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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 gircu-
lar cylindrical cavity, situated within a half-space (body), on the behavior of the elastic half-space. The
is either unreinforced or reinforced by a thin-walled elastic shell. To describe the motion of t
shell, dynamic equations of elasticity theory in the Lamé potentials and equations of the cl‘sic el
are used, respectively. The equations are represented in coordinate systems moving togethe&
t tr

(cylindrical or Cartesian). The method of integral Fourier transform is used to determi €
state (SSS) of the half-space. The solution to this problem considers waves reflected frofit thedagundary of the
half-space, which occur during the movement of loads, instead of assuming the bodgpi lastic space like
similar works. The results of numerical experiments are presented, illustrating th&{influe f the shell on
the deformed state of the half-space boundary under the action of axisymmetni al and shear loads,
which are uniformly applied within a certain range and move at a constant sp Q

Keywords: elastic half-space, body, cavity, cylindrical shell, moving load, Velo¢
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splacement, stress.

Introductio

Lately, there has been a noticeable increase in s
and structural systems due to the diverse types

the dynamic behavior of various engineering
ads they encounter. Such problems arise in the
calculation of aerodromes under the influence of craft, tunnels, and underground pipelines under
the influence of transport loads (loads that occur duri e movement of intratunnel transport and the trans-
portation of solid materials, liquids, and gasesithrough pipelines) and so on. The rapid progress in modern
technology, computational mathematics, a puter technologies has played a crucial role in stimulating
this growing interest.

In the context of the tunnel
the research typically focuses on
surface of the cavity if the tu
along the inner surface of the

@ ound main pipeline dynamics subjected to transportation loads,
problems addressing the effect of a load on a cylindrical shell (the
ported) situated within an elastic body. The load uniformly moves
ong its generatrix. In the case of deep placement of these structures, the

U

body represents an elasticispaceé®™Wwhile in the case of shallow placement, it is an elastic half-space. Model
problems of the tun -buried transportation pipeline dynamics under the influence of transporta-
tion loads have been e d in numerous scientific studies. The number of publications dedicated to this
issue is relativ Il i"the case of shallow placement of these structures due to the more complex nature
of the pr@b ; tion. Recent years have seen a notable increase in published works that deserve
recognitiony] these studies, numerical investigations of the SSS of the body were conducted for the
case when a al 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 neéd for summa-

tion.
Problem formulation and solution 0\\
indr

Let's consider a homogeneous and isotropic body in Cartesian x,y,z and ¢ r,0,z coordinate
systems, which have a common origin occupying a fixed position in space. T %ﬂ inear elastic half-
space (x = h), with its boundary free from loads and parallel to the z-axis. bodys€ontains an elongated
circular cylindrical cavity with a radius of R, the axis of which coincides hey-axis (Fig. 1). The surface
of the cavity can be rigidly connected to a thin shell with a thickness f@e the shell has a small thick-
ness, we will assume that it contacts the body along its middle surfa 1gw™2). We will use the following
notation for the physicomechanical properties of the body ah aterials. Poisson's ratio: v (for the
body), vo (for the shell); shear modulus: u (for the body), wo Lfor 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,n=z—ct) and cylindrical (r,0,m=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 = 6°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.

1 (1—v, )p,c? | Uy, +1—v0 Uy, +1+v0 0°Uy, Ve Ay, _ 1-v, q \ 2 \
24, on>  2R* 06* 2R omdd R on 2u,h, " \
1+v, 0°U,, N (@-v,) 1- p,C? | d%U,, +i 0°Uy, +i%: 1-v, _% @)
. Jom® R® 80° R* 90 2u.h

2R onod 2
ﬁaum\ +iauoe hy LV, + (1—v0)p002 0l o

R on R? 60 12 2u, o’ R
where g; and u,; — the response of the body and the dlsm\o of points on the mid-surface of the

shell (when r=R @;= oy, where 6, — the stresses in t
P (8,m) — the intensity of the torsional and normal loa

trot((psen), 3

u=grade, +rot

where e, — the unit vector of the axis n.
Using (1) and (3) we obtain:
o@@(p/anz,jzl,zs. @)
Here M1 =M,, Mz = M3 = M. \

Let's represent the comp the SSS of the body using Lamé potentials ;.
The componentsgaf vEct n Cartesian (5) and cylindrical (6) moving coordinate systems:

o, &Pz ’,

u, = +—,
0 ax oy  Oxom
2
u =90 _ 00, 00; (5)

(p2r|

oy 0x oyom
2

u, _%, +m? 28 (Pj ;
o o

_09, 109, , O9q

" or r o0 omor’
y 100 dp, 109
" ree or romoo’
%4_ m o° (P3

on on?

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

(6)

u,=
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o o%p
Gﬂn = (2u+}\,M Fz’) anzl 52 61']33
2 2 3
ny:KMia (p1+2u 0 (21 _0%, + 82%
on’ oy®  oxdy dyon
2 2 3
XM58(21+2 8(21+8(p2+ 62% ,
on OX 8xay ox“on
— “(2 az(Pl y_r2 a (PZ ] (7)
onox  dyon 511 X
2
_u[zaq)l_a(pz (1+m52)a(P32J,
dyon  oxon dyon

2 *
{3 N
xy ok 2 o axayan
= (2ueaMm? ) ‘2“’ 6
_XMzﬁcpl 2u 162<p1+5<p1+18¢2_ % 2’0,
* on’ roo> or r 69’ arae oron )’
82(p g, 10% o°p
o, =AM} —t+2u —*+ ; Shieerrad P
on or’ r 16, or<onm

2 az(pl 1 az (1 2) 83([)3 (8)
onor 0on *Tontor )’

20 o¢r (Lemi) a%ng
r%aran r ooon*)’
=2 (182([’1 % _ (Pz_m 82(pz 1 dg, _iazq)s]
ro 9 or° 2 o’ raranae r’ enoo )
Applying the Fourier tral K in m to equations (4), we obtain
@ Vie, —migfe; =0, j=1,2,3, )

where ¢;(r,0,8)= [ g,

#dn, m2=1-M?, m =m ,m,=m,=m,, V; — two-dimensional Laplace

operator.
Ap @ i fter transform to (5) — (8) in m, we obtain expressions for the transformants of dis-
placement @ stresses cfm 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

¢, =00 + 0. (10)

Here @ = iam n(k r) "L, 0P = Ig £,¢) 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 Ya,®, + 9,0 [ede. (11)

j =0

+f )
Here f, =0 +k} @, :[%J j=123.
i
Let's express the functions g (& (;) 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 c =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,(60)= ZA e Zamq) * \ (12)
AT \

Here A, :(pr —[32)2 —4p2 [p? —a? | p? —B?

2 _n2¥
R PO

AEIZ_FEZ, Aazzy

a=MgE B=ME pl=£2+(7, Q)f—ﬁz)z—4pi\/pf—az\/pf—
pl =& +(2/mf —1)(;2.

As demonstrated in [1], the@ A*(F,, (;);tO for ¢ < cr, where ¢, — the Rayleigh surface wave

velocity in the half-space [11
When ¢ < cg, the expres

), taking into account (12), will have the following form

*

A > .
Zanjq) +e(x " Z AJI eihfl zanlq)nl:|ely€dq' (13)

n=-o 1=1 *

21,
the expressions for U, and o, presented in the Cartesian (I,m=Xx,y,n) coordi-

® 3
u = jz(—r(1>|:n<1)+-|-<2>|:n<2>) s

—o j=1

GTrmz Ti(slnﬂlzm +S|mJ nj ) '(YC*’;‘”)dC

—0 J=1

e e A

1 _ (2) _ Ax-h)f jk L —hf,

Fy T Dad,, F?=e 'Z—A e™>a,0,,
n

j n=o k=1 *

Tx(ll) = _Tx(12) = _fll Tx(21) _Tx22) = _C' T(l) _T @ - fsé '
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Ty(ll) :Ty(f) — IC! Ty(;) — _Ty(22) — if2' Ty(:? :Ty(32) — —|§C_, ,

TO-T@—je, TO=T®=0, TY =T =—im&?,

5% =@ =n, +2(f7—&'my), S =-SE=2cf, SY =S5O =217,
S(l’ S;i{ =n, — 2(C% +&™m 2) Sfy)z = —Sx% =-2f,C, S;lyg Sx; 2887,
S0, =S -n, =20, S5, -5, -0, S, =5 ~2me,

Sga=-Sy=-21Li, S =80 =—(f/+L")i, S =-S0 =21¢i,

xy3 xy3

@ e @ _ 2 _ @ e
Snyl Snyl =28, Snyz - _Snyz - _Esfz' Snya Sny3 =n.C,

[6Y) 2 _ O _c®@ _ H o _ 2 _
anl _anl -2 fl&" anZ SXT]Z &CI’ an3 _anS - n f I,

nl_(1+m )EX, N, =(1+m?)E%.

To represent the transforms of potentials (7) in the cylindrical coordinate system we wilRuse the rela-

tionship [12]
expliyc + (- hWE +17 )= ZI (kr)e'“e[C+ SRS J f;: \
Here 1_(kr) —modified Bessel functions. K
Then

0 Z[a K, (k) +1, (K I’)Igﬂx 'dg e,
When ¢ < cg, these expressions taking into accougt ( the form
|ne

, (14)

0 o A*

—h(f+f;)

3
A
where b, = > Y a A7, A7 = [T, g e
I=1 m=—w0 S B
By substituting (14) into the expr A U’ and o, represented in the cylindrical (I, m=r, 0, 1)

coordinate system, we obtain

n jr)) a,; +T|j(2)(| ) (ki I’)) bnj ] RICED ,

o0 j=1

F |<n (kzr)’ Tr(31) = _é k3|<r,1 (k3r) '

__szr:(kzr)i’ Tes - };K (k r)

=0, T —k§Kn(k3r),

ki
i~ z[kf i “g - an<klr)—2le+(klr), s 20 ) 2kilr)

r2 rz r
. 26k, (ko)
rr3 = —2& k + r_ (kSr)+ rn )
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001 — 2“ - rz r
Sé& — Zgnz K, (kar) _ ZiksKé (kar)
r’ r ’

1+AM?
Sy = —Zﬁ{—p]K"(kﬂ)’ Sie =0, Sy =2megK, (kyr),

2 2¢2 ’ ’
S(l) __z[n_2+ M pE-‘ JKn(kﬂ‘)"' 2k1K;(l(1r), sét)z _ 2nKn(k2r)+ 2nszn(kzr)

2u

’ P ,
sW = (_ ZnKrnz(klr) n anlKrn(klr)Ji , S8 = [_(kzz +2rL2JKn(k2r)+ 2k2K;(k2r)Ji |

S0 _(ZnéKn(kar)_ 2ngk,K! (k,r) :
re3 rz r ’

2 2
séi)l:——z“‘t’Kr”(klr), ¢, =gk lr), St =" (“”";)K"("sr), 0\\

SO =28k K! (kr)i, SY ——M, S8 = —2k, L+ m2 K2 (kyr )i

m2 r m3
dK (kr . . .
K;(kr)zﬁ; T.®, s are obtained from T, s by replacing &h (k).
To determine the unknown coefficients an (j = 1, 2, 3) in the exXpre for the transformants of dis-
placements U, and stresses o, , we will use the boundary conﬁi'\ =R:

- for a nonreinforced cavity (Fig. 1)
G, =P (0,8 o, G‘Q

where P;(6,&)= [P,(0,n)e *dn = p;(6)p;( Re™, pi(€)=[p,me™dn, j=r.0;

- for cavity reinforcement with a thin%. 2)
Oul o (16)
where u;l (9, é): Iu0| (9111)9& 0,1

By applying the Fourje sfo@rmation to (2) in n and expanding the functions Pj*(e,g) and u;, (9, E_,)

o

(15)

G=6,r,1=m,6,r)in ier Series in n, we obtain:

812u0nn +V,NEGUgye — 21V EoUy,, = _Gann’

Vo NE Uy, + EaUgn, — 2iNUg,, = Gy (Pyy — g )
2ivoEoUy,, +2iNUy, +€2Ug, =Gy (P, — 4, ),
where &; =0 e, =PBo—e & =Yg &=ViEMg, & =R,
=283 +vin?, g =ER, Bi=viEi+an’, yi=y’(el+n’)+2,

c Lo 2 ho2 V1R2
=1l-v,,v,=1+v,, M =—,Cy= [—, %" = Gy =———
Vl VO VZ VO s0 CSO 0 po X 6R2 0 uoho

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

; P, and u,, — the coefficients of de-

By solving the last equations with respect to Uy, (1 =n, 6, r ) we find:

3.5 ..
0063200, a,)

n
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3 .

Ugno = GOZS_GJ(Pnj —Q, )’
j=1 Yn
35

L'IOnr = GDZS_”(Pnj - qnj ) )
j=1 “Yn

Here 8, = (g,6,8,)° —(8,&,)" —(8,6,)° + 26,8, 8., = (e,8,) —&2,8,, =D,

6n3 = iDz! 691 = Dl' 892 = (8183)2 _E:;v 893 = iDS’Srl = _iD218r2 = _iDs!

8r3 = (8182)2 —éé, &1 =2n, &2 = 2Vo‘z101 as = Vzaonv D1 = ion(‘l‘vo —ngz),

Dz :2§0(8§V0 _nzvz)’ Ds = Zn(glz _égvovz) ; Pnl = F:m =0 ) PnZ = Pne ) Pr13 = Pnr v O = qnn 1 Oy =0

qn3 = an '
By substituting the respective expressions into the boundary conditions (15) or (16) anfhequating the
coefficients of the series with respect to €™, for each value of n=0, +1, + 2,..., we obfai m of linear

algebraic equations with the determinant A (&,c) =0, from which we find the colf

Next, by applying the inverse Fourier transform, we compute the displace S and stresses oim
(I, m=r,6,n) in the body. In this case, any numerical method can be used, i hat the determinant
A, (&,c) = Ofor each value of n=0, +1, + 2,.... Research on determinants AHQ emonstrated that for

an unsupported cavity (Fig. 1), this requirement can be fulfilled by satis ndition ¢ < cr. However,
for a supported cavity (Fig. 2), the speed of load movement must be doWef"than its critical speeds ¢ <c,)..
The values of the critical speeds c,. are determined from the tians A _(&,¢)=0. As studies of these

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

n

Resul

As an example, let's consider the circular cylin ity depicted in Figure 1 with a radius of R = 1m

in a half-space (h = 2R) with the following phgsical and mechanical properties: v =0,2, p=2,532-10° Pa,
p=25-10° kg/m? (c, =1006,4 m/s, c, =* /s). Along its surface, in the direction of the z-axis, an ax-

isymmetric compressive normal load Br an@an axisymmetric torsional load Py of equal intensity, P (Pa), are
moving with a constant velocit C m/s. The loads are uniformly distributed within the interval

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

P (&)= Psin(&l,)/& . We
load over the entire |

intensity of P~ (N/

| efintensities P of the loads in such a way that for each of them, the total
thiof t ading section 2lo equals the equivalent concentrated radial load with an

"/21,. Then p;(&)=—P"sin(&l,)/(l,), py(E)=P sin(el,)/(El, ).
verfieal u; =u,u/P°, m (a) and horizontal u; =u,u/P°, m (b) (where P* =P~ /m, Pa)

points of the boundary of the half-space are shown in the xy coordinate plane. Curves 1
se of an unsupported cavity (Fig. 1), while curves 2 are for the case when this cavity is
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Figure 3. Displacements oints of the boundary of the half-space
From the analysis of the curves, be ncluded that reinforcing the cavity with a shell leads to a
reduction in the dynamic impact ads on the boundary of the half-space.
Conclusion

The problem of the e e@formly moving normal and torsional loads along an elongated long cir-
cular cylindrical cavity, situatedmi”an elastic half-space (body), on this elastic half-space has been solved.
The cavity is either or reinforced by a thin-walled elastic shell. Such loading action occurs dur-
ing the rotational f cleaning devices in an underground pipeline and can also arise due to uneven
i 0 each of the rails laid in a cylindrical-shaped tunnel, whether it is supported with
ing the problem, the velocity of load movement is considered to be subsonic. Speed

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 xkapTbhlIail KeHICTIKFeIl KYIHTIIMereH KoHe KylIeHTiireH
KYBICKA KO3FAJIATBhIH KAJbINTHI e OypaJty sKyKTeMeJIepiHiH dpeKeTi

Cepmimzi XapThUTail KeHiCTiKKe (MaccHBKe) OCHI JKapThUIAil KEHICTIKTEe OpHATAaCKaH IMIEKCi3 Y3BIH JOHTEICK
OWIAHIPIIK KYBICTHIH JKYKa KaOBIPFachIH iMIi KaOBIFBIHA OEKITIIMEreH HeMece OeKiTinred OONbIMEH
OipKesKi KO3FaJIaThIH KaJIBINTHI )KOHE OYPaly JKYKTeMelepiHiH acepi 3eprreni. JKapTbuiaid KeHICTIK KYKTep-
IIiH 9cepiHeH 60C KOICHEH @ Ic ociHe mapamienb 6omanpl. JKYKTepaiH KO3FaTy KbUIIaMIbIFbI
JBIOBICKA JISHiHTI e KaObLT, 7 JKApThUIA KEHICTIKTE BIFBICY TOJKBIHAAPBIHBIH Tapally JKbULIAM-
JBIFBIHAH a3 Ooustagsl. Maceks BIKTBIH KO3FaJIBICBIH CHIIATTAy YIIiH caiikeciHnre Jlame moTeHumanna-
JIMHAMMKAIBIK TEHICYJepi KoHe KaObIK TEOPHSCHIHBIH KJIACCHKAIbBIK
Teynep JKYKTeMellepMeH Oipre KO3FallaThIH KOOpAMHATTAp KyienepiHme
BIK) ychiHBUTFaH. JKapThilall KeHICTIKTIH KepHeylli—IepopMalisiianFal KyHiH
panasl ypbe TypieHIipy oAici KOMAaHbUTaAsl. MaccuB cepmiMIi KeHICTiK TY-

prizinai. CaHABIK SKCIEPUMEHTTEPIIH HOTHKENIepi Oenriii 0ip apanbikra GipKeaki Konaa-
K9HE KAIIBINITHI JKOHE OYpaiy KYKTeMeNepiHiH OCHMMETPHSIIBIK TYPaKThl IBIOBICKA ACHIHTI jkoHE
KO3FaJIaThIH KapThUIail KEHICTIK HIeKapachIHBIH AehopMalnsuiaHFaH KyiiHe KaOBIKTBIH dcepiH
KOpceTeTiH rpadukrep TypiHae OepinreH. OCbl HOTKEIEPi TangaylaH KybICTHI KaOBIKIIEH HBIFAUTY KO3-
FaIMalibl )KYKTEMEJIEp/IiH JKapThUIail KeHICTIK IIeKapachlHa JHHAMHKAIBIK OCEPiHIH TOMEHJEYiHEe OKeINeTiHi
IIbIFaabl.

Kinm ce30ep: cepmimai xapThliail KEHICTIK, MACCHB, KYybIC, IMIHHAPIIK KaObIK, KO3FAIMaIbl )KYKTEME, JKbLI-
JIAMJIBIK, KO3FaJIbIC, KEPHEY.
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JeiicTBUe IBUKYIINXCHA HOPMAJIBHON M CKPYUYMBaKOIell HATPY30K HA
HEMOAKPEIJIEHHYI0 U OJAKPEIVIEHHYIO M0J0CTh B YIIPYITOM 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-
HUSI BOJIH C/IBUTA B MOJYNIPOCTpaHCTBE. J{JIst onvcaHust JBIKEHHST MacCHBa M 000IOYKH UCIIOIB3YIOTCS COOT-
BETCTBEHHO JIMHAMUYECKUE YPAaBHEHUS TEOPUH YNIPYrOCTU B NOTeHIMaNax Jlame U ypaBHEHHs KJIaCCUYECKOH
TeopuH 000JI0UeK. Y paBHEHHUS TIPEICTABISIOTCS B IIEPEMEIIAIONINXCsl BMECTE C Harpy3KaMH CHCTeMax Koop-
JIUHAT (IWINHIPUYECKOH MM AekapToBoi). s onpeseneHns HanpskKeHHO-Ie()OPMUPOBAHHOTO COCTQSHHUS

paboT, T1ie MacCUB NPEACTABIAETCS B BUAE YIPYTOro MPOCTPAHCTBA, 3A€Ch IIPH PEIICHNUH 33113,
Cs BO3JEHCTBUE HA MACCHB OTPAKEHHBIX TPAHULEH MOJYNPOCTPAHCTBA BOJIH, BO3HUKAIOIIX

Harpy3ok. Ha ocHOBe pemeHus 3a1auu 1 pa3pabOTaHHBIX KOMIIBIOTEPHBIX IPOTPaMM IIPOBE 1
SKCTIEpUMEHTHI. Pe3ynbTaThl YHCIEHHBIX 3KCIEPUMEHTOB MIPEICTABICHHI B BUAE rpadu KOTOPHI
03

CTPUPYIOT BJIUAHUEC 000JIOUKH Ha ,Z[e(l)OpMI/IpoBaHHOG COCTOSIHUE I'PpaHULBI ITOJYIIPOCT] C CUCTBUH
PaBHOMCEPHO HNPUIJIOKEHHBIX B ONPEACICHHOM HHTEPBAJIC U ABUKYIIUXCSA C ITOCTO. OBOH U J10-
KpPITPI‘-ICCKOﬁ CKOPOCTBHO OCECUMMETPUYHBIX HOpMaJ'H;HOf/’I u Cpr‘-IPIBa}OH.[eﬁ Harp .U n3a 3TUX pe-
3YyJIbTaTOB CJIEAYET, YTO NOAKPEIUICHUE ITO0JIOCTHU 000JI0YKOM IIPpUBOJUT K C NHaAMHUYCCKOI'0 BO3-

JEeHCTBUSI ABIOXKYIINXCS HATPY30K Ha TPAHUIy TTOIYHPOCTPAHCTBA.

Kniouesvie crosa: ynpyroe moIynpOCTPAHCTBO, MACCUB, MOJOCTH, IMIIH 000104Ka, MOABIDKHAS
HarpysKa, CKOpoCTb, EPEMEIICHHS], HAIPSKCHHS.
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