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Dynamic response of unsupported and supported cavities in an elastic half-space
under moving normal and torsional loads

This study explores the impact of uniformly moving normal and torsional loads along an infinitely long circu-
lar cylindrical cavity, situated within a half-space (body), on the behavior of the elastic half-space. The cavity
is either unreinforced or reinforced by a thin-walled elastic shell. To describe the motion of the body and the
shell, dynamic equations of elasticity theory in the Lamé potentials and equations of the classical shell theory
are used, respectively. The equations are represented in coordinate systems moving together with the loads
(cylindrical or Cartesian). The method of integral Fourier transform is used to determine the stress-strain
state (SSS) of the half-space. The solution to this problem considers waves reflected from the boundary of the
half-space, which occur during the movement of loads, instead of assuming the body is an elastic space like
similar works. The results of numerical experiments are presented, illustrating the influence of the shell on
the deformed state of the half-space boundary under the action of axisymmetric normal and shear loads,
which are uniformly applied within a certain range and move at a constant speed.
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Introduction

Lately, there has been a noticeable increase in studying the dynamic behavior of various engineering
and structural systems due to the diverse types of moving loads they encounter. Such problems arise in the
calculation of aerodromes under the influence of moving aircraft, tunnels, and underground pipelines under
the influence of transport loads (loads that occur during the movement of intratunnel transport and the trans-
portation of solid materials, liquids, and gases through pipelines) and so on. The rapid progress in modern
technology, computational mathematics, and computer technologies has played a crucial role in stimulating
this growing interest.

In the context of the tunnel and underground main pipeline dynamics subjected to transportation loads,
the research typically focuses on model problems addressing the effect of a load on a cylindrical shell (the
surface of the cavity if the tunnel is unsupported) situated within an elastic body. The load uniformly moves
along the inner surface of the shell along its generatrix. In the case of deep placement of these structures, the
body represents an elastic space, while in the case of shallow placement, it is an elastic half-space. Model
problems of the tunnel and deep-buried transportation pipeline dynamics under the influence of transporta-
tion loads have been examined in numerous scientific studies. The number of publications dedicated to this
issue is relatively small in the case of shallow placement of these structures due to the more complex nature
of the problem formulation. Recent years have seen a notable increase in published works that deserve
recognition [1-6]. In these studies, numerical investigations of the SSS of the body were conducted for the
case when a normal moving load of various types acts on the cylindrical shell or the cavity surface. In arti-
cles [7, 8] similar investigations were conducted for the case of a normal axisymmetric load [7] and an ax-
isymmetric torsional load [8] acting on an extremely long thin-walled circular cylindrical shell positioned in
an elastic space. To describe the motion of both the body and the shell, the dynamic equations of elasticity
theory and the equations of the classical theory of shells were used, represented in the moving cylindrical
coordinate system. In [7], when the speed of the load's movement was subsonic, the Fourier transformation
was applied to the moving axial coordinate for solving the problem. Dynamic equations of the theory of elas-
ticity and classical shell theory equations were used to describe the motion of the body and shell, respective-
ly. These equations were presented in a moving cylindrical coordinate system. In article [7], Fourier trans-
formation was used to solve the problem, while in article [8], Fourier or Laplace transformation was applied
with respect to the moving coordinate.
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The present article provides a solution to the problem of the combined action of moving normal and tor-
sional loads on an infinitely long thin-walled circular cylindrical shell or cavity surface in an elastic inertial
half-space. Such action occurs during the rotational movement of cleaning devices in an underground pipe-
line [9], and it can also arise due to the inequality of dynamic loads transmitted to each of the rails laid in a
cylindrical tunnel [10], whether supported by a shell or unsupported. In contrast to [7, 8] and similar works,
the moving loads in this article can have an arbitrary form. Additionally, when solving the problem, the in-
fluence of waves reflected from the boundary of the half-space, which arise during the movement of loads, is
taken into account.

Methods

The study is based on assumptions and equations of elasticity theory. To solve the problem, the method
of integral Fourier transform is used. This allows us to consider moving loads distributed along the shell's
axis according to an arbitrary law and obtain the final expression of the solution without the need for summa-
tion.

Problem formulation and solution

Let's consider a homogeneous and isotropic body in Cartesian x,y,z and cylindrical r,0,z coordinate

systems, which have a common origin occupying a fixed position in space. The body is a linear elastic half-
space (x = h), with its boundary free from loads and parallel to the z-axis. The body contains an elongated
circular cylindrical cavity with a radius of R, the axis of which coincides with the x-axis (Fig. 1). The surface
of the cavity can be rigidly connected to a thin shell with a thickness of ho. Since the shell has a small thick-
ness, we will assume that it contacts the body along its middle surface (Fig. 2). We will use the following
notation for the physicomechanical properties of the body and shell materials. Poisson's ratio: v (for the
body), vo (for the shell); shear modulus: u (for the body), wo (for the shell); density: p (for the body), po (for
the shell).
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Figure 1. Half-space containing a circular cavity
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Figure 2. Half-space containing a circular shell
Figures illustrate normal and tangential (torsional) loads moving along the z-axis at a constant speed c,
either on the surface of the cavity (Fig. 1) or the shell (Fig. 2), sharing common points of application and
identical characteristics. The ensuing analysis aims to ascertain the SSS of the body.
To solve the problem, we will use coordinate systems moving together with the load: Cartesian
(x, y,nN=2 —ct) and cylindrical (r,e,n =z —ct). In these coordinate systems, the motion of the body and the

shell will be described by equations (1) and (2), respectively. [1, 2]:
(M? =M ?)grad div u + M ;2V2u = 8°u/on?

p

)

where M| = c/cp , M, =c/c, —Mach numbers; ¢, =/u/p, c, =, /(L +2u)/p —the speeds of propaga-
tion of compression-expansion and shear waves in the body, A = 2uv/(1-2v); V* — Laplace operator, u —
the displacement vector of the elastic body.
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where g; and u,; — the response of the body and the displacements of points on the mid-surface of the

)

shell (when r=R @;= oy, where 6, — the stresses in the points of the body), j=n,6,r; Pe(e,n) and

P (6,1) —the intensity of the torsional and normal load.
Let's express the vector u based on the Lamé potentials @ (j = 1, 2, 3) [11]

u=grade, + rot(cpzen)+ rot rot((psen), ©))
where e, — the unit vector of the axis n.
Using (1) and (3) we obtain:
Vip, =M%, /on?, j=1,2,3. (4)
Here M, =Mp, M, = M3 = M..
Let's represent the components of the SSS of the body using Lamé potentials ;.
The components of vector u (3) in Cartesian (5) and cylindrical (6) moving coordinate systems:
o, =00, 20, Oy
oXx o0y 0Oxom
2
u, =0 00, 00; 6)
oy OX oyonm
LU m? 62([)23 ;
on on
u, :%4_16@2 +62(P3 ,
or r 08 onor
2
y, =100 00, 1070, (6)
roe or ronod
u =%+mf—az(p3 :
n 61’] 61’]2
By applying Hooke's law and considering equations (5) and (6), we can derive the formulas for the
components of the stress tensor in both Cartesian (7) and cylindrical (8) coordinates

u, =
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Applying the Fourier transformation in n to equations (4), we obtain
Vie;—mi&e; =0, j=1,2,3, ©)

where ¢’(r,0,8)= _[(pj(r,e,n)e‘ii”dn, m?=1-M2, m=m,m,=m,=m,, V; — two-dimensional Laplace

operator.

Applying the Fourier transform to (5) — (8) in n, we obtain expressions for the transformants of dis-
placements u,* and stresses Gfm in Cartesian (I,m=X,y,n) and cylindrical (I,m=r,0,1) coordinates, rep-
resented by ¢ .

Let's impose a constraint on the speed of load movement, assuming it is less than the shear wave veloci-

ty in the body, i.e. ¢ < cs. Then Ms < 1 (ms > 0), and the solutions of equations (9) can be represented as fol-
lows

¢, =P + 0. (10)

Here @ = iam n(k r) "L, 0P = jg £,¢) exp( yC+(x—h),/C> +K° )dq K, (kr) — MacDonald func-

tions, k, =m.&; a,, 9,(€,&) — unknown functions and coefficients to be determined, j=1,2,3.
In the Cartesian coordinates, the expressions for the transformants of potentials (10) will take the form:
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¢, = I[Zf Y@, + 9,0 [ede. (12)

j =0

+f )
Here f; = Cka,Q;[%J ,j=12,3.

i

Let's express the functions g, (i C) by the coefficients a, (j=1,2,3). To accomplish this, we will
consider (11) and utilize the boundary conditions when x = h:
G, = cs cs =0.

Extracting coefficients of e and equating them to zero, we derive a system of three algebraic equa-
tions from which we can deduce

9;(&0)=

ZA e Z a,d, (12)

*Il

Here A, :(2pf —62)2 —4p2 [p? —a?[p? —B?

2 2V
Jp— Z—(i‘;; _'1 ) A, =-20(2p2 —B7), A, =26(2p7 ~B7 Np? 7,

2\p? -a
. MZ . A..
Ay Z_m_;Alz’ A, :_m, _—4@; \/p* o \/p*
o A.. 207 —p*f
A31 = —mz—lgz, A32 = B—il, A33 = - 2\/p2 (\/pp B )

a=ME B=ME p>=£+C%, A.=(2p2—P2) —4pi\p?—a?p? -
pZ =& +(2/m2 —1)c2.

As demonstrated in [1], the determinant A*(F,, c;);to for ¢ < cr, where ¢, — the Rayleigh surface wave
velocity in the half-space [11].
When ¢ < cg, the expressions (11), taking into account (12), will have the following form

) =xfj *

oi=] ezfl 30, +e 32 e Y a,0, L. (13)

n=-o 1=1 *

Substituting (13) into the expressions for ul* and Gl*m presented in the Cartesian (I,m=X,y,n) coordi-
nates, we obtain:

©

J‘ -|-<1)|:<1)+-|-(2>|:<2>) s

— J=1

%_J'z I;}Fnj ImJ n(J )ei(yQéﬂ)dC'

—o J=1
Here
o € @ e AN
_ _ - K A~
Ry =-—2a®, F7=e"""%-Fe">a0,,
2fj n=-o k=1 * n

Tx(ll) = _Tx(12) = _fl’ Tx(21) _Tx22) = _C’ T(l) _T & - fS& ’
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Ty(ll) :Ty(f) — in Ty(;) — _Ty(22) — ifza Ty(;) :Ty(32) — _Iéc ,
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Sga =Sy =-21Li, S =80 =—(f/+L")i, S =-S0 =21¢i,

@ 2 _ o _ 2) _ @ (2
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[6Y) 2 _ O _c®@ _ H o _ 2 _
anl _anl _2 fl&" anZ anZ éCI’ anS _anS - n f I

n =00+ mp)é , N, =1+m?)E&.

To represent the transforms of potentials (7) in the cylindrical coordinate system, we will use the rela-
tionship [12]

EXp(lyQ+(x h){/C% +k? ) Z| (kr)em%)[gﬂ/@ +k’ Jehwl

Here 1_(kr) —modified Bessel functions.
Then

n=—o0

) = Z[a K, (k) +1, (K, r)jg (0 D, e“"dgj e

When ¢ < cr, these expressions taking into account (12), will take the form

*

) = Z( K, (k;r)+by 1 (k,r))e™, (14)

N=—0

0o A*

3 o A
where b ZZ JA A= Lo, @ e g

I=1 m=— —o

By substituting (14) into the expressions for ul* and cs,*m represented in the cylindrical (I, m=r, 0, n)
coordinate system, we obtain

= iihﬁm(}(n(kjr))anj +T|j(2)(|n(kjr))bnj]ei(gmno),
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To determine the unknown coefficients an (j = 1, 2, 3) in the expressions for the transformants of dis-
placements U, and stresses o, , we will use the boundary conditions at r = R:
- for a nonreinforced cavity (Fig. 1)

o, =P (0,8 o, =-R (0,8 o,=0 (15)

where P’ (6,&)= IP (6,m)e™'dn=p,(6)p ZPe'”0 i Ip(n)e'?’”dﬂ i=r.0;

- for cavity reinforcement with a thin shell (Fig. 2)
u =u, (16)

where u;,(0,&)= 'fuo,(e,n)e"‘i"dn, l=n,0,r.

By applying the Fourier transformation to (2) in n and expanding the functions Pj*(e,ci) and u;, (9, i)
(3=06,r,1=m,0,r) into Fourier series in n, we obtain:
812u0nn +V,NEGUg,e — 21V EoUy,, = _Goqnn’
Vzngouom + 8iuom) - 2inu0nr = Go(Pne —Ono )’
2iv0§0u0nn + 2inuOne + 82uOnr = (Pnr - an)'
where &f =ag—gg, & =Pg—&, &=V & =Vi&Mg, & =ER,
=282+, & =ER, Bi=viEl+2n?, yl=y’(g2+n?f+2,
2 2
c W, » h v,R
v,=1-v,,v,=1+v,, M =—, Co=_|—, % = G, =—
1 0r V2 0 ) Cso 0 po X 6R2 0 “Oho

composition P;(e,a) and U, (9,&) in the Fourier series by 0; 0, =(c,),. Whenr=R,j=0,r,1=1,6,r.

, B, and uy,

By solving the last equations with respect to Uy, (I =n, 6, r ) we find:

3§
Uonn =GOjZ:l:8_m(Pnj — Uy )’
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By substituting the respective expressions into the boundary conditions (15) or (16) and equating the
coefficients of the series with respect to €™, for each value of n=0, +1, + 2,..., we obtain a system of linear
algebraic equations with the determinant A (&,c) =0, from which we find the coefficients an; (j = 1, 2, 3).

Next, by applying the inverse Fourier transform, we compute the displacements u; and stresses ocim
(I, m=r,6,n) in the body. In this case, any numerical method can be used, provided that the determinant
A, (&,c) = Ofor each value of n=0, +1, +2,.... Research on determinants A (&,c) has demonstrated that for
an unsupported cavity (Fig. 1), this requirement can be fulfilled by satisfying the condition ¢ < cr. However,
for a supported cavity (Fig. 2), the speed of load movement must be lower than its critical speeds ¢ <c,)..

n

I

The values of the critical speeds c,,. are determined from the equations A (&,c)=0. As studies of these

equations based on numerical calculations show, the smallest (lowest) critical speed of the load corresponds
to the number n =0 (minc,. =Cg,.) [1].

Results and Discussion
As an example, let's consider the circular cylindrical cavity depicted in Figure 1 with a radius of R = 1m
in a half-space (h = 2R) with the following physical and mechanical properties: v =0,2, p=2,532-10° Pa,
p=25-10° kg/m? (c, =1006,4 m/s, c, =917 m/s). Along its surface, in the direction of the z-axis, an ax-

isymmetric compressive normal load P, and an axisymmetric torsional load Py of equal intensity, P (Pa), are
moving with a constant velocity of ¢ =100 m/s. The loads are uniformly distributed within the interval

M <l,=02R . In this case, P, =1, P,=0 (n=#1+2.., j=o,r ), P, ()=-2Psin(l,)/¢

p; (&)= Psin(&l,)/& . We select the intensities P of the loads in such a way that for each of them, the total
load over the entire length of the loading section 2lo equals the equivalent concentrated radial load with an

intensity of P~ (N/m), i.e. P=P~/2l,. Then p;(&)=-Psin(&l,)/(&l,), pi(e)=P=sin(l,)/(l,)-
In Figure 3, the vertical u; =u,u/P", m (a) and horizontal u; =u u/P°, m (b) (where P° =P~ /m, Pa)

displacements of the points of the boundary of the half-space are shown in the xy coordinate plane. Curves 1
are plotted for the case of an unsupported cavity (Fig. 1), while curves 2 are for the case when this cavity is
reinforced with a thin cast iron (ho = 0,05 m; vo = 0,3, o = 5,77-10'° Pa, po=7,2-10%g/mq) shell (Fig. 2).
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Figure 3. Displacements of points of the boundary of the half-space

From the analysis of the curves, it can be concluded that reinforcing the cavity with a shell leads to a
reduction in the dynamic impact of moving loads on the boundary of the half-space.

Conclusion

The problem of the effect of uniformly moving normal and torsional loads along an elongated long cir-
cular cylindrical cavity, situated in an elastic half-space (body), on this elastic half-space has been solved.
The cavity is either unreinforced or reinforced by a thin-walled elastic shell. Such loading action occurs dur-
ing the rotational movement of cleaning devices in an underground pipeline and can also arise due to uneven
dynamic loads transmitted to each of the rails laid in a cylindrical-shaped tunnel, whether it is supported with
a shell or not. When solving the problem, the velocity of load movement is considered to be subsonic. Speed
restrictions are imposed: in the case of an unsupported cavity, the speed must be lower than the Rayleigh
wave velocity in the half-space, and in the case of a cavity supported by a shell, in addition, the speed must
be lower than the critical speeds of the moving loads. In contrast to a similar problem for an elastic space that
simulates a deep tunnel, this problem is more complicated, since it becomes necessary to take into account
the waves reflected by the boundary of the half-space. In contrast to similar works where the medium is con-
sidered as an elastic space, this problem's solution takes into account the effect of waves reflected from the
boundary of the half-space, which arise during the movement of loads.

Using the obtained solution and results of numerical experiments, the influence of the shell on the de-
formed state of the half-space boundary was studied under the action of uniformly applied axisymmetric
normal and torsional loads moving at a constant speed within a certain range. The results of the study indi-
cate that reinforcing the cavity with a shell leads to a reduction in the dynamic impact of moving loads on the
boundary of the half-space.
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Cepnimai xkapThlIail KEHICTIKTErl KYLIeHTIIMereH ’KoHe KylIeHTiireH
KYBICKA KO3FAJaTbhIH KAJBINTHI 5KHE OYpaJy :KyKTeMeJIepiHiH dpekeTi

CepmimMzi XapThUTail KeHiCTiKKe (MacCHBKE) OCHI JKapThUIAil KEHICTIKTEe OpHATAaCKaH MIEKCi3 Y3BIH JOHTEICK
OWTHHIPITIK KyBICTHIH KYKa KaOBIPFachIHBIH CEpPIiM/Ii KaOBIFbIHA OCKITIIMETeH HeMece OEKITireH OOMbIMEH
OipKesKi KO3FaJIaThIH KaJIBINTHI )KoHE Oypaiy KyKTeMelnepiHiH acepi 3eprreni. JKapTbuiaii KeHICTIK KYKTep-
IiH acepiHeH 00c KeJJeHeH IeKapachl KybIC OCiHe mapaiuienb Oosansl. JKYKTepaiH KO3Faly >KbIIIaMIbIFbI
JBIOBICKA ISHiHTI JIen KaObUIaHaabl, SSFHU JKapThUlald KEHICTIKTE BIFBICY TOJKBIHIAPBIHBIH Tapajy *KbLIIaM-
JIBIFBIHAH a3 Oosiael. MaccuB TeH KaOBIKTBIH KO3FAIBICHIH CHUIATTAY YIIiH caiikecinnre Jlame moTeHnmanga-
PBIHAAFBl CEPHIMIUTIK TEOPHUSCHIHBIH JHHAMHUKAIBIK TEHACYJepl jKOHEe KaOBIK TEOPHICHIHBIH KIIACCHKAIBIK
TeHeyIepl maimanaHeUIFaH. TeHIEyep >KYKTeMelepMeH Oipre KO3FalaThIH KOOpAMHATTAp KyienepiHme
(UMIMHAPITIK HEMece NEKapTTHIK) YCHIHBUTFaH. JKapThitait KeHiCTIKTIH KepHeyTi—aedopManusianFad KYHiH
(KOK) ambikray yuris uaTerpangsl Oypbe TYpiaeHaipy oici KommaHbuiansl. MaccuB cepmimai KeHICTIK Ty-
piHIE YCHIHBUIATHIH MYHJal JKYMbBICTap/iaH albIpMalIbUIBIFEl, MYH/IA €CEeNTi LISy Ke3iHJe )KYKTeMeNepaiH
KO3FaJIbICHI Ke3iH/le Maiia GoaThiH JKapThlIail KEHICTIK IeKapachbIMEH MIaFbUTBICKAH TOJIKBIHIAP.IBIH MacCH-
BiHe acepi eckepineni. EcenTi menry jkoHe a3ipJeHreH KOMIBIOTEPIIiK OaFiapiamanap Heri3iHae CaHIbIK K-
criepuMeHTTep Kyprizingi. CanablK SKCIepUMEHTTepAiH HOTIKeepi Oenriii Oip apajibikra OipKeski Koima-
HBUTATBIH JKOHE KAaJBINTHI )KoHE Oypaiy sKyKTeMeJIepiHiH OCHMMETPHSIIBIK TYPAKTHI IBIOBICKA ICHIHTI XKOHE
HIEKTEH KeM KO3FalaThIH JKapThUIal KEHICTIK MIEKapachIHBIH JepOopMallisuIaHFaH KyiHiHe KaOBIKTBIH OCepiH
KepceTeTiH Tpadukrep TypiHme OepinreH. Ocbl HOTHXKENEpl TanAaydaH KybICTHl KaOBIKIIEH HBIFAHTY KO3-
FaIMalibl )KYKTEMEJIEp/IiH JKapThUIail KeHICTIK IIeKapachlHa JHHAMHKAIBIK OCEPiHIH TOMEHJEYiHEe OKeINeTiHi
IIbIFaabI.

Kinm ce30ep: cepmimai xapThliail KEHICTIK, MACCHB, KYybIC, IMIHHAPIIK KaObIK, KO3FAIMaIbl )KYKTEME, JKbLI-
JIAMJIBIK, KO3FaJIbIC, KEPHEY.
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JeiicTBUe IBUKYIIMXCHA HOPMAJbHOW M CKPYUYMBaKOIlell HATPY30K HA
HEMOAKPEIJIEHHYI0 U MOJAKPEIIEHHYIO M0JOCTh B YIIPYTOM IOJIyIIPOCTPAHCTBE

HccnenoBaHo Bo3/eiicTBHE HA YIIPYroe MOMYIPOCTPAHCTBO (MacCHB) HOPMaJbHON M CKpYyYMBAroIIei Harpy-
30K, PaBHOMEPHO IBIDKYIIUXCS BOJIb HEMOAKPEIUICHHON MM MOJKPEIUIEHHON TOHKOCTEHHOH yIpyroit 06o-
JIOYKOH OECKOHEYHO JUIMHHOM KPYroBOHM HMIMHAPHYECKOH IOJIOCTH, HaXOMASAIMICHCS B 3TOM IOJIYIPOCTpaH-
ctBe. CBOOOgHAS OT AeiCTBUS HArpy30K FOPU3OHTAbHAs IPAHUIA MOIYIPOCTPAHCTBA MapalieNbHa OCH MOo-
soctu. CKOpOCTh JBHKEHMSI HArPY30K NIPUHUMAETCS JO3BYKOBOM, TO €CTh MEHBILIE CKOPOCTH PacHpOCTpaHe-
HUS BOJIH CJ[BUTA B IIOJIyIIPOCTPAHCTBE. /ISl ONMCaHMs ABM)KEHNSI MacCUBa U 000JIOYKH HCIIONB3YIOTCS COOT-
BETCTBEHHO JIMHAMUYECKUE YPAaBHEHUS TEOPUH YNIPYrOCTU B NOTeHIMaNax Jlame U ypaBHEHHs KJIaCCUYECKOH
TeopuH 000JI0UeK. Y paBHEHHUS TIPEICTABISIOTCS B IIEPEMEIIAIONINXCsl BMECTE C Harpy3KaMH CHCTeMax Koop-
IUHAT (IWINHIPUYECKOH MM AeKapToBoi). s onpeseneHus HanpsHkKeHHO-Ie()OPMUPOBAHHOTO COCTOSTHUS
HOJTYTIPOCTPAHCTBA UCIIOB3YETCSI METOA MHTErpajbHOTO NpeodpaszoBanns Oypre. B oTimune ot mogqo6HBIX
paboT, T1ie MaccUB MPEACTABIAETCS B BUAE YIPYTOro MPOCTPAHCTBA, 3/1€Ch IPH PEIICHNH 33a1a4l YUUTHIBACT-
sl BO3JIEHCTBHE HA MAaCCHUB OTPa)KEHHBIX IPAHUIIEH MOIYIPOCTPAHCTBA BOJH, BO3HHUKAIOIIUX MPH ABIKCHUH
Harpy3ok. Ha ocHoBe perenust 3agadu u pa3pabOTaHHBIX KOMITBIOTEPHBIX IIPOTPaMM HPOBEICHBI YHCICHHbIC
SKCTIEpUMEHTHI. Pe3ynbTaThl YHCIEHHBIX 3KCIEPUMEHTOB IIPEACTABICHBI B BUAE IPa(UKOB, KOTOPBIE HILTIO-
CTPHUPYIOT BIMSHUE 000J0YKH Ha 1e(hOPMUPOBAHHOE COCTOSHHE TPAaHMIIBI ITOJYIPOCTPAHCTBA MIPH IEHCTBUN
PaBHOMEPHO NPHJIOKEHHBIX B ONPE/EIICHHOM HMHTEpBaje U JBIKYIIUXCA C IOCTOSHHON J03BYKOBOW U JI0-
KPUTUYECKON CKOPOCTBIO OCECUMMETPUUHBIX HOPMAJIbHON U CKpyuuBarollel Harpy3ok. M3 aHanusa 3Tux pe-
3yJIBTATOB CJEIYET, YTO IOAKPEIUICHHE MOJOCTH 000J0YKOH MPHBOIUT K CHW)KCHHIO TUHAMHYECKOTO BO3-
JEeHCTBUSI ABIOXKYIINXCS HATPY30K Ha TPAHUIy TTOIYHPOCTPAHCTBA.

Kniouesvie cnosa: ynpyroe momynpOCTPaHCTBO, MACCUB, IOJIOCTh, HIIMHAPUIECKas 000I0UYKa, MOABIDKHAS
Harpyska, CKOpOCTb, IEPEMEIICHHNS, HAIPSKECHHS.
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