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BBEJAEHHUE

B MeTrognyeckux ykazaHUsAX pacCMaTpUBAOTCS BOIIPOCHI CAMOCTOSITEIBHO-
ro OCBOECHHUS IHUCHUIUIMHBI «MexaHuka NOBpPEXAEHHBIX cpen». CylniecTBEHHOU
BHUMAHHUE YJEIAETCS M3YYEHUIO OCHOB MEXAHHKHU IMOBPEXKICHHBIX CpPEXl, B TOM
YUCIIE 03HAKOMJICHHIO C METOJAMM PEIICHUS NMPUKIAAHBIX 3a7a4, a TAKXKe pele-
HUEM KJIACCUYECKUX 3a]1a4 ITACTUYHOCTHU U MOJI3YYECTH, CBA3aHHBIX C BO3MOKHOM
JNECTPYKLIHMEN CTPOUTENBHBIX MAaTEpUAIOB U KOHCTpYKIMK. CaMOCTOsATENbHAS pa-
0oTa [ CTyAEHTOB, oOydaromuxcs no nporpamme «Teopust 1 IpOEKTHPOBaHKE
3IaHU U COOPY>KEHUI» SIBISIETCS OCHOBOM y4eOHOM MpOTrpaMMbl MarucTepcKou
ITOATOTOBKH.

B yka3zaHusax paccMoTpeHa METOAMKA CAMOCTOSITEIbHOU pabOThl CTYJEHTA
II0 BCEMY KYpCY.

Ounas ¢popma 00yueHus

Ne

o/ Buasbl u popmbl caMocTOsSITeIbHOI PadoThI

3 cemectp

1  |TloaroToBka K MPAaKTHYECKUM (CEMUHAPCKUM) 3aHATHIM

N

BrimosiHeHne KypcoBoi paboThl

3 [ToaroroBka K IpOMEKYTOUYHOM aTTECTALMU U €€ IPOX0XKJICHHE

3aounas ¢gopma o0y4eHus

Ne

o/ Buasbl u popmbl camMocTosITeILHON PadoThI

3 cemectp

1 |[MoaroroBka K NpaKTHYECKUM (CEMHHAPCKUM) 3aHSITUSIM

BrinosHenne KypcoBoil paboThI

3 HOHFOTOBKa K HpOMC)KyTO‘IHOﬁ ATTCCTALU U €€ TTPOXOKACHUC

1. IIEJIb U BAJAYU CAMOCTOSTEJBbHOM PABOTHI

CamocTosiTenbHass padoTa CHOCOOCTBYET YIIyOJIGHHIO, 3aKPEIUICHUI0 U
0000IIEHNI0 TEOPETUYECKOTO MaTepHasia, BBISBICHUIO CITOCOOHOCTEH CTyJEHTa K
MPAKTUYECKOMY PEHICHUIO0 MPUKIATHBIX MHXXCHEPHO-TEXHHUYECKUX 3a7a4 TEOPUU
IUTACTUYHOCTH U TIOJI3y4YEeCTH.

[lempto camMOCTOSATEIHHOM PAaOOTHI SBISICTCS U3YYEHUE CTYJIEHTOM OCHOB

MCXaHHUKH IOBPECIKACHHBIX CPEaA, B TOM YHUCIIC 3HAKOMCTBO C OIIPCACIAIOIIMUMU CO-
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OTHOILICHUSAMHU MEXIY HaNpPsHKCHUSAMU U JeopMalusaMu JJi1 MO MOBpek1a-
E€MBIX CpeJ]l, U3yYeHUE METOJOB PEIICHUS MPUKIAIHBIX 3a7ady MEXaHUKH IOBpE-
KJEHHBIX CPEJi, 03HAKOMJICHHE C DKCIEPUMEHTAIbHBIMU MOAX0aMHU K HU3YYEHUIO
MPOIIECCOB J1e(OPMAITMOHHON TOBPEKIAEMOCTH CTPOUTEIBHBIX MaTEepHaIOB H
KOHCTPYKIIMH, 03HAKOMJIEHUE C PEIICHHEM MPUKIAIHBIX 3a/1a4. CTyJAEHT JOJKEH
MOJYyYUTh OOOCHOBAHHOE MPEACTaBICHHUE OO0 HMCIOJIb30BAHUM HAYYHBIX IMOJIOXKeE-

HUM MEXaHUKHU MMOBPCKIACHHBIX CPCI B oOnacTn CTPOUTCIILCTBA.

2. OCHOBHBIE TPEBOBAHHUSI K CAMOCTOSITEJbHON
PABOTE

2.1. O61mme TpedbOBaHUS

CtyneHThl IO BBIIAHHOW pabodeil mporpaMme ¢ y4eToM PEeKOMEH]TyeMOM
y4eOHON M HAYIHOU JUTEPATYPHI JOJKHBI CAMOCTOSITEIIBHO U3YYUTh, OTBOIHUMBIN
JUTSL OTUX TIeJiel MaTepuai W MOJATOTOBUTH pedepaT Mo WHIWBHIYyATbHOMY 3aja-
HUI0, BBIJIAHHOMY TpernojaBareieM. Pedepar nomkeH ObITh ClaH HA TPOBEPKY /10
15 Henpenu cemectpa.

Pedepar npeacrasmnsieTcs B Buae nosicautensHoit 3amucku (10 — 20 ctp.), ¢
HEOOXOMMMBIMH dcKu3aMu. [losicHUTENbHAs 3amucKa JAO0/HKHA COMEp)KaTh OIHCa-
HUE HAyYHOW TPOOJIEMBI, COBPEMEHHOE COCTOSIHHEC HAyYHBIX 3HAHWA B JTAHHOM
HaIpaBJICHUH, OMIMCAHNE U3BECTHBIX IKCIICPUMEHTAJILHBIX JAHHBIX, aHAIHU3 TOCTO-
WHCTBA M HEJAOCTATKOB M3BECTHBIX METOIUK PEHICHUN PEIICHHS MPUKIAIHBIX 3a-
a4 MEXaHUKW TMOBPEXKIACHHBIX CpPel , TPAHUIl MX MPUMEHHUMOCTHU, JTOJDKHBI OBITH
MIPEIIOKEHBI BOBMOXHBIC MEPCIIEKTUBHBIC UX TIPHIIOKCHHUS.

2.2. TemMbl AJI1 CAMOCTOATEJIbHOM IPOPA0OTKH

TpyaoemMkocTh
. Meroanyeckue
Ne n/m HaumeHoBaHNe BH/IOB CAMOCTOSITEJILHOI PadoThI (B akagemuye-
MaTepHuasbl
CKHX Yacax)
Ounasn gpopma odyuenusn
3-1i cemecmp
CaMocTosATeIbHOE U3YICHHE PA3CIIOB COJACPIKAHMS Cm. 9.1, [1- 5]
1 JMUCITUIUIAHGL: 1. 3aBUCUMOCTH MEXIy HANPsHKEHUSIMHU 6 Cm. 9.2, [1]
U nedopManusiMK ISl MOJIeIel TIOBPEKAAEMbIX Tl
CaMOoCTOsITeIbHOE N3yUYCHUE Pa3/IelIOB COAEPKaHUs
2 JUCLUILIMHBL: 2. MeXaHuKa IOBPEXIaeMOCTH YIPYTHX 6 Cwm. 9.1, [1-5]
Tel
3 CaMOoCTOSITEIbHOE U3YUCHHE Pa3esiOB COJAepKaHMs 8 Cm.9.1,[1, 2]




TpynoemkocTb
Ne i/m HanMeHoBaHMe BUI0B CAMOCTOSITEIbHOI padoThI (B akagemuue- MeTonmaeckme
cKHX uacax) MaTepHAJbI
JMUCIUTUTAHEL 3. MeXaHuKa MOBPEkKIAEMOCTH yIIPYTro-
TUTACTHYCCKUX Tell
CaMoCTOSITEeTEHOE U3YyYCHHUE Pa3IeIOB COJCPKAHUSL Cwm. 9.1, [1-5]
4 JMUCHUTUTAHBL4. MeXaHuKa MOBPEKIACMOCTH BSA3KO- 8 B
YOPYromIacTUYECKUX Tell
CaMOCTOSITEeIEHOE N3YyUCHHUE Pa3/ICIOB COICPKAHUSL Cwm. 9.1, [1-5]
5 JTUCTHTUIAHEL:S. Teopus mosy4ecT MOBPEX ICHHBIX 8 v
cpen
6 [ToAroTOBKA K MPAKTUICCKUM 3aHATHIM 28 CMm. 9.6.1
7 Bremonnenue KP 20 Cm. 9.7.1
8 IMoAroToBKa JIOKIaJa HA KOH(QEPEHIHIO 6 Cwm. 9.3, [1-4]
HTtoro 90
3aounasa gpopma 0oyuenusn
3-it cemecmp
CaMocTosITeTbHOE N3yUEHHUE Pa3AeIoB COICp KaHUL
1 JTUCTIATUTAHBL: 2. MeXaHUKa MMOBPEXKIAEMOCTH YIIPYTHX 10 Cwm. 9.1, [1-5]

TCII

CaMOCTOSTEIIbHOE H3yUCHUE PA3/IEIIOB COJCPIKaHUS
2 JTUCIHTUIAHEL: 3. MeXaHNKa MMOBPEXIAEMOCTH yIIPYTO- 10 Cm. 9.1, [1, 2]
TUIACTUYECKHX Tell

CamocTosTeNbHOe HU3Yy4YCHUEC PA3JICTIOB COACPIKAHUA

3 JMUCHUTUIAHBL4. MeXaHuKa MOBPEKIACMOCTH BSA3KO- 10 Cu. 9.1, [1-9]
YIPYTrOMIACTHYECKUX TE
CaMOCTOSITENNbHOE U3yUCHUE PA3/IENIOB COAEPKAHUS
Cwm. 9.1, [1-5]
4 JUCHUIUIMHELS. Teopus mos3y4ecTH MOBPEXICHHbBIX 10
cpen
5 IToaroToBKa K NPAKTHUCCKUM 3aHITUSAM 30 Cm. 9.6.1
6 Beimonuenne KP 20 Cm. 9.7.1
7 [ToAroTOBKA JIOKIA/Ia HAa KOH(DEPEHIHIO 10 Cwm. 9.3, [1-4]
HToro 100

2.3. Meroauka caMOCTOSATE/IbHON PadOThI

IIpemtaraercss ABa B3aMMOJONOJHAIOMMX HanpasieHus. [lepBoe Hampas-
JIEHUE 3aKJII0YaeTCsd B CaMOCTOSITEJIBHOM HM3YYEHUU CTYIEHTOM IPEIOKEHHBIX
teM no nuteparype u B 3asie INTERNET. Bropoe nanpapnenue 3akmrodaercst B
oOpallleHu! CTyJIeHTa 3a KOHCYJbTAallMed K MPEernoJaBaTeNi0 3a pa3bICHEHHEM
CIIOXHBIX MECT M3Yy4aeMOT0 MaTephalia U BBISCHSET BO3MOXKHbBIE HaIpaBICHUS
Pa3BUTHS TEOPUHU HA UHAMBUIYAJIbHBIX KOHCYJIbTALUSX.

3aBepiaeTcs caMoCTOsITeNbHAs paboTa CTyieHTa 3alTol pedepara.

2.4. 3amura pedepara

[TonHOCTHIO 3aKOHUYEHHBIN pedepar, 0hOPMIICHHBIN B BHJIEC MOSCHHUTEIb-
HOM 3allMCKH C MPUJI0KEHUEM ICKU30B, CAAETCS MPENOAABATENI0 HA MPOBEPKY 3a
JIBa — TPU JIHS 0 Ha3HAYEHHOro cpoka 3auuThl. [locie mpoBepku pedepara npe-

noaaBaTcCJiIcM CTYJACHT 3allUINacT €ro ICpea KOMUCCHEH U3 ABYX npenoz[aBaTeneﬁ.
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Ecnu npu npoBepke pedepaTa npenoiaBaresieM 0OHapyKEHbI OLIMOKHA U HETOYHO-
CTH, TO pedepar Bo3Bpamiaercs CTyIeHTy mis jnopadotku. Ilocie ucmpaBieHus
omuOoK pedepar MOBTOPHO MPOBEPSETCS U BHIHOCUTCS Ha 3aIUTY.

2.5. Merognueckne ykasaHusi K padore Haa pedepaTom

2.5.1. I1nan mocTpoeHus U cojiep:KaHue pa3aenoB pedepara

[TosicHuTENBHAS 3aMCKA COCTOUT U3 CIAEAYIOIINX PA3IEIIOB:

- BBEJICHHUE;

- OCHOBHAs 4acTh (aHAIU3 HAMPSKEHHO-AE(HOPMUPOBAHHOTO COCTOSIHUS
MOBPEXKIAEMOI0 MaTepuajga M pacyeT CBA3AHHBIX C HUM KOHCTPYKTOPCKO-
TEXHOJIOTUYECKUX MapaMeTpOB KOHCTPYKUIHUHM WM TEXHOJIOTMYECKOTO IpoIecca
U3TOTOBJICHHS);

- BBIBOJIBL.

Bo BBesieHuu gaercs onucaHue KOHCTPYKIIMHU, TEXHOJOTHUYECKOTO Mpoliec-
ca, (PU3MKO-MEXAaHMYECKUX CBOMCTB MPUMEHSIEMOI0 CTPOUTEILHOIO MaTepuaia, a
TaKXe W3BECTHBIC MOJIXO/Ibl K PEIICHUIO BOZHUKAIOLIEH MPUKIAJHON 3a/1a4yu MeXa-
HUKHU TTOBPEXKIAEMOCTH.

B ocHOBHOM pa3zzerne npuBOASATCS METOJ PEIICHUSI TOCTABICHHOW 3aJayH,
BbIOMpaeMasi Mojesib AehOpMUPYEMOT0 Marepualia, TpaHUYHBIE U HaydalbHbIC
YCJIOBUS, PEIIEHUE MOJICTUPYIONIEeH CUCTEMbI OCHOBHBIX M OMPEACIISIIONIUX ypaB-
HEHH, BKJIIOYasi KUHETUYECKOE WA 3BOJIFOLIIMOHHOE COOTHOLIEHHUE TTOBPEKIAEMO-
cTu. PelieHne MOKHO OBITh HATJISIIHO MPOWJUIFOCTPUPOBAHO; JOJIKHBI OBITH Clie-
JIAaHbI AHAJTUTUYECKHUE BBIBObI, HAPABJICHHBIE HA UX MPUKIAJHOE UCIOJIb30BAHUE.

B BBIBOgax oTpaxkaercs MEepPCHEeKTUBHOCTh M BO3MOXHOCTh JalbHEUILIETO
Pa3BUTHUSI PEILICHUS TTOCTABJICHHOM MPUKIATHON 3a7a4i B 00JIACTH CTPOUTEIBHBIX
METEpPUAIOB U TEXHOJIOTHU.

2.6. Ogopmienue pedepara

Pedepat oTkpbiBaeTCS TUTYJIbHBIM JTUCTOM. Ha HEM MpUBOAUTCS CBEICHUS
O MUHHUCTEPCTBE, HAMMECHOBAHHME YHHBEPCHUTETa M Kadeapbl, TeMa KOHTPOIHHO-
KypCOBOM pabOThI, MOJIUCH CTYI€HTa U PYKOBOJIUTENS IPOEKTA, TOPOJ U TO/I.

Ha BTOpOIi cTpanuiie mpuBoauTCs coaepxanue pedepara.
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Pedepar nomkna conmepxkaTh: BBEIEHUE, OCHOBHYIO 4acTh, 3aKJIIOYEHUE,
CIIUCOK HCIOJIb30BaHHBIX MCTOYHUKOB M MPHUJIOKEHHUA. TekcToBas 4acTh Mpej-
CTaBJISIETCS B BHUJIE KOMITBIOTEPHON pacliedyaTKHd C HCIIOIh30BAaHUEM JIFOOOTO TEK-
CTOBOT'O peJJaKTOpa Ha HEMTMHOBaHHOM OyMaru ¢opmara A4,. Bce cTpaHuilbl Kpome
TUTYJIBHOTO, HyMEPYIOTCS apaOCKUMU [E(ppamMu.

W3noxxenne matepuana JOHKHO OBITH KpaTKuM, O€3 JHUIIHUX MOAPOOHO-
cTeil 1 noBTopeHui. ['paduku U pUCYHKH HYMepyloTcs U noanuckiBatorcs. dop-
MYJIbI IPUBOJISITCS. B OOIIIEM BUJIE C MOSCHEHUEM CUMBOJIOB.

Kaxxnas ctpanuiia 1okKHA UMETh paMKy U IITaMIii, OpOPMIICHHBIE B COOT-
BerctBUM ¢ [[OCT P 21.1101-92. TlosicHuTenbHas 3anycka JI0JbKHA OBITh CIIUTA.

2.7. Ogopmienue rpadpudeckoi yactu pedepara

I'paduueckoe odopmieHue 3cku3oB pedepara JOIKHO BBITOIHATHCS C

yaerom ['OCT 21.501-93.

3. COAEP/KATEJIBHBIE MATEPHUAJIBI
K CAMOCTOSTEJBbHOM PABOTE
3.1. Tema 1: 3aBUCMMOCTH MEKIy HANIPAKEHUAMH U JeOpMALUAMH VISl MO-

JAeJied MOBPeKIAeMbIX TeJl

Obwue memoouueckue ykazanus. PaccMarpuBaroTcss (pU3NYECKUE ACHEKTHI
nedopMalMOHHON MOBPEKIAEMOCTH MaTepUaNIOB, MOJEIHN MOBPEKAAEMBIX TEN U
3aBUCUMOCTH MKy HaAIMPSHKEHUSIMU U AeopMaIisIMU JIJIsl IOBPEKIaeMbIX MaTe-
pHUasoB.

Onpeodenaowue ypaguenus ynpy2oniacmuieckou cpeowl. icxonnas popmyanpos-

Ka COCTOUT U3 CIEAYIOIINX OCHOBHBIX MOJIOKEHUN TEOPUU TTACTUYECKOTO TeUe-
HUS.
1. AITMTUBHOCTH YIIPYTUX U TUIACTUYECKUX CKOPOCTEH nedopmariuii:

d, =d: +d; (1.1)
rze d; =%(19L ;+9,;) — monHas, di — ympyras, d — IIacTHIeCKas CKOPOCTH

nedhopmarum.

2. OGnacTh ynpyro# aedopManu OrpaHudeHa yCIOBUEM, KOTOPOE TIPEICTABIISCT



co00l KOHEYHOE COOTHOUICHUE MEXy HUHBApUAHTAMU TEH30POB HAIPSIKEHUs J;
ckopoctelt nedopmaiii D, U BHYyTPEHHUX IMapaMeTpOB CPEIbl y,
F(J.D,x)=0,  (i=123 k=12...,n) (1.2)

3. Yopyras nedopmanus &;, CB3aHa C TEH30pOM HaNpsHKEHUs o, 3aKoHOM [ 'yka:

ij 2

def = D;tdo, (1.3)

|j:

rae Dy, — TeH30p ynpyroi nojaTIMBOCTH, KOTOPBIH /sl H30TPOIIHOIO MaTepuaa

paBeH

Dij_kll :i 5ki5|j _[1_2_ﬂj5ij5kl
2u 3K

rae 4 — Moayib casura, K — Moayinb 00beMHOTO pacIMpeHusl.

[Ipu BbImosHeHun ycnous (1.2) B Marepuane HOSBISIIOTCA IUIACTUYECKUE
nedopmalm, KOTOpble OMUCHIBAIOTCS ACCOLUMUPOBAHHBIM 3aKOHOM IJIACTHYECKOTO
TEUYEHHUsI, COIJIACHO KOTOPOMY CKOPOCTh WJIM MpHUpAallleHUue MJIACTHUECKON aedop-

MalluM Ag - HanpaBJieHa 110 HOPMaJu K 1osepxHocTtH (1.2),

de? =da- (1.4)

60”
rae dA — Oe3pa3MepHas CKajsipHas BEJIMYMHA, OnpeaessieMas B Ipoliecce pere-

oF
Husl. [Ipy BBITIOJTHEHUN YCIIOBUSI AKTUBHOT'O HATPYKECHUS 8_56“ ~0uF=0.IIpu
o

oF T " oF
—— 60, =0npOUCXOAUT "HEHTpanbHOe Harpyxenue". Ecam——do; <0 , Tog0-

60‘ij 80‘ij

rpy3Ka do; HE BBI3BIBACT IUIACTUYECKHUX Jedopmanuii u def =0.
4. BHyTpeHHHE TapaMeTPhl y, , XapaKTepU3YIOIIUE BHYTPEHHIOIO CTPYKTYPY

MaTcpuajia, UI3MCHAIOIIYIOCA IIPpU ILe(I)OpMI/IpOBaHI/II/I, OIIpCACIAIOTCA 3BOJIIOIUMOH-
HBIMU YPABHCHUAMM:

X :Zk(*]ia}(k)- (1-5)

B kadecTBe MPUMEPOB TAKUX MAPaMETPOB MOT'YT HCIIOIB30BAThCS IapaMeTp

YIOPOUHCHUA MaTCpHralia, OCTATOYHLIC HAIIPSAKCHUSA, IOPUCTOCTD, ITOBPEKACHHOCTD
U IPyTU€E MapaMeTpEhl.

B cayudae, xoraa ycnoBue miacTUYHOCTH (1.2) U 3BONIIOIMOHHBIE ypaBHE-
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Hus (1.5) He 3aBHCAT OT U3MEHSIOLIMXCSI BO BpPEMEHU IEpEMEHHBIX DP mimm 7, a

TOJIBKO OT UX IpHUpPAIICHUH, TO CBOMCTBA ITIACTUYECKOM Cpe/ibl HE 3aBUCAT OT U3-
MEHEHHsl MaciiTaba BpeMeHU. byjeM Ha3plBaTh TakuWe Cpeabl YNpyroruiacThde-
CKUMH WJIW KJIACCUYECKUMHM, a CPEbl, 3aBHCSIINE OT U3MEHEHHS MmaciiTaba Bpe-
MEHH, - YIPYTOBI3KOIIACTUUCCKUMH.

VYpapaenus (1.1) - (1.5) MOTHOCTBIO OMPEACIISAIOT MOJACIH CPEIbl M COB-
MECTHO C 3aKOHAaMH COXPaHEHHUS AAl0T 3aMKHYTYIO CUCTEMY YPaBHEHHUIA.

HeKOI’I’lODble 1n00X00bl K peweHUuIoO ynpy2oniacmui4ecKux VDCIGH@HI/IIZ. Maremartu-

yeckas popMyIHpPOBKA YPaBHEHUI TEOPUU IJIACTUYECKOTO TEUCHHS OTIMYAETCS
TEM, UTO JUIsl HEE ONpeAeIAoIne ypaBHEHUS PopMyIupyroTcs B Buae audde-
PEHLMAIBHBIX COOTHOIIEHUI U YCIIOBHS TUIACTUYHOCTH, KOTOPOE SIBJISIETCS KO-
HEYHBIM COOTHOLIEHUEM, OTPAaHUYHMBAIOIIMM MHBAPUAHTHI TEH30pa HAMPSKEHUN.
Hanpumep, yciaoBue maacTuyHOCTH Mu3eca SBISIETCS OTPAHUYEHUEM HAa BTOPOU
WHBapUaHT TEH30pa HAMPSKCHUH.

DTO 00CTOSTENHCTBO BHOCUT OINPEIECICHHbIE 0OCOOEHHOCTH B (hOPMYITUPOB-
Ky 3aMKHYTOM CUCTEMBbI YPABHEHUN T€OpUH INIaCTUYHOCTU. [losBisttorcs pasnuy-
HbI€ BO3MOKHOCTH B MPEJCTaBICHUU CUCTEMbI ONPEIEIAIOINX YPAaBHEHUN U, KaK
CJIEJICTBHE, Pa3JIN4Msl B METOJIaX €€ PELICHUS.
1. OxHa 3 BO3MOKXHOCTEN COCTOUT B TOXKIECTBEHHOM YJIOBJIETBOPEHHUH YCIOBUS
IJIACTUYHOCTU BBEJCHUEM HOBBIX NIEPEMEHHBIX U CBEACHUU YPABHEHUH K CUCTEME
nudepeHnnanbHbIX COOTHOIICHUH.
2. Jlpyrast BO3MOKHOCTb, KOTOpasi UCMOJb3yeTCsl B OOJIBIIMHCTBE PabOT MO YHC-
JIEHHOMY MOJIEJIMPOBAHUIO YINPYTOIJIACTUYECKUX IPOLIECCOB, 3aKJIIOYAETCS B
bopMyTUPOBKE ypaBHEHHUH B BHJIE CHCTEMBI MU PepeHIIMATbHBIX YPAaBHEHUM, KO-
TOpas nmoyryyaercs nocie auddepenHiiupoBanus yciuoBus miactuayHocTy (1.2) u
uckimoueHust dA Ha ocHoBaHuu (1.4) npu TOMONHUTEILHOM HAYyaJIbHOM YCIIOBUH
B BUJIC UCXOJIHOTO YCIIOBHSI IIacTUYHOCTH (1.2).

Onpenensionye ypaBHEHUS OCIIE 3TUX MPEeoOpPa30BaAHUIN UMEIOT BU/T
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dg; =def +def =(Dyy + HR R, )doy, = Ajidoy,

1.6
F"_a_F H:O'k|Fk|a_F ( )
ox

ij — '
ooy

VYpaeaenus (1.6) MOXKHO IIpeCTaBUThL B 0OpalieHHOH (hopMme:

-1
1

daij = Dijkl dey, —H (Z‘F HF,, anj Fa qudgpq = Aﬁjkldgkl (1-7)

rae Diji — Martpuiia ynpyrux MOIyJel, Aijjki — MaTpHlla ynpyromiacTHYeCKuX

MOJTyJIEH.

JoOaBinsas ypaBHeHHs (1.7) K ypaBHEHUSIM COXPAHEHUS] SHEPIHUH, TOIyUUM
3aMKHYTYI0 CUCTEMY YpaBHEHUN rUNEpOOIMYECKOro TUIIa B TUIIOYIIPYTroi (opme.
Ota popma ypaBHEHUIN MIPUMEHSAETCA OOBIYHO NIPH PEIIEHUN YIPYTOMIaCTUYECKUX
3agau MKDO. HexenareiabHbIM MOMEHTOM NpPU TaKOM MOAX0j€ sABisercs nudde-
PCHIIMPOBAHUE YCIOBHUS TIaCTUYHOCTH (1.2).

HckyccTtBenHoe qudPpepeHnpoBaHue YCIOBUN TIIACTUYHOCTH TPUBOIUT K
BO3pAaCcTaHUIO MOPSAJKA CUCTEMbI AUPPEepeHInaIbHbIX YPaBHEHUH, a ClIe0BATEb-
HO, K €€ YCJIO)KHEHHUIO U JTOTIOJHUTEIbHBIM TPYIHOCTSM MIPU UHTETPUPOBAHUH.

3. Emie oiHa BO3MOKHOCTh COCTOMUT B CBEICHUM 33Jla4yd K MHHUMHU3ALHUHU (PYHK-
LMOHAJIa TEOPUHU YIPYTOCTH MPU JOMOJHUTEIBHOM OTPAaHUYEHUH, HAJlaraéMoM Ha
pelIeHe BO BCeil 00IacT B BUAE HEPABEHCTBA MNIACTUYHOCTH F <0.

Otu paznuuusg B (QOpPMYJIUPOBKE MCXOIHBIX ypaBHEHUH TpeOyloT cylie-
CTBEHHO Pa3HBIX METOJOB YMCJIEHHOIO PELIEHUs 3a/a4l, KOTOPbIE CYIIECTBEHHO
pa3InyaroTcs.

B nepBom ciydae mpOMCXOIUT COKPAILEHUE YMCIAa HEU3BECTHBIX U COOT-
BETCTBEHHO MOHM)XEHHUE MOpsAJKAa cUCcTeMbl AU(depeHIuanbHbIX YpaBHEHHN Ha
SAVHUITY. ITOT TMOAXOJ MOXKHO OBIJIO OBl CUMTATh HAMOOJIEE YJIAYHBIM, €CIH OBl
3Ta 3aME€Ha OCYILIECTBISIACH TAaK XK€ MPOCTO, KaK B Cllydae IUIOCKOW 3adadd JJIs
UJI€aIbHOTO JKECTKOIIacTUYeckoro Marepuana. Ho B Oosiee o0muMxX ciayyasx 3To
YCIIO)KHEHHE CYIIECTBEHHO, 0COOCHHO B TPEXMEPHOM CITydae.

[Ipu TpeTbeM nonxojie 3aaya MOXKET ObITh CBE/ICHA K PEIICHUIO BapuallM-

OHHOI'O HCPABCHCTBA CIICHUAJIbHBIMU METOAAMH, KOTOPBIC UMCIOT CBOU O0COOCHHO-
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CTH U MPEUMYIIIECTBA.
4. HakoHel, CyIIECTBYET €Ille OJHAa BO3MOXHOCTh PEIICHUS 3aJaud B UCXOIHOM,
ecTecTBeHHOH moctaHoBke ypaBHenuid (1.1) - (1.5), ecim Bocmonb3oBaThCs YHC-
JICHHBIM METOJIOM, OCHOBAaHHOM Ha pacCIUICIUICHMH YPaBHEHUH MO (DU3HYCCKUM
nporeccam, He puderas K auddepeHIupoBaHNIO YCIOBUS TUTACTUIHOCTH (1.2).
Tako#l TOIX0M, HMCIONB3YIOIMIHNA HCXOTHYIO (OPMYJIHPOBKY YpaBHEHUH,
OKa3bIBACTCsI MPOIIEC U TIOTOMY MPEANOUTHTEIbHEE TEX, KOTOPhIE OCHOBBIBAIOTCS

Ha Pa3JIMYHOI0 POJa NpeoOpa30BaHUAX yCIOBUS MJIACTUYHOCTH.

3.2. Tema 2: MexaHuKa NOBPeXKIA€MOCTH YIIPYTUX TeJl
Obwue memoouueckue ykazanus. PaccMaTpruBarOTCsi OCHOBHBIE THUTIOTE3bI U

UX JKCIIEpUMEHTaIbHAsl MPOBEPKa JUIsl TOBPEXKIAEMBIX YIPYTUX Tel, (GOpMyIIH-
POBKa OCHOBHBIX 3aBUCUMOCTEN U PEIIEHUE MTPUKIIAIHBIX 3a]1a4.

Housmue o KOHMUHYAJTbHOM pA3pyueruu mamepuaila u e2o l’lOGD@OfCO@HHO-

cmuy. OnucaHue TMPOLECCOB Pa3pyILUEHUs OCHOBBIBAETCS HA IPEACTABICHUSAX O
pa3pylLIeHHH KaK O MoTepe ClocoOOHOCTH MaTepuaia K COMPOTUBIIEHUIO aedopma-
LIMU BCJIEJICTBUE HAPYIICHUsI BHYTPEHHUX CBsizeil. [loTeps cnocoOHOCTH MaTepua-
Ja K CONMPOTHUBICHUIO Je(OpMalliid MOXET BbI3bIBAThCS KaK BHEUIHUMH BO3JEH-
CTBUSIMH HETEPMOMEXAHUYECKOW MPHUPOAbl (XMMHUYECKHE pEeakUuH, OoOJydeHHue),
TaK ¥ TEPMOMEXAHUYECKH MPU JOCTUKEHUM HANPsHKEHHO-1e()OpMUPOBAHHBIM CO-
CTOSIHUEM HEKOTOPBIX MPEACIIOB, ONPEAEIAEMBIX KPUTEPUIMHU Pa3PYILICHUS.

DKCHEPUMEHTHI MO J1e(HOPMUPOBAHUIO U Pa3pyLICHUIO CTAaHAAPTHBIX 00pas3-
OB IIPU PACTSHKEHUH U CIBUTe (KPYYEHHMH MOJBIX LHAJIUHAPOB) IEMOHCTPUPYIOT
Ha auarpaMmax Ae(OpMHUpPOBAHUS YUACTKH pPa3yNpOYHEHUs, HA KOTOPBIX HaIpsi-
KEHUs TajarT ¢ poctoM aedopmanmid. [Ipu TpakToBKax TakMX 3aBHCHUMOCTEN
HAJ0 YYUTHIBATh, YTO HANpsDKEHUE U AepopManus SBISIOTCS HE €IWHCTBEHHBIMU
rapaMeTpaMy COCTOSIHUSA, U IIO3TOMY TaKHUE JAUArpaMMbl ITOKA3bIBAIOT JUIIbL CPE3
MHOIOIIapaMeTpUYECKOro mpouecca.

[TIoBpeX1EHHOCTh MOXKHO Pa3ACIUTh HAa 1Ba OCHOBHBIX THIIA — 3TO II0- Bpe-

KJICHHOCTb XPYNKUX YIIPYTUX MAaTepUaJOB U MOBPEXKICHHOCTh A3KUX YIPYyToIia-
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CTUYECKUX MAaTEpUANIOB 3a MPEAEIOM YIPYroCTU. XapaKTepHbIE KapTHUHBI pa3py-
HICHUS JJI BSI3KUX U XPYIKUX MaTepHalioB MPUBEIEHBI HA puc. 2.1.

OCHOBHBIEC THUIIBI SKCIEPUMEHTOB [0 HCCIICIOBAHUIO Pa3pylICHUsT — 3TO
CABUT (pacTsDKEHHE) TPU MOCTOSIHHOW CKOPOCTU JAedopMaliid B KBa3UCTATHUKE U
COYJIapEHHUE IUIACTUH (CTEP>KHEW) B TMHAMUKE.

[Ipu caBure NpOWCXOIWT CUIBHBIA JIOKAJIBHBIM Pa3orpeB U TEPMUUECKOE
pasyIlpoyHeHre, KOTOpPOEe YacTO COMPOBOXKAAETCS (Pa30BbIM MPEBPAILIEHUEM B IO-
JIOCE C/BUTA, T.€. 3TO JIOKAJIbHOE sIBJIEHWE (MUKPOTPEIIUHBI U MUKPOIIOPHI CIIHUBA-
I0TCS B OJTHY MOJIOCY auabaTH4eCcKoro CIBHUTra, MO KOTOPOM B JaJIbHEHIIIEM IPO-

UCXOJIUT pa3pylleHHuEe MaTepHraa).

Puc. 2.1. Xapakrep pa3pylieHus Ha MUKPOYPOBHE JUTs BS3KuX (a) u xpynkux (b)

MaTepHuaioB

[Tonockl OKanu3alMu MOTYT HaOMIOAAThCS HE TOJIBKO B IUIACTUYECKHUX, HO U B
XpYIIKMX Marepuajiax, YTO BO3MOKHO BCJEACTBUE CUJIBHOIO JIOKAJBbHOTO Pa3o0-
rpeBa u paszynpouHeHusi. Ha puc. 2.2 u3zobpaxeHo obpazoBaHue nop B oOpaslie
IIPU PACTSKEHUHU. [[pyroi TUIT SKCIEPUMEHTOB — 3TO Pa3pyLIEHUE OTKOJIOM IIPU

COYJapEeHMH IUIACTUH. JTO pa3pylIeHUE PACTKEHUEM IIPU B3aUMOJEHCTBUH BOJIH
pacTshKEHUs, OTPaKEHHBIX OT cBOOOAHOM moBepxHocTU. OmbiThl Kypana [I.P.,
Cumana JI., Iloku JI.A.; Kannens I'.W., PazopenoBa CB., YTkuna A.B. ®oprtoBa
B.E. u np. mHOrOKpaTHO mnOATBepAMIN 3TOT (akT. /i miactuyeckux marepua-
JIOB 3]1eCh HAaOII0AAaeTCs BA3KUI OTKOJI C 00pa3oBaHUEM c(pepuuecKuX Mop BCIeI-
CTBHE BCECTOPOHHEro pacTsbkeHus. s paspyiieHuss TpeOyercs AoCTaTOYHas

CKOPOCTL COYAAapCHHUA U ITPOAOJKUTCIbHOCTE PACTATMBAIOIICTO UMITYJIbCA, YTOOBI
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MEXaHU3M 3apOXKIEHUS, POCTa U CIUSIHUS MUKPOIOpP MpHUBEN Obl K 00pa30BaHUIO
TpemmHbl. Ha puc. 2.3 uzoOpaxkeHo o0pa3zoBaHWE MAaKPOTPEIIMHBI BCIIEJICTBUE

CIIMSIHUASI MUKPOIIOP.

Ilocmpoenue moodeneti nospescoennocmu. IlpuMeHeHne HMHKPEMEHTAJIbHBIX TEO-
puil mnactuyHocty thna [lpanaria-Peiicca npu onucanuu pa3ynpodyHeHus (maje-
HUE Mpejena TEKYYECTH ¢ POCTOM JiehopMalui) NPUBOAUT K HEKOPPEKTHBIM Kpa-
€BBIM 3a/1a4aM H3-3a HapyILIeHHs IOCTyJaTa JIpakkepa Wil €ero MaTeMaTHu4ecKoro
aHajora — kpurepus Anamapa. B KBazucTaThke 3TO CBA3aHO C yTpAaTOW ypaBHE-
HUSIMU CBOMCTB 3JUIMITUYHOCTH, @ B JUHAMHUKE — C HApPYLUICHUSIMH TUnepOoIny-
HocTu. [loaTOMy mpsimoe onucaHue npolecca pa3pyLeHus: B paMKax CTaHIapTHBIX

MOI[CHCﬁ YIOPYTOINIACTUYICCKHUX MAaTCPpHUaJIOB OKA3bIBACTCA HCKOPPCKTHBIM.

Puc. 2.2. (cneBa BBepxy) cxema oOpa30BaHUs MOJIOCH! JOKATU3AIUU TIPU  3aPOXK-
JIEHUU Top; (CeBa BHU3Y) JOKaIu3alus mpu o0pa3oBaHUU OOJIBIINX MOP; (CripaBa)
oOpa3oBaHue Mop B 00pasiie mpH pacTsHKEHUH, XapakTepHblil pazmep mop 0.001-
0.1 mm

C nmpyroi CTOpOHBI, NAJEHUE HAIMPSHKEHUN W3-3a MOTEPU MATEPUATIOM CIIO-
COOHOCTH K COMPOTHUBJICHUIO JIeopMaIiii MOXKET MPOUCXOAUTH 10 HETepMOMeXa-
HUYECKUM MPUYHUHAM MPU HEU3MEHHOU AedopMaiiui. ITO TOBOPUT O TOM, UTO MPHU
KOHTHHYaJIbHOM OIMCAHUH TIPOIECCHI ehopMaIiii U pa3pyIIeHUs] MOKHO U HY K-
HO TPAaKTOBaTh KaK HE3aBUCUMBbIE (UTO HE MCKIIIOYAET UX B3aUMOBIUSHMUS), a pa3-
BUTHE Pa3pyLIEHUs 1EI€CO00pa3HO XapaKTepHU30BaTh CBOUM MapaMETPOM COCTOSI-
HUSI — MOBPEKJIECHHOCTHI0. DTOT BAXKHBINA IIAT M0 MYTH Pa3pabOTKU KOHTHUHYAJIb-

HBIX TEOpUil pa3pyiieHus OblI caenan B pabotax Kauanosa u PaGoTtHoBa .



14

[Ton nospescoennocmvro B COBpEMEHHONW MeXaHUKe J1e(hOpMUPYEMOro Tela
MMOHUMAIOT HapYIICHUE CIUIONTHOCTU CTPYKTYPhl MaTepralia BCJIEACTBUE BHEIIIHE-
IO BO3JCHCTBHA.

HcTopudecku nepBbie MOMBITKA ONMUCATh KOHTUHYAJIBHOE Pa3pyILICHUE
MaTepuaga OCHOBBIBAJIUCH HA KPUTEPHUIX WIM TEOPHUSAX MPOYHOCTH, KOTOPBIE pac-
CMATPUBAJIA PA3pyLICHHE HE KAK MPOILECC, PA3BUBAIOLINICSA B TCUCHUE HArpyKe-
HUS, a KaK HalpsOKeHHO-Ie(POPMUPOBAHHOE COCTOSIHUE MaTepualia, Mpu KOTOPOM
OHO HACTyHaeT. JTOT MOAXOJ BO MHOTOM IPOTUBOPEUMII U IKCIEPUMEHTAIBHBIM
HaOJII0JICHUSM M OOIITUM TTOJIOKEHHUSIM MEXaHHUKH CIUIONIHBIX cpel. B mectumecs-

TBIC I'OABbI ITPOIIJIOTO BCKAa B pa60TaX COBETCKOM IIKOJIbI MEXaHUKOB O(l)OpMI/IJICH

Puc.2.3. O6pazoBanre MaKpOTPEIINHEI (CIIEBA) TIPH CIUSHUA MUKPOIIOP

(cipaBa) B SKCIIEPUMEHTAX I10 COYJIaPEHHUIO TUTACTHH

HOBBIM TMOAXO0J, B KOTOPOM pa3pyllEHUE CTAI0 PacCMaTPUBATHCA Kak Ipoliecc,
CBSI3aHHBIN ¢ HarpykeHueM. Takas Touka 3peHHs] OUeHb OBICTPO 3aBOEBasa IMpPH-
3HAaHHE, U B TEYEHUE KOPOTKOTO BPEMEHHU CII0KUIIOCh HOBOE HallpaBJieHUE B MeXa-
HUKE CIUIOIIHBIX CPEJ] — MEXaHUKa MOBPEKAAIOIIUXCA CPEly UM MEXaHHKa KOH-
TUHYaJIbHOTO Pa3pyIIEHHUS.

KoHTHHYyanbHBINA MOAXOA K OMUCAHUIO MPOIIECCOB Pa3pyLIECHUs MPEANOoaracT
IIOCTPOEHUE TEOPETHYECKUX MOJEJEH CIUIOIIHOM Cpenabl, ONMUCHIBAIOIINX pa3py-
HIEHUE KaK IMPOILIECC Ha OCHOBE €IMHBIX ypaBHEHUH Il 1eOpMUPOBAHUS pa3py-
HIEHHOTO ¥ HEPa3pyILIEHHOTO COCTOSIHUI MaTepuana. ITOT MOIX0] OMUCHIBAET MO-

SIBJICHUE U Pa3BUTHE TTOBEPXHOCTEH U 30H pa3pylIeHUus 0e3 SBHOTO UX BbIIEICHHUS.
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B nepBbix paboTax mo Teopuu MOBPEXKACHHOCTU HA OCHOBE MPEJICTABICHUS O
pa3pylIeHUH KaK O TPOIecce pa3BUTHUS B MaTepHalie MUKPO1e(EeKTOB B BUIE MUK-
POTPEIIMH U MUKPOTIOP MOBPEXKIEHHOCTh aCCOIMUPOBaIach ¢ 00Opa30BaHUEM ITy-
CTOT (IIOPUCTOCTHIO), YTO MPUBOJUT K YMEHBIICHHUIO TJIOIIAIN, IO KOTOPOU JIeH-
CTBYET HamNpsOKEHUE U, CIEIOBATENbHO, K YMEHBIICHUIO YOPYTUX 3PPEKTUBHBIX
MOAYJIEl MaTepuasna, U3MEHEHUE KOTOPBIX JIETKO MOJJAETCS U3MEPEHHUIO B 3KCIIe-

puMeHnTe. BiusiHue MukpoaeeKToB Ha HECYIIYI0 CIOCOOHOCTh CTEPKHSI IIPH pac-

TSOKEHWH TIPOSBIISIETCS B yMeHbIIeHHH 3ddexTuBHOTO Moxyns FOmra: o = E¢,

rne E=E(0—D)- >dpdextuBHbiii MOLyIb, yMEHBIIAIONHMICS ¢ POCTOM HOBpE-
xaennoctu D.

[TosicHuM Ha MPOCTOM MPUMEPE OAHOMEPHOTO JHUHAMUYECKOTO PACTSKEHHS
CTEP)KHSA, B YEM CMBICI BBEJICHHMs IapaMeTpa NOBpPEKIECHHOCTH. Paccmorpum
YIPOIICHHYK) CHUCTEMY YpPABHEHHHM HEJIIMHEWMHOW YIPYTOIUIACTHYECKOM MOJEIH
[Ipannatis-Peiicca:

ov oo

—=—,0=0(—-¢)),
P~ %C o(e—¢,)
ou ou
E=—,0=—
OX ot
g’

p =H(0") 175,07 (s,¢”) =0.

Jlist mpuparnieHuii HanpsbKeHud 1 AedopMaliii Ha mare 1mo BpeMeHu

MMOJy4daroTCA CJICAYIOIMKUE COOTHOICHUS:

oo Oe oo
e —EtE7 E; = Je

rae EqsaBucur ot nonmsix v miactudeckux nedopmariiii ¥ OT peKUMa HarpyxKe-

HUs (AKTUBHOE WJIM pa3rpy3Ka).
ITonydaercs cnenyromas CuCTeMa YpaBHEHUM:

ov B oo % Oe ov

Pt ~ e ox’ ot ox

KoppekTHOCTb 3T0i runepOoIuYecKol CUCTEMbl YPaBHEHUI B THHAMUKE
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WM DJUTUITUYECKON — B CTaTHKE (€C/IM UHepLuen mpeHeOpeys), onpenensercs

ycJoBHEeM Anamapa:

oo
E,=—>0
¢ Oe

WK ero (U3MIECKUM 3KBUBAJICHTOM, M3BECTHBIM KaK yclioBue Jlpakkepa:

do - de > 0.

Paspymenue (yuactok 2-3 Ha nuarpamme o — ¢, mokazaHHoi Ha puc. 11.4a) co-

MIPOBOXKIAETCS pa3ynpoyHeHreM E, < 0 1 mpuBoauT B

pPaMKax KJIaCCHUYECKOU TCOPHH K ITOTCPC KOPPCKTHOCTH 3aJa4H.

o - U
2 /

(a) (b) (c)
Puc. 2.4. Tunuunas auarpamma nedopmupoBanus matepuaina: 0-1 — ympyroe
nedhopmupoBanue, 1-2 — nmactudeckoe nepopmupoBanue, 2-3 — pa3ynpouHEHUE
(pa3pyiienue) (a). [loBeneHre TOUHOTO pelIEHUs I PACTATUBAEMOTO CTEPIKHS C
OCJIa0JICHHOW LEHTPAJIbHON YacThIO: MTOKa3aHbl KaUeCTBEHHbIErpaKN U3MEHEHUS
nedopmanuu (b) U cMeleHus WM CKOPOCTH (C)

C apyroii CTOpOHBI, MOKHO CMOJIEJIMPOBATh SIBJICHUE Pa3pyLICHUs] C MOMO-
LIBI0 CIEAYIOIIEH yNPYroM MOJEIBbHOW 3aJadd JJIsi HEOJHOPOJIHOIO pacTsAruBac-
MOTO CTEpPKHS, MMEIOILEr0 B CPEJHEH YacTH y4yacTOK OCJIAa0JIEHHOTO CONPOTHUBIIE-
HUs («30HY paspyuieHus») E1 <<E. TouHoe pellleHHe MOKa3bIBAET, YTO B «30HE
paspylIleHus» uMeeTcs Bemeck aedopmartuii (puc. 2.4b), a ckopocTh U mepeme-
IIEHUS MEHSIOTCSL CKaukooOpasHo (puc. 2.4¢).

Bo3Hukaet BOmpoc: MOXKHO JIM IOCTPOUTH (PU3HUYECKU U MATEMAaTUYECKH KOP-

PEKTHYKO MOJCJIb YIIPYTOIUIACTHYCCKOI'O MaTCpuaia, OIMMCBIBAIOIIYIO ITOSBJIICHUC
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30H MOHMYKEHHOTO COMPOTUBIICHUSI MaTepHralia, MOJOOHBIX «30HE Pa3pyILICHUS» U3
paccMOTpPEeHHOM MOJiebHOM 3amaun? Teopuu nospedxcoaemocmu (NOBPeHcOeHHO-
cmu) AalT YTBEPAUTENbHbIA OTBET. [[eMCTBUTEIBHO, IS MOBPEXAAOLIEHCS

YIPYTO-TJIACTUYECKOM Cpe/ibl CUCTEMa YpaBHEHUN TPUHUMAET CIIETYIOLIUN BU/I;:

ov  Oo
PE—%, o-_o-<€_€p7f)7
_om o
T o v
%itp = H(®,)\p0, ®,(e,ep) =0,
of
o = H@p)As(eep, /) 20, g5, f) =0,

rac f— BHYTPCHHA IICPCMCHHAA, XaPAKTCPUIYIOIIAA ITOBPCKIACHHOCTE MAaTCpHUa-
Jila B ITPOLCCCC HATI'PYKCHUAI.

OTtKyza noixydaem

do (e —ep) of
—_ ==Y gL
ot - e e

B do do

E =2  E==.
T 9 Y

B Teopun mOBpeXIEHHOCTH OTBETCTBEHHOCTH 34 Pa3ylPOYHEHHUE HE BO3JIAracTCs
0oJiee Ha MIIACTUYECKYIO 1e(hOpPMALIMIO WIIM HA YCIIOBUE aKTUBHOI'O HArpy>KEeHHUs, a
OTHOCHUTCS K YPAaBHEHHUIO MOBPEKIACHHOCTH. Pazynpounenue unu, B 6osee odieM
CMBICJIE, pa3pyllIeHUEe PacCMAaTPUBAETCS KaK MOTEps MaTEpUaJIoM CHOCOOHOCTH K
CONMPOTHUBJIEHUIO Ae(POpMalLIMH, BHIPAKAIOIIAACS B YMEHBIICHUN 3HAYEHUN MOAY-
JIEW CONIPOTUBIIEHUS U3-3a Pa3pbIBa CBA3EU WM, YTO TO K€ CaAMOE U3-3a NOSIBIICHHUS
MUKpOTpEIIUH. Pa3pylieHne OmMCBIBAECTCS KaK He3a8UCUMblL om oOeghopmayuu
npoyecc (MMEHHO HE3aBUCUMBIM, 3TO BaXXHO), TO3TOMY XapaKTEPUCTHKA pa3pyliie-
HUSl, Ha3bIBaeMasi mapaMeTpoM MOBPEXKIEHHOCTH, CBSA3aHa HE ¢ Aedopmarliuei, a co
CTPYKTYpOil Matepuaina, e€ CloCOOHOCTBhIO K CONPOTHBIICHUIO HArPy>KEHUIO U C
JAPYTHMM IIapaMeTpaMU COCTOSIHMS JIMUIIb ITOCTOJIBKY, ITOCKOJIBKY OHHM BCE BMECTE
Y4acTBYIOT B OOIlEH CUCTEME ypaBHEHUN M HA4YaJIbHO-KPAEBbIX YCIOBHUSIX TEPMO-
mexaHuku. Criajy HanpspDKeHUH HE3aBUCMMO OT U3MEHeHus Jedopmanuu odecre-

YUBACTCA BTOPBIM CJIaracMbIM B IIPUBCICHHOM BBIIIC BBIPAKCHUHN JIA CKOpOCTCﬁ

Hanpspkenuit. Koaddumment Ef < 0, 4YTO OTpakaeT TOT (PaKT, YTO MPHU MOAYJE
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Et ( f ) > O HAIIPSKCHUA Y6I>IB3.I-0T C pOCTOM IMOBPCKACHHOCTH. [1010XUTEIBHOCTH

MOJAYJIEH ynpyroctu oO€CleYMBAET BBHIMOJHEHHUE HEOOXOIUMBIX YCIOBUM KOP-
PEKTHOCTH HayaJIbHO-KPaeBbIX 3a/1au o Ajgamapy u Jlpakkepy.

B nanHom koMMeHTapuu GopMyJIUpPOBKa TEOPUI U PACCYKACHUS HAMEPEHHO
orpyOJeHbl, HAaIpUMEp, TEMIIEpaTypa HE y4acTBOBaja B PACCyKJICHUSX, TTapaMeT-
pBl YIPOYHEHHUSI HE PacCMaTpPUBAJINCh, CKOPOCTHOE YIPOYHEHHUE HE (UTYpHpOBa-
J0. DTO cAenaHo Juisi 6ojiee OTYETIMBOIO ONMMCAHUA OCHOBHOM HJIEU TEOPHM MO-
BPEXKICHHOCTU. B nanpHEMIIEM 3T yIpOUIEHUS HE UCIIOJIBb3YIOTCS.

Crnengyer MOAYEpPKHYThH €II€ OJUH CYIIECTBEHHBbI MOMEHT: JO MOSBICHUS
TEOPHUH MOBPEXKICHHOCTU B TEOPHUAX ITPOYHOCTH KPUTEPUN pa3pyILICHUs, KaK Ipa-
BUJIO, HE OBUI CBSI3aH C 3aKOHAMH J1€(OpMUPOBaHHUS MaTepuala M Mpejiaraics
HE3aBUCUMO. B OOJBIIMHCTBE MOJIENeil MOBPEXACHHOCTH AepopManus U KOHTH-
HyaJIbHOE pa3pyILICHHUE OIMCHIBAIOTCS KaK €IMHBIN MPOLIECC, TO €CTh TENO paspy-
11aeTcs B pe3yJibTaTte CBOEro 1ehOpMUPOBAHHSL.

[ToBpEXIEHHOCTE MOJEIUPYETCS 3apOXKACHUEM M POCTOM OIIPENEICHHBIX
MUKPOAEPEKTOB: ITUCIOKAUN, MUKPOTPEIIMH, MUKPOIIOpP U T.J. BILUIOTh A0 00pa-
30BaHMSI MAKpOTpeIIMH. Takol MoaxoJ moapa3yMeBaeT Ha ONpPENESIEHHOM 3Tarie
yCpeIHEHHE WJIM TOMOTEHHU3ALUI0 CBOWCTB MaTepuana B MUKpooObeMe (pa3mepsl
mukpogedexros coctapsor 10 1° — 10 1% cm) u onpenenenne ero >¢GpekTHBHBIX
CBOMCTB, PaCCMaTPUBAEMBIX YK€ B paMKaxX CIUIOIIHOW Cpelabl (XapaKTEepHBIM Me-
3omaciuTab Hocurenei nospexaeHaoctd — 10%4-102 cm).

D10 @uzuueckutl no0xo0 K MOCTPOCHUIO MOJIENeH MOBPEKAAOIIUXCI MaTe-
pHAJIOB, KOI/Ia B OCHOBY MOJIEJNIM 3aKJIaJIbIBAETCS ONPEIAECICHHBII MUKPOMEXAHU3M
oOpa30BaHUs U pa3BUTHUSL HEYNPYrou nedopmManuu ¥ KOHTHUHYaJbHOTO pa3pylie-
HUS MaTepuana.

ATNbpTEpHaTUBHBIM €My SBJSETCS TEPMOAMHAMUYECKHNA MOAXOJ] K IMOCTpoOe-
HUI0 KOHTUHYaJIbHOTO Pa3pyILUCHHS WJIU MOBPEXKICHHOCTH Marephayia. 3/1ech I0-
BPEXKJECHHBI MaTepHall M3HA4YaIbHO MPEAINOJAraeTcs CIUIOMIHBIM, 00JaJaroIyuM
ONPENEIICHHOW BHYTPEHHEW CTPYKTYpPOM, KOTOpas XapaKTEPU3yeTCsl HEKOTOPBIM

Ha60pOM BHYTPCHHUX IICPCMCHHBIX (B YaCTHOCTHU MOBPCKACHHOCTLIO, IIJIACTHYC-
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CKOM HeoOpatumoil gedopmanviedl U T.0I.), CBS3aHHBIX C HANPSHKEHHO-
nehopMUpyeMbIM COCTOSTHUEM MaTepuana. s ompezeneHus BHyTpEHHUX Tepe-
MEHHBIX MOCTYJIUPYIOTCSI KMHETUUYECKHE yPaBHEHMS, COTJIACOBAHHBIE C OCHOBHBI-
MU MPUHUIUIIAMU TEPMOJMHAMUKHN U TEOPUH ONMPEACISIOMNX COOTHOmEHUu. Cu-
CTEMa ONPENEIAIOINX YPABHEHUI COBMECTHO C 3aKOHAMHU COXPAHEHHs 00pasyer
3aMKHYTYIO CUCTEMY YPaBHEHUN TEPMOMEXAHUKU, KOTOPAsl ONUCHIBAECT MOBEJCHUE
MaTepHuaia BILIOTh JI0 pa3pyllieHus. DTOT MOJAX0]] onvcaH B pabotax Kongayposa
B.N. u ®oprosa B.E., MoxeHa.

B npomescymounvix nooxooax BBOASTCS OOBEKTHI PA3IMYHON MPUPOJIBI, U3
KOTOPBIX COCTOUT MaTepHall MPOMEXYTOYHOTO Me3omaciirada (3epHa, IOJH-
KpPUCTaJUIbl, MAKPOTPEIIUHBI, MOJIEKYJIIPHbIE LEMU, MHOTO(pa3HbIE CMECH U T.1.).
[TocTynmupyercs omnpeneraeHHbI MeXaHU3M oOpa3oBaHUsI OOpaTHMBIX W HeoOpa-
TUMBIX Jedopmannii Marepuana. Pa3gensl MeXaHUKHU, pa3BUBAIOIINE TaKHE MOJ-
XO0J/Ibl TIOCTPOCHUSI OMPEACIISIIONIMX YPaBHEHUM, 0OBEANHSAIOTCS OJ Ha3BaHUSAMHU
«ME30MEXaHHNKay», «MOJIEKYJISIpHAS] MEXaHUKA», «KMEXaHUKA TPEIIUH» U T.1I.

[ToBpekaEeHHOCTh MOXET OBbITh H3HAYaJIbHOM, MOXKET BO3HUKATH TOJBKO
BCJICZICTBUE HArpyXeHus (3apokKJICHHUE TOp) U UMETh IMOPOTrOBOE YCIOBUE aHAJIO-
TMYHOE YCIIOBUIO TIIIACTUYHOCTH.

du3NYecKu MEXaHU3MOM HEJTMHEUHOU JedopMaluu SBISETCS 3apOKICHUE U
pa3BUTHE B MaTepuaie Ie(PEeKTOB KPHUCTAIIMYECKON PEIIeTKH MOoj JEHCTBUEM
TEPMOMEXaHUUECKON Harpy3ku. MexaHu3mbl pa3BUTHS 1ePEKTOB, KaK U UX MPH-
poJia, MHOTOOOpa3HbI U UCCIIENYIOTCS B (pu3uke TBepAoro teia. B Hactosiee Bpe-
Ms XOpOIIO M3Y4YEHbl HA MUKPOYPOBHE MPHUPOJA JUCIOKALHWA U MX CBSI3b C ILIA-
CTUYECKOU edopmariueii.

B paborax ["apcona m TBepraapaa npeaioKeHO YCIOBUE TIACTHYHOCTH JJIS
Cpellbl C MEPUOJINYECKUM PACIIOI0KEHUEM CPEPUUECKUX MOP, MOTYYEHHOE U3 TEO-
perudeckoro peueHusa. Ha ero ocnose I'apconom, Teeprapaom u Hunensmanom
(Gurson, Tvergaard, Nedelman) orsuta mpemmoxkena mozaens (GTN-momens) mo-
BPEXKJACHHOCTU 3((PEKTUBHOTO YIPYroOIIACTUYECKOIO Marepuana, He3aBUCSILIErO

OT CKOpPOCTH AepopMaIii, CO CKAJISIPHON MEpOil MOBPEKIECHHOCTH — IMOPUCTO-
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CTbI0. MoOJe/Ib YYUTBIBAET 3apOKIACHUE U POCT IIOP B IIPOLIECCE IUIACTUYECKON Jie-
(dopMaruu, ONUCHIBAET IUIACTUYECKYIO C)KUMAaEMOCTh MaTtepuana u 3pdexr numna-
TaHCUM. B KauecTBe KpUTEPHS paspyLICHUs] NPUHUMAETCS KPUTHYECKAS BEIUYMHA
nopuctoctd. GTN-Mozienp noiayymia AOCTATOYHO HIMPOKOE PACHpPOCTPAHEHUE U
UCIT0JIB30BAaCh MPU PEIIEHUN KOHKPETHBIX 3a71a4. OHa XOpOIIO OMUCHIBAET BIIM-
SHUE MIEPBOT0 MHBApPHAHTA HA IJJACTUYECKUE CBOMCTBA U C)KUMAEMOCTb pa3ynpoy-
HAIOLIErocs INIACTUYECKOI0 MaTepraa.

Onpeoenaiowue ypasuenus GTN-wodenu. 'apconom, Tseprapaom u Hu-

JebMaHOM ObLTa MpeUIokKEHA CBA3HAS MOJIENb MOBPEXKIAeMOCTH YIPYTOIIaCTH-
YEeCKOTro MaTepuaia, Kotopas u3BecTHa B nurepatype kak GTN-mozens. B ympy-
roif 00acTu Matepuan MOAYMHSAETCS 3aKOHY [yka:

o=D:¢e.
CKOpOCTH YIIPYTUX U IUTACTHYCCKUX AehopMaIiuii I uTHBHBL

e =g 4 Pt

YcinoBre MIaCTUYHOCTH MOPHUCTOTO MaTepuana moiaydeHo ['apcoHoM, mcxons u3
penieHus 3aaaund 0 chepuIecKu-CUMMETPUIHOM Je(hOPMUPOBAHUN CHEPUIECKOM

IIOPHBI B NACAJIBPHOIIJIACTHYCCKOM MAaTEepHUaJie B BUAC.

2
d = <i> +2q1f ch (—g%> — <1—(q1 f)2> =0,
oy 0y

raes =PI+ 0__ nepuarop tensopa nanpsoxenuii Ko

_ 3¢ . o
S = 58:8 o 1

—_1
HHTCHCHUBHOCTDH KAaCaTCJIbHBIX HAIIPSAXKCHUHU, P="3

FHApOCTAaTHYeCKoe faBieHne; °Y (g%) ~ TIpeneNT TEKy4eCTH CIUIOIIHOTO MaTe-
puaja (Marepraja MaTPHUIIbI), 3aBUCAIIANA OT MHTCHCUBHOCTH TUIACTUYECKHIX
nedopmaruii; f — mopucrocTsh (00BbEMHAs OIS TOP B MaTepHale).

TBeprapa BBed B 3TO YCJIOBHE KOHCTAHTHI (1, (2 (Kak KOA(pOUIIMEHTHI KOP-
PEKTUPOBKH TIOPUCTOCTH W JABJICHUS) JJII TOTO, YTOOBI MOAeNb ['apcoHa maBaia

corjiacue C YMCJICHHBIM pacdYCTOM MOI[CJ'H)HOﬁ 3aJladu O paCTAKCHUM MaTCpHralia, C
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MEePUOANYECKON MOPUCTON CTPYKTYpOH, B cllydae IJIOCKOU naedopmaruu. TBep-
rapa nosxyuuii g1 = 1.5, g2 = 1.0. Bapbupys 3T napaMmeTpbl, MOXHO MPUOTU3ZUTH
pPEe3yJIbTATHl YUCICHHOTO PACYETa K SKCIIEPUMEHTAIBHBIM JJAHHBIM.
Ha puc. 2.5 npuBenieHa 3aBUCUMOCTh o (&) 111 MaTepuaa ¢
HavaJIbHOM MOPHUCTOCTHIO fo TP OIHOOCHOM pacTsbkeHMH M cxxatuu. [Ipu cxxaThn
MaTepuaj ynpouHseTCs, TaK KaK MOPUCTOCTh YMEHBIIAETCS, a IPU

PACTAKCHUHU PA3YIIPOUHACTCA N3-3a4 3aPOXKIACHUA 1 pOCTa I10DP.

G A
Marepuan MaTpHIIbI
S b
y
o Jo §T777
[TopucTeril MaTepuan
e
&
e Yo
Puc. 11.5.

PaccmarpuBaemas MOJENb ONMMCHIBAET MOBEACHHS METAJJIOB C HE CIMILKOM
Oonbp1ION 10sei mop. XOoTsa MaTepHrall MaTPULIbI, COAEPKAIIMI TOPkI, MpeArnoara-
€TCsl TUIACTUYECKU HEC)KMMAEMBbIM, MTOBeZeHUE YPPEKTUBHOIO MaTepuasia 3aBUCUT
OT JABJICHUS U3-3a HATUYUS TOP.

B kauecTBe miacTMYeCKOro MOTEHIMAIa MPUHUMAETCS yCIOBUE TUIACTUYHO-
ctu. [Inmactuueckas nedopmanusi NpeacTaBiseTcs B BuAe (aCCOLMUPOBAHHBIN 3a-

KOH)

9b [ 100, 3 9D
P N N[
€ =A% A( 3 Op +25355>’

rac A — HCOTpI/IHaTeJIBHBIfl CKaHHprIﬁ MHOXKHTCIIb.
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960]1]01/11/!}1 UHMEHCUBHOCIU__NIACUYECKOU OecbopMauuu u_nopucmocniu.

YHPO‘IHCHHG-paBYHpO‘IHGHI/IC MaTCpuajia MAaTpHUlbl OIIMCBIBACTCA 3aBHUCHUMOCTBIO

=pl o
Ty (gm) I/ICXO,ZIH U3 TOro, 4to pa60Ta IIJJACTHYCCKHUX ,ZIG(i)OpMaHI/II/I BBIITOJIHACTCA

TOJIbBKO MaTcpuaioM MaTpullbl, IIOJIYYUM YPABHCHHC, OIIMCHIBAIOIICC 3BOJIIOIMIO

=pl.
er:

=pl _ . 2pl =pl _ [2_pl . .pl
(1_]‘.)0}’5%_0"6 > 521_ §€£1'€gw
pk

rae ©m— ruracTuuecKkas aedopMalis MaTeprana MaTPHUIIbL.
M3meHeHne MOpUCTOCTH Marepuana MPOUCXOAMUT BCIEACTBUE pOCTa CylIe-

CTBYIOIIHUX IIOP U 3apOKACHUA HOBBIX!

f = fgr + fnucl

N3 YPaBHCHUA HCPA3PBIBHOCTH, CHHUTAA MATCpHUaAJl MATPULBI INNIACTHYCCKH HCCKHU-

MAaCMbIM, ITIOJIYYUM YpPpaBHCHUC IJIS POCTA II0P:

L 2pl .
Joe=(1—f)e": L
3apoKAEHHUE TOP MPOUCXOAUT BCIECACTBHE OTHOCUTEIILHOTO JIBUKECHUS 3€PEH U 3a-
BHUCHUT OT MHTEHCHUBHOCTH TIJIACTHYECKUX Jnedopmaruii, B [76] ObUIO MPENIOKEHO
COOTHOILIEHHE
l
- - - N 1ep — EN
fnucl = Agpl7 A (epl) = f eXp |\ —5 & .
SNV 27 2 SN
HNuTeHcuBHOCTh AedopMaIiiii, TP KOTOPOW 3apOKIAIOTCS TOPHI, MOTIHHSICTCS
HOPMAJIbHOMY PAaCIPEIEIEHUI0 CO CPEOHEH BEIMYMHOMEN, ¢ mucmepcuen SN,

OOGBeMHast J0JIs 3apOXKIAOIIUXCs Mop paBHA /N, TTopel 3apOXKIAIOTCS TOJIBKO TPH

P
pactsbkeHnn (00beMHas miacTudeckas nepopmarms i > 0).
3.3. Tema 3: MexaHuKa MOBPEkKAAEMOCTH YIPYIOMJIACTHYECKHUX TeJ
Obwue memoouueckue ykazanus. PaccMaTpuBaroTCs OCHOBHBIE TUIIOTE3bI U

HX OKCIICpUMCHTAJIbHAaA IIPOBCPKaA IJIA IMOBPCKAACMBIX YIIPYIOIIACTHYCCKUX TCII,
q)OpMYJII/IpOBKa OCHOBHBIX 3aBUCUMOCTEN U PEIICHUC IIPUKITAAHBIX 3ada4.
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Ocnosnvle cunomeswvl_U_UX IKCNepumerHmajilbHAdA npoeepKd. OcHosnvie 3a8i-

cumocmu. Ilpuxnaonvle 3adaqu. PacCMOTpUM ypaBHEHHUS MHUKPOMOJEIH YIPYTro-

BSI3KOIIJIACTUYECKOW Cpefibl, B TpoIiecce AepOopMUPOBAHUS KOTOPOU 3apOKAAIOTCS
U pacTyT MUKPOJE(PEKThI, MPUBOASIIINE K UHTCHCU(PUKALIUU TJIACTUYECKOTO Teue-
HUS B JIOKQJIM30BAHHBIX 00JACTSAX THUIA MOJOC CKOIBXEHUS U MOCTEIIEHHOMY pa3-
PYLIEHUIO MaTepHaa.
HauanbHbIi 3Tan miacTUYECKOrO0 TEUECHHS ONMKMCHIBAETCS HAa MUKPOYPOBHE JIBHKE-
HUeM auciokamuii. CKOpoCTh BSI3KOIUIACTUYECKOM aegopManuu y° MpOHopIuo-
HaJIbHA MMOTOKY JBHKYLIUXCS JUCIOKALIHI:
7P =abN_V (3.1)

rae a — BekTop broprepca, b — koaddunment opuenranun. CpeHss CKOpOCTh
auciokauil Voonpezaensercss TepMO(IyKTyallMOHHBIM JABUKEHUEM U JIEUCTBYIO-
MM aKTUBHBIM HANPSKEHUEM S; =S —S;

\Y% =VoeXpM,SZSr, (3.2)

—ko

rne Uo — sHeprus aktuBanuu, K — mocrosiHHas bombiiMana, & — abcolmtoTHas
TEeMIIepaTypa, s — OCTaTOYHOE HAPsHKEHHE.

Hucnmo moABUAKHBIX JUCIOKAIUN Ny pacTeT MpONOPUUOHATBHO CTENECHH TJIACTH-
4ecKou JeopMarnuu 7 M majaceT ¢ yBEeIWYECHHEM OOIIEro YMciia Jauciokanuid N
BCJICJICTBUE UX 3alUPaHUs HA MEK3EPEHHBIX TPaHULIAX:

N =(N,+ay®)"exp(-N/N"), (3.3)
rae No, N*,a0— mocTosiHHbIE MaTepuara.

UtoOsl onucaTh IPOLECC 3apOXKICHUS MUKPOJAE(HEKTOB U UX Pa3BUTHS, HEOOXO-
JIUMO PacCMOTPETh OajlaHC TTOTOKOB JUCIIOKAIMil B MaTtepuaie. B cooTBeTcTBUM ¢

(opmynamu (3.1) - (3.3) moNHBIA MOTOK IUCIOKALMK P, Ha IEPBOH CTAIWH ILIa-

CTUYECKOU nedopmanuu pacrnanaercs Ha 1Ba:

MMOTOK MOJBM)KHBIX JTUCIIOKAIAI 7i}°, Uy Ha oOpa3oBaHUE COOCTBEHHO ILIa-
CTMYECKOM nedopMaluu, U Ha MOTOK AUCIOKALMHA @, KOTOPBIA CKaIlJIMBAETCH

OKOJIO NM30JIMPOBAaHHbBIX HpeHHTCTBI/Iﬁ M Ha I'paHuIax 3¢pCH.
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O06o3Hauas 4gepe3 1 4aCTb IIOTOKa pij , KOTOpas CBiA3aHa C IMOABUXHBIMU JHUCIIO-

KaousMH, a 4Cpe3 1 — N 1OTOK, CKaHJII/IBaIOIIIHfICﬂ Ha IrpaHHulIax 3¢pCH, MOKHO

3aIInucCarTh.

7}iip:77pij’ O<n<] (3.4)
(1-7) pij = d)i?’

oTkyna moxyunm @; = (1-n)y; 7.

Cmadus nosaenenus nop u nogpexcoennocmu. 1Ipu 10CTaTOYHOM CKOILIEHUH JHC-
JIOKallM Ha MEX3EPEHHBIX TPAHUIAX ITPOUCXOANUT YACTUYHAS AHHUTHIISILUSA HAKO-
MUBIIMXCS AUCIOKALUN U JBUKEHUE 3€PEH APYI OTHOCUTEIBHO APYra, BO3HUKAIOT
JUCKIIMHALMK, OOpa3yrTCS MHUKPOIOPHl U MUKPOTPEIIMHBI. JTa BTOpas CTaaus
nedopMalui XapakTepU3yeTcsl MOCTENIEHHBIM pa3pylLICHUEM MaTepualia, KOTOpoe
IPUBOJUT K JONOJHUTENbHON nedopmanuu. [lnactuueckas nedopmanus ocpeno-
Ta4yMBaeTCsA B 00JACTAX HAMOOJBIIEr0 MaKpOpa3pyIlEeHUs U MPUBOJUT K PA3BUTHIO
II0JIOC CKOJIbKEHUS.

Ha BTopoii ctaguu 6anaHc MOTOKOB 3aMUIIETCS TAK:

(1-n) pij :d)ij +bij’ (3.5)
rze bijj — TEeH30p MOTOKAa aHHUTUIUPYIOLUINXCS JUCIOKALUH.

OO0pazoBaHue MOp TAKKE YACTO CBA3BIBAIOT C 0Opa30BaHUEM TaKUX JE(EKTOB,
KaK BaKaHCHH B y3J1aX KpPHCTAJUIMYECKOU PEIIETKH, U C UX MEepPEMEIICHUEM K rpa-
HUIIAM KpHCTaJLJIa, TJI€ MPOUCXOAUT UX KOAryJsus U 00pa3oBaHuE MOp. 3aMETHUM,
YTO Ha MEPBOM CTAJNH IUIACTUYECKON JedopMaIiy mMapoBasi 4acTh TEH30pa Ija-
ctuaeckoit nedopmaruu Pii = O, ModITOMYy @, = 0, Ha BTOPOU CTaUU MOSBISETCS
o0beMHas MIacTU4YecKast cxumaeMocTh pii = 0 u b = 0.

EcrectBenno MMpCAIOJIOXKUTb, YTO IMOTOK AHHHUI'MJIMPYIOIINXCA I[I/ICJ'IOI(aI_II/Iﬁ bij
IMPOMMOPHHMOHAJICH HAKOIIMBIINMCA Ha IMPCIATCTBUAX JUCIOKAIINAM W -

Hpouecc CTOKa HAYMHACTCA TOJIBKO IIOCJIC TOI'O, KaK MHTCHCUBHOCTH TCH30pa

3 1/2
HAKOMMUBIIUXCS Ha MPEMATCTBUAX IUCIOKALIUU (2 W ) JIOCTUTAET KpH-
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THYCCKOT'O 3HAYCHUA Qo. HpI/I OTOM MHTCHCHBHOCTH CTOKaA BH 6y,Z[€T MOHOTOHHOM

dbyHKIMEH N30BITOYHON NHTEHCUBHOCTH
(Qu- Qo):
. 3. A, —Q
B, = (Ebijbij )1/2 = Q—“T <, (36)
Q(2),z2=0,

Qz)= 0,z<0

rae Q(z) 6e3pazMepHast PyHKIMS CBOETO apryMEHTA, & 7 p- IapaMeTp Pa3sMEPHOCTH

[c], cBsI3aHHBIN ¢ MacmTaboM Top. YpaBHEHHE (3.6) TTO3BOJISAET ONPEICTUTH Mapa-

MeTp A

Q(Qn _Qo)
rpQ” '

i
(3.7)

OxoHYAaTeNIbHOE YpaBHEHHE JUTS ONPEICIICHHS TIOTOKa  jj Ha ocHoBaHUH (3.4) -

(3.7) MosxHO 3amucaTh B BUJIC:

da)ij +Q(Q|| -Q) o, :1_77d_7/ijp.
dt 7,Q, n dt

(3.8)

Maxkpodu3zndeckuii CMbICT TEH30pa @ ij COOTBETCTBYET TEH30py MUKPOHAIIPsKe-
HUW U CIIETYET U3 XOPOIIO U3BECTHOTO SKCIIEPUMEHTAIBHOTO (haKTa, UYTO BEJIMUUHA
MUKPOHAMNPSIKEHUS MPOMOPIUOHATBHA MIJIOTHOCTH
CKOILICHHUSI TUCIIOKAIIMI HA TPAHUIAX 3€PEH.

Kputnueckass nminoTHOCTh AUCIOKAIUMU o , TPU KOTOPOW MOSBIISIIOTCS MHUKPO-
TPEUIMHBI HA MEX3EPEHHBIX TPAHUIIAX WU APYTUX MPEMSITCTBUIX U COOTBETCTBY-
IOIAast € KPUTHYECKass MHTEHCUBHOCTh OCTATOYHBIX HAIPSKEHUHN So', MOXKET OBITH
omnpezeIeHa Ha MUKPOYPOBHE Ha OCHOBE JUCIIOKAIMOHHBIX MOJIENICN pa3pyILICHUSI.

YcnoBue Q, =Q,B IPOCTPAHCTBE KOMIIOHEHT TEH30pa HANPSKECHUU HMEET

CMBICJI IOBEPXHOCTH HavaJla pa3pylLICHUs.
XapakTepuUCTUKU TEH30pa aHHUTHISIIKU Djj KOPETHPUPYIOT ¢ TEH30pPOM TOBpe-

kaaeMoctr cpepl Djj. JleBratopHas 4acTh TeH30pa by cBsi3aHa ¢ I€BHATOPOM II0-

BpCXKIaCMOCTHU Dij/, KOTOpasd MNpUBOAHUT K PCIaKCalliM OCTATOYHBLIX HaHp}I}KeHI/Iﬁ
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(BTOpOE citaraemoe B ypaBHeHuu (3.8)).
[ITapoBas gacTe b, xopemupyeT ¢ 00beMHOU aedopMaliels MOBpeKIAEMOCTH b,
— P D, ¥ CBA3aHA CO CKOPOCTHIO POCTa IOPUCTOCTH f , KOTOpas ompemensercs

ypaBHEHUEM HEPa3pPbHIBHOCTH.

Maxkpomoodens. Tlepexoisi OT MUKPOTIapaMETPOB K MakpoIapaMmeTpam, 3aruiiemM

ypaBHenus (3.1) - (3.3) ams TpexXMEepHOro HampsKEHHO-ACPOPMUPOBAHHOTO CO-
CTOSIHUS B 000011eHHO# (hopMe B BUC COOTHOIICHHS MEXIY BTOPHIMU WHBapHaH-

TaMH TCH30pa CKOPOCTHU IUIACTUYCCKOM I[G(i)OpMaHI/II/I }}p N TCH30pa AKTHBHBIX

HanpspkeHud S

a a
w(S"-S;)
= f()———— (3.9)
Ty
rac 7 i BpeM}I penaKcauHI/I AKTUBHBIX HaHpH)KeHHﬁ, CBA3aHHOC C MaCH_ITa60M

JTUCJIOKAIIUM.
[TpuHUMAasT TUTIOTE3bI TEOPUU TEUCHHS, OTy4YnM u3 ypaBHeHuit (3.1) - (3.3) Ha
nepBoil cranuu aedopmMupoBanus npu Ly < o ynpyrops3KOIIaCTUYECKUE ypaB-

HEHHUSI 111 OOIIETO TPEXMEPHOTO AhOPMUPYEMOTO COCTOSHUS:

. (5°-S7) .
g ===, + F ()0,
zﬂ iz (3.10)

Cunras Marepuai Il IPOCTOTHI TUIACTUYECKH HEC)KUMAEMBbIM: &) =0, I ma-
POBBIX YaCTEW TEH30pa o; MOJIYUYHUM YIPYTUM 3aKOH.

HpI/IHI/IMaﬂ, 4TO OJIA ACBHATOPOB OCTATOYHBIX HaprDKeHI/Iﬁ N HaAKOIINBIICTOCA
ITIOTOKAa I[I/ICJ'IOI(aLII/Iﬁ BBIITOJIHACTCA COOTHOILICHUC:

s =240 w},(3.11)

u’
TOJIy M, YTO YCIOBHIO Q) < (g JUIs OCTATOYHBIX HANPSDKCHUH S’ OTBEYACT MaK-
poycnoBue S"<S', 3mech x — KOHCTaHTa pasMepHocTH [H/M2]. DBomonnonHoe
ypaBHeHue (3.4) s S Ha IEpBOW CTAIUH IUIACTUYECKOrO Ae(hOPMUPOBAHMS

IIpUMCT BU:
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1 .
2u "

_1=n 70 (3.12)
n

WuTerpupys (3.12) mo t mpu NOCTOSTHHOM LL*, TOJTyYHUM U3BECTHBIM

3dKOH KHHCMATHUYCCKOI'O YIIPOUYHCHU !

s’ =2ayy, a:,u*l_—n. (3.13)
’ U

MoyJb yIPOYHEHHUS 0, ONPEACIACTCS U3 IKCIIEPUMEHTAIBHBIX JaHHBIX
no 3¢ dexty baymmnrepa.

Takum o6pazom, s S, < Sp , T.€. 10 Havajga 00pa30BaHKs MUKPOIIOpP, MaTeprall
MaTPHUIIBl OMUCBHIBAETCS B COOTBETCTBMHM C TEOPUEH TUCIOKAIMA ypaBHCHHSIMH
(3.10) - (3.13) ynpyroBs3KOIUIACTHYECCKON Cpebl ¢ KHHEMAaTHYCCKUM YIIPOYHCHH-

em. [Ipu S" > S/, st TeH30pa s| MOJyYaeM peakCalMOHHOE ypaBHCHHE:

N +2,u Q(S" Sy (f)) s' =2ady?, (12.14)
R s’ ! ’

p
VYpapuenus (3.12) - (3.14) MoneHO 3amucaTh B BHJC €IUHOTO YPaBHECHHUS, €CIH
BBecTH (pyHKIHIO Q(Z) B cOOTBETCTBHHU € hopmyioii (3.6).
DTO ypaBHEHHE OMUCHIBAET PEJIAKCAIIMIO OCTATOYHBIX HANIPSHKCHUH B
MaTepHaie Tocjie TOro Kak HavaJcs Mpolecc o0pa3oBaHus MUKPOIIOp, a ClieI0Ba-
TeJIBHO, pa3ynpoyHeHue MaTepuaia. /[o 3Toro B MaTepuasne mpoUCXOoauiI0 ypod-
HEHHE B COOTBETCTBUU ¢ ypaBHeHHEM (3.13).

VYpaBuenue (3.14) nmokasbpIBaeT, 4TO peiakcaius MPOUCXOIUT 10 HEKOTOPOTO

CTAl[MOHAPHOI'O 3HAYCHUSA SO’(f), OTJIMYHOTO OT HyJs. B panpHenmem mpu t
>> 7, 0CTaTOYHbBIE HANPSOKEHUS OyAyT U3MEHATHCS IO 3aKOHY IUIACTHYECKOTO Te-

YCHUA, AaCCOOUUPOBAHHOTO C IMOBCPXHOCTBHO TCKYYCCTH C IPCACIIOM TCKYYCCTH,

3aBuCcAmUM oT nopucroctu S' =S’ (f), koropoe cnenyer u3 (3.14) npu 7, —» 0:

r q P
ds + H (s, dz?, (SSm?—fg;")z s =207, (3.15)
0

rae H(z) — ¢ynkuusa XeBucaiiga.
C nosiBlIeHHEM MOpP CUTYaLHsl CYIIECTBEHHO MEHseTcs. Tenepb MaTepuan cocTo-

HUT U3 MaTpHUllbl U IIYCTOT, T.C. ABJIACTCA ,ZIBYX(i)aSHBIM MaTCpUAIIOM. 3Has cBOMCTBa
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MaTpHIIbI, KOTOpbIe onuchkiBatoTcs ypaBHeHusmH (3.10), (3.13), MoxxHO HalTH 3¢-
(beKTUBHBIE XapaKTEPUCTUKH TJIACTUUYECKOTO Marepuaia. C MosBICHUEM IOp U3-
MEHSETCS yCJIOBHE TUTACTHYHOCTH MaTepuaja, KpoMe TOro, HYXKHBI ypaBHEHUS,
OTMCHIBAIONINE 3apOXKICHUE M JBOJIONUIO ACPEKTOB. TpPYTHOCTD pEIICHUS ITON
3a/layu CYIIECTBEHHO 3aBUCUT OT (OpMBI TIOp. TeopeTndeckoe pemnieHne mpooiie-
MBI BO3MOKHO Ha OCHOBE PEIICHHSI 33Ja4ll O CIWHUYHOW MOpe B CPee MO JCH-
CTBHEM CHJI, IPUJIOKCHHBIX Ha OECKOHEUYHOCTH, M TOCICAYIONIEM CYMMHUPOBAHUN
ATOTO PEUICHUs ISl HEKOTOPOTO M3BECTHOTO pacIpenesieHus Mop Mo pa3Mepam U
OpUEHTallMu. SICHO, UTO pelieHre B aHATUTHYECKOU (hopMe, €CIIh U BO3MOKHO, TO
TOJIBKO JIJISl TIPOCTBIX JIMHEHHBIX cpefl. [l HeMMHEWHBIX Cpell pelieHrue MOXKHO
MOJIYYHUTh TOJIBKO YHCICHHO U
MOCTAapaThCsl AMMPOKCUMUPOBATH €r0 MPOCTHIM aHATUTHUYECKUM BBIPAKEHUEM,
BBIJICJIUB HauOoJiee CyIeCTBEHHbIE ()aKTOPHhI, IUOO ClIeNlaTh 3TO, OCHOBBIBAsICh Ha
AKCIIEPUMEHTAIBLHBIX JaHHBIX.

[Tonaras, yTo mopbl UMEIOT chepudecKyo GopMy, IPUMEM, YTO JJIs HICATHHO
YOPYTOIUIACTUYECKOTO TIOPUCTOTO MaTepHaia CIPaBEAJIMBO YCIOBUE TUTACTHYHO-
ctu ["apcona. O000IMM €ro Ha MOPUCTHIA MaTepHal, MaTpUIla KOTOPOTO OMUCHI-
BaeTCS yNPYTOBI3KOIJIACTUICCKUMH YPAaBHCHHUSAMHU C KHUHEMATHYCCKUM YIPOYHE-

HUECM:

dal

S.:S: "’
o(o?, f,0,) = g (C'; ')12 +2q, fch%%— (1+(q,)?) =0, (3.16)
Y Y

rae S; — JACBMATOP TEH30pa aKTHBHBIX HANPSHKEHUM, & o, €CThb MPEIET TCKYYECTH

MaTPHITBI YIPYTOBSA3KOIUIACTUYECKOTO MaTepraia, KOTOPBIH OMpeaesaeTCs U3
YCJIOBHSI PABEHCTBA TUIACTUYHOM paOOThI /ISt MATPHUIIBI ¥ 9PHEKTUBHOTO MaTepHa-

na:
p_ - p RV
oyel =), o (") +y (77,) | (12.17)
W3 nepBOro ypaBHEHHS OIpeNeNsieTcsl P, Mociie Yero u3 BTOPOro HaxoauM o, .
Hanpskenue o) ¥ CKOPOCTH JUCCUIIATHBHBIX AehopManuil &

B 3((EKTUBHOM MaTepuaye CBA3aHbl ACCOIMUPOBAHHBIM 3aKOHOM ILIACTUYECKOTO



29

TCUCHUA:

., . oF
i =1=—,(318)

ij
€CJIM aCCOIMATHUBHBIN 3aKOH UMEET MECTO JIsl MaTepuasa MaTPHUIIbL.
[Tapamerp A ompenensercs u3 BToporo ypasaenus: (3.17):
y O-Y 8@ -1
A=—Y(oy -0, (r, )0y
T 0o

p ]

N3 ypaBHEeHUsI HEPA3PBIBHOCTH CIEAYET YpPaBHEHUE POCTa MOP:

3f (- f)

f,=@-f)a) =A qlqzsh3gﬂ.(3.19)

O-Y GY

VYpaBHeHUs 3apOKIEHUS U DBOJIIOIMH TIOP OCTAIOTCA TaKuMU Jiee, Kak Juist GTN-
MOJICNIA M onKchiBatoTcs popmysiamu (3.5) - (3-7) 1 3aMBIKAIOT TOJIHYIO CHCTEMY
onpeaenstonmx ypaHeHui (3.16) - (3.19). M3 HUX HaxomATCS HANpsOHKESHUS U
BHYTPEHHHE IapaMeTpbl MaTepualia MpHU 3aJaHHOM IOJie CKOPOCTEH, KOTOpoe
OTIPEIETISATCS U3 3aKOHOB COXPaHEHUSI.

Kpurepuem paspyuienns mMatepuana s MPEANoiaraeéMoil MOACIH SIBISCTCS
YCJIOBHE KPUTHUYECKOTO HaKOIUIeHUs mop. [10CKONMbKY KpUCTAUIUTHI HaXOISTCS B
CTECHEHHOM COCTOSIHMHM M HE MOTYT J1e(hOpPMHUPOBATHCSI CBOOOIHO, TO HA MEKKPH-
CTAUTUTHBIX TPAHUIIAX 00pPa3yIOTCS MEKKPUCTAIUIUTHBIC Topbl. OHU HaKarjuBa-

IOTCSl 10 HEKOTOPOT0 KPUTHYECKOTO 3HAYEHHMS MOPUCTOCTU f = f, , mpu KOTOpOM

o>
MIPOUCXOJIUT UX KaTacTpOUUECKOe PaCIpPOCTpaHEHHUE, YTO BEJIET K TOJTHOMY MEXK-
KPUCTAJUIMTHOMY Pa3pyIICHHIO MaTeprajia. DTO KPUTHICCKOE 3HAUCHHUE ITOPHUCTO-
ct fcr 3aBUCUT OT MHOTHX BHEITHUX (PaKTOPOB TEMIIEPATYpPhl, CKOPOCTH Harpy-
JKEHUS W JIPYTHX, a TaKKe OT CTPYKTYpPhl MaTepHalia, U, KaK MOKa3bIBAIOT JKCIIe-
pUMEHTHI, u3MeHsieTcs B nmpeaenax (0,05-0,50).

Beegem B Mozenb 3h(dEKThI, YUUTHIBAIONNE HEKOTOPHIE OCOOEHHOCTH TMOBEEC-
HUS MaTepHuaia B OBPEKICHHOM COCTOSHUN. OHU KacaroTCs BIMSHUS IIOPUCTOCTH
Ha yOpyrue MOIYJIH CPellbl M TIOBEPXHOCTh MOBPEXKICHHOCTH MaTepuaia Sr =
SI(f).

YuuThiBas, YTO BHYTPEHHSS yIpyTrasi SHEPTUs MOBPEKIESHHOTO MaTepuasa 3aBu-
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CUT OT TIOPUCTOCTH M HE 3aBHCHMT OT IIacTUuecKux aedopmarmii: U (f ,gi‘j?'), o-

JIy4UM, YTO YIpyrre Moayiu E,

U3MEHAIOTCSI B COOTBETCTBUU ¢ popMyIioit, mpeanoxxenHout JI.M. Kauanosbim:

E=E( —f), z=u@-f), rne f — nopucrocts, onpeaenseMasdpopmyJioi (3.19).
Cuwnrtas, 4YTO BIMSHUE TMOPHUCTOCTH HA MOBEPXHOCTH MOBPEKICHHOCTH TOJ00HO

€e BIIMSHUIO HA MOBEPXHOCTh IUIACTHYCCKOTO TEUYCHUS Ui aKTHBHBIX HaTpsiKe-

HPII>'I, IMpUMEM CJICAYIOIICC HpI/I6JII/I)KGHHO€ COOTHOIIICHHUC:

So(f)= Ss(f)=o, (L+q’f%)"

S2(f)s'
s*
VYyet 060ux 3¢ (HexToB NPUBOAUT K O0€e UHTEHCUBHOMY Pa3ylpOYHEHUIO, Clie-
J0BaTeNbHO, U OoJiee pe3koi Jokanu3anuu. Kak mokasanu pacueTsl M0 HaYalbHOM
Bepcuu Mojenu (0e3 MepeyrcIeHHbIX 100aBIeHUM),3Tu d(PPeKThl OB HEAOCTa-

TOYHO BBIPA’KCHHBIMU BCJICACTBHUC OOJIBIION ME30BSI3KOCTH Marcpuajia: r p > Ty

[ToguepkHeM, 4TO MPENIOKEHHAS MOJENb TOBPEXKAECHHOCTU B 0TiInunn 0T GTN-
Mojie MHoromaciiTabHasi. OHa COJepKUT TPU BPEMEHHBIX MaciiTada: t, — Xa-

PaKTEepHOE BPEMS 3a/1a4H, 7, — BPEMs PEIaKCallMU HAMPSHKEHUS B TOBPEKICHHOM
Marepualie, r, — BpPEMs PelaKCallii B UCXOJHOM BSI3KOIUIACTUYECKOM MaTepHa-

Jie, KOTOphIE OTBEYAIOT TPEM Pa3HBIM MPOCTPAHCTBEHHBIM MaciiTabam: Makpo-,
Me30- ¥ MHKpOMaciiTabaM, KOTOPhIE OTBEYAIOT COOTBETCTBEHHO pa3MepaM Mak-
pooOBeKTa, pasMepaM TOpHIl U AWCIOKAIMM W YAOBJIETBOPSIOT HEPaBEHCTBAM
L>7,>1,.

Ha craguu ynpounenust MacmtaOHbIN 3 GekT onpenensercs MaabiM

NIapaMeTpoM &, =7, /t,, @ HA CTAAMHA PA3yNPOUHEHUA &, =7, /1, >0, . [Ipu crpem-
JIEHUW 5, U &, K HyJt0 Mozens nepexoauT B GTN-mMonens ¢ KHHEMaTHYECKUM

YIPOYHEHHEM, HE 3aBUCSIIYIO0 OT MaCIITaOHbIX (PaKTOPOB.

[IpuBeneM reoMETpUYECKYI0 HMHTEPHPETAIMI0 MOBEPXHOCTH IUIACTUYHOCTU U
HOBPEXICHHOCTH JUIA MPEAJIOKEHHON MOAETN B MPOCTPAHCTBE HANPSKEHH, KO-
TOpasi UIMPOKO HCIONb3YETCA MPH ONUCAHUU TEOPHH IUIACTHUECKOTO TEUYEHHS.

MOI[CJ'II) HMECT ABC KPUTHYCCKHUC IMTOBEPXHOCTH, 3aBUCAIINEC OT MHTCHCHUBHOCTHU
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CKOpOCTe#l TutacTuueckoit aedopmaiuu u mopuctoctd f, KOTOpbIE OmpeneNsoT
noBezeHue Marepuaia. OHU moka3anbl Ha puc. 3.1 mWTpuxoBbIMU JTUHUSAMU. [lo-

BEPXHOCTh TUIACTUYHOCTH aKTUBHBIX HAMPsHKEHUHN S = o, (f) onpeaenseT mepexo

U3 YIPYroro COCTOSIHUS B IJIACTHYECKOE.

Puc. 12.1.

CIUTOIIHBIMU JIMHUSIMU TIOKA3aHbl CTALIMOHAPHBIE TMOJOKEHUS ATUX TMOBEPXHO-
CTEH.

B Moznens HeTpyIHO BKIIIOUHUTH TeMIlepaTypHble 3PeKTsl, eciid K aedopmanun
& 100aBUTh TEMIIEPATYPHYIO COCTABJISAIONIYIO &', @ TeMIepaTypy ¢ B ONPENENATH

Y3 YPABHECHUS:

a6 )
PCp = a XU%EZ:'JJ'?
(3.20)
KOTOpOE CIeAyeT U3 MPEANOI0kKeHHs 00 aquabaTHIHOCTH TIpolecca. 31ech ¢, —

TEIJIOEMKOCTh MPU MOCTOSSHHOM Hanpspkennu, y = 0.8 + 0.9 — TeroBo#t k0dd-
(GUIMEHT KOHBEPTUPYEMOCTH, a —KOI(D(PUIIMEHT TEIUIOBOTO PACHIUPECHUS, P —
MJIOTHOCTH 3 (HEKTUBHOTO MaTepHaia.

B 3axnroueHne oTMETHM, YTO YHCICHHOE MOJIEIMPOBAHNE MPOIECCOB Pa3ympoU-
HEHHUS W JoKanu3anuu aedopmanuii Ha ocHoBe ypaBHenui (3.16) - (3.20) mpen-
JIO)KEHHOW MHKPOMOJIENH TOJ0XKEHO B OCHOBY PEIICHUS 33/Ja4dl O pa3pylIeHUH

OCCCUMMCTPUYIHOT'O HWJIMHAPA TP KBA3BUCTATHUYCCKOM PACTAKCHUU C MOCTOSIHHOM
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CKOPOCTBIO, @ TaKXKE B PEIICHUE 3aJa4d O JUHAMUYECKOM PA3PYLICHUH CTEPHKHS
IIPU BBICOKUX CKOPOCTSIX HArpY KEHHSI.

B nureparype umeroTca U Apyrue Me30MOJENIN CBA3AHHBIX BS3KOILUIACTUYECKUX
MOBPEXKIAIOIIUXCS CPell, TOCTPOCHHBIX B 0OOJIEe YMPOILIECHHBIX MPEANOI0KEHUSIX,
YeM TPHUBEACHHAS B HACTOAIIEH paboTe, KaK ISl ONMUCAHUS BSI3KOTO KOHTHHYaThb-
HOTO pa3pyIlICHUs], TaK U JJIsI XPYIIKOTO pa3pylIeHUs 01 IEUCTBUEM ITUKINYECKO-
ro Harpy>KeHUsl.

PacTsikeHre TOHKOTO CTEpKHS C MOCTOSIHHOM CKOopocThio aedopmanmu. Pac-
CMOTpPUM HauOOJIee pacIpOCTPAHEHHBIN BUJ UCIIBITAHUSI MAaTEpPUATIOB Ha OJTHOOC-
HOE PaCTSKEHUE-CHKaTHEe TOHKOTO CTEPKHS C MOCTOSHHOM CKOpPOCTBIO jAedopma-
uuii. Pemenue 3Toil 3aa4M MO3BOJIUT OLIEHUTH, HACKOJIBKO XOPOIIO MPEIJIOKEH-
Hasg MOJEJIb ONMUCHIBAECT AMAarpaMMmy MarepuajoB ¢ paszynpouHeHueM. [lomuepk-
HEM, 4TO BHJ KPUBOW a — € B MOJIEIIb IBHO HE 3aKJIAJIBIBACTCS, & ABJISACTCS CIEI-
CTBUEM MPUHATON MOJIeNU pa3pyllieHus: Mmarepuana. Ha ctaguu ynpouyHeHus npu-
HUMAETCS MpOCTeIasi TMnoTe3a O JMHEHHOM YyIIPOUYHEHUH MaTepuaa.

Pe3ynbTaThl HUHTErpUPOBAHUS ONPEICTSIONINX YPAaBHEHUN MPEICTABICHBI B BUIE
KPUBBIX 0 — € TIPH MOCTOSIHHOW cKopoctu Aedopmanmu .Ha puc. 3.2 mpuBeaeHb
YEeThIPEe XapaKTEepHbIE KPUBbIE NJIs PA3IUYHOTO TUNa maTtepuanoB. [lepBbie Tpu

KpUBBIE MOJIy4eHBbI NpU SO0 = 1,5 pa3HbpIX 3HAYEHUAX IMapaMeTpa YIPOUYHEHHUS O

(tabm. 3.1).

Tabnauma
Ne 1 2 3 4
So | 1.5 | 1.5 ] 1.5 0.2
a [ 001010901

Kak BunHO u3 puc. 3.2, KpuBble IPH MEPEXOE BO BTOPYIO CTAIUIO IehopMHUpo-
BAHMSA IIPU NOSIBJIICHUM IIOP UMEIOT U3JIOM, IIOCJIE KOTOPOIo CIEAYET pa3yIlpoyHe-
Hue. [ns xkpusoit 1 mpu Maneix a = 0.01 xapakTepHbl O0bIINE TIACTUYECKUE JIe-
dbopman B CTaMy YIPOUYHEHHUS W PE3KUN Crajl HANPSXKEHUW MpU pasyrpoyHe-
HUHU, KOTOPOE 3aTEM BBIXOAUT HAa CTallMOHapHOe 3HayeHue. Kpupas 2 mosaydeHa

npu @=01u S;=15. B aTom ciryuae auarpamMma uMeer «3y0» TEKy4eCTH, IOCIe
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KOTOpPOro mnpoOUCXOAHUT YaCTUYHOCPAZYIIPOUHCHHUE MaTCpualla C IOCICAYIOIHUM
YIIPOUYHCHUCM. Takoe MMOBCACHUC XAPAKTCPHO I MATKHX CT&JIGI?I, KCJIC3a U HCKO-

TOPBIX APYTUX MATEPHAIIOB, B KOTOPBIX MPOUCXOAT (ha30BbIe MPEBPALLICHUSI.

é
)

{2 ———

p—-"""'—mk

N ¥

/4 27 JOE
Puc. 12.2.

N

KpI/IBaH 3 COOTBCTCTBYCT OONBIIMM 3HAYCHUSIM mapamMecTpa KHHCMATHYCCKOI'O

ynpouHeHus: @ =0,9, ocTalbHbIE MMapaMeTpbl NMpUBEACHbI B Ta0na. BuaHo, 4ro B

3TOM CjIy4yae y4acTOK pa3ylnpOYHCHHS HEBEIWMK KpHUTHYECKOe 3HaueHue fx mocTu-
raeTcs pu CpaBHUTEIHLHO HEOONIbIIUX AedopManusix. KpuBbie Takoro tumna

XapaKTCPHBI AJIs1 BBICOKOIIPOYHBIX MAaTCPHUaAJIOB.

Kpupoii 4 cootBeTcTBYIOT 3HaueHms S0 < 1 (@ =0.1,5=02) B srom cuyuae
qyarpaMMa a — € HoJiydaeTcs IIaJkon 0e3 U3J10Ma, XapaKTepHOTro ISl MPEebIy-
niero ciydvasi (So > 1), ¢ JUIMTENBHBIM yY4aCTKOM Pa3yMpOYHEHUs, PEAIIeCTBYIO-
UM TIOJTHOMY paspyiieHuro Matepuana npu f= = 0.5. [TomoOHbIe auarpamMmbl xa-
pPaKTepHBI 7151 TAKUX MAaTEPUATIOB, KAK HEKOTOPBIE TPYHTHI, TJIMHA.

Taxum 06pazom, pu CpaBHUTEIHHO HEOOJIBIIOM MPOU3BOJIE B YETHIPE MapaMeT-
pa, MOJENb MO3BOJISIET ONUCATH, 110 KPAaHEN MEPE KaYECTBEHHO, IIIMPOKUN CIIEKTP
CBOMCTB pa3nUyHbIX MarepuanoB. [Ipu (heHOMEHOJOrH4eckoM KOJINYECTBEHHOM
ONMCAHUM PEAIBHBIX MATEPHAIOB JIONOJHUTEIBHO JJI COIJIaCOBaHUS C dKCIEPH-

MEHTaJbHBIMHU JaHHBIMH MOXKET ObITh MCIOJIb30BAH MPOU3BOJI B BbIOOpE (QYyHKLIMN
Q(2), Y(2),S,(f),a(e"),E(f),koTOpBIC (HDUTYPHUPYIOT B MOJEIH U B TPHUBEICHHBIX
pacdeTax, IPUHUMAINCh JINHEWHBIMU WM ITIOCTOSIHHBIMH.

3axmouenue. [IpennosxeHHass MOZAENb SIBISETCA MHOTOMAacIITaOHON MOJETbIO,
oHa kayecTBeHHO orin4yaercs or GTN-monemu. Kak BUAHO M3 Tekcra, Ipemusio-

JKCHHas1 MOJCJIb IIOCTPOCHA Ha OCHOBC AUCIIOKAIIMOHHBIX HpeI[CTaBJIeHI/Iﬁ O IlI1a-
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CTUYECKOU JepopManuu mpu TEPMOMEXaHUYECKOM Harpy>KeHHH MOJIUKPUCTAIIIH-
YEeCKUX MaTepuaiax Mpu yMEpPEeHHBIX MIacTuueckux aedopmanusx. [Ipu Gonbmmx
nedopMarusx — Ha MPEACTABICHUSIX O 3aPOKACHUU U POCTE Me30/1€(PEKTOB THIIA
MOP U MUKPOTPEIIHH.

Ha koHeuyHOil cTanuu pa3pylIeHHs MPOUCXOAUT 3a CUET CIUSHMS MOP B MaKpO-
TpeIMHy U €€ paclpocTpaHeHHsI BILIOTh 10 ¢pparMeHTauu KoHCTpyKiuu. [locty-
JMPOBAHUE KOPEISLUM MEXKY MUKPO- U MakponapaMeTpaMH IO3BOJISIET OCyLIe-
CTBUTb MEPEXO0J] OT MUKPOYPABHEHU K ONPEACIIAIONINM MaKpOypaBHEHUSIM MeXa-
HUKH CIUIOIIHBIX CpeJ U IMOJYYNUTh KUHETUYECKHE YPABHEHHs CBA3HOM MOJEIN
YIPYTOBS3KOIUIACTUYHOCTH C MOBPEXACHHOCTBIO. B pe3ynbTare Takoro moaxona
MOBPEXKJIEHHOCTh OMMCBIBAETCS TEH30pOM, IIApOBasi 4acThb KOTOPOr0 — IOpPH-
CTOCTb, a JIEBUATOPHAsL — CBA3AaHA C pelaKCalyell OCTATOYHBIX HAIPSHKCHUM.

N3menenune ynpyrux Moayiaeil MpoOuCXOaUT Ha CTaIUU MOSBJIEHUS TOPUCTOCTH.

Marepuan MaTpUlbl YYUTHIBAET KHHETUYECKOE YIPOYHEHUE U, CJIEI0BATEIBHO,
OCTAaTOYHBIC HAIIPSIKEHUS, a TaKxKe onuchbiBaeT d3hdext baymmurepa.

B cnydae 0AHOOCHOTO pacTsXKEHUsI WM CKATHUS TUIACTHYECKHUE JepopMalui BO3-
HUKAIOT, KOTJja HaIlPSDKEHUE TOCTUTAaeT BEJIMYUHBI IIPe/iesia TEKyUYeCTH MaTepHralia
(Touka A Ha quarpamme pacTsokeHus Ha puc. 3.1, a). B Teopun miiacTudHOCTH T10-
HATHUA TPEJETIOB TEKYUYECTH, TPOMOPLMOHATLHOCTH U YIIPYTOCTH HE Pa3IMYaOTCS.
Ecnu HanpsikeHne MeHblle Npejenia TeKydecTu (Touka B Ha nuarpamme pactsike-
Hus Ha puc. 3.1.1, a), maTepuan nepopmupoBaH ynpyro, a eciau 6osbiine (Touka C

Ha puc. 3.1.1, a) — ynpyro-miacTH4eCKHu.

3.4. Tema 4: MexaHuKa NOBPEKIAeMOCTH BA3KOYNPYTrOMIACTUYECKHUX TeJl
Obwue memoouueckue ykazanus. PaccMaTpuBaroTCsi OCHOBHBIE TUIIOTE3bI U

HX OKCIICPUMCHTAJIbHAA IMPOBCPKA AJII TOBPCKAACMBIX BAZKOYIIPYTOINIACTHYCCKUX
TCI, Q)OpMYHI/IpOBKa OCHOBHBIX 3aBUCUMOCTEH U PCHICHUC ITPHUKIAJHBIX 3a1a4.

Ocnosnvle cunomeswvl_U_UX IKCNepumerHmajilbHAdA npoeepKd. OcHosnvie 3a8i-

cumocmu. Ilpuxnaduvle 3adaqu. O perymsipuzalud ypaBHEHMH ymnpyroruia-

CTHYCCKHUX MAaTCpPHUAJIOB IIPHU PA3yIIpOYHCHHU. I[J'IH MOJACIUPOBAHHUSA IIPOLECCOB 110~
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BPEXKJEHHOCTH, KPOME ONpPEACIIAIONNX YPABHEHUN MOJEIN, HEOOXOAUMBI CHELH-
aJIbHbIE YMCJIEHHbIE METObI UX perieHus. [1oBpeKIeHHOCTh MaTepuana CBsi3aHa C
pa3ynpouHeHueM, JOKamu3alued MmiacTudeckux aedopManuii u ¢ ¢Ga3oBBIMH
IpEeBpPALICHUSIMU. DTO CO3/1a€T ONpEENIEHHbIE TPYJHOCTU IPU HWHTErPUPOBAHUU
OTIPEETSIONNX YPAaBHEHUM U PEIIEHWH HadalbHO-KpaeBhIX 3a1ad. Mopenu mo-
BPEXJAIOIIUXCS Cpell, HEYUUTHIBAIOIIME MHOTOMAcIITaOHbIA 3 (eKT B mpoiecce
paspyuieHusi, TpeOyroT peryispusanuu. Hanpumep, kak yke 0TMedanoch, mnep-
BbI€ MOMBITKA OMNMCATh MOBPEXKACHHOCTh B paMKaxX TEOPUM TEUYEHHUS C MaJarolien
auarpaMMol MaTepuana OKas3aluCh HEYAauyHBIMH, T.K. MPH 3TOM HapyIIaeTcs
YCIIOBUE PEOJOrMUecKor ycrtoiiunBocTu Jlpakepa (KBa3HUCTAaTUYECKOE HArpyxe-
HHUE), a B TUHAMUKE YCIOBUE Alamapa:

det(Cyynn;) =0  wn,

ijkt it
rae Cij — MaTpula Mojysel Marepuana doy =Cy,de,.

BBenenue B Mojienb peryssipu3UpyroIMX ONepaTOpoB BO3MOXKHO Kak Ha
OCHOBE yueTa JOMOJHUTENbHBIX (PH3NYECKUX MPOLECCOB (HEYYTEHHBIX OCHOBHOM
MOJIEJIbI0), TAK U HA OCHOBE MaTeMaTHYECKUX COOOpaKeHUI BBEJICHUEM B ypaBHe-
HUS MCKYCCTBEHHBIX YJICHOB C MaJbIMM MapaMeTpaMH, pPeryJsipu3npyromuMu
ypaBHEHHUs Oojiee HU3KOTO Mopsiika. BBoauMbie omepaTopbl BBICOKOTO MOPSIKA
MOTYT OBITh CBSI3aHbl C BPEMEHHBIM JIMOO C MPOCTPAHCTBEHHBIM MAacIITAOHBIMU
bakTopamu.

Hanpumep, B TeOpuM TeUEHUS MPH YCIOBUH IUIACTUYHOCTH, HE 3aBUCSIIMM OT U3-
MeHeHMs MacmTtaba BpeMeHH, MpH TNaJalolleld JuarpaMMe Marepuala:

o=o0,(¢), do,/de<0, 3a7a4a oka3bIBaeTCA HEKOPPEKTHOW. Perymsapusanus mno-

CTUTAETCS MEPEXO0JIOM K YIPYTOBSI3KOIMIACTUYECKON MOJIEIIH:

0e¢ 10o) OOy
0s_100)_7% 4.1
T(at E atj &, (0) (4.1)

rae ¢ — Bpems penakcauuu, E — Moayne ynpyroctu. Oneparop B JIEBOM 4YacTh
YpaBHEHHUS, OTBEUYAIOLINII CKOPOCTU IUIACTUYECKOW AegopMaliiy, MOBBIIAET IO-
PAIOK ONIPEAENAIOIET0 YPaBHEHUS 110 BpEMEHH t.

Hpyroii cioco0 peryisipu3aiuy 3aKiI04aeTcsl B Nepexoie K TpaJUeHTHBIM
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WIN HEJIOKAJIbHBIM COOTHOIICHUSAMH MEXAY HANPSKEHUSIMH U JedopmarusiMu
(MOBBILIICHUE TOPSIIKA MPOU3BOJAHBIX MO MPOCTPAHCTBY) TAKXKE PETYISPUZHPYET
3a/1auy:

ou  ou
=—t+a—.
OX ox®

Torz:a YPaBHCHUC OIBMKCHUA IIPUMCT BU

&

(4.2)

b? 84u+cazu =azu, b*>~0, ¢=<0.
oxt o oxt ot
OnHako BBEJCHHUE B ONPEACIISIIONINE YPABHEHUSI ONEPATOPOB BBICIIETO TO-
psAllKa ¢ MaJIbIM IMapaMeTpPoOM & HE €IMHCTBEHHBI M HE JYUIIUN CIIOCOO peryssipu-
3anuu 3aAa4yu. byaeM Ha3bpIBaTh €ro MaTeMaTHYeCKUM. boliee mpocTod W ecre-
CTBEHHBIM (PU3MYECKUN CMOCOO 3aKII0YAETCS B PACIIMPEHUU YKCIIA ONpPEAesio-

MUX IMapaMCTpOB, HAIIPHUMCP, KaK 3TO CACIAHO B BBIMICIIPUBCACHHBLIX MOICIIAX

BBEJCHUEM ITAPAMETPA MOBPEKIAECHHOCTH f .

[Ipu moBBIIEHUU TOPS/IKA YPAaBHEHUN TIpeAesibHas 3a/ladya Py MaJIOM MapaMeTpe
5 = 0 He UMeeT pelIeHUs] B KIIACCUYECKOM CMbICE. PellieHne KecTKoil 3aaayuu
CYILIECTBYET B JIYYILIEM CIIy4yae TOJIbKO B ACHMIITOTHYECKOM CMbIcie. B To Bpems
KaK npu (pU3HUECKOM criocoOe mpeienbHas 3aja4a OCTaeTcsl KOPPEKTHOM U €€ pe-
IIEHUE CYIIECTBYET B KJACCUYECKOM CMbIcie. UUCIEHHOE peleHue npu 6 <1
IpollE, YEM B Cllydae MaTeMaTH4eCKOro crocoba peryispusaiuu. MaremaTtude-
ckasg peryispuzanus auddepeHIMaIbHbIX YpaBHEHUNH HE CHUMAET MOJHOCTHIO
npo0eMy YHCIEHHOW KOPPEKTHOCTU PEIICHUs AMCKPETHOW 3ajaud U Tpedyer
CHEeUaIbHBIX METOJOB PEIICHUS >KECTKHX 3a7ad, a TaKKe Pa3IM4HOro poja Hc-
KYCCTBEHHBIX BBIYMCIUTEIBHBIX TPUEMOB JIJISl MOJYUYEHUSI aJICKBATHBIX pe3yJibTa-
TOB, MOJABJISIONINX YyBCTBUTEIBHOCTD PEIICHUS K JIUCKPETU3AIUHU 3a/1aUH.

Pewenue 3a0au noepeafa)aemocmu. B HaCTOoAIICC BPpEMA MCTO KO-

HEYHBIX 3JIEMEHTOB YCIIEIIHO IMPUMEHSAETCA I PELIEHUS IIUPOKOI0 Kpyra Heju-
HEWHBIX 33/1a4, B YACTHOCTHU U1l PEIICHUSA YIPYTOIIIACTUYECKUX U YIIPYTOBS3KO-
IUTACTUYECKUX 3a/1a4. B OonbIIMHCTBE pabOT MHTETPUPOBAHHUE OMPEICIISIIOMINX
YPaBHEHUU BBIIIOJIHACTCS MIOIIArOBBIMU METOAAMMU 110 IIapaMeTpy HArpyKEHUs.

HpI/I 9TOM IIPUXOAUTCA YUCICHHO HHTCIPHUPOBATH OIPCACIIAIOIINEC YPABHCHHA U
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MOJTHYIO CHCTEMY YPaBHEHHH KpaeBoil 3a1auu. BIOOp cXeMbl HHTETpUPOBAHHMSI
Ype3BBIYAIHO BaXKCH ISl PEIICHUSI, 0COOCHHO TIpU OOJIBINX IehopMannsix, Ha
MOPSIZIKK  TPEBOCXOIANIUX YIIpyTHe. B muTeparype mpeaiokeHo HECKOJIBKO METO-
JI0OB MHTETPUPOBAHUS OTIPECIIAIOMNX YpaBHEHUH. VcTonb30BaHUE SIBHBIX METO-
JIOB TIPUBOJIUT K YCIIOBHO yCTOWYUBBIM cxemaM. [Ipu 6onbmux nedopmanusx u
IIPY PEIICHUU MHOTOMACIITAOHBIX JKECTKHX 3a/1ad HE0OXO0IMMO HCIIOJIh30BaTh HE-
sIBHbIE 0€3yCJIOBHO yCTOMUYMBBIE cXxeMbl. OOpaTHBIN MeTo1 Dilyiepa 1aeT XOopollue
pe3yJbTaThl MIPU YCJIOBUM TIACTUYHOCTH Mu3zeca. IToT MeTo ObL1 0000I1IeH Ha
yYpaBHEHUS C YCIOBUEM TIACTUYHOCTH, 3aBUCSIIKM OT JIBYX NIEPBBIX HHBAPUAHTOB
TEH30pa HANPsDKEHUM 1 BHYTPEHHUX MEPEMEHHBIX MOJIEJIA U IPUMEHEH K pele-

HHUIO 3aJia4 OJIs1 YIIPYTOINIACTHUYCCKUX IMMOPUCTBIX MATCPUAJIOB.

Obpamuwiti memod Junepa. TlpoBeneM MHTETpUPOBAHUE OMPEIETSIOMIUX
YpaBHEHUH YNPYTOIJIACTUYECKON CpEllbl C YCIOBUEM IIJIACTUYHOCTU OOILIEro BU-
J1a, 3aBUCSIIMM OT JABYX IMEPBbIX MHBAPUAHTOB TE€H30pa HANPSLKEHUM U CO CTPYK-
TypHBIMHU IepeMeHHbIMU. CBOMCTBA MaTeprasa MPUMEM HE 3aBUCSILIMMHU OT U3Me-
HEHUs MaclmTaba BpEeMEHH, MMesi B BUAY HUHTerpupoBaHue ypaBHeHuii GTN-
MOJIEIIN.

VYpaBuenus GTN mnpexacraBisitoT coboil cucremy auddepeHunaIbHbIX
ypaBHEHUH, KOTOpasi HE 3aBUCUT OT U3MEHEHHs MaclITaba BPEMEHH U MOKET OBITh
3anMca”a B npupameHusix. HTerpupoBaHue BBINOJIHAETCS MO IIaraM o yCJIOB-
HOMY MapaMeTpy Harpy>KeHusi, KOTopblii 0003HauuM uepe3 t. CocTosiHuEe MaTepHa-
Ja B MOMEHT BPEMEHU t U3BECTHO, KPOME TOTO, MPHU t+ At 3a1aeTcs NMpUpalleHue
MOJIHOM AeopMaluu Ae .

TpeOyeTcst onpenenuTh HANPSKEHUE U BHYTPEHHUE MEPEMEHHBIE, YIOBJIETBOPSI-
IOLLME BCEM YPaBHEHUSIM CHCTEMBI, BKIIOYasl YCIOBHE INTACTUYHOCTH
opu t+At.

Jlnst aToro 3anuiiemM 3aKkoH ['yka rpu t+ At B clieIyIoleM BU/Ie:

oc=D%:¢

= D¢ :(ge'

ot A&® ) =" -D":A&”, (4.3

t+At

rIe
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o® =D :(ge'

: +A3)
el

c® MOJIEHO pPacCMaTpUBaTh KaK yIPYTUW IPEIUKTOP, TAE

D =2GI®|1 +(K —%Gj | -1 — JIMHEHUHBIA U30TPOIHBIA TEH30P YIPYTOCTH.

3necb G — moaynb ciasura, K — moayns oobemuoro cxarus, [ ® I u I — coot-
BETCTBEHHO €IMHUYHBIE TEH30pPbI YETBEPTOr0 U BTOpOro nopsaka. [Ipeanonaraer-
Csl pa3Nio’KeHHE TIOJIHOM JedopMalii Ha CyMMY YIPYTOd U MIaCTUYECKON YacTel.
VYcnoBrue NMIacCTUYHOCTH, 3aKOH TE€YEHUSI M SBOJIOIMOHHOE YpPABHEHHE ISl BHYT-

PEHHUX IICPCMCHHBIX 3alIMCBIBACTCA B CJIICAYIOIICM BUC!

®(0,H")=0,
As” = 1A 14 A (4.4)
& —5 6‘p + Sqn, .
AH® =H“ (A", Ao, H”), (4.5)
rae
n=iS, Ag, =—Aﬂ,a£, Ag, =A/18£.
2q op aq
3necr H* — BHyTpennue nepemennsie. st GTN-mogenmu a=2:H'=g” — un-

TEHCHBHOCTH JepopMaliii B IIaCTHYECKOM MaTpulie U H? = f — mopucToCTb.

[Ipupamenue napamerpa A4 UCKIIKOYAETCS U3 ABYX MOCIEAHUX ypaBHEHHU. B pe-

3yJbTATC I10JIYy4aCM:

Ag a—CD+A(9 6—qj:O.
p aq q ap

VYpaBuenue (4.4) noncrasisieM B (4.3):
o=0" —KAg, 1 -2GAgn, (4.6)
s* M N KOAKCHaJIbHBI, TOITOMY

3 el
= el S
2q

n 4.7)

T.x. N U3BECTHO, TO COrIIACOBAHHOE ONPEIEIECHNE CKAIAPHBIX BEIUYMH Ag, u A,

3aMbIKaeT pelieHue 3agauu. Takum o0pa3oMm, 3ajjaua HHTErPUPOBAHUS YHPYro-
MJIACTUYECKUX OTPENESIONNX YPAaBHEHUH, 3aBUCSIIMX OT JAaBJIEHUS, CBOJUTCS K

PCIICHUIO ABYX CJIICAYHOHIUX HEJIMHEHNHBIX ypaBHCHI/Iﬁ IJI1 CKAJAPHBIX BCIIMYHH
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Aep I/IASq:
@(p,q,H“)zO, (4.8)
oD oD
Ae, —+Ag, — =0. 4.9
(C,‘p aq + (C,‘q ap ( )

B (4.8) - (4.9) p,q,H® onpexaensrorcs 1Mo GpopmyJiam:

p=p" +KAg, (4.10)
q=09" -3GAs,, (4.11)
AH? :h“(Agp,qu, p,q,Hﬂ). (4.19)

VYpaBuenus (4.10) - (4.11) nonaydeHsl yMHOXKeHHUEM ypaBHeHus (4.8) Ha I u n co-
OTBETCTBCHHO. YpaBHeHHe (4.12) — anbTepHATUBHOE BBIPAKCHHE YpPaBHCHHUS
(4.5). Pazpemas 95Ty cucTeMy YpaBHEHHUH OTHOCHTEIBHO HEHM3BECTHBIX
p.q,As,,As, n H*, 3aMBIKQ€M aJTOPUTM HHTETPUPOBAHMS JJI IOPUCTOrO ILIACTH-

4ecKoro Marepuaina. YpasHenus (4.8) u (4.9) pemaioTcs OTHOCUTENBHO As, u A,

obpatHbIM MeTonoM HproToHa. 3atem ¢ momorpio (4.10) - (4.12) onpenensirores
p,q uH” Ha clIeayroLIeM CIoe.

Pewenue kpaesoii 3adauu. Buiuucnenue axobuana. 1lpu  HCIONb30BaHUU

HESIBHOM CXEMBI I PEUICHUS] HEJIMHEWHBIX 3a/1a4 JUCKPETHOE YPABHEHUE PABHO-
BECUS NIPUBOJUT K HEJIMHEMHOM CUCTEME YPAaBHEHHUU OTHOCUTEIIBHO Y3JIOBBIX I1€-
PEMEHHBIX, U1l PELICHUS KOTOPOUW ucCIoab3yeTcss Merox HeroToHA ¢ KBagpaTuy-
HOM CKOPOCTBIO CXOJAUMOCTH. DTOT METOJI TpeOyeT BHIUYMCIICHUSI JIMHEAPU30BaHHO-

ro MOAYJIS:

3 _ OAo :(8_0'j
t+At

OAg o€

J{nst BBIUMCIIEHUS sKoOMaHa J ucroibiyercs (6), nepenucaHHoe B BUIE

o=2G (ee'

tAe —qun)+ K (SEL

t+Agkk—Agp)l,

1 .
rje e= €—§8kk| - ZICBMATOPHAS YacTh TeH3opa nedopmanuii ¢ . [locne nuddepen-

LAPOBAHHUS MOy YUM:

0o =2G (ae—aqun—quan)+ K(@gkk —aAgp) l. (4.13)
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Bapuanuu oAs, ¥ 0Ag, BBIYMCISIOTCS ¢ TIoMouIpio (8) u (9). Ilocie moctarodHo

TPYJOEMKHX aireOpanvyecKuX BBIUMCICHUN TMOJydaeM CHUCTEMY JIMHEHHBIX ypaB-

HCHHU JUTS ONPENICNICHUs Bapualuii 0Ag, U OAs,. IIoCTaBIIsAs HAMICHHbBIC BEIU-

yuHbI B (4.13), monydaem JIMHEAPU30BAHHBIM MOJTYIIb.

B obmem cnyuyae IrHEapU30BAaHHBIA MOAYJIh OKa3bIBACTCSI HECUMMETpHU-
HBIM, HO HE CHMMETPHsI, KaK TPaBUIJIO, Majia U €l MOKHO IIpeHeOpedh Mpu perie-
HUM CHCTEMbI YPaBHCHHH.

Memood pacwennenus. PaccMOTpyUM MPUMEHEHUE METOJIa PACHICIIIICHU S

JUISL pellIeHUs KpaeBbIX 3a7ad B ciaboi (opmyimpoBke 1Mo HesaBHOU cxeme. Kak
yK€ OTMEYAJIOCh BBIIIE, PACIICIUICHUE ONPEIEIAIONINX YPABHEHUM IIPU YTOM HU-
KAaK HEe M3MEHUTCs. V3MEHEHMS KacaroTCs PELICHUs CUCTEMBbI YPABHEHUN KPacBOU
3aJjauM 1o HesiBHOU cxeme. [Ipu 3T0 HeoOX0IMMO BBIUUCIISTH AKOOUAH JJIs1 IOJTHOU

CUCTEMBI ypaBHEHHI. Paciiennenno noaBepraercs TOJIbKO YpaBHEHUE:
——=D:(&-&"), (4.14)
rae D — TeH3op ynpyrux mMojyiei marepuana, do/dt — oOBbEKTUBHAS TPOU3BOJI-

Has OT T€H30pa HanpspkeHud Komm.
IIpeouxmop Gepercst ipu &P =0, TOra MaTepra CPeIbl YIpPyTHii:
do _

dt

COBMECTHO C YPaBHEHHUSMH JBWIKEHUS Ha mIare At HeoOXOJIHUMO peniaTh YIpyryro

D:4, (4.15)

3a/layy MpU HayaldbHBIX YCIIOBUAX, MOJYUYEHHBIX Ha MPEIbIAYIIEM IIare AJs Mo-
HOM yHIPYTroIUIACTUYECKOM 3a1a4H.

[locne 3TOoro Ha 3Tame Koppexkmop PEIAIOTCS YpPaBHEHUS pelakcaluu
HanpspkeHuit (4.14) npu £ =0 COBMECTHO C YpaBHEHUSIMU, OMKUCHIBAIOIIUMH BHYT-
PEHHIOI0 CTPYKTYpy Marepuala (yIpOUYHEHHE, MOBPEXKIAEMOCTh) MPU HaYaJbHbBIX
YCJIOBHSIX, TIOJIYYEHHBIX Ha 3Tare NpeauKTop.

Hcrnonb3ys 3aK0H aCCOLMMPOBAHHOIO TEUEHUS, MOJyYUM YPABHEHHE PEJlaK-

Call¥ HaINpsHKEHUM:

dO'__d/IDGCD

TR T (4.16)
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N
H, = R (o). (4.17)

rne Hi — mapameTpbl, ONUCHIBAIOIIME BHYTPEHHIOIO CTPYKTYPY MaTepHuaa.

3amavya WHTETPUPOBAHUS OMNPEACISIONINX YPaBHEHUN ISl HAXOXKICHUS
HaANpsOKEHUH W BHYTPEHHUX TMapaMeTpoOB CPeabl pu (PUKCUPOBaHHOHN aedopma-
IIUU MPEJICTABIIACT 334y pelaKCalui HapsHKEHUH, UMEIOIYI0 CAMOCTOSTEIHHOE
3Ha4YCHHE.

B ciyuyae KimaccHyecKoW WM PaBHOBECHOM YIPYTOIIACTUYECKOW Cpelbl,
CBOMCTBa KOTOPOW HE 3aBUCAT OT M3MEHEHHUS MacmiTaba BPEMEHU, B YPaBHECHHUSIX
(4.16) u (4.17) MOXHO UCKJIFOYHUTBH BpeMs t U TIEpelTH K UG PEPEHIIMPOBAHUIO 10

MEPEMEHHON A !

do_ po® (4.18)
dA oo

dH.
—1_-F H. ). .
M F(oH) (4.19)

Pemas  ypaBuenus (4.18) wu  (4.19) npu  HauvambHBIX  YCIIOBHSX

o(4)=0", H,(%4)=H, HoIy4eHHBIX U3 pEIIeHNs YIPYroi 3a1aun Ha >Tame Ipe-
IUKTOpa, HalJIeM pelieHue Kak QyHKuuu A, o® mH":

Gza(i,ae',Hi"), H. :Hi(/I,O'e',Hi”) (4.20)
[ToxcraBmnsiss HalICGHHBIE PEUICHUS B YCIOBHE TUIACTUYHOCTH, MOJy4aeM YypaBHE-

HUE JJI ONpeJeNieHus napameTpa A=A, OTBeyarouero Ko3(pQuIUeHTy KOppek-
TUPOBKHU:

@(2,p(2),S(4),H;(2))=0. (4.21)
Pemast 3T0 ypaBHEeHuUE, HAXOAUM A = A(o”, Hf') u, noactasisiga A B (20), monyyaem

OKOHYATEJIBHOE PEUICHUE ONPEACIIAIONIMX YPaBHEHUI HA PACCMaTPUBAEMOM IlIare
Harpy»kKeHusi, ocJie Yero nepexouM K pelIeHrI0 TOJHOM KpaeBoi 3a/1auu pH 3a-
JTAHHOM I11are 1o MapaMeTpy HarpyKeHusl.

Pewenue xpaesou 3adauu. Bwiuucienue skoouana. PemeHue KpaeBbIX 3a7ad Ha
OCHOBE IPHUHIMII BO3MOXHBIX IEPEMEUICHUN METOJOM KOHEYHBIX JJIEMEHTOB
CBOJIUTCSI K CUCTEME HETMHEHHBIX alreOpandyeckux ypaBHEHHH OTHOCHUTEIBHO y3-

JIOBBIX NEpeMEIIeHUN. /[ pemenus 3Tou cucTemMsl ypaBHeHH MeToaoM Hproro-
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Ha HY)KHO BBIYHCIIATH sIKOOMaH 0c/d¢ (& — monHas nedopmarus). Beruucienue
sKOOMaHa 3aBUCUT OT aJrOpuUTMa MHTETPUPOBAHUS ONMPENECISIONIUX YPAaBHEHUU.
CranmapTHBIM METOJOM 3TO YAAETCS CAeiaTh TOJBKO B yucieHHOM Bujue. [lpu
MHTETPUPOBAHUHU ONPEIEIAIONIUX COOTHOIICHUI METOJIOM PACIICIUICHUSI JOCTH-
raeTrcsi CyleCTBEHHOE YINPOIICHHE ITOW 3aJaud, U OHa MOXXET OBbITh pelieHa B
aHAJIUTUYECKOM BUJIE.
[TokaxkeM 3TO Ha TpUMEpE YHPYroImIaCTUYECKOW Cpenbl C JIMHEWHBIM
ynpouHeHueM. Ha stane npenukropa monHas neopmaiusi ¢ CUUTAETCS YIPYTou

U pCHICHUC JIA HaprDKGHI/Iﬁ MOJTHOM 3ala4y BBIPAKACTCA TOJIBKO YCPC3 & , I1O-

ATOMY
06 00
—= : 4.22
oe 0" ( )
[Mponuddepernmpyem ypaBHEHUE ISl HAPSDKEHUS 10 ¢ ¢ y4eToM (4.22):
el el
a—Gz—[aLj(@H[ai]XJrse' (%J (4.23)
os os oe os
el el
P ki, B _ei-laiel, (4.24)
os o€ 3

rae K eqMHnYHbINA TEH30p BTOPOTO PaHra.
Tak kak BelpaxkeHHe UIsI KO3PPUIIEHTa KOPPEKTUPOBKU X HAXOJUM B SB-
HOM BUJE, TO, TUPPEpEHIUPYS €r0 MO &, MOTYyYaeM OKOHYATEIbHBIN pe3ysbTaT:

a—G:BGxI+(K—ngjI®I+
oe 3

3G ox

s¢ asel

s ®s°, (4.25)

el . el

e yuTeHo S = gs

HUnmeepuposanue onpedensrowux coomuowenuti. GTN—modenu. 1Tpu-

MEHUM YHCJICHHO-aHATUTHYECKUI METOJ K 00Jiee CI0KHBIM YpaBHEHUSM yIIPYTo-
MJIACTUYECKON Cpelibl ¢ MOPUCTOCTHIO. I TPOCTOTHI MPUMEM, YTO 3aPOKICHUE
Op OTCYTCTBYET U MaTepuall MaTpHIlbl UACATbHO MIACTUYECKUM, TOTJa YpaBHE-

HUe Juist pocta mop Oymer f = f,.
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08 08+
06 o 064
04+ 044

024 024

00 00

Puc. 4.1
Ilpeobpazosanue cucmemvl onpedenrsiouyux COOMHOWEeHUl. 3auIeM ypaBHEHUE
JUJISL HAIIPsDKEHMS B cieayromiei hopme:
do=D:(de-de?),

da:D:dg+d—/Ia—@D:I—&i—/la—q)D:s, (4.26)
3 o 2S &S

e
D:s=2Gs, D:I=3KI.
VYpaBHeHME AJ1s1 JABIICHUSI UMEET BUJ

oD

dp=—K(de:1)-dAK—. (4.27)
ap
YpaBHeHUE U1 1€BUATOPA HANIPSIKECHUM:
ds = 2Gd € -6Gsd A. (4.28)
[IpeoOpa3ys ypaBHEHHE 17151 TOPUCTOCTH, MOTYUYUM
df = —da(1-1)92.
dp

3.5. Tema 5: Teopusi mos13yuecTu NoBpexKIAAEMbIX Cpe/l
Obwue memoouueckue ykazanus. PaccMaTpuBaroTCsi OCHOBHBIE TUIIOTE3bI U
MX OJKCIIEpUMEHTabHAs IMPOBEPKA ISl MPOLECCOB MOI3YYECTH MOBPEKAAEMBIX

TCII, (I)OpMYJII/IpOBKa OCHOBHBIX 3aBUCUMOCTEU U PCUHICHUC ITPUKIIAJHbIX 3a1a4.

Ocnosnbwle pes3viibmanivbl — OKCNEPUMEHMAIbHO20  USVUEHUA  noJi3ydecniu

I’lO@D@[)fcaeHHblx mamepuanos. _IIpocnozuposanue ONUMENbHOU npovYHoCHiU.
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HDMKJZCZ@Hble 3a0ayu pacdema Ha noJji3ydecnib I’lOGD@.?fC'aeHHOZO mamepuaid.

JIJist OTHOOCHOTO PacTsHKEHHsI OBUIA PACCMOTPEHBI MTPOIIECCHl H3MEHEHHS BO
BpeMeHU JaeGopManuii TPU TMOCTOSHHOM HANpsDKEHUW (TOCTEACHCTBUE WIIH
COOCTBEHHO TMOJBYYeCTh) M HANPSHKCHUHA TIPU  TIOCTOSIHHOW  JedopMaiiuu
(penakcanun).

B ob0mem ciaydae monsydecTd W3MEHEHHE HedopMalriiii CONMpPOBOXKIACTCS
WU3MEHEHHEM HampspkeHui. i yCTaHOBICHUS 3aBUCUMOCTEH MKy nedopMariu-
SIMH, HaMpsHKEHUSIMH, CKOPOCTSIMHU WX W3MEHCHUS W BPEMEHEM IMPEIBAPUTEIHHO
HEO0OXO0IMMO MaKCUMAJIbHO OTPAHUYUTh YKCIIO MIEPEMEHHBIX U BbICKA3aTh MIPEAIO-
JIO’)KEHHE O TOM, MEXIy KaKMMH W3 HUX CYIIECTBYET (PYHKIIMOHAIbHASI 3aBUCH-
MOCTb. OT0 NpeAnooKeHNEe U HOCUT Ha3BaHUE TEXHUUECKOW TEOPUHU TIOJI3Y-
yecTd. B Hacrosiee BpeMs CyImEeCTBYIOT TPH TEXHHUYECKUE TCOPHH IOJI3YyYSCTH:
CTapeHMUsl, TCUCHUS U YIIPOUHEHUsI. DTU HA3BaHUS B 3HAUUTEIBHONU Mepe SIBIIAIOTCA
YCIIOBHBIMU.

OOBIYHO TEXHUUYECKHE TEOPUHU MON3YHYeCTH (HOPMYIUPYIOTCS AJIA MPOCTEN-
IIETO CITydasi OJTHOOCHOTO HaIpshKEHHOTO cocTostHus. Hmke OyaeTr paccMoTpeHa
dbopMyupoBKa MX B OOIIEM cllydae HEOJHOOCHOTO HAIPSKEHHOTO COCTOSHUSI.
[TockonbKy nedopmaliu Moa3ydecTy sBISIOTCS B OCHOBHOM HEOOPATHUMBIMHU, JJIs
ciydasi HSOJHOOCHOTO HAIPsHKEHHOTO COCTOSIHUS TIOCTYJIMPYETCS TPUMEHUMOCTD
OCHOBHBIX THIIOTE3 TEOPUU TJIACTUYHOCTU. AHAJIOTUYHO ACCOIIMUPOBAHHOMY 3a-
KOHY TECUYCHHS MTPUMEM CYIICCTBOBAHUE MOTCHITHAIA CKOpOCTeH nedopMaIiiu moJi-
3y4ECTH WJIU MOTEHIIUAJA TOI3YYECTH /, T. €. IOMYyCTHM, YTO KOMITIOHEHTBI CKOPO-
cTelt nedopManuii moja3yuecTu onpeaeistorcs Gopmynon
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[ToacTaBuB KOMITIOHEHTHI CKOpoOCTel aedopMartuii mosydectu mo ¢popmysie (5.1) B

BBIPKEHUE IS THTCHCUBHOCTH CKOPOCTEH JeopMaIiuii moryqIum

(0.2)

YpaBHeHue
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f=0 (0.3)
IpEACTaBIIeT cCOOOM ypaBHEHHE THIIEPIIOBEPXHOCTU B MPOCTPAHCTBE KOMIIOHEH-

TOB TEH30pa HANPSLKEHUH o, , K KOTOPOM OPTOTrOHAIbHBI BEKTOPHI CKOPOCTEN Jie-

ij 2
dbopMaruii moa3ydecTu. DTy TUIEPIOBEPXHOCTh OyJeM Ha3bIBaTh THIIEPIOBEPX-
HOCTBIO MOJI3yUYECTH.
Gynknus f aHamornyHa cOOTBETCTBYIOMICH (PYHKIIMY B TEOPUH TUIACTHYHOCTH.

[TpumeM MaTepuan H30TPOITHBIM U OyJIeM CUUTaTh, YTO U3MEHEHUS 00beMa
B TIpOIIecCe MOI3YYeCTH He TPOUCXOIUT, T. €.
& =0 (0.4)
WIN
&i =0 (0.5)
Baauane gomyctum, 4To YIpOYHEHHE SIBJISIETCS U30TPOIHBIM, T. €. IOBEpPX-
HOCTb MOJ3y4eCTH B Mpolecce AepopMalii HU3MEHSETCs MOAOOHBIM 00pa3oM
(M30TPOIHO).
Jis ciydast ¥30TPOMHOTO YNPOYHEHHs MEPBOHAYAIBHO HM30TPOITHOTO HE-

C)KMMaeMoro Marepuasiia QyHKIus f 3aBUCHUT OT BTOPOTO U TPETHErO JIeBHATOPA

HanpspkeHn. Tak e Kak W IPU U3JI0KEHUU TEOPUU IUIACTUYHOCTU B Il [V,

BKJIFOYMM B (DYHKIMIO f TOJBKO BTOPON MHBapHUAHT AEBUATOpPA HANPSKEHUM, YTO

PaBHOCWJIHBHO B TEOPHUM IIJIACTUYHOCTU HCIIOJIB30BAHUIO KpUTEepus Xybepa—

Mu3zeca.
i — i = 3Si'
Gaij 8Sij !
U TI03TOMY coryiacHo dopmynam (1.2)
LlE

2 o,
CnenoBaresnbHO, 3aBUCUMOCTH KOMIIOHEHTOB CKOPOCTEH Aeopmanuii mo-

3y4CCTH OT KOMIIOHCHTOB JA€BHUATOpa HaHpH)KeHI/II\/'I IIPUHUMAIOT BUJ

g =25 (5, -8,0,) (0.6)

20, "
[Tonmarast, 9T0 MpU HAYAJIBHOM HArPY)KEHHH M B TPOIECCE MMOI3YyYECTH
MTHOBEHHBIE MIIACTHYECKHE Ae(hOpMaliK He BO3HUKAIOT U J00aBJIsIs K COOTHOIIIE-

HusM (1.6) ckopocTu yrpyrux aedopmalinii, mojrydeHHble myteMm auddepeHunpo-
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BaHMUsI 110 BpEMEHU COOTHOIIeHu npu u = 0,5 (MaTepuan HEC)KMMAEM ), UMEEM

+§§_'C(o- —é‘ijo'o) (07)

1., .
G = (O-ij_é}jo-o) 2 o i

2G

IJie TOYKOM 0003Hau€eHa IPOU3BOIHAS 10 BPEMEHH.
B Teopuu crapeHus UCIONIB3YETCs TUIIOTE3a O CYIIECTBOBAHUM IOTEHIMAA
nedopMaruii moia3yyecTH, T. €. KaK U B TECOPUU MAJIbIX YIPYTO-TJIACTHYECKUX Jie-

dbopmanuii, npuHUMaETCA, YTO

£ of,

I
' 0o

(0.8)

Honaraﬂ, 4TO B Cly4dYac H30TPOIIHOTO YIPOUYHCHUSA IICPBOHAYAIBHO H30-

TPOIIHOI'O HCCKUMACMOI'O MaTCpuaja B (bYHK]_II/IIO fl BKJIIOYCH TOJIBKO BTOpOﬁ HH-

BapUAHT JICBUATOpPA HAINPSHKEHUN, KaK MPHU BbIBOJE ypaBHeHU# (5.7), momydaem
3aBUCUMOCTH KOMIIOHEHTOB Jie(hopMaIiiii OT KOMIIOHEHTOB HaIPsKEHU N

& =%(0'” _§ijo-0>+g%(0ij —5”00):;%(0” —5ij00) (0.9)

B Teopuun muactuyHOCTH B (QyHKIMIO f, KpOME BTOPOrO MHBApUAHTA JI€BH-

aTopa HanpsLKEHUH, BXOAWI elle napamerp Y IKBHUCTA.

B Teopun nonzydectu GpyHkuus f 3aBUCHUT OT HEKOTOPOUM MEphl CKOPOCTEH

nedopmariiii oJ3y4ecTH, 32 KOTOPYIO OOBIYHO MPUHUMAIOT UHTEHCUBHOCThH CKO-
pocteit nedopmarnuii monzydectu. Kpome atoro, ¢pyHkuus f MOXKeET 3aBUCEThH €I11e
OT psijia mepeMeHHbIX. iIMu MOTyT OBITh MapaMeTp Y IKBUCTA, BpEMs U JPyTrHe Be-
anarHbL. Bf Teopusx TeueHWs W ynpodHEHHUS, KpOME MHTCHCHBHOCTH CKOPOCTCH
nedopMaruii moa3y4ecTd, B MOTESHINAI MOJI3YyYECTH OOBIYHO BKITIOYACTCS OJHA U3
ATUX BEJIMYWH: B TEOPHH TEUCHHUS BPEMs, a B TEOPHH YIIPOUYHEHUS Mapamerp Y-
KBHUCTA.

B teopum crapeHuss B MOTEHIMAN MOJByYecTH fX BKIIFOYAETCS MWHTEHCHUB-
HOCTh nedopmaruii momsydectd u Bpems. 0. H. PaGoTHoB ykazanm Ha BO3MOX-
HOCTH BKJIIOUCHHSI B MIOTEHITHAI MOI3Y4YeCTH f HECKOJIIBKUX MEPEMEHHBIX, KOTOPHIE
OH Ha3BaJl CTPYKTYPHBIMHU MTapaMeTPaAMH.

M3MeHeHrne HEKOTOpOTO K-TO CTPYKTYpHOTO IMapameTpa ONMUCHIBAeTCs Clie-

AYIOIIUM KHMHCTUYCCKUM YPABHCHHCEM!
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dg, =a,dz°+bdo; +c dt+ f dT (0.10)

TIIe ak, Dk, Ck, fk — HEKoTOpBIC GYHKIUU OT IdEf, o,,tuT,aTtakxe q,..., G,y Gy,

€CJIM YUCJIO CTPYKTYPHBIX IMapaMeTposB N.
B 3aBucuMocTd OT TOro, Kakue U3 HUX BKJIFOUEHBI B MOTEHIIMAN MTOI3y4YECTH

f wm f,, momy4aeM Ty UM HHYIO TEOPHIO MOJI3YUYECTH.

[Ipu ucnosib30BaHUM aCCOLMUPOBAHHOTO 3aKOHA TeueHus (5.1) Heobxoanumo
UMETh B BHJy, YTO TNpPH 3aJaHHBIX CTPYKTYpHBIX IapamMeTpax 3TO ypaBHEHHUE
OTIPE/ETSICT TOJOXKEHHE HOPMAld K TOBEPXHOCTH TOJ3YyYeCTH TMpPU JTAHHOM
HanpspKeHHOM cocTosiHuu. [loatoMy nipu nuddepeHumnpoBanuu coriaacHo GopMy-

ne (5.1) cTpyKTypHBIE TapaMeTpbl OCTAIOTCS HEU3MEHHBIMH.
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