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Haemcs mamemamuueckoe onucanue pacyemHuol Mooeiu mpeuwuHooopaz08anys @ uc-
MOBOM dileMeHme KOHCMPYKYUulu npu HeOOHOPOOHOM HanpsadiceHHom noie. Ilpunsma mooeis
30H NpeopaspyuleHusi 8 COCMOHUL NIACMUYECKO20 MeYeHUusi NpU NOCMOSIHHOM HANPSIHCEHUU.
Kpaesas 3a0aua o é3aumoodeticmeuu 301 0CIAOIEHHBIX MENCUACMUYHBIX CE513€ell Mamepuaia 8
JIUCMOBOM DJIeMEHme KOHCMPYKYUU NOO OelcmeuemM HeOOHOPOOHO20 HANPSIICEHHO20 NOJs
CB0OUMCSL K PEUeHUIo CUCEeMbl CUHRYISIDHBIX UHMESPANbHblX YpasHuenul. HnmezpanvHule
ypasuenusi oanee C800SIMC K CUCHEME HETUHEUHbIX aneeOpaudecKux ypasHeHutl, Os peuie-
HUsL KOMOPOTl UCNONb3YEMC sl MeMOo0 NOCIe008amenbhbix npudaudxcenutl. Onpedenenvt pazme-
Dbl 30H Npedpaspyuienus u npedeibhoe 3HaueHue HewHell Hazpy3Ku, NPU KOmMopom npoucxo-
oum mpewunoo6pazosanue 8 IUCMOBOM NEMEHME KOHCIMPYKYUU.

KIJIFOUEBBIE CJIOBA: n1cTOBOM 3J€MEHT KOHCTPYKIIMU, HEOTHOPOIHOE HATIPSHKEHHOE
TI0J1€, 30HBI MPEAPa3PYIICHUS B COCTOSIHAH IUTACTHYECKOI0 TEYSHUS, TPEIIUHOOOpa3oBaHHUE.

Beeoenue

[porecc paspylieHusi KOHCTPYKIIMOHHBIX MAaTEPUAIOB 3aBUCHT OT OCOOEHHO-
CTel CTPYKTYphI MaTepuasa, ero XMMHUYECKOT0 COCTaBa, BUAAa HANIPSKEHUS U JPYTHUX.
B nacrosmee Bpemsi H3BECTHBI pa3IMYHbIe MEXaHU3MBI 3apOXKIACHUS TperHbI [1-4].
Nzydenue BOMpocoB pa3pylIeHHs 3JIEMEHTOB KOHCTPYKIIHMI MMEET Ba)KHOE MPaKTH-
yeckoe 3HadyeHue. [lociie ¢pyHmaMenTanpHbeix pador B.M. Mupcainumora [3, 5] npo-
OsieMa 3apOXKJICHHS TPEIMHBI MHTCHCUBHO HCCiIenyeTcs B AzepOaiimkane [6-38].

Ilocmanoeka 3a0auu

PaccMoTpuM 0HOPOAHYIO M30TPOIHYIO cpeny. Ha OeCKOHEUHOCTH ACHCTBYIOT
HaIpsKCHUA, ABJIAIOMIMECSA ITOJIMHOMHWHAJIBHBIMUA q)YHKIII/IHMI/I ACKapTOBLIX KOOpIU-
HaT x u y. [lo Mmepe HarpyxeHus cpenbl (JINCTOBOTO 3JIEMEHTa KOHCTPYKIIMH) B MPO-
1ecce paboThl CHIIOBOI Harpy3Koi B MaTepualie OyAyT BO3HHKATh 30HBI IpeApaspy-
IICHUS, KOTOPhIE MOJICTUPYIOTCS KaK 00JIACTH OCITAOJICHHBIX MEXYACTHUHBIX CBSI3CH
MaTepuana. B3anmoneiictBue 6eperoB 3TUX 30H Mojaenupyercs [3] myTeM BBEICHHUS
MKy OeperaMu 30HBI Ipepa3pylIeHUs] CBSI3el B COCTOSIHUU TIACTUYESCKOTO Tede-
Husl. Dusnueckas NpUpoJa TaKMX CBA3€H M pasMepbl 30H IUIACTUYECKOTO TEUEHUS
3aBHUCAT OT BUAa MaTepuana cpensl. [[ockompKy ykazaHHBIE 30HBI (ITPOCIIOIKH) MaJIbl
[0 CPaBHEHHUIO C OCTAJIFHON YaCTHIO JINCTOBOTO 3JIEMEHTAa, MX MOXKHO MBICIIEHHO 3a-
MEHHUTh pa3pe3aMu, MOBEPXHOCTH KOTOPHIX B3aWMOJEHCTBYIOT IO 3aKOHY, COOTBET-
CTBYIOLIEMY JEHCTBHUIO yIaJe€HHOT 0 MaTepuana.

Bo3HUKHOBEHHE 3apO/ABIIIEBOM TPEIIMHBI pacCMaTPUBAETCS KaK Mpolecc mepe-
X0/1a o0MacTy mpenpa3pynieHuss B 00JIacTh pa3opBaHHBIX CBs3EH MEXIy MOBEPXHO-
CTSIMH MaTepuala JIMCTOBOro dnemeHTa. MccnenoBanus [1, 2, 4, 39] BO3SHUKHOBEHUS
obJyiacTeil ¢ HapyIIEHHOH CTPYKTYpOH MaTepualia, MOKa3bIBalOT, YTO M3HAYAIBHO 30-
HBI MIpepa3pyIIeHHs MPENCTABISIOT COO0H Y3KHI BBITSHYTBIA CIIOH, 3aTEM C POCTOM
Harpy3kyd BHE3AIHO MOSBJSETCS BTOpPUYHAS CHCTEMa 30H, COIEpIKAIlUX MaTepHual C
YaCTHUYHO HaApYHICHHBIMU CBA3SMU.

[Iycts B cpene (IMCTOBOM 3IeMEHTE KOHCTPYKIHMH) nMeeTcs N IPSIMOIMHEIHBIX
30H npezapaspyenus (puc. 1). Paccmorpum nokanbHble cucreM koopauHat x5O Vi,

OCH X} KOTOPBIX COBNAJAIOT C 30HOW Mpenpas3pylieHus U o0pa3yloT YIJbl O C
ochlo x. Hauana 5TuX crcTeM KOOpAWHAT OYyAyT pacroliaraThCsi B IEHTPax 30H Mpe/-
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paspymenus. Jmuna 2/, (k= 1,2,...,N) 30H IJIaCTHYECKOTO TEUECHUS 3apaHee HeHs3-
BECTHA U MOJUICKHUT OMPEICICHUIO B TIPOIIECcCe PEIICHHs 3a1a4H.
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Puc. 1. Pacuernas cxema 3amauu o TpeIJ_II/IHOO6pa3OBaHI/II/I B JIUCTOBOM 3JICMCHTC

[Ipu geiicTBUU BHENIHMX HAarpy30K Ha cpeny (JINCTOBOW 3JIEMEHT KOHCTPYKIIHH)
B CBAI3AX MEXKy OeperaMmu 30H MpeapaspymeHus, Oy1yT BOSHUKaTh HOPMaJbHBIC Gy U
KacaTenbHble T, ycuiaus. CienoBaTenbHO, K OeperaM 30H HpeapaspylleHus OymyT
MIPUIIOKEHBI HOPMAJIBHBIE G5 M KACATEIbHBIE Ts HAIIPSDKCHUS.

I'pannunble ycnoBus Ha Oeperax 30H MIACTUYECKOr0 TEUSHUST UMEIOT BHI:

G, =0 T, Ha Y, =0, —{;p<x;=</. (1)

Vi s Txkyk -

Jnst onpeseneHust BHENIHEH HArpy3KH, MPH KOTOPOH MPOHCXOMUT TPEIIHHO00-
pa3oBaHME, MOCTAHOBKY 3aJadyd AOIOJIHHMM KPUTEPUEM KPHUTHUECKOIO PACKPBITHS
OeperoB 30HbI IUNIACTUYECKOTO TEUECHHSL:

(v —vi)=iuy —ug) =8, 2

rae SCV — XapaKTCPUCTHUKA COITPOTUBJICHUA TpeIHHH006p33OBaHI/IIO marepualia J1c-

TOBOT'0 AJICMEHTA KOHCTPYKIIUH.

Ycnosue (2) sagnaemca ycnosuem nosgnenus mpewunsl, m.e. paspbiéd Meicuac-
MUYHBIX C853ell MAmepuana cpeovl.

Memoo pewienusn Kpaegoii 3a0auu

C moMoIIbI0 IPUHIIMIIA CYIIEPIIO3ULIUY HAIPSDKEHHOE COCTOSIHUE B Cpeie C Ipo-
M3BOJIBHON CHCTEMOW 30H MPEapa3pyIICHUs B COCTOSHUU IJIACTUYECKOTO TCUCHHS
IIpU IMOCTOAHHOM HAIIPSAXKCHHUU MPECACTABUM B BUJUIC CYMMBbI JIBYX HaAIIPAXKCHHBIX CO-
CTOSTHUM

©

rae Gg B G())/, T?cy — KOMIIOHCHTHLI TCH30pa HaHpH)KeHI/Iﬁ B JINCTOBOM 3JICMCHTC KOH-

CTPYKIMM 0€3 30H IUTACTHYECKOr0 TEUEHHsS, KOrjJa Ha OCCKOHEYHOCTH JEHCTBYIOT
HaIPSDKEHUS, SBIISIONIUECS TOTMHOMHUHAIBHBIME (DYHKIMSAMH JEKapTOBBIX KOOPIH-

. 1 1
HATX M )} Gy, Oy, Ty, —
BOJILHOM CHCTEMOM 30H IUIACTHYECKOrO TEUCHUS C MCUC3AIOIIMMU Ha OECKOHEUHOCTH
HaIPSDKCHUSIMHU.

KOMIIOHEHTBI TE€H30pa HaIpPSKEHUI IJIs CPellbl C MPOU3-

20



Structural Mechanics of Engineering Constructions and Buildings, 2017, Ne 4

JLJ1st KOMITOHEHT cg TEH30pa HAPSDKEHUN UMEEM:

0 0
Oy> Tay

o) +0Y =2{00(2)+®g(2)],  z=x+iy, )

o) o) +2it), =D (2) +Qy(2) +(z—2)Pp (2),

Do (z)=Agz" + 42"+ Ayz" 2 4+ 4,,, (5)

Qo(z)=Byz" +B;z" ' +Byz" 2+ .+ B,

Ormerum, uto (yHKIUH (5) B 3aBUCUMOCTH OT 3HaueHUH KodpduuueHToB 4; u
B; (j = 0,1,2,...,m) onpenensioT HaNpsKEHHOE COCTOSHHUE B JIMCTOBOM 3JIeMEHTe Oe3
30H IJIACTUYECKOTO TEUEHHUSI.

C yuerom dopmyi (3) kpaeBoe ycioue (1) 3amuiineM B CIEAYIONIEM BHJIC

(S ) . ( 0 .0 )
o —ir =o,—-it,—\o. —ir , Ha =0, —0,p<x,.</l. 6
( Vi Xk Yk oS Vi Xk Yk Ve =0 k<X <l (6)

1

Hanpspxenus o Gly, Tlcy

Ho-aHanmutndeckue Qynkuu O(z) u W(z). Torma kpaeBsie ycmoBus 3amaqn (1) c

Y TIepeMeIIeHns #{, V| BBIPAa3HM 4Yepe3 JIBE Kycou-

nomoIipio Gpopmyin Komocoa-MycxenuiBuiu [40] MOKHO 3amucaTh B BHJIC TPaHUY-
HOW 3aj71aud JUIsl OTBICKAHHS KOMILJIEKCHBIX noTteHnmaioB O (z) u WY(z):

D1 )+ D (15 )+, D'(1) + P (tg ) = o4 ity —(ng —‘cgkyk) (k=12,...N), (7)

rae t;, — adppukc Touek OeperoB k-oii 30HBI IJIACTUYCCKOIO TCUCHHMSL.
Kommnekcubie norenimansl ®(z) u W(z), naromme perieHne KpaeBoi 3a1adyu

(7) viem B BUzE
Lk

£

1 N
D(z) =5 Z_:l

()

k

L i

1 & oie, £l gr(®) Tre'™k
Wi(2) =5 Yo || gy () ar

k=1 —ly k (f—Zk)

3nech T =te'*k +z;?; zp =€ "% (z —z;?); gi(xx) (k= 12,...,N) — uckomslie
(bYHKIMHU, XapaKTepHU3YIOIHE PACKPHITHE OEPEroB 30H MIACTUYECKOTO TCUCHHSL:

u (e 0) - uf (1. 0) 417 (5.0 —vi (2 0]

gr(xp) = ©)

2p
i(1+x) ox
Onpenenus no popmysie
ity =@(2)+@(2) +2d'(2) + ¥(2)

Gy —
HanpspkeHus Ha ocu xj, (k= 1,2,...,N) 1 moAcTaBuB UX B KpaeBble ycnoBus (7), mo-
Ty9UM CI/ICTeMy N CHUHTYJISPHBIX HHTETPAIBHBIX YPaBHEHUH B BUJIC

—kz o 5110+ L (g5 )t =0y ~i5, ~Fe() (10)

|x|<£n (n=1,2,....N),

io =2ia
k 1 e n

K, . (t,x)= =1,
nk( ) B Tk_Xn Tk—Xn
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—io 1 T, -X, _u
Ly (t,3) =5 —| === =2t |,
Tk_X'l (Tk_Xn)
o, |, 0 _ 0 0
X, =xe" +z,, Fk(x)—cyk Ty

Snpa momydeHHOH CHCTeMBI MHTErpaibHBIX ypaBHeHUH (10) perynspHsl 3a Hc-
KJIIOYCHUEM cilydasi, Korga n = k, B 3toM ciydae K, (¢,X) NepexoauT B CUHTYIIAp-
Hoe sapo Komm. Cucremy (10) MOXKHO 3amucaTh B CIICAYIOIIEM BHJIE:

1 e (), 1N f'f[ — .
— [ 2 =di+— Y [ gk (DK i (1,) + g (DL (1,3) Jdt =6 =it = Fy (x),
n_gkt X nk;tn_gk

X<, n=12,..N). (11)
K cucreme cUHTYISpHBIX MHTErpasbHbIX ypaBHEHUH (11) ams BHYTpEeHHHX 30H
TUTACTHYECKOT0 TeUEHHs CIeyeT JOOABHUTh JOMONHUTEIbHBIC PABEHCTBA:
Ck
[ge()dt=0  (k=12,...N). (12)
_[k
OTH paBEHCTBAa BBIPAXKAIOT YCIOBHE OJHO3HAYHOCTH CMENIEHWH mpH o0xoje
KOHTYpa 30HBI MJIACTUYECKOTO TEUSHMS.
Ecnu npencraButh Hews3BecTHble (GyHKIUH g (X ) M (GYHKIHIO HArpysKH

Fy(x;) B BUIE

. , _ 0 . 0

g () =vie () =i (x )5 Fr Cg) =0 (xg ) =ity (g ), (13)
TO IIOCJIC OTACIICHUS I[eﬁCTBHTeHLHBIX U MHUMBIX lIaCTef/'I N3 CUCTCMBbI N KOMIIJICKC-
HBIX CHHTYJISIPHBIX HHTETPAIbHBIX YPAaBHEHUH MOJydaeM JUIsl HaXOXKICHUS Vi (X} ) U
uy (x;) cucremy 2N JeHCTBUTENBHBIX CHHTYISIPHBIX HMHTETPAJIBHBIX YpPaBHEHUH.

UroObl TIpoBECTH alreOpan3alfio CHHTYISPHBIX HHTETPaIbHBIX ypaBHeHHH [39, 40,
41], cuayana mpusenem B cucreme (11) u momonmHuTenbHBIX ycnoBusx (12) Bce nH-
TEPBAJIBI UHTEIPUPOBAHUA K OJJHOMY HHTEPBAILY [— 1,1]. CrenaB 3aTeM 3aMeHy Iepe-

MEHHBIX
t=0,1, x=/0,m (f|<t,, [x|<tm),
cucremy ypasaenuit (11) u ycnosus (12) 3anuiiem B BUjae
lgn () u 1[ ] *
ﬁdr+ Yl ek @Ky (L, b))+ g i (DL (L, L n)|dT = F, ()
-1 kzn -]
Il <1 (n=12,...,N), (14)
1
[gn(0)dr=0.
-1

JI4 HECU3BCCTHBIX KHI/Iﬁ T) U CBOGOZ[HBIX YJICHOB [:J< COXpPaHCHBI
YH 8n n (M p

MpeXHUEe 0003HAYCHHS.
Pemenne cucremsr (14) npencrasum B Buze [39, 40, 41]:

0
g, (m =52 (15)
\ll—nz

rae g,? (M) — HOBas Hem3BecTHAs PYHKIHS, peryJsipHasi B HHTepBale [— 1, 1].
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Hcnonw3oBanue KBaapaTypHbIX Gopmya Tumna ['aycca-UeOblmieBa s CHHTY-
JIIPHOTO MHTETrpajia TO3BOJISIET CBECTH CHUCTEMY CHHTYJISAPHBIX MHTErPajbHBIX ypaB-
Hennid (14) mpu JONONMHUTENBHBIX ycioBusxX (12) k koHeuHoit cucreme N xM an-
reOpanyecKux ypaBHEHHUI TUTS OTIpEICIICHMUS NxM HEU3BECTHBIX

g;?(lm)zvn(lm)_i”n(lm):

1 M N 0 X "
ﬁZlkzlgk[gk(tm)Knk(gktm’gnxr)+g/?(tm)Lnk(£ktm’£nxr):l=Fn (xr) (16)
m=1k=
(r=12,.. ,M-1),

M 0
> g)(t,)=0 (n=12,...,N).
m=1

3/1ech 3HAYCHUS £, U X, ONPENENSIIoTCsS PopMynaMu:
m r OHpP PMY.
2m—1 r
n (m=12,...M), x,.=cos—
Iepexons B (16) k conpspKeHHBIM 3HAa4YeHUsIM, noiydaeM eme N xM  anreo-
panyeCcCKuX YpaBHEHUH.
s neBoit yactu coorHomenus (9) nmeem
!
_ _ l+x
+ o+ —
(vk -V )—l(uk —uy ):—T {gk(xk)dxk (k=1,2,....N). (17)
Lk

t,, =cos r=12,...M-1).

[Tony4yeHHBIE CHCTEMBI OKa3aMCh CBSI3aHHBIMM U JIOJDKHBI PEILATHCS COBMECT-
Ho. [[nsa ux 3aMKHYyTOCTH HE XBaTaeT 2 X N KOMIUIEKCHBIX ypaBHEHUH, ONpeeiso-
LIMX MECTOIOJIOKEHUE U Pa3Mephl 30H IUIACTHYECKOIO T€YeHMs. Tak Kak Hampshke-
HUSI B JIUCTOBOM 3JIEMEHTE KOHCTPYKLIMM OrPAHUYEHBI, PEIIEHUE CUHTYJIIPHBIX UHTE-
TpaNbHBIX YpaBHEHHH JOIDKHO MCKATHCS B Kiacce BCIOAY OTpaHUYCHHBIX (DYHKIIHH.
Takoe penieHHE CyIIECTBYET NPU BBINOIHEHUHN YCIOBHMI pa3peliMMOCTH CHUHIYJISP-
HBIX MHTETPaJbHBIX ypaBHeHUH. [lo3TOMY MonydeHHbIe aredpandeckue CHCTEMbI He
SIBJIAIOTCS TIOKA 3aMKHYTHIMH. 3alMChIBasi YCIOBHSI KOHEYHOCTH HAIpPsDKEHUH y Bep-
IIMH 30H TUIACTUYECKOTO TeueHHs (YCIOBUS Pa3pelIMMOCTH), Haxoaum eme 2x N
KOMIIJIEKCHBIX YPaBHEHUI

M 2m—1
S ()" gl(t,,)cte 2 =0 (n=12,....N), (18)
m=1

M 2m—1

mZzl( ) gn(tm)tg=7—1=0

Jyis onpeneneHus NpeaeibHOrO COCTOSHUS, TP KOTOPOM BO3HUKACT TPEIUHA,
HCTIONBb3yeM KpuTHdeckoe ycioBue (2). Torma ycinoBueM, OnpenersifonyM Ipe/eib-
HOE 3HaYeHHE BHENTHEH HArpy3Kku, OyJeT paBeHCTBO

V(xg)z\/u+(x2,0)—u_(x2,0)]2 +T (.0 -y (x1,0) ? =5.. (19

Monayas BeKTOpa CMEIICHHS Ha Oeperax 30H IUIACTHYECKOTO TEUYCHHS IPH

Xp = xl({) yIIOOHO TIPE/ICTaBUTh B BHJIE

1
V(x;?)zV;?:zLuK% A2+ B, (k=12,...N), (20)
My 0 My 0
A= ka(lm); B = Zuk(tm).
m=1 m=1

rae My — 4MCIIO Y3JIOBBIX TOYEK, COJEepKAMXCsl B MHTepBane (—/ ,xg) .
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[Nonyuennas anreopauueckas cucrema (19), (25)-(26) u3-3a HEU3BECTHBIX pa3-
MCPOB 30H IJIACTUYCCKOTIO TCUCHHA ABJIACTCA "enunelrinoii. CoBMecTHOE pemcHuc
MOJIyYEHHBIX ~ anrcOpavuecKuX  CHCTEM  II03BOJISET  HAWTH  HANPSDKEHHO-
neOpPMHPOBAaHHOE COCTOSHHME JINCTOBOI'O 3JIEMEHTA, KPUTHYCCKYIO BHEIIHIOI Ha-
IPy3Ky, MECTOIOJIOXKEHHE U pa3Mepbl 30H IUIACTUYCCKOIO TECUCHUS VIS MPEACIbHO-
PaBHOBECHOT'O COCTOSIHMSI JTUCTOBOI'O 3JIEMEHTAa KOHCTPYKIIMH, KOTJa BO3HUKAET TPe-
mpHa. OObeqUMHEHHAs alredpandeckas CUCTeMa YPaBHEHHMH HM3-3a HEM3BECTHBIX Be-
mmauH ¢, (k= 1,2,...,N) oka3pIBaeTcsi HeMMHEHHON. [[y1s ee peleHus HCIoNb30BaIn
METOJI MOCISA0BATSIILHBIX MPUOIKEeHUI [39], cocrosimuii B cieayroiieM. Pemaem
anredpaundeckyro cucremy (19), (25)-(26) npu HEKOTOPHIX ONPEACTICHHBIX 3HAYCHUSIX

%
0y (k=1,2,...,N) OTHOCUTENBHO OCTaJIbHBIX HEM3BECTHBIX, KOTOPbIE BXOJAT B 00BeE-

JMHEHHYK CHCTEMY JIMHEHHBIM 00pa3oM. [IockonbKy 3HadeHHs /), W COOTBETCT-

BYIOIIIMIE UM 3HAYCHUS] OCTAIBHBIX HEM3BECTHBIX HE OyayT, BOOOIIE TOBOpPs, YIOBIIE-
*

TBOPATh ypaBHEHHsAM (27), moabupasi 3HaYeHHs MapaMeTpoB /; , MHOIOKPATHO I10-

BTOopsieM Bbrumciienns. Korga ypaBHeHus (27) OyayT yIOBIETBOPEHBI C 3aJaHHOM
TOYHOCTBIO, BBIYMCIICHUA IMTPEKPAIIAIOTCA.

B xaxknom npubirmkeHnn anredpanueckas CHCTeMa pelrajachk MetojoMm [ aycca
C BBIOOPOM TJIABHOT'O DJIEMEHTA.

Ha puc. 2 npencrasiiensl rpaduKi 3aBUCHMOCTD JUTWHBI 30H TUIACTHYECKOTO Te-
4eHHs 0T Oe3pa3mepHoit Harpy3ku M ., /M npu uuctom msrube. B pacuerax Obu1o

use
npunsato M = 30; v =0,3; a; =45°; z,O =15-¢""" Ha puc. 3 mpuBeneHa 3aBUCH-
MOCTb 0€3pa3MepHOM IPeaeIbHOW Harpy3Ku

3 My 1

M, =—F—
2 hoc\/z JEo O,

OT OTHOCHTENBHON [UTMHBI 30HBI mpenpaspymenus 1/R. 3pech R XapaKkTepHblii

pasMeEp JIUCTOBOI'O 3JICMCHTA.

A
/1/R
0,15 1/
0,12 /
0,09
/
0,06
0,03 g
/ Mu3e
0,1/6,7 0,] 0,4 ™.
0 —— >

Puc. 2. 3aBI/ICI/IMOCTL JUIMHBI 30H INTACTUYCCKOI'o TCUCHUA OT 6e3pa3MepH0171 Harpysku

Buieoownt

Paspaboran 3¢ ekTUBHBIN CIOCOO pelIeHUs 3a1a4 O 3apOXKICHUHN TPEIIUH B Me-
TaJUIMYECKOM JIUCTOBOM 3JIEMEHTE KOHCTPYKIIMH IPH JISHCTBUM BHEIIHETO HEOIHO-
POIHOrO HapsbKeHHOro mojis. Ha ocHOBe pa3paboTaHHON pacuyeTHON MOJENN UCCIIe-
JIOBAHO TPEIIMHOOOPa30BaHUE B METAILTMYCCKOM JIUCTOBOM 3JIEMEHTE KOHCTPYKIIHH C
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CHUCTEMOM MPOU3BOJIBHO Pa3MENIEHHBIX 30H MPeApa3pyIIeHUs IPU Pa3IUYHbIX CHUIIO-
BBIX Harpy3kax.

A Mc
1,0
0,9
0,8

N\

0,7 N

0,6 \
~_ 4

0.5 g

0 0,02 0,04 0,06 0,08 0,10

Puc. 3. 3aBI/ICI/IMOCTB HpeI[CHLHOﬁ Harpysku oT OTHOCHUTENHHOMI JUIMHBI 30HBI
IIaCTHYCCKOI'O TCUCHUA

Cnucok 1TutepaTtypH

1. Hanacrox B.B. MexaHuka KBa3uXpymnkoro paspymieHus mMarepuanoB. — Kues: Hayxk.
nymka, 1991. - 416 c.

2. Jlesun B.A., Moposos E.M., Mamesuenxo [O.I". I30paHHble HeTMHEHHbIE 3aJa4l MeXa-
HUKH pa3pymenus. — M.: ®U3MATIINUT, 2004. — 408 c.

3. Mupcanumos B.M. 3apoxaenue aedexra THIIAa TPEIIMHBI BO BTYJIKE KOHTAKTHOM Maphl
// MaTtematudeckoe MoaenupoBanue. — 2005. — T. 17, Ne2. — C. 35 — 45.

4. Rusinko A., Rusinko K. Plasticity and Creep of Metals. — Berlin: Springer Verlag,
2011.—-434 p.

5. Mupcanumos B.M. K pelieHuno 3a1aqu MeXaHUKH KOHTAKTHOTO pa3pyIIEHUs O 3apOoxK-
JICHUU ¥ PAa3BUTHU TPEIIUHBI CO CBS3IMH MEXIy Oeperamu BO BTYNKE (PUKIIMOHHOMN Hapsl //
IIpuknannas matematuka u mexanuka. — 2007. — T. 71, Beim. 1. — C. 132 — 151.

6. Mup-Canum-3ade M.B. 3apoxaenue nedekra Tuma TPEUIMHBI B KIICHIAHOW MaHenu //
[TpoGriemMbl MalIMHOCTPOEHUS U HaJeKHOCTH MamH. — 2006. — Ne 6. — C. 45 — 51.

7. Mupcanumos B.M. 3apoxaenue nedexra THIIA TPEIIUHBI B cpefe ¢ mycrotamu // TIpo-
0JIeMbl MAITMHOCTPOEHHMS M HaieskHOCTH MamuH. — 2007. —Ne 4. — C. 46 — 52.

8. Mupcanumos B.M. 3apoxxaeHue TpemdH B Tep(pOpUPOBaHHOM TEIUIOBBLACISIONIEM
MmaccuBe // [Ipuxi. Mexanuka u TexH. ¢puzuka. —2007. — T. 48, No 5. — C. 121 — 133.

9. llax6anoaes DO.I. 3apokaeHUE TPEUIMH B TCIUIOBBIACIIIONICH cpene, oclabieHHOH
MIEpHOINYECKON CUCTEMOM KpYroBbeIX oTBepcTuil / Mexanuka. MammHoctpoenue. — 2007. —
Ne 4. -C. 29 —31.

10. Mup-Canum-3a0e M.B. 3apoxacHUE TPEIIUHBI B MMOIKPEIUICHHO#H iactune // [Tpuki.
MexaHuKa ¥ TexH. ¢puzuka. —2007. — T. 48, No 4. — C. 111 — 120.

11. Mup-Canum-3a0e M.B. 3apokieHue TPEITUHBI B MOAKPEIUICHHON IUIACTHHE C KPYTO-
BbIM otBepctreM// 3B, Tynl'Y cepust: EcrectBennbie Hayku. — 2007, — Bpim. 1. — C. 88—97.

12. I'acanos LI.T". 30HBI NIpeapa3pylIeHuss Ha TpaHuUIle pa3zena JOPOKHOTO IMOKPHITUS U
yrpyroro ocHoBaHus // CTpouTenbHas MeXaHuKa U pacdeT coopyxenuit. — 2008. — Ne 5. — C.
49 — 54.

13. Mup-Canum-3ade M.B. 3apoxieHue TpemuH B rep(OopHUpOBaHHON MOAKPETIEHHON
ruactude // Tlpukit. Mex. u TexH. pusnka. — 2008. — T. 49, Ne 6. — C. 170 — 180.

14. Mup-Canum-3a0e M.B. 3apoxacHue TPEIIMHBI U30TPOITHON B Cpeie, YCHICHHOH pe-
rynsipHoii cucremoii ctpudrepos // Bectaux UIITY um. U.S. SxosneBa. Cepusi: MexaHuka
npeneasHoro coctosuus. — 2008, — Ne2 (5). — C. 115 — 128.

15. I'acanos LI.I'. 3apoxxjeHne TPEIIMHBI Ha TPaHUIlE pa3/ielia MOKPBITUS U YIIPYToro oc-
HOBaHHMs // YTIpOUYHSIONINE TEXHOIOTUH U MOKpBITHA. — 2008, — No 1. — C. 20 — 24.

25



CtpouTenbHas MexaHMKa UHXEHEPHbIX KOHCTPYKLMIA U coopyKeHnit, 2017, Ne 4

16. Hasanov Sh.H. Modelling of the deflected mode of the road covering with the curved
interphase crack of stratification . Mathematical Modelling in Civil Engineering. — 2008. — No.
1.-P. 13 —21.

17. Mustafayev A.B. Crack initiation in non-uniformly heated thick-walled cylinder // Pro-
ceedings of IMM of NAS of Azerbaijan. —2009. — C. 30, N. 38. — P. 143 — 150.

18. Mycmacghaes A.5. MonenupoBaHue 3apOXKI€HHsI TPEIIMHBI B HEPABHOMEPHO HArpeToM
munHApe// OyHIaMeHTanbHble M IPUKIIaJIHbIE TIPOOJIEMbl TEXHUKH U TexHomorud. — 2009. —
Ne 4. -C. 15—21.

19. Mirsalimov V.M., Mustafayev A.B. Modeling cracking in thick-walled cylinder. Ad-
vances and Application in Mathematical Sciences. —2010. —Vol. 2, Issue 1. - P. 1 — 8.

20. Mup-Canum-3ade M.B. MopenupoBaHue TpeIMHOOOpa30BaHus B nephOpUpOBaHHON
CTpHHrepHoOi manenu// Martematndeckoe mozaenupoBanue.—2010. —T. 22, Ne 1. —C. 125 —
135.

21. Mup-Canum-3a0e M.B. 3apoxaeHue TpenuH B epHopupoOBaHHON U30TPOITHOM Cpee,
YCUIIEHHOM peryisipHoi cucremoii crpudrepos // Bectauk UI'TIY um. U.S. SkoBneBa, cepust:
Mexanuka npenensHoro cocrosaus. — 2010. —Ne 1 (7). — C. 79 —91.

22. Mirsalimov V.M., Zolgharnein E. Nucleation of a crack under inner compression of
cylindrical bodies. Acta Polytechnica Hungarica. —2012. — Vol. 9, No 2. P. 169—183.

23. Mupcanumos B.M., Hckenoepoe P.A. 3apoxkaeHue TPEUIMH MIPH OTHOPOIHOM H3THOe
M30TPOITHON TUTACTHHBI, OCIIA0JICHHOM MEePHOAMYCCKON CHUCTEMOW KPYrOBBIX OTBEpPCTHH //
Bectaux UI'TIY um. U. . SAxosneBa. Cepusa: MexaHuka npeaensHoro cocrosaus. — 2013, —
Nel (15). - C. 145 —152.

24. 3ynvghyeapos O.M. MonenvpoBaHie TPEIIMHOOOpa30BaHUS B TOPMO3HOM OapabaHe
KonecHol mammHbl // MammaoBeaenue. — 2013. — Ne 3. — C. 49—53.

25. Uckenoepos P.A. 3apoxieHne TPEeUIMHBI TP MONEPEYHOM U3rHOe M30TPOITHOH Iiia-
CTHHBI, OCITA0JICHHOM MEepHOIMYCCKON CUCTEMOW KPYroBhIX oTBepcTHii // CTpouTenbHas Me-
XaHHWKa HH)KEHEPHBIX KOHCTPYKLUH U coopykeHHH. — 2013. — Ne 3. — C. 18—28.

26. l'acanos @.@. MoaeaupoBaHUE 3apOXKACHUS TPEUIUH CABHra B TeNe, OCIAOJICHHOM
TIEpHOINYECKON CUCTEMOMN Kpyribix orBepctuii // IIpodiembr mammHocrpoeHus. HAH Yk-
paunsl. —2013. - T. 16, Ne 3. — C. 29 — 37.

27. 3ynvghyeapos 3. M. MonenupoBaHue 3apOKIeHNS] HCKPUBJIEHHOW TPEIIMHBI B TOPMO3-
HOM OapabaHe aBTOMOOWIS // DyHIaMEHTANbHBIE U MPHUKJIAIHBIE TPOOJIEMbl TEXHUKH U TEX-
Hojoruu. —2014. — Ne 1. — C. 24 — 30.

28. Kananmapner H.M. BnusiHue 00beMHBIX CHJI Ha 3apOXKACHHE TPEIIMHBI B KPYroBOM
ncke// @yHaaMeHTaIbHbIE U PUKIIaHBIE TPOOJIEMbl TEXHUKH U TexHooruu. — 2014, — No 2.
-C. 17—22.

29. I'acanos @.@. 3apoxkaeHue TpEIUHbI B KOMIIO3UTE, apMUPOBAHHOM OJJHOHAINPaBJICH-
HBIMH OPTOTPOITHBIMH BOJIOKHAMHM TIPH TPOAOJILHOM ciBure // MexaHnka MaliuH, MEXaHH3-
MOB 1 MaTepuasioB. — 2014. — Ne 2 (27). — C. 45 — 50.

30. Mirsalimov V.M., Hasanov Sh.G. Modeling of crack nucleation in covering on an elas-
tic base. Int. J. of Damage Mechanics. —2014. — Vol. 23(3). P. 430 — 450.

31. I'acanos @.d. 3apoxaeHre TPEUIMHb B U30TPOIMHON Cpejie ¢ MEPUOANUECKON CUCTe-
MOH KPYrOBBIX OTBEPCTHH, 3aIIOJHEHHBIX JKECTKUMH BKJIIOUEHUSIMH, TIPH IIPOJOIBHOM CIIBH-
re// CTpouTenbHas MEXaHHKa WHXK. KOHCTPYKIUHA U coopyxenuit. — 2014. — Ne 3. — C. 44—50.

32. I'acanos @.®. MonenupoBaHHUe 3apOXKJACHNUS TPEIIUHBI CABUTa B BOJIOKHE KOMITO3UTA,
apMUPOBAHHOTO OJHOHAINPAaBIEHHBIMH BojokHamu // Ilpobmembl MammHoctpoenus. HAH
VYkpaunsl. — 2014. - T. 17, Ne 2. —C. 17 — 25.

33. Kananmapawr HM. TpemuHooOpa3oBaHue B KPYrOBOM JHCKE IMOJ ICHCTBHEM 00b-
eMHBIX cui // CTpouTenbHas MeXaHWKa WHXEHEPHBIX KOHCTPYKLUI 1 coopyxenuit. — 2014, —
Ne 6. — C. 23 — 30.

34. Mirsalimov V.M., Hasanov F.F. Nucleation of cracks in an isotropic medium with pe-
riodic system of rigid inclusions under transverse shear. Acta Mechanica. — 2015. — Vol. 226,
Issue 2. — P. 385 — 395.

35. Mupcanumoe B.M., Kananmapror H.M. MonenupoBaHue 3apOKJIeHHUS TPEIIUHBI B
KPYTOBOM JIMCKE, 3arpy’)KEHHOM COCPEAOTOuYEHHbIMU cuiiaMu // V3B. CapaToBCKOrO yHHBeEp-
cureta. HoB. cepusi. Cep. Martemaruka. Mexanuka. Mapopmatuka. — 2015, — Nel. — C. 90 —
97.

36. Mirsalimov V.M., Kalantarly N.M. Crack nucleation in circular disk under mixed
boundary conditions. Archives of Mechanics. —2015. —Vol. 67, Issue 2. —P. 115 — 136.

26



Structural Mechanics of Engineering Constructions and Buildings, 2017, Ne 4

37. Mirsalimov V.M., Kalantarly N.M. Cracking in a circular disk under mixed boundary
conditions // Acta Mechanica. —2015. — Vol. 226, Issue 6. — P. 1897 — 1907.

38. Mupcanumos B.M., Hemaunosa P.A. 3apoxeHne TpelHbl B CTEP)KHEBOM TEIIJIOBbI-
nersttorieM snemMente // Tspkenoe mammHocTpoenue. — 2016, —Ne 5. — C. 10 — 16.

39. Mupcanumos B.M. HeonHomepHbIe ynpyroriactuieckue 3anadu. — M.: Hayka, 1987.
—256c¢.

40. Ilanaciox B.B., Caspyk M.IL, /layvuuun A.Il. Pacupenenenve HampsHpKeHUM OKOJIO
TPEIIHH B IUTaCTHHAX U 00omoukax. — Kuer: Hayk. mymka, 1976. — 443 c.

41. Ladopoulos E.G. Singular Integral Equations, Linear and Non-Linear Theory and its
Applications in Science and Engineering. — Berlin: Springer Verlag, 2000. — 553 p.

Tocmynuna 6 pedaxyuro 3 mapma 2017 2. Ilpouina peyensuposanue 21 masn 2017 e.
Tpunsma k nybnuxayuu 14 uions 2017 2.

06 aemope: TACAHOB 111. T'., dokmop mexuuueckux nayx, npogheccop, Azepbaiioxncancruii mex-
Huyeckuti yuusepcumem, Azepoatioscan, AZ1073,Baxy, np. I'. [[rcasuoda, 25, E-mail: iske@mail.ru
Jna yumuposanusn: I'acanoe LI TpemmHo00pa3oBaHUE B JINCTOBOM JJIEMEHTE KOHCTPYKIIMU
[P HEOJAHOPOIHOM HaIpshKeHHOM Mojie / CTponuTeNnbHas MEXaHHKa HHKCHEPHBIX KOHCTPYKIIUMA H CO-
opyxenuit. — 2017. — Ne 4. — C. 19-28 (DOI: 10.22363/1815-5235-2017-4-19-28).
References

1. Panasyuk, V.V. (1991). Mechanics of Quasibrittle Fracture of Material. Kiev: Naukova Dumka,
416. (in Russian).

2. Levin, V.A., Morozov, E.M., Matvienko, Yu.G. (2004). Selected Non-Linear Problems of Frac-
ture Mechanics. Moscow: FIZMATLIT, 408 (in Russian).

3. Mirsalimov, V.M. (2005). Initiation of crack type defect in bush of contact pair, Matematicheskoe
modelirovanie, 17 (2), 35—45. (in Russian). .

4. Rusinko, A., Rusinko, K. (2011). Plasticity and Creep of Metals. Berlin: Springer Verlag, 434 p.

5. Mirsalimov, VM. (2007). The solution of a problem in contact fracture mechanics on the nuclea-
tion and development of a bridged crack in the hub of a friction pair, J. of Applied Mathematics and Me-
chanics, Vol. 71, Iss. 1, 120—136 (in Russian).

6. Mir-Salim-zade, M.V. (2006). Nucleation of crack type defect in riveted panel, J. of Machinery
Manufacture and Reliability, (6), 45-51 (in Russian). .

7. Mirsalimov, V.M. (2007). Nucleation of a crack-type defect in a body with voids, J. of Machin-
ery Manufacture and Reliability, Vol. 36, Iss. 4, 341—347 (in Russian). .

8. Mirsalimov, V.M. (2007). Nucleation of cracks in a perforated fuel cell, J. of Applied Mechanics
and Technical Physics, Vol. 48, Iss. 5, 723—733 (in Russian). .

9. Shahbandaev, E.G. (2007). Cracks nucleation in heat-generating medium weakened by periodic
system of circular holes. Mechanics. Machine Building, (4), 29—31 (in Russian). .

10. Mir-Salim-zade, M.V. (2007). Crack initiation in a stiffened plate, J. of Applied Mechanics and
Technical Physics, Vol. 48, Iss. 4, 562—570 (in Russian). .

11. Mir-Salim-zade, M.V. (2007). Nucleation of crack in reinforced plate with circular hole, Izvestiya
TulGU serija: Estestvennye nauki, Iss.1, 88—97 (in Russian). .

12. Hasanov, Sh.H. (2008). Pre-fracture zones on section boundary of road surface and elastic foun-
dation, Structural Mechanics and Analysis of Constructions, (5), 49-54 (in Russian). .

13. Mir-Salim-zade, M.V. (2008). Generation of cracks in a perforated reinforced plate, J. of Applied
Mechanics and Technical Physics, Vol. 49, Iss. 6, 1030—1039 (in Russian). .

14. Mir-Salim-zade, M.V. (2008). Nucleation of crack in an isotropic medium reinforced by regular
system of stringers, Bulletin of the Yakovlev Chuvash State Pedagogical University. Series: Mechanics of
Limit State, 5 (2), 115—128 (in Russian). .

15. Hasanov, Sh.H. (2008). Nucleation of crack on border section of the covering and the elastic
basic, Strengthening Technologies and Coatings, (1), 20—24 (in Russian). .

16. Hasanov, Sh.H. (2008). Modelling of the deflected mode of the road covering with the curved in-
terphase crack of stratification, Mathematical Modelling in Civil Engineering, (1), 13—21.

17. Mustafayev, A.B. (2009). Crack initiation in non-uniformly heated thick-walled cylinder, Pro-
ceedings of IMM of NAS of Azerbaijan, C. 30, N. 38, 143—150 (in Russian). .

18. Mustafayev, A.B. (2009). Modelling of nucleation of the crack in non-uniformly heated the cyl-
inder, Fundamental and Applied Problems of Engineering and Technology, (4), 15—21 (in Russian). .

19. Mirsalimov, V.M., Mustafayev, A.B. (2010). Modeling cracking in thick-walled cylinder, Ad-
vances and Application in Mathematical Sciences, Vol. 2, Iss. 1, 1—S8.

20. Mir-Salim-zade, M.V. (2010). Modeling of crack formation in a perforated stringer panel, Math-
ematical Models and Computer Simulations, Vol. 2, Iss. 4, 533—541 (in Russian). .

21. Mir-Salim-zade, M.V. (2010). Crack formation in a perforated isotropic medium intensified by a
regular system of stringers, Bulletin of he Yakovlev Chuvash State Pedagogical University. Series: Me-
chanics of Limit State, 7 (1), 79—91 (in Russian).

22. Mirsalimov, V.M., Zolgharnein, E. (2012). Nucleation of a crack under inner compression of cy-

27



CtpouTenbHas MexaHMKa UHXEHEPHbIX KOHCTPYKLMIA U coopyKeHnit, 2017, Ne 4

lindrical bodies, Acta Polytechnica Hungarica, 9 (2), 169—183.

23. Mirsalimov, V.M., Iskenderov, R.A. (2013). Crack nucleation at pure bending of isotropic plate
weakened by periodic system of circular holes, Bulletin of the Yakoviev Chuvash State Pedagogical Uni-
versity. Series: Mechanics of Limit State, 15 (1), 145—152 (in Russian). .

24. Zulfugarov, E.I. (2013). Modeling of cracking in brake drum of wheel car, Mechanics and Me-
chanical Engineering, (3), 49—53 (in Russian). .

25. Iskenderov, R.A4. (2013). The crack nucleation in the isotropic plate, weakened by a periodical
system of circular holes under transverse bending, Structural Mechanics of Engineering Constructions
and Buildings, (3), 18—28 (in Russian). .

26. Hasanov, F.F. (2013). Modeling of shear crack nucleation in a body, weakening by periodic sys-
tem of circular holes, Problems of Mechanical Engineering, 16 (3),29—37 (in Russian). .

27. Zulfugarov, E.I. (2014). Modelling of curved crack nucleation in automobile brake drum, Fun-
damental and Applied Problems of Engineering and Technology, (1), 24—30 (in Russian). .

28. Kalantarly, N.M. (2014). Influence of volume forces on crack nucleation in circular, Fundamen-
tal and Applied Problems of Engineering and Technology, (2), 17—22 (in Russian). .

29. Hasanov, F.F. (2014). Nucleation of the crack in a composite reinforced unidirectional
orthotropous fibres at longitudinal shear, Mechanics of Machines, Mechanisms and Materials, 27 (2),
45—50.

30. Mirsalimov, V.M., Hasanov, Sh.G. (2014). Modeling of crack nucleation in covering on an elas-
tic base, Int. J. of Damage Mechanics, 23(3), 430—450.

31. Hasanov, F.F. (2014). Nucleation of cracks in isotropic medium with periodic system of the cir-
cular holes filled with rigid inclusions, at longitudinal shear, Structural Mechanics of Engineering Con-
structions and Buildings, (3), 44—50 (in Russian). .

32. Hasanov, F.F. (2014). Modelling of crack nucleation in the fibre of composite reinforced with
unidirectional fibres under shear, Problems of Mechanical Engineering, 17 (2), 17-25 (in Russian). .

33. Kalantarly, N.M. (2014). Cracking in circular disk under the influence of volume forces, Struc-
tural Mechanics of Engineering Constructions and Buildings, (6), 23—30 (in Russian). .

34. Mirsalimov, V.M., Hasanov, F.F. (2015). Nucleation of cracks in an isotropic medium with peri-
odic system of rigid inclusions under transverse shear, Acta Mechanica, Vol. 226, Iss.2, 385—395.

35. Mirsalimov, V.M., Kalantarly, N.M. (2015). Modelling of cracking in circular disk loaded by
concentrated forces, Saratov University News. New Series. Series Mathematics. Mechanics. Informatics,
(1), 90—97 (in Russian). .

36. Mirsalimov, V.M., Kalantarly, N.M. (2015). Crack nucleation in circular disk under mixed
boundary conditions, Archives of Mechanics, Vol. 67, Iss. 2, 115—136.

37. Mirsalimov, V.M., Kalantarly, N.M. (2015). Cracking in a circular disk under mixed boundary
conditions, Acta Mechanica, Vol. 226, Iss. 6, 1897—1907.

38. Mirsalimov, V.M., Ismailova, R.1. (2016). Crack nucleation in rod fuel element, Tyazheloe
mashinostroenie, (5). 10—16 (in Russian).

39. Mirsalimov, V.M.(1987). Non-One-Dimensional Elastoplastic Problems. Moscow: Nauka, 256 p.

40. Panasyuk, V.V., Savruk, M.P., Datsyshyn, A.P. (1976). The Stress Distribution around Cracks in
Plates and Shells. Kiev: Naukova Dumka. 443. (in Russian).

41. Ladopoulos, E.G. (2000). Singular Integral Equations, Linear and Non-Linear Theory and its
Applications in Science and Engineering. Berlin: Springer Verlag. 553.

CRACKING IN SHEET STRUCTURAL ELEMENT
UNDER NON-UNIFORM STRESS FIELD

Sh.H. HASANOV

We give a mathematical description of calculation model for cracking in sheet structural
element under a non-uniform stress field. The model of pre-fracture zones in state of plastic
flow under constant stresses was accepted. The boundary value problem for interaction of
zones of weakened interparticle material bonds in the sheet structural element under influence
of the inhomogeneous stress field is reduced to a system of singular integral equations. The
integral equations further reduce to a system of nonlinear algebraic equations for solution of
which we use the method of successive approximations. Sizes of the prefracture zones and
limit value of external loads at which in the sheet structural element the cracking occurs are
found. KEY WORDS: sheet structural element, non-uniform stress field, pre-fracture zone in a
state of plastic flow, cracking.
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