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b. 3. HCAJIBI, P. 3. MAME/lVIH

OB YCTOMYUBOCTH TPEXCJOMHBIX HEOJHOPOJIHBIX CTEP)KHE B HEJIMHEMHO YIIPY-
o CPEJIE

B cratbe HCCIICAYETCd 3aadya yCTOfI‘-IPIBOCTH TpeXCJ’IOﬁHBIX HEOAHOPOAHBIX HpﬂMOJ’IHHeﬁHLIX CTCp)KHeﬁ Ha HEJIMHEHHO yupyroMm OCHOBAaHHH ITOJ
JICHCTBHEM COKUMAIOIIUX Harpysok. 3nech npeanoaracTcs, 4To CTCPKEHb HaXOAUTCS B HEPABHOMEPHOM TEMIIEPATYPHOM I10JI€ U MOAYJIA YIIPYTOCTH
Martepualia CJIO€B 3aBUCAT OT TEMIICPATYpPHI. IlJ'IH YOPYroro OCHOBaHUs IIPUHUMACTCA HETTMHEHHBINA MOJIENb U TIpeanojaracTcsa, 4YTo ruroTe3a mioCKux
CceueHu i ClipaBeyIMBa 1 BCEH TOJILIMHBI dJIEMEHTa CTEPIKHA. B o6uiem Buze TI0JIy4€HO ypaBHEHUE yCTOﬁ‘{HBOCTH paccMaTpuBacMOro CTEPKHA U

JUIsL KOHKPETHOTO CiTydas Hai/ieHa popMysia JuIsl ONpeelieHNsl KPUTHUECKOH HarpysKH.
KiioueBble cJI0Ba: TPEXCIIOMHBIA HEOAHOPOIHBIH CTEP/KEHb, TEMIIEPATypa, yCTOHYNBOCT, KPUTHYECKAS HATPY3Ka.

BBenenne. OHOCTOMHBIE 1 MHOTOCJIONHBIE CTEPXK-
HU 4acTO MCIIOJIb3YIOTCS B KAUE€CTBE HECYIIMX 3JIEMEHTOB
BO MHOTHX CJIOKHBIX KOHCTPYKITUSX, Pa0OTAIOMINX B pa3-
JIMYHBIX PEXHUMax HarpykeHusl. Takue KOHCTPYKLHMH B
HEKOTOPBIX CIlydasX HaXxOoIATCS HAa HEIMHEWHO yIpyrom
OCHOBAaHMHU U B HEPABHOMEPHOM TEMIIEPATYPHOM IIOJIE.

B paborax [1-4] uccnemnoBanbl yCTOMIHUBOCTH OJTHO-
CJIOMHBIX M MHOTOCJIOMHBIX CTEpHEH IpPU HOPMaJbHOM
TEMIIEpaType U MO ACUCTBUEM BBICOKOM TEMIIEPATYPHI.

B nanno#i pabote uccrneayercs 3agada yCTOMYUBO-
CTU JBYXCJIOWHBIX HEOJHOPOIHBIX CTEPXKHEH, KOTOPbIE
HaXOJATCSl B HEpaBHOMEPHOM TeMIIEpaTypHOM II0JIe U Ha
HEJIMHEWHO YIIPYrOM OCHOBAHMU.

IHocranoBka 3agaum. PaccMOTpUM yCTOHYMBOCTH
TPEXCIOMHOTO HEOJHOPOIHOTO CTEP)KHS Ha HEJTUMHEIHO
YOPYrOM OCHOBaHUH, UMEIOLIEN IBE OCH CUMMETPHUH IO-
[IEPEYHOr0 CEYEeHHs, C)KMMAEMOIo M0 KOHLAaM cuiaamu P
[P HEPAaBHOMEPHOM HarpeBe.

KoopnunaTtHast cucrema BbIOpaHa CIEAYIOMUM 00-
pasom: ocu OY u OZ HaxonsTCs B MOMEPEUHOM ceve-
HUH cTepxHs; ochb OX — HanpaBieHa M0 OCH CTEPKHS.

3nmecs mpendmnonaraeTcs, 4To TemIeparypa B Kax-
JIOM cJioe siBisieTcs: (DyHKIMel KOOpIMHATHI TOIIIMHBI (T.

e. T, =T, (2)).
CJ‘IOI/I CTep)KHH HN3rOTOBJICHBI U3 pa3J‘II/I‘lHI>IX HEOOHO-

POIHBIX MAaTEPHANIOB, U MOIYIU YNPYTOCTH 3aBHUCST OT
KOOpAWHAT U TEMIIEPaTyPHI CIEAYIOIINM 00pa3oM:

T
E =E (X.Z,T(2))=E x f,(X)xp(2)x T(Z),
0
(i=012)
B BO3MYIIIEHHOM COCTOSIHUM CTEPXHSI CBSI3b MEXIY
TIpUpANICHUSIMA  HaNpsSDKCHUH W AeopMmarnuii  Oymer
UMETh BUJI:

Ac'=E, f(X)e (2)T'(2)As
oo, M) ——<z2<— 2
ngeeg) (297 @

Ao =Ey f,(X)p, (2)T (z)Ae

h___h .
ESZSE'FhZ (T —T/TO)

3aeck hy, h, hy —TOIMHEBI COOTBETCTBYIOMIKX CIIOEB.
IIpenanonoxum, 4TO TUNOTE3a TVIOCKUX CEUCHHM cTIpa-
BEJJIMBA JIJII BCEM TOJIIHUHBI CTEPIKHS T.€.

Ag =g, + 1@ ®)

31ech €y — AOTOJIHUTENBHAS Ie)OPMAIIUS OCH CTPEX-
Hsl, & — KPUBU3HA [ICHTPAIbHON JTHHUM.
B stoMm cnydae mnpupamieHue YCWIMH M MOMEHTA

OTIPENIEIAIOTCS TIO (POPMYITaM:
“hi2 h/2 gJ'hz
AP = j Ac'b(z)dz+ IAo-b(z)dz+ IAazb(z)dz, 4)
h h h/2
2 2
—h/2 h/2
AM = I Ac'zb(z)dz+ IAozb(z)dz+
h h
i 2
h

—+h,
2 2

+ j Ac’zb(z)dz

h/2
nie b(z)- mumprHa HonepeyHoro ceueH s CTEPIKHI.
C yuerom (1)-(3) u3 (4) Haxoaum:

AP =E,f (x)[e(emylsf +5°+8,7,57 )+ @ (e7,; + §* +ezoyzs;)] ®)
AM =E,f (x)[e(emylsl1 +S'+,7,8; )+ & (e,,,S] + 8 +62072822)J (6)

B 31X (hopMytax BBEIEHBI CIIeIyIONHe 0003HAYCHMS:

L

Si= | e(2)T'(z)b(z)7'dz
o
n
S'= J.go(z)T'(z)b(z)z'dz
B
0 +h,
S = j @,(2)T'(z)b(z)z'dz . )
%
_Eb . _Ex _ (%) _R(x)
Qo_?olezo_av n= f(X) v V2 = f(X) .

IMonyuyeHue ypaBHeHHMsl yCTOHYNBOCTHU. Y paBHEHUS
PaBHOBECHS pacCMaTPHUBAEMOTO CTEPKHS UMEET BH;

d? d’w 5
APZO, d?(AM)‘FPW'FCOW-FClW :0 (8)

3nech ¢,cl — K03 PUIMEHTHI TOCTETH OCHOBAHUS,
U—TpoTuO CTEpKHSA.
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C yuetoMm (5) u3 mepBoro ypaBHeHUs cucTeMsl (7) 1mo-
JIY4UM:

2
. (e107/1s11 +8'+ e207zs;)

= . ©)
((3107/151o +8%+ e207’282)

C yuerom (8) u3 (5) Juis npupalleHns MOMEHTa MoJTy-
YHUM CJIeJyIOIIee BEIpasKeHue:

AM &K E-f ox ()

rae 0003HaYEHO:

(10)

2
, e10y1511+81+620}/25;-

K1 =(€1071S;12 +5° +ezo;/2S22)—((el TS ey SO)) =0
0711 20)2°2

2
y‘lHTLIBaH, qyTo & 2—2 , 13 BTOPOI'O YpaBHCHUS CU-
dx

crembl (8) ¢ yaetoM (10) moryanm:

2 2 2

Kld—u f(x)d—u +Pd—u+cOu+c1u3:O (12)
dx’ dx’ dx’

Takum oOpa3om, ypaBHEHHE YCTOHYMBOCTH paccMmart-
PHBAaEMOTO CTepKHS MOIydeHo B Buae (12).

Pemenne 3agauu. Jljig penieHnsi KOHKPETHBIX 3a]1a4
HEOOXOIMMO 3aJaBaTh BUJ 3aBHCHMOCTH MOAYIEH YyIpy-
rOoCTU OT KOOpAMHAT.PaccMoTpuM ciydail koraa Mooyiau
YOPYTroCTH HE 3aBHCAT OT KOOPAWHATHI JUIMHBI (T. €.

fl(X)zf(X)sz(X)le 3TOM CJy4ae YpaBHEHHE

ycroituuBoctu (12) nomyuaercs B BUAE:

4 2
kiU p Y oyt cus=0 (13)
dx dx
PaccMOTpMM MIapHUPHOE 3aKpEIUIEHHE  KOHIIOB

cTepkHA. B 3TOM ciywae miust mporn6a MoXXeM HpHHSATH
BEIpaKEHHE:

U =u,sin X (14)
€
IMoncrasnsst (14) B (13) u BBIMONHSSA TpOLENYPY
byOHoBa-T'anepkuHa Juis  ompeneneHus] KPUTHYECKOU
Harpys3ky noiy4nm QGopmymy:

Y 0y 3
() (] e 2]
! T 4

3neck Kl — onpenensercs Ha ocHoBe Gopmynsr (11).

Jlist ToNydeHWs] KAueCTBEHHBIX pe3yJbTaToOB  [UIs
(YHKIUH HEOJHOPOIHOCTH M TEMIICPATYPHI IIPHUMEM CJie-
JIYFOIIUE BBIPAKCHUS:

¢1(z):1+,ulé ,o(2)=1+u

(15)

L o, (2)=1tp,
h h,

IMoacraBnsis BeipaxeHust (16) B (7) ompenemnsiercs
00001IeHHas )KECTKOCTh CTEP)KHS U KPUTHIECKAs HATrpy3-
ka Ha ocHOBe (11) m (15).

[lpu pa3nuyHBIX 3HAYCHUAX MAPaMETPOB IPOM3BE-
JICHBI YHCJICHHBIC PAcUCThl U PE3YJbTaThl MPEICTABICHBI
Ha puc. 1. 37ech MyHKTHPHOW JTHMHHEH OTMEYCHO pellie-
HUC aHAJIOTUYHOW 3aJ]auu TP MMOCTOSTHHOM TeMIieparype.

el
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Puc. 1. 3aBuCUMOCTh KPUTHYECKOTO HANPSDKEHUS OT THO-
KOCTH CTEPXKHS

BoiBoabl. JlaHa MocTaHOBKAa M MOJYyYEHO PEIICHHS
3a7a4u 00 YCTOMYMBOCTH HEOJHOPOJHOTO TPEXCIOHHOIO
CTEpKHsSI B HEJMHEHHO ynpyroit cpene.Haiinena dpopmy-
Ja JUid OHpeeNeHHUs KPUTUYEeCKOol Harpys3ku. AHamus
YHCIEHHBIX PacyeTOB MOKa3bIBAET YTO,HE Y4ETh HEOIHO-
POJTHOCTH MaTepuaja CJIOE€B CTEPXKHSI, MOXKETh IPUBECTU
K CYIIECTBEHHBIM HOTPEIIHOCTSAM IPU ONpEAETICHUU KpH-
THYECKUX IapaMeTPOB CTEPXKHSA(B HEKOTOPBIX CIydasx
MOET YMEHIIUTE 8-12 %).
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YK 539.3

@. K. HCAEB, B. I. PA/I’KAFOB

YCTOMYUBOCTH HEOJHOPOJIHBIX HAHO-MHKPO DJIEMEHTOB HA OCHOBE HEJIOKAJIb-

HOH TEOPUM YIIPYTOCTH

B npencTaBieHHOI CTaThe MCCIEAYETCsl YCTOMYMBOCTH HEOHOPOIHBIX HAHO-MHUKPO JICMEHTOB Ha OCHOBE HE JIOKAJIIBHOM TEOPHHU YIPYTOCTH. 31€Ch
KaK 3JIEMEHT KOHCTPYKIUH NPHHSATH TPSIMOIUHEHHBIA CTEp)KeHb M JUIS HEro MpHHsTa Teopus crepxkHeit Diinepa-bepuymm. IIpeanonaraercs, 4ro
MOJIyJIb YIPYTOCTH MaTepHalia CTCPXKHs SBIISICTCS HENPEPBIBHON (DyHKIMEH KOOPANHATHI TONIIHMHBL [IpH MoiydeHnu ypaBHEHHI yCTOHYMBOCTH Ha
OCHOBE TE€OPHH CTepiKHs Diinepa-bepHyuti ObUT HCIIOIB30BaH YPABHEHHS COCTOSIHHS HEIOKAJIbHON TEOPUH YIPYTOCTH MPEUIOKEHHBIE DPUHICHOM.
Jlns  pa3iuyHBIX CIIy4aeB IPaHWYHBIX YCIIOBMii IONYYEHBI YpaBHEHUsS YCTOWYMBOCTH PAcCCMOTPEHHBIX crepikHed. ITociie peleHus moxydeHHbIX

ypaBHEHHMIT HaliIeHbI aHATMTHYECKUE QOPMYIIBI IS ONIPEENICHUS KPUTHYECKON Harpy3KH U IIPOBEACHBI Pa3INYHbIC AHAJIH3HI.
KiroueBble cj10Ba: HAHO-MUKPO JJIEMEHT, HEOJHOPOIHBIH, TEOpHs CTeprkHel Ditnepa-bepHyIui, ycTOHINBOCTD, KPUTHYECKAs! HATPy3Ka, He-

JIOKaJIbHas TEOPHsl YIIPYTOCTH

Beenenne. Pasnuunble BONpOCH! yCTOWYMBOCTH U
MIPOYHOCTU OJHO U MHOTOCJIONHBIX CTEP>KHEBBIX 3JI€MEH-
TOB KOHCTPYKIMHA U3 OJHOPOAHBIX MAaTE€PHUATOB B Hayu-
HOH JINTEepaType ucciae0BaHbl 10cTaTouHo. B aTux pado-
TaX B OCHOBHOM HCIOJIb30BAHBI KIACCHYECKHE COOTHO-
TIeHns Teopuu ynpyrocta [1-3].

B nocnennue roapl B TEXHUKE HHTEHCHBHO UCIIONb-
3YIO0TCSI HOBbIE KOMIIO3UTHO- UCKYCCTBEHHBIE MAaTEPUAIIBL.
IToaTOMy 5TH ITpoLECCH CTaBUTh NEPE KOHCTPYKTOpaMu-
HCCIICIOBATESIMU TIOBBIIIEHHBIE TPEOOBaHUS K OIICHKE
MPOYHOCTH ,yCTOWYMBOCTH W KOJIEOAHMM, TaK Kak IpU
Pa3UYHBIX YCIOBUSX PaOOTHl U PEXKHUMaxX HarpyKeHHs
BO3HHUKAET P BOIIPOCOB, KOTOpOe TpeOyeT pelieHus Ho-
BBIX 33/1a4 HaNpsHKEHHO-Ae()OPMHUPOBAHHOTO COCTOSHHMS
U ompefeseHus KPUTHYECKHX MapaMeTpoB. Bo MHormx
ClIydasix CIIOMCTBIE AJIEMEHTHI KOHCTPYKIUH H3TOTaBIIU-
BAlOTCSl U3 Pa3IUYHBIX HEOJHOPOIHO YNPYIMX MaTepua-
n0B. [IpranHO# MOSIBICHNST HEOTHOPOIHOCTH MOTYT OBITH
TEXHOJIOTUSI M3TOTOBJICHUS KOHCTPYKIMH, TepMHUYECKast
00paboTka MaTepuagoB, HEOJHOPOIHOCTH COCTABOB U T.JI.
VYuer 3TUX (aKTOPOB MPU PEIICHUU 331a4 YCTOWIHBO-
CTH M KOJIeOAaHMHM KOHCTPYKIMH SIBIISCTCS OYEHB CYIIe-
CTBEHHBIM. [103TOMY IIpM pelIEeHUM MHOTHUX 3aJad yCTOH-
YUBOCTH M KOJICOAHMH 3JIEMEHTOB KOHCTPYKIHHA M3 HEO-

HOPOJIHBIX KOMIIO3UI[HOHHBIX MaTEepPHUAIIOB TpeOyeTcs uc-
MOJIb30BaTh 0OJiee yTOYHEHHBIE THUIOTE3bl MM TEOPHH.
OnHON W3 TaKUX TEOPUH SBIACTCS TEOPHS HETOKAIbHOM
TEOPHH YIPYrocTH Hpeaiokennoi A. K. Dpunrenom [5, 6].

B pabote [4] ObuTH paccMOTPEHBI HEKOTOPBIC 3a1a-
Yy W3rnba W TPOYHOCTH HEOJHOPOJHBIX HAaHO-MHKPO
aneMeHTOB. B nmaHHO# pabore wuccnemyercss 3amada
YCTOWYHMBOCTH HEOJHOPOJIHBIX CTEP)KHEH Ha OCHOBE He-
JIOKaJbHOM Teopun DpHuHreHa [5]

IHocranoBka 3agaum. M3BecTHO, YTO ypaBHEHHS
nBrokeHns Ko ogHOpOIHO yIpYyrux Tel Ha OCHOBE He-
JIOKaJbHON TEOPUH YIPYTOCTH COYTOHMT M3 CIEAYIOIINX
ypaBHeHwuii [5]:

o%u,
T + f - ! = O y 1
k.l /3[ i 6t2] 1
371€Ch (PU3MUECKUE COOTHOIIEHHS UMEIOT CJIEYIOIIUI BHI:
Ty (X):nglmn (X=X")&pudv(X) 2

v

Iae 7, -KOMIIOHEHTbI TEH30pa HANPSIKEHUH, p —

INIOTHOCTh MACChI T€JIa, f - mroTHOCTHL MaccoBOro

Ccuiia, U -KOMIIOHCHTBI BEKTOpA IMECPEMEIICHUA, V — 00beM
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