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MH)XEHEPHASl METOAUKA OLLEHKU CEMCMOCTOMUKOCTHU
KOHCTPYKLUHUU KO3J/10BbIX KPAHOB
C YYETOM MECTHbIX MOBPEXXAEHUW

P.A. Gavrilov

ENGINEERING METHOD OF FORECASTING SEISMIC RESISTANCE
OF GANTRY CRANES INCLUDING POSSIBLE LOCAL DAMAGE

B pa60Te pacCcMaTpuBacTCA METOOAMKA ITPOTHO3MPOBAHUA CEMCMMYECKOTO OTKJIMKA METATNUECKUX
KOHCprKLII/Iﬁ KO3JIOBBIX KPaHOB, ITO3BOJIAIOIIasA Ha paHHefI CTaIuM ITPOCKTUPOBAHUS OLICHUTL BO3-
MOZKHBIC TTOBPCXKICHUA. W3znoxenHas MeTonnKa OCHOBEIBACTCS Ha MOOCINPOBAHNN KOHCTPYKIIMUN
KO3JI0BOI'O KpaHa HEJIMHEHOMN IMHAMUYECKON CUCTEMOM. CpaBHI/IBaIOTCH PpE3YabTaThbl CEMCMUYECKO-
IO aHaJiM3a 110 npennaraeMoﬁ MCTOIUMKE U MMOJTYUYEHHBIC PACYCTOM ITO METOAY KOHCUHBIX 3JICMCHTOB.

CEMCMOCTOMKOCTb; KPAH KO3JIOBOU; HEJIMHENHAS TUHAMUKA; UHXEHEPHASL METOJIMKA;
MECTHBIE [TOBPEXKJIEHUA.

In this paper the method of forecasting the seismic response of metal structures of gantry and portal
cranes is proposed. This simplified method allows to evaluate possible damage of steel structure of the
portal. The foregoing procedure is based on the modeling of the structure of the gantry crane using
nonlinear dynamic system with element of plasticity. The physically nonlinear element of dynamic system
simulates the possible damage of steel structure. The comparison of the results of the seismic analysis
using the proposed method and finite element method shows that results match to each other with
accuracy higher than 13%. Proposed method may be used for gantry and portal cranes at the early stages
of design process.

SEISMIC RESISTANCE; NONLINEAR DYNAMICS; SIMPLYFIED METHOD; PORTAL CRANE; GANTRY

CRANE; LOCAL DAMAGE.

Beenenue

IIpemnaraemas paboTa opueHTUpPOBaHA Ha IIPO-
THO3 CEMICMOCTOMKOCTH METAJUIOKOHCTPYKIINIA KO3-
JIOBBIX KPAaHOB OOIIIEITPOMBIIIIJIEHHOIO HA3HAYEHMSI,
HE OTHOCSIIIUXCST K 000PYAOBAHUIO OOBEKTOB MO-
BhbIlIeHHOM omacHocTr (ADC, I'BCu ap.), Ha aTarie
NpoeKTUupoBaHus. [JIsT rpy30N0abeMHBIX MAIIMH
JIAaHHOTO KJacca JTOMYCTUMbI MECTHBIE MTOBPEXIe-
HUS, He TIPUBOISIINE K ITOTepe HEeCyIIeil croco0-
HOCTHU METAJUIMYECKOU KOHCTPYKIIUEN B LIEJIOM.
3aTpyIHEHUS BBI3BIBAET TO, YTO CEMCMMYECKUIA
aHaJU3 B COOTBETCTBUU C CYILIECTBYIOIIMMU METO-
IUKaMU 3a49aCTYIO MCIIOJIb3YEeT CJIOXHBIC MOIEIN
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JTUHAMMWYECKMX CUCTEM C OOJIBIIIMM YUCIIOM CTeIIe-
Hel CBOOO/IbI, COCTaBICHNE KOTOPHIX Ha IIEpPBOHA-
YaJIbHBIX 3TarlaX HEBO3MOXKHO B CHJTY TOTO, UTO Psif
mapamMeTpoB KOHCTPpYKIUM Heus3BecTeH. B [1, 2]
JIOCTaTOYHO TIOJIHO OIMMcaHa nmpobjieMa HelocTa-
TOYHOMN CEUCMOCTOMKOCTU CMOHTUPOBAHHOU Me-
TAJZTMYECKOM KOHCTPYKLIMU KpaHa. ClieayeT oTMe-
TUTb, YTO XPYIIKHE Pa3pylIeHUsI HE OTHOCSTCS K
MECTHBIM IToBpexxaeHusiM. OHu 00pa3yloTcs npu
COYETAaHMHM HECKOJIbKUX 3KCITyaTallMOHHBIX (paK-
TOPOB [3], BOBHMKHOBEHUE KOTOPHIX OTHOBPEMEH -
HO € 3eMJIETPSICEHUEM MOXHO CUUTATh COOBITUEM
MaJIOBEPOSITHBIM.



MawwnHocTpoeHune

B HacTosiiee BpeMst MeToMKa pacuera ceiicMo-
CTOMKOCTH IPy30MOAbEMHOTO 000PYIOBAHNS peria-
MeHTHUpyeTcss Hopmamu [4, 5]. B o6oux mokymeHTax
JIOITYCKAETCs MPOBOIUTH PACYET METOJIOM MPSIMOTO
YUCJAEHHOTO UHTETpUpOBaHus nuddepeHImaTbHbIX
YpaBHEHMI JBVKEHMS, HE Mpuberas K JTMHeapusa-
LIMW MOZIEJT JJIsl pacyeTa Mo JMHEHHO-CIeKTpaJIbHOM
teopuu ceiicmocroitkoctu (JICT), ormrcaHHoI B [6].

B xayectBe 0ObeKTa UCC/IEIOBaHUSI paccMaTpy-
BAeTCs METALTMYECKAsk KOHCTPYKIIMS KO3JIOBOTO Kpa-
Ha, COCTOSIIIAs U3 TIPOJIETHOTO CTPOEHUSI, XKECTKOM 1
LIAPHUPHOI o1op. MI3BECTHO, YTO OMACHBIM Y3JIOM B
KOHCTPYKIIUU KO3JTOBBIX KPAHOB SIBJISIETCSI MECTO CO-
YJIEHEHMS XKECTKOM OMOPBI C TTPOJIETHBIM CTPOEHUEM.
ITpu HOpMasIbHOM pexkume paboThl TAaHHBIH Y3€1 cla-
00 Harpy>xeH, OJIHaKO NMPY BO3HUKHOBEHNUU CECMU-
YECKMX Harpy30K, IeprieHIMKYJISIPHbIX TT0 HarpaBJie-
HUIO K OCM KPaHOBBIX MYTEW, MOTYT BO3HUKATh
CYILIECTBEHHbIE BHYTPEHHWE YCUIUST U HATPSIKEHMS.

B nocnenHue ronbl Bce 60J1bl1eE BHUMAHUE YIie-
JIsieTcss (bM3MIECKON M TeOMETPUISCKOM HEeTMHE-
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HOCTSIM, KOTOPbI€ CBOMCTBEHHBI KOHCTPYKILIUSIM
rpy30MnoabeMHOI TexHUKU. [IpruMepaMu Takux He-
JIMHEMHOCTEN SBJISIFOTCSI OMHOCTOPOHHUI KOHTAKT
KoJieca ¢ peJibCOM, IIPOCKaIb3bIBAHME KOJIECa BAOJIb
peibca, HeMmMHeHas1 nuarpamMma 1e(opMUPOBaHNSI
IPY30BbIX CTAILHBIX KaHATOB [7] 1 ap. MeTombl MO-
JIeJIMPOBAHMS IOJOOHBIX HEIMHETHBIX CBSI3€1 1 Me-
TOMBI pelieHus cucteM AuddepeHIIMaTIbHbIX YpaB-
HEHMI OBVDKEHHUSI PAaCCMOTPEHBI, B YACTHOCTU, B
[8—10]. B Hacrosieii paboTe paccMarpuBaeTcst (Pu-
314YeCcKas HeJIMHEMHOCTh MaTeprajia MeTAINYECKON
KOHCTPYKLIMU, KOTOpass MOIECIUPYET YKa3aHHBIE
BBIIIIE MECTHBIE TJIacCTUYeCKUe AedopMaliim.

Llenbio paboOTHI SABIASIETCS METOAMKA OLIEHKU
CEMCMOCTOMKOCTU METAIMYECKUX KOHCTPYKLIMMA
KO3JIOBBIX KPAHOB C Y4€TOM BO3MOKHBIX MECTHBIX
TMOBPEXIAECHUM.

Onucanue pacyeTHOI MoaeIH

PaccMmoTpuM 3amady B IUIOCKOM ITOCTAHOBKE.
YacTOTHBIA aHAIN3 KOHCTPYKLIMi KO3JIOBBIX KDAHOB

3

>

Puc. 1. Bunbl cratmaeckoro Harpy>XeHusd rnoprajia 1 COOTBETCTBYIOIIMEC UM SITIOPbI M3TA0AIOIINX MOMEHTOB
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MOKAa3bIBACT, YTO HAMOOJBIINI SHEPreTUIeCKUi
BKJIaJl B KoJjiebaTebHBIN Mpoliecc paMbl MopTaia
KO3JIOBOTO KpaHa BHOCSAT Hu3IIME (OpMbI COO-
CTBEHHbIX KOJieOaHUIi B IBYX B3aMMHO TEPIEeHIU-
KYJSIpHBIX HampaBjieHUsiX. [Ipeanoyioxxum, 4To
Takue (opMbI OJM3KHU K YIIPYTUM JIMHUSIM ITPU CTa-
TUYECKOM Harpy:KeHuu KOHCTpyKuuu [11] ropu-
30HTAJIbHOW CUJIOM B ILIApHUPE, B MIEPBOM CJiyyae,
M BEPTUKAJIBHOM CUJION B LIEHTPE MpoJieTa, BO BTO-
poMm ciyuae. Ellie B kauecTBe OAHOTO MPEANoaoxe-
HUS TIPUMEM, YTO yIIpyro-Ijiactuueckas nepopma-
LU TPOUCXOAUT 0O€3 JAOCTUXKEHUS YCIOBUI
XPYIKOTo pa3pyiiieHus. CxeMbl HArpy>XeHUsl, yIpyTvx
JIMHUI U 3ITI0p MOMEHTOB M300pakeHbl Ha puc. 1.

B kauecTBe pacueTHOM AMHAMUYECKOI MOAEIN
MPEATOXKEHO UCTTOIb30BATh MOJIEb, TPENCTABICH-
HyI0 Ha puc. 2. Ha cxemax (puc. 1, 2) m , m, — npu-
BEeJIEHHbIE MAcChl METAJUTMYECKON KOHCTPYKLIMU
KO3JIOBOTO KpaHa, IIPY 9TOM Macca m, COBEpIIAeT
KoJe0aHMsI TOJIbKO B TOPU3OHTAJILHOM HarpabJie-
HUM, a Macca m, — B TOPU3OHTAIbHOM U BEPTUKAIIb-
HOM HamnpaBJIeHMUSIX.

M3BecTHO, YTO TOPU3OHTAJIbHAS MHEPLIMOHHAS
Harpyska F, IpuJIoKeHHast K IIPOJIETHOMY CTPOEHHIO
MopTaJia, BbI3bIBAET TAKXKE BEPTUKAJIBHOE IMepeMe-
1LIeHUe TOYKU B LIEHTpe MpoJjieTa KpaHa (cM. puc. 1)
[12]. AHaJIOrMYHO BepTUKAJIbHbIE HAIPY3KW BbI3bI-
BalOT TOpU3OHTalbHbIE NepeMelieHust. Eciau npe-
HeOpeub NPOAOJIbHBIMU YIIPYTUMU Ae(opMaLiisIMU
OITOpP Y MPOJIETHOTO CTPOSHUSI B CUITy UX MaJIOCTH,
TO CJIOXXHOE JIBUXKEHUE COBEPILIAET TOJbKO MpUBE-
JIEHHasi Macca m.,,. YIoJl . XapaKTePU3YeT OTHOLIEHHE
OPTOTOHAJIbHBIX [IEPEMEILEHUIT MacChl m,,. B taHHOM
cJly4yae yroJ oL MOXKeT ObITh OIpenesieH 1o opMyie
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Puc. 2. Cxema pacueTHOM IMHAMUYIECKOU MOJEIN
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rae A§ — TOPU3OHTAILHOE TIepeMEIleHUE [IEHTpa
npoJeTa KpaHa OT NPUI0XKEHHOU TOPU30HTAIbHOMU

cuibl F; A§ — BEepTUKaJIbHOE IIepeMelleHUue TOI
JKe TOYKHU OT TO# Xe CUJIbl (CM. puc. 1).
ZKeCTKOCTH TPYXKKH ¢_1 ¢, MOTYT OBITH OIIpeie-
JIEHBI KaK XXeCTKOCTh [opTajia B IByX B3aMHO Iep-
NEHANKYJSPHBIX HAMpaBIeHUsAX. 2KecTKOCTh ¢},
SIBJISIETCS] BEJIMUMHOM, XapaKTepu3ylollei 3aKpuTu-
YecKoe MOBeJeHE CUCTEMbI, KOTrJla HOMUHAJIbHbIE
HamnpsKeHWsT B OMACHOM CEUEeHMHU TIPeBBILIAIOT
npees TEKYyJeCTH MaTepuaia: 6, > G (CM. HIXKE).
DJeMeHT TPeHUsI MOJAEIUPYEeT TOPU30HTAIbHYIO
IUIOIIAIKY TeKy4eCTU MaTepuraa. JlaHHbI 2JIeMEeHT
XapaKTepU3YeTCs BETMYMHOM CUIIbI F, , paBHOM Ta-
KOMY TOPU3OHTAIbBHOMY YCUJIHIO F), IPY KOTOPOM
HOMUHAJIbHbIE HAMPSIKEHUSI B OMACHOM CeYeHUU
paBHBI Tipesienty Tekydectu: o, (F ) >c . demndu-
pymolre cBOiCTBa MaTepualia mopTajia MOTYT ObITh
OIpee/ieHbl 3KCIEPUMEHTAJIbHO, 110 aHAJIOTUM C
VK€ CYILIEeCTBYIOIIMMU KpaHaMU, a TAaKXKe U3 CIpa-
BOYHOM M HOPMATHUBHOM TUTEpaTypshl [5].
CelicMryeckue KojiebaHus1 HeTMHEMHOM THaMK -
YeCKOM CUCTeMbI MOT'YT ObITh OITMCAHBI CUCTEMOM ypaB-
HeHuit B ¢hopme ypaBHeHus Jlarpanxka II-ro pona ¢
JIOTOJTHUTEJIbHBIM BEKTOPOM HEJTMHEMHBIX YCUIUIA [9]:

MV o }+ KV o} +[C]{r )+
+{RW ).V (1)} ={P},

rae [M], [ K], [C] — MaTpuiibl Macc, teMItpUpOBaHMS
U kecTKocTH; { (1)} — BeKTOp IepeMelieHuni (1 ero
MPOU3BOAHbIX I10 BpeMeHM); { P} — BEKTOP BHEILIHUX

Harpy3ox; { RV @),V (t))} — BEKTOp HEJMHEHHBIX
cuI0BbIX (pakTOpoB (ycuiius B AemIipepax, CHUJIbI
TPEHMUSI 3aTOPMOKEHHBIX KOJIEC O PEJIbChI U JIP.)
Cucrema ypaBHEHUI, OMMCHIBAIOIIAS paccMa-
TPUBAEMYIO CXEMY, MOXKET OBbITh 3arrcaHa B BUe

X(t)=A.);

Y(6)=A,();

F(Oymy, +c, () =Y (@0)+, (3O)-Y () +

+X2(t)m, sin(a) = 0;

¢, (x10) = X (1)) +1, (X10) - X (1)) = F(0);

X2t)m, + F(t)+y(t)m, -cos(a) = 0;
(x2(r) - x1(7))

JE20-%10))* +

+el (x2(1) - x1(@)).

3)

F()=F,,




MawwnHocTpoeHune

3nech X(f), Y(f) — nmepeMelleHUsT ceiicCMUYECKOM
Macehl; L, 1, — K03 GUIIMEHTHl 3KBUBAJIEHTHOTO
BS13KOT'O TPEHUS, TPUBEAECHHbIE K COOTBETCTBYIOLIEN
yacToTe COOCTBEHHBIX KojebaHuii cucteMbl. [To-
clieqHee ypaBHeHUE cucTeMblI (3) comep KuT BhIpa-
JKeHHUe, anmpoKkcuMmupylollee (GpyHKIUIO 3HaKa

. X
f(x) =sign(x) kaKk f(x)=————, e € BeCbMa Majio
Vx?+e

no cpaBHeHUro ¢ x. [1pu Takoit popMe 3anumcu pyHK-

1ust f(x) SABJISIETCSI HEMPEPBIBHOM M UHTETPUPYEMOM

[13]. ITpoune mapamMeTphbl CUCTEMbI PACCMOTPEHBI
HITXKE.

Benmuunnbl xecTkocTeii ¢ u ¢, MOryT OBITh OIIpe-

JeJIeHbI Yepe3 uHTerpai Mopa:
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rae H — BbICOTa XKEeCTKOM OIophl; L — MpoJieT Kpa-
Ha; EF — monynb FOHra marepuana; Jz — MOMEHT
MHEPLIUK OCHOBHOTO CEYEHUS MOCTa; J — 9KBH-
BaJIEeHTHBIA MOMEHT WMHEPILIUU XKECTKOW OIophl,
PaBHBII MOMEHTY MHEPLIMK OIMOPbI MOCTOSIHHOTO
CEUYEHMSI TOH K€ KECTKOCTH, UTO U Y peabHOM oro-
pbI IepeMeHHoro cedyeHus. OnpeneneHre 3KBUBa-
JICHTHOTO MOMEHTa MHEPLUU CEYEeHUS XKEeCTKOM
omnopsl J_  TIPUBEIIEHO HUXE.

KoadhbuiimeHTbl 3KBUBAJIEGHTHOTO BSI3KOTO TPe-
HUSE [ ¥ |, BBIYUCIISIIOTCSE 11O dopmyie [14]

D
fx’y 21_[: cx,y > (5)

rne D — oTHOCUTENbHOE NeMIlpUupoBaHKUE, TPUHU-
MaeMoe B COOTBETCTBUM € I1. 5.11 Hopm [5]; f, .
YacTOTbl COOCTBEHHBIX KOJieOaHUN CHUCTEMBI 1O
COOTBETCTBYIOIIMM (hopMaM. Tak Kak B paccMaTpu-
BaeMOl CUCTeMe YUUTBhIBAETCs 3aKPUTUUECKOE TT10-
BelleHMEe KOHCTPYKLMU, a TTIOPTaJl KO3JI0BOTO KpaHa
SIBJISIETCSI CBAPHBIM, OTHOCUTEIbHOE JeMI(upoBa-
HUE clieayeT MPUHUMATh paBHbIM D = 4 %.

[MpuseneHHbIe MAcChl m 1 m  OTPEIEIIM B CO-
OTBETCTBMU C NMPUOJUKEHHBIMU MeToauKamMu [11]:

m, = (M +0,33M);
m,=0,5M,

rae M, — macca IpoJIETHOTO CTPOEHMs MopTaia
(croma MoxeT ObITh BKJIIOUE€HA Macca I'py30BOi Te-

Hyy =

JIEXXKM KpaHa); M, — Macca XeCTKOM OIopbl [opTa-
Ja.

Takum oOpa3oM, IojlydeHa MeTOIMKa IPOTHO-
3UPOBAHM CEUCMOCTONKOCTU METALTUYECKOM KOH-
CTPYKIIMK KO3JIOBBIX KPaHOB, MO3BOJISIONIAS Olle-
HUTh BO3MOXHBIE TOBPEXICHUS Ha CTaauu
MPOEKTUPOBAHUS.

Pacuer nopraJja Ko3JI0BOro KkpatHa

B kadecTBe mpuMepa pacCMOTPUM KpaH KO3J10-
Boii anekTpuaeckniit KK-Kur 36-25/5/7-12,5-A6,
V1 npousBoactBa KTb «TexHopoc» (puc. 3).

XapakTepucTUKU MeTalInyecKoll KOHCTPYK-
LIMU KpaHa YCTAHOBJIEHBI 110 TTPOESKTHBIM JTaHHBIM:

Macca TOJIOBUHBI MPOJIETHOTO CTPOEHMUSI TOop-
Tana an= 35810 kT;

Macca kXecTkoi onopel M| = 7970 KT,

MOMEHT UHEPIIMH OCHOBHOTO CEYEHMS ITPOJIET-
Horo ctpoenust J = 0,054 m*;

Moayab FOHra mcrnosb30BaHHOIO MaTepuana
E=210TITla;

nposaet KpaHa L = 25 M;

JUTMHA XeCTKOoI ortopbl H = 14,64 M.

ZKecTtkas ornopa KpaHa UMeeT IepeMeHHOe ce-
yeHue; B MecTe MPUCOEAMHEHMS ee K MPOJETHOM
basike 9TO ceYeHUe COOTBETCTBYET OCHOBHOMY Ce-
YEHUIO MPOJIETHOTO CTPOCHMSI.

LlvprHa ceyeHrs ONTOPbI UBMEHSATCS OT TOUKHU
repecevyeHrsi 0ceil MocTa M OIMOpbI JO OCHOBAHMS
CJIEAYIOLIMM 00pa3oM:

1258 mpu x <590 mm;
b(x)=1:0,049(x —590) +1258 ipr 590 < x < 11617 mm; (6)
1800 mpm 11617mMm <x < H.

AHaAJIOrMYHO 3a1aHO U3MEHEHUE BBICOTHI CeUYe-
HMU OITOPHI:

Puc. 3. Kpan xoznosoit KK-KHut 36-25/5/7-12,5-A6

135



* HayuHo-TexHnyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOIO MOIMTEXHUYECKOTO yHUBEepcuTeTa. 3(226)2015

h(x)=
2183 mpu x <590 M
=1-0,129(x —590) + 2183 mpm 590 < x <11617 Mm; (7)
758 mpu 11617MMm <x< H.

ToNIIMHBI TTOSICOB ¥ CTEHOK OJUHAKOBEI U PaB-
HBI d = 8§ MM.
MOMEHT MHEPLIMY CEYESHUS OITOPHI:

Jo = é(b(x)h(xf —(b(x)—2d) (h(x)-2d Y’ ) (8)

JJ1s1 HaX0XKIeHMSI )KeCTKOCTH OIOPbI OIPeaeIUM
ypaBHEHME 3MI0PbI U3TM0AOIINX MOMEHTOB OT €11~
HUYHOM CUJIbI, €U CTBYIOLIEN B TOUKE C KOOPJAMHA-
Toi x = () B HaIIpaBJIeHUH, TIEPIEHANKYJIIPHOM OCHU
OIIOPHI:

M(x) = 1x.

Toraa xkecTKOCTb OIMOpPHI ONpeALIsSIeTCs 1Mo (pop-

MyJie
1

on =7 =4,229-10° H/m,
jo 0(x )dx

&)

c

rae O(x) — ypaBHEeHME YIJIOB IIOBOPOTa CEYCHUS
(ompeneneHHoe MeTog0M Mopa).

OnpeaearMm 3KBUBaJEHTHBIN MOCTOSTHHBIN MO-
MEHT MHEPLIMU CEYEHMUSI OTIOPhI U3 YCIIOBUS pABEH-
CTBA KECTKOCTEW:

3
Jon _ conH
3KB 3E

Kecrkoctu ¢ n ¢, TIOpTajia KpaHa OMpeie M

o dopmynam (4):
¢, = 2,545:-10° H/m; ¢, = 4,521-10" H/m.

CoOCTBEHHBIE YaCTOTHI KOJIeOaHUI1 TTOpTAaJia [0
JIBYM (hopMaM OMPeeISTIOTCS 10 U3BECTHBIM (DOop-
MyJIaMm:

=0,021 m*. (10)

F= S 1295
2n\ m,
=— [—=7,997TL.
% 2w\ m, .

[TonyyeHHbIE 3HAUEHUST COOCTBEHHBIX YaCcTOT
KoJiebaHUl TopTaja CpaBHUM C TOJYYEHHBIMU
MKD npu pacuere celicCMOCTOMKOCTH UCCTIEAyeMO-
roxkpana [15]: f"° =1,3Tw; £, =8,1T,

[TorpentHOCTh BBIUMCIIEHUSI COOCTBEHHBIX Ya-
CTOT KoJiebaHuii okasanach Maja: 0,38 u 1,63 % miis
MePBBIX IBYX YACTOT COOTBETCTBEHHO. MOXHO clie-
JIaTb TIPOMEKYTOUHBI BBIBOJ O IOITYCTUMOCTH UC-
MOJIb30BaHUS TTPUHSITHIX YITPOLLIEHW.
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Yroa a onpeneaum 1o ¢popmyJe (1), Ucrionab3yst
aHAJIMTUYECKKE BBIPAXKEHMUSI JIsI pacueTra rnepeme-
LIEHUI KOHCTPYKLIMK [ 16]. BeruncieHHoe 3HaYeH1Ee
yIjia MOBOPOTA IIABHBIX OCEI TAHHOTO TopTaia —
a = 7,318°. Ta xxe BetMunHa, ITOJy4YeHHas OCPe -
ctBoM MKD, — ogMK® =7 881°. Ommbka coctaBmIa
7%.

KoadduiireHTbl 5KBUBaJIEHTHOTO BI3KOTO Tpe-
HUsI onpeaessiroTcs mo gopmyse (5):

W, = 4% ¢, =62,6xH;
fi2n
4%
= =179xH.
SRS

CuHTe3 akceeporpaMMBbl [T pacyeTa ceiicMo-
CTOMKOCTH ABJISIETCS OTHEJIBHOW MHXEHEPHON 1
HcciienoBaTebcKoi 3amaueit. ITonpoOHO MeTombI
CUHTE3a UCXOHbBIX BO3JIEMCTBUI PACCMOTPEHbI, Ha-
npumep, B [17, 18]. B Hacrosiieit padbote aist Ha-
[JISITHOCTY MPUOETHEM K YIIPOLIEHHOW MpoLeaype
CUHTE3a aKceeporpaMMbl U ITPeICcTaBUM (DYHKIIUIO
A () B BUJIE TMHEWHON KOMOMHALIMY CUHYCOUIATTb-
HBIX BUOpaLIWiA:

A ()= B, sin(nf;r), (11)
1
e B, — KOohGULHMEHT IMHAMUYHOCTH, OTIPEIEIs-
€Mblii B COOTBETCTBUU C [4] st (-1 yacToThl /. Yac-
TOTBI f, BBIOpaHBI TAKUM 0OPa3oM, YTOObI BbI3BaTh
SIBJIEHUE Pe30HaHca, T. €. IBE YACTOThl BO3MYIIIAI0-
1LIETO BO3JAEUCTBUSI COOTBETCTBYIOT BHIUYMCIEHHBIM
COOCTBEHHBIM 4YacToTaM KOHCTpykiuu. Ele nse
YacTOThI BBIOpaHBI MPOU3BOJIbHBIM 00pa3oM:
h=rs h ny; =1 (1+\/§)§ Ja :f?y-
CoOTBETCTBYIOIIME TaHHBIM YacTOTaM KO3(-
(GULUMEHTH JMHAMUYHOCTH [4]:
B, =L8; B,=25 B3=25 B;=2,5.
CelicMuueckoe BO3lIeiicTBUME Ha KpaH 3adaHo
CJIeyIOLINM 00pa3oM: KUHEMATUUYECKOE BO3MYIIIE-
HuUe ocHOBaHMS IUTCS 10 ceKyHI, IocJIe Yero npe-
Kpaiaercs. Takoe BXOJHOE BO3AeiCTBUE NAeT BO3-
MOXXHOCTb OLIEHUTh 3aTyXaHue KojebaHUl u
OCTaTOYHbIE fehopMaliii KOHCTPYKIIUH.
JunarpaMmma «Harpyska—IepeMeleHue» KOH-
COJIbHOU OajIkiu KOpoOUYaTOro ceueHust Mpu pa3Bu-
TUYM HOMUWHAJbHBIX HAMPSDKEHUI BbILIE Mpeaena
TEKy4eCTU MOXET ObITh alMPOKCUMUPOBaHA OUIK -
HeliHo. B naHHOIi paboTe J0MyCTUMBIM MPUHSIT Ta-
KOW ypOBEeHb HArpy3Ku, KOTia HaMpsiKeHUsI, paBHbIe
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MpeaesTy TeKy4ecTr MaTepuraia, OXBaThIBAIOT Iosica
0aJIKu, HO He pacIpOCTPaHWJIMCH Ha CTeHKHU. B Ta-
KOM ciiydae 1e()OpMUPOBAHHYIO OAIKy MOXKHO CUM-
TaTh MOJyIeXKAIIe il pPEMOHTY, XOTsI HECYIIasi CTOCO0-
HOCTb KOHCTPYKIIMU B 1IeJIOM He Oblja MoTepsiHa.
[IpenBapuTeabHbIE pacyeThl MOKa3aiu, YTO MPU
peayibHOM TMpefesie TeKyJeCTH MaTepraia MeTalln-

YeCKON KOHCTPYKLIMU (0892F X =325 MHa),nnacm—
yeckue AedopMallu HeBeJUKU. 7151 HArIsIAHOCTH
MMpUMeM TIpenesl TeKy4eCcTH MaTepuajia IopTajia
paBHBIM G, = 100 MIla. OnpenenuM BeIUUUHY
TOPU3OHTAILHON MHEPIIMOHHOM CHJTBL F, , TOPOXK-
Jalolleil HOMUHATbHbIC HAMPSIKEHUST B OMACHOM
CEYCHUH TTOpTajia, PaBHBIE MIPEAeTy TeKyUeCTH:

— 0-0’2 —
L= =232kH, (12)
1?2 1 2
2P 43—
WOH SOH

e M rlop — M3TUOAIONINII MOMEHT B OITACHOM Ce-
YeHUU OT COAMHUYHON TOPU3OHTAJIbLHOU CUJIBI;
W — MOMEHT CONPOTUBJIEHNS OTTACHOTO CEYEHMSI;
S, — CyMMapHas IIoiajib CTCHOK B OITACHOM Ce-
YEeHUU.

Benmunna ¢ xapakTepusyeT yroy HaKJIOHa Kpy-
BOIi «Harpy3ka—aedopMaliis» Ha y4acTKe, Koraa
Harpyska IpeBBIIACT KPUTHYECKOE ycunue F, .
JlaHHas >XKeCTKOCTb YYUTBHIBAeT KaK YIIPOYHEHUE
maTepuaia, Tak U HeJIMHEHOe U3BMEHEHNE TToIaT-
JIMBOCTU KOHCTPYKIIMM BIIOTH IO OOpa3oBaHUS
IUIACTUYECKOTO IIapHUpPAa B OITacHOM ceueHuun. Kak
OTMEUEHO BHIIIE, B HACTOSIIIIEH padoTe pacCMaTpy-
BaeTCsI 3aKpUTUIECKOE TTOBEIcHIE MTOPTajia KO3JIO-
BOTO KpaHa BIUIOTh IO OXBaTa TEKYYECThIO ITOSICOB
OITACHOTO CEYEHMS XKeCTKOM Horu. [s onpenene-
HUSI BEJIMYMHBI TapaMeTpa c;, , CJIeAYeT BBIYMCIUTD
ycunue F_ , TIp¥ KOTOPOM HOMUHAJIbHbIE HAIpsi-
JKEHUSI, paBHBIE TIpeaey TeKydecTU MaTepuana,
OXBaTBIBAIOT IT0sIca KOPOOYATOTO CEYEHMsI, M COOT-
BETCTBYIOLIEE 3TOMY YCUJIMIO Tepemelnenue A’
Taxoii pacyeT MOXKET OBITh ITPOM3BEEH C IIOMOIIIBIO
MKD nmub0 aHaIMTUYECKN U HE IPEACTaBIISIETCS
0COOEHHO CJIOKHBIM. MIcKOMas BeJIM4ynHa MOXKET
OBITH OIIpeaesieHa 1o (popmyJie

’
’_ Frm B FHJI
X T Av >
ArUI _Arm
rac Arm — HNEPEMECIICHNE, COOTBCTCTBYIOIICEC HaA-
rpyske F_.

Brrunciennoe 3Hauenue — ¢ = 0,lc, .

IToncraBuB onpenesieHHbIE TApaMeTpbl JMHA-
MUYECKOI MOAEIN B cUCTeMy ypaBHeHU (3), pe-
1M JaHHYIO CUCTeMY MPU CAETYIOIINX HauaTIbHbIX
YCIIOBUSAX:

X(0)=0; X(0)=0; Y(0)=0; Y(0)=0;
x1(0)=0; x1(0) = 0; x2(0)=0; x2(0)=0;
y(0)=0; y(0)=0; F(0)=F,.

s perieHus: cucteMbl ypaBHeHU (3) B 1aH-
HOM1 paboTe ucnoJjb3yeTcs pemarenab Radau, ocHo-
BaHHBIN HA OTHOMMEHHOM UYMCJIEHHOM aJrOpUTMeE.
Petienue mpou3BoaMIOCH C UCTIOAb30BAHMEM MPO-
rpamMmbl Mathcad 14.

Pe3ynbraTnl

PesynbraThl pacyeTa CpaBHUM C aHAJIM30M, UC-
noJb3ytomuM MKD ¢ uaeHTUYHBIMY TTapaMeTpamMu
pacueTHoM Moaenn. Q0111 BU KOHEUHO-2JIEMEHT-
Hoit mogenun (KD-Mmoaenn) npeacraBieH Ha puc. 4.
K9-Monmenb cocTOUT M3 ABYMEPHBIX 3JI€MEHTOB
tuna Plate ¢ 3a1aHHBIMU TOJIILIMHAMM, COOTBETCTBY-
IOIIMMHA MPOEKTHBIM, 3JI€MEHTa CEUCMUYECKUIA
Macchl (TTopoOHee MPo METO CEMCMUUECKO Mac-
cbl —cM. [14], [19]) 1 aBCOMOTHO KECTKUX 2JIEMEH -
ToB Tuna Rigid, cBsI3bIBaOIIMX OMOPHI MTOpTaia ¢
MAacCOM, a TaKxKe MOACIUPYIOLIUX LIApPHUP OJHOM
U3 orop. MaTepuaj KOHEUHBIX 3JIEMEHTOB 3aJaH
CleYIOIIMMU MapaMeTpaMu:

monyib FOura — £ =210 I'Tla;

monyib capura — G = 80,7 I'lla;

koapdunument I[lyaccona — v=10,3;

00BeMHas TIOCTHOCTE — P = 7850 kr/Mm3;

Puc. 4. O6mumii Bug KB-monenn
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a) Ilepeme-
ILIEHUS, -
MM
2007
100}
— 1001
— 200"
6) Ilepeme-
LLIEHUS,

Puc. 5. Ipadpuku nepemellieHMIA TOYKM B LIEHTPE MpoJjieTa MmopTana: a) mo ocu X; 6) mo ocu Y
(I — Nastran, 2 — AHaIuUTHKAa)

KpUTEpUil TeKydyecTH — 1o Teopuu DoH-
Museca;

npenes rekydectv — ¢, ,=100 MIla;

MOAYJb MJIaCTUYHOCTHU — H=1005 MTIla;

BxomHoe ceiicMuyeckoe BO3aeiiCTBUE 3aJaHO
a"ajgoruyHo (11).

Ha puc. 5 npeacraBiieHbl CpaBHUTEIbHBIC I'pa-
(buku TIepemMeIeHri IPUBEACHHOM MaCcChl aHAJIH -
TUYECKOU Mojenu 1 y3iaa KD-monenu, Haxosie-
rocs B LIEHTPE MPOJETHOTO CTPOSHUS TTOpTaJja.

IlepemMenieHusT IPUBEIEHHBIX MAacC OTHOCHU-
TEJIbHO OCHOBAHMSI:

X, (1) =(x2(6) = X (1)) + (y(1) - Y (£)) cos(av);
Ven () =(x2()— X (1)) sin(o) + (y(1) - Y (2)).

Pacxoxnenune rpacukoB mo ocu Y (puc. 5, 6)
MOXHO OOBSICHUTH 00Jiee CJI0KHOI B3aMMOCBSI3bIO
rnepeMelIeHI ITo ABYM B3aUMHO MEPITeHANKYIISIP-
HBIM KOOpAMHATaM, YeM 3TO ObLJIO TIPESATIONOXKEHO
B popmyite (1). OmHaKo xapakTep KojebaHUii IIpu-
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BEIEHHOM MAacCChl 110 BEPTUKAIBHOW OCU HE3HAUYU -
TEJIbHO OTIMYAETCS OT IKCTIEPUMEHTATBLHOTO (TI0JTY-
yeHHoro 1mo MK03), 4to mo3BojsieT TOBOPUTH O
JIOTTYCTUMO TMOTPEITHOCTA BBIUMCICHUI I UH-
KEHEepHOU MeTOAMKM, MpeaHa3HAaYeHHO IS cTa-
MU TIPOEKTUPOBAHUSI.

JI1s1 OLIeHKM TIJIacTUYeCKuX nedopMalinii BBe-
JIeM MOHSTHE TJIaCTUYECKOTO peructpaTopa. B naH-
HOM MCCJIeIOBAHUHU 3TOT HapaMeTp sIBJISICTCSI HEKOI
KYMYJISITUBHOI BEJIMUMHOM, TTOKA3bIBAIOILIEH BETU -
YMHY IJIACTUYECKOTO NepeMemeHus x (f) =
= x2(1)—x1(f) n oTpaxarolleil Ha BpeMEeHHOI 1IKa-
JIe yJ4aCTKU IUIaCTUYECKOTO 1e(DOpMUPOBAHUSL:

€ (t ) =

| = AN +|x,, (1)
€., (f —A?)B OCTaNBHBIX CIy Y asX.

, €CIIN ‘xm(;)_xm(t—At)‘ZS; (14)

31eck mapaMeTphl Af 1 O 3aBUCST OT I1ara MH-
TeTpUpoOBaHUsl cUcTeMbl (3) U MeToJa pelleHus.
B nanHom ciyyae Af =0,001 ¢, mopor 4yBCTBUTEb-
Hoctu — O = 0,01 %.
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ITnactu- HnTenH-
YEeCKUU T T CUB-
perucrpa- HOCTb
TOD, V.€. 1 TJIaCTU-
yecKom
nedop-
Maluu,
'--------------------I %
2 -1
10,5
|
0 5 10 Bpems, ¢

Puc. 6. CpaBHeHMe IIacCTUUECKUX AehOpMaIii OITaCHOTO CeYeHHUs ImopTajia
1 — nacTUYecKuil perucTparop, y.e.; 2 — UHTEHCUBHOCTb IJIacTuYecKoit aedopmanuu, %

Jist cpaBHEHUS TUIACTUYECKUX AehopMalunii
ncroiib3yeM BekTop «7088..Plate Top Plastic Strain»
BBIXOIHBIX JaHHBIX perartenss NX Nastran SOL129 —
Nonlinear Transient Analysis. CpaBHUTe/IbHBINI I'pa-
(bMK yKazaHHBIX BEJIMYMH Ha BPEMEHHOI IIKalle
n300paxkeH Ha puc. 6. [To mTaHHOMY rpadUKy MOX-
HO CPaBHUTbh XPOHOJIOTHIO TJIACTUYECKUX Aedop-
MaIvii KOHCTPYKIIMM U MX WHTEHCUBHOCTh. Pac-
XOXIEHHUE OLIEHOK MHTEHCUBHOCTHU IIACTUYECKOM
nehopMaIy AaHATUTHYECKOTO PEIIEHNS U PEIIICHST
MKD cocrasuo 12,8 %.

BbiBoabI

B cTaTthe U3I0XEHA METOIMKA pacyeTa MeTall-
JIMYECKOM KOHCTPYKIIMY KO3JIOBOTO KpaHa Ha celic-
MOCTOMKOCTb. [IpuBeIeHbI YIIPOIIEHHBIE METOIbI
MOIETMPOBaHMS ITopTajia KpaHa. [IpecraBieH Me-
TOJ MOJAEJINPOBAHUS TUIACTUYECKUX IehopMallnii
OIacHOro ceueHust KOHCTpyKuuu. [IpengoxeHHas

METOJIMKA UMEET AOIYCTUMYIO MOTPEIIHOCTh TIPU
BBIUMCJIEHUM KaK JIMHEHHBIX, TaK U HEJIMHEHHBIX
nepemeneHunii. CpaBHeHUE pe3yIbTaTOB pacueToB
10 MpeajaraeMoil MeToAMKe ¢ YMCEHHBIM 3KCTIe-
PUMEHTOM MOKAa3aJio:

pacxoxaeHue OLEHKM COOCTBEHHBIX YacCTOT
KOHCTpYKIMK — 1,63%:;

pacxoXIeHue OLIeHKH MJIaCTUYECKOi fepopma-
LMY KOHCTpYKLMK — 12,8%.

TakuM o06pa3oM, NMpeaIoXKEeHHBIN MEeTOM Ipsi-
MOI'0 ITUMHAMUYECKOTO aHaIM3a CEMCMOCTONKOCTHA
rmopTajla KO3J0BOrO KpaHa ¢ y4eTOM BO3MOXHBIX
MECTHBIX ITOBPEKACHUI KOHCTPYKLIMU MOKET OBITh
MPUMEHEH Ha CTaAuM MPOEKTUPOBAHMSI, YTO MO3-
BOJIUT U306€3KaTh TOMOJHUTEIbHBIX TPOSKTUPOBOY-
HBIX UTEpaLIMii U, KaK CeACTBUE, CHU3UTD 3aTpaThl
Ha MPOMU3BOJCTBO KpaHa B 1iejioM. O6J1aCThIO MpU-
MEHEHMST METOJAUKU SIBJISIIOTCSI KO3JIOBbIE KpaHbI
OOIICTTPOMBIIIIJICHHOTO Ha3HAYEHUS.
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