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The results of numerical investigation of the stress-strain state of elastic rectangular plates with
reinforced elongated holes under the action of axisymmetric tensile forces are presented. The holes
have different orientations relative to the direction of forces, the materials of the plate and
reinforcements are different too. Computer modeling was carried out using the finite element
method. The influence of mechanical and geometrical parameters of plates and reinforcements,
orientation of holes (angle of rotation relative to the direction of action of forces) on the stress-
strain state of the plate are studied. The dependence of the change in the stress concentration factor
in the plate on the orientation of the hole, the ratio of the elastic modulus of the plate materials and
reinforcements (the elastic modulus of the reinforcement material is 3 times greater (or less) than
the elastic modulus of the plate material) has been established. Plates with holes located at angles
of 60°, 45° and 30° in the direction of the load are modeled. It is shown that a good choice of
geometric and stiffness characteristics of the parameters of reinforcement, plate and elongate hole
orientation can significantly reduce the stress concentration in the plate. Patterns of stress intensity
distribution in the plate sections passing along one of the hole sides and stress concentration in the
vicinity of the corner points of the holes are constructed. The results obtained in this work can be
used to solve the problems of optimization of thin-walled rectangular plates with elongated holes,
having strip reinforcement along the edges.

Keywords: plate, elongated hole, reinforcement, stress-strain state, stress concentration factor,
finite element method.

Introduction. The problems of deformation of mechanical systems with
various inhomogeneities — structural, technological, or operational (holes,
cavities, cracks, inclusions, etc.) are components of a wide class of problems in
the mechanics of thin-walled structures. The presence of discontinuities,
geometric imperfections (pores, cracks) and various inclusions has a
significant impact on the processes of deformation and destruction of solids and
structures [1-9].

The study of the effect of holes, particularly reinforced, on the stress-strain
state was begun by S.P. Timoshenko and al. [1-3], who reduced the problem
of determining the stresses at the hole to the problem of finding the stresses in
a curved beam that is loaded along the outer contour. There are also significant
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achievements in this area associated with the researches of domestic scientists
[10-14].

For the tasks of studying inclusions of the canonical form, it is possible to
use analytical methods. But in the case of bodies of complex shape, the
presence of inclusions of various configurations and orientations, the use of
analytical methods is most often impossible. Therefore, it is advisable to use
numerical methods [15, 16].

The question of the possibility of reducing the stress concentration in the
vicinity of the corner points of a rectangular plate hole due to its reinforcement
with triangular overlays was studied in [6]. At the same time, a computer
simulation of the deformation of the plate was carried out depending on the
orientation of the hole, the mechanical properties of the material and the size
of the overlays. The selection of the optimal parameters of reinforcement can
reduce stress concentration.

In this work, a computer simulation of the deformation process of
rectangular plates with reinforced holes of different orientations relative to the
direction of the tensile force is carried out on the basis of the finite element
method. The aim of the study is to identify the influence of the orientation of
the holes on the decrease in the intensity of stresses and deformations in the
plate.

Problem statement. Consider an elastic square plate of size axa, with a
reinforced elongated rectangular hole bxc (¢ = 3b) of various orientations
relative to the direction of action of a uniaxial tensile force q applied from two
opposite sides of the plate (Fig. 1). We neglect the mass forces.

The study of the stress-strain state of the plate is carried out, taking into
account the influence of reinforcements and the orientation of the holes.
Reinforcement is modeled by inclusions located in the plane of the plate, and
at the boundaries of which with the matrix there are specified conditions of
rigid adhesion. Plates with holes are modeled, which are located at angles of
60° (Fig. 1 (a)), 45° (Fig. 1 (b)) and 30° (Fig. 1 (c)) with respect to the
direction of the load. The intensity of the load is selected in such a way that the
stress does not cross the elastic boundary.

Analysis of the results obtained. Here are the calculation results. In Fig. 2
shows the distribution of the relative stress intensity c,/g in a plate with a
rectangular hole facing 30° relative to the direction of the tensile force
(Fig. 1(c)).

For the purpose of a more visual representation of the results, a part of the
plate is shown in an enlarged form (Fig. 2 (b)). With this hole location, the
stress concentration factor (SCF) is 14.5.

In order to reduce the stress concentration in the plate, the hole was
reinforced with inclusions from a different material.

In Fig. 3 shows the distribution of the relative stress intensity /g, in
section A—B for the plate shown in Fig. 1 () at angle between section and
direction of tensile forces 30° (£, is the modulus of elasticity of the plate, E, is
the modulus of elasticity of the inclusion).
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Fig. 1. Plate load diagram (a)—(c) and reinforcement options (d), (e)
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Fig. 2. Distribution of the relative stress intensity 6/g for the case shown in Fig. 1 (c):
(a) the distribution of the relative stress intensity;
(b) an enlarged image of the area of stress concentration

Let us carry out a comparative analysis of the calculation results for various
ratios of the elastic modulus of the plate and reinforcements.

The presence of inclusions less rigid than the base material (with the ratio of
their elastic modulus E, - E, = 3:1) in the case under consideration led to a
decrease in the SCF by ~ 49%.

Consider a model of a plate with a hole located at an angle of 45° relative to
the direction of the load (Fig. 1 (b)). In Fig. 4 shows the distribution of the

relative stress intensity o;/g in a plate with a hole without the use of
reinforcements.
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Fig. 3. Distribution of 6/¢ in section A-B at 30°

This angle of rotation of
the hole increased the SCF
to 17.2 in comparison with
the results shown in Fig. 2.

Let us carry out a
comparative analysis of the
calculation results for the
plate shown in Fig. 1 (e).

In Fig.5 shows the
distribution of the relative
stress intensity o©;/g  in
section A—B. The presence
of inclusions less rigid than
the base material in the case
under consideration led to a
decrease in the SCF by ~
52%. But with this hole arrangement, the SCF increased by ~ 20% compared
to the results shown in Fig. 3.

In Fig. 6 shows the distribution of the relative stress intensity 6;/q in a plate
with a rectangular hole without reinforcement (Fig. 1 (a)). With this
arrangement, the SCF is 17.2.

The values of the maximum stresses have hardly changed compared to the
result shown in Fig. 4.

Let us compare the calculation results for a plate with a reinforced hole by
varying the ratio of the elastic moduli of the plate and reinforcements. The
plate model is shown in Fig. 1, there is.

In Fig. 7 shows the distribution of the relative stress intensity cj/g in the
section A—B. Here, the SCF almost did not change in comparison with the case,
the calculation results of which are shown in Fig. 5. The stresses near the corner
points of the reinforcements decreased, but the values of the maximum stresses

Fig. 4. Distribution of the relative stress intensity /g
for the case shown in Fig. 1 (b)
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did not change. The smallest stresses in the places of concentration arise when
orienting the reinforced hole shown in Fig. 1 (e) at 60°.
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Fig. 5. Distribution of 6/¢ in section A-B at 45°

Let us consider the
distribution  of  the
relative stress intensity
o;/q in section A-B for
the plate model shown
in Fig. 1,d at 30°.

In Fig. 8 it can be
seen that with this
orientation of the hole
and the parameters of
the reinforcements, the
SCF is ~ 20% less than
in the case, the results
of which are shown in
Fig. 3. The presence of
reinforcements made of

<8

L Lol

Fig. 6. Distribution of the relative stress intensity c/q for the
case shown in Fig. 1 (a)

other material reduced the SCF by ~ 57%.
Let us compare the calculation results for the plate shown in Fig. 1 (d) at
45°. In Fig. 9 shows the distribution of the relative stress intensity c;/g in

section A—-B.

Comparing the results shown in Fig. 9, with the results in Fig. 8, it can be
noted that the maximum stresses have increased. This may be due to the fact
that the length of the hole in the direction perpendicular to the direction of the
load is greater than in the case shown in Fig. 8.

Consider the calculation results for the plate shown in Fig. 1 (d) at 60°. In
Fig. 10 shows the distribution of the relative stress intensity c;/g in section A—B.
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Fig. 7. Distribution of /¢ in section A-B at 60°
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Fig. 8. Distribution of 6,/¢ in section A-B at 30°

Conclusion. The analysis of the influence of the orientation of the

reinforced hole relative to the direction of the load action in a rectangular plate
is carried out. As a result of comparing the results obtained for all considered

cases, it was revealed:
o The best of the three options for the orientation of the hole relative to the

direction of the load (Fig. 1 (a) — Fig. 1 (¢)) from the point of view of stress
reduction, we can note the option shown in Fig. 1 (¢).

gave a better result than the options shown in Fig. 1 (e).

e Variants of the location of reinforcements, which are shown in Fig. 1 (d)

e From the point of view of reducing stresses, the best of the considered

options turned out to be the option shown in Fig. 1 (d) at 30°. As a result of the
use of reinforcements from a less "rigid" material, the SCF decreased by ~ 57%.
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e Variants of hole orientation, which are shown in Fig. 1 (a) and in
Fig. 1 (b), give almost the same results.

Gl
2500 q
A
20,00 5 —
15,00 \2( — En:Ee
A S
\ N ---1:1
1 AN
:1 > —_—31
10,00 f - 1:3
5,00
0,00
A
Fig. 9. Distribution of 6,/q in section A-B at 45°
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Fig. 10. Distribution of 6,/¢ in section A-B at 60°

So, by varying the orientation of the hole with respect to the direction of the
load, as well as when using inclusions from a different material, it is possible
to significantly reduce the stress in the plate in the places of their
concentration. With a decrease in the angle of rotation of the hole relative to
the direction of action of the load, the maximum stresses decrease.

The developed calculation methodology can be extended to various

relationships between physical, mechanical and geometric parameters of the
considered system and other types of loading.
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Tapm E.JL, I'vopamosuu B.C.
KOMII''OTEPHE MOJIEJIIOBAHHSI HAIIPYKEHO-JE®OPMOBAHOI'O CTAHY
IJIACTHUH 3 NIJAKPIIVIEHUMU BUJOBKEHUMHU ITPSIMOKYTHUMU
OTBOPAMH PI3HOI OPIEHTALII

Po3pobiieHO cxeMH I KOMITIOTEPHOrO PO3PaxyHKy HampyXeHO-I1e()OPMOBAHOTO CTaHy
HPY)KHHX IHPSIMOKYTHHX IUIACTHH 3 IIAKPIIUICHMMHM BHIOBXXCHUMH OTBOpaMH IpH il
BICECUMETPUYHUX PO3TAryBadbHUX CHI. OTBOPH MAalOTh Pi3HY OpIEHTAL{I0 LIOAO CHPSIMYBaHHS
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3yCHIIb, MaTEpiaJii IJIACTHHY 1 MIAKPIIUICHb TakoXK pi3Hi. KoM’ 1oTepHe MOZAEIIOBaHHS [POBEICHO
METOIOM CKIHYCHHHUX eJEeMEHTIB. J{OCHiIKEHO BIUIMB MEXaHIYHMX Ta TCOMETPUYHHX MapaMeTpiB
IUIACTHH 1 MiAKpIMJICHb, Opi€HTALli OTBOPIB (KyT MOBOPOTY BIJHOCHO HAmpsIMKYy Aii CWJ) Ha
HaNpy)XeHO-Ie(OPMOBAHMI CTaH IUIACTHHH. 3alIOKHICTh 3MiHM KoeQillieHTa KOHIEHTpALil
HAmnpyXXeHb B IUIACTHHI BiJ Opi€HTaLil OTBOPY, CIIBBIIHOIICHHS MOMYJS NMpPYXXHOCTI MaTepiaiis
IUTACTHHHM Ta MiAKPIIUICHHS (MOIYJIb MPY)KHOCTI MiAKPIIIIIOBAIBHOIO MaTepiany B 3 pa3u OinbLinid,
HIXX MOZYJIb IPY>KHOCTI MaTepiay IUIACTHHH). MOJENIOI0ThCS MIACTHHH 3 BUIOBKCHUMH OTBOPAMH,
po3TamoBaHiMK i Kytamu 60°, 45° i 30° BiqHOCHO HaNpsIMKY il HaBaHTaXeHHs. [1oka3aHo, 1110
BN BHOIp F€OMETPUYHMX Ta JKOPCTKICHUX [apaMeTpiB MiAKpIMIeHb, OPi€HTALIi BUIOBKEHOIO
OTBOPY MOXKE 3HAYHO 3MCHIUNTH KOHICHTPALIl0 HampykeHb y IuiacTuHi. IloOymoBaHo cxemu
PO3MO/iTy IHTEHCHBHOCTI HANPYXKEHb Yy Iepepizax IUIACTHHH, 10 IPOXOAATH B3J0BXK OHI€T 31 CTOPiH
OTBOpY, Ta KOHILIEHTPALii HapyXeHb B OKOJI KYTOBHX TOYOK OTBOpiB. OTpmMaHi B 1iif poGori
pe3yiibTaTH MOXYTh OyTH BHKOPHCTaHi JUISi pO3B’s3aHHs 3a/ad ONTHMI3allil TOHKOCTIHHHX
HPSIMOKYTHHUX IJTACTHH 3 BUJIOBXKGHHMH OTBOPAMH, 110 HiAKPIIIIOIOTHCS 10 KpasiX.

KurouoBi ciioBa: 1uiacTiHa, BUIOBXKEHWH OTBIp, MiAKpIIUICHHS, HANpyXeHO-Ie(OpMOBaHHI
cTaH, Koe(hilieHT KOHIEHTpALii HALPY>KEHb, METO/ CKIHUCHHHUX CJIEMEHTIB.

Tapm D.JL, I'vopamoeuu B.C.
KOMIIBIOTEPHOE MOJEJTUPOBAHUE HAIIPSIKEHHO-JE®OPMHUPOBAHHOI'O
COCTOsIHUSI IIVIACTUH C NIOAKPENVIEHHBIMU Y JJIMHEHHBIMUA
MPSAMOYTOJIbHBIMA OTBEPCTUSAMM PA3JIMYHON OPUEHTALIAA

Pa3paboTaHbl cXeMbl ISl KOMIIBIOTEPHOT'O PacyeTa HalpspKEHHO-1e)OPMUPOBAHHOTO COCTOSIHUS
YIPYruX NPSIMOYTOJIBHBIX IUIACTHH C MOAKPEIUIEHHBIMU y/UIMHEHHBIMU OTBEPCTHSIMU TIPU A€HCTBUM
OCECMMMETPUYHBIX  pacTAruBarolux cwil.  OTBEepCTHS MMEIOT — Pa3IMYHYI0  OPHEHTALHIO
OTHOCHUTEJIBHO HAlpaBJICHUs YCHJIMH, Marepualbl IJIACTHHBI M MOJKPEIUICHUH TaKXKe Pa3JIMYHBI.
KoMunbroTepHOE MOIEIMPOBaHUE POBEAEHO METOI0M KOHEUHBIX 1eMeHTOB. MccnenoBaHo BiusHue
MEXaHUYECKUX U F€OMETPUUYECKUX MapaMeTPOB IUIACTHH U MOJKPEIUICHUH, OPHEHTAllUM OTBEPCTHIH
(yros moBOpOTa OTHOCHTENIBHO HANpPABJICHUs ICHCTBHS CHJI) Ha HAIPSHKCHHO-Ie(HOPMHPOBAHHOE
COCTOSIHME IUIACTHHBL. VI3yueHa 3aBUCHMMOCT M3MEHEHHsS KOd(hQUIMEHTa KOHLEHTpaLHu
HAIPSDKEHUH B IJIACTHHE OT OPUEHTALIMKM OTBEPCTH S, COOTHOILEHUS MOJLYJIEH yIIPyroCTH MaTepUasoB
IUIACTUHBl M TOJKpeIUIeHus. MOAeNUpYIoTCS IUIACTHHBI € Y/UIMHEHHBIMH  OTBEPCTHSIMHU,
pacrosokeHHbIMU 1101 yriamu 60°, 45° u 30° OTHOCHTEIBHO HANpaBJICHUs JIEHCTBUS HArpysKu.
IToxazaHo, 4YTO MpH ONPEACACHHOM BBHIOOPE I'€OMETPHYECKHX H JKECTKOCTHBIX I1apaMeTpOB
HOJKpPEIUICHNH, OpUEHTAlMU  YUIMHEHHOIO OTBEPCTUS MOXKHO —3HAYUTENIBHO  YMEHBLIUTh
KOHLEHTPALMIO HANpsDKEHWH B IutacThHe. IlocTpoeHs! rpaduky pacipeneeHUss HHTCHCHBHOCTH
HaNpPSDKEHUH B CEYEHMSX IUIACTHHBI, HPOXOASAIUMX BJOJIb OJHOW M3 CTOPOH OTBEpPCTUS, U
KOHLIEHTpPALMHU HAIIPSDKEHHIT B OKPECTHOCTH YIVIOBBIX TOUYEK oTBepcTHil. [lomydeHnsle B 9T0it pabote
Pe3yAbTAThl MOTYT OBITh UCIOJIB30BAHBI LIS PELLICHNUsI 33/1a4 ONTUMHU3ALHN TOHKOCTCHHBIX IUIACTHH
€ YUIMHEHHBIMU OTBEPCTUSIMH, KOTOPbIE HOAKPEILIAIOTCS MO KPasiM.

KiroueBble cJIOBa: IUIACTHHA, Y/JIMHEHHOE OTBEPCTHE, MOAKPEIUICHUE, HANPSHKEHHO-
nehOopMUPOBAHHOE COCTOSHHE, KOI(QGHUUMEHT KOHLEHTPALHMH HANPSHKCHUH, METOJ KOHEYHBIX
3JIEMEHTOB.

YK 539.3

Iapm EJIL, TI'yopamosuu B.C. Komn'ioTepHe MoJeJIOBaHHSI Hanpy:keHoO-1e(opMoBaHOTO
CTaHy IUIACTHH 3 MiAKPIIVIEHHMH BHIOBXKEHHMH NPSMOKYTHUMH OTBOpPaMH Pi3HOI
opienrauii / Omnip MmarepiamiB i Teopis crmopya: Hayk.-tex. 30ipH. — K.: KHYBA, 2022. —
Bum. 108. — C. 77-86. Anru.

Ha ocnogi memoody CKiHYeHHUX eleMeHmie NpoeedeHo KOMN IomepHe MOOeNO8aAH S BNIUEY
MeXaumiunux ma 2eoMempuyHux napamempis niOKpiNIOBANbHUX eNeMeHMI8 HA HANPYICEeHO-
dehopmosanuil cman RAACMUHU 3 BUOOBHCEHUMU RPIMOKYMHUMU OMBOPAMU PI3HOT opienmayii
GIOHOCHO HANPAMKY OIi cun pozmsey.

Ta6u. 0. L. 10. Bi6miorp. 16 Ha3s.
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UDC 539.3

Hart E.L., Hudramovich V.S. Computer simulation of the stress-strain state of plates with
reinforced elongate rectangular holes of various orientations // Strength of Materials and
Theory of Structures: Scientific-and-technical collected articles. — Kyiv: KNUBA, 2022. — Issue
108. —P. 77-86.

On the basis of the finite element method, a computer simulation of the influence of mechanical
and geometric parameters of reinforcing elements on the stress-strain state of the plate with
elongated rectangular holes of different orientation relative to the direction of action of tensile
forces has been carried out.

Tabl. 0. Fig. 10. Ref. 16.

VK 539.3

Iapm  D.JIL, [Iyopamosuu B.C. KoMnbloTepHoe  MOAeJMPOBaHHE  HAaNpPSKEHHO-
1eOpPMHPOBAHHOIO  COCTOSIHMSI  INIACTHH € NOJKPEIUIEHHBIMH  YAJIHHEHHBIMH
NPSIMOYTOJbHBIMH OTBEPCTHSIMH Pa3IM4HON opueHTanuu / CONpOTHBICHHE MAaTEPHANIOB U
TeopHsi coopyKeHuit: Hayd.-Tex. coopH. — K.: KHYBA, 2022. — Bein. 108. — C. 77-86. - Auru.

Ha ocnose memooa KOHeuHbIX 2NeMEHMO8 NPOBEOeHO KOMNbIOMEPHOe MOOEIUPOBAHUe GIUSHUS
MEXAHUYECKUX U 2eOMeMmPUYecKux napamempos NOOKPENIAIOWUX NeMEHMo8 HA HANPIICEHHO-
Odepopmuposannoe cocmosiHue NIACMUHBL ¢ YOIUHEHHLIMU NPSIMOY2OTbHbIMU  OMEEPCIMUAMU
PAa3HOL OpUEHMAayUy OMHOCUMENbHO HANPAGLEHUSI OeUCIBUSL CUTL PACHIAICEHUSL.

Tab6un. 0. Y. 10. bubmnorp. 16 Ha3s.

ABTOp (HAYKOBHil CTyNeHb, BUeHe 3BaHHsI, NOCAAA): JOKMOP DI3UKO-MAMEMAMUYHUX HAVK,
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