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ANSYS, ABAQUS, ADINA, DIANA u np. Buny 605b110ii 0TBETCTBEHHOCTU
pacueTsl Ha yCTOWYHBOCTh HEOOXOMMO BECTH KaK MUHUMYM C HUCIIOJIb30BaHUEM
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Revised: September 24, 2020 structures. It is used in various fields of engineering — mechanical engineering,
Accepted: October 9, 2020 aircraft and shipbuilding, civil engineering, etc. Until the second half of the twen-

tieth century, mainly analytical methods of buckling were applied in practice.
With the appearance of computers, numerical methods, in particular, the finite
element analysis, began to prevail. Buckling analysis was implemented in pro-
grams of finite element analysis, such as NASTRAN, ANSYS, ABAQUS,
ADAMS, DIANA, and others. In view of great responsibility, buckling analysis
of structure should be carried out using at least two different programs. However,
due to the high cost of software products, not all project organizations are able to
have a number of programs. An alternative is to develop programs that can com-
plete buckling analysis using several methods. This would increase the reliability
and quality of calculation results. The PRINS computer program has opportunity
for buckling analysis using two methods — static and dynamic. The aims of
the work — to show the theoretical aspects and practical implementation of
the dynamic principle of buckling analysis in buildings and structures using
finite element method, as well as to give the algorithm implemented in the PRINS
program and the results of verification calculations confirming its reliability.
Results. The algorithm presented in this article and implemented in the PRINS

For citation computer program allows to determine critical loads using a dynamic buckling
Agapov V.P., Markovich A.S. Dynamic criterion. On the basis of numerous verification calculations, it was established
method for determining critical loads in that the implemented algorithm was effective for determining critical loads in
the PRINS computer program. Structural frame, thin-walled and ribbed plate structures. The use of the PRINS computer
Mechanics of Engineering Constructions and program enables to use an alternative method for determining critical loads for
Buildings. 2020;16(5):380-389. (In Russ.) a wide class of engineering problems in addition to the classical (static) method.
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1. Beeaenue

PacueTsr Ha yCTOWYHBOCTh UTPAIOT BXKHYIO POJb MPH MPOCKTUPOBAHWN KOHCTPYKIMHA U COOPYKEHUH,
WCTIOJB3yEeMBIX B Pa3IMYHBIX 00JACTSIX TEXHUKH — MAalIMHOCTPOCHUH, aBHa- U CYIJOCTPOSHHH, TIPOMBIIIJICHHOM
Y TPAXKIAHCKOM CTPOUTEIILCTBE U JIp. TeopeTHUeCKUe aCeKThl TPOOJIEMbl YCTOMUNBOCTH OTIMCAHBI B MHOTOYHC-
JICHHBIX )KYPHAJIBHBIX CTaThiax U MoHorpadusax [1-10]. Ha npaktuke 1o BTopoii momoBuHB XX BeKa MPUMEHS-
JIUCH, TJIABHBIM 00pa30M, aHATAUTHIECKHE METOMBI pacueTa Ha YCTOWIMBOCTE [1—5]. C MosBICHHEM BHIYHCITUTEITh-
HBIX MalllMH CTaIH MPpeo0IaaTh YUCICHHBIE METOBI, B YACTHOCTH METOJI KOHEUHBIX 3eMeHToB (MKD) [6-9].
B mocnenHee Bpemst BOIIPOCY YCTOWYMBOCTU CTEPXKHEH, MIIACTHH M 000JI0YEK MOCBAIICHO 0OJBIIOE KOJINYECTBO
nccienoBannii [11-15]. PacueTsr Ha yCTOWYHUBOCTh peaiM30BaHBl BO MHOTHX KOHEYHO-3JIEMEHTHBIX IPOTPaM-
Mmax, Harpumep, NASTRAN [16], ANSYS [17], ABAQUS [18], ADINA [19], DIANA [20] u np. B cuy 60mnb-
IIOH OTBETCTBEHHOCTH TPeOyeTCs MPOBOJIUThH PACYETHI HA YCTOMYUBOCTH MO KpaliHeW Mepe ¢ UCIOIb30BaHUEM
HECKOIIbKHUX TPOTPAMM, YTO HE BCET/Ia BHIITOJIHUMO I10 MPUYHHE BRICOKOW CTOMMOCTH MPOTPAMMHBIX IMPOTYKTOB.
Pa3zpaboTka mporpamm, B KOTOPBIX 3a7addl yCTOMYMBOCTH PEIIANCh Obl HECKOJIBKAMH METOIAMH, ITOBBICHUT
HaJIeKHOCTh M IOCTOBEPHOCTh PE3yJIbTATOB pacdyeTa Ha yCTOHYUBOCTD.
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O0pasioM MoA00HOM MPOrpaMMBI sIBJIsSETCs BerarcmTensHoM komiuiekce [IPUHC [21]. Pacuer Ha ycroiium-
BOCTB BEJIETCSI B HEM JIByMsI METOJaMH — CTATHYECKUM M AuHaAMHUdeckuM. [Ipu aTom cratnueckuii MeTo] pas3pa-
OortaH B (hopme, He TpeOYIOIIEH pemeHus MpoOIeMbl COOCTBEHHBIX 3HAUCHUN. DTO CTaJI0 BO3MOXKHBIM 0Jraroma-
Psl MCIIOJIL30BAHUIO KPUTEPUS MOTEPU YCTOWYMBOCTU B BUJC PABCHCTBA HYJIIO PEaKIUM CAMHCTBEHHOW HAJO-
JKEHHOHW Ha 3aJJaHHYIO CHCTEMY CBS3H IPU CMEIICHUH ATOHN CBSA3M Ha Majloe PACCTOSIHUE B HANPABJICHUHU OXKUIA-
€MOi TIOTEPH YCTOWYMBOCTH. TeopeTHdecKrue OCHOBBI ATOTO METO/Ia M eTr0 MPAKTHYECKas pealn3anis OMHUCaHbI
B pabore [22].

B nanHOI cTaThe OMUCHIBAIOTCS TEOPSTUYCCKUE ACTICKThI M MPaKTHUYECKas peaiu3alus TUHAMUIECKOTO Me-
TOJla pacyera Ha YCTOWYMBOCTH, a TAKXKe MPHUBOJSATCS PE3yNIbTaThl BEPH(PHUKAIIMOHHBIX PacueTOB, MOJITBEPKIA-
IOII[HE €r0 JOCTOBEPHOCTb.

2. MeToanl

YpaBHeHHE AJIs ONpeIeTICHNsT METOIOM KOHEUHBIX AIIEMEHTOB MUHHMAJIBHBIX KPUTUYECKUX HArpy30K, CO-
OTBETCTBYIOMIMX MOTEPE YCTONYNBOCTH HEIMHEHHO Ae(POPMHUPYEMBIX CHCTEM IPH HAIMYUH HAaYaJdbHBIX HAIPS-
JKEHUH U TIepeMeIeHuH, TpecTaBiseTcs B Buae [21]

(K+K,+K;+K,+K,;,)u=0, (1)

rie K = fB TpBav - MaTpuIa KECTKOCTH HyJieBoro mnopsiaka; K, = J(BTDBO + Bg DB, + BOT DB )d V' — mat-
V vV

pHIIa HaYaIbHBIX NepeMelenuil; K = jGT o6GdV — marpula HauanbHbIX Hanpsokenui; K, u K,;, — Henu-
V
HEWHBIC MATPHIIBI, TOTYIECHHE KOTOPBIX paCCMOTPEHO B [21]; # — BEKTOp IMepeMEIICHIIHA.

Kax mpaBuino, pemenne ypaBaeHUs (1) HAXOIUTCS METOAOM ITOCIIEIOBATEIHHBIX TTPUOIMKEHIH TIpH 3a1a-
HUY Harpysku B Bune P =\F), rae Fy — HOpMHUpOBaHHAs Harpyska.

B ToMm cnyvae, korja paccMaTpUBacMbIe CUCTEMbI IMHEHHO 1eGOPMUPYEMBI, 2 HAYaIbHbIC MEPEMEIICHHS
orcyrcrByoT (K, =K, ;; = K, ;, =0), pacyeT Ha yCTOHYMBOCTb CBOAUTCA K PEIIEHHIO 0000IIEHHON MpoOIeMsl

COOCTBEHHBIX 3HAUCHUN:
(K+MKg)u=0, )

rae A= P,./P — napaMeTp KpUTHYECKON HATPYy3KH.

B GonpmmHCTBE OTEYECTBEHHBIX M 3apYOEKHBIX MPOTPaMMHBIX KOMIUIEKCAX aJITOPUTM pacdera yCTONIH-
BOCTH KOHCTPYKIIMI CBOAMTCS K PEIICHHIO MPOOJIeMbl COOCTBEHHBIX 3HaueHUH (2). OOBIYHO OH OCTaeTCsl eIUH-
CTBEHHBIM METOAOM, JOCTYITHBIM T0JIb30BaTeI0 KOHKPETHOM MporpaMMbl. Takum oOpa3oM, IIpU pacueTe CIoXK-
HBIX CUCTEM C OOJIBIITUM KOJMYECTBOM HEU3BECTHBIX, JISl KOTOPHIX HE CYIIECTBYET TOYHOTO pelleHus, Bepudu-
IIAPOBATh MOJTyYECHHBIC HA OCHOBAHWH (2) pe3ysbTaThl 0€3 UCIOIB30BAHMS AIbTEPHATUBHBIX METOJOB OIpeIe-
JICHUS! KPUTHUYECKUX CHJI CTAHOBHUTHCS BECbMa 3aTPYJHUTEIBHO.

[Ipu pazpabotke Beranciurenpaoro komiuiekca [IPUHC (aBTop — 1OKTOp TEXHHYECKUX HAYK, Ipodeccop
B.II. AramoB) ObIT y4TEH 3TOT HEIOCTAaTOK. B KOMIIIEKce peaan30BaH ajJTOPUTM HCIIOIB30BAHMS JUHAMHYIECKO-
TO KPUTEPHS IS ONIpeeNICHHs] KPUTUIECKUX HAarpy30K.

Kak n3BecTHO, MpH JOCTHKEHUU HArpy3kaMi KpUTHUECKUX 3HauUeHHUN AeopMUpOBaHHAs CHCTEMa TepsieT
CITOCOOHOCTh COBepIIaTh KojebarenpHble ABMkKEHHS [2]. CiemoBaTeNbHO, KPUTEPHUEM IMOTEPU YCTOMYUBOCTH
SBIISICTCS PABEHCTBO HYJIIO YaCTOTHI COOCTBEHHBIX KOJICOAHUI CHCTEMBI. YpaBHEHHUE LIS OTPENENCHUS] YacTOT
COOCTBEHHBIX KOJIEOaHWU CHCTEMBI MOJ HArpy3Koi NpH HalWYMK HAYaIbHBIX MEpPEMEIIeHHH W HamnpsuKeHHH
MIPEJICTABIIACTCS CIEAYIOIUM 00pazoM:

(K+K, +K;)q—o*Mg=0, 3)

rae M — marpuiia Macc, ® M ¢ — COOCTBEHHBIE YaCTOTa U BEKTOP.

Merton onpeneneHusi COOCTBEHHBIX 9acTOT HArpPyKEHHOW KOHCTPYKIIH PEaJIM30BaH IIaroBO-UTEPAIIMOHHBIM
MeroaoM. it pacuera BBOIATCA HAYadbHOE M KOHEYHOE 3HAYCHUS IMapaMeTpa Harpy3KH, MPUPAIICHHE 3TOTO
napaMmeTpa, KOJIM4eCTBO HCCenyeMbIX (opM KolieOaHui, TpeOyeMoe YMCIIO IMaroB UTepalii U TOYHOCTh CXO-
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JuMocTH. Ha kaxom 1mare HarpyskKeHusl BBIYUCIAOTCA MaTpulel K, , K v u3 ypaBHeHus (3) onpenenstorcs

4acTOThl U BEKTOPHI (hopM coOCTBEHHBIX KojeOaHui. Ilo Mepe mpupalieHus napamerpa Harpy3Kd Ha KaxIOM
nrare cOOCTBEHHBIE YaCTOTHl YMEHBIIAOTCS M PacdeT MPOJ0JDKAETCS JI0 TeX MOp, MOKa 3HaYeHne COOCTBEHHON
YacTOTHl HE OOpaTHTCS B HOJb. TakuM 00pa3oM, mapameTp Harpy3KH, Ipyd KOTOPOM COOCTBEHHAs! 4acToTa oOpa-
IIa€TCs B HOJb, SIBIISIETCS KPUTUUYECKUM.

bnok-cxema anroputma onpeneneHus KpUTHUIECKUX Harpy30K ¢ UCIIOJIb30BaHUEM AMHAMHUYECKOI'O KpHUTe-
pus puBezeHa Ha puc. 1.

BBO/, UICXOAHBIX AAHHbIX: HAYAIbHOE U KOHEYHOEe 3HAYeHUst NapaMeTpa Harpy3ku A , npupaLLeHue 3Toro
napameTtpa AX , 4mcno popmM coBCTBEHHBIX KONeBGaHUii, KOMYECTBO UTEPALIMIA, TOYHOCTb CXOAMMOCTM

[Input of initial data: the first and final values of the load parameter A , load parameter increment A,
number of the form of waves, number of iterations, convergence accuracy]

v

Bbiumcnenue matpuy, K, M, P [Calculation of matrices K, M, P]

v

NameHeHve napameTpa Harpysku A, = A; + AA . Berucnenme matpnu, Ky v K.

JIHENHbI pacyeT Ha 4acToTbl COOCTBEHHbIX KofiebaHuin cornacHo (3)
[Change of load parameter A, =A; + AL . Calculation of matrices K, and Ko,
Solve of eigenvalue problem (3)]

v

Mposepka ycnosus
[Test of conditions]

(®i+1 - o; )/031' =0

L BoeiBog, pesynbraToB [Output of results]

Puc. 1. Biok-cxema anropuTMa Juisi OrpeieleHus] KpUTHUECKUX Harpy30K
[Figure 1. Scheme of the algorithm for determining critical loads]

3. Pe3yabTaThl 4 00CY:KAeHHE

Jist MIUTIOCTpaliii BO3MOXKHOCTEHW OMUCAHHOTO BBIIIE alrOPUTMa MBI IIPUBOJUM PSiI YUCICHHBIX pacyde-
TOB, BBRITIOJIHEHHBIX B BEIYMCIUTENNFHOM KoMmIuiekce [TIPTHC.

3.1. Ilpamoyzoavhasn c60600H0 onepmasn no KOHMypPy HAACMUHKA

PaccmarpuBaercs miacTUHKA, HarpyKeHHAs pacnpeneiIeHHON HArpy3Kou (puc. 2) mpu CIEIYIOIINX HC-
XOJHBIX MaHHbIX: qauHa a = 0,522 M, mupuna b =0,6 M, Toamwaa /4 =1cM, Moayns yopyroctd E=2- 108 klla,
koddpunuent Iyaccona v =0,3, yaensnblii Bec y =78, SkH/.

PacueTsl BHIMONHSIIACH C UCTIONIB30BAaHUEM TPEX- M YETHIPEXYTOJNBHBIX 000J0YEYHBIX KOHEUHBIX 3JIEMEH-
toB (KO) tuma EL36 B orcyrcTBum HauambHbIX nepementenuii (K, =0) npu pasouennn mnactunku Ha KO-cetky
cnenyromux pasmepon: 10x10, 20x20 u 3030 (puc. 3).

Jlnst onpe/ienieHns: KpUTUYECKUX HArpy30K 3a/1aBajioch HauallbHOE 3HaueHUe Harpy3ku ¢ = 1 kH/m. Ha kaxmom

nrare nNpupanieHue Harpy3Ku NpuHUManoch paBHbIM Ag =10g u u3 ypaBHeHus (3) onpeaensauch 4acToThl U
BEKTOPHI (hOpM COOCTBEHHBIX KoeOaHni. MTepaimoHHbBII NpOLEecC OCTAHABINBAJICS IIPH BBHIIIOJTHEHUH YCIIOBHS

(®i+1—0)i)/0)l' EO.
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PesynbTathl pacyera npsMOYTOIbHOHN MIACTUHKH MPEICTaBIeHbI B Ta0M. 1 (3HaYeHus1 B CKOOKaX OTHOCAT-
sl K pe3yJibTaTaM, IOIy4EeHHBIM ¢ HCIIoNb30BaHueM TpeyroiasHoro KO EL36).

Ha puc. 4, a npuBenena nepsas Gpopma cOOCTBEHHBIX KOJeOaHMI TUTACTUHKY MO HArpy3KOoi. 3aBHCHMOCTD
4acTOTHI KOJIEOaHMii OT ITapaMeTpa A TOKa3aHa Ha puc. 4, 6.

Kax u3BecTHO, aHANIUTHYECKOE YpAaBHEHHE JJIsl [IOBEPXHOCTH BBIITyYHBAHYS TUNIACTUHKU NPECTABILIETCS B BUIE

84w 84w 64w azw

D +2 + +q =0, )
at e et ) o
KOTOPOEC JOMYCKACT YaCTHOEC PEIICHUE
. mnx . nnx
w= Asin——sin—-. (5)
a
Z
A
q — - 9
| — x
a

Puc. 2. IIpsiMoyroJibHask IIACTHHKA, BCEM [IEPUMETPOM OIIEPTasi Ha KOHTYP
[Figure 2. Rectangular plate supported on the contour]

2 0 e

Puc. 3. KoHeuHO-311eMEHTHBIE CXEMBI [T pacueTa IpsSMOYTOJIbHOM TUIacTUHKY pu cetke KO pazmepom 10x10, 20x20, 30x30:
a, 6, 6 — C UCIIOJIB30BAHUEM YETBIPEX YT OJIBHBIX 3JIEMEHTOB; 2, 6, € — C UCIIOJIb30BAHUEM TPEYTOJIbHBIX 3JIEMEHTOB
[Figure 3. Finite element schemes for the rectangular plate calculating with a FE mesh dimension of 10x10, 20x20, 30x30:
a, 6, ¢ — using quadrangular elements; 2, 0, e — using triangular elements]
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Tabnuya 1
PesyabTaThl pacyera npAMOYroJbHOM NIIACTHHKHA
[Table 1. The results of rectangular plate calculation]
Pazmepnocts KO cerkn  YacTora coOCTBEHHBIX Kpurnueckuii napamerp narpysku A [Critical parameter of load A |

[Dimension of FE mesh| kosne6anuii HeHarpy:xeHHOI

KOHCTPYKIHH ©,, paj/c
pyxa 0> PAA Pemenue no MK2 Amnanuruueckoe peutenne  [orpemnocts A, %

[Structural frequency [FEM solution] [Analytical solution]  [Approximation error A, %]
without load ®,, , rad/s]
10x10 974,534 (975,534) 2080 (2070) 1,249 (0,763)
20%20 972,535 (972,535) 2060 (2060) 2054,335 0,276 (0,276)
30x30 972,535 (972,535) 2060 (2060) 0,276 (0,276)
1000 _ 1-ATOH
= ltone 1]
£ & 800
g £ 600
25 400
22
£ 200
0

-20 480 380 1480 15980

MapameTn HarpyaE1
[Load parameter]

o

Puc. 4. Pacuet npsAMOyrobHON INIAaCTUHKH:
a — popma KonebaHuif; 6 — rpaduK 3aBUCUMOCTU (1)(7\.)
[Figure 4. The calculation of a rectangular plate:
a — the form of waves; 6 — the schedule (,l)(}\.) 1

[Moxacrapmsist (5) B ypaBHeHue (4), ¢ yueTom rpaHndHbIX ycnoBuit (mpu x=0 u x =/, w=0) noxydaercs
BBIpa)KEHHE AJIS OTIPEIEICHUS] KpUTHYECKOI HATrpy3KH:

UE W

12(1-v2) 5>

rae U — xoadunmenT, npuHIMaeMsblii 1o tadi. A u3 [3].
TIPMMEHHTENBHO K PACCMATPUBAEMOMY IIPHMEPY ¢, =2054,335 kH/m. CrienoarensHo, mapametp A=g,,./q=2054,335.

Ger = (6)

3.2. Hlapnuupno onepmas no Kpaam RAACHMUHKA C RPEHCHUMU PA3Mepamu CmopoH,
HO NOOKPENIeHHAA YemblPbM PAGHOYOAIEHHBIMU NPOOOILHBIMU PEOPAMU IHCECHKOCHU

T'eoMeTpuueckue XapakTepucTHKU ceuenust pebep: F =8 cm?, J, =10,667 cm* (puc. 5).

PacueTs! BRINONHAINCH C UCMONIb30BaHUEM YeThIpexyroibHbIXx KO (Tum EL36) B 0TCyTCTBUM HayabHBIX Iie-
pememntennii ( K,, = 0) npu pazouennn koHcTpykimu Ha KO-cetky ¢ pasmepamu 10%x10, 20x20 u 30x30 (puc. 3, a—s).

Pe3ynprarer pacueTa MoAKpeIUIEHHON TUTACTUHKHY TPEACTaBICHBI B Ta0I. 2.

Ha puc. 6, a npuBeneHa mepBas ¢popMa COOCTBEHHBIX KOJICOAHWH MOIKPEITICHHOW TUIACTHHKH. 3aBHCH-
MOCTH 9acTOTHI KOJIeOaHMIi OT mapaMeTpa Harpy3KHy IoKa3aHa Ha puc. 6, 0.

VYpaBHeHUE I ONpe/eNieHUs] KPUTHYECKOW Harpy3KH B Cllydae MOJKPETUICHHOW peOpaMu MIacTHHKH
mpeacTaBisgeTcs Tak [3]:

4 \2
Ph (1+B)2+227i(sinnclj
i=1 b 7
er = 4 2 > (7
p2 1+226i(sinnbci)

i=1
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2 3
Dn B; F Eh
rne P=——, v, =—-, 8, ==X, B=a/b, B: = EJ_; — ecTKOCTb MOAKpEILItoIero pedopa, D =——— —
p2n D O b B=alb, B =EJ., P peRp 12(1—\/2)
[HIAHPHYECKast )KECTKOCTh ITACTUHKH.
Jlist paccMaTpuBaemMoi 3aaun ¢, = 5092 kH/m. Taknm 06pa3om, KpuTHuecKnii napametp A = q,,./q =5092.

Tabnuya 2
Pe3yJ’ll>TaTl>1 pacuera l'lOL[erl'lJ'leHHOﬁ IVIACTUHKH
[Table 2. The results of the ribbed plate calculation]
Pazmepnocts KO cerkn  YacToTa cOGCTBEHHBIX Kpuruuecknii mapamerp Harpyskn A [Critical parameter of load A |

[Dimension of FE mesh] kose6anmii HeHarpy:keHHOi

KOHCTPYKIHH ©,, paja/c
pyxut 0> PAA Pemenune no MK3 Amnanurnueckoe pemenne  [lorpemnocts A, %

[Structural frequency [FEM solution] [Analytical solution]  [Approximation error A , %]
without load o, , rad/s]
10x10 1269,394 5371 5,479
20%20 1269,394 5246 5092 3,024
30x30 1269,394 5177 1,669
4
a \
|
Q A o
o | = —
(O [T T T T T T T o
o T e e e :: q
o [T T T T T T =
- X
4
43 =
l B

Puc. 5. IlpsmoyronpHas MIaCTHHKA, TOAKPEIUICHHAS IPOIOIbHEIMU peOpaMu
[Figure 5. Rectangular plate supported by longitudinal ribs]

i ; e Et;;;on
1200 ==

1000
800
600
400 \
200

Kpyrogaa yactata
[Wave circular frequency]
/

-bb 1945 3945

MapameTp Harpyzen
[Load parameter]

a 0

Puc. 6. Pacuer moakpenieHHO! MIaCTHHKU:
a — popma konebaHuif; 6 — rpad K 3aBUCUMOCTU (1)(7\.)
[Figure 6. The calculation of the ribbed plate:
a — the form of waves; 6 — the schedule m(%) 1
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3.3. Huaunopuueckas 060104Ka ¢ WIAPHUPHO 3AKPENTIEHHBIM KPAAMU,
UCRBIMBIEAIOWAA PAGHOMEPHOE CHCAMUE 800716 OCU UUUHOPA

Onpefenenre KPUTMYECKUX HATPY30K BBINONHSIIOCH B OTCYTCTBHH HadalbHbIX nepemernenuii ( K, =0) nus
KD-cxem 060onouku ¢ pasmepamu 12x24, 16x32 n 24x40 (puc. 7). Ucxomnbie nannwie: [/R=2, R/h=25, h=1 cm,

E=2-108 klTa, v=0,3, y=78,5kH/M’. Hopmupoannas Harpyska g =100 kH/m.
PesynbpTathl onpeneneHus KpUTHIECKUX HArpy30K Uil 000I0YKH MpeACTaBIeHbl B Ta0. 3.

M e > ] o
By 1 A RN
1 ™~ L1 ] —t T~
] ESgiEag i 8 s .ﬁ??ﬁ?’g’ RSN
PR sy 0 [ W NN
M~ T ~ W e
Eeslied 1 ~ A
) ==
e K [ Nrrzemmmm NN
& B By & > N
B S=sS NeEs S3
= SS 2 N
] S8 % \NESSS===222
— ] § -~ -1
e S8 z NiS§SSE==2c2
—1 i o NASSSS===S22
e NN NSSSSS= £2
e NN 1 NINSES=====27
e NN ® &ssssa =27
e B | L] oy 4 i oy 1
e NWN ] NSSE===c227
= ANSE==252 |\SSESSSsss
] :“—**" \QHE = -
== T s
a

o)

Puc. 7. KoHeuHO-311€EMEHTHBIE CXEMBI HMIHHAPHYECKON 000I0UKH:
a — c pa3mepoM 12x24; 6 — 16%x32; ¢ — 24x40
[Figure 7. Finite-element meshes of a cylindrical shell:
a — with a size of 12x24; 6 — 16x32; ¢ — 24x40]

Tabauya 3
Pe3yJbTaThl pacuera HHJIHHIPHYECKOii 000J10YKHI
[Table 3. The results of the cylindrical shell calculation]

Pa3mepHocth KD cetkn  YacToTa COGCTBEHHBIX
[Dimension of FE mesh] kose6anuii HeHarpy:xeHHoi

Kpuruuecknii mapamerp Harpyskn A [Critical parameter of load A |

KOHCTpYKIHH © , pan/c TMorpermmocts A, %

[Approximation error A, %]

Pemenne mo MKD
[FEM solution]

AHaITHYECKOE PEIICHHE

[Structural frequency [Analytical solution]

without load o, , rad/s]
5447,398

5367,436
5337,450

12x24
16x32
24x40

482
476
474

0,454
1,694
2,106

484,20

1-H TOH
[tone 1]

:

:

:

Kpyroean JactoTa
[Wave circular freguency]

-2 98 198 298

MapameTp HarpyIku
[Load parameter]

a 0

Puc. 8. Pacuer munmmHgpudeckoi 000I09KH:

a — popma konebauuit; 6 — rpaduk 3aBUCUMOCTH (0(7»)
[Figure 8. The calculation of a cylindrical shell:
a — the form of waves; 6 — the schedule (.0(7\,) 1
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Ha puc. 8, a npuBenena nepsas Gopma KosebaHU 000I0UKH MO HATPY3KOH. 3aBUCUMOCTB 4aCTOTHI KO-
nebaHul OT MapamMeTpa Harpy3KH U pacCMaTpUBaeMOil 000I0UKH MTOKa3aHa Ha pucC. 8, 6.

N3BecTHO, 9TO I OCECHMMETPUIHON (OPMBI ITOTEPH YCTOHIMBOCTH CKATOH MIIMHIPHUICCKOW 000JI04-
KM CIIPaBEUINBO YpaBHEHHE [2]

DI YL 2y g Y. (8)

Ipu 1rapaupHOM OnupaHuy KpaeB 000104k (Ww=0 u d 2 w/ i = 0) pernreHre STOro ypaBHEHHS HUITICTCS B BUJIC
W= Asin@, (9)

TA€ m — YUCIIO0 MOTYBOJH.
[ToncranoBka (9) B ypaBHEHHE CPEOUHHON MOBEPXHOCTU 000JI0YKH (8) MO3BOJISIET MOMYUYHUThH BBIPAKEHHUE
JUIS HAXOXKIEHUSI MUHUMAJIbHON KPUTHUYECKON Harpy3Ku:

ER?
der zm' (10)

Jlnst paccMaTpuBaeMoro npumepa ¢, = 48420 kH/m, a kputudeckuii napametp =g, /q =484,20.

4. 3akJII0ueHue

AJTOpUTM, IPUBEACHHBIA B JAaHHON CTaThe W PEaTM30BaHHBIN B BeIMUCIUTENbHOM Komiuiekce [TPUHC,
MO3BOJISIET ONPEAETATh KPUTUUECKUE HATPY3KHU C UCIIOIB30BAHUEM JUHAMUYECKOTO KPUTEPHS YCTOMUYUBOCTH.

Ha ocHOBaHMHM MHOTOYHCIIEHHBIX BEPUGHUKAIMMOHHBIX PACUETOB YCTAHOBJICHO, YTO OMHCAHHBIA aJTOPUTM
o0nanaeT 3 PeKTUBHOCTHIO ONPECIICHUS KPUTUYSCKUX HATPY30K JJIs CTEPHKHEBBIX, TOHKOCTEHHBIX M TOKPETI-
JIEHHBIX KOHCTPYKIIHH.

Hcnons3oBanne BerancnurensHoro kommiekca IIPMHC maeT BO3MOKHOCTE B JIONOJIHEHHE K KJaccHUe-
CKOMY (CTaTHYECKOMY) METOTy MCIIOIB30BaTh alIbTEPHATHBHBINA (THHAMUYICCKUI) METOT OTIPEICICHIS KPUTHIC-
CKHX HAarpy30K JUisi IIHPOKOTO KJIACCa MHXKEHEPHBIX 331a4. Takum o0pa3oM, BeuHCIUTENbHbINM KomIuieke [IPUHC
YCHEITHO MOXKET OBITh MCIIOJIb30BaH MH)KEHEPaMHU TMPOEKTHBIX M HAyYHBIX OpTraHW3alllid JJIs pacdyera yCTOWYH-
BOCTH KOHCTPYKIIMHA U COOPYKEHUHU, TPEOYIOIINX OOJBITION OTBETCTBEHHOCTH.
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