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K OITPEAEJIEHUIO ITPEJAEJIA BBIHOC/IMBOCTH
IHJIEHOYHbIX ITOJIMMEPHBIX MATEPHUAJIOB.

Maprsimenko B.A.
(Boennas akanemust pagualiiOHHON, XUMHUECKOW U 0AKTEPUOIOTUIECKOM 3alUTHI
Y MHXXCHEPHBIX BOMCK)

B pabote paccMaTpHuBarOTCsl BOIIPOCHI ONPEETIEHUS MPeIeia BEIHOCIUBOCTH
MJIEHOYHBIX MOJIMMEPHBIX MAaTEPUAIIOB.

Kirrouesble cioBa: mpees BBIHOCIMBOCTH, ITOJIMMEPHBIN MaTepuall, IJIeHoY-
HBIH.

OKCHEPUMEHTAIBHO YCTAHOBIIEHO, YTO MaTepUalibl XyXKe IPOTUBOCTOAT IIe-
PEMEHHBIM Harpy3kaM W pa3pylIaloTCs NPU 3HAYCHHSX HANpPSLDKECHUM, MEHBIIMX,
YeM IPU CTATHYECKOM XAPAKTEPE HATPYKEHMS. DTO SBJICHHE HA3BaJyd TEPMHHOM
ycTanocTh MarepuanoB. CriocoOHOCTh MaTepHaoB NMPOTUBOCTOATH MEPEMEHHBIM
HaITPSDKEHUSIM Ha3bIBAKOT BBIHOCIIMBOCTBIO.

MexaHM4eCKOM XapaKTEPUCTUKOW ISl OLIEHKM CBOWMCTB Marepuasa IpOTH-
BOCTOSITh [IEPEMEHHBIM HANPSLDKEHUSIM CITY>KHUT IPEAEIT BBIHOCIMBOCTH -

HauOoJbLIee EPUOJUUYECKH MEPEMEHHOE HAIPSKEHUE, KOTOPOE CIOCOOEH
BbIIEP)KAaTh CTAHJAPTHBIM 00pa3ell U3 JaHHOTO MaTepuana OECKOHEUYHOE YHCIIO
LIMKJIOB, HE pa3pyLIasiCh.

Tak kak Ha 3HAUEHUS MpeJiesia BBIHOCIMBOCTH OKa3bIBAIOT BIUSHHUE Pa3Jidy-
HbIEe (DAKTOPBI, TO Jake B ONMPENEICHUN JaHHOTO TEPMHUHA OTMEYAETCs, UTO 3Ta Be-
JUYMHA ONpenensieTcs sl CTaHAapTHOTO 00pa3ua.

OO0pa3iubl UMEIOT CTaHAAPTHBIE pa3Mephbl, TOBEPXHOCTh METAJUITMUECKUX 00-
pa3uoB NOJIMPOBAHHAS.

B omnuure OT cTaTU4eCKUX MCIBITAaHUN PU IEPEMEHHBIX HAIPSHKEHUSIX HC-
MBITHIBAIOT HE OJIMH 00pasell, a Cepuio0 OJUHAKOBBIX 00pa3ioB B konnyectBe 8-10

HITYK.



HcnpiTanne npoBOJUT HA JUCKPETHBIX YPOBHSAX HAIPSXKEHUU C MOCTENEH-
HBIM TIOHKEHUEM WX YHCIIOBBIX 3HAYCHUH 10 pa3pyIIeHUs: 00pa3IioB.

Ecnu Ha kaXqoM ypoBHE HampspKEHHMM MCTBITHIBAIOT OAUH OOpasel, TO Ta-
KHE UCIBITAHUS HA3bIBAIOT JIETEPMUHUPOBAHHBIMH, U OHU MO3BOJIAIOT ONPEACITUTD
MIPEAEN BBIHOCIMBOCTU KAK CKASIPHYIO BETUYUHY.

Ecnu Ha KaXXIOM YpOBHE HAIPSKEHUW HCIBITHIBAIOT CEPUI0 OIMHAKOBBIX
0o0pasIoB, TO TaKWE MCTBHITAHUS HA3bIBAIOT CTATUCTUYCCKUMH, W TIPEIeT BBHIHOC-
JIMBOCTH OIPEAENSAETCS C YKa3aHHEM MEpbI BEPOITHOCTH.

DOKCTEpUMEHTAIbHBIC PE3YIbTaThl MPEACTABISIIOT B T'paUYECKOM BHIIC B
KOOPJMHATHBIX Gpmax —N, r11€ N — 4HCI0 IIMKIIOB UCTIBITAHUH.

[Io Mepe yMeHbLIECHHUS HAIPSHKEHUN KOJMYECTBO LIMKIJIOB MCIBITAHUM pac-
TéT. KpuBas JuHMs, OTBEUaronas STUM CBOMCTBOM, OTHOCUTCS K KJIACCy THUIIEpOOII.
N3BecTHO, 4TO TUMNEPOOIBI UMEIOT ACUMMTOTY - JIMHUIO, K KOTOPOM CTPEMHTCS
KpHUBasi, HE Mepecekasch ¢ Hell. OpauHaTa aCUMIITOTHI SIBIISIETCS HANPSHKECHUEM,
COOTBETCTBYIOIIUM IPEETy BRIHOCIMBOCTH JAHHOTO MaTepuaa.

[Ip1 CTaTUCTUYECKOM HUCIBITAHUU BMECTO OJHOW IKCIIEPUMEHTAIbHOU JIU-
HUU OyZIeT MOJYyYEeHO CEeMENCTBO JIMHUM, KaXK1asi U3 KOTOPBIX OyIeT XapaKTepu3o-
BaTHCS €II€ U MEPOM JOCTOBEPHOCTH.

[Tonmy4eHHbIN Mpeies BBIHOCIUBOCTH Marepraia CTaHJapTHOTO 00pasiia siB-
JSI€TCS XapaKTEPUCTUKOM TOJIbKO CTaHAAPTHOTO 00pa3lia U HE COOTBETCTBYET Mpe-

ACJIY BBIHOCJIMBOCTH TOI'O JKC MaTcpHalia L[eTaneﬁ KOHCTPYKIHH.
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MaKcumarsribHoe HanpsXxeHue,

Puc. 1

C u3MeHeHMEM pa3MepPOB peabHBIX JETACl M0 CPAaBHEHUIO CO CTaHAApT-
HBbIM 00pa3lioM U3MEHSIOTCS U MpeAel BBIHOCIUBOCTU. C yBEIMUYEHUEM pPa3MepOB
JI€TaIu TPeAesl BBIHOCIMBOCTH ymMeHblaeTcs. C yXyIlIEHUEM KadecTBa MOBEpX-
HOCTH JIETAJIM 110 CPABHEHUIO C MOJUPOBAHHON MOBEPXHOCTBHIO CTaHJIAPTHOIO 00-
pasia npeaest BBIHOCIMBOCTH TaK K€ YMEHBIIACTCS.

Ha npenen BRIHOCIMBOCTU OOJBIIOE BIUSHUE TakK K€ OKa3bIBaeT TEMIIEpa-
Typa Cpenbl, KOPpO3Hsl, pAAUOAKTUBHOCTb.

IIpu onpeneneHuu npezaeia BEBIHOCIUBOCTH TUIEHOYHBIX MTOJIMMEPHBIX Mare-
pHUaIoB BO3HUKAIOT OIpENENIEHHbIE 0COOCHHOCTH, CBSI3AHHBIE KAK C MEXaHUYECKU-
MU CBOMCTBaMM 3THX MaTe€pUajoB, JUIsl KOTOPBIX XapaKTE€pPEH BSA3KO-yNpPYTruid Xxa-
pakTep ux aedopmManuii, Tak 1 T€OMETPUUECKUE MapaMeTpbl Marepuana, BIUsIO-
IIME Ha €ro KeCTKOCTh. [I1eHouHble Marepuanbl, Kak MpaBuUiio, o0NalalT Maiou
U3THOHOM KECTKOCTHIO, YTO 3aTPyAHSET MOJACIUPOBAHUE M3TUOHBIX nedopmaruit
IIpY HUCHBbITAaHUU. IlepeMeHHBI XapakTep TOJBKO PACTATMBAIOLINAX HAMNPSIKECHUN
Jlerye MOJEIUpPOBaTh, HO U LEHHOCTh PE3YJIbTaTOB TAKUX UCIBITAHUN HMXKE, TaK
KaK B PEAJIbHBIX YCJIOBMSX 3KCILTyaTallMd 3TH MaT€pUalibl UCIIBITHIBAIOT OJHOBpE-
MEHHO pacTATUBAIOIINE U U3THOHBIE epopmaruu.

BI/II[I/IMO THM MOKHO OOBSICHUTH KOHCTPYKIIHIO HUCIBITATSIILHOMN YCTaHOBKH



JI1-5/3, npencrariieHHyr0 Ha puc.2, KOTopas peaan3yeT Mpolecc OAHOBPEMEHHON
nedopmanyy TUICHOYHOTO MaTepualia B YCIOBHUSAX pacTsokeHus u u3ruba. Jledop-
Mallysl pacTsDKeHHUs] BOSHUKAET OT MMOJIBEIIMBAHMS K HCHBITHIBAEMBIM OOpa3liamM
MOJJIOHOB C Tpy3aMH, a AedopMaiiusi Uu3ruda — OT yrIoBOTO MEPUOJUUECKOrO Ie-

peMelIeHusl BEpXHUX MIAPHUPHO 3aKPEIJICHHBIX CEYCHH 00pa3IoB.

\\

Puc. 2
CxeMaTtnyHO 00pa3ell MOKHO MPEICTaBUTh KaK MPSMOYTOJBHYIO IUIACTHHKY

TOJNIIMHOM N, BEpXHSST KPOMKA KOTOPOW NMIAPHUPHO 3aKPEIUICHA, a HUKHSAS KPOMKa
HaxXOAUTCA B CKOJB3SIIEH 3aJEJKE, TaK KaK HE MOXKET IEePEMEIaTbCsl TOPU30H-
TaJIbHO U IIOBOPAYNUBATHCS OTHOCUTEIIBHO OCH X.

[InacTrHKa Harpy»eHa MpoJOIbHON B INIOCKOCTH €€ CPEAUHHON ITOBEPXHO-
CTU HArpy3koil, paBHOMEPHO PAaCIPENEIEHHON M0 HWKHEW TOPLIEBOM ITOBEPXHO-
ctu. Kpome Toro, nmiacTuHka Harpy»keHa U3ru0aroiniM MOMEHTOM M OTHOCHUTENb-
HO ocH X, PaBHOMEPHO PACIPEICICHHBIM MO €€ IMIMPUHE MO BEPXHEH TOPILIEBOM
IIOBEPXHOCTHU

IInacTMHKa HAXOAUTCSA B YCIOBHUSAX CJIOKHOIO CONPOTHBIICHHS WCHBITHIBAs
nedopmalfio pacTsKEHHs B HAMPABICHUU OCU Z U AeOpMaLIUI0 TUIMHAPUYECKO-
ro u3ruba OTHOCUTENBHO OCU X, TaK KaK YCJIOBHUS 3aKpEIUJICHUs U Harpy>KEHUsl He
3aBUCUT OT KoopauHartel X. B ciiydyae Majiol TOJIIMHBI IUIACTUHKUA PACyeT TaKOU
IUTACTUHKU BBITIOJHSETCS MO JAe(OPMUPOBAHHOM CXEME C YyYETOM BIMSIHHS MPO-

JOJIBHBIX CUJT Ha 1ehopMaIinio U3ruda rmiIacTUHKH.



[TokakeM BO3HHMKAIOIIME PEAKTUBHBIE CHJIbI — peakuud R W peakTUBHBIM

MOMEHT B ckoib3smieit 3anenke M, (Puc. 3). CymMa MOMEHTOB BCEX CHJI OTHOCH-

TENbHO OCU X, MPOXOJAIIEH Yepe3 BEpXHEE WM HUKHEE CEUECHUE TUIACTUHKU J1aeT
yYpaBHEHHUE.
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RI+M,-M=0 (1)



Nzrubaromuii MOMEHT B MPOU3BOJIBHOM CEUEHHUH, OTCTOAIIEM Ha PaccTosi-

HUU Z OT CKOJ'IBBﬂH_[eﬁ 3a4CJIKHU, UMCCT BBIpa)KeHI/IC
M= R*Z+M,+P*v )

Bripaxas R u3 (1 ) u moacrasssist ero B (2 ), mojiy4aem:
sz¥z + |v|3(1—|5)+ PV (3

HuddepennmanbHoe ypaBHEHUE TAIMHAPUYECKOTO U3rH0a MITACTUHKH

AMEET BUI
d’u
: =M 4
7 = M (4)
2 3
DIV _pv Mz ma-2)c0ep=E N
dz L L 12(1-m?)

HWJIMHpUYECcKas KECTKOCTD IJIACTHH.
OxonuarenpHO AuddepeHInaibHOoe ypaBHEHHE W3rMba NUIUHAPUYECKON
MJJACTUHKU MOXKHO MPEJCTaBUTh B BUJIE!

d<v KAV = Mz 3( __) (5)

dz? DL

ITosmyueHo nuHEHOE HEOAHOPOAHOE TU(PPEPEHINATBHOE YPABHEHNE BTO-

2_P
pOro MopsiKa ¢ MOCTOSIHHBIMU KO03(h(DUITMeHTaMH, Tak Kak K =5° const.

Pemenue ypaBaenus (5) umeeT BU:

V = C,shkz+C chkz—%—m—(l——) (6)

rae C; m C, — NOCTOSIHHBIE UHTETPUPOBAHUSL.

sh X u ch X — runepOonMYecKre CHHYC M KOCHHYC, ONpeaeisieMbIe Yepes

=X

+€e

g¥—e™* e
AKCIIOHEHITMATbHbIE (YHKIIMHU ShxX = 5 : chx =

[TocTtosinubie uHTerpupoBanus C; u C, HaXOAUTCS U3 YCIOBUMN 3aKperuie-
HUS TUTACTUHKU.
1. mpu z=0, v=0
2. npu z=0, av =0, (7)
dz
3. mpu z=0, v=0.



[Tomumnsis BeIpakeHus (6) mepBOMy M BTOPOMY YpaBHEHUAM (7), OIydaem

JBa aNreOpandecKuX ypaBHEHUs, pernrasi Kotopeie, HaxoauMm C; u C; .

M M
Ci=—=2, C=-—22 8
kD’ ?T KD (®)
[Toguunss BeipaxkeHus (6) TpeTbeMy ycioBuio (7), moaydaeM ypaBHEHHE
JUTSI OTIpEICTICHUS YpaBHEHUS M3
Kl
M,=— M 9
® klchkl - shk ®)
[Toncrasnsas (8) u (9) B(6), okoHUATEIHHO TTOTy4aeM (YHKITUH TTPOTHOa
Kichkz — shkz + kI(L— %) L
V=M|— -z (10)
k“D(KI- shkl - shkl) k°D I

Huddepenunpys Beipakenue (10), momyyaem BbIpakeHUE IJIs1 YIJIOB MOBO-

poTa CCUYCHUM MIACTUHKU IIpHU MUJINHAPHUYICCKOM n3ruoe.

(11)

d—V—M klshz —chkz -1 3 1
dz kD(kI - chkl —shkl) k?ID

O0603Ha4aeM yroJj OBOPOTA MAPHUPHO-3aKPEIJIEHHOTO CEUEHHS IIJIaCTUHKU
_sav
gyepes oc—(d—)zz|.
z

Torna nis yra o mostydaeM BBIpaKEHHE

(12)

| Kishkl—chki—1 1
kD(kIchl —shkl) k2D

N3 ypaBHenus (12) crneayer, 4To yroi oBOPOTa O 3aBUCUT HE TOJIBKO OT
MOMEHTa M, HO ¥ OT mapamMeTpOB, XapaKTEPU3yOIUX MaTepuan miacTuHku(E,
L),reoMerprueckux pasmepos ruiactuaku (b.h.l), a Taxke ot BeamunHb cuibl P,
PaCTATUBAOLIEN IUIACTUHKY.

Ecnu B porecce pacuera mjiacTUHKY 3a/1aBaTh UCXOAHBIC MTApAMETPhI B BU-
ne P u M, To uX MOXXHO CUMTAaTh HE3ABUCUMBIMHU JIPYT OT JApyTa.

Ho ecan HCXOOHBIMHU ITapaMETpaMu CUUTATh Pu O, TO OHH HEC SABJIAIOTCS HC-



3aBUCUMBIMH JIPYT OT JApyTa.
Huddepenuupys ypauenue (11) u yMHOXKast Ha MIHMHIPUYECKYTO KECT-
kocTh D, momyyaem cormnacHo (4) BelpakeHUE IJ1s1 U3rH0aroero MOMEHTA.

M, = M (klchkz—shkz) (13)
klchkl — shkl
[Tpu z = 0. My= M3, uto monTBepkaaercs u ypasuenuem (9), mpu z = | My = M.

Uccnenyem dynkuuto My Ha sxcTpemyM. it aToro npousBoanyio ot My

NPUPABHUBAEM K HYJIIO.

dM, _,, k(kishkz, —chkz,) _
dz kI(chkl — shkl)

uiu

cthkz, = K

I[JI?I Zo nMeemM BBIpEI}KeHI/Ie
1. kl-1
z, =——In(—>). 14
o 2k (kl+1) (14)

Takxum 06pa3zomM, abcircca HKCTPEMATIBHOTO 3HAYSHHST U3THOAIOIIETr0 MO-
MEHTa 3aBUCUT OT UWJIMHIPUYECKON KECTKOCTU IUIACTUHKH, €€ JUIMHBI U BEJINY -
HBI pacTAruBaronien cuisl P.

bonee moapo6HOE Hccnen0BaHNe MMOKA3bIBACT, YTO SKCTPEMalibHASL TOUKA
ABJISIETCS MUHUMYMOM (DYHKIIMM ¥ 3HAYEHUE MUHUMATILHOTO MOMEHTa UMEET TOT
xKe 3Hak, yTo Mzu M, npuuem M> M3

OxoHUaTeIHbHO YCTAaHABIMBAEM, UTO HAaMOOJIee HArPYKEHHBIM CEUEHUEM
IJJACTUHKY SIBJIAETCS BEpPXHEE IAPHUPHO-3aKPEINICHHOE CEUCHHUE.

OmnpenensieM HauOoJIbIIIEe HANIPSIKEHUE B 3TOM ceueHuu. [Ipu oqHOBpeMeH-
HOM M3THO€ U PACTSHKEHUU TUTACTUHKU HOPMAJIbHBIC HAIPSKCHHUE OMPENCIISIOTCS

3aBUCHUMOCTBIO

c=———-y, (15)
e A = bh -nomans ceyeHun IACTUHKU.
Hanpspkenue MEHSIETCS M0 CEYEHUIO B 3aBUCUMOCTH OT U3MEHEHUS KOOPIH-

HaThl TOYKHM Y WM 3aBUCUMOCTb HUMEET JIMHEHHBIM Xapaktep. HauOonbiime u



HaMMCHBIINC HAIPAKCHUA OIIPCACIIAIOTCS BBIPAKCHUAMHA

Omax ==~ "= Vmin > Omin =~ " Vi

Tak Kax [Ymin [= Ymax =N/2, TO 1151 MUHIMaKCHBIX HaIlPsDKEHUH MMEeM

min

Ecau B IMpoHeCCe pacucTa 3a4aCTCA YyIroja IroBopora o, TO H€O6XOI[I/IMO nu3

(12) BeIpa3uth u3rudarommii MomeHT M u nosictaBuTh €ro B (16)

o |=P [ﬁhez.a kechicl — shk¢ }

™ hh (L— 1?) shke(1+k?£2) —KI(L+ shkl)

min
MaxkcumaiibHbIe HaIIPAKCHUS BO3HHUKAIOT B TOYKAX B, PAcCIIOJIOKCHHBIX Ha

h
PaCCTOAHUHN  Ymin—— E , 4 MUHMMAJIbHBIC HAIIPSIKCHUA B TOYKaAX C, PACIIOJIOKCHHBIX

h
Ha PaCCTOAHHUU  Ymax— E .

HaubonpmuM 1no Monyiro sBIsSETCS MaKcHUMajbHOE HampsbkeHue. Eciau B
TEYEHHE BPEMEHHU YIOJI OL U3MEHSETCS B IMAMA30HE ~Olmax <OLS Olmax, TO I[P CMEHE
3HAKa yIjia MOBOPOTA CEYEHUs, MAKCUMaJIbHbIE 1 MUHUMAJIbHBIE HANPSKEHUS Me-
HSIOTCSI TOYKAMU M COOTBETCTBEHHO 3HAYCHUSIMU.

Takum o6pazom, B Toukax B u C, HanpspkeHHe BO BPEMEHU U3MEHSIETCS U
TH HW3MEHEHMS XapaKTepusyroTcs KodPQpuuueHToM acumMmeTpuu R, koTtopbiii

onpeacaicTCa OTHOMICHUCM MHHHMAJIIBHOIO WM MAKCHMAJbHOI'O HaprDKeHI/Iﬁ

Ecnu B mporiecce uccneqoBaHusi U3MEHSATh TOJIBKO PACTITUBAIONIYIO cUly P
WJIM TOJIBKO YTOJI TIOBOPOTA OL, WJIHM, HAKOHEII, U3MEHSTh OTHOBPEMEHHO U cuiy P u
yToJ a,, TO B 00111eM citydae koddduimeHT acummerpun R Oyner nepeMeHHbIM.

[{uk1bl M3MEHEHUS HANPSHKEHUN C OJMHAKOBBIM 3HaueHHWEM Kod(hdUIreHTa
ACUMMETPHUH HA3bIBAIOT MOIOOHBIMHU.

C WuCcrnoap30BaHUEM JIAHHOW CXEMBl HAarpy>KCHHS MOOOHBIC IUKIIBI peau-

30BaThb 3aTPYAHUTCIIbHO, TaK KaK HOTpC6YIOT CIICOHUAJIBHBIX PaCYCTOB AJIA OIIPCAC-



JIEHUSI COOTHOIIEHUN Mexay P 1 o Ha Ka)XJOM ypOBHE HarpyeHus, IpUYeM 3a-
BHUCUMOCTb MEXIY STUMH ITapaMeTpaMy HEJTMHEWHAs

Pa3zpaborano mporpamMMHOe oOecredeHne, MO3BOJSIONIEe MO HCXOAHBIM
JTAHHBIM HCTIBITAHUS, YYUTHIBAIOIIMM M XapaKTep HarpyXeHusi U mnapamerpbl 00-
pa3ua, OmpeneisiTh BO3HUKAIOIINE MAKCUMAJIbHbIE 1 MUHUMAJIBHBIE HAIIPSKEHUS,
K03 UITMEHT aCHMMETPHUH ITUKJIA Ha Ka)KJOM YPOBHE HUCIIBITAHUS.

Takum o0pa3om, 3KCHEpUMEHTalIbHbIE JAHHBIE C ABTOMATHU3WPOBAHHBIM
pacyeToM IMO3BOJISIIOT MOJIYYUTh HE TOJBKO 3HAYEHUs MPENEIIOB BBIHOCIMBOCTH
IJICHOYHBIX MOJIMMEPHBIX MaTE€pUaliOB, HO U CTPOUTH AUATrPAMMbI NPEIEIIbHBIX
HAIPSDKEHUN 1T 3TUX MaTEPUAJIOB.
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