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WAVE PROCESSES IN A FLAT BODY WITH
A SYMMETRIC LOCATED RECTANGULAR CUTOUT

Abstract. The work is devoted to the generalization of the difference method of spatial characteristics to the
case of the plane problem of the propagation of waves in a rectangular region of finite dimensions with a
symmetrically-located rectangular cutout at the lateral boundaries. Based on the numerical technique developed in
this work, the calculated finite - difference relations of dynamic problems are obtained at the corner points of a
rectangular cutout, where the smoothness of functions that is “familiar” to dynamic problems is violated. At these
corner points, the first and second derivatives of the desired functions suffer a discontinuity of the first kind. The
results of the study are brought to a numerical solution. The effect of stress concentration in the vicinity of the cutout
was studied and it was shown that the impact of the cutout on the particle velocity distribution, on the stress
distribution has a local character.

Keywords: clastic, velocity, stress, load, plane deformation, wave process, stress concentration, numerical
solution.

Introduction. Prediction of dynamic wave processes in solids of finite dimensions, taking into
account a number of attenuating factors (discontinuities in the boundary conditions, holes, cavities,
cutouts, etc.) by mathematical modeling to determine the nature of possible damage, is, besides purely
scientific interest, an important applied value determined by requests for engineering practice.

The majority of structures used in construction, engineering and other branches of technology are
characterized by the presence of various discontinuities in the form of holes, recesses, notches,
protrusions, etc., due to either manufacturing technology or operational requirements. Near such
discontinuities, as is known, the phenomenon of local distortion of stresses and strains arises, usually
called stress concentration. These effects make a significant change in the “average” stresses and are often
the cause of failure. The qualitative and quantitative effects of stress concentration are influenced by a
variety of reasons related to the geometry of the concentrator, the type of impact, and the real properties of
the material. Therefore, the problem of stress concentrations is given great attention in modern
technology, which is reflected in the almost infinite number of domestic and foreign studies, as well as in
the special monographs and the reference manuals. In general, the number of works devoted to the
dynamic problems, taking into account a number of weakening factors, is very small; far from all aspects
of their working capacity under conditions of unsteady external loads are considered in them [1-19].
However, interest in these problems, due primarily to the importance of solving complex practical
problems, is great, and further improvement of numerical methods in various modifications using
increasingly sophisticated electronic computing equipment should lead to a significant development of this
direction.

The mathematical formulation of the problem. Let’s consider the basic equations of the problem of
the dynamic theory of elasticity for a homogeneous isotropic elastic body in a Cartesian coordinate
system. For convenience, the axes of the Cartesian coordinate system are denoted by Oxi (i=1,2), and the
time by t. The components of the stress tensor are denoted by cij ( x1, x2, t), the strain tensor by &ij
(x1, x2, t) (1, j = 1,2) and, finally, the displacement vectors by ui (x1, x2, t)(i=1,2).
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It is convenient to represent the equations of motion and Hooke's law in the form of a normal
hyperbolic system:
Gij, j=pd2 uiot2 (i=1,2), (1

G1j=A051j + 2 peij, 2)

where p is the density of the medium material, 4, x are the Lame constants, di j is the Kronecker symbol,
@1is the volumetric strain equal to

0=¢ll+ €22+ 33 .
A comma with an index means the partial derivative with respect to the corresponding argument. The

summation is performed overj (j = 1,2).
The transition to dimensionless variables is carried out according to the formulas [7]:
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where b is the characteristic length, c¢;,c, are the velocities of the expansion and shear waves,

011, 022, 01, are the components of the stress tensor, and vy is a constant parameter. In the future, the line

over dimensionless parameters is omitted. Differentiating dependences (2) with respect to time, adding

and subtracting the normal stresses o11 and 622, the equations of motion (1) and physical relations (2) are

written as a system of equations for the velocities of displacements v1 ,v2 and three linear combinations
p, q, tof the stress tensor components [7]:

vl,t-p,1-q,1-1,2=0; v2,t—-p,2+q,2—-1,1=0; (@))]

2(y2-1)-1p,t—vl,1-v2,2=0;
Y2q,t—-vl,1+v2,2=0;
y21,t—v1,2-v2,1=0.

A comma with an index means the partial derivative with respect to the corresponding argument. This
statement was chosen because such systems have been studied quite well by now, and in addition, when
choosing velocities of displacements and stresses as dependent variables, the derivatives from the
boundary conditions are excluded.

Find the functions vi, v2, p, q, 7, that in a rectangular strip 0 < x; <[, —L<x, <L with a
symmetrically located rectangular cutout on the lateral boundaries (Fig.1) satisfy the equations (4), the
initial conditions for t = 0

v, (0632650) =V, (332650) = Pl 3 ,0) =40, 5 %, ,0) =7(x;5x,,0)=0 (5)

and the following boundary conditions for 20:

v,=f(@), v,=0 at x,=0, —L<x,<L, ©)

P—q9=0,7=0 at ‘xZ‘:L» 0<x <x and xIIle <l %)
p+q=0,7=0at x, =X/, x, <|x,[< L and at x1=X11,x;S|x2|SLa ®)
P=9=0,7=0 at‘xZ‘:xi’ X $x <y, 9)
V1=V2=Oatx1:[, |x2|SL. (10)
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Here f(t) is a given function that varies in time according to the law of a continuously differentiable
function, which at the beginning monotonically increases to the maximum value f{#0), and then

. 0 1 1 . . e
monotonically decreases; X, ,X,,X, are the constant numbers defining the size of the cutout. Zero initial

conditions (5) mean that a rectangular strip with a symmetrically positioned rectangular cutout at the
lateral boundaries until the time instant ¢t < Ois in an unperturbed state. The boundary condition (6) is the
specification of the normal component of the particle velocity and the absence of the tangent component
of the particle velocity at the strip boundary x; = 0 for all time instants. The boundary conditions (7)
mean that the corresponding points of the boundary |x,| = L (0 < x; < x? and x{ < x; <) are free of
the stress for all moments of time. The boundary conditions (8) - (9) mean that the contour of the
rectangular cutout is free of stresses. The boundary conditions (10) correspond to the conditions of rigid
fastening of the back of the border x; = L.

The task is to determine inside a rectangular region with a symmetrically located rectangular cutout
on the lateral boundaries of the stress and velocity fields caused by the fronts of incident and repeatedly
diffracted elastic waves at a time ¢ > 0.

The solution of the system of equations (4) under initial (5) and boundary (6) - (10) conditions is
found by the difference method of spatial characteristics. An algorithm for solving equations (4) based on
the spatial characteristics method was developed in [7] for internal, boundary, and corner points and the
corresponding calculated finite-difference relations were obtained. It is based on finite-difference relations
obtained by integrating equations (4) along bicharacteristics and recorded at the nodal points into which
the entire investigated area is divided (figurel). When considering the boundary conditions (7) - (9), for
each of the corner points B, G, P, D, C, S, Q, F (Fig.1) of the cutout, the pairing law of tangential stresses
is fulfilled. This circumstance reduces the number of specified conditions at the corner point by one, and
in order to obtain a closed system of equations, it is necessary to obtain one additional equation for each
corner point B, G, P, D, C, S, Q, F of the cutout, respectively. The method of obtaining the additional
equations for each of the corner points of the rectangular region was considered in [7]. However, all the
resulting finite - difference relations can only be used in areas with a continuous change in all incoming
parameters.

A feature of the considered body with a cutout is that at the corner points of a rectangular cutout
(figure 1), the smoothness of functions that is “familiar” to dynamic problems is violated, i.e. at these
points, the first and second derivatives of the desired functions suffer a discontinuity of the first kind.
Therefore, they are considered as ordinary corner points of a rectangular cutout, and the method developed
in [6] is generalized to obtain resolving equations at these singular points. When constructing a numerical
solution for problem (4) - (10), it is assumed that the border of the strip and the contour of rectangular
cutouts coincide with the line of nodes of the square grid that covers the studied area.
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Figure 1 - The study area

Analysis of the calculation results. A square grid is applied to an elastic body in the form of a
rectangular strip with a rectangular cutout, at the nodes of which the valuesof the velocity components v,
v, of displacements and stress p,q, T are determined. It is assumed that the boundaries of the body
coincide with the line of nodes of the square grid that covers the studied area (figure 1).
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The computational process is carried out in time steps. The time step & is selected in accordance with

the necessary stability conditions [7]
2 2 2
(ﬁ) < min{ g/ , 7/2 }
h 412y -1) an

that are used by the explicit finite - difference calculation scheme. In this way, the values of the sought
quantities are calculated at any point of a rectangular strip with a rectangular cut at time ¢ = 10 = kAt.

To obtain results at the next time step ¢ = (k + 1) At, it is enough to take the found values as the initial
data and repeat the calculations. For the numerical implementation of the developed finite-difference
scheme and the solution of non-stationary problems of the mechanics of a deformable solid, a calculation
method and algorithm have been created and based on them a complex of calculation programs in Fortran-
90 has been developed for high-speed personal computers.

Numerical results are given for the rectangular region 0<x1<100"h , |x2|<100h. As an example, an
I-beam construction with a deep symmetrically positioned side cutout was considered with the following
values of the initial data:

f(t)=A-t-e ™, A=1, s=02,k=0.025 h=0.05 x"=20-h, ' =80-h, =104 v=023,
y=1.87.

When analyzing the calculation results, the symmetry property of the problem with respect to the axis
x, = 0, at the points of which v, = T = 0 was used. Therefore, the obtained results are presented only for

positive values *2 (x, >0).
It is noteworthy that, as the compression wave (longitudinal wave) propagates, the velocity of which

[a+2 . . . . . .
= %, at the corner points of the strip and cutout, zones of diffraction perturbations arise. The

emergence of these zones significantly complicates the construction of analytical solutions. From the
physical point of view, the presence of these zones is due to lateral unloading in a direct compression
wave, which, in turn, leads to a rotation of the velocity vector at internal points of the medium. The
reflected longitudinal and transverse waves over time undergo multiple reflections from all boundaries,
and the wave pattern is greatly complicated.

In the study of the complex stress state of an elastic medium, an analysis of the behavior of the
individual components of the stress tensor is insufficient to conclude dangerous stress concentrations in
terms of strength. In these cases, common criteria are often used, based on the application of the main
normal and maximum tangential stresses. In the accepted dimensionless form, they can be written as

O =PENG +T0 1, =g’ +1". (12)

In this regard, Figures 2-4 in the plane x;/h-x,/h for the time instant t = 500 - k show,
respectively, the isolines of the main normal o; = const, g, = const and maximum tangential

T,..x = const stresses, which demonstrate the stress state characteristic of an I-beam structure with a deep

lateral cutout. The previous notation is accepted: solid, dash-dotted and dashed lines mark the contours of
compressive, zero and tensile stresses, respectively. The numbers around the lines correspond to the
values of the stresses on the isolines, and near the points - to the extreme values of the stresses. It can be
noted that the level of the main normal ;, g, and maximum tangential T, stresses, the nature of their
distribution is complex due to the superposition of reflected, diffracted, and interference waves and
constantly changes in time, which is typical for dynamic problems.

First of all, it should be noted that most of the area behind the cutout (lower shelf) is not loaded for a
long period of time (figure 2—4). The stress level in the "stagnant" zone is extremely low. The main
bearing part of the I-beam structure is its wall. The intermediate values by the stress level are observed in
the area located directly under the load (upper shelf). The lack of symmetry with respect to the midline
13
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x1 =50 - & of the cutout can be explained by the different nature of the specified boundary conditions on
the surfaces x; =0 and x; =100 - A.
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Figure 2 - Isolines of maximum stresses ; = const attime t = 500 - k
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Figure 4 - Isolines of maximum tangential stresses Tp,ax at time t = 500 - k

The analysis of maximum stresses g; shows that in the I-beam design, six characteristic subregions
can be distinguished (figure 2). At the time in question, in the subregions 1, 3 and 5 the maximum stresses
o,are compressive, and in the subregions 2,4 and 6 they are tensile. Moreover, each subregion is bordered
by an isoline of zero stresses. The maximum compressive stress gy is achieved at some distance from the
corner points (P, Q), and the minimum compressive o, (figure 3) and maximum tangential stresses Tp,.x
(figure 4) are at the corner points (P, Q). The nature of the change in the main normal ¢y, g, and
maximum tangential 7,,, stresses in the region before the cutout is explained by the propagation of
diffracted waves emanating from the corner points (P, D, R).

The maximum values of the main normal ¢y, 0, and maximum tangential 7., stresses can be
compared with their permissible limit values. This will evaluate the performance of this construction.

The developed mathematical model for solving plane dynamic problems of the theory of elasticity can
be used to analyze the propagation of dynamic disturbances in a strip with a rectangular cross section of
finite size and a cutout of complex geometric shape. In addition to the identified and discussed physical
phenomena, the results obtained demonstrate the effectiveness of the developed computational algorithms.

H.K. Owip6aes, 7K.H. 9Omripdaesa, M.T. IllomandaeBa,
P.b. Bekmouanaena, T.C. Cyiaranoek, lII.LE. AnTeinGexoB

M.O. Oye3oB arbiHnarel OHTYCTIK KazakcTan memiiekeTtik yauepcuteri, lllsimkent, Ka3akcran
CUMMETPUSIIBI OPHAJIACKAH TECIKTEPI BAP IEHEAEI'T TOJKBIH/bI OPIC

AnnHorauus. bipkarap OocaHchITy (akTopsl (IIeKapaiblK IMIapTTapAarkl Y3UIiC, TeCiK, KybIC, KeciK, T.C.C.)
HETi31H/Ie KOHCTPYKIHS AJIEMEHTTEPIHIH JUHAMUKAIBIK OPEKETIH 0OJKayIblH MHKEHEPIK TOKIpUOe cypaHbICTaphl
aPKBUIBI aHBIKTAJIATHIH TCOPHUSIBIK Opi KOJIaHOaIbl MOHI Oap.

KypsuibicTa, MalMHa jkacaysa »oHe TEeXHHKaHBbIH 0acka Ja cajajapblHla IalblHay TEXHOJOTHSCHI HEMece
TachIMaJJlay TajanrtapbiHa OailylaHbICTHl OONATHIH TECiK, OMa (KbIpHAY), OUBIK, IBIFBIHKBI XKEpJIep, T.C.C. TETiCTIKTI
Oy3ymbuibikTap Oalikanaabl. MyHIail TyTacChI3IbIK MaHaWbIHIA 9[ETTE KepHEY KOHIIEHTPALMSCHI JIeN aTalaThlH
KepHeyJep MeH JedopManusuiapabIH Keprulikti Oypmanay KyObUIbICH maiiia 6onansl. by addekrinep «oprama»
KepHeyJiepre alTapiblKTail e3repicrep eHriseni »xoHe OyiiHy ce0OeOi periHzme artanansl. KepHey KOHLEHTparus-
CBIHBIH CallaJIbIK JKOHE CaHIBIK 3(p(eKTiiepiHe KOHIEHTPATOp I'€OMETPHSICHI, 3Cep €Ty TYpi, MaTepUaIAbIH HAKThI
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KacherTepiMeH OaiIaHbICThl OpTYpii cebentep biknan ereni. COHABIKTAH 3aMaHayd TEXHUKa/la KepHeylep
KOHIIGHTPALIMACH MOCEJIeCiHe YIIKEH Hasap ayJapblulyAa, Oyl OTaHIBIK JKOHE MIETeIIiK 3epTTeyJepAiH, COHIal-aK
apHaiibl MOHOrpadusulap MeH aHBIKTaAMAIIBIK KypajJapAblH KeOiciHae KepiHic TanThl. MyHnai oOibicTap yIuiH
HIeKapabIK MAceJIesep/i ey THIMI1 CaHIbIK 9IiCTepi KYpacThIpychl3 MyYMKiH eMec. COH/IBIKTaH TYTac OpTaJarbl
CTalMOHAp €MeC TOJKBIHJIBI KO3FaJBICThI 3ePTTEY MACEJEEPiHiH ayblp LEHTpPI ecenTey HOTHXKEJIEPiH jKakcapTyra
MYMKIH/IK OepeTiH albIphIMIBIK CXeMaJlapAbl jKacay >XOHE KETUIIpYyre BIFBICHIN OTHIp. Aaiiga Ka3ipri yakbITKa
JIeWiH CaHABIK OiCTep apKbUIbl OpPTYPIl KOHQHIypausibl OipTEKCi3 IIEeKTENreH IEHENepAeri TUHAMHKAJIBIK
CepHIMIUIIK TEOPHSCHIHBIH INEIIUITeH Maceseepl calbiCThipMaibl Typae a3. Ochlnaiina INpakTHKara AereH
KQKETTUTIK OCBI )KYMBICTBIH 3€PTTEY IOHIHE aifHaJbII OTBIPFaH TYTac OpTa AWHAMHKACHIHBIH ©3€KTI FBUIBIMU YKOHE
MPAKTHUKAJIBIK MOceTeNepiHiH meHOepiH aHBIKTaIbL.

JKympIcTa MoceseHiH CBI3BIKTHIK KOWBUIBIMBIHAA OYHip MIeKaparxapblHIa CHMMETPHUSUIBI OpHANAcKaH TikOy-
PBIITE KAMAchl 0ap TIKOYPHIITHI OOJBICTa ANHAMMKAIBIK YHBITKYIBIH Tapalybl Typaibl €cell KapacThIPBLIAJbL.
TOoNKBIHABIK TPOIECC CHIPTKBI JMHAMUKAIBIK KYKTEMEHI TIKOYPBIIITHI OOJBICTHIH OSTTIK IeKapachlHa KO apKblLIbI
TYBIHJAWIbI, aJ1 OOJBICTBIH OYHip LIeKapaiapbl KepHeyieH 00c¢ xartaibl. TiKOYPBIIITH O0JIBICTHIH TOMEHT'] IEKapachl
KaTThl OekitinreH. TikOyphIITHl OWBIHABIHBIH KOHTYpBI KepHeyaeH 6oc. Macene OyHip 1ekapaiapaa TiKOYpHIITHI
OWBIHIBICEI CHMMETPHSIIBI TYPIE OpHATACKaH TiKOYPHIITH OOJBICTHIH IMIiHAE KYJIal XaTKaH koHe t > 0 yakeIT
MOMeHTiHze OipHemie peT audpakuusuiaHFaH CepriMIl TOJKBIHIAPABIH 11e0i apKachblHIA TybIHIAFaH KEpHEY MEH
JKBUIIaMIBIK ©PIiCiH aHBIKTayFa Tipeie.

Byitip mexapanapia TiKOYphIII OHBIHIBICEI CHMMETPHUSUIBI TYPJE OpHAJIACKaH COHFBI eJIIeMJi TiKOYPBIITHI
00JpIC YIIiH OacTamKel JKOHE MIEKapalbIK MIapTTaphl OSpUIreH apajac ecenTi CaHIBIK SIICIIeH MICTTy YIIiH KeHICTiK
cumaTTamanap 9JiCiHe HETi3NeNTeH aiKhIH COHFBI aWbIPBIMIBIK cXeMa Kypburabl. Om OYKiT 3epTTelNil OTBIpFaH
00xpIc OeIiHEeTIH TYHiIH HYKTeJepAe Ka3pUIFaH OnocumarramManap OOWBIHIOAFBl TEHACYJEpP KYHECIH HHTerpaaay
apKBUTBl AJBIHFAH aKBIPJIBI-alBIPBIMABIK KaThIHACTapFa HerizgenreH. JKyMmpicTa Toyennl alHBIMAIbLIap PeTiHAL
KEpHEYIiH OpBIH AyBICTHIPY KbUINAMABIKTaphl MEH TEH30p BEKTOPBHIHBIH KOMIIOHEHTTEpi KaOblimaHansl, cebedi
KEpHEY MEH OPbIH ayBICTBIPY >KbUIJAMIBIKTaPbl MEXaHU3MAEPl 3epTTey KarblHaH cepriMal AedopManus Ke3iHaeri
JMUHAMUKAJIBIK YAEpiCTep i aHBIKTANTHIH HETi3T1 (p3uKaIBIK mamaap 0oJbIl caHanaasl. EcenTiy Oyiiaiiia KOHbUTy bl
MYH/ail JKYHelep/iH Ka3ipri Ke3ae MeTKUTKTI TypJe TepeH JKoHEe jKaH-)KaKThl 3ePTTEeNIeHIr HEeH, COHBIMEH KaTtap
OpBIH ayBICTBIPY JKBUIAMJIBIKTaphl MEH KEpHEyJepll TaHiay Ke3iHAe MIeKapajblK LIapTTapAaH TYbIHAbLIAp
€CKEepUIMEHTIHIIKTEH TaHAAIIbI, all OYJI OCBI MACeJIeHI CaH/BIK S/1iCIeH IIeNy/ e Naiaaany YIIiH 6Te MaHbI3/IbL.

TikOYpHIIITH OHBIFBI Oap KapacTHIPBUIBII OTHIPFAH JIEHEHIH epeKLIeNiri TiKOYPHIITH ONBIKTBHIH OYpPBIIITHIK
HYKTEJepiHAe NWHAMHKANBIK MoceJeliep VINH «JIeTTeri» (YHKIMAHBIH TYTACTHIFBI OY3bIIaNbl, SIFHH OYII
HYKTeJepAe KapacTHIPBUIFaH (YHKIUSIIAP MEH OJIApABIH OipiHINi KoHE eKiHIII PeTTi TYBIHIABUIAPHI OipiHII TEKTI
y3imicke ymiblpaiinel. Bi3 3epTTenm oTBIpFaH Moceliele OCHIHOAM epeKile HYKTelep VIIIH ecemTey ofici Kypac-
TeIpblIMaFraH. COHIBIKTAH OJap TIKOYPHIIITHI OMBIKTBIH KOIIMIT OYPBIITHIK HYKTEIepi PeTiHAE KapacThIpbLIabl
’KOHE OCBIHZAH epekIle HyKTenepae KapacThpblIFaH QYHKUMSIapAsl TaOyFa apHaIFaH NIyl TeHACYIepAl anyFa
apHayiFaH onic ycbiHbUIbIT OThIp. Illekapanblk mmapTrap Y3iUMiCiHIH MaHAWBIHAAFbl UHAMHKAJIBIK KEpHEY
KOHLIEHTPALUSICHI 3ePTTENIi. 3ePTTeY HOTHIKEEeP] CaH/IBIK IIeIIiMre IeHiH KeaTipiyii.

3epTrey HOTIKeNepi KaTaH (DU3MKAJIBIK JKOHE MAaTEMATHUKAIBIK HETI3J TIpeK eTeli. AJIBIHFaH HOTHXKEICPIiH
JIOJIENI MISIIiMIiH TabaThIH MOCENICHIH KaTaH MaTEeMaTHUKAJBIK TYXKBIPHIMBI MEH OENTiT CAaHMIBIK 9MICTepAl KOJIaHy,
KaXXETT1 OPHBIKTHI MApTTapbl OPbIHIAY MEH €CEeNTey S/ICiHIH OPHBIKTBUIBIFBIH CaHIBIK QICIIEH TEKCEepy, CaHIBIK
ecenrey MeH Pamp-Jlam0a eceOiHIH aHAMTHKAIBIK MICHIIMIHIH COWKeC Kelyi, alblHFaH HOTHKEICPIiH KOHUBUIFaH
ecenTiH (PU3UKAJIBIK Ma3MYHBIMEH COWKEC KeJyiH TipeK eTesi.

CepmiMIiTiK TEOPUACHIHBIH Ka3bIK TWHAMHKAJBIK €CENTEepiH IMIBIFapyFa apHAIBI KYpPacTHIPBUIFAaH MaTeMaTH-
KaJIBIK MOJIEIIb apKbUIbI OJIIeMAl TIKOYPHIITH KOIJICHEH KHUMachl )KoOHE KYpHETi reOMEeTPUsUIBIK (OpMaibl OUBIFEI
0ap >KOJNAKTarbl AMHAMMKAIIBIK YHBITKYABIH TapalyblH Taljayla NaiIanaHbUTybl MYMKIH. AJIBIHFaH HOTHDKeJep
afKbIHAAIFaH KOHE TalKbUIaHFaH (U3MKANbIK KyObUIBICTapAaH 0acka KYpacTBIPBUIFaH €CenTey aIrOpUTMICPiHIH
THIMALUTITIH € KepceTe.

Tyiiin ce3mep: cepmimai, XbUIIAMIBIK, KepHEY, KYII, JXKa3blK Jedopmanusi, TOJKBIH YAepici, KepHey
KOHLIEHTPALUSIChI, CAH/IBIK ICIIIM.

H.K. Amup6aes, 2K.H. Aummpoaea, M.T. lllomanGaeBa,
P.b. Bexmouanaesa, T.C. Cyaranoek, III.LE. AnTein6exoB

HOxH0-Ka3axcranckuii rocyJapCTBEHHBIH yHUBEpcUTeT uM. M. Ay330Ba, LIIpIMKeHT

BOJIHOBBIE TPOLIECCBHI B IIVIOCKOM TEJIE
C CUMMETPHUYHO PACIHIOJIOKEHHBIM MTPSIMOYT'OJIBHBIM BBIPE3OM

AnHoTauus. [IporHozmpoBaHne TUHAMHYECKOTO IOBEICHHS JJIEMEHTOB KOHCTPYKIHMHA C YYeTOM psaa
ocnabmnsaromux GaxTopoB (Pa3phIBBI B TPAHUYHBIX YCIOBUAX, OTBEPCTHSI, TIOJIOCTH, BBIPE3BI U T.J.) UMEET HE TOJIBKO
TEOpPETHYECKOe, HO U IPUKJIaJHOE 3HAUYEHHE, ONPEAeIIEMOe 3aIIPOCaMU HHKCHEPHOH MPaKTHKH.
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Jnst GOonbIIMHCTBA KOHCTPYKLMM, NMPUMEHSEMBIX B CTPOUTENBCTBE, MAIIMHOCTPOSHHH M IPYIUX OTPACIIAX
TEXHUKH, XapaKTePHO HAJIWYUE PA3IMYHBIX HAPYIIEHUH CIUIOMIHOCTH B BUJE OTBEPCTHH, BEITOUEK, I1a30B, BHICTYIIOB
U T.I1., 00YCJIOBJIEHHBIX JIN0OO TEXHOJIOTHEI M3rOTOBJICHUS, TH00 IKCILTyaTallHOHHBIMU TpeOoBaHMsIMU. Bosie Takux
HECIUIOIIHOCTEH BO3HHMKAeT, KaK W3BECTHO, SBJICHHE MECTHOTO WCKAXEHUWs HalpspkeHHH u  jaedopmMalui,
Ha3bIBaEMOE OOBIYHO KOHIIEHTpaLWeH HarpsKeHUH. DTH 3((eKThl BHOCAT CYIIECTBEHHOE U3MEHEHHE B «CPEAHUE»
HaNpsDKeHUS W HEPEIKO SBISIOTCS NPUYMHONW paspymeHns. Ha kadecTBeHHble M KOJIMYeCTBEHHbIE 3(dexTs
KOHLICHTPALMK HAlPsDKEeHNH BIUSIOT PasHOOOpa3HbIe NPUYMHBL, CBSI3aHHBIE C T€OMETPUEH KOHLEHTPATOpa, BUIIOM
BO3/ICICTBUS, peajbHBIMU CBOMCTBaMH Martepuaia. [loaTomy npoOieme KOHIEHTpaUWi HarpspKeHUH yaemsieTcst B
COBPEMEHHOW TEXHHKE OIPOMHOE BHHMAHHE, YTO HAIUIO OTPaKCHHE B IPAKTHYECKH HEOOO3PHMOM KOJIUYECTBE
OTEUYECTBEHHBIX M 3apyOe)HBIX HCCICIOBAHUHN, a TAKKE CHEHANIbHBIX MOHOIpa(usIX M CIPaBOYHBIX PYKOBOJCTBAX.
Pemrenne kpaeBhIX 3amad A Takux oOjacTeil HEBO3MOXKHO 0e3 pazpaboTku 3()h()EeKTUBHBIX YHCIEHHBIX METOOB.
[TosTOMy LEHTp TSDKECTH MpPOOJIEMBI MCCIIENOBAHMS HECTALIMOHAPHBIX BOJHOBBIX IOBIKEHHI B CIUIOIIHBIX Cpenax
BCE OOJIBILIE CMEIIACTCS B CTOPOHY Pa3pabOTKH U COBEPLIEHCTBOBAHMUS Pa3HOCTHBIX CXEM, IO3BOJIAIONIMX YIIy4IIaTh
pe3ynbTaTel pacueToB. OIHAKO OO HACTOSIIEr0 BPEMEHH CPABHHUTENBHO Majo PEIICHHBIX 3aJay AMHAMHYECKOM
TEOPHUU YIPYTOCTH B OTPAaHMYCHHBIX TEJIaX C HEOJHOPOJHOCTSMH Pa3IMYHOW KOH(UTypaluHu C HCIOJIb30BaHUEM
YHUCJICHHBIX MCTOI0B.

Takum 00pazoM, MOTPEOHOCTH NPAKTUKU OINPENCISIIOT KPYr aKTyalbHBIX HAyYHBIX M NPAKTUYECKHX 3aaad
JIMHAMHKH CIIOIIHON Cpe/ibl, KOTOPBIE CTalIM IPEAMETOM MCCIIEJOBAaHNS HACTOSILEH pabOoThI.

B pabore B nMHEHHON MOCTAaHOBKE paccMaTpUBAETCS 3a/1a4a O paclpOCTPAHEHUH AMHAMUYECKUX BO3MYIIEHUH
B NPSMOYTOJIBHON 00JIACTH KOHEYHBIX Pa3MEpPOB C CHMMETPHUYHO-PACIIOIOKEHHBIM NPSIMOYTOJIBHEIM BBIPE30M Ha
OOKOBBIX TpaHHLaX. BoJHOBOIl mpomecc BBI3bIBaCTCS NPUKIAIGIBAHHEM BHEIIHEH JUHAMHYECKOH HArpy3KH Ha
JHMLEBOW TpaHMIE NPSAMOYroNbHOH oOnacTH, a OOKOBBIE TPaHHIBI 00JACTH CBOOOIHBI OT HampspkeHHd. HinkHss
IpaHyLa IPsAMOYTONBHOM 00IacTh KECTKO 3akperuieHa. KOHTyp NpsMOYyroJbHOTO BBIpe3a CBOOOIEH OT Hamps-
KeHMH. 3ajadya 3aKII049aeTcsi B ONpENeNeHNH BHYTPH MPSIMOYTOJbHOH 00JIACTH ¢ CHMMETPHYHO-PACTION0KEHHBIM
IPSMOYTOJIBHBIM BBIPE30M Ha OOKOBBIX TIpaHUIAX IIOJed HANpsDKEHMH M CKOPOCTEH, BBI3BAHHBIX (DPOHTAMH
MaJIaloIX ¥ MHOTOKPAaTHO AN(pParupoBaHHbIX YIPYTHX BOJIH B MOMEHT BpemeHu t > 0.

I[J'ISI YHUCJICHHOI'O pCIICHUA CMEIIaHHOM 3aga4ur ¢ Ha4YaJIbHBIMH U T'PaHUYHBIMU YCJIOBUIMU IJIA HpﬂMOyFOHbHOﬁ
00J1acCT KOHEUHBIX Pa3MEPOB C CHMMETPHYHO-PACIIOIIOKEHHBIM TIPSIMOYTOJIHBIM BBIPE30M Ha OOKOBBIX IpaHHIAX
MIOCTPOEHA sIBHAasi KOHEYHO-PAa3HOCTHAs CXeMa, OCHOBAaHHAs Ha METOJEe IPOCTPAHCTBEHHBIX Xapakrepuctuk. OH
OCHOBaH Ha KOHEYHO — Pa3HOCTHBIX COOTHOIICHHSX, IOJYYCHHBIX MHTETPUPOBAHHEM CHCTEMbI YpaBHEHHH BIOJIb
OMxapaKTEePHUCTHK ¥ 3aIHCAHHBIX B Y3JIOBBIX TOYKAX, HA KOTOpPEIE pa3duBaeTcs B HccieayeMast obmacte. B pabore
B KAueCTBE 3aBHCHUMBIX MEPEMEHHBIX NPHHUMAIOTCS KOMIIOHEHTBI BEKTOpa CKOPOCTEeH MepeMelieHHd M TeH30pa
HalpsDKCHUH, II0CKOJIBKY HANpPSOKCHHS W CKOPOCTH IEpPEeMEIICHHI SBISIOTCS OCHOBHBIMH  (DM3MYECKHMHU
BEJIMYMHAMH, NTPEACTABISIONMMYI HHTEPEC C TOUKH 3PEHUS U3YUEHHS MEXaHH3MOB, ONPEICIIIONINX THHAMUYECKUE
HPOLECCHl NPU YIPYroM AeGopMHpOBaHMH. JTa MOCTAHOBKA BBIOpaHAa MOTOMY, YTO TaKHE CHCTEMbI M3y4YEHBI B
HacTosIIIee BpeMs OCTaTOYHO IIyOOKO M OCHOBATENBLHO W, KPOME TOTO, IIPpU BBIOOpE CKOPOCTEH NepeMenieHni 1
Hanpsmceﬂni/i B Ka4Y€CTBE€ OCHOBHBLIX MNEPEMCHHBLIX, HCKIIOYAIOTCA IMMPOU3BOJAHBIC H3 TPAHUYHBIX yCHOBHﬁ, 4qTo
I-Ipe3B]:ul'-Ial‘/lIHO Ba)XXHO ITPU UCIIOJIb30BAHUU YUCJICHHBIX METOAOB PCIICHUS 3a/1a4U.

OCOOCHHOCTBIO PACCMOTPEHHOTO TEla C MPSIMOYTOJBHBIM BBIPE30M SIBJIICTCS TO, YTO B YIJIOBBIX TOYKax
NPSIMOYTOJIBHOTO BBIPE3a HapyLIaeTcs «IPUBBIYHAS» JUIS AWHAMUYECKHMX 3ajad IJIaJKOCTh (pyHKIMi, T.e. B 3THX
TOYKaX MCKOMbIE (YHKIIMU U MX IIEPBbIE ¥ BTOPBIE MPOU3BOIHBIEC TEPILT pa3phiB MepBOro pona. s Takux ocodbIx
TOYEK, KOTOpblE HMMEIOT MECTO B HCCIEAyeMOW HaMH 3ajaue, METOJA pacyera He paspaboraH. [lostomy oHum
paccMaTpHBarOTCS Kak OOBIYHBIC YIJIOBBIE TOYKH IIPSIMOYTOJIBHOTO BBIpe3a. BBIT MpemiokeH MeTOZ IMOJIy4eHHUs
paspeliaomyx ypaBHEHHH [UIi HaXOXKICHHS MCKOMBIX (YHKIMH B 3THX 0cCOOBIX Toukax. MccinenoBaHa
KOHIIGHTpAIlMs JWHAMHYECKHX HANPSDKCHUH B OKPECTHOCTH pa3pblBa TPaHUYHBIX yCJIOBHH. Pe3ynbraThl
HCCIIEIOBAHUS JOBEIEHBI JI0 YUCIEHHOTO PELICHHUS.

Pe3ynbTaThl MccnenoBaHU 0a3UpPYIOTCSA Ha CTPOTUX (PM3NYECKUX U MaTeMaTHYECKUX OCHOBaX. JlocToBepHOCTH
HOJIy4EHHBIX PE3yJbTaToB OOYCIOBJICHA CTPOrOM MaTeMaTHYecKOW (OpMYyJIHpPOBKOM pellaeMod 3agaud U
MPUMEHCHUEM M3BECTHBIX YHCJICHHBIX MCTOJOB PCIICHUSA, BBIITOJHCHUEM HeO6XO}II/IMle yCJ'IOBI/lﬁ yCTOFI‘lMBOCTPI u
YHUCJICHHOM IIPOBEPKON YCTOMYMBOCTU METOJA pacyera, COBIAJEHUEM pE3YJbTATOB 4YHUCIEHHBIX pAaCyETOB C
pe3ysbTaTaMy TOYHOTO aHAMTUYECKOrO pemeHus 3agadu Panest — Jlam0a, COOTBETCTBHEM IIOJIyYEHHBIX DPE3yJIb-
TaTOB (PU3NYECKOMY COZEPKaHUIO TOCTaBJICHHOW 3a/1a4H.

PazpaboTanHas MaTeMaTH4ecKkasi MOJENb PELICHHs IUIOCKHX JAWHAMHUYECKHX 33/1a4 TEOPUH YHPYTOCTH MOXKET
OBITh HCIIONb30BaHA [UIsl aHAJIM3a PACHPOCTPAHEHHs AWHAMHYECKHX BO3MYLICHHH B IOJOCE C NPSMOYTOJBHBIM
MOIePEYHBIM CEYCHHEM KOHEYHOTO pa3Mepa U BHIPE3OM CIIOKHOW reoMeTpuueckoil popmbl. Kpome BBISBICHHBIX U
00CY>KIEeHHBIX (DU3WYECKHUX SBICHHUH, MMONydYSHHBIE PE3YNbTaThl IEMOHCTPUPYIOT 3(PQPEKTHBHOCT pa3paboTaHHBIX
PaCUeTHBIX aJITOPUTMOB.

KiroueBble cj10Ba: ynpyrocts, CKOpPOCTb, HAaIIPsDKEHUE, HATPY3Ka, IUIOcKas AedopMaliys, BOIHOBOH mpowecc,
KOHIIEHTPALMS HAIPSDKEHUH, YHCIICHHOE PELleHHeE.
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