KpaTknii KOHCHIEKT

1. HanpsizkeHHO-1e()OPMUPOBAHHOE COCTOSTHHE CHCTEMbI

Nnen  moBbllIEHWMS ~— DKCIUTyaTaMOHHOM  HAJEKHOCTA  OCHOBAHUU
COBPEMEHHBIX 3/JaHUN U COOPYKEHHI Hayajaud HAXOAUTh BO3MOXKHOCTH CBOETO
NPUJIOKEHUSI B TNPAKTUKYy MPOCKTUPOBAHMS JOCTATOUYHO JaBHO. OpHO U3
HaIpaBJICHUH — yBEJIMYEHHE HECYIIIEH CTIOCOOHOCTH TPYHTOBOI'O OCHOBAHUS 32 CUET
apMmupoBaHus rpyHra. Cama uzest 00 UCIOIb30BaHUN PA3IMYHBIX PA3HOBUTHOCTEH
BEPTUKAJIBLHOTO U TOPU30HTATIBHOTO apMUPOBAHUSI CJIaA00T0 IPYHTOBOTO OCHOBAHUS
B IIpUHIUIIE OblIa U3BeCTHA. Tak, MMeIH onpeiesieHHOE PacIpOCTPAHEHNE METO IbI
MTyOMHHOM CcTaOMIn3aIuu ciadblX TPYHTOB IIEMEHTHBIMU U IIEMEHTHOIIECUaHBIMU
pactBopamu [1, 5, 6]. VYBenuueHwe Hecylied CHOCOOHOCTH TOPU3OHTAIBHBIM
apMHPOBAHUEM OCHOBaHMS TpeJiokeHo (paniyzckumu ydyensiMu J. Binguet, K.
Lee [7]. ABropamu [7] moka3aHO, YTO TOPU3OHTAIIBHOE apPMHUPOBAHUE OCHOBAHUSA
IpU TPEX CJOSIX apMUPOBAaHUS CHHTETHYECKMMHU wmarepuaiamu B 1,6 pasza
YBEJIMUMJIO HECYIIYH0 CMOCOOHOCTh OCHOBaHUsA. VcciaenoBaHus TOPU3OHTAIBHO
apMUPOBAHHBIX OCHOBAaHWI MPOBOJMINCH Takke B yHHUBepcutere mrata CaH-
Juero. ABropamu OBUIO JI0Ka3aHO, YTO HECYIIas CIIOCOOHOCTh TOPHU30HTAIBHO
apMUPOBAHHOIO TECYAaHOTO OCHOBAHMUS B 3aBUCUMOCTU OT €r0 IUIOTHOCTH
yBenuuuBaetcss oT 1,2 go 1,6 pa3. llepeuncnenHbie BbIMIe CBEACHUS 00
apMUPOBAHUU TPYHTOBOI'O OCHOBAHMSI MOKHO OTHECTH K «IIAaCCUBHBIMY» CHUCTEMAaM
MOBBIIIIEHHUS HECYIEH CITOCOOHOCTH OCHOBaHUM. B pabortax [2, 3] cTaBUTCS BOIIPOC
00 «aKTUBHBIX» METOJaX YIPABJICHUS OJKCIUTyaTallMOHHOW HAACKHOCTHIO W
HaIpPsHKEHHO-1e(POPMUPOBAHHBIM  COCTOSTHUEM OCHOBaHus. Wes aKTMBHOCTHU
METOJIOB  YINPABJICHUS  DKCIUTyaTallMOHHOW  HAJEKHOCTBIO  CTPOUTEIIBHBIX
KOHCTPYKIIUH BOOOIIIE M OCHOBAaHWW 3MaHUA U COOPYXCHHH B YaCTHOCTU
HEpa3pbIBHO CBS3aHa C TEOPUEH aBTOMATUYECKOTO YMPABJICHUS, METOJ0JIOTHS

KOTOPOTO MPUMEHUTENIbHO K PEryJIMpOBaHUIO HAMPSHKEHHO-Ie()OpPMHPOBAHHOTO



cocrosinug (HJAC) cTtpouTenbHbIX KOHCTPYKUMN CYIIECTBYET TOJBKO B BHUJE
OTJIEJIbHBIX MTOJIOKEHUM.

B paborax 3emiisHCKOro A.A. NPUHIMI aKTUBHOCTH METOJIOB YNPABJICHUS
MPEIaraeTcsl OCyIIECTBISATh 32 CYET aKTUBHOIO TOPU30HTAIBHOTO aApMHUPOBAHUS
TPYHTa C TOMOIIIBIO IIITYHTOBON CTEHKH WUJIM MOJIBIX pab0O4MX CBail ¢ oOecrieyeHueM
BO3MOYKHOCTH TE€pEMEIIEHUH MX OOKOBBIX MOBEpXHOCTEH (puc. 1). AKTHBHOE
apMUPOBAaHHWE OCHOBAHMUS 3a CUET JABJICHUSA MPEIHANPSIKCHUS B apMUPYIOLIEH
CUCTEME MO3BOJISIET, KAK 3TO AKCIEPUMEHTAIBLHO MOATBEPKICHO B [2—4 ], TOBBICUTH

IIPOYHOCTD U YCTOI>'I‘{I/IBOCTB c1a0BIX I'PYHTOB.
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Puc. 1. Cxema akTUBHOTO apMUPOBaHUSI OCHOBAHUS

HemocpencTBeHHOM  NMPUYMHOM — TOBBIIMICHUS  HECYIIEH  CIIOCOOHOCTH
IPYHTOBOTO OCHOBAaHMS, apMUPOBAHHOI'O AKTUBHOW TOPU30HTAIBHOM CUCTEMOHM,
ABJISICTCS TPEABAPUTEIIBHOE HAIPSHKEHUE TPYHTOBOM MacChl OCHOBAHUS IIOJ
byHaaMeHTHOW MaUTON. TeopeTHuyeckn y4eT TAKOro MpPEIHAIpPSKEHUS CBS3aH C
MPOSIBJICHUEM paclpeleUTeNbHbIX CBOMCTB rpyHTa. Jljis 3TOrO0 HeobOXxoamma
MareMaTu4eckass MOJEJIb  OCHOBaHMs, YUYMTBHIBAIOLIAs  [OJIHBIM  BEKTOP
nepeMeIieHui (BepTUKAIbHBIC U TOPU30HTAILHBIC TICPEMEIIICHHS ).

Jist BeisBienust ocobennocreit HJIC mnpenHanpsykeHHOTO OCHOBAHMS
MCIIOJIb30BaHa MO/IENb, IPEICTABIICHHAS HA pUC. 2, a. JlaHHAs MOJIeb IPE/ICTaBISET
coOOl TpPYHTOBBI MAacCCHB, OIPAaHMYEHHBIM C JBYX CTOPOH JOCTaTOYHO
MPOTSHKEHHBIMA [0 JUIMHE  apMUPYIOIIUMH  3JIEMEHTaMH,  CO3JAI0LIUMHU
KMHEMATHUYECKOE HArpy>KE€HHE. JTU YCJIOBHUS IO3BOJIAIOT MEPEUTH OT PEILICHUS
TPEXMEPHOM 33/1a4M K PEIICHUIO MNIOCKOM CUMMETPUYHOM 3a/1a4l U COKPATUTH TEM

CaMbIM KOJIMYECTBO BLIYUCIICHUM.



Puc. 2. PacueTHas cxema IpeIHaNps)KEHHOTO OCHOBAHMS: @ — IIPU OTCYTCTBUN
BEPTUKAJILHON HArpy3ku; O — Ipu HATMYMKU HArpy>KeHHOM (DyHAaMEHTHOM ITUTHI
PaccmarpuBasi rpyHTOBBIN MacCUB KAk JIMHEMHO A€(POPMUPYEMYIO CPENy, B
KAaueCTBE HEU3BECTHBIX MPUHATHI BEPTUKAIbHBIE U TOPU30HTAIbHBIE KOMIIOHEHTHI
(W(x, z), U(x, z)) BekTtopa mnepeMeiieHuii. B 3ToM ciiyyae paspeniarommmu

YPABHEHUSIMU SIBJISIFOTCS] YPABHEHUS JIAmMe [U1s TIIOCKOM 3a1auu:

A

—+AVIAU =0,
x
laA +AVEAW =0,
oz (1)
22 A2 ar7 -
\'9“'5"(1,—4- {J~:A_,al. y <.W;
rac ax 6z & Az
YLl [P

i

PacuetHass cxema mpeaHANpPSHKEHHOTO OCHOBaHUSI 0€3 BEPTUKAIBHOTO
JIABJICHUS C TPAHUYHBIMY 3HAYCHUSIMHU TTIEPEMEILICHUN U HATTPSKEHUM TTpeicTaBIeHa
Ha puc. 2. Jlug aWcKkpeTu3anMd 3TOH MOJEIM B 00JaCTH HHTETPUPOBAHUS
MCIIOJIb30BaH METO/T KOHEUHBIX pa3HOCTEH. B KauecTBe MCXOAHBIX IAHHBIX MPUHSTHI
cnenyromue napamerpel: H=10 M, L =40 m, E;, = 20000 xIla, v=0,5,rne Hu L —
pa3Mepbl oOiactu uHTerpupoBanusi; E, — mMonyns aepopmanuu rpyHTa; v —

kodpdunuent Ilyaccona.



HpCI[BapI/ITCJIBHoe HAIIpsHKCHUEC I'PYHTA B JAHHOM CiIydac 3aJacTCsa B BUIAC

q)YHKHI/II/I KHHCMATUYCCKOI'O IICPCMCIICHUA CTCHOK apMUPYIOIICTO 3JICMCHTA

o/ > \ 2
U(z):(),]{sin'k;{ —J} .

Ontopel nepemenieHuit ocnoBanust W(x, z), U(X, z) mpeacTaBiIeHbI Ha puc. 3.
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Puc. 3. Dnropsl nepeMenieHui cios OCHOBaHUS: a — BepTUKaIbHBIX (W); 0 —
ropuzoHTangbHbIX (U)

Ha puc. 3, a Mo)xHO HaOIIOAaTh BEPTUKAIBHBII BBIOP IPYHTA BOJIU3H 30HBI
KMHEMAaTUYECKOT0 HarpyKeHHsl, yObIBAIOIMI MO TITyOMHE CJI0SI OCHOBaHMs. DTOT
3¢ ekt 00ycraBIMBaeT CHU)KEHHE OCaJO0K (PYHIAMEHTHONM KOHCTPYKUUHU HpU
BEPTUKAJILHOM Harpy3Ke Ha apMUpPOBaHHBIN MaccuB. B cBsi3u ¢ nmpuHITONH (PopMOI
smtopel Harpykenus U(z) 3HaueHUs] BEPTUKAIBHBIX MEPEMEIEHUN BIIOJIb OCU Z
npuoOpeTaroT oOpaTHBIN 3HaK. | OpU30HTaNbHBIE IEPEMEIICHHS 3aTyXat0T OJMKeE K
ocu cumMmeTpuu (puc. 3, 0).

H/JC mnpegHanpsi>KeHHOT0O OCHOBAHHUS HAMpsIMyl) 3aBUCUT OT YCJIOBUH
B3aMMOJICUCTBUS apPMUPYIOIIETO 3JIEMEHTAa C TPYHTOBBIM MAaCCHBOM. OIIOPHI Ha
puc. 3 COOTBETCTBYIOT T'PAaHUYHOMY YCJIOBHIO, IMPEANOJArarolieMy OTCYTCTBHE
BEPTUKAJIbHBIX MEPEMENICHUN TPYHTA IO MOBEPXHOCTH APMHUPYIOUIETO 3JIEMEHTa
(Wrp= 0). Ilpu ycnoBuHM OTCYTCTBHSI KacaTelIbHBIX HANpsDKCHHH Ha TPaHUIIC
apmupoBanus (T, = 0), mpeanosararoieM cBOOOJAHOE NMEpeMelIeHHe TPYHTa 0
apMUPYIOLIEMY 3JIEMEHTY, KapTHHA paclpeleieHus MepeMENIeHUil TPyHTOBOIO
MaccruBa KAadye€CTBEHHO H3MeEHseTcs. /[ HarisiAHOCTH CpaBHUM IE€pEMEILEHUS
MOBEPXHOCTH apMHPOBAHHOI'O OCHOBAHUS C Pa3JIMYHBIMU TPAHUYHBIMH YCIOBUSIMU
(puc. 4). OyHKIUSA KUHEMATUYECKOTO MEPEMEILEHUs M0 BBICOTE CJIOSI MPU ITOM
npunsara nocrosiuHoit (U(z) = 0,2 m). Kak Buano u3 rpaduxoB Ha puc. 4, a, npu

ycioBuu (tp = 0) MakcUMallbHble BEpPTHKAJIbHbIE NEPEMEUICHHs] IOBEPXHOCTH



ocHoBaHMsI W(X) KOHLUEHTPUPYIOTCS y TPaHULBI aKTUBHOTO apmupoBanus. [Ipu
ycioBun (W, = 0) MakcuMalbHBIN BBIIOP TPYHTAa HAXOAWUTCS HAa HEKOTOPOM
YAAJIEHUU OT 3TOW IPaHULIBI.

VYcnoButo (tp= 0) coorBercTByeT Oo0sblliee aOCOMIOTHOE 3HAUYEHHE
BEPTUKAJIBHBIX NepeMelleHnii. Takxke BHIHO, YTO HE3aBUCUMO OT TPaHUYHBIX
YCJIOBUM BEPTUKAIBHBIE IEPEMEILICHHS] IOBEPXHOCTU OCHOBAHUS 3aTyXaroT 110 Mepe
yAaleHusi OT TPaHUIbl OCHOBAaHMWS, B3aMMOJCHCTBYIOIIEW cO mIyHTOM. To ke
MPOUCXOJIUT U C TOpU30HTATIBHBIMU NiepeMetienusiMu U(x) (puc. 4, 0).

[Ipu paccMoTpenuu cucteMbl «hyHIAMEHTHAs IUIUTA — MPEIHANPSKEHHOE
OCHOBAHHE», IOMUMO TPAaHUYHBIX YCIOBUH B TOCcTaHOBKE 3a1auu, Ha HJIC cuctemMbl
TaKXe CYIIECTBEHHOE BIIMSIHUE OKA3bIBAET IOJIOKEHUE APMUPYIOLIETO AJIEMEHTA
OTHOCHUTENFHO (DYHAAMEHTHOM IJIMTHI U 10 BBICOTE €10 OocHOBaHuUsA. [lonpoOyem
IIPOCJIEINTh BIUSHHUE PACCMOTPEHHBIX PA3IM4YUi B mocTtaHoBke 3amaun Ha HJIC
CUCTEMBI «(yHIAMEHTHas IUIMTa — MPEJHANPSHKEHHOE OCHOBaHue». Jlns
BbIsiBIIeHUs ocoOenHocTeit H/IC rpyHTOBOTO MaccuBa Mpu CI0KHOM HAMPS)KEHHOM
COCTOSIHUM HMCIOJIb30BaHa MOJENb, NIPEACTaBIeHHAs Ha puc. 2, 0. B ortiauune ot
MpeabIayIed MOJENU, Ha paccMaTpUBAeMblil MpeTHANPSKEHHBIH 00BbEM TIpyHTa
OMMPAETCA IJIUTA C COOTHOLIEHHWEM CTOpoH I/b > 10 HarpyxeHHass paBHOMEPHO
pacripesiesieHHON Harpy3koil. CuuTaercsi, 4TO MOBEPXHOCTh KOHTAaKTa OalIku U
OCHOBAHMsI ABJISIETCS a0COJIFOTHO TJIAJIKOW, a PEaKIMM KOHTAKTa HAaMpaBJIEHBI IO
HOpMaJIM K OTOM IOBEPXHOCTH. Takyke MpeanonaraeTcsi, 4ro BEPTUKAJIBHbBIC
NEpPEeMEIICHUs] TOBEPXHOCTH OCHOBAHMSI W HIKHEH TMOBEPXHOCTH Oajiku
IPOUCXOAST COBMECTHO 0€3 OTpbIBa, W BEJIWYMHA BEPTUKAJIBLHOTO JaBJICHUS,
NepeaBaeMoro Ha TMOBEPXHOCTh OCHOBAaHMUSI CO CTOPOHBI Oajkd, paBHA
BEPTUKAJILHOMY OTHOPY R;(X). BepTrkanbHbIi OTIIOP CBSI3aH YCIOBUEM PABHOBECHS
Oasiku ¢ BeMunHOM ee u3ruOHo sxectkocTH (EJ) 1 xapaktepom Harpy3ku q(X):

SRR 1.4 .3,
R (x)=¢(x)-EJ P, (2)
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Puc. 4. Dnropsl nepeMenieHni NOBEPXHOCTH OCHOBAHHUS: a — BEPTUKAJIBHBIX —
W(x); 6 — ropuzorTanbHbIX — U(X)

Pemienne 3agaum HaXoOIWUTCS HA OCHOBE COBMECTHOTO DPEIIEHUS CHUCTEMBI
ypaBHenuii Jlsime (1) ¢ ypaBHeHueMm wu3ruOa Oayiku (2), BXOASIIMM B CHUCTEMY
YPAaBHEHUI Yepe3 IPaHUYHbBIC YCJIOBMS, 3allMCAHHBIC IS y4acTKa IOBEPXHOCTH
OCHOBAHUSI, KOHTAKTUPYIOIIETO C OAJIKOM.

Ha puc. 5 npencraBneHsl S0Pl BEPTUKAIBHBIX EPEMEILIEHN TOBEPXHOCTH
ocHoBaHUS W(X) Npu pa3ivuHBIX TIPAaHUYHBIX YCJIOBHMSX KOHTaKTa TIPyHTa C
apMUPYIOLIUM 3JIE€MEHTOM.

JI71s1 MCXOHBIX JaHHBIX MPUHATHI ciienyromue napamerpsl: H =30 m, L = 40
M, Erp = 20000 kIIa, E, = 21000000 xIIa, v= 0,5, h, =1 M, q(x) = 500 kH/Mm, L/b =
1,5.
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Puc. 5. [lepemenienust moBepXHOCTH ocHOBaHMS W(X) oA pyHIaMEHTHOM TUTUTON

Kak BugHO u3 rpadukoB (puc. 5), KHHEMAaTUYECKOE HArpy>KEHHUE TpyHTa
CHOCOOCTBYET CHUKEHHUIO BEPTHKAIBHBIX 0CaJ0K (DyHAaMEHTHOM Tkl Ha 18 %.
HauGonpmuit appext Habmo1aeTcs npu OTCYTCTBUM BEPTUKAIBHBIX EpEMELIEHUN
IrPyHTa [0 NOBEpPXHOCTH apmupyromero simeMmeHta (W, = 0). OrtcyrcTBHE
KacaTelbHbIX HampspkeHui (T, = () B JaHHOM ciy4yae yXyZauaer paloTy

IPYHTOBOI'O MaccvBa M yBeanuuBaeT ocaaku Ha 20 %.



OueHuBasi CHU>KEHUE 0Ca/I0K (DyHIaMEHTHOM IITUTHI, CeAyeT NPUHUMATh BO
BHHMaHHE YIPYTYyIO paboTy ITpyHTa IO Harpy3koiul. B paccmarpuBaemoit auHeHON
IIOCTAHOBKE 33J]a4d CHWJKEHUE OCQJOK IUIMTHI TMPSAMO IPONOPIUOHAIBHO
YBEIUYCHHUIO BEJIMYMHBI KMHEMATUYECKOro HarpykeHus. OCOOEHHOCTH JTaHHOU
MAaTEMATHYECKOW MOJEIN TAKKE MOMXKHO OTMETHUTh Ha JIIOPaX PaCIpeesICHUs
HanpsHKEHUW B OCHOBaHMU. KauecTBEHHAs! KapTHUHA PaclpeiesICHUs HOPMAJIbHBIX U
KAacaTeNIbHbIX HAMpPSOKEHUH Gz U Ty IS0 CUCTEMbl «(PyHIaMEHTHAsl IIUTa —

MNPCAHAIPSKCHHOC OCHOBAHUC) ITPCACTABIICHA HA PHC. 6.

O ki T [i0A)

Puc. 6. Dntopsl HanpsiKEHUH €109 OCHOBAHUS: a — HOPMaJbHBIX (06Z); 0 —
KacaTeIbHbIX (TZX)

B11oas MOBEpXHOCTH apMHUPYIOLIETO 3JEMEHTA MPUCYTCTBYIOT XapaKTEPHBIE
OUepTaHUsl JMIOP HOPMAJIbHBIX M KAacaTeIbHBIX HAaIpPSKEHUH, OOYCIOBIEHHBIE
KMHEMaTU4YeCKUM HarpyxeHueMm (puc. 6). MakcumanbHasi k€ KOHLEHTpaLus
HaIpsHDKEHUH HaxoAuTcs NoJ TopuoM Oanku. HanpsbkeHus B 3TOM  MecTe
BO3pACTAIOT 110 MEPE CTYLIEHUSI KOHEUHO-Pa3HOCTHOU ceTKu. [Ipu Takux 3HaUeHUAX
HaIpSDKEHUM B TPYHTE, KaK IPaBUJIO, IPOUCXOAUT PA3BUTHE 30H MPEAEIBHOIO
paBHOBECHSI, M TPYHT MEPEXOIUT B IUIACTUUYECKYIO CTaAuio paboThl. Jlyisi naHHOU
MOJIEJIM 3TO OOCTOSITENLCTBO HAKIIAbIBAET COOTBETCTBYIOIIME OrPAaHUYCHHS HA
BEJIMYMHY BEPTUKAIBHON HArpy3KH.

[Ipu anHanmu3e BeIWYMHBI AOCOJIOTHBIX OCAAOK (PYHIAMEHTHON TIUIUTHI
CIIEyeT YYECTh BIIMSHHUE IOJIOKEHUS ApPMHUPYIOLIErOo 3JIEMEHTA OTHOCHTEIBHO
byHAaMEHTHOW TJIMTHI W TO TIyOuHEe ciosi ocHoBaHus. [lo Mepe cwmerieHus
apMUPYIOLIETO 3JIEMEHTA K Kparo IUIMThl HAOIOJAaeTCs CHI)KEHHE €€ OCaJIOK.

BMmecre ¢ Tem ycunmBaeTcs M BIUSHUE PACCMOTPEHHBIX KPaeBbIX 3P PEKTOB.



Takum 00pa3oMm, HaNpsHKEHHO-AEPOPMUPYEMOE COCTOSIHUE CHCTEMbI
«(pyHOamMeHTHas UINTa — MPEAHANPSKEHHOE OCHOBAHUE» ONPEIEIISIETCS MHOTUMU
(dakropamu. Mcnonap30BaHHE MPUBEIECHHON MaTeMaTHYECKOM MOJENIH B pamMKax
yIpPYyTO# 3aJjaui MO3BOJISIET BBIAEINTh HAaNOOJIEE CYIIECTBEHHbIE U3 HUX JUIs Ooee
toyHoM ouneHkn HJ/IC ocHOBaHuWA ¢ akTMBHBIM apMHpOBaHUEM. B dacTtHOCTH, ITpH
(OpMYIUPOBKE T'PAHUYHBIX YCJIOBHI HEOOXOJIMMBIM SIBIIETCS YYET CUJ TPEHHUS
MEXIy TPYHTOM M apMUPYIOIIUM 3JIEMEHTOM, OTpaXarolUi XapakTep HX
B3auMoecTBUs. Takke HEOOXOOUMBIM SIBISIETCA YYET HEYyNpPYrMX CBOMCTB
I'PYHTOBOM cpeapbl. JJisi TaHHONW MOJACIH JTUHEHHO-1e(OpMUPOBAHHOTO OCHOBAHUS
IpU aKTUBHOM apMUPOBAaHMM HAOIIOAAETCA CHM)KEHUE OCalOK (PyHIaMEHTHOU
IUIMTBl  TOJ  HArpy3KOM  IPONOPUHOHAIBHO  YBEIWYECHHI)  BEJIIMYHHBI
KMHEMAaTUYECKOT0 HArpy’kKEHHus, 4TO JaeT IOBOJ Ul JAJBHEWUIIEro W3y4eHUs
BOIIPOCOB MAaTEMAaTUYECKOTO MOJEIMPOBAHUS, IPOYHOCTH MU YCTOMYUBOCTHU
MPEIHANPSKEHHBIX OCHOBAaHUM M X COBMECTHOM pabOThI C COOPYKEHUSIMU.

2. IlonsiTHE aHAJIM3A ¥ CHHTE3a, KAK METO0/10B MCCJIeI0BAHNUSA

DOMIIUPUYECKUI YPOBEHDb MO3HAHUS - ITO MPOIIECC MBICIUTEIBHOMN - S3BIKOBOM -
nepepabOTKM YYBCTBEHHBIX JaHHBIX, BOOOIIEe WH(OpPMAIMU, MOJYyYEHHOH C
NOMOUIbIO OPraHoB YyBCTB. Takas mnepepadOTKa MOXKET COCTOATh B aHalU3e,
Kkinaccudukanmy,  o00OlIeHHs ~ Marepuana,  I[OJIYy4YaeMoOro  IOCPEICTBOM
HaOr0IeHus. 31€Ch 00pa3yIOTCs MOHATHSI, 00001Ia0IINe HAOII0JaeMble MPEIMEThHI
u sBieHus. Takum oOpazoM (GOPMHUPYIOTCS dIMIUPUUECKUN 0a3uC TeX WIM WHBIX

TEOPHUH.

JIns TeOpeTUUECKOTO YPOBHS MMO3HAHUSA XapPAKTEPHO TO, UYTO "34E€Ch BKIIFOYAETCS
JEATEIbHOCTh MBINUIEHUS KakK JPYroro MCTOYHHUKA 3HAHUS: IPOUCXOIUT
MOCTPOEHUE TEOPHUI, OOBSICHSIOIMUX HAOMIOAAEMbIe SIBJICHUS, OTKPBIBAIOIIMX
3aKOHBI 00J1aCTH ACHCTBUTENBHOCTH, KOTOPAs SIBJISETCS MPEAMETOM U3YUYEHUs TOU

WM UHOM Teopun'.



O6H1€Hay‘-IHBIMI/I MCTOJaMH, IPUMCHACMBIMH KdK Ha OMIIMPUYICCKOM, TdK W Ha
TCOPCTUYCCKOM YPOBHAX IMO3HAHUA ABJIAIOTCA TAKHC MCTOAbI KaK: aHAJIN3 1 CHUHTC3,

aHaJIoOrusa 1 MOACIMPOBAHHC.

AHaM3 W CHUHTE3, MOAOOHO HWHIYKIMU W JEAYKIHUH, MPEJCTABISIIOT CO00M

IIPOTUBOIIOJOKHBIC, HO B TO K€ BPCMA TCCHO CBA3AHHBIC MCTOAbI IIO3HAHH.

B HpOCTGI?IHIGM CBOCM BHIC aHAJIN3 C€CTb MBICJIICHHOC PACYJICHCHUC ICJIOIO HA
JaCcTH MW OTACJIIBbHOC ITO3HAHHC JSTUX yacTeld KaK DJIEMEHTOB CJI0KHOTO OeIoro.
33,[[3“13 aHaJii3a - HaﬁTH, YBUICTH B IICJIOM - 4aCTH, B CJIIOKHOM - IIPOCTOC, B CATUHOM

- MHOT'OC, B CJICACTBHH - IIPUYHUHY U T.II.

AHanusz - 3TO IIpUCM MBIIIJICHUA, CBSI3aHHBIM C Pa3JI0XKCHUCM H3Y4aCMOI'O
00BbEKTa Ha COCTaBHEIC 4acTu, CTOPOHBbI, TCHACHLIHWW PA3BUTHUA U CIIOCOOBI
(bYHKI_II/IOHI/IpOBaHI/ISI C OCJIIbIO UX OTHOCHUTCIIBHO CAMOCTOATCIIBHOI'O M3YYCHUA. B
KaueCTBE TaKUX YyacTeH MOT'YT OBITh KaKHe-TO BCIICCTBCHHBIC 3JICMCHTHI 00BEKTa

HNJIN K€ €TI0 CBOfICTBa, ITPHU3HAKH.

OH 3aHMMAaET BaKHOE MECTO B U3YUYEHUU O0BEKTOB MaTepuaabHoro mupa. Ho on

COCTaBJIACT JIMIIb HepBOHa“IaJILHLIIZ 9Tall IIponecca 1MO3HaHuA.

Meron aHan3a MPUMEHSIOT U1l U3YYEHHS COCTABHBIX YacTeu npeamera. bynyuu
HEOOXOIMMBIM TPUEMOM MBIIIJICHHUSI, aHAIU3 SBJISETCS JUIIb OJHUM U3 MOMEHTOB

mpoliecca Mo3HaHHUs.

CpeI[CTBOM aHalin3a JABJICTCA MaHUITYJIMPOBAHUC a6CTpaKHI/I$IMI/I B CO3HAaHHNU, T.C.

MBIIJICHUC.

I[J'ISI IIOCTH)KEHUS OOBEKTa Kak CAWHOI0 MEJOro HEJIb3A OIpaHUYHBATLCSA
HN3Y4YCHUCM JIMIIb €TI0 COCTAaBHBLIX yactei. B IIpoLcCCc IMO3HAHUA HCO6XOI[I/IMO
BCKPbIBATb 00BEKTHBHO CYHICCTBYIOIINC CBA3U MCXKIY HUMH, paCCMATPHUBAThL UX B

COBOKYITHOCTH, B €AMHCTBC.



Ocy1iecTBUTh 3TOT BTOPOM 3Tal B MPOLIECCE MO3HAHUS - MEPEUTH OT U3YUECHUS
OTJEJIBHBIX COCTAaBHBIX YacTeW 00BEKTA K U3YUEHHUIO €r0 KaK €UHOIO CBSI3aHHOTO
LEJIOr0 - BO3MOYKHO TOJBKO B TOM CIIy4ae, €CJIM METOJ aHajn3a JOIOJIHAETCS

APYIruM MCTOAOM - CHHTC30M.

B mpouecce cuHTe3a MpPOM3BOJAUTCA COCIMHEHHE BOEAMHO COCTABHBIX YacTel
(CTOpOH, CBOMCTB, MPU3HAKOB M T.II.) HU3y4aeMOro OOBEKTAa, PACUJICHECHHBIX B
pe3ynbTaTe aHanu3a. Ha 3Toit ocCHOBE MPOUCXOIUT HalbHENIee n3yueHne 00heKTa,

HO YK€ KaK CIMHOI'0O LICJI0TO.

AHanu3 QUKCUPYET B OCHOBHOM TO CHEIU(PUUECKOE, YTO OTIANYAET YACTH JAPYT OT
npyra. CHHTE3 pacKpbIBa€T MECTO M POJIb KAKIOTO 2JIEMEHTA B CHCTEME LENOTO,
YCTaHABIMBAaE€T UX B3aUMOCBS3b, TO €CTh IO3BOJIIET MOHATH TO OOIIEe, YTO

CBA3BIBACT 4aCTHU BOCIHUHO.

AHanu3 M cUHTE3 HaxoasaTca B eauHcTBE. [lo cBoeMy cymiecTBy oHM - "1Be
CTOPOHBI E€IMHOTO AaHAJWTHUKO-CHHTETUYECKOr0 MeToAa Mo3HaHus". "AHamms,
MPEeayCMATPUBAIOIIMIA OCYILIECTBICHUE CUHTE3a, UMEET CBOMM SIIPOM BBIJCIICHUE

CYIIECTBEHHOTO".

AHaJIN3 ¥ CUHTE3 OepyT CBOE HAUallo B MPAKTUYECKOU JeaTebHOCTH. [locTossHHO
pacuJieHsisI B CBOEU IPAKTUYECKOM JEATEIBHOCTH Pa3IMYHbIE NMPEAMEThI HA HX
COCTaBHBIE YaCTH, YEJOBEK ITOCTCNEHHO HAY4YaJICS Pa3AeiisiTh MPEAMETHl U

MBICJIICHHO.

[IpakTudeckas JesITENBHOCTh CKJIQJbIBAJIACh HE TOJBKO U3 PACUJICHEHUS
MPEIMETOB, HO U W3 BOCCOCAMHEHMS 4YacTed B eauHoe uenoe. Ha srtolr ocHOBe

BO3HUKAJI U MBICIMTCIIbHBIN mponecc.

AHann3 ¥ CHHTE3 ABJISIFOTCS OCHOBHBIMU IpueMaM MBIIIJICHUA, UMCIOIIIUMHU CBOC
00BEKTUBHOE OCHOBAHHE U B IMPAaKTHUKEC, U B JIOTHUKC Bemeﬁ: IMpouecCChbl COCANMHCHUA
N PazbCAUMHCHUA, CO3JaHHA U Pa3pPYyLHICHHUA COCTABJIAIOT OCHOBY BCEX IIPOLCECCOB

MUpa.



Ha smnmpudeckoM ypoBHE NO3HAHMS IPUMEHSIIOT NPSIMOU aHAIU3 U CUHTE3, JUIs
IEPBOrO TOBEPXHOCTHOIO O3HAKOMJIEHHA C OOBEKTOM HccienoBaHuss. OHuU

000011at0T HAOII0AaeMbIe PEAMETHI U SIBICHUS.

Ha teopeTtnyeckoM ypoBHE NMO3HAHUS IPUMEHSIOT BO3BPATHBIM AHAIU3 U CHUHTES,
KOTOPBIE OCYIIECTBIIAIOTCS IIyTEM MHOIOKPAaTHOIO BO3BpaTa OT CHHTE3a K

MOBTOPHOMY aHAJIN3Y.

PaCKpBIBaIOT HauoOoIee FJIY6OKI/I€, CYIICCTBCHHBIC CTOPOHBI, CBs3H,

3dKOHOMCPHOCTH, ITPUCYHINC N3YyIdCMbIM O6’beKTaM, SBJICHHUSM.

Ot ABa B3aUMOCBS3aHHBIX IIPpHUEMa UCCICAOBAHUA IMOJY4YarOT B K&)I(I[Oﬁ oTpacii

HayYKH CBOIO KOHKPCTU3AIHIO.

N3 obmero mpueMa OHM MOTYT NPEBpaIlaTbCi B CHELUAIBbHBI METOJ, Tak
CYIIECTBYIOT  KOHKPETHBIE METOABl MAaTEMaTUYECKOrO0, XHMHYECKOTO U
COLIMAJIBHOTO aHan3a. AHAIUTHYECKMH METOJ NOJy4YHJI CBOE pa3BUTHUE U B
HEKOTOPbIX (PUIOCO(PCKUX MIKONaX M HampaBieHUsX. To ke MOXKHO CKa3aThb U O

CHHTC3C.

Cunres sBIsieT cOO0M MPOTHUBOIOIOXKHBIN MPOIIECC - COSTUHEHHUE YacTel B 1IEJIOE,
PACCMOTPEHHUE 1IEJIOr0 KaK CJI0KHOTO, COCTOSIIET0 M3 MHOXECTBAa JJICMEHTOB.
Bocxoxaenue OT MPUYUHBI K CIEICTBUIO €CTh CUHTETUUECKUN, KOHCTPYKTUBHBIN

IIyTh.

[Tockonpky HM3yuyaemoe sIBJICHHE MPEACTAET BCErJa Kak CI0KHOE oOpa3oBaHHeE,
ero Tmo3HaHWe (Mocjae MPEeABAPUTEIBLHOTO OOIIEr0 O3HAKOMJIEHUS) OOBIYHO
HAaUMHAETCs C aHaiu3a, a He C¢ cuHTe3a. UToObl 0OBEIWHUTH YacTU B LIEJIOE,
HEOOXOJMMO CHayaja HMeTh O3TH 4acTh mnepen coboi. [loaTomy ananu3

MPEAIIEeCTBYET CUHTESY.

Jloruka BBIpa6OTaJIa psaad MmmpaBuil aHAJIUTHYCCKOI'O MCCICAOBAHHA, K YHUCITY

KOTOPBIX OTHOCATCA CICAYIOIINC.



o 1. Ilepen anamu3oM UCCiIeIyeMOTO TIpeaMeTa (SBICHUS) HEOOXOIMMO YETKO
BBIJICJIUTh €r0 U3 JPYrod CUCTEMBI, B KOTOPYIO OH BXOJHUT KaK COCTaBHOM
AJIEMEHT. JTO TOXKE OCYILECTBIISIETCS C MOMOIIBIO aHAIN3a (MPEIIIECTBYIOIIETO).

o 2. Jlanee ycTaHaBIMBAETCSI OCHOBaHUE, MO KOTOPOMY OyAET POU3BOJAUTHCS
aHanu3. OCHOBAaHMEM HAa3bIBAETCA TOT MPU3HAK AHAIM3UPYEMOIO MpPEIMETa,
KOTOPBIM OTJINYAET OJHU KOMIIOHEHTHI OT Ipyrux. Ha xaxxnou ctynenu ananmsa
JIOJKHO BBIOMPATHCS OJIHO OCHOBAaHUE PACUWICHEHMs, a HE HECKOJBbKO Cpa3y.
Beiaensiemble B pe3yabTaTe aHaIM3a 3JIEMEHTHI I0JKHBI UCKITIOYaTh APYT JIPyra,
a HE BXOJUTh OJIMH B IPYTOM.

o 3. Ilocne 3TOro OCyHIECTBISAETCS aHAIM3, IPUYEM AaHAJUTHYECKUE 3HAHMS
MpUOOpETAIOTCd B OCHOBHOM BBIBOJHBIM IIyTE€M, T.€. Ha OCHOBE JCHCTBUH,

COBCPIIACMBIX IIO IIPpaBUJIaM (bOpMaJIBHOfI JIOT'UKH.

CuHTe3 Kak crmocod TMOCTPOCHMSI HEBBIBOJHOTO 3HAHHUS 3aKIIOYaeTcs B
OOBbEIMHEHUU U TMepepadOTKe HECKOJIbKUX CHUCTEM 3HaHUW, B OOBEIUHEHUU
Pa3IMYHBIX TEOPETHUUYECKUX YTBEPKIACHUN, B pPE3yJbTaTE YEro OCYIIECTBISETCS

MEKCUCTEMHBIN MIEPEHOC 3HAHUN U POXKIAETCS HOBOE 3HAHUE.

Ha ocHoBe cuHTe3a B HaY9YHOM HCCJIICAOBAHHMU PCIIANOTCA CICAYIOIINMC BAXHBIC

TCOPECTUUCCKUC BOITPOCHI:

o 1. HM3yuaemblii mpeaIMET NPEACTABISACTCS KAaK CHCTEMA CBA3CU U
B3aMMOJICHCTBHI C BBIJICIICHHEM HanboJIee CYIECTBEHHBIX CTOPOH U CBA3EH.

o 2. BriscHsieTCA, CYIIECTBYET JIM €IWHas MPUpOja, OOIIME CYIIECTBEHHBIC
AJIEMEHTHl y SIBIICHHM, KOTOpPHIE W3Y4YalOTCA KaK pa3jIM4HbIe, HO Yy KOTOPBIX
3aMeueHO He4TOo oOIIIee.

o 3. VYcraHaBiMBaeTcCs, CYHIECTBYET JM CBSI3b MEXKIYy 3aKOHaAaMU W

3dBUCUMOCTAMHU, OTHOCAIIUMUCA K OJTHOMY 06T>eKTy.

Cunre3, TakuM 00pa3oM, HE TPOCTOE CIIOXKEHUE YacCTeH, a JIOTHYECKH -

KOHCTPYKTHBHAaA OII€paluda, IO3BOAOINAsA HaMEdaTb [ABHKXCHHUEC IIO3HAHUSA

(BBII[BI/IFaTB Hﬂeﬁ, T'UIIOTC3bI, Pa3sBUBATb I/IX) N OCYHICCTBIIAITb €TI0 ABHIKCHUC.



P€3YJII>T3TBI CHUHTETHUYECKOU JACATCIBHOCTH JOJIDKHA OBITH HnCJIO0CTHAasA KapTHUHA,

AJICKBATHO OTpaKaromas ,ZIGI\/JICTBI/IT&TIBHOCTB.

I[OCTOI/IHCTBO CHHTCTHYCCKOTO MCTOJa HCCICAOBAHUA - €TI0 COOTBCTCTBHC,

AICKBATHOCTD IIPOUCCCY ABHUIKCHUA, PA3BUTHSI.
Hpoueﬂypbl CHUCTCMHOI'O aHaJIn3a U CUHTC3ad B DKOHOMHWYCCKHUX MCCIICAOBAHUAX:

o 1. BrisiBnenue um QopMynupoBaHue Hay4yHOM mpoOiemsl. OmnpeneneHue
00BEeKTa U MpeAMETa UCCIICIOBAHUS, IIEIH U 3aa4H.

o 2. llenenamnpaByieHHbIM cOOp HHGOpPMALUMU, CTPYKTypu3alus MpodJieMm,
omucanue wucciueayemMoil cuctembl. ConaepxaHUE: 1ETM CUCTEMBI, CTEIEHb
3aBUCHUMOCTH OT CpeAbl. DNeMEHThI cucTeMbl. CTpyKkTypa. CBsI3U U OTHOIIECHUSI.
[loBenenue cuctemMsel. YpaBieHUeE.

o 3. IlocTpoeHue rumoTe3 0 MEXaHU3Max HWHTErPAllUd U IYTAX Pa3BUTHSL.
[TocTpoeHue Mmoaenu (CUHTES).

o 4. UccnenoBanre 00beKTa C MOMOUIBIO CUCTEMBI METOJI0B. KoppeKkTupoBka
IUTAHOB UCCIIEOBAHUS.

o 5. [Iporno3 pazsurus cucrembl. O0bsicHeHus. OhopmieHus.

3. MeToanuyeckne OCHOBBI HCCJIeIOBAHNSI HANIPSIZKEHHO-1e(OPMUPOBAHHOTI0

COCTOSIHUA CpeJ ¢ NePUOAUYECKH OBTOPHAIOLICHCH CTPYKTYPOH

B ocHOBy mnpepnaraemMor JIBYXYPOBHEBOM MOJENW MOBEACHUS KOHCTPYKIIUU,
BBIIIOJIHEHHBIX W3  IEPUOJUYECKH  IOBTOPAIOIIMXCS  KYyCOYHO-OAHOPOIHBIX
MaTepUaJIOB, ITOJIOKEHA BO3MOXKHOCTb UX PACCMOTPEHHUS C UCIOJb30BAHUEM JIBYX
Pa3IMYHBIX MAcCIITa0OB JIeTaIN3allud BHYTPEHHEN CTPYKTYphI [59-61]. Ha BepxHem
ypoBHE (MakpOypOBHE) H3y4aeTcs HaNpsKEHHO-ACPOPMUPOBAHHOE COCTOSIHHS
UCCIIEyEMOM KOHCTPYKIMH B LIEJIOM. MaTepuan KOHCTPYKIMHU NPEICTABISAETCA KAK
KOHTHHYaJbHas, B OOILIEM cllydae PEOHOMHAasl (pU3MUECKU-HEIUHENHas cpena.
CoOTHOLIEHUS, YCTaHABIIMBAIOUIME HA 3TOM YPOBHE CBSI3b MEXKJY HU3MEHEHUSIMHU

HanpspkeHuil Acij u neopmanuit AEij Ha sjaeMeHTapHOM IIare M3MEHEHUS



BHEIIHUX BO3JCUCTBUM JIsI MOJAEIU COIIacHO [62, 67] mpeacTaBisitOTCAd B BUJIE
YpaBHEHHUH yIPYTOCTH € JOMOJHUTEIbHBIMUA BHyTpeHHUMH cuiaMu ADij : 1) kl Ac
1) = AYkIAE — AD , (4) rae Aijkl — ynpyrue xapakTepucTUKA MaTepuaia BEPXHETO
ypoBHs, ADij — JOMOJHUTENbHBIC CHJIbI, 00yCIOBJIEHHbIE YyueToM 3¢(dEKTOB
HEJIMHEWHOTO Je(OPMUPOBAHUS U pa3pyIlIeHUs MaTepraia. BennunHa KOHKPETHBIX
3HAYEHUH JOMONHUTENBHBIX cuid ADij — coaepammx HETWHEHHOCTh B
COOTHOIIICHUSIX (4) ompezaenseTcss Ha HUXKHEM ypoBHe. [l aToro ucciemyemas
KOHCTPYKILHUSI TPEACTABISICTCA B BHUIAE COBOKYMHOCTH HMEIOMIUX THIIOBYIO
CTPYKTYpY, NOBTOpstomuxcs 060koB (puc. 2.1). B auckpeTHoil Moaenu BEpXHETo
YPOBHSI KaKJJOMy OJIOKY COOTBETCTBYET KOHEUHBIH 31eMeHT (inubo rpymnma KO,
OOBEIMHEHHBIX B MakpodyieMeHT) (puc. 2.2). Jlnga kaxpaoro OJoka H3ydaeTcs
IpOLECC ero AeGOpPMHUPOBAHUS U PA3PYLICHUS C YUYETOM PEalbHON CTPYKTYpbI
OCHOBHOTO MaTepHalia U peajbHBIX CBOWCTB COCTABIIIONIMX €T0 3JIEMEHTAPHBIX
(dparmeHTOB. B KauecTBe BHEIIHNUX BO3JCHCTBUNA HA KaXJIOM Iary 23 HarpyKeHus
JUIsi OJI0Ka BBICTYMAIOT TPAaHUYHBIE TEPEMENICHUs WIM TpPaHU4YHbIE CUJIBI (B
3aBHCHMOCTH OT Peai3yI0Iero MOAEIb MPOrpaMMHOTO KOMILIEKCA), IOTyICHHbIE
U3 peUleHMs] Ha MpelblaylleM 3Tale 3aJayd BEPXHEro YpOBHs. YpaBHEHUS,
YCTaHABJIMBAIOIIME CBSI3b MEXKIY W3MEHEHUsMH HanpsokeHud ASi) m u
nedopmaiii Aelj m Ha IIare Harpy>keHus Uisl KaKJIOro M3 m MaTepHalioB,
COCTaBJISIFOIIMX OJIOK, 3anmuckiBatoTes B Bujae: m ij m kl m 1jkl m ijkl AS = C Ae —
Ad , (5) rome Ciykl m — ynpyrue xapakTEepUCTHMKM Marepuaia [Jjsi m-Tro
aeMeHTapHoro ¢parmenTa, dij m — COOTBETCTBYIOIIME TOTOJHUTEIHHBIC CHUIIBI,
oOycioBiieHHbIE y4eTOM 3()PEKTOB HEMMHEHHOTO e(HOPMUPOBAHUS U PA3PyIICHUS
matepuana. Puc. 2.1. MaTtepuan KOHCTPYKIIMH BEPXHETO YPOBHS C BBIICICHHBIM
TUTIOBBIM ~ parmeHToM 24 Puc. 2.2.TumoBoil ¢parMeHT C [AeleHHeM Ha
cocramstonte HeobxonuMmele uist pelIeHrs 3ajaui Ha BEPXHEM YPOBHE 3HAUCHUS
JIOTIOTHUTEIBHBIX CcH ADIij BBIUMCISIOTCS 711 HECKOJIBKUX N (PUKCHPOBAHHBIX
TOYEK OJI0Ka, COOTBETCTBYIOIIMX TOYKAaM HWHTETPUPOBAHUS MaKpOIJIEMEHTa
BEPXHETO YPOBHS, TyTEM OCPEIHEHUSI HANPSHKEHUN U neopMaliuii o KaxXaoMy U3

n 00beMoB Vn, conepkanux Ha3BaHuble TOUkU: ./, /,nijklklijnijnViniynV



iinijDAeeedVVSdVVnnA=A—AcA=AAc=A]](6) Honyacuusie Ha
MUKpPOYpPOBHE JOMOJHUTENbHbIE CUJbI N ADij HCHONB3YIOTCA ISl YTOUHEHUS
pElIeHMs 3a7a4d BEPXHEro YpOBHSA B TEKyIleM MpuOimkeHuu. Takum oOpazom,
pelLlIEHHE TOJIHOM 3aJadyd aHaju3a MOBEACHUS KOHCTPYKIMHM Ha KaXJOM Iare
Harpy>kKeHus JIsl BEpXHETO YPOBHSI CBOAUTCS K OCIIEIOBATENBHOCTH PEIIEHUS psIa
JMHENHBIX 3a/lad BEPXHEr0 YPOBHS IPHU PEUIEHUU COBOKYNHOCTH HEJIMHEWHBIX
3a/1ay JJid Kaxaoro u3 06y10koB. ClieryeT OTMETUTD, YTO MOJTHOE PEIICHUE 3a]ja4u B
paMKax OINMCAaHHOM BBILIE CXEMBI SIBJIIETCA JOCTATOYHO TPYIOEMKHM. B cBs3M ¢
3TUM B paboTe ObLI pa3paboTaH YIPOILIECHHBIA BapUAHT MOJENHU C IBYXYPOBHEBBIM
IIPEICTABICHUEM KYCOYHO-OJTHOPOJHOTO MaTepraga KOHCTPYKUHN. AJIITOPUTM €0
peanu3anuu cocTouT B caenyromeM. [Ipu n3yuvennn H/IC peanbHON KOHCTpYKIMU
ee Marepuall paccMaTpUBAaeTCs KaK OJHOPOJHAs pa3HOMOIYJbHas, a B 0OIIEM
Cllydae HEJIIMHEWHAs Cpella BEPXHEro ypoBHs. [[ns 25 mosiyuyeHHs XapaKTEpUCTHUK
ne(OpMUPOBAHUST M PA3PYLIEHUs 3TOrO YCJIOBHOIO OJHOPOAHOTO MaTepHala,
OTPAXKAIOLEro OCPEIHEHHBIE CBOMCTBA PEAJbHOIO KyCOYHO-OJHOPOJHOTO
MaTepualia, OCyILIECTBISAETCS NEPEXO K HIKHEMY YPOBHIO Mozenu. i 3Toro B
COCTaBe MCCIIEAYEMOTro U3/IENNs BhIJIEsIeTcs Haubosee TUMMUYHBIN 111 MaTeprasia
JAHHOM KOHCTPYKIMH (hparMeHT. Pazmep 3Toro pparmMenTta BbIOMpaeTcs U3 yCIoBUs
BO3MOYKHOCTH y4Y€Ta pPEaJbHOM CTPYKTYpbl M3y4aeMOro KyCOYHO-OZHOPOJHOIO
MaTepuaja U pealbHbIX CBOMCTB BceX ero cocrapismomux. [lonpobHo meTtoamnka
BbIOOpa BHJA, pa3Mepa M €ro KOHEYHO-3JIEMEHTHOTO pPa30MEeHusi ONUCaHbl B
naparpade 2.4. C 1enpo modydeHus] OCPETHEHHBIX XapaKTePUCTUK OJHOPOIHOMN
Cpelbl BEpXHEr0 YPOBHs JJisi BBLIICIECHHOTO (PparMeHTa pemaercs psj KpaeBbIX
3ajay  neopMUpOBaHUS U pa3pyllIeHUs JUIsi HEKOTOPBIX THIIOBBIX CXEM
Harpykeaus. [Ipu pemieHun 3Tux 3a7a4 yYUTHIBAIOTCS MEPBUYHBIE MEXAHUUECKUE
U TPOYHOCTHBIE XAPAKTEPUCTHKU COCTABISAIOMIMX (parMeHT MaTepHalioB.
Heobxoanmoe KONMMYECTBO BapHAHTOB HArpy>XKeHHUsS OMNpPENeNsieTCs XapaKTepoM
MOBEAECHUSI HCCIEAYEMOr0 KyCOYHO-OJHOPOAHOIO Marepuana, TaKUM Kak yder
Pa3HOMOIYJILHOCTH UJIK 0011IeH pu3ndeckor HemnHeHHoCcTH. I3 BeKTOpa peleHui

ATHX 3a/1a4 IIyTeM OCPETHEHHsI TI0 00beMy (hparMeHTa onpeAesatoTCs MPUBEICHHbIE



MaTepuanbHble (YHKIUU, HEOOXOIUMBbIE MJisi OMHCAHUS YCJIOBHOM OJHOPOJIHOMN
cpenbl. [TogpoOGHO MeTOAMKA BCEX TUX YUCIOBBIX UCCIIEIOBAHMM TaKkKe ONUCaHa B
naparpade 2.3. Ilocrme ompeneneHuss Ha HWDKHEM YPOBHE MOJCIH 3HAYCHUUN
OCPEIHEHHBIX XAPAKTEPUCTUK OJHOPOJHOIO MaTepralia OCYIECTBISIETCS EPEXOT
Ha €¢ BEpXHUI YPOBEHb, T/I€ pelIaeTcsa KpaeBas 3aja4a JJig BCeH KOHCTPYKIIMH MO/
JIEWCTBUEM BHEIIIHUX HArpy30K, COOTBETCTBYIOIIUX PEAIbHBIM yCIOBUSIM. Pelienne
3aJlay Ha 000UX YPOBHSIX: HA BEPXHEM — JIJIsl BCEH KOHCTPYKIIMU U HAa HIDKHEM — JIJIs
TUTIOBOTO (hparMeHTa, CBOAUTCS K BHITIOJHEHUIO OITMCAHHOTO B TPETheM maparpade
ATOM TJIaBbl AITOPUTMAa PEIIEHUS KPAeBOW 3aJayM Ji1 KOHCTPYKIMM Ha JTare
HarpykeHus. Ho 17151 BepXHero ypoBHsS KpaeBasi 3ajlaya pelaeTcs 1 yCIOBHOTO
Martepualia Mmoj ACUCTBUEM pealIbHbIX HArpy30K, a JJig HUXKHETO — JUISl peaibHBIX
MaTepUalioB, HArpy>KCHHBIX IO 3apaHee ONPEAEIICHHON CXeMe, OIpeaeseMon
XapaKTEPOM H3y4aeMOro KyCOYHO-OJHOPOJHOTO Marepuana. llomydaemslii 1o
TaKOM CXeMe HCCIICIOBAHUSI KAaUeCTBEHHBIA XapaKTep Pa3BUTHUS MOBPEKIECHHOCTU
KOHCTPYKIIMU HAa BEPXHEM YPOBHE HOCHUT MPHUOJIMKEHHBIM XapakTep, TaKk KaK HeE
YUHUTBIBAETCS crnenuduka pa3pylleHus Kaxaod KommnoHeHThl. 26 Ecnu 3amaua
TpeOyeT NpeICTAaBUTh Pa3pyIlIeHNE MATEPUATIOB B OTICIBHBIX JIOKAJTBHBIX 30HAX, TO
MpeayCcMaTpPUBACTCS BO3MOXXHOCTh HCIIOJIb30BaHUS PACIIUPEHHOr0 aJropuTMa
peanu3anuu IByXypOBHEBOM Mojenu. B aToM ciiydyae mocie pemieHus 3ajayu Ha
BEPXHEM YpPOBHE MPEAYCMOTPEH BO3BpaT HAa HWKHUW YpPOBEHb, T MOAPOOHO
u3yyaercsl mpoiecc aAehOpMUPOBAHUS U Pa3pyLICHUS] OJHOTO WM HECKOJIBKHUX
HanOoJiee HarpyXeHHBIX (parMeHTOB, KOTOpPhIE II0 CBOUM pa3Mepam |
KOH(HUTypalmu MOTYT HE COOTBETCTBOBATH THUMOBBIM. HamOomee Harpy>KeHHBIM
cCUMTaeTCs OJIOK, KOTOpPHIA BKJIOYAaeT B €€0sl y4yacTOK HAaWOOJIBIIUM JIJis
KOHCTPYKIIMM YPOBHEM MEPBI NOBPEKICHUN. B KauecTBE rpaHUYHBIX YCIOBUH IS
(¢bparMeHToB, KaK U B IEPBOHAYAJILHON CXEME MOJICNIM JBYXYPOBHEBOTO MaTepuaa,
BBICTYIIA€T BEKTOP T'PAHUYHBIX MEPEMEICHUM, TOJTYyUYEeHHBIH U3 PEIICHUs 3aJlauu
BEPXHETO YpPOBHS, a MaTepual caMHuX (PparMEHTOB COOTBETCTBYET HCXOIHOMY
KyCOYHO-OJTHOPOJIHOMY  Marepuaily. OmnucaHHblE BapuaHThl  peain3aluu

JBYXYPOBHEBOM MOJIENIM KyCOYHO-OJHOPOJHOIO MaTepuasa HCIIOJIb30BAJIUCh PH



pacuerax peajgbHbIX KOHCTPYKLIMI KHUPIUYHOW KIAAKHU. BbUIM MOJy4eHbl XOpOIIO
COTJIACYEMBIE C SKCIIEPUMEHTOM PE3YJIbTaThl, KOTOPbIE NPUBOASATCS B riase 3. 2. 2.
Mopnens MmaTepuania, XapakTepUCTHKH KoToporo 3aBuciar ot Buma HJIC,
bu3nUecKoil HEJIMHEMHOCTH, TEKYILIEro YPOBHS MOBPEXKICHHOCTH U MOJI3Y4YECTH
Jlns ydera peanbHBIX CBOMCTB MarepuaoB, COCTABIIAIOINIMX KAaMEHHBIE KIIAJIKH,
HEOOXOJMMO HCIIOIB30BaTh MOJIEIH, OMUCHIBAIONINE (HU3MUECKYI0 HETUHEHHOCTh
VIOPYTUX CBOMCTB MaTepuala, 3aBUCUMOCTb YIPYTHMX M NPOYHOCTHBIX
XapaKTEPUCTHUK OT TEKYIIErO YPOBHS MOBPEKIECHHOCTH, HATEKAIOIIEH MOI3y4ecTr
u Buga H/IC. B cBsa3u ¢ 3TM B HacTosield paboTe IMOBEICHHE MaTepHUaliOB
KaAMEHHBIX KIJIAQJIOK pAacCMaTpUBAeTCd HA OCHOBE COOTHOIICHHI MEXaHHKHU
NOBPEXJIEHHONM  Cpe/ibl, pEAJIM30BaHHBIX B pPAMKaXx COCTABHOM  MOJEIHU
MOBPEXJECHHOI0 MaTepuana [62, 67, 71], nepBoHavYaIbHO MpeAHA3HAYCHHOMW A
MOJICJIMPOBAHUSL TPOLECCOB ACPOPMHUPOBAHUSA W PA3pYyLICHUS KOHCTPYKIUH,
BBINIOJIHEHHBIX W3 TPAJAULMOHHBIX MaTepHalIOB. B paMKax mpenyoKeHHOW MOJIETu
Pa3HOMOJIYJIbHBI MaTepHal pacCMaTpUBAETCA KaK KOTUHYyalbHas ympyras
(bu3nYecKu HeMMHENHas cpeia, CBOMCTBA KOTOPOM 3aBUCAT OT Tekyiuero Buga HJ{C
U TEKYLIEro YPOBHS MOBPEXKICHHOCTH MaTepuana. [[puMEeHUTENbHO K U3Yy4YEHUIO
KaMEHHBIX KJIaJ0K TPUHUMAETCS, YTO pa3BUTHE NOBPEKACHUNW B Marepualie
BbI3bIBaeTCA A(P(HEeKTaMu XPYNKOTO pa3pylICHHUs] U MOXKET ObITh 27 ONMUCAaHO Kak
HEKOTOPBI KBA3UCTAIIMOHAPHBIM TMPOIECC, COMPOBOXKIAIOIIMICT HEoOpaTUMOi
Jerpafaluedl ynpyrux CBOWCTB. YUET BIIASHUS NOBPEXKICHHOCTHM Ha IPOLECC
nedhopMUPOBaHUSI OCYIIIECTBIIACTCS C TIOMOIIBIO0 CKAIIpHO#N PyHKIMU o [1, 62, 67],
MIPEICTABIISAIONICH cO00l Mepy yMeHbIIeHHs d()PEKTUBHBIX TUIOMAT0K JCHUCTBUS
HaIpsOKEHUM 10 OTHOIIGHHWIO K MX HAYaJIbHOMY HEMOBPEXKJICHHOMY 3HAUYCHUIO
MyTEM BBEJICHHS 3aBUCHUMOCTH YIPYTHX XapaKTEPUCTUK MaTepuaia OT TEKYIIETo
3Ha4YCHUs ATOW (QyHKIMH. Takke NPUHUMAETCS, UYTO KPHUBBIE HEOOPATHUMOTO
nedopMUpOBaHUS ~— Marepuaiga MOpU  JIyYeBBIX  IpoIleccax  HarpyX eHwus,
COOTBETCTBYIOIIMUX Pa3IMYHBIM 3HaUeHUsAM mapamerpa Buaa HJIC, mogoOusI apyr
npyry. B kauectBe mapameTtpa, onpenensromero sug H/IC, ucrons3yercs BenmunHa

P, 3aBucsmas oT COOTHOIIEHNs MTEPBBIX ABYX MHBAPUAHTOB TEH30Pa HAIIPSKEHUN U



ornpejensemMasl uepe3 riiaBHble HanpsbkeHus 61,62 U 63 B TOUKE Teja ¢ MOMOIIbIO
3apucumMocTH [62]: (3)2322211230+06+0c06+0+cP=.(7) Beanununa P
MOHOTOHHO MEHsIETCA OT 3HaueHus1 P=—1 nipu BcectopoHHeMm cxkatnu 10 P= +1 npu
BCECTOPOHHEM pacTsbkeHuu. [Ipu ymctom casure P=0, mpu oaHOCTOpOHHEM
pactsbkenun P= /1 . 3 B mnpememax 1-if cragum ae@opMUpOBaHUS IS
HEIMOBPEXJICHHOIO0 MaTepuana npu =0 ypaBHEHHs, yCTaHABJIMBAIOIIWE CBA3b
MEXIY HanpsKeHUAMH U AedopManusMu, B  (DU3MYECKU HEIUHEHHOM
pPa3HOMOYJILHOM MaTepuaje MOryT ObITh 3anucanbl B Buze: 2Ge 3K(e T) oij =1j' +
o1j — a, (8) rme G, K — Tekymme 3Ha4eHUsS MOJyJeH CABUTOBOM M OOBEMHOMU
nedopManuy, 3aBUCAIIME OT YPOBHsS TeMmieparypbl T M TeKyIIero 3HaueHUs
napametpa P ' i e u e — JeBHaropHas M IIapoBas COCTABIIIONIME TEH30pa
nebopmaruii, o = oT) — xodpduULMEHT TEeMIEpaTypHOro pacIIMpPEHUs.
3aBucuMOCTh MoIysst oO0bemHo aedopmanuu K ot mapamerpa Buma HJIC
npunumaetcs B Buze: () 1( ) K P =KO0 + Al , (9) rne KO — 3nHauenue momyst
ooweMHuo nedopmaruu npu 3Hauenun P =0, () Al = Al P — pyukmus suga HJIC.
28 Tekyuiee 3HaueHue Moxyist capura npuaumaetcs B Buge: () 1(()) GP =G0 "+
f2P, (10) rne GO ' — moaynb casura matepuana npu P=0, 3aBuCSIIUi B CBOIO
ouepesib OT YPOBHS HANPSIKEHHO 1€(OPMUPOBAHHOTO COCTOSIHUS B TOUKe Tena, () £
2 P — pynxuus suga H/IC. [Ipu ucnonszoBanuu Teopun GU3NIECKH HETMHEHHOTO
YyOpPYyTOro Tejla WK TEOPUH IUIACTUYHOCTH JAe(opMalMoHHOro THna Moayib Go '
NPEACTaBIAET COOOW CEKyIIMid MOAyJIb CABUTA Ha JuUarpaMMe U U G ~ €
(MHTEHCUBHOCTh HAIPSOKEHUHW ~ WHTEHCUBHOCTH jedopmanwmii). [lpu sTom
BenuunHy GO ' MOXKHO Moy4yuTh U3 cooTHomenus: Go ' 1(())o3u=G+fo,(11)
rae Go — MOJyJib CIBUra Marepuana B 00JacTH ynpyroro aeopMHpOBaHUs MPU
P=0, ( ) 3 u f 6 — QyHKIMA MIACTUYHOCTU, KOTOpas B Ciiydac MPUMECHCHHS
nedhopMalMOHHON TEOPHUH TUIACTUYHOCTH MOKeT ObITh npuHsTa B Buge: 00 0 3 ()
GGG fu'—oc=.(12)B pesynaprare TeKylee 3HaUCHUE MOYJISI CABUTA MOKHO
npenctaBuTh BBuAC: () 1() GP=GO0+ A2, (13)tne I(())(1 ())223uA=+fP
+ f 6. (14) B ciyuae ydera TemrnepatrypHbix Bo3aehcTeuit Moayau KO u GO 6yayT

3aBUCETh OT YPOBHS JEUCTBYIOLIEH TemnepaTypbl. [I[puMeHuTeENnbHO K MaTepuagam



KAMEHHOM KJIaJKU 3aBUCUMOCTb YINPYTUX XapaKTEPUCTUK AeHOPMHPOBAHUS OT
napametpa Buga HJIC moxuno nipeactaButh B Buae [48]: () (()) 1(()), KP=K
sign P=K0 +glsign P (15) () 1(33)2GP=G0+g2-P+9g3-P.(16)B
npuBeAeHHBIX BblpaxkeHusx KO, gl — dyHkuum martepuana, BBIYUCISIEMBIE I10
3HAYEHUAM MOJYyJIed 00beMHON JepopManuu Mpu OJHOOCHOM pacTsikeHuu K+ u
ckatun K-:2920+—-+=KKK.(17)+—-—+—-+-=KKKKgl, (18) GO -
MOAYJIb cABUTA 1pu 3HaueHuu P=0 (qucTslii casur), g2, g3 — GyHKIMU MaTepuana,
onpeieNiieMbIe M0 3HAYEHUSIM MOAYJICH CIIBUTA MPU OJJHOOCHOM pacTsikeHuud G+ u
ckatim G: .12,20302—-+=—-=+—-+-GGGgGGGg(19) g yuera
BIIUSIHUS TIOBPEXKJACHHOCTH Ha TEKYIIUMH mpouecc nedopMHUpOBaHUS MaTepuala
BBOJIUTCS  3aBUCUMOCTb  XapaKTEPUCTUK  JACPOPMHUPOBAHUA  OT  MEPHI
MOBPEXKJIEHHOCTH, XapaKTepu3yeMol ckamsapHoi dyHkuuendn o [1, 62, 67],
npecTaBisoneld coooit Mepy yMeHbIeHUsI 3((PEKTUBHBIX TIONMIAIOK JEUCTBUS
HaIPsHKEHUH 110 OTHOUIEHUIO K UX HAYAJIbHOMY HEMTOBPEXKIEHHOMY 3HaueHuo. [Ipu
(bOopMyITUPOBKE COOTHOIICHHH, YCTAaHABIMBAIOIINX CBSI3b MEXy HANPSHKCHUSIMU U
nedopmalsaMu 1Ji1 TOBPEXKIECHHOTO MaTepuala, B pACCMOTPEHHE BBOJATCS JBE
XapaKTEePUCTUKW  HampsokeHui:  3¢G@QekTuBHbIE  G1), JACUCTBYIOIIME  Ha
MOBPEXCHHBIX TUIONIA/IKaX, U MPUBEACHHBIE G1j * , CTATUUECKU SKBUBAJICHTHBIC
MEePBBIM, HO OTHECEHHBIE K HEMTOBPEKIECHHBIM ILI0IIaAKaM. [lepBble CTOIB3YIOTCS
B MOJIEJISIX, ONPENEISAIONINX COCTOSHHE Marepuajia B TOYKE TeJjla, BTOPbIE — Ha
YPOBHE OMNMHCAHUSI KOHCTPYKUMH TMpU (HOPMYJIUPOBKE YpaBHEHUN paBHOBECUS U
CTaTUYECKUX TPAaHWYHBIX yciaoBuil. [ 5(pPeKTUBHBIX HaMpsSKEHUN CBSI3b C
nedopmarsaMu ocTaeTcs Takou ke, kak B (8). [Ipu ¢popMynrpoBKe aHATOTUYHBIX
COOTHOIIIEHUM 15l TPUBEICHHBIX HANPSDKEHUN YUUTHIBACTCS 3aBUCUMOCTh YIIPYTHUX
XapaKTEPUCTHK MaTepHraia OT TEKYIIETr0 YPOBHS MOBpekIeHHOCTH: 2 3 () * * * o1
=Gel)+0yKe—alT,20) e 1()*G=G-0,2) 1()*K=K -0, (22) 0 -
TeKylllee 3HaueHue Mepbl noBpexeHHocTH. 30 Kak yka3pIBanoCch BbIIIE, HpPU
OMMCAaHWU  Tpollecca  pa3pylleHUus  MaTepualoB  KaMEHHOM  KIIaJIKu
paccMaTpuBalOTCs JIMILb MOBPEXACHUS, 00yClOBIEeHHbIE 3(hdeKTaMu XpyIHKOro

paspyuicHus. I[JI?I OIMMCaHusA PpPasBUTHUA TaKHUX HOBpe)KI[eHI/Iﬁ HCIIOJIB3YHOTCA



KMHETUYECKUE YPABHCHUSIMM JIJI1 U3MEHEHUSI MEPBI MOBPEXKIECHHOCTH Aw [62 ,67] B
Busie: A =0npu RS ol <o0,,63>6()I11RCo—66—owAo=npuR ol >
cwm (23)()133SCo—-oc6—wAw=S 063 <o, raecl us3 —Tekyiue 3HaUCHUs
MIEPBOTO U TPETHETO TJIABHBIX HaNpsbkeHUM (3 pexTuBHBIX HanpspkeHuil), R S 6,0
— pa3pyliarolyMe 3HAYCHUs TJIABHBIX HAIpPSHKEHUN MPU PACTSHKEHUU U CKATHUH,
BEJIMUYMHA KOTOPBIX 3aBUCUT OT TemmepaTypbl u Bujna HJIC, o— HakorieHHOe
3HAYEHUE MEPBI MOBPEKACHHOCTH, C — KOHCTAaHTa, UCHOJIb3yeMas ISl pEryJsiiun
MpoIlecca pa3BUTHS MMOBPEKICHUI, onpeieisieMas B MPOLIECCe peaau3allui CXeMbl
penakcanuu  coctosiHus  [69, 71]. Mcnosb3oBaHue 3TOM CXEMbI MO3BOJISIET
MPEACTaBUTh pa3BUTHE 3PPEKTOB XPYIMKOro pa3pylieHUs, KOTOpOE SBISETCS
JWHAMUYECKU TMPOIECCOM, KaK HEKOTOPBIM KBa3UCTallMOHAPHBIN mpoiiecc. CBs3b
MEXIy HAMpsHKEHUSAMH U IepopMaldsIMHU B TOUYKE Pa3HOMOYJIBHOIO MaTepuara,
OMMCaHHasl MPUBEJACHHBIMU BBIIIE COOTHOIICHUSIMU, CYIIIECTBEHHO HEJIMHEWHA. JTa
HEJIMHEUHOCTh OOYCJIOBJICHA 3aBUCUMOCTHIO Je(DOPMAIIMOHHBIX XapaKTEPUCTHK
MaTepuaia oT ypoBHA nedopmariuii, TEKyIIe Mepbl TOBPEXKIEHHOCTH U TEKYIIETO
3HaueHus napamerpa P Buga HJIC BenmmumHa KOTOpPOro 3apaHee HEW3BECTHA U
MOKET OBITh OTIpEJIeTICHA JIUIITh B PE3YJIbTaTe PEIICHUsI COOTBETCTBYIOIIECH KpaeBon
3amaun. [loaToMy st aHanm3a npornecca AedhopMUpPOBaHUS MaTepuala B paMKax
MPUBEICHHBIX COOTHOIIEHWH HEOOXOJUMO TOCIEIOBATEIBHO IPOCIICKUBATH
MpOIIECC HM3MEHEHUsI BCEX OMNPEIECSIOIMNX MapaMeTpoB OT HA4YalbHOTO
HEHArpy>KEHHOTO COCTOSIHUSI B TPOILIECCE M3MEHEHUsI BHEIIHHUX Bo3aeucTBuid. C
ATOI LIENbI0 BECH MPOIECC HATPYHKEHUSI UCCIETYEMON KOHCTPYKIIUU MPUXOAUTCS
pa3OuBaTh Ha psIA  JOCTATOYHO MajbIX IIIaroB (ITAroB HArpyXeHHs) U
dbopMyIHpoBaTh KpaeBYyK 3ajady JJis TEKyIero Iara HarpyxeHus. Js
YCTaHOBJICHHUSI COOTHOILICHHM, YCTaHABIMBAIOLIUX CBS3b MEXKIY HW3MEHECHHSIMU
HanpspkeHuil Aci) , * Aocl) u gedopmanmii 1 Ae B TOYKE Pa3HOMOAYJIHHOTO
Matepuasia Ha Imare 31 Harpy>keHHs, pacCMOTPHUM JBa JIOCTATOYHO OJIM3KHUX
COCTOSIHUS: UICXOJHOE, XapaKTEPU3yEMOE YPOBHEM JAEHUCTBYIOLIEH TeMIIEpaTypsl T ,
HaIpsDKeHUH 61) , AedopMalinii 1j € 1 MepoH MOBPEKICHHOCTH ® B HavaJle TEKYIIEro

mara, 1 TCKymee COCTOAHNC, XapaKTCPU3yCMOC 3HAUYCHHUECM aHAJIOTUYHBIX BCJIMYNH



T",01) " ,1je" 1 ®" B KoHIe mara. i3smenenue 3(pPpeKTUBHBIX HANPSHKCHUHN Ha 111are
Harpy>keHusi MOKHO TMPEJICTaBUTh B BUAC: Acl] = ¢ 1] — ol = Ac’ 1] + d1jAc .
Co0TBETCTBYIOIINE U3MEHEHUS IAPOBOM AGHU I€BUATOPHBIX G1j A ' COCTaBISIFOIINX
HaIpsHKEHUH Ha I1are MOKHO MOJYYUThb U3 CIEYIONUX COOTHOIIeHUH. 3MeHenue
mapoBou cocraBisionei: c A Ac=c—-—oc=+a—-—+ta=A-Aa+KKKeTKeT
K(e(T)")3()3°(C"""3,24)rneAe=¢" —¢e;A(;0T)=a T —aT AK=K"
— K . VI3aMenenus nesuatopusix coctrabisommx: 111111 ) G G Ge Ge Ge o' A
Ac'=06"—o'="-"=A"+""22""2, 25 raeijijijAe’'=¢e"—e',AG=G" -G

B pesynbrare cBsa3b MexIy HU3MEHEHHSAMHU H((EKTUBHBIX HANPSDKEHUN |
nedopmalinii Ha mmare Harpy>kKeHusi MOXKeT ObITh npejcTaBieHa B suae: [ [ [J [ [
A" +A=A+AAc="A"+60acKKKeTGGGeijijijij3(()) " 2.(26)
AHaNOTUYHBIE YPaBHEHUSI MOKHO MMOJTYYUTH I TIPUBEACHHBIX HANPSHKEHUN * Aci]
. 32 Uzmenenue mapoBoit coctapsitoniei: G AAc=c—oc=A—Aa+KKKeTH*
KEREC)N)"T3,2D e 1(7) " " *K=K-0;A0=0""0; "0 - A0 A=—®
——o=A1(")1(")1()" * KKK K K K K . H3MeHenus: neBUaTopHbIx
coctaBsitonx: j1J1J1JJ GG Ge o' AAc' =6 —o' =A'+* *** %772 (28) roe
1("),G*=GC"-0—0-AoA=A1(")*GGGG.Hnaye roBopsi: [ |]cAc+9
A—Ao+AAc=A"+KKKeTGGGeyyijy****3(())"2.(29) YpaBHenus
1151 9 (HEKTUBHBIX HANpsiKEHUM (26), Tak ke KakK U JJIsl IPUBEICHHBIX HAMIPSKEHUM
(29) ABNAIOTCS CYHIECTBEHHO HEIMHEWHBIMHU, TaK KaK BXOJIAIIME B HHUX UJICHBI
3aBUCAT OT TEKYIIHUX 3HA4YEHUHN napamerpa P” m Mepsl noBpexaeHHoCTH o . s
JUHEeapu3alyd 3aJa4il Ha OCHOBE TIOJYYCHHBIX ypaBHEHUN MOTYT OBITh
WCITOJIb30BAaHbI PA3IMYHBIC TOJXOJBl M B 3aBUCMMOCTH OT BBIOPAHHOTO MOIXOJa
BO3MOXXHO JajibHelIiee mnpeoOpazoBaHue ypaBHeHuss (29). B cayuae
WCIIOJI30BAHUS JUISl JIMHEApU3alluh 3ajJaud HauboJiee MPEANOYTUTEIHHOTO B
BBIUHCIIUTEIIFHOM OTHOIICHUH METOAa HAYalbHBIX HAIPsHKCHUU I1e1eco00pa3Ho
coOpaTh BC€ HEJIMHEWHBIE WIECHb ypaBHeHUs (29) B BuUAE HEKOTOPOTO
“nonosHUTENbHOTO” HanpsokeHus 1 Ad u Beigenuth yacth 0 AGij , CBSI3aHHYIO C
U3MEeHeHueM JedopMalii COOTHOIIEHUSIMUA YIPYTOCTH JUIsl OJHOMOAYJIBLHOTO

matepuana npu P=0: Acij = Acij + Adij * 0, (30) GeK e Acij=0A1"+ 061 0A0 "



372,31 tirAdij=Adij + Adij + Ad 0, (32) 33 rae 0 Adij — gacts 1j Ad ,
oOyCJIOBJIEHHAsT U3MEHEHUEM TEeMIIepaTypbl Ha Iare Harpy>KeHusi (MOXKeT OBITh
BblUMCIeHa B Hauane mara). [ 0 O 0 0 0 0 0 -c—Aa DD O0DOOOG +
-0 O0DO0A==()"13"1"000000KtKKGGdyiyyy,
(33) r Adij — gactp ij Ad , oOycnoBlIeHHAs! pa3TUYUEM YNPYTUX XapaKTEPUCTHUK
MaTepuasa mpu TeKyIleM 3HaUeHUH rapameTpa P oT 3HaueHHit 3TUX XapaKTEPUCTHK
npu P=0:)();""B1())"(")""B1()"(")""(20111000222000 [ [
D00 do——Aoa+—+0—-A+c'++—-A=—-A"+KKTAAAKKKKeAA
AGGAdGGei1iri (34)t Adij — gacth 1j Ad , 0OycloBIIeHHAs] BIUSHHUEM
HAKOIUJIEHHOW ToBpexaeHHOCTH: A = —(Ac ®” + ¢ ‘Aw) 1j ij t dij . (35) B
MPUBEICHHBIX COOTHOIIEHUSAX MPEANOoIaraJoch, 4YTO HEJIWHEHHOE TOBEICHHUE
HEMOBPEXKICHHON KaMEHHOM KJIaJIKU MOXET OBITh OMHCAaHO HAa OCHOBE MOJIETHU
buznyecKkn HEIMHEWHOTO MaTrepualia, KOTopas HE YYHUTHIBACT BO3MOKHOCTD
MOSIBJICHUSI B MaTepuase HeoOpaTUMBIX JAedopmalinii, 00ycioBiIeHHBIX dhdexTamu
TJTACTUYHOCTU WM Pa3BUBAIOIIMXCA BO BpeMeHH Aedopmaiuii monsydectd. s
y4eTa MepeurciieHHbIX 3(P(GEeKTOB 10CTaTOYHO BBECTH B ypaBHeHUs (26), (29) u (34)
ciiaraeMble, 3aBUCSINNUE OT U3MEHEHHsI HeoOpaTuMbIX Aedopmanuii n ij Ae : [ [ [
D0 0ocA6"+0A-Aa+AAc=-A"-A+KKKeTGGGeeijijnijijij()
3(()72,336)[]cAc+d3A—Aa+AAc=A"-A+KKKeTGGGeeiin
jiyyg****O)3(()"2,37H 00000 doc——Aa+—+0—A+c' —A++—
A=—A"+)O)""BIL())"(")""@B"21()"(")""(20111000222000K
KTAAAKKKKeGeAAAGGdAdGGeinijijijrij(38) cijpijnijAe=
Ae + Ae , (39) rne c 1j p 1j Ae , Ae —u3MeHeHus1 AePpopMaluii TUIACTUYHOCTH U
MOJI3YyYECTH Ha 1are Harpykenus. 34 J{ns u3znenuil kKaMeHHOW KIIaJIKU Haubosee
aKTyaJbHBIM SIBIIACTCA y4eT AehOpMaIIHii TOI3y4eCTH, TIOITOMY MOKHO TIPHHSTH: C
i n ij Ae = Ae . B kauectBe MoAeNM, ONMUCHIBAIOIIECH MPOIECCH TOJI3YYECTH
KaMEHHOM KJIaJIKH, MOXHO HCIIOJIb30BaTh COOTHOIICHUA [62], MpeISIOKESHHBIC JIJIs
OTMCAHMS TTOJI3YUECTH TPATUITMOHHBIX MAaTEPUAJIOB, JOMOJTHEHHBIC 3aBUCUMOCTHIO
OCHOBHBIX IapaMeTpoB 3Toi Mojaenu oT Tekymiero suaa HJC. ITpu dopmynupoBke

ATOM MOJCIIM TNPUHUMAKOTCA THUIIOTE3bI O HOI[O6I/II/I KPUBLIX TIOJIBYYCCTH,



MOCTPOEHHBIX MPHU Pa3IMYHBIX 3HadeHUsX napamerpa Buga H/IC u paznuynHbix
YPOBHSIX JEUCTBYIOIIMX HANPSOKEHUNM, a TakXKe TUNoTe3a CYIIECTBOBAHUS
HAa4YaJIbHOM MOBEPXHOCTH mNoJ3ydecTH. CorjacHO 3TOM MOJEIN CKOPOCTh
MOJI3yYECTH Pa3HOMOAYJIBHOTO Marepuana ¢ ij el MoxeTr ObITH MpeacTaBieHa B
Bune: ¢ L(, T,P) H(,T)ijcijl=0c"¥ - 1, (40) rue cij’ — KOMIIOHEHTHI A€BHATOPA
Hanpsokenudt, ) L(y,T,P — dyHkmus, xapakrepusyromas HadalbHYI CKOPOCTh
MOJI3YYECTH, OTHECEHHYI0 K eIUHUYHOMY Hampspkenuto, ) H(t,T — Qynxuus,
XapaKTEPHU3yIOLasi U3MEHEHUE Ha4aJIbHOM CKOPOCTH OT MapaMeTpa yIpOYHEHHUS T ,
Vv — OGyHKUOUS, XapakTepusylolllas ypOBEHb JACHCTBYIOIIUX HAIpsDKEHUH U
onpenensiemasi Boipakennem: 2 2 C ijij ¢ C o' ¢’ —C ¥ = . (41) B kauectBe
napamMeTpa YyOPOYHEHUS T MOXKET NPUHUMAThCA JHUOO JJIMHA TPAECKTOPUHU
nedopmaruit momsyuectu [62]: eedttcijcij2032/ 00000 0t=1-1,(42)
6o sHeprust quccumarun: () edttclijijt=0-0, 1. (43) B 6oxee mpoctom
BapUaHTE MOXHO IPHUHATH, YTO T PaBHO BPEMEHM IOJI3ydecTu. B Mozenn Takxke
MPUHUMAETCS, YTO 3aBUCUMOCTU (Qurypupyromero B ypaBHeHuu (41) pammyca
noBepxHocTd noysyyectd Cc u pyHkuuu L oT Tekymiero 3nayeHus: napamerpa P
MOTyT ObITh nipeacTaBieHbl B Buae: 35 (,)()()40CcTP=CcT-gP,(,,)(,)
()SOLyTP=LyT-gP,44) @45 rne)(0CcTu)(,0L y— T 3naueHus
bynkuumii npu 3HaveHnun P=0. Jlys onpeaenenusi MaTepraibHbIX GYyHKIIUNA MOJEITH
4500C,L,H, gugcHeodxoauMo uMeTh HabOp KpHUBBIX momydectu ) (1 etc
JUTSL psiia 3HaYeHUM HanpsokeHud )S o1 (1 =3 — npu (GUKCUPOBAHHBIX 3HAUCHUSAX ).
P (j =1— 3 j Ha ocHOBe mpensioxKeHHON CTPYKTYpPbhI OMPENETSIOMNUX ypaBHEHUI
pelleHue HEJIMHEHMHOW KpaeBOW  3aJayd Ha  I[Iare HarpyXeHus i
Pa3HOMOAYJBHOTO MaTrepuaiga MOXET OBITh CBEIEHO K TOCJIeq0BaTEIbHOCTU
JUHENHBIX KpaeBbIX 3aJad 1 OJAHOMOAYJBHOIO MaTepuala, YIpyTHe
XapaKkTepUCTUKA KOTOPOTO COOTBETCTBYIOT mapamerpy Buga HJIC P=0 c¢
JIOTIOJIHUTEIbHBIMU OOBEMHBIMU CUJIAMH, O0YCIIOBICHHBIMU “‘TOTOTHUTEIBHBIMU
HampspkeHusiMu 1) Ad , BeJMYMHA KOTOPBIX YTOYHSIETCSl B  IpoIlecce
NOCJIeIOBAaTENbHBIX  NpUOMMKeHuH. Peanuzanus  pacCMOTPEHHBIX  BBIIIE

(I)I/IBI/I‘-ICCKI/IX COOTHOIHCHI/II\/'I, OIIMCBIBAIOIIUX  IMOBCACHHUC PA3ZHOMOIAYJBHOTO



MmaTepuana, TpeOyeT 3HaHMsI HadaJlbHOTO COCTOSIHMS Marepuaja B TOYKE Tena,
XapaKTEpU3yeMOr0 YPOBHEM JEHCTBYIOIIMX HAIPSLKCHUM, MOBPEKIECHHOCTH H
TEMIIEpaTypbl, a TaKXe MNPOCTPAHCTBEHHO-BPEMEHHBIE 3aKOHbl H3MEHEHUS
BHEIIHUX BO3ACHCTBUN (0OBEMHBIX, TOBEPXHOCTHBIX CHJI, TPAHUYHBIX CMEILLEHUH 1
TEMIIEpaTyPHBIX MOJIEH) U UX PACTIPEAEIICHHUS 10 1araM Harpyxenus. Kpome storo
JOJKHBI OBITH M3BECTHBI Matepuanbhble GyHkimu ) (), (), (gl Tg2 T g3 T,
OTIpENIEIAIONINE Pa3HOMOAYJIbHBIE CBOICTBA MaTepuana, pyHkuus ) (,0uG' Te,
OTIpE/IETSIONIasl HEIMHEHHYI0 YIPYTrOCTh, a Takke (YHKIUH, HEOOXOIUMBIC IS
OIMCAHMS MpoLEcca pa3pyleHuss Matepuaa. [Ipu 3ToM Ha OCHOBE NPEIOKEHHOM
CTPYKTYPBI ONPEACIIAIOIINX YPABHEHUI pEeICHUE HEJIMHENHON KpaeBol 3ajaui Ha
miare Harpy>KeHusi JJi1 pa3sHOMOJYJIBHOIO MaTepualia MOXKET OBbIThb CBEIAEHO K
IIOCJIEIOBATEIBbHOCTH JINHEWHBIX KPAeBbIX 3a/1a4 JUIsl OAHOMOAYJBHOTO MaTrepraia
YIPYTHE XapaKTEPUCTUKHA KOTOPOTO COOTBETCTBYIOT mapamerpy Buaa HIIC P=0 c
JIOTIOJIHUTEIbHBIMU OOBEMHBIMU CHJIAMH, O0YCJIOBIICHHBIMU “‘IOTIOTHUTEIbHBIMU
HanpspkeHusiMU 1j Ad . Tlpu hukcrpoBaHHBIX 3HAYEHUSX ITHX BEJIMYUH YPaBHEHUS
(30)—(32) ™moxHO paccMaTpuBaTh KaK ypaBHEHHUS JIMHEWHOW YIpPYTrOCTH
M30TPOMHOTO MaTepuajia ¢ HEKOTOpod 36 3aJaHHON CHUCTEMOM HadallbHBIX
HanpspKeHU. Takas TpakTOBKAa yKAa3aHHBIX YPaBHEHUM IO3BOJISET NMPEICTABUTH
pelIeHrne HEIMHENHOM KpAaeBOM 3aJa4yM aHajdu3a KOHCTPYKIIMM, BBIITOJTHEHHBIX U3
W30TPOIHBIX PAa3HOMOAYJBHBIX MAaTE€pUAJOB B BHIE IOCIEAOBATEIBHOCTH
JUHENHBIX 3a7a4 JJs MarepuanoB ¢ (uxkcupoBaHHbiMH MoxyisiMu 0 0 G K u
JIOTIOJTHUTEIBHBIMA OOBEMHBIMUA U MOBEPXHOCTHBIMH CHUJIaMH, 00YCIOBIECHHBIMU
yieHaMmu 1] Ad , BeIMUMHA KOTOPBIX YTOUHSETCS B MPOIECCE MOCIEN0BATEIBHBIX
npubamxenud. [lpm 3ToM Ha mnEepBOM »JTale HArpyXeHUus MOXKET ObITh
UCIIOJIb30BaHO HauajJbHOE NMPUOIMKEHHE, COOTBETCTRYIOMIEE YCeaoBri0 A=A =0t
ij r dij d , a Ha Bcex MOCHEAYIONIMX ATalax HadaJlbHOE MPUOIMIKEHUE CTPOUTCS Ha
OCHOBE 3HAUYEHMI, BBIYMCIICHHBIX Ha MpEeAbIAYIIMX 3Tanax. 2. 3. Meroauueckue
OCHOBBI YHCJIEHHOTO MOJIETMPOBAHMS MMOBEIECHUS U3/ KaMEHHON KJIAJKU IPH
KBa3UCTaTMUECKUX HarpyxeHusx McciaenoBaHue mporeccoB AepOpMUPOBAHUS U

paspyuicHusA I/IBI[eJII/Iﬁ KaMEHHOM KIIaaAKhn B YCJIOBHAX KBAa3UCTATHUYCCKHX



Harpy>KeHU Ha OCHOBE PACCMOTPEHHBIX BbIIE (U3NYECKUX COOTHOILIEHUMN
IIPUBOJUT K CJIOKHBIM HEJIMHEHHBIM CHCTEMaM pas3pellalolux ypaBHEHui. B
HACTOsIIIee BPEMS PELLICHNE TAKUX HEJIMHENHBIX 33]1a4 CTPOUTCS OOBIYHO Ha OCHOBE
UHKPEMEHTAJILHOM  (DOPMYJIUPOBKM MCXOJHBIX YpPaBHEHUH W MPUMEHEHUS
COBPEMEHHBIX IIArOBBIX METOI0B. B nanHoii pabote popMyIupoBKa pa3periarommx
YPaBHEHUH, ONMKMCHIBAIOIIMX MPOLECCHl 1e(HOPMUPOBAHMS U Pa3pyLUEHUs U3ACINN
KAMEHHOW KJIaJIKU, 1 METOAMKA UX YUCIICHHOT'O PEIICHUs CTPOUTCS 10 AHAJIOTUU C
METOANYECKUMU IIOJIOKEHUSIMU, IIPEI0KEHHBIMU JUTSL YUCJIEHHOTO
MOJEIUPOBAHUs HEJIMHEMHOIO IIOBEIECHMS KOHCTPYKLMM, BBIIOJHEHHBIX H3
TpaJMLIMOHHBIX MaTEPUAJIOB IIPH KBa3UCTaTUYECKUX HATPY)KEHUAX Ha ocHOBe MKO
[62, 67,70, 71]. ITycTh B IPOCTpAaHCTBE KOOPJMHAT 1 X PACCMATPUBACTCS TEIIO WIH
COBOKYITHOCTb T€JI, BBIIIOJHEHHBIX U3 OJHOTO WJIM HECKOJIbKMX B OOLIEM ciyyae
pPa3HOMOJAYJIBHBIX MAaTEpHalOB, 3aHUMAIOMUMX O00beM V U OrpaHUYEHHOE
MOBEPXHOCThI0O X . Teno HaxoauTcs MOJ JeWCcTBHEM OO0BEeMHBIX cuil Fi
temnepatrypbl T , pacrpeneneHHbIX MO 3aJaHHOMY 3aKOHY oO0beMe V, a Takke
MOBEPXHOCTHBIX cWJ P1 M rpaHnuHbIX nepemMelnieHuid G ul pacnpeneneHHbIX Mo
yacTssM mnoBepxHocTh X1 u X2 cooTBeTcTBeHHO. Kaxknoe W3 mnepedrcieHHBIX
BO3JICMCTBUM CTaTUYECKU MEHSETCS IO 3aJJaHHOMY 3aKOHY BO BPEMEHH t, KOTOPOE
paccMarpuBaeTcs B JaJbHEWIIEM KAaK MapaMmeTp HarpykeHus. 37 B HaudanbHbIN
MOMEHT BpeMeHHM (=t0 COCTOSIHME Tejla XapaKTepU3yeTcs IIOJIEM HadalbHBIX
HanpsokeHuit (, )0 000 xt 6 ji =0 ji 1, a Takke MapaMeTpoB, XapaKTEPU3YIOIINX
HAaKOIUICHHYO IIOBPEXKIECHHOCTD MaTrepuana. s XapaKTEPUCTHKU
nepopMUpyeMoOil  cHUCTeMbl B  MpPOLECCE TMOIIArOBOTO  PELIEHUS  3aJauu
UCIIOJIB3YIOTCS TPH COCTOSIHUSA C COOTBETCTBYIOIIMMHM MOMEHTAMHU BPEMEHHU t U
BEJIMYMHAMH, ONPEACIAIONMMUA COCTOSHME KOHCTPYKIMM HA JAaHHBIA MOMEHT

BPEMEHHM, a4 TAaKXE 3aJaHHBIM YPOBHEM BHEIIHUX BO3JECHCTBHM KOHCTPYKLHH.

Hauanshoe (t=t0;;;;;;00000Fi1PiT 61 ® ), a Takke ABa OJIM3KUX COCTOSHHUS:
ucxonuoe(t; ;;;;:;0;;0 *11J1JGi1iFPTuue)utexkymee (;~t=t+Atcw~
s~ ~aar~ ~ ~*11J1JGiiiFPTuue).B cCoOTBETCTBHH C U3BECTHBIMU

MOJIOKEHUSIMA MEXaHHUKU Je(pOpMUPYEMOro TBEPJIOTO Tella B Clydyae MajbIxX



nepeMeIeHui, redopmaliuii ¥ yriioB oBOpoTa MoJIs epeMenieHnii ) (1iiu=ux
, Teopmanuii () 1) ij 1 € = € X U HanpspDKeHu () 1) 1 1 6 = 6 X I KaXJI0T0 U3
PAaCCMOTPEHHBIX MOMEHTOB HAarpyXeHHUsl Tella, HaXOISALIErocs B PAaBHOBECHOM
COCTOSIHUU, JOJDKHBI YJIOBJIETBOPSITH CHUCTEME, COCTOSILIEH H3: T€OMETPUUYECKUX
ypaBHeHuit: ()2 1ji1,jj,ie=u+u; (46) ypaBHeHuii paBHOBecus B oobeme V : ;0
cij, ] + Fi = (47) dusnueckux ypaBHEHUI1, ONPEICICHHBIX COOTHOIIEHUAMU (29 ) —
(35). A Takxke y0OBIETBOPSATh TPAHUYHBIM YCIIOBUSAM Ha YacTsIX MOBEPXHOCTU X1u
X2 . JIns vHKpeMeHTaIbHON (HOpPMYITHMPOBKHA HEOOXOAUMO 3aMKcaTh MPUBEICHHBIC
COOTHOIIEHHUS JUIsl U3BMEHEHHSI BCEX BEJIMYMH Ha IIare W3MEHEHUs BHEUIHUX CHIL
N3meHeHus: KOMIIOHEHT JedopMalinii ij Ae Ha 1are Harpy>KeHus MOXHO TOJTYYUTh
KaK Pa3HOCTb MOJIHBIX AedhopMalnii, 3aMCAHHBIX HA OCHOBE COOTHOLIEHUE (46) 115t
TEKYIIEeTO U UCXOJHOTO COCTOSTHUM cooTBeTCTBeHHO: ()2 1ji1,],ijj Ae=Au+ Au.
(48) AHaMOrMYHBIM 00PA30M MOYKHO IMOJTYUYUTh YPABHEHUS PAaBHOBECHS, KOTOPHIM
JOJDKHBI  YJIOBJETBOPATh HM3MEHEHUs HANpsHKEHUH B 0o0beMe Tella W Ha €€
rpaHUYHBIX 38 MOBEPXHOCTIXX ] MPHU YCIOBUH, YTO | N — HAIIPABJISIIONIUE KOCUHYChI
HOpMaJIM K moBepxHOCTH 21 B paccmaTpuBaeMoii Touke: 0 Acij,j + AFi=BV ; A
—A=01jPiocnnaXl, (49) (50) a Takke KHHEMAaTUYECKUE TPAHUYIHBIC YCIOBUS
JUIS. ”BMEHEHUM TIepeMeleHri, 3aIaHHbIX Ha JacTax nmoBepxHoct X2 : G1G1 G
Aui =u —u . (51) CoBokynHOCTb ypaBHeHUM (29, 39—42) no3BoJeT OnpeaeanTh
W3MEHEHHUE TIepeMENICHHM, negopMalinii ¥ HAPsDKEHUM B TOYKAX HCCIETYEeMOTO
oObeKTa Ha TEKyLIeM IIare W3MEHEHHUs BHEIIHUX BozaeucTBuil. Ilpu
(UKCUPOBAHHBIX 3HAUCHUAX BXOIAmuX B (32) mapameTpoB Adij paspermaroriast
CUCTEMa YpaBHEHHUU JJid cHOPMYJIUPOBAHHON 3a/la4d MOXKET OBITh MOJTy4YeHa Ha
OCHOBE  NpPHUHIIMIA  BO3MOXHOH  paboThl,  CHOPMYJIUPOBAHHOTO IS
paccMaTpuBaeMoit 1eOpMHUPYEMOI CUCTEMBI B TEKYIIIEM COCTOSIHUMU: JIT+A—-+
A—+AX=2*«xVV (1) (ej)dV (FiFi)(ui)dV(PiPi)(ui)d016c0d9.
(52) lpencrapinsst B (52) u3MeHEHUs MPUBEICHHBIX HANIPSDKEHUN * AC 1] COTIACHO
dbopmye (30) 1 yuuThIBasi, YTO B UCXOJHOM COCTOSTHUU JehopMupyeMasi CUCTEMA
HaxOJHUTCS B PABHOBECHH, MOKHO TpeoOpa3oBath (52) k Buay: ()0 1 0 A+A—-A—

AYX=[[[ZedVdeFudVPudiiV Voijdijijdijidid . (53) Ypasuerue (53)



MPEACTaBIIeT COOOW BapUAllMOHHOE YpaBHEHHUE, OIMCHIBAIOIIEE PaBHOBECHE
nedhopMupyeMoil CUCTEMBbI Ha TEKYIEM IIare HarpyxeHus. B 3ToMm ypaBHeHuu
u3MeHeHus: nedopmannii ij Ae CBsi3aHBl ¢ M3MEHEHHMSIMH TEpeMeleHHil 1 Au
cooTHomeHusimu (48); AF1, AP1, 1) A — d usmeHeHus: 00bEMHBIX, TOBEPXHOCTHBIX
Y JOTIOJTHUTENBHBIX CUJI B 00BEME KOHCTPYKIMU V U Ha 4acTAX MOBEPXHOCTH X1 ;
0 Ac 1j — U3MEHEHHs HANpPsHKEHH, COOTBETCTBYIOIIKUE YCIOBHOMY YIIPYTOMY,
U30TPOIHOMY, OTHOMOAYJbHOMY MaTepuaiy (29). 39 U3menenus nepeMenieHuu i
Au B (53) y10BIETBOPSIOT KUHEMATUYECKUM YCIOBUSIM (51) Ha 4acTh MOBEPXHOCTH
22 . IlomyuyeHHOE€ ypaBHEHHME MOXHO IMPEACTABUTH B BHJE CIEAYIOLIErO
oneparopHoro ypasHeHusi: ® = HU + R =0, (54) rne ) H(t — nunelinsiil onepatop,
U — u3MeHeHus nepeMEenIeHn TOYEK CUCTEMBI JUIsl TEKYLIETO ara HarpykeHus, R
— BEKTOp HArpy3kH, BKJoyaroumii B ce0a mocrossHHyro 0 R u mepeMeHHyo r
coctaBisironue: R =R + 10 . (55) IlocrosiHHas cocrapisitomas Bekropa () 0 0 R =
R t onpenensieTcsi COBOKYIHOCTBIO BHEITHUX BO3/IEMCTBUI HA KOHCTPYKIUIO B BUJIE
W3MEHEHUH Ha I1are Harpy>KeHusi 00bEeMHBIX 1 TIOBEPXHOCTHBIX CHJI, TEMIIEPATYPHI,
IPaHUYHBIX TMepeMenieHui, a Ttakxke BeauunHamu 0 Adiyjy (wacte 1j Ad
00yCIIOBJIEHHAs: U3BMEHEHUEM TEMIIEpaTyphbl Ha 11are Harpy>KeHus), KOTOpble MOTYT
ObITh BHIYMCIICHA B Havalie mara. [lepemennas yactb Bekropa ) r = r(U,t BKItoyaeT
B ce0sl HENMHEWHbIE WICHBI, 3aBUCAILME OT PEUIeHUs 3aJauyd, U ONpeaeisieTcs
TEeKyIUMHU 3HadeHusIMU BesimuuH r Adij u t Adij . [Ipu sTom pemenne 3anaun (54)
MOoxHO npeactaButTh B Buae: U=U+u0,(56)tne 0 1 0 U H R — = cooTBeTCTBYET
pereHuro 3aaa4uu (54) B IMHEHHOM NPHOJIMKEHUH, U — HEJIMHEHHAs 9acTh BEKTOpa
pelieHus, 3aBucsIias ot Bekropa r . OnpeaeneHue HeITMHEWHOW COCTaBIISIIOLIEH
BEKTOpa pEIICHHs] (BEKTOpa U) OCYHIECTBIISIETCS B paMKax METO/Ja HaydajJbHBIX
HanpsHKEHUM, TMO3BOJISIIONIETO CBECTU pellleHue HeUHEeHHou 3amaun u Hr —1 = k
MOCJIEIOBATEILHOCTH  JIMHEMHBIX 3a/lad € YTOYHSEMBIMH B  MpOIECcCce
NOCJIEIOBATEIbHBIX NPUOMMKEHUN 3HaYeHUN BeKTopa r . YucIeHHoe pelieHue
JMHEApU30BaHHBIX 3aJa4 ocylecTBisercs Ha ocHoBe MKD ¢ umcnonb3zoBaHueM
CEMENCTBA HM30MAaPaMETPUUYECKUX KOHEUYHBIX JJEMEHTOB C KBaJpaTUYHOMN

CUPEHIUIIOBOM amnmpokcuMalMend mnoJjiga nepememieHuit [67]. B muckpeTHo#



¢dopmynupoBke 3amaun Ha ocHoBe MKD oneparopHomy ypaBHeHHIO (54)
COOTBETCTBYET CUCTEMA aNreOpanyecKux ypaBHEHUH, B KOTOPOH poJib oneparopa H
40 wrpaer matpuua xectkoctd koHcTpykuuu [H], a pomb BektopoB U m R —
BEKTOPBI y370BbIX NepemenieHuil {U} u y3moBeix cuil {R} quckpetHoil Moaenu
koHcTpykiuu: [H]{U}-{R}=0. (57) Takum oOpa3om, HcCIIeIOBAHUE MOBEACHUS
KOHCTPYKIIMM KaMEHHOW KJIAAKA B paMKax [peLIaraéMOd  METOIMKHU
OCYLIECTBJISIETCS IIyTEM IIOCIIEIOBATEIBHOTO WHTEIPUPOBAHUS IPEICTaBICHHBIX
BBILIE PA3PEIIAIOIINX YPABHEHNHN IS IOCIIEIOBATEIBHOCTH MEHSIOIIMXCS YPOBHEN
BHEIIIHUX  BO3JACHUCTBHUM C y4eTOM  HCTOPUM  NPOTEKaHUs  IIPOLECCOB
neOopMUPOBAHUSA U pa3pyLIEHUs MaTepralla B OTAENbHBIX TOUKax u3naenus. C sToi
LETIBIO PeaIbHAs TPACKTOPUS HATPYKEHUS IPEICTABIAETCA B BUAE KyCOYHOTIIAKOU
KpUBOM B IPOCTPAHCTBE I1APAMETPOB HArpy>KEHHS M  aANPOKCHUMHPYETCS
COBOKYITHOCTBIO MPSMOJMHEWHBIX YYaCTKOB, BEJIMYMHA KOTOPBIX ONPENEIACTCS
TOJBKO YCJIOBHUSIMH YAOBJIETBOPUTEIBHON aNIIPOKCUMALIUN PEAIBHBIX TPACKTOPUI
HarpyxeHusi. PelieHune HeNMHENMHBIX 3aJad Ha IIarax (3Tamnax) HarpyKeHus
ocyuIecTBIseTCs B (hOpME METOJ]a HAaYaJIbHBIX HAMPSKEHUN MTyTEM UTEPalMOHHOTO
YTOYHEHHUsS] PABHOBECHOTO COCTOSIHUS JUIsl  TeKyuled aepopMupoBaHHON
KoH(purypauun KoHcTpykuuu. llepen pemieHweM 3aiadyud Ha KaXKIOM JTamne
NpOU3BOAMUTCS  (OPMUPOBAHHE  TMOJIEH,  XapaKTEpU3YIOIIUX  HArpy>KeHue
KOHCTPYKIIMH Ha TEKylieM JTane (MoJiell BHEIIHUX BO3JACHCTBUN W BpPEMEHH,
COOTBETCTBYIOIIMX HAuaJly U KOHIIY TEKYILETO dTana Harpy>keHus). JlanbHeunmmit
aJrOpUTM pelieHus kpaeBoi 3anaun MKD st uccneryeMoi KOHCTPYKIMHY Ha 111are
Harpy’>kKeHUsi CBOJMTCS K BBIIOJHEHUIO IIOCJIEN0BATEIBHOCTH  CIIEAYIOLINX
BBIYMCIIUTEIBHBIX onepanui [62, 67]: 1. BpluncieHue Martpui KECTKOCTH U
BEKTOPOB Y3JIOBBIX CHJI, 00YCJIOBJIEHHBIX N3MEHEHUEM BHEIIHUX BO3ACHCTBUN NS
KOHEUHBIX DJIEMEHTOB, BXOJSUIMX B COCTAaB MCCIEAYEMOM KOHCTPYKLHH. 2.
[Toctpoenne matpuubl [H] m Bekropa y3noBeix cuin {R 0 } pe3ynbrupytomei
cucteMbl. Bce 3Tu BbIunCIeHMS, TaK ke KaK U Moceayoniee oopanieHue MaTpHIlbl
[H], mpousBoguTcs nuuib Uil T€X 3TAIlOB, HA KOTOPBIX MEHSIOTCS )KECTKOCTHBIC

XapakTepUCTUKA KOHCTPYKIMHU. 3. BblUuCIEHHE BEKTOpa Y3JIOBBIX CHII



KOHCTPYKIIMU {r}, OOYCJIOBJIEHHbIX HM3MEHEHHEM YINPYTUX XaPAKTEPUCTHUK
Matepuana npu udMeHeHuu mnapamerpa Buna HJIC, uzmeHeHueM HeoOpaTHUMBIX
nedopmarii ¥ TOBPEKISHHOCTH (OMpenenseMblX TeKymuMmu 41 3HaYeHUSIMU
BenuuuH r Adij u t Adij ). Beraucnenus npousBosTes uib aiist Tex K9, B KoTopbix
Ha3BaHHbIC BEJIUYMHBI H3MEHWIUCH [0 CPAaBHEHUIO C HMX 3HAYCHUSIMU Ha
npenbayend urepanuu. 4. PenieHue cuctemsl anreOpandecKux YpPaBHEHHW IS
Tekyiero Bektopa y3noBeix cui ([H]{U 0 }-{R 0 }=0 nHa nepBoii urepauuu u
[H]{u}-{r}=0 — Ha mocnenyrommx) ¢ y4eToM pe3ybTaTOB OOpAIICHUS MaTPHUIIBI
[H] Ha mepBoit utepauuu. 5. [IpoBeeHre aHAIN3a ITOBEACHHUSI PEILICHUS B MPOIIECCE
MOCJICIOBATEIbHBIX MPUOJIMKEHUH Ha OCHOBE TOJYYEHHBIX B  TEKYIIHUX
NpUOIMKEHUSAX 3HAYEHUW BEKTOPOB Y3JIOBBIX TNiepeMmeleHuid {u} (mpoBepka
YCJIOBUM MOHOTOHHOCTH M3MEHEHHUs KOMITOHEHT PEIIeHUS Ul , OIEHKa U3MEHEHUS
JIuHBl BekTopa L=/{u}/ B mpolecce npuOmMmKeHuit). DKCTpanoasuus perieHus
COTJIACHO CXEMeE MTPOMEKYTOUHBIX IKCTPAMOJIALIMI MPH BHIMOJIHEHUH HEOOXOIUMBIX
YCIOBUM MOHOTOHHOCTH Tipoliecca mpuOmmkeHuid [59]. 6. Beumcienue B
(bu3nUecKuX y3jax KOHCTPYKIMHM BEJIMYMHBI U3MEHEHHs nedopmanuii j1 Ae mid
TEeKyIIero 3HaueHHUs BEKTopa y3IoBbIX mepememenuit {U}={U0}+{u}. 7.
Brruncnenre B (U3MYECKUX Y3/1aX KOHCTPYKIMHM BEJIWYMH, XapaKTEPHU3YIOIINX
M3MEHEHHE YIPYTUX XapaKTepUCTUK MaTepuaia npu U3MEHEHUHU NapaMeTpa BHjIa
HAC, wusMeHnenue HeoOpaTUMbIX nedopmariuii, Mepbl TMOBPEKIECHHOCTH U
napaMeTpoB,  XapaKTepU3YyIOIIMX  TEKYIIyH  HCTOPUID  HEOOpPaTUMOTro
nehopMUPOBaHUS; BBIUMCICHHE TEKyIIUMX 3HadeHW BeauuuH r Adiy u t Adj
cormacio (35) wu (38)). 8. IlpoBepka yciOBHIl OKOHYaHHUS IIpoliecca
MOCJIEAOBaTEIbHBIX MPUOIUKEHUH Ha OCHOBE HCIOJIB3YEMOr0 KpUTEpHs
CXOJIMMOCTH U TP UX HAPYIIEHUHM — MOBTOPEHUE BCEX OINEpalvii, HauuHas C
nyHkTa 3. 9. YTounenue nosei, xapakrepuzytomux HJAC B kaxaom guzndeckomMm
y371€ KOHCTPYKIUH, ONPEEISIONUX HaYaJIbHOE COCTOSIHUE JJIs CIEAYIOIIEero mara
Harpykenus. MccienoBanue IBYXypOBHEBOM Cpelbl JUIsl KaXIAOTO YPOBHS TaKKe
CBOJMTCS K BBINIOJHEHUIO ONHCAHHOW BBINIE MOCIEAOBATEIIbBHOCTH THUIIOBBIX

omepanuii 6e3 pa3nmuyusi, Ha KaKOM YpOBHE pElIaeTcs 3ajava: Ha BEPXHEM — JIs



O,HHOPO,HHOﬁ cpe€abl ¢ OCPECAHCHHBIMH XAPAKTCPUCTUKAMHU WJIM HAa HUKHEM — IJIA

KaXJ10ro TUIIOBOTO (bparMeHTa.

4. IlonsiTHE 0 KOHEYHBIX 3JIEMEHTAX

Kak 010 OTMEUEHO, METOJ| KOHEYHBIX DJIEMEHTOB IPEACTABISIET COOOM
HanOoJIee paclpOCTPaHEHHbBIN MPUOIKEHHBIA METOJT B MEXAHHUKE TBEPJIOTO TeJla U
MOXET ObITh UHTEPIPETUPOBAH C PU3MUECKON WIIKM MAaTEeMaTHYECKOM TOUKHU 3PEHUSL.

OcHoBa ¢usnueckot koHrenmu MKD — 3To pazdueHue maremMaTH4ecKou
MOJIeNI KOHCTPYKITUH Ha HEMIEPECEKAIOIINECS] KOMIIOHEHTHI (1000aCTH) POCTON
T€OMETPUHU, HA3BIBAEMBIE KOHEUHbIMU DJIeMEHMAMU U TIPOCTO d1eMeHmamu s
KpPaTKOCTH. MHOX%€ecTBO AJIEMEHTOB, Ha KOTOpBIE pa3z0uta
KOHCTPYKIIUSI, Ha3bIBAETCAKOHEYHO-21eMEHMHO cemkoll. Mexanuyeckoe
MOBEJICHUE KaXKJIOr0 JJIEMEHTAa BBIPAXKAETCA C IOMOIIBI0 KOHEYHOIO 4YHciia
CTereHell cBOOOMbI WM 3HAYEHUN HMCKOMBIX (DYHKIIM BO MHOMXECTBE Y3JIOBBIX
TOYEK. [ToBeneHue MaTEMaTH4YEeCKOU MO/IEJIH, TaKUM
o0pa3oM, anmpoOKCUMHUPYETCS MOBEJICHUEM JIUCKPETHOW MOJENH, TOJy4YEeHHON
myTeM COOPKHU WJIM aHCAaMOJUPOBAHUS BCEX DJIEMEHTOB. 3aMETHUM, YTO KOHIICTIIIUS
pa3OMeHUs-COOPKM  €CTECTBEHHO BO3HHMKAeT TNPU  HUCCIAEJOBAHUM MHOTHMX
MCKYCCTBEHHBIX WJIH XUBBIX cucTeM. Hanpumep, 1erko npeacTaBuTh MOCT, 3JaHUE,
JIBUTATE]Ib WM CKEJET, KaK CIOXHYI0 CHCTEMY, COCTaBJICHHYIO M3 MPOCTHIX
KOMIIOHEHTOB. 3aMETUM TaKKe€, YTO B OTIMYME OT METOJIa KOHEYHBIX Pa3HOCTEH,

KOHCYHBIC 3JICMCHTBI HC HAKJIAABIBAOTCS APYT Ha APyTra B IIPOCTPAHCTBC.

9.5.1. ATpuOYTBI JIeMeHTa

PaCCMOTpI/IM OCHOBHBI€C THIIBI KOHCYHBIX DJJICMCHTOB H HX C@OﬁC”l’l@CI,

HasbIBaeMble ampubymamu dnemenToB (Puc. 9.14).
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Puc. 9.14. OcHOBHBIE TUIIBI KOHEYHBIX 3JIEMEHTOB [IJI OJIHO-, JIBY- U

TPCXMCPHBIX 3a/la4 MCXAaHUKH.

Coocmeennasn pazmeprnocmp. KOHEUHbIE 3JIEMEHTBI MOTYT OINMCBHIBATHCA
OJIHOM, IByMA WJIA TPEMs IPOCTPAHCTBEHHBIMU KOOPAMHATAMHU B 3aBUCUMOCTH OT
pa3MEpHOCTH  3ajaud, JUIsi  pelieHus KOTOPOM OHM  MpeJHa3HAYCHBI.
COOTBETCTBYIOIIEE YUCJIO BHYTPEHHUX WM JIOKAJIBHBIX KOOPJAMHAT Ha3bIBACTCSA
COOCTBEHHON pa3MEPHOCTBIO dJIEMEHTa. B JIWHAMHUYECKOM aHalIW3e BpeMs
paccMmaTpuBaeTcsl Kak JOMOJHUTENbHAS pasMepHOCTh. OTMETHUM, YTO B pacdeTax
HCIOJIB3YIOTCSA TaKXe CIEIMaIbHbIC 3JIEMEHTHI C HYJEBOM pa3MEpPHOCTHIO, TaKHE
KaK, TOYEUHbIC MACChl WJIK COCPEAOTOUYEHHBIE YIIPYTHE PJIEMEHTHI (ITPYKUHBI).

Y3no06vie  mouku. Kaxapii  3JIEMEHT  ONUCHIBAETCA  MHOXECTBOM
XapaKTEePHBIX TOUEK, HA3bIBAEMBIX Y3JIOBBIMU TOUKAMH WJIU Y3JIaMHU JIJI1 KPaTKOCTH.
V3nbl npeaHa3sHAadeHBbl JJIS ONUCAHUS TEOMETPUU OdJIEMEHTa U I 3aJaHus
bu3nYecKuX CTerneHer CBOOOJbI (YMCiIa HEM3BECTHBIX (DYHKITHIT). Y31l 0OBIYHO
HaxXOJATCSA B YTJIOBBIX WM KpaMHUX TOYKax 3JIEMEHTa, HO MOTYT OBITh TaKXe
PaCIONIOKEHBI MEXKIY YTJIOBBIMU Yy3JaMU M BHYTPH dJieMeHTa. JlaHHOe paznuuue
CBSI3aHO C MOPSJIKOM aIlllIPOKCUMAIMH, KOTOPBIM 00ecTieYMBaeT TaHHBIM KOHSUHBIN
AJIEMEHT. DJIEMEHThI, UMEIOIIUE TOJIHKO YTJIOBBIE y3JIbl, HA3bIBAIOTCS JIUHEUHBIMU U
00eCIeunBaOT JIMHEHHYIO HHTEPIIOAIUI0 TeOMeTpUur W (YHKIUNA. DIIEMEHTHI,
MMEIOIIME JOTOJHUTENIbHBIC Y3JIbl HA CBOUX MPAHUIAX MEXY YIJIOBBIMU TOUKAMU,

MOTYT oOecreurBaTh KBaJIpaTHUUYHYIO WIHM Jaxe KyOuuHyro umHTepnossiuuio (Puc.



9.14). B nepBoM citydae Takue 3J€MEHThI Ha3bIBAIOTCS Keaopamuunvimu. OTMETUM
TaKXe, 4TO CYHIECTBYIOT JJIEMEHTHI, UMEIOIINE BHYTPEHHUE Y3JIbl. TeopeTnuecku
TaKUe JJIEMEHTHI 00ecreynBaloT Oojee TOUYHOE ONMUCAaHHE TeOMETPHH Tela U
MCKOMBIX (DYHKIIMA, OJJHAKO IIMPOKOTO PACIpOCTpaHEHUs TAHHBIA THUIT JJIEMEHTOB
He noay4duil. [Ipu HanTu4uu COBpEMEHHBIX aBTOMAaTUUYECKUX T€HEPATOPOB KOHEUHO-
AJIEMEHTHBIX CETOK 4YacTO OBIBaeT Mpolle W yAoOHee pa3OuTh KOHCTPYKIHMIO Ha
OOJBIIOE YKCIIO JIMHEWHBIX AJIEMEHTOB MpPOCTOM (OPMBI, YeM HCIOJIb30BaTh
AJIIEMEHTBI BBICOKOI'O MOPSAKA, TpeOyIOUMe Il HOCTPOCHUS CETKU 3HAYUTEIbHON
paboThl BPYUHYIO. DJIEMEHTHI, HE UMEIOIIME BHYTPEHHUX y3JI0B, OTHOCSITCS K TaK
HA3bIBAEMOMY CepeHOUNo08)y cemelucmay.

T'eomempusn nemenma. I eomeTpus AJIEMEHTA ONIPENEIIAECTCS
pAacCIONOKEHUEM Y3JIOBBIX TOYEK. DBOJBIIMHCTBO 3JIEMEHTOB, HCIOJIb3yEMBIX B
pacyerax, UMEIOT JIOCTaTOYHO MPOCTYI0 reoMeTpuueckyto (opmy. Hampumep, B
OJTHOMEPHOM CJIy4ae 3JIEMEHThl OOBIYHO MPEJCTABISAIOT COOOM MPSIMOJMHEHHBIE
OTPE3KH WJIM CEIrMEHThI KPUBBIX JUHUW; B ABYMEPHOM CIIy4yae 3JIEMEHThl UMEIOT
TPEXCTOPOHHIOID WJM YETBIPEXCTOPOHHIOW (OpMy; B TpPEXMEpHBIX 3aJayax
HanOoJiee paclpoCTpaHEHbl TaKUE€ TEOMETpUYECKHE (UTYpHI, Kak TETPadphl,
npu3Mbl U rekcasipsl (Puc. 9.14).

Cmenenu ce0600bt. CterieHr cBOOO/IbI ONIPENIEIAIOT (PU3NYECKOE COCTOSIHUE
AJIEMEHTA, T.€. GU3HUECKOe MoJie, KOTOPOE ONMCHIBAET IaHHbIN d1eMeHT. biaronaps
OOLIMM CTEMEHsIM CBOOOJBI B COCEIHUX DBJIEMEHTaX OCYLIECTBISETCS cOOpKa
Moenu ¥ (hopMUpOBaHKE TII00ATBHON CHCTEMbI KOHEYHO-3JIEMEHTHBIX YPaBHEHUH.
B kauectBe cTemeHeidl cBOOOIBI MOTYT (DPUTYpPHpPOBAaTH Kak y3JI0BbIC 3HAYCHUS
HEU3BECTHOM (PYHKIMHM, TaK W €€ MPOU3BOJHBIE IO MPOCTPAHCTBEHHBIM
KOOpAMHAaTaM B y3JaXx. B mepBoM ciaydae »3JIEMEHTBl OTHOCATCS K
TUILY JA2PAHIHCEBbIX DTIEMEHTOB; BO BTOPOM CIIy4ae — TUILY 9PMUMOBbIX IIEMEHTOB.
Hanpumep, B npocreiiieii 3aa4e 0 pacTsKEHUH CTEP>KHSI HEM3BECTHOHN (yHKITUEH
ABJISIETCA TPOJOJIbHOE TepeMelieHne cTepkHsi. COOTBETCTBEHHO B KayecTBE
CTeneHell CBOOOJbI BBICTYMAIOT Y3JOBbIE€ 3HAYEHUS JIaHHOW (YHKIMU W,

CJIeIOBATEILHO, KOHEYHBIN AJIEMEHT OTHOCUTCS K JIarpamkeBomy Tuiy. HaobGopor,



B 3aj7aye 00 u3rube CTep)KHS HEM3BECTHOM (YHKUMEH SBISETCS IMONEPEUHOe
nepeMeIieHre IEHTPaTbHON OCH CTEep>KHSA, a B KayecTBE CTereHed CBOOOJbI
WCITOJIB3YIOTCS KaK Y3JIOBBIC 3HAYEHUS caMOU (PYHKITUH, TaK M €€ TIPOU3BOIHOM 110
MPOJIOJILHOM KOOpAuHaTe. PU3UUECKUN CMBICI 3TOW ITPOU3BOJHOM — YrOJI IOBOPOTA
MONEPEYHOr0 CEUYCHUsS] CTepkHSA. TakuM 00pa3oM, KOHEUHBIA HJIEMEHT,
NPUMEHSIEMbII B pacuerax  CTEpkKHS  Ha  U3rub,  OTHOCHUTCS K
TUITY )PMUTOBBIX PJIEMEHTOB. 3aME€TUM TaKXe, 4YTO JlaHHble O0003HAaYeHUs
MPOUCXOJAT OT Ha3BaHWS TMOJMHOMOB Jlarpawxka u DpmuTa, MIHUPOKO
UCIIOJIb3yeMbIX B TMPUKIAJHON MaTeMaTUKe JUIsi WHTEPHOISAIUU (PYHKIUH I10
Y3JIOBBIM 3HAUECHUSIM.

Y3noewie cunvi. Cuctema y31m0BbIX CUJI IOJIHOCTBIO COOTBETCTBYET CTENICHIM
CBOOO/IBI AJIEMEHTA U BBIPAYKAETCS C IOMOIIIBIO TI100aJIbHOTO BEKTOPA Y3I0BBIX CUJL.

Onpeoenarowiue coomuouwteHus. [Ins KOHEUHBIX 3JIEMEHTOB, UCIIOIb3YyEMbBIX
B MEXAHUYECKHUX pacyeTax, OMNPEACNSAIONIEE COOTHOIIEHUE 3aJaeT IOBEIACHUE
Marepuasa, i3 KOTOporo U3roToBjieHa KOHCTpYKuus. Hampumep, B KaueCTBE TAKOro
COOTHOIIIEHUSI BO MHOTHMX CiydyasX HCIOJIb3yeTcs oO00O0IIeHHbI 3akoH ['yka,
CBS3BIBAIONIMN TEH30p JedopMmanuifi W TEH30p HAINPSKEHUH B  TOUKE.
JIns TMHENHOrO0  yIpyroro CTEP:KHEBOTO  3JIEMEHTA JOCTATOYHO 33JaTh OJHMH
Moayab FOura E n oquH K03 PUITMEHT TEMIIEPATYPHOTO PACIIUPEHUS <

Ceoiicmea ceyenus. K cBOICTBAM CEUEHUSI OTHOCATCA IUIONIAAN M MOMEHTHI
WHEPIUU OJHOMEPHBIX M JBYMEPHBIX KOHEUHBIX JJIEMEHTOB, TaKMX Kak OaJikw,
CTEP>KHU, IJIACTUHBI. B 3Ty TpyIily Takke BXOIUT TOJIIIMHA IJIACTUH U 00O0JIOYEK.
[Ipy1 OCTPOECHNM KOHEYHOI'O 3JIEMEHTA CBOMCTBA CEYCHHUM CUUTAOTCS 3a1aHHBIMU

Y BXOJIAT B PE3YJIbTUPYIOILIYIO MAaTPHUILY )KECTKOCTHU AJIEMEHTA.

9.5.2. Kinaccupukanmus KOHEYHbIX 3JI€MEHTOB, HCII0JIb3YeMbIX B

MEXaHHUuKe

Ilpocmeituue KOHCMPYKUYUOHHDbLE anemenmol. K IpOCTEUITUM

CTPYKTYpPHBIM 3JIEMEHTaM OTHOCSTCS 3JIEMEHTHI THUIA CTEpXKeHb, Oanka, TpyoOa,



Opyc, nanenb, paboraromias Ha casur (Puc. 9.15). YpaBHeHus, omuchkIBaroIme
JaHHBIC DJIEMEHTHI, BBIBONATCS W3 TEOPETUUYCCKUX IOJIOKCHHUH COTPOTHBIICHUS
MaTepHayioB, T.€. U3 YIPOIICHHBIX MEXaHWYeCKUX (popmymupoBok. Mctopudecku

IICPBBIMU CTAJIX UCIIOJIB30BATHCA UMCHHO 3THU THUIIBI KOHCYHBIX 3JICMCHTOB.

KomnoHeHTa Aras KoHeYHo-3nemMeHTHaA
dmzmnyeckon MaTemMaTnyecKon AWUCKpeTHIalUna
KOHCTPYKLUWIA Mogeni

(cTpYKTYpPbI)
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Puc. 9.15. [Ipocrelinme KOHCTPYKIMOHHBIE JIEMEHTHI

Konmunyanouvie znemenmot. KOHTUHYaATbHBIE AJIEMEHTHI TPEACTABISIOT
co0Oll KOHEUHbIE O0BEMBbl WIM IUIOMAAN CIUIOMIHONW cpeabl (KOHTHHYyMa).
Hampumep, K  KOHTHHyaJbHBIM  DJIEMEHTaM  OTHOCATCS  ITUIACTHHBI,
000JIOYKH, OCECUMMETPHYHBIE JIEMEHTHI, TPEXMEPHBIC TBEPJOTEIbHBIC JIEMECHTHI
(Puc. 9.16). VpaBHeHHUs, ONHUCHIBAIOIIME JIAHHBIM THUI KOHEYHBIX DJIEMEHTOB,
MOJTY9JarOTCS U3 OOITUX COOTHOIICHUH MEXaHHUKH CILTOIIHOW CPEJIbI M, B YaCTHOCTH,

TEOPUU YIIPYTOCTH.
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Puc. 9.16. KonTunyanbHble KOHEYHBIE JIIEMEHTHI.

MNacTHHbI

Cneuyuanvnunie 3n1emenmot. CrieliiajibHBIC DJIEMEHTHI 00J1aJ1al0T CBOMCTBAMM
KaK KOHCTPYKIIMOHHBIX, TaK M KOHTHHY&JIbHBIX 37eMEHTOB. OHU BBIBOJISTCS W3
YPAaBHEHUN MEXAHHMKM CIUIOUIHOM Cpeabl, HO BKIIOYAIOT B ce€0s HEKOTOpbIE
OCOOCHHOCTH HEMOCPEJCTBEHHO CBSI3aHHbIE C (U3UYECKUMU OCOOCHHOCTSIMH
pemaemMbpIXx 3amad. B kadecTBe TmpuMepa MOXKHO TPUBECTH  CICAYFOIIHE
CHEIMATbHBIC SJIEMEHTHI: JIEMEHT C TPEITMHOM JIJIS 3a/1a4 MEXaHUKH pa3pyIICHHS;
MHOTOCJIOMHAsI TaHEeJb; 0ECKOHEYHBIE M TIOJTyOECKOHEUHBIE 3JIEMEHTHI; KOHTAKTHBIC

U mTpadHbIe AIEMEHTHI; a0COJIIOTHO TBEPAOTEIbHBIE 371eMeHThI (Puc. 9.17).

BEeCHOHEYHOCTE
nBOlEHOE y3en

-

SnemeHT BeckoHeyHbIi MHorocnoiHan
¢ TPeWWHO R 3NemMeHT naHenb

Puc.9.17. Crnenuanpable KOHEYHBIE JJIEMEHTHIL.

Makpoanemenmol. MakpodsieMeHThI IPEACTABISIOT co00M 0oJiee CIIOKHBIN

THUIT KOHEYHBIX 3JIEMEHTOB. Kak mpaBuiio, OHH MOTy4aroTCs MyTeM COOpKH U3 0oJiee



IMPOCTBIX KOHCTPYKIHMOHHBIX 3JICMCHTOB. Yucno takux QJICMCHTOB, BXOAAIIUX B

MaKpOd3JIEMEHT, KakK MpaBuio, Herenuko (Puc. 9.18).

- 4%
-

Puc.9.18. MakpoaneMeHThI

Qe

Iloocmpyxkmypawt. [10aCTpYyKTYpBI MOKHO OIIPEAEIIUTH KAK MAKPOSJIEMEHTBI C
SBHO BBIPAXXEHHBIMU CTPYKTYpPHBIMH OCOOCHHOCTSIMU WM (yHKuuamu. Kak
IPaBUJIO, OHMU IIOJYYAKOTCA IyTEM pa3JelICHUs M[OJHOWM KOHCTPYKLMH Ha
byHKIMOHATBHBIE KOMITIOHEHTHI. Hampumep, KpbUlbs U (Pro3esspk camosieTa, mpoJieT
Y TPOCHI TTOJBECHOTO MOCTa. 3aMETUM, YTO PA3JIMYMS MEXAY MOHSATHUSIMHU MOJHOU
KOHCTPYKLIMH, MOACTPYKTYP U MAaKpO3JEMEHTOB HE BCErJa OYEBUIHBI U YETKO
onpenenieHsl.  [loaToMy 4acTo HCHONB3yeTCs  MOHATHE CyNEPANIEMEHTA KakK
000OILIEHHOTO Ha3BaHMs ISl BCEX THUIIOB MAaKpO3JIEMEHTOB WIIM TMOACTPYKTYD,
MPEACTABIAIONIMX COOOW  KOMOWHAIMIO  MPOCTEHIIMX  KOHCTPYKIIMOHHBIX

DJICMCHTOB.

9.5.3. AHcambiupoBaHme

AHcaMmOnupoBaHue WM cOOpKka TpelncTaBisieT co0ol  O0beAMHEHHE
OTJICTBHBIX DJIEMEHTOB B KOHEUHO-JICMEHTHYIO ceTKy. C MaTeMaTH4eCKOW TOYKH
3peHUs aHCaMOJUPOBAHKUE COCTOUT B 00BbETMHEHUH MATPHI] JKECTKOCTH OTICTBHBIX
AJIEMEHTOB B OJIHY TJ100aJIbHYIO MAaTPHUITY )KECTKOCTH BCel KOHCTpYKIuu. [Ipu aTom

CYHMICCTBCHHO MCIIOJB3YIOTCA [ABC CHUCTCMbl HYMEpalunh Y3JI0B JJICMCHTOB!:



JoKalbHas U riobanbHad. JlokanmpHas HyMmepalnus MpeAcTaBisieT CcoOo
(UKCHPOBAHHYIO HYMEpAIMIO Y3JI0B JUIsl KaKJOTO THUIAa KOHEYHBIX 3JIEMEHTOB B
COOTBETCTBMM C BBEJCHHOM JIOKAJIbHOM CHUCTEMOW KOOPJIMHAT Ha 3JJIEMEHTE.
I'mobanbHasi Hymepauus y3/10B BCEH KOHCTPYKIMM MOXET OBITh COBEPIIECHHO
IPOU3BOJIBHOM, TaKXKE KaK M TJIOOAIbHAas HyMeEpalHs KOHEYHBIX 3JIEMEHTOB.
OpnHako, MEXly JIOKaJbHBIMU HOMEpaMH M TJ00aJbHBIMM HOMEpaMHU Y3JI0B
CYLIECTBYET B3aUMHOOJHO3HAYHOE COOTBETCTBHE, HAa OCHOBE KOTOPOrO H

dbopmupyeTcs TI00aTbHas CHCTeMa KOHEUHO-3JIEMEHTHBIX YPaBHEHUH.

9.5.4. 'pann4uHbIC YCJIOBUS

CoriacHO TEpMHUHOJIOTUU MaTEeMaTUYECKON (PU3UKH, paccMaTpUBaIOIIeh
pasznuunbie quddepeHanbHbple YpaBHEHHS, OMUCHIBAIONINE (HU3UYECKHUE TOJIS, C
CAMHOW MaTeMaTUYeCKOW TOUYKH 3PCHHS, TPAHUYHBIC WM KPACBBIC YCIOBHS IS
JTaHHBIX  TUd@EpeHINATbHBIX  YpaBHEHUW  JIEJSATCS HAa  JBa  OCHOBHBIX
TUNA: cyujecmeeHnbvle uecmecmeenuvle.  OOBIYHO,  CYILECTBEHHBIE  YCIIOBUSA
HAKJIQJBIBAIOTCA HAa UCKOMYIO (DYHKITHIO, @ €CTECTBEHHBIC HA €€ MPOU3BOIHBIC TIO
MPOCTPAHCTBEHHBIM KoOpAuHaTaM. B Martematuueckoil (u3nke eCTECTBEHHBIC
IPAHUYHBIC YCIOBUSA MOTYYAIOTCA «€CTECTBEHHBIM» 00pa30M BMECTE C UCXOIHBIMU
nudepeHnnanTbHBIMU ypaBHEHUSIMU (YpaBHEHUAMU Diinepa) u3
COOTBETCTBYIOIIETO BapHAIlMOHHOTO MPHUHIIMIA, B TO BPEeMsl KaK CYIECTBEHHBIC
T'PaHUYHBIC YCIIOBUS JOHKHBI BBITIOJHATHCSI HE3aBHCHUMO.

C mno3urmuu MeroJa KOHEYHBIX JJIEMEHTOB CYINECTBCHHBIC T'PAaHUYHBIC
YCJIOBUSI — ATO TaKue, KOTOPhIE HEMOCPEJCTBEHHO BIIUSIOT HA CTENEHU CBOOOJBI
MOJIENIA ¥ HAKJIAJBIBAIOTCS HA KOMITOHEHTHI TJI00ATHPHOTO BEKTOpa HeU3BECTHRIX U.
HaoGopoT, ecTecTBeHHbIE TpaHUYHBIC YCIOBUS — O3TO TaKue, KOTOpPhIC
OMOCPEIOBAHHO BIIUAIOT HA CTENEHU CBOOOABI uepe3 TII00albHYI0 CHUCTEMY
KOHEYHO-3JIEMEHTHBIX YPaBHEHUHN 1 HAKJIAJIBIBAIOTCS HA MPaBYIO YaCTh CUCTEMBI —

BekTop F.



B 3apayax MeXaHMKHU, KaK IPABUIIO, K CYLECTBEHHBIM I'PAHUYHBIM YCIIOBUAM
OTHOCST T€, KOTOpbIE€ BKIIIOUAOT B ce0s nepemewjenus (Ho He nedopmanu,
NPEACTABIAIONIME COO0M MPOU3BOAHBIE IMEPEMEUIEHUH MO MNPOCTPAHCTBEHHBIM
koopauHaraMm). COrlacCHO TEPMHHOJIOTHMHM TEOPUU YIPYIOCTH TaKHE TI'PaHUYHbIE
yCIIOBUS HA3bIBAIOTCS. KUHEMAMUYECKUMU. Hampumep, 3a/1elIKa
U IIAPHUPHOE ONMPAHUE B CTEPKHEBBIX  3aJadyax  MPEACTABISIIOT  COOOM
CYILIECTBEHHbBIC, WM KUHEMAaTUYECKHUE, TPAHUYHBIC YCIIOBUs, HAJIOXECHHBIC Ha
IpOrud WM NPOAOJBHBIE NEPEMEIICHHS TOUEK CTEP)KHA. 3aMETUM, YTO B 3a/1aye
U3ruba CTEepPXKHS K CYIIECTBEHHBIM YCJIOBHUSM OTHOCHUTCS TaKKe€ YCIIOBUS,
HAJIO)KEHHBIE Ha MEPBYIO MPOU3BOJHYIO MO MPOAOIBLHOW KOOpJAUHATE OT Mporuda
CTEP>KHS, KOTOpasi UMEET MEXAHUYECKUM CMBICH yTJIa IOBOPOTA CEYEHHUS CTEPIKHSL.
Toxe MOXKHO cka3aTh 00 yrjiax MoBOpOTa CEYEHUH B TEOPUHU U3rH0a IIACTUH.

K ecrecTBEHHBIM TIpaHWYHBIM YCJIOBUSM B MEXAHUYECKHX INPHIIOKEHUAX
MK?D oTHOCAT ycI0BHS, HATOXKEHHBIE HA PA3JIMYHbIE BHELIIHUE CUIIOBBIE (PAKTOPHI,
JEUCTBYIOLIME HA TOYKHU ITIOBEPXHOCTH Te€Jla — COCPEAOTOUYCHHBIE CUJIBI I MOMEHTBI
B CTEP)KHEBBIX 3aJa4ax; PacIpeleeHHbIE CUJIbl B JBYMEPHBIX M TPEXMEPHBIX
3amadax. Takue orpaHuYeHUs HOCIT HA3BaHUE CUNOBbIX TPAHUYHBIX YCIIOBUM.

B nocranoBkax 3a1ay MEXaHWKH CIUIOIIHOW CPEXlbl, U B YACTHOCTHU TEOPUU
YIOPYIOCTH, IIUPOKO HCHOJIB3YIOTCS CMeulaHHble TPAHUYHBIE  YCIIOBUA.  OJTO
O3HayaeT, 4YTO B JAaHHOM TOYKE IIOBEPXHOCTH TejIa OJHOBPEMEHHO 3aJaHbI
HEKOTOPbIE KOMIIOHEHTHI ITEPEMEILICHUIN U OBEPXHOCTHBIX cwil. Hampumep, Takue
YCJIOBUSI BO3HUKAIOT NPHU PELICHUN I'€OMETPUYECKH CMMMETPHUUYHBIX 3an1ad. Ecin
OCTQJIbHBIE TPAHUYHBIE YCIIOBHS U BHEILIHAE CHJIbI TAK)KE 3€PKAJIbHO CUMMETPUYHBI
OTHOCHUTEJNIBHO HEKOTOPOW IUIOCKOCTH, TO CMEUIEHHBIE I'DAHUYHBIE YCIIOBHUS Ha
IUIOCKOCTH CHUMMETPHUM TMPEJICTaBISIOT COOOW pPAaBEHCTBO HYJIH HOPMAaJIbHBIX
MEPEMEILICHUI U PABEHCTBO HYJIIO KACATEJIbHBIX CHUII.

[lepeuriciieHHble TpW  BapMaHTa TPAHUYHBIX  YCIOBUM  Haubonee
pacnpoCTpaHeHbl B YHUCTO MeXaHW4Yeckux npwiokeHusx MKD. Opnako, B
MEXIUCIUIUIMHAPHBIX npwiokeHusx MKD, m B wyacTHOCTM, ©IIpu pacuere

TCMIICPATYPHBIX HaHpH)I(eHI/Iﬁ, I'PaHUYHBIC YCIIOBHA HAKIAABIBAOTCA HA PA3JIMYHBIC



(1)I/ISI/I‘ICCKI/IC IIEPEMCHHBIC MW  3aBUCAT OT OCOOCGHHOCTEHl MaTeMaTH4YeCKOU

IMOCTAHOBKH COOTBCTCTBYIOIINX 3aJ/1a4.

9.5.5. CrepxkHeBOM KOHEYHBII jieMeHT. MaTpHIA :KeCTKOCTH KOHEYHOTI' 0

IJIEMECHTA

PaccmoTpum TIpOM3BOJIBHBIM KOHEYHBIM JJIEMEHT C YHCIOM CTEICHEN
CBOOOJIBI Ny,

BekTopoM y3510BbIX IEpEMENICHUN KOHEYHOTO 3JIEMEHTA HA3bIBACTCS BEKTOP,
CKJIAJIBIBAIOIIMICS U3 3HAYCHUN MEPEMEIIEHUN €T0 y3JIOB MO HANPABJIECHUIO BCEX
ero creneHen cBo00ibl. OUeBUAHO, Pa3MEPHOCTh BEKTOPA Y3JIOBBIX MEPEMEIICHUI

PpaBHa YUCITY CTCICHEH CBO6OI[I>I 3JIEMEHTA Ny,.
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Hanpumep, 17151 ABYXY3/70BOT0 AJIEMEHTA, UMEIOIIETO B KOHEYHO-2JIEMEHTHOM

cXeMme HoMep 7, XapaKTepHU3yIOIIErocs TpeMs CTeneHsIMU cBOOOIbI (puc.9.19),

) ) I
BEKTOP Y3JI0BBIX TIEpPEeMEIICHUN OyIeT UMETh CIEAYIOIIHI BUI: =

id
3mech BBEICHBI CleAyolIne 00O3HAYCHHS: *- mepeMmelneHue y3ia K mo

. rlel .
HANPAaBJIEHHIO |, U -BEKTOp Y3JIOBEIX NEpeMelIeHHil y3na e. I[IoHATHO, 4TO eciu
y3en1 K mapHupHBIH, TO j MOXeT ObITh paBHO 1 wim 2. Eciu ke y3en K )kecTKui,

TO | MOKET OBITh paBHO 1, 2 niu 3.



AHanoOru4Ho BBOJUTCA BEKTOP Y3JIOBBIX YCI/IJIPII>'I, I[CI‘/’ICTByI-OH.II/IX Ha 3JieMeHT. Ero
KOMITIOHCHTAMHU SBJIAIOTCA YCUINA, IIPUJIOKCHHBIC K 3JICMCHTY B Y3JIaX H

JEHCTBYIOIME IO HAMPABIIEHUIO BCEX €T0 CTENEeHENW cBOOOABI. J{1s1 MpUBEAEHHOTO
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Ha puc.9.19 snemenTa 3TOT BeKTOp OyaeT umeTh BHI (puc.9.20) *
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31ech  BBOmATCS — OOO3HAYeHHs: #* -  ycunme, JEHCTByMoIee  Ha

y3er K 2JIeMeHTa e 110 HAIPaBICHHIO j, &' *' - BEKTOp Y37I0BBIX CHII, ICHCTBYIOIIHX Ha
DJIEMEHT e.
BekTopa R®y U® gpnsrorcst  GIOYHBIMH, T.e. B HHX MOKHO BBLICIUTH

fe) _
6nokn & u Y COOTBETCTBEHHO, COJEp)KAIME YCUIUS U  [epeMelleHus,

OTHOCSIIHECS K I-OMY y3J1y 3JICMEHTA.
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Ecmu y3enm |- xectkuul, TO #/ eCliM IIAPHUPHBIA, TO “l
AHaJIOrMYHO BBIMIAAAT U 6710ku BekTopa R,

Hanpuwmep, nnst paccmarpuaeMoro siemMenTa (puc.9.19 u puc.9.20):
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[TonsiTHO, yTO TIPU NeDOPMUPOBAHUM BJIEMEHTA B PE3yJIbTaTE CMEIICHUS
OJIHOTO M3 €ro Y3JIOB M0 HAMpaBIICHUIO OJHON W3 CTENeHEeH CBOOOIbI Ha Y3IIbI
AJIEMEHTA JOJIKHBI JIEHCTBOBATh BHEILIHUE CUJIbI, TPEMSATCTBYIOIIME BO3BPAILICHUIO
aneMeHTa B Henedopmupyemoe cocrosiHue. IlomoOHasi cutyanus MOXKET
BO3HUKHYTb, HANpHUMEpP, MPU HEPABHOMEPHBIX OCAJKaX B OMOpax CTATHYECKHU
HEOMpEeACIUMOM CTEPKHEBOM cucteMsbl (puc.9.21), peakiiuu, BOZHUKIIKE B ONIOPaX,
MPENSTCTBYIOT BO3BPAILIEHUIO KOHCTPYKIIMU B HEJIe(POPMUPOBAHHOE COCTOSIHUE.

o 0 Pon ;

5 %":__? gl-'—) a:;l‘g"__? i-'—)

Puc.9.21

T8

B pamkax runorespl JHHEHMHOro JA€POPMHUPOBAHUSA CBSI3b  MEXKAY
[IEPEMEILCHUAMU Y3JIOB DJIEMEHTA U CUJIaMU, JEHMCTBYIOLIMMU IIPU OTOM Ha HETO,
J0JDKHA OBITh JiMHEHHOW. Hampumep, ¢ yBenuueHuem cmenieHus d BIBoe, Bce
yCUIus, JEUCTBYIOIME HA y3JIbl DJIEMEHTA TAK)KE TOJKHBI YBEJIMYUTHCS BIBOE.

OCHOBHOM XapaKTEpPUCTUKOM KOHEYHOTO »JJIEMEHTA SBIISIETCS MaTpuila

KECTKOCTH dieMenTa X' . OHa cBsI3bIBacT BEKTOP Y3JIOBBIX NEPEMELICHUIN Uy
BEKTOP MPUJIOKEHHBIX K AJIEMEHTY Y3JI0BBIX YCUIUN R cooTHOMICHMEM:
Rlel — prler rriel
, (9.4)
BBIPAYKAIOIINM JIMHEWUHBIN XapaKTep CBA3U MEXKy IEMCTBYIOIIMMHU HA y3JIbl CUIIAMHU
M Y3JOBBIMHM TMEpEeMENICHUSIMH. MaTpuia >KECTKOCTH 3JIEMEHTA WIPaeT pPOJib,
AQHAJIOTUYHYI0  KOX(P(OUIIMEHTY  KEeCTKOCTH  MPYXHWHBI K,  CBS3BIBAIOIIETO
NPUIOKEHHOE K  HeW  ycwide R, ©  BBI3BaHHOE  JTUM  yCUJIHEM

nepemeinenne U cootnomennem (puc.9.22) £=£- U,
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ie ple) o
HOCKOJII)Ky BCKTOpa )51 HMCIOT pPasMCPHOCTH , 4HUCJIO CTPOK H

CTOJIOLIOB B MaTpHiie & “ roxe JIOJKHO OBITH PaBHBIM Haw
RV x 1=K xn ) - U (n_ x1)

ilel .
Brenem o603HaueHue ¥ - ycuine, IeUCTBYIOIEE Ha y3ell M 3JIeMEHTa € 1o

HAIpPaBIICHHIO I, oT CAMHUYHOI'O NnepeMeIICHU y3na K aToro Ke

DIIEMEHTA e 110 HAMIPABIICHUIO | IPH YCIOBHH, YTO TIEPEMEIICHUS 110 HATIPABJICHUIO
. 50

BCEX OCTaJbHBIX CTENEHEW CBOOOABI B AJIEMEHTE paBHbI HyN0. Hanpumep, “1312 -

ycuiue, JeMCTBYIOIIEe Ha y3ell | ajeMeHnTa 5 o HampasJieHHIo | Mpu eTMHUYHOM

PRy
L1 - ycuime,

MEPEMENICHUM y3JIa 2 3TOr0 K€ AJIEMEHTa S5 MO HANpPaBJICHUIO 3, a
JIEUCTBYIOIIEE Ha y3ell | ayieMeHTa 3 1o HalpaBiIeHUIO 1 OT €IMHUYHOTO CMEIICHUS

9TOr0 K€ y3Jjia IIO0 9TOMY KC HallPaBJICHHUIO. HOCJ’IC}IHGC 3HAa4YCHUC, KaK U ro0oe

kel . .
3HAUCHUE ¥ B COOTBETCTBUHU C TeOpeMOI/I KnanerOHa BCEeraa ITOJOXKHUTCIIBHO,

" B ypaBHEHMAX  KJIACCHYECKOTO  METOJA

aHAJIOTUYHO KO3 PUIIUEHTaM
[IEpEMELIECHUM.

BakHO 4eTKO MOMHHTB MOPSI0K HHAECKCOB, CTOSIINX Npyu K. BepXxHuii nHIEKC
- 3TO HOMEp 3yeMeHTa. [lepBble ABa HWKHUX HWHJCKCA - HAIMPABICHUSA, MPUYEM
TEPBBIA U3 HUX - HOMEP HAINPABIICHUS ONPEACIIEMOTO YCUIINS, & BTOPOU - HOMEP
HanpaBJIEHHs, B KOTOPOM IMPOM3OILIO €AUHUYHOE TepeMenieHre. Bropeie nBa
HIDKHUX UHJIEKCA - HOMEPA Y3JI0B 3JIEMEHTA, TPUYEM NEPBBIM U3 HUX - HOMED y3J1a,

B KOTOpPOM OIIPCACTIACTCA YCHUIIHUC, BTOpOﬁ - B KOTOpOM 3agaHO CIWMHHUYHOC

riepeMerieHue.



Jlns pacemaTtpuBaeMoro siemMenTa (puc.9.19 u puc.9.20) maTpuiia )xecTKOCTH
AIIEMEHTa UMEET CIEAYIOIIHNA BUI:

BT R T gt T

1111 1211 1112 1212 1312
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(7] i7] (7 (7] i7)
1 Rz A 12 Kin

Jlerxko yBHAETh, YTO KaXKIBIA CTOJIOEI] 3TOM MATPHUIIbI COCTOUT U3 YCHUJIUH,
JEUCTBYIONIUX HA Y3JIbl DJIEMEHTA MPU €IUHUYHOM CMEIICHUHU MO HAaIMPaBJICHUIO
KaKoW-mmbo W3 ero CTerneHei CBOOOJbI MPU YCIOBUHU, UTO IMEPEMEIICHUS IO
HaIPaBJICHUIO OCTAJIBHBIX CTENEHEH CBOOO/bI PABHBI HYIIIO.

Hamnpumep, nepBblil cronber mpeacTaBisieT co00r ycuins, AMCTBYIONIUE HA
y37bl DJIEMEHTa TMpPU EIWHUYHOM CMelleHun y3iaa 1 (4-plif uHACKC TNpU
ko3 duimenTax) no HampasieHuto 1 (2-oil mHAekc npu KoddduiIMeHTax) npu
YCJIOBHM, YTO TEPEMEIICHHS IO HAIMpaBICHUIO OCTaJIbHBIX CTENEHEW CBOOOIbI
paBHBI HyJ0. BTOpoil cTosden mpeactaBisieT co0oil ycunus, AEHCTBYIOIIUE Ha
y3Jbl DJIEMEHTAa NpU EIUHUYHOM CMelleHuu y3iaa 1 (4-plif MHIEKC TpH
koaddunmenTax) no HampasieHuto 2 (2-oil uHAEKC npu KoddduimeHTax) npu
YCJIOBUHU, UYTO MEPEMEIICHUSI MO HANpPaBJICHUIO OCTaJbHBIX CTEMEHEH CBOOOIBI

paBHbI HyJt0 (prc.9.23). U tak nanee.
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Jlokaxxem, 9TO 3TO NEHCTBUTEIHHO TaK, HAPHUMEpP, JUIsl TIEPBOTO CTOJIOIA

MaTpulbl ) KECTKOCTH.



3agaauM nepeMelieHue ysia 1 mo HanpapieHuto 1 aeMeHTa paBHbIM 1, B TO

BpEM:A KaK BCC €TI0 OCTAJIBHBIC Y3JIOBBIC IICPCMCIICHUA 6y,[[€M CUNUTAaThb pPaBHBIMH

1

Lo B e T

Hy10. B 3TOM ciydae BEKTOp y3J10BbIX MEpeMEIeHU TPHUOOpeTaeT BU :

1 paBeHCTBO (9.4) CTAaHOBUTCS CIIETYIOIIHM:
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T.€. KOMIIOHEHTBI IIEPBOT0 CTOJIOIA MAaTPHIIBI )KECTKOCTH Ha CAMOM JIeJie OKa3aIHuCh
PaBHBIMU KOMIIOHEHTaM BEKTOpPA YCHJIMM, JEHCTBYIOIIMX HA Y3JIbl 3JIEMEHTA MU
3aIaHHOM CMEIIEHHH.

IIprnaBast COOTBETCTBYIOIINN BHUJI BEKTOPY Y3JIOBBIX IEPEMEIICHUM, MOKHO
BBITIOJIHUTH AHAJIOTMYHOE J0KAa3aTeIbCTBO AJIS JIFOOOTO IPYroro CToJa0a MaTPHIIbI
YKECTKOCTH DJIEMEHTA.

Jlns  paccmartpuBaeMoro anemeHta (puc.9.19) zanumem  mMaTpuydHOE

paBeHCTBO (9.4) B pa3BepHYTOM BHJIE:
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@U3NYECKHI CMBICT JIFOOOTO U3 YPAaBHEHUN JAHHOW CHCTEMbI OUE€BHJICH.
Ecmu  y3en K ajeMeHTa e monydaeT 1O HANpPaBICHUIO | CIUHUYHOE

nepeMenieHie, TO YCHiWe, [JEeHCTByIOllee TMpd 3TOM  Ha  y3ed M 1o

i .EC-(-E:I
HaIpaBJICHUIO | PaBHO ik Ecam ke 3TOo NEPEMCIICHUC 6y,Z[CT paBHO HE CAVHUIIC,

i, )
a JP', TO B COOTBCTCTBHU C JIMHCHHBIM 3daKOHOM CBA3M MCKAY YCHIIHMAMU H

i -
IIEPEMELICHNUSIMH, PACCMaTPUBAEMOE YCHWIME YBEIWYUTCS TaKXKe B “* pa3 H

i - .'E;.l:.e:l
COCTaBUT & "ifmk

HYCTB TCIICPh BCC Y3JIbl JJICMCHTA IIOJIYHAIOT CMCIICHHA IIO0 HAIIPABJICHHUIO

BCCX HUMCIOINMXCA Yy OJJICMCHTA CTCICHEH CBO6OI[. Tor):[a, B COOTBCTCTBHHU C

fe]
IPHUHLUIIOM CYNEPIO3UIMMA, YCHInE "™ | T.e. yCUIIWe, IEHCTBYIONIEE Ha KaKOM-

1100 y3el M Mo KaKoMy-JTH00 HaIlpaBJICHUIO I, OyaeT MPeaCTaBIATh CO00H CyMMy
YCWJINHM, BBI3BAHHBIX CMEIICHUSIMH BCEX Y3JIOB 3JIEMEHTa IO HamlpaBlICHUIO BCEX
uMeromuxcst creneHeit csobon (puc.9.24). IlockonbKy, Kak Mbl TOJBKO YTO
BBISACHIJIM, TPH T[EPEeMEIIeHHHA KaKoro-nubo y3ma k mo HampaBieHuio j Ha
el

LI i - Bn o Fimp
BEJIMYMHY ~* Ha y3eJ M M0 HampaBJIeHHIO | OyJeT NelCTBOBAThH ycuiue = 7% "k

CyMMapHO€ yCHJIHE, JCHCTBYIOIIEE Ha Y3l M IO HalpaBlICHHUIO j, Oyaer

(e
o TR ol o
HpC,Z[CTaBJ'I}ITB CO6OI/I CYMMY BEJIUYUH % "k JId BCEX CTCIICHCHU CBO6OIH>I

anemeHnTa (puc.9.24).
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(DOpMaJIBHO 9TO MOJKHO 3alliCaTh CICAYIOIIHUM 06p330M:

Hy
J1"z'l::v::l = Zzuﬁ 'kil:;;e:lr

tag J-l

: (9.5)

rae t- HoMmMep y3ima, BXOZMIIEr0 B O3JCMCHT e, 3aIlUCh ! ¢ 03HAYaeT, dYTO
CYMMHPOBaHHE MPOU3BOJUTCS MO BCEM y3JIaM, BXOASIIUM B DJIEMEHT e, Nt - YUCIIO
creneHei cBo0obl B y3ie t. [Ipuuem, N=2, ecnu y3en t - mapHupHBbIi, 1 N=3, eciu
y3ea t )KeCTKum.

Kak Mbl yxe BBISICHWIN, 3JIEMEHTBI, CTOSIIME Ha TJaBHOW JHAaroHajv
MaTpHIIbl JKECTKOCTH DJIEMEHTAa JIOJKHBI OBITh MOJOXKUTENbHBIMU. Kpome Toro,
MaTpHIla KECTKOCTH AJIEMEHTa JOJDKHA OBITh CHMMETPHYHOU. JlefcTBUTENBHO, B
COOTBETCTBHM C TEOPEMOM B3aMMHOCTH pEAKIMH, yCUIWEe, ICUCTBYIONIEE Ha
y3eJd M0 HampaBJCHUIO I, OT EIMHUYHOIO IepeMelneHus y3ia K atoro ke
9JIEMEHTA TI0 HAMpaBJICHHUIO | TOJDKHO PAaBHATHCS YCHUJIHMIO, JICHCTBYIOIIEMY Ha

y3ed K M0 HampamJIeHUWIO j, OT EIMHUYHOTO TEPEMEIICHHUS y3Jia M 3TOro  XKe

: ke
3JIEMEHTA 110 HANIPABJICHUIO |, T.€. ~ V&

_ 4le
= X jiim _
(e}
Ananornuso Bektopam X “'u U™ marpuua sxectkocrn anementa X Taroke

3]
K’“k , KAKIBIM U3 KOTOPLIX COACPIKHUT

aBisieTcsi 07109HO. OHa COCTOUT U3 OJIOKOB
KOA(GUIUEHTBI, CBA3BIBAIONINE TEepeMelIeHUs K-ro y3ia 3JieMeHTa M pPEeaKIlHH,
BO3ZHHKAIOILME ITPU 3TOM, B M-OM y3JI€ JaHHOT'O 3JIEMEHTA.

Hanpuwmep, nis paccmarpuaemMoro siemenTa (puc.9.19):
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