude. The noise quickly weakens to 
the level of 50 dB with a small increase of the distance from the road axis 
and remains on this level in large space in the neighborhood of a road. 
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ВИПРОМІНЮВАННЯ ЗВУКУ АВТОМОБІЛЯМИ НА ПРЯМОКУТНОМУ ПОВОРОТІ ДОРОГИ 
 
Вивчається задача звукового випромінювання автомобілями, які рухаються по 
міській вулиці з прямокутним поворотом. Враховується вплив вітру на акус-
тичне поле. Спочатку розв’язок задачі одержано для двох точкових джерел шуму, 
які рухаються в протилежних напрямах, з використанням інтегральних пере-
творень Фур’є за просторовими змінними і часом. Обернені трансформанти об-
числені наближено з використанням методу стаціонарної фази. Розв’язок загаль-
ної задачі одержано як суперпозицію багатьох часткових розв’язків. Числовий 
аналіз характеристик дорожнього шуму проведено для випадку вулиці Текстиль-
ників з двостороннім рухом в Лодзі, Польща. 
 
ИЗЛУЧЕНИЕ ЗВУКА АВТОМОБИЛЯМИ НА ПРЯМОУГОЛЬНОМ ПОВОРОТЕ ДОРОГИ 
 
Изучается задача звукового излучения автомобилями, двигающимися по городской 
улице с прямоугольным поворотом. Учитывается влияние ветра на акустическое 
поле. Сначала решение задачи получено для двух точечных источников шума, пе-
редвигающихся в противоположных направлениях, с использованием интеграль-
ных преобразований Фурье по пространственным переменным и времени. Обрат-
ные трансформанты определены приближенно с использованием метода стацио-
нарной фазы. Решение общей задачи получено в виде суперпозиции многих 
частных решений. Численный анализ характеристик дорожного шума проведен 
для случая улицы Текстильщиков с двусторонним движением в Лодзи, Польша. 
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