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Wayve field in a strip with symmetric located holes

In the linear formulation, the problem of the propagation of unsteady stress waves in an elastic body with
symmetrically located rectangular holes is considered. Formulated in terms of stresses and velocities, the
mixed problem is modeled numerically using an explicit difference scheme of the end-to-end calculation
based on the method of spatial characteristics. The wave process is caused by applying an external
dynamic load on the front border of the rectangular region, and the side boundaries of the region are
free of stresses. The lower boundary of the rectangular region is rigidly fixed. The contour of symmetrically
arranged rectangular openings is free of stress. 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
hole, where the "smoothness"of functions "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 isoline
presents the results of changes in wave fields in an elastic body with symmetrically located rectangular
holes. The concentration of dynamic stresses in the vicinity of the corner points of a rectangular hole is
investigated. By numerical implementation, the stability of computational algorithms for a sufficiently large
time is established.

Keywords: elastic, wave process, stress, speed, plane deformation, numerical solution.

Introduction

In recent years, the problem of developing scientifically sound and effective numerical methods
for analyzing the health of structures with cuts, holes, foreign inclusions and other characteristic
features has become increasingly relevant. These features make it necessary to develop new and improve
traditional numerical methods for calculating and designing structures. This will make it possible
to take advantage of the enormous advantages of mathematical modeling — to combine a physical
experiment with a more economically viable numerical experiment and to provide answers to questions
of interest to engineers with the least expenditure of funds and effort. To realize this possibility, it is
necessary to solve a range of issues related to the construction of mathematical models of environments
that take into account the complex features of the environment. On the other hand, the second necessary
component of this approach is the creation of reliable and economical methods for the numerical
calculation of the corresponding dynamics problems. Prediction of the dynamic behavior of structural
elements taking into account a number of weakening factors (holes, cavities, cutouts, etc.) has not only
theoretical, but also applied value, determined by the demands of engineering practice [1-17]. The
methodological apparatus of scientific research is based on finite-difference methods based on the use
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of characteristic surfaces and compatibility relations on them. The research methodology is confirmed
by scientific and theoretical justification, the correctness and rigor of the mathematical formulation of
the investigated problems.

Formulation of the problem. Let the rectangular cross section of the strip, weakened by two equal
rectangular holes symmetrically spaced relative to the axis xo = 0 (Figure 1), be in an undisturbed
state at £ <0, i.e.

vi(z1,22,0) = va(x1, 22,0) = p(x1, 22,0) = q(x1,22,0) = 7(21, 22, 0) (1)
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Figure 1. The study area

Wave processes in a strip with symmetrical holes are described by a system of differential equations
of hyperbolic type, containing dimensionless stresses p, ¢, 7, displacement velocities v1, v as unknowns
[1-2]:

Vg —pP1—q1—T2=0; vy —pa2+qga—711=0,
YO =1D) 7 pr—vig —va2=0; g —v11 +v22 =0, (2)
’YQT,t — V1,2 — V21 = 0.

Dimensionless variables are introduced by the formulas [1-2]:
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where b is the characteristic length, p is the density of material, c1,cy are the velocities of waves of
expansion and shear, 011,092,012 are the components of the stress tensor, v is a constant parameter.
In the future, the bar over dimensionless parameters is omitted.

The solution of the system of equations (2) with respect to the desired quantities vi,ve,p,q, T
constructed for zero initial (1) and the following boundary conditions (¢t > 0):

vy = f(t), wva=0 when x1=0, —L<ax9<0L. (4)
p—q=0, 7=0 when |xz] =L, 0<x <Y, (5)
vi =v2 =0 when |x1| =4, |xof <L, (6)
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p+q=0, 7=0 when z; =21, 29<|ro]<a) and ry =], 29 <o <adal, (7)

p—q=0, 7=0 when |zo|=2 20 <z <zl and |zo|=ai, 29 <z <ol (8)

Analysis of the calculation results. Numerical results are given for the rectangular region
0 <z <100-hq, |x2| < 100hy. Moreover, the accepted values of the steps along the coordinate
are the same h; = ho = h = 0.05. The body material has the following characteristics: elastic modulus
E = 200G Pa, Poisson’s ratio v = 0.3, density p = 7.9 - 103kg/m?, ¢1 = 5817m/sec, ca = 3109m/sec,
v = 1.87. The dimensions of the holes are taken as follows: 20 = 25 h, #1 = 75 h, 2| = 25 - h,
|z3| = 75 - h. The wave field parameters were obtained with the following initial data

fO)=A-t-e ' A=1,es =02,k =0.025h = 0.05.

Here A is a constant factor, the parameter s characterizes the rate of change of the external load.
Since the body under study has free boundaries o = 4100 - h and contains rectangular holes inside
itself, then over time reflection waves (diffracted) superimposed on each other determine the complex
nature of the manifestation of displacement, strain, and stress velocities in it. The corner points of the
rectangular region and the corner points of rectangular holes are sources of disturbance, causing both
longitudinal and transverse waves.

The study of the stability showed that a grid ratio k/h of 0.5 provides the stable results for a
sufficiently large period of time, with multiple reflections and diffraction waves. In fact, the calculation
was performed up to ¢ = 1000 - k. In the calculations at any time ¢, all boundary conditions are exactly
satisfied both at the corner points of the strip and at the corner points of rectangular holes. This
circumstance, unlike many approximate methods, ensures the reliability of the obtained solutions and
the corresponding results.

The solution of the system of equations (2) under initial (1) and boundary (4)—(8) conditions is
found by the method of spatial characteristics at the nodal points into which the entire studied area is
divided [1-2]. A feature of the body under consideration is that at the corner points (P, G, @, S) of the
rectangular hole, the “smoothness” of functions that is “familiar” to dynamic problems is violated. It
was precisely such features that were not extended, or in general, as we know, there was no method for
solving such problems. In addition to the known relations [1-2|, the calculated relations are obtained
at the internal corner points (P, G, @, S) of the rectangular hole [6].

The calculation results are presented by graphs in figures 2-3. Due to the symmetry of the location
of the rectangular holes and the nature of the loading, the desired parameters vy, p, q, are even, and
vo, T are the odd functions relative to the axis xo = 0 of the strip.

The construction of dynamic stress fields generated from the interaction of symmetrically located
holes will allow, using various strength criteria, to judge the shape and possible size of the fracture
zones. In Figs. 2-3, in the plane x1/h - zo/h for the time instant ¢ = 400 - k, the contours of normal
stresses p + ¢ = const, p — g = const are shown, respectively. The stress state due to the symmetry of
the problem relative to the axis x9 = 0 of the strip is shown only for positive values z(z2 > 0) near a
symmetrically located hole.

The presented graphs clearly illustrate the strong interaction of wave fields on the stress distribution
in the vicinity of the holes, which leads to the formation of a number of local extrema. The location of
the latter changes in time due to repeatedly reflected and diffracted waves from the boundaries of the
holes and strip.
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Figure 2. Isolines of normal stresses p + ¢ = const at time t = 400 - k
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Figure 3. Isolines of normal stresses p — g = const at time t = 400 - k

It should be noted (Figure 2) the appearance of an extensive zone of tensile stresses p + g = const
in front of the hole. In the region behind the hole, the stress level is extremely low. Although the
maximum values of tensile stresses p + ¢ = const turned out to be lower by an order of magnitude
than the maximum absolute values of compressive stresses, nevertheless, for a number of materials
(such as soils, bulk material, etc.) they can pose a serious danger. Therefore, a detailed study of the
appearance and development of extension zones is an important applied problem. In the vicinity of the
front corner points (P, G) of the hole relative to the loading surface, the concentration of compressive
stresses p + ¢ = const at a given time is maximum. In the vicinity of the lower corner points (@, S),
where the stress amplitude is less, they remain compressive throughout the entire considered time.
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Slightly smaller stress gradients than in the vicinity of the corner points are observed near the lateral
free edges (PQ,GS) of the hole. The maximum concentration of compressive stresses p + g = const
is formed near the corner points (R, K) of the strip, in the vicinity of which the stress fields have the
greatest gradients.

Analysis of normal stress isolines p — ¢ (Figure 3) shows that the resulting zone of tensile stresses
on the lower free face (QS) of the hole is less extensive than on the front free face (PG). This is due
to the fact that a perturbation is specified on the surface 21 = 0, and the strip surface 1 = 100 - h is
pinched.

A small stretch zone is localized near the lateral face (PQ) of symmetrically located holes, as well
as near the front (M R) and lateral (RK) faces of a rectangular strip. Moreover, the zone of tensile
stresses is bordered by an isoline of zero stresses. The appearance of a large number of local maximums
of compressive stresses in the vicinity of the corner points of the symmetric hole is due to the complex
interaction of reflected, diffraction, and interference phenomena, which is characteristic of the stress
state. As a result of the reflection of the waves, a region of compressive stresses is formed near the
upper (M R), lower (NK), and lateral (RK) surfaces of the strip. From an engineering point of view,
when calculating and constructing structural elements with several holes, it must be borne in mind
that under dynamic loads, the stress concentration does not change monotonically when the holes
approach each other, as is the case in static, but is determined by a more complex dependence and
interaction of holes, corner points. In some cases, the stress concentration can even decrease as the
holes approach each other, which leads to the appearance of a class of problems for optimizing the
design with holes. When carrying out the calculations, it is necessary to take into account in advance
the possible frequency ranges and disturbances in which the structure will subsequently operate.
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CuMmMeTpusijibl OPHAJIACKAH TecikTepi 6ap JeHeaeri TOJKBIHABIK epic

186

2KywmpbicTa CBI3BIKTHI 2KaFmaiiia GepireH CHMMETPHUsIIBI OPHAJIACKAH TIKTOPTOYPHIMITH TecikTepi 6ap cep-
mMIi JieHeaeri craimoHap emMec TOJKBIHABIK IPOIeCTiH Tapajy ecebi KapacTblpblLiraH. Kepueyiep men
KBLUIJIAaMIBIKTap TEPMUHIH/E KOWBLIFAH apaJiac ecel afKbIH afbIPBIM/IBIK CXeMa, aTal alTKAHIa CAHIbIK
KEHICTIKTIK cunarraMaJjap oficiMeH mmemnijired. TOJKBIHABIK MPOIECC TIKTOPTOYPHIIITE JeHEeHIH OeTTIiK I1e-
KapaJblK HYKTeJIepiH/e ChIPpTTail JMHAMUKAJBIK KYIITiH OepinyineH naiiga 6osaabl, aj JgeHeHiH Oyiiip Ka-
ObIpraJlapblH/a KEPHEYIIK HeJre TeH. TiKTepTOYpPBIINTHl IeHEHIH TOMEHTI IIeKapaJsblK HYKTeJepl KaTaH
6ekiTisiren. CHUMMETpUSIBI OPHAJACKAH TIKTOPTOYPBIMITH TECIKTEP/IiH KOHTYDPBIHIA KEPHEYJIIKTED HOJI-
re TeH. OcCbl »KYMBICTa O3IpJIEHIEH CAHJIBIK TEXHUKAJIBIK HEri3iHje JUHAMUKAJIBIK, €CEITEPJiH aKbIPFbI-
aNBIPBIM/IBIK KATBIHACTAPBI JTUHAMUKAJBIK, €CEITEPTe «9/IeTTerl» IMEKTI (DYHKIUIIAPIbIH, OYy3bLIFaH TiK-
TOPTOYPHIMITHL TECIKTIH OYPBIITAPBIHAA AJbIHFaH. By OYPBINTHIK HYKTEIEpAe i37aemin/al, GyHKIusIIap-
JbIH OipiHimi »KoHe eKiHI peTTi TybIHAbLIAPbI 6ipinmi TekTi y3imicri. CuMMeTpHUsiIbl OPHAJIACKAH TIKTOPT-
OYPBIMITH TECIKTEpl 6ap cepmiMIi JeHeJeri TOJKBIHIBIK, OPIC ©3repiCiHiH HOTHUXKeIepl W30CHI3BIK, TYPIiHIe
kesrripinrer. Tik OypeIIITel TeCiKTiH, OYPBINITHIK HYKTEIEPIHIH MaHANBIHIA KEPHEYTIKTIH JHHAMIKAJIBIK,
KOHIEHTpaIusichl 3eprreired. CaHIbIK 9iCTI KOJJaHy HOTHUXKECIHIIE eCenTey aJrOPUTMIEPIHIH KETKIIIKTI
VJIKEH YaKbITKA TYPAKTBLIBIFbI AHBIKTAJIFAH.

Kiam ceadep: cepmimii, TOJKBIHIBIK, IPOIECC, KEPHEY, KBIIIAMJIBIK, KA3BIKTHIK, 1e(DOPMAIUACH, CAHIBIK,
IIEIITM.
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H.K. Amup6aes, 2K.H. Ammp6aesa, M.T. [llomanbaesa, L11.E. Anreirbekon

BoumHoBoe moJie B mmoJioce
C CUMMETPUYHO-PACHOJIOKEHHBIMI OTBEPCTUAMU

B JsiuHeiliHO MOCTAHOBKE pacCMOTPEHA 3aJlada O PaCIpOCTPAHEHUN HECTAIMOHAPHBIX BOJIH HAIPSXKEHU B
YIPYTOM TeJie ¢ CHMMETPUIHO-PACIIONIOKEHHBIMA MPSIMOYTOJMbHBIMI OTBepcTusivu. CdopmymnpoBaHHas B
TepMHMHAX HAIIPSI?)KEHUN U CKOPOCTell CMeIllaHHasl 3a/a9a MOJEJIMPYETCsl YUCJIEHHO € TIOMOIIBIO sIBHOM pa3-
HOCTHOI CXeMbI CKBO3HOTO CYeTa, OCHOBAHHOW Ha MeTOJleé TPOCTPAHCTBEHHBIX XapaKTEPUCTUK. BOJIHOBOI
MPOITECC BBIZBIBAECTCS MPUKJIAIBIBAHNEM BHEITHEH IUHAMHYECKON HATrPY3KM Ha JIMIEBOUW TPAHUIE TPSMO-
YroJIbHOM 06/1acTH, & GOKOBBIE IPAHUIIBI 00JIACTHA CBOOOIHBI OT Halpsi>KeHuil. HuKHsis1 rpaHuiia npsiMoyrosib-
HOIT 006JIACTHU YKECTKO 3aKperieHa. KOHTYyp CHMMETPUYHO-PACIIONIOKEHHBIX IPSIMOYTOJIBHBIX OTBEPCTHIA CBO-
6omen or HampsizkeHuit. Ha ocHoBe pazpaboTaHHO! B paboTe YHCIEHHOW METOIUKHU MOJIyIEHBI pacUeTHBIE
KOHEYHO-PA3HOCTHBIE COOTHOIIEHUSI JIMHAMUYECKUX 33/1a9 B YIVIOBBIX TOYKAX MPSIMOYTIOJIBHOTO OTBEPCTHUS,
IIe HApYIIaeTCs «IPUBBIYHASY JJTsT JUHAMHYECKUX 33189 TVIAJIKOCTh (DYHKIMIA. B 9TUX yIJIOBBIX TOYKAX
MepBBbIE U BTOPBIE ITPOU3BOIHBIE NCKOMBIX (DYHKITHN TEPIISIT PA3pbIB IEPBOTO pofa. B Bue nzommHun npe-
CTaBJIEHbl PE3YJIbTATHl W3MEHEHUsI BOJIHOBBIX IOJIEHl B YIPYrOM Tejle C CUMMETPUYIHO-PACIOIOKEHHBIMU
MPsIMOYTOJIBHBIMU OTBepcTUsAMU. VccaenoBana KOHIEHTpAIUsT JUHAMIYECKUX HAIPSI?KEHUI B OKPECTHOCTH
YIJIOBBIX TOYEK MPSIMOYTOJIBHOTO OTBepcTusi. IlyTem dWmCIeHHON pean3alinu yCTAHOBJIEHA YCTONIUBOCTH
PaCYeTHBIX aJITOPUTMOB JIJIsl JOCTATOYHO GOJIBIIIOIO BPEMEHH.

Kmouesvie caosea: ynpyrocTsb, BOTHOBOH IPOIIECC, HAIPSI?KEHNE, CKOPOCTh, IJIOCKas AedopMaIris, YncIeHHOe
peleHue.
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