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YUCINEHHOE UCCIIEAOBAHUE YCTONYMUBOCTHU
CNOMCTOro KOMNO3nTHOIo MATEPUANA
MPU CXXATUM NMOBEPXHOCTHOW HAIPY3KOW

C ncnonb3oBaHMEM OCHOBHbIX COOTHOLUEHWW TPeXMepHoW NuHeapusoBaHHOM
Teopuu yCTOMYMBOCTU B pamMKax MoAenun KyCOYHO-OQHOPOAHOW cpefbl MOJy4YeHO
YMCIEeHHOE pelleHMe 3adavu YCTOMUYMBOCTU CIIOMCTOrO KOMMO3WTHOrO Martepuana
MpU CXXaTUMU NOBEPXHOCTHOM Harpy3ko. PaccMoTpeH crny4yan rpaHUYHbIX YCIOBUM
Ha OGOKOBbIX CTOPOHax MHOFOCIIOMHOrO KOMMO3UTHOro obpasua, KoTopble
COOTBETCTBYIOT YCIOBUAM cuMmeTpuu. UccnegoBaHa 3aBUCUMOCTL hopM noTepu
YCTOMYMBOCTM U KPUTUYECKUX Harpy3ok OT pa3mepa pacuyeTHoOM obnactu,
CBSI3aHHOFO C KONMMYECTBOM CJIOEB, BKJIIOYEHHbIX B NMpeAcTaBUTENIbHbIA 3NIeMEHT
KOMMO3UTHOro MaTepuana.

Knrodeeble cnoea: crnoucmbili  KOMMO3UMHbLIU — Mamepuarn,  MHO20C/0UHbIU
npedcmasumerbHbIl 3r1eMeHm, fMpodo/IbHOE CxXamue, Kpumu4yeckasi Haspy3ka, ¢hopma
nomepu ycmol4ugocmu, mMpexMepHasi INuHeapu308aHHasi meopusi ycmou4usocmu,
cMsiImue mopu0e.

BBepeHue. OgHMM U3 BO3MOXHbIX MEXaHW3MOB paspyLUeHUst OAHOHa-
npaBneHHbIX KOMMNO3UTHbIX MaTtepuanos (KM) npu cxatumn asnseTcsa noteps
YCTOMYMBOCTU apMUPYIOLLIMX CrioeB U BOMOKoH (microbuckling). Mpwu cxatum
opHoHanpasneHHblx KM noBepXHOCTHOM Harpy3kon BOOMb HanpasrieHus
apMUpOBaHUSl yKasaHHbI MeXaHM3M paspyLleHuUs MOXET MMETb XapakTep
NPUNOBEPXHOCTHON MOTEPM YCTOMYMBOCTM C hopMamMu NoTepu YCTOMYUBO-
CTW, 3aTyxaloLWwmnMn Npu yoaneHnm oT NOBEPXHOCTU. Takoh MexaHu3M COOT-
BETCTBYET paspyLlleHulo martepuana B Buae CMSATUA TopLoB 06pasuoB U
3ANeMeHTOB KOHCTPyKUu 13 KM [5]. [Ins cnoucTbiX KOMMNO3UTHLIX MaTepua-
0B 3TO SABMIEHUE CBSA3aHO C NoTepen YCTOMYMBOCTU apMUPYIOLLUX CIIOEB.
BnepBble BbinydBaHWe kpaeBon noBepxHocTu (edge buckling) obpasua n3
CrioncToro MaTepuana npu cxatuu BOOSMb CMOEB OPTOroHanbHO K MOBEpX-
HOCTW MUCCneaoBaHo B [7] Ha OCHOBE MHKpPeMeHTanbHon Teopun gedopma-
uui [6]. B [13] aHanornyHoe ABNeHUe NOBEPXHOCTHOrO BbIMydYMBaHWA (Sur-
face buckling) apmupoBaHHOI criosiMun cpefbl NpWM OPTOroHaNLHOM pacno-
NOXEHUN CroeB K NMOBEPXHOCTN pacCMOTPEHO B pamKax Teopuyu MHOTOCIOW-
HbIX KOHCTpykuui [1]. B [4] npeactaBneHa, OCHOBaHHasi Ha TpexmMepHou
nMHeapu30oBaHHON Teopun ycTondmBocTu aecopmupyembix Ten (TNTYOT)
[3, 8], KOHTUHYanbHasa Teopus paspyLleHns nNpyu cMsaTuM TopuoB. MokasaHo,
4YTO ANns ogHoHanpasneHHbix KM (apmupytoLimne BonokHa Unu crion Hanpas-
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NeHbl NepneHanKynapHO K TopLy) Ha nepBOHaYanbHOM 3Tane paspyLueHus
KM npu cxatum NnoBepXHOCTHOW Harpy3kon BAOMb HanpaBneHus apmMmpoBa-
HUS €AMHCTBEHHO BO3MOXHbBIM MEXaHM3MOM Pa3pyLUeHUs SBNsSeTca npuno-
BEPXHOCTHasi NoTeps YCTOMYMBOCTM B CTPYKType MaTepuana, Kotopas
npeglwecTByeT BHYTPEHHeW noTepe yctonmumsocTu. B [9] npuBeneHbl pe-
3ynbTaTbl YUCNEHHOrO MCCMNegoBaHUS NPUNOBEPXHOCTHON NOTEpPU YCTONYU-
BocTU crnabo apmupoBaHHoro cnouctoro KM npv ogHOOCHOM cxXaTtuu no-
BEPXHOCTHOW Harpyskon B pamMKkax MoAenu KyCcOYHO-OO4HOPOAHOW cpefbl.
Mpu ncnonb3oBaHMM ykasaHHbIX pacyeTHbIX Mogdenen B [3, 8, 9] npeanona-
ranocb Hanuine oAHOPOAHOrO MMM KYCOYHO-OO4HOPOAHOrO OOKPUTUYECKOrO
COCTOSHUS,, a MWCCrneaoBaHUsi MPOBOAMNUCHE AMA MONynpocTpaHcTBa wunu
nonynnockoctn 6e3 yyeTa BnusiHust 6OKOBbIX CTOPOH obpasua 13 KM.

B [11, 12] Ha ocHoBe TJITYAT B pamkax mogenu KyCOYHO-OL4HOPOLHON
cpenbl NpeanoXeHa pacyeTHas MoAenb ANs YUCMEHHOro peLleHus MeTo-
OOM ceToK 3ajaym yctonumsoctu crnovctoro KM npy ogHOOCHOM cCxaTuu
apMUpYIOLLMX CIIOEB MOBEPXHOCTHOM Harpy3kon. B kavectBe npencraBu-
TenbHoro anemeHta KM ucnonb3oBaHa ABYXCMNOWHasa pacyeTHasi obnactb ¢
rPaHNYHbIMMK YCNOBUAMM Ha BOKOBBLIX CTOPOHAX pacyeTHoW obnacTu, KOTo-
pble COOTBETCTBYET YCnoBusaM cummeTpuu. [MokasaHo, 4YTO Kak B criydyae
KYCOYHO-OAHOPOAHOrO, TaKk U HEOO4HOPOLHOr0 OOKPUTUHECKOrO COCTOSHUS
MMeeT MeCTO MPUMNOBEPXHOCTHAs NOTepst YCTOMYMBOCTU M PacCMOTPEHHas
pacyeTHas MoAenb MOXeT ObiTb MCMOMb30BaHa ANs UCCreaoBaHWs TaKow
npobnembl, Kak paspyLueHue npu CMATUKU TOpLoB. [py YUCNEeHHOM peLueHnn
3aJayn yCTOMYMBOCTWU Mepexod OT WCXOOQHOW Mogdenu Ans maTepuanos,
KOTOpbIM COOTBETCTBYET GeckoHeuHass unu nonybeckoHeyHas obnacTb, K
0o6nacTu KOHeYHbIX pa3aMepoB B paMkax MoAenu KyCOYHO-OAHOPOAHON cpe-
Obl NPOBOAUTCSH, UCXOAA U3 YCNOBUA PErynapHOCTU 1 NEPUOAUYHOCTU KOM-
MO3UTHBIX CTPYKTYP, CUMMETPUYHOCTU YCNOBUIN UX HarpyxeHus. [pn aTom
BO3HVKAET BOMPOC O BNUAHUM KOMNWYECTBA CMNOEB, BKMOYEHHbIX B NpeacTa-
BUTENbHBbIN aneMeHT KM, Ha kpuTuyeckne napameTpbl yctondmsoctu KM. B
HacTodLwen paboTe uccrnegoBaHa 3aBUCUMOCTb POPM MOTEPU YCTOMYUBO-
CTU 1 Kputndeckux Harpy3ok KM oT pasmepoB pacyeTHov obnactu BOoOnb
NMHUKN NPUMIOXKEHNS MOBEPXHOCTHOW Harpysku Npu yBenuyeHun KonuyecTaa
CNoeB MHOrOCMONHOIo NpeAcTaBuTensHoOro aneMmeHta KM.

CnoXHOCTb MONyYEHUsI aHaNUTUYECKMX pPeLleHUn ANns 3agad ykasaHHo-
ro Knacca npegnonaraeT MUCNOMb30BaHWE COBPEMEHHbIX YUCMEHHbIX METO-
noB. B naHHon paboTe Anst YMCNEHHOro peLleHns paccMaTpmMBaemblx 3agad
MCMOoNb30BaH MEeTOA CeTOK Ha OCHOBE MOANMULIMPOBAHHOIO BapuauuoHHO-
pasHoCcTHoro noaxoga [2, 9).

MoctaHoBKa 3agaun. PaccMoTpuM 3agayvy YCTOMYMBOCTWU CIIOMCTOrO
AByxkomnoHeHTHoro KM perynsipHon cTpykTypbl (puc. 1, @) ans cxembl
Harpy>xeHus, Kotopasi COOTBETCTBYET paBHOMEPHOMY OOHOOCHOMY CXa-
TUIO CMNOeB HanonHUTens B HanpasneHun ocn Ox, MNOBEPXHOCTHOW Ha-
rPy3KOn NMOCTOSAHHOW MHTEHCUBHOCTM p‘) n B obLwiem crnyyae NnpuBOAUT K

HeoAHOPOAHOMY OOKPUTUYECKOMY COCTOAHULO.
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B2 p
0)

Puc. 1 — Cnouctbin KM (a); npeactaBuTenbHbIN aneMeHT maTtepuana (6),

cuMm 1, cum 2, cum 3 — ocu cuMmeTpumn X, = 0, X, = ll , X = 12

nOBerHOCTHaﬂ Harpyska nmeet CﬂeﬂyIOLLLI/IIZ =1701}

PO, —h,[2+kh<x <h,[2+kh, k=0,%1,...,

0, JUISL OCTAIBHBIX Xj,

p(x)=02(%,0)= (1)

roe h=h,+h,. — napameTtp CTpyKkTypbl; 4, , h

Ha Crosi HarNonHUTENs (apPMUPYHOLLETO CMOs1) U CIIoS CBA3YHOLLIEro (MaTpuLbl).
Mpeanonaraem, 4YTo Ha GECKOHEYHOCTM Harpyska kK apMUpYOLLMM CrosiM
NpUKnaabIBaeTCs No Takol xe cxeme. Boonb ocu Ox; Harpyska He usme-

wo Ne — COOTBETCTBEHHO TOonLn-

HAeTCS.

Mcxopsa 13 ycrnoBuii CUMMETPUN HarpyXeHUst U perynsapHOCTU CTPYKTYpbI
KM, 3agayy ycTOMYMBOCTW peluaem [Ans NpeAacTaBUTENbHOrO anemMeHTa
MaTepuana, KOTOpOMYy COOTBETCTBYeT pacyeTHast 06nacTb KOHEYHbIX pas-
MepoB. YKasaHHasa pacyeTHas obracTtb nokasaHa Ha puc. 1, 6.

KpaliHue cnou npeacraBuUTENbHOrO 3neMeHTa SBMATCS apMUpYOLWLUMK
cnosimu. paHnYHble ycrnoBms Ha GOKOBBLIX CTOPOHAX pacyeTHoW obnacTu
COOTBETCTBYIOT YCroBusM cummeTpun. Pasmep [ pacyeTHon obrnactv B
HanpaBneHum ocu Ox; U3MEHSIETCS KpaTHO ABYM NapameTpam CTPYKTYpbl
h: I, =2nh, n=1,2,..., BCNEACTBUE YErO CPEAHWIA CION NPEACTaBUTENbHOMO
ANeMeHTa ABNAETCH CUMMETPUYHO HarpykeHHbIM apMUpYOLLUM CMOEM.
Uccneayetca doopma noTepun yCTOMYMBOCTU CPEAHErO CrOos.

Mpegnonaras, 4To mMaTtepuan HanoNHWUTENS U CBA3YHOLLEro SIBMSOTCA
OOCTaTOYHO >XECTKMM, NpU NCCNeaoBaHMU YCTOMYMBOCTM ByaeM NpUMeHATb
BTOPOM BapuaHT Teopuu MarnblX OOKpuTudeckux gedopmauumi [3, 8]. lMo-
BEPXHOCTHYIO Harpysky cyutaem «MepTBOW», YTO obecneuymBaeT BbINOIHe-
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HMe OOCTaTOYHbIX YCNOBUA NPUMEHUMOCTM CTaTU4ECKOro MeToda uccrneno-
BaHusa [10]. MNpn ncnonb3oBaHWM 3TOro MeToAa 3agaya YyCTOMYMBOCTU CBO-
antca k o6obLieHHon 3agave Ha cob6CTBEHHbIE 3HaYeHUs1, B KOTOPOW MUHU-
ManbHoe COBGCTBEHHOE 3HaYeHue A onpedensdeT KpUTUYECKYHD Harpysky, a
cooTBeTCTBytOLast COOCTBEHHAs (PYHKUMSA = (u;,u,) — OpPMY noTepu
YyCTOMYMBOCTUW. 3afdady paccmaTpvBaemM B OBYMEPHOW MOCTaHOBKE Ans Chy-
yasi Nnockomn Aedopmauuu B NIOCKOCTH x,Ox, -

HayanbHoe cocTosiHue onpegensiem 13 crnegylolmx OCHOBHbLIX COOTHO-
LLEHUN NIMHENHOW TEOPUM YNPYroCcTu:
— ypaBHeHWe paBHOBeCHA

U,—O xcQ,; @)
— rpaHn4Hble ycnoBua
091 =0Auy =0, 0<x; <l AXy=l;
oy =0nu' =0, (5 =0vx =h)A(0<x,<h): (©)
o9 =pArcy =0, 0<x <l Ax,=0;

— YCINOBUA KOHTaKTa MexXay CroamMu

8]0 [i]-o: z

— COOTHOLUEHUA MeXxay KOMMNOHEeHTaMu Hanmeewa c; p,ecbopmau,mw

gl(j) N nepeMeLLeHui uo B npeaenax kKoMnoHeHTa KM
0 .0_ 170 w0 i (5)
5Ak8kk+2(l_6ij)Ggij' ij 2 l/ll] l/l] y LF ]
roe
E(1-v) Ev E 6
A=Ay = A = 'y G = (6)

_EUTv) G =
1+v)1-2v) 1+v)(1-2v) 2(1+v)

3aech Ay E, G, v —mogynu ynpyrocti, Mmoaynb KOHra, Mmoaynb caeura,

koadpdumeHT lNyaccoHa cnos.

OCHOBHbIE COOTHOLLUEHUSI TPEXMEPHOMN NMHEapPU30BaHHOW Teopun ycTom-
YMBOCTWU ANsi ONpedeneHns KpUTUYECKMX napameTpoB ycTtonumsoctn KM
WUMEIOT CrieaytoLLmn Bua;

— YpaBHEHWS paBHOBECKS B BO3MYLLEHUSAX

(0' +/ldlkumk) =0, xeQ; (7)
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— rpaHNYHble YCroBUS
(0'12 +ZO‘§2141,2)=0/\142 =0, 0<x <fAxy=1y;
u =0 (01, +20tu) =0, (xy=0vx =h)A(0<x, <h); (@)
(O'm2+/lpum’2)=0, 0<x <[ Axy=0;
— YCIOBWSI KOHTaKTa Mexay crnosiMu

[ 01 + 2001, | =0, [:]=0. ©)

COOTHOLLEHNSI MeXOy BO3MYLLEHUSMU HaNPSKEHWU oy nedopmaruii

»
gy nepemeLLeHnii y; B npegenax komnoHeHta KM umvetot Bua (5), (6).
KpuTudeckyto Harpysky onpeaensieM u3 criefytoLero COOTHOLEHNS:

Pyp = min|2|/ (2nh) J’ p(x) )dx, =min|A| p* b, /i (10)
0<x< )

roe min|},| — MUHMMAanbLHOE NO MoAyro cobcTBeHHOe YKo 3agaun (7) — (9).

Bua cooTHoweHus (10) oTpaxaeT TOT hakT, YTO CXKMMAIOLLYIO Harpysky
npuKnagbiBaeM TOMbKO K apMUPYIOLLUM CIIOSIM.

O6o3HaveHusa B (2) — (9) aBnsAlTCA o6LENPUHATEIMU, U MHOEKChI U3Me-
HAtoTCA OoT 1 A0 2 (A,V — 3HaKM JIOTMYECKOrO YMHOXEHUSI U CIIOXKEHWS).
BepxHum nHaekcom «0» 0603Ha4eHbl KOMMOHEHTLI HanNps>KeHnn 1 nepeme-
LLeHUN ANS JOKpUTUYECcKoro coctosHus. NHaekc, obosHavaowmin npuHaa-
nexHoctb Kk crioto KM, ana yao6ctea onyuwieH. B cooTHoweHuax (4), (9)

[f(x)]zf(x—o)—f(x+0) — CKauoK pyHKUMM f'(x).

YucneHHoe pelwieHue. 3agavy (2) — (6), (7) — (9) pewaem meToaom ce-
TOK C UCMONb30BaHUEM KoHUenuuu 6as3oBon cxemsbl. [Npyn Takom nogxone
Pa3HOCTHYIO CXeMy Ans pacyeTHon obnactn Q CTpoMM B KaXXAOM CETOYHOM
y3ne Kak onpefeneHHylo Cymmy 3HayeHun 6as3oBOW CxeMmbl, NPeacTaBnsio-
wen cobon pasHOCTHYH CXeMy, MOMyYeHHYK BapwalMOHHO-PA3HOCTHLIM
cnocoboM Ha wabnoHe A4Yerkn pasHocTHow ceTku [2, 9]. MNepexoas oOT uc-
xofHon nonybeckoHeyHon moaenu KM K orpaHndeHHOM pacyeTHow obnac-
TM, ee pa3mep B HanpaeneHuu (Ox, OMNpeaensieM B pesyrbrarte Bbluucnu-

TeNIbHOIo 3KCNnepumMeHTa, ncxogda mn3 ycroBuA, YTO pacCHeTHble NapamMeTpbl
NpuHMMaKoT yCTaHOBMBLUEECA 3Ha4Y€eHNEe OTHOCUTENbHO yBENnYeHna pasme-
pos pacquHoﬁ obnactn B YKa3aHHOM HanpaslieHuw. Takumu pac4eTHbIMU
napameTpamMu aBndarTCA pa3Mep obnactu HEeoaHOPOAHOIro AOKPpUTUYECKOro
COCTOAHUA N KpUTUHECKaA Harpyaka.
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Mpu1 YCNEHHOM peLLeHUn 3aa4m METOAOM CETOK B pacyeTHon obractn Q
BBOAUTCS HEpPaBHOMEpPHas pa3HOCTHasi CeTKa, COCTOosILLAs U3 MHOXECTBA @
BHYTPEHHUX U MHOXECTBA ¥ rpaHWYHbIX Y3MoB, 1 3agadam (2) — (6), (7) — (9)

CTaBATCH B COOTBETCTBME PA3HOCTHbIE 3a4a4u Takoro Bmaa:
Au=D,,xcw, (11)
Au=AB,u,xcw . (12)

BbipaxxeHus Ana pasHOCTHbIX onepaTopoB A, B v BeKTOpa NpaBon YyacTu
@ npeacTaBneHs! B [11, 12]. [Ana pelueHns QUCKPeTHbIX 3a4ay NpYMeEHEHbI
adppeKTBHbIE YMCNEHHbIE MeToAbl [14] B COOTBETCTBUM C METOAUKOM, Npeac-
TaBneHHou B [2, 9]. B paccmatpuBaemom crnyyae anrebpaunyeckas 3agava
onpefeneHys Ha4yanbHOro COCTOSHUA peLlanach NpsAMbIM MeTogoM XomneLKoro,
a nocne CryweHus pasHOCTHOM CETKU MPUMEHSANCA UTepaLMOHHbIA MeToa
COMPS>KEHHbIX rpaaneHToB. [UcKpeTHas 3agjada yCTOMYMBOCTM Ha cobCT-
BEHHblE 3HAYeHNs peLlanacb MeTo40M UTEPMPOBaHKSA NOANPOCTPAHCTRA.

YucneHHble pe3ynbtatbl. PacCMOTpeH KOMMNO3UTHLIN MaTepuan crou-
CTOW CTPYKTYpPbl MPU CXXaTUM MOBEPXHOCTHOW Harpy3koM, 3aJaHHOW COOTHO-
WweHueM (1), U cregyloWMMN MEXaHUYECKUMU U TEOMETPUYECKUMU XapaKTe-
pUCTUKaMM: E'/E?=100; v'= v?=0,3; ¢q = h,/h= 0,5 (c,— obbemHoe

conepxaHvie apmupylolmx crioes). 3geck E', EZ u v!, v? — cootsetcr-

BEeHHO, Moaynu KOHra n koadpdmumeHTsl NyaccoHa apMypyoLmx Crioes 1 cro-
€B CBA3yoLero. PacyeTbl NPOBOAMNMCE ANS Pa3MEPOB [ =2nh PacyeTHOw
obnacTu B HanpaeneHum ocu Ox,; , COOTBETCTBYIOLLMX 3HAYEHNsaM n =1+10.

Ha pwc. 2 npeacTasneHs! (hopMbl NOTEPH YCTONYUBOCTU
™ (x;) =u, (x /) uy™

B CEYEHUN x| =/;/2 CPEeSHero apMupyloLLero Crosi MpeAcTaBUTENbHOro
anemeHTa KM Anga pasnnyHbIX 3Ha4eHWn pasmepa [, pacyeTHoi obnactw,

roe uénax — MakcumalrnbHO€ 3Ha4YeHune BO3MYLLEeHUA nepemeu.l,eHMVl B YyKa-

3aHHOM ceYeHnn.
Ha puc. 3 nokasaHa 3aBMCMMOCTb COOTBETCTBYHOLLUNX KPUTUYECKUX Ha-

cm ‘2 cm
rpysoK p,., / pi," OT yKasaHHOro pasmepa pacueTHoit obnacTu, rae p" —

KpUtnyeckaa Harpyska anda 3HadeHud [1 =20h (Machmaanoe 3Ha4yeHne B

pamMkax NpoBEAEHHOrO UCCIeN0BaHMS).

Kak BUgHO 13 npeactaBneHHow rpadmyeckon MHdhopmaumu, npu yeenu-
YEHUU Konn4ecTBa CIioeB B NpeacTaBuTenbHoM anemeHTe KM 1 cootBeTcT-
BYIOLLEM YBENUYEHUU pa3Mepa pacyeTHon obnactu HabnogaeTcs conuke-
HVYe hOpM MOTEPU YCTOMYMBOCTU U 3HAYEHWI KPUTUYECKUX HAarpysok. ATu
POpMbl MMEIOT 3aTyxaloLuiA XapakTep U XapaKTepu3ylT MOBEPXHOCTHYHO
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HeyCTOIZLII/IBOCTb maTtepuana. (DODMI:I norepu yCTOI;l‘-II/IBOCTI/I NOKanum3yTcq
BOGNM3n NOBEPXHOCTN MaTepunana n MMmerT BUA BOJIHbI C 38TyX8POLIJ,el7| am-
FIJ'II/ITyLI,OIZ npu yoaneHum ot noBepxHOCTU.

263)

Up\Xy
0,6
0,4

0,2

-0,2

0,4

Puc. 2 - ®opMbl noTepu yCTOMYUBOCTM CPeQHEro apM1pyHoLLero cros
npeactaBuTenbHoro aneMeHTa KM ans pa3nuMyHbiX 3Ha4eHUn [1 =nh
pa3Mepa pacyeTHOM 06nacTu BAONb JIMHUM NPUITOXKEHUS Harpy3Ku:
1-2h,2-4h,3-6h,4-8h,5—-10h, 6 —12h, 7 —14h, 8 — 16h, 9 —18h, 10 — 20h

B! BT
7,0
6,0
5,0
4,0
3,0
2,0
1,0

0,0
0 5 10 15 20 L/h

Puc. 3 — 3aBMCMMOCTb KPUTUYECKOWN Harpy3ku Pip OT pa3mepa l1

pacquHoﬁ o6nacTv BOONb JIUHUU npunoxeHusa HOBerHOCTHOﬁ Harpysku

BbiBoabl. PacyeTHass cxema Ha ocHose TIITYOT m mogenu KycodHO-
OAHOPOAHOW cpeAbl, Koraa B KayecTBe npeacTaBuTeNbHOro anemeHta KM
MCMonb3yeTca MHOrocrnonHasa pacyetHasi obnacTb € rpaHVYHbIMW YCIOBUS-
MU Ha OOKOBbIX CTOpPOHax pacyeTHOW 06nacTu, KOTopble COOTBETCTBYET
YCNOBUSIM CUMMETPUK, MO3BONSIET MUCCneaoBaTb MeXaHW3M paspyLueHus,
COOTBETCTBYIOLLMN CMATMIO TOPLIOB.
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Mpu yBenuMYeHun pasMmepa pacyeTHoW obracTu BOOMb NIMHUM NpuUIioXe-
HWSI MOBEPXHOCTHOWN Harpy3ku, YTO COOTBETCTBYET YBENMYEHMIO KONMYECTBa
croeB npepacTaBuTenbHoro anemeHTa KM, dopmbl noTepu yCTOMYMBOCTU U
3HAYEHUA KPUTMYECKUX Harpy3ok nNpuobpeTaloT YCTaHOBUBLLMIACS XapakTep.
MonyyeHHas rpaduyeckas MHbopMaLUs NO3BONSIET OLEHUTL TOYHOCTE MpUMe-
HSEMbIX PACHETHBIX CXEM, CBSI3aHHYO C BbIGOPOM pacyeTHoM obriacty, npu npo-
BEAEHUN MPOYHOCTHbIX pacyeToB 06pasLoB 13 KM ¢ HeoGXoaUMO TOYHOCTLIO.
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YMCNOBE AOCHIIXEHHSA CTINKOCTI
LUAPYBATOIO KOMMO3UTHOIO MATEPIANY
NMPU CTUCKAHHI NOBEPXHEBUM HABAHTAXKEHHSAM

3 BUKOPUCTaHHAM OCHOBHWX CMiBBiAHOLWEHb TPMBMMIPHOI NiHeapn3oBaHOI Teopii
CTiIMKOCTi Yy paMkax MoAeni KyCKOBO-O4HOPIAHOro cepefoBULLA OTPMMAHO YMCIIOBUMN
PO3B’A30K 3ajaydi CTINKOCTI LlapyBaToOro KOMMO3UTHOro MaTepiany nNpu CTUCKYyBaHHi
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NoBepXHEBMM HaBaHTaXeHHAM. Po3rnsiHyTMin BMNapoK rpaHUYHUX YMOB Ha GiYHMX
CTOpoHax 6GaraTollapoBOro KOMMO3UTHOro 3paska, fKi BiAanoBiAalTb ymoBam
cumeTpii. [ocnimkeHo 3anexHicTb ¢OpPM BTpaTM CTINKOCTI | KPUTUYHUX
HaBaHTaXeHb Bif pPo3Mipy po3paxyHKOBOiI o6nacTi, NOB’si3aHOro i3 KinbKicTio wapis
npeAcTaBHULILKOrO efleMeHTYy KOMMNO3UTHOro MaTtepiany.

Knro4oei cmoea: wapysamuli  komno3umHuli  mMamepian, 6azamowaposul
npedcmasHUUbKUU efleMeHm, M083008XHE CMUCKaHHS, M0BEPXHE8e HaBaHMAaXEHHS,
KpumuyHe HasaHMaKeHHsl, hopma empamu cmilkocmi, mpusuMipHa riHeapu3oeaHa
meopisi cmilikocmi, 3MUHaHHST mopy,is.
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NUMERICAL STUDY OF STABILITY OF LAYERED COMPOSITE
MATERIAL COMPRESSED BY SURFACE LOAD

A numerical solution of the problem of stability of a layered composite material
under compressive surface loading is obtained basing on the main relationships of
the three-dimensional linearized theory of stability within the framework of the model
of piecewise-homogeneous medium. The case of boundary conditions on the lateral
sides of a multilayer composite sample made of composite that correspond to
symmetry conditions is considered. The dependence of the forms of stability loss
and critical loads on the size of the design area associated with the number of layers
included in the representative element of the composite material is investigated.

Keywords: layered composite material, multilayer representative element of the
composite material, longitudinal compression, surface load, critical load, buckling mode,
three-dimensional linearized theory of stability, crumpling of ends.

One of the possible failure mechanisms of fibrous and laminated compo-
sites under compression is microbuckling. This failure mechanism of a unidi-
rectional composite longitudinally compressed by a surface load may be
near-surface buckling near the loaded end of the composite specimen, with
buckling modes decaying with distance from that end. Such a mechanism
corresponds to end-crushing failure of composite specimens and structural
members under compression [5]. In [4], the main results of the study of the
indicated mechanism with brittle and plastic failure of composites based on
the three-dimensional linearized theory of stability of deformable bodies
(TLTSDB) [3, 8] are presented in the framework of the continuous approach.
For the case of brittle fracture within the framework of the piecewise-
homogeneous medium model, such results are given in [9]. It is shown that
for unidirectional composites (reinforcing fibers or layers are directed per-
pendicular to the end surface) at the initial stage of composite failure under
compression by a surface load along the reinforcement direction, the only
possible failure mechanism is the near-surface microbuckling.

In [11, 12], based on a TLTSDB, within the framework of the model of a
piecewise-homogeneous medium, a design model was proposed for the
numerical solution by the mesh-based method of the problem of stability of a
layered composite under uniaxial compression of reinforcing layers by sur-
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face load. As a representative element of the composite, a two-layer compu-
tational domain was used with boundary conditions on the sides of the com-
putational region, which correspond to the symmetry conditions. Numerical
methods such as the mesh-based method, which is used here, employ finite
computational domains to analyze subcritical state and stability. The original
infinite or semi-infinite domain occupied by a material is reduced to a finite
domain based on the regularity and periodicity of composite structures and
the symmetry of loading. In this case, the question arises about the influence
of the number of layers included in the representative element of the compo-
site on the critical stability parameters of the composite. In this work, we
investigated the dependence of the buckling modes and critical loads on the
size of the computational region along the line of application of the surface
load when the number of layers of the multilayer representative element of
the composite increases.

The article deals with the problem of stability of a layered two-component
composite material of a regular structure for a loading scheme that corres-
ponds to uniaxial compression of reinforcing layers by a surface load of con-
stant intensity. Such loading scheme in the general case leads to a hetero-
geneous subcritical state. Based on the assumption that the matrix and rein-
forcement are quite stiff, the second variant of the theory of small subcritical
deformations [7, 8] is used in the study of stability. The subcritical state can
be determined by solving the problem of linear elasticity for piecewise-
homogeneous bodies. The surface load is considered «dead», which ensu-
res that enough conditions for the applicability of the static method are met [10].
When using this method, the stability problem is reduced to a generalized
eigenvalue problem, in which the minimum eigenvalue determines the critical
load, and the corresponding eigenfunction describes the buckling mode.

In this paper, for the numerical solution of these problems is used the
mesh-based method based on modified variational-difference approach [2,
9]. The discrete problems are solved using effective numerical methods [14]
and the following procedure outlined in [2]. The algebraic problem is solved
with the direct Cholesky method. After the refinement of the difference mesh,
the conjugate-gradient method is used. The solution found with the Cholesky
method is interpolated and used as an initial approximation for solving the
discrete eigenvalue problem by the subspace iteration method.

From the obtained results, it follows that with an increase in the number
of layers in a representative element of the composite and a corresponding
increase in the size of the computational domain, the buckling modes and
values of critical loads become closer together. The obtained graphic infor-
mation allows us to estimate the accuracy of the applied computational sche-
mes associated with the choice of the computational domain, when perform-
ing strength calculations of composite specimens with the required accuracy.
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