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BBEJAEHUE

B Meronnueckux ykazaHHAX pacCMaTpUBAIOTCS BOIPOCHI CAMOCTOSITEIBHOI'O OCBOEHUS
qucuuruHel «lIpuknagHas Teopus MIACTUYHOCTH U nos3ydecTtn». CyllecTBeHHOW BHMMaHUE
YAEISAETCSl U3YyUYEHUIO OCHOB IPUKIJIAJHOW TEOPUM IJIACTUYHOCTH U IOJ3Yy4ECTH, B TOM UHUCIIE
03HAKOMJICHHIO C METOJAaMH pELICHUs NPUKIAAHBIX 337a4, a TAKKE PELICHUEM KIIACCUYECKUX
3a/1a4 MJACTUYHOCTH U TOJI3YyUYECTH, CBA3AHHBIX CO CTPOUTEIbHBIMU MaTepualaMi U KOHCTPYK-
nusmu. CaMocTosaTeNbHAs paboTa JijIsl CTyACHTOB, oOy4aromuxcs mo nporpamme 270800.68.01 —
«Teopus u NpoEKTUPOBAHUE 3/1aHUN U COOPYKEHHI» SIBISIETCS OCHOBOW y4eOHOM Mporpammbl
MarucTepcKoil MoJArOTOBKH.

B ykazaHMsX paccMOTpeHa METOAMKAa CaMOCTOATENbHON pabOTHI CTyAEHTa MO BCEMY

Kypcy.
1. IEJIb Y 3ATAYA CAMOCTOSATEJBHOM PABOTHI

CamocrosTenbHass paboTa COCOOCTBYET YIINIyOJIEHUIO, 3aKPEIUICHHUI0 U 0000IIECHHUIO
TEOPETUYECKOT0 MaTepHalia, BBISABICHUIO CIIOCOOHOCTEH CTYICHTA K MPAKTUYECKOMY PEIICHUIO
NPUKJIAJTHBIX HHKEHEPHO-TEXHHUECKUX 3a/1a4 TCOPUH TUIACTUYHOCTH U TIOJI3YYECTH.

[{enpro caMOCTOSTENBHON PabOTHI SBISICTCS M3yYEHUE CTYJIEHTOM OCHOB TPUKIIATHON
TEOPHH TUIACTUYHOCTH M TOJ3YyUYECTH, B TOM YHUCIIC O3HAKOMIICHHIO C METOJAMHU PEIICHUs TPH-
KJIQJHBIX 33]1a4, a TAKKE PEIICHHEM KJIACCHUSCKUX 3a/1ad TUIACTUYHOCTH U TIOJI3yYeCTH, CBS3aH-
HBIX CO CTPOUTENIbHBIMU MaTepualiaMi U KOHCTPYKIUSAMH. CTYJCHT JIOJKEH MOIYYUTh 00OCHO-
BaHHOC TIPE/ICTaBIICHNE 00 MCITOJIb30BAHUY HAYYHBIX MOJIOKCHHUN MTPUKIIAIHON TCOPHUH TUIACTHY-
HOCTHU Y TIOJI3Y4ECTH B 00JIaCTH CTPOUTENHCTBA.

Ounas popma 00yueHus

Ne .
u/n Buabl n popmbl camocTosiTeIbHOI PadoOTHI
3 cemecTp
1 |BrinmonHeHue KOHTPOJIbHO-KYPCOBON pabOThI
2 |[ToaroToBKa K MPAaKTUYECKUM (CEMUHAPCKUM) 3aHITUSIM
3 |IToaroToBka K NPOMEKYTOYHOM aTTECTAIIMH U €€ MMPOXOKICHHUE

3aounas gopma o0yueHusi

Ne .
u/n Buabl u popmbl camocTosITEIbHOM Pa0dOTHI
3 cemectp
1 |BolnosiHeHHE KOHTPOJIBbHO-KYPCOBOM pabOThI
2 |IToaroToBKa K MPAaKTUYECKUM (CEMUHAPCKUM) 3aHITUSIM
3 |[ToaroToBKa K MPOMEKYTOYHOM aTTECTAIIH U €€ TPOXOXKICHHE

2. OCHOBHBIE TPEFOBAHUS K CAMOCTOSITEJIbHOM PABOTE

2.1. O6uue TpedoBanust

CryneHTHl 10 BBIJAHHOW paboueil mporpamMme ¢ y4eTOM PEKOMEHIyeMoW y4eOHOU u
HAYYHOU JIUTEpaTypbl TOJKHBI CAMOCTOSITEIbHO U3YUUTh, OTBOAUMBIN Ui 3TUX LieJell MaTepu-
a1 ¥ TIOATOTOBUTH pedepar Mo WHANBUAYAITBHOMY 33aJJaHUIO, BRIJAHHOMY TpernoaaBareneM. Pe-
depat nomwkeH ObITh CIaH Ha MPOBEPKY A0 15 Hemenu cemecTpa.

Pedepar mpencrasnsiercst B Buae nosicauteabHor 3anucku (10 — 20 crp.), ¢ HE0OX0aAH-
MBIMH 3cku3amu. [losicHUTenbHAs 3amucKa JOJKHA COAepKaTh ONMHMCAHME HAy4YHOH MpPOOJieMBbl,
COBPEMEHHOE COCTOSIHHE HAayYHBIX 3HAHWW B JAHHOM HANpaBIICHUU, OMUCAHUE M3BECTHBIX JKC-
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NEPUMEHTAJIbHBIX JAHHBIX, aHAIN3 JOCTOMHCTBA M HEJOCTATKOB M3BECTHBIX METOAMK PEICHHUH
pellIeHus IPUKIIAJHBIX 3a/1a4 TEOPUU IUIACTUYHOCTH U MOJI3YyYECTH, TPaHULl UX IPUMEHUMOCTH,
JIOJDKHBI OBITh NMPEII0AKEHBI BO3MOKHBIE IEPCIEKTUBHBIC UX MPHIIOKEHUS.

2.2. Tembl U1 CAMOCTOSATEJIBbHOI NPOPA0OTKH

TpyaoemkocTh
Ne i/ HanMeHoBaHMe BUI0B CAMOCTOSITEIbHOI padoThI (B akagemMuye- Mertonueckue
MaTepHaJbl
CKHX Yacax)
Ounasn gopma odyuenusn
3-it cemecmp
CamocTosaTeNnbHOE U3yUeHHE Pa3/ieioB COIep KaHUSL Cm. 9.1, [1,3-
1 JUCHUIUIAHBL 1. 3aBUCUMOCTH MEXY HANPSHKCHUSIMU 5]
u nehopMaIMsIMU B COCTOSTHUH TUTACTHYHOCTH 6
2 CamocTosTeNbHOE N3yUYeHUE Pa3/IelioB COAEPIKaHUs 6 Cw. 9.1, [1.3-5]
JUCHUTUIAHBL: 2. Teopust IIacTHUECKOTO TCUSHHS
CamocrosaTenbHOE N3yUeHHE Pa3ieioB COACP KaHUL
3 mucuutuinHbL: 3. [IpuknagHeie 330249 TCOPHH TCUCHUS 6 Cwm. 9.1, [1,3-5]
4 CaMocToATENbHOE U3YUEHUE PA3AEIOB COACPHKAHUS 6 Cwm. 9.1, [1,3-5]
mucnutuinabL4. [Tnockas nedopmanms
CamocTosTenbHOE N3yUeHIE Pa3/IeiioB COACPIKaHMU
Cwm. 9.1, [1,3,4]
5 qucuuIuInHBLS. TIpenenpHOe COCTOSIHAE CTPOUTEIh- 6
HBIX KOHCTPYKLIUH
CamocTosATeNnbHOE H3yUeHHE Pa3/ieoB COACPIKaHUL Cwm. 9.1, [1,3-5]
6 JUCUIUIMHBL 6. [TpuOIMKeHHbIE METOIBI peIeHUS 6 Cm. 9.2, [3]
MIPUKJIAIHBIX 3a]1a4
7 CaMoCTOSATEILHOE U3YUCHHE Pa3/ICIOB COACPIKAHUS 6 Cwm. 9.1, [1-4]
JUCcHUIUIAHBL: 7. Teopus mon3y4ecTu
CaMocCTOsITeNIbHOE N3yUYeHUE Pa3/IesiOB COJICPIKaAHUS
Cwm. 9.1, [1,3,4]
8 nucnuiuinael:8. TIpuKiaaHpie 3a1aun paciera Ha MoJI- 6
3y4ecTb
9 [ToAroToBKa K MPAaKTHYECKUM 3aHITHAM 26 Cm. 9.6.1
10 Boimonnenne KKP 10 Cm. 9.7.1
11 IMoaroToBKa J0KIIa1a HA KOH(PEPEHIHIO 6 Cm. 9.3, [1-4]
12 [oaroroBka K 3auety 18
Hroro 108
3aounas gpopma ooyuenus
3-it cemecmp
CamocToaTeNnbHOE H3yUeHHE Pa3/IelioB COACPIKAHM Cm. 9.1, [1,3-
1 JUCHUTUIAHBL 1. 3aBUCIMOCTH MEXIY HaNPsOKSHUSIMHA 5]
1 nehopMaIusIMU B COCTOSTHUH TUTACTHIHOCTH 10
2 CaMocTosTeIbHOE U3yUCHHE Pa3/ICiOB COACPIKAHUSI 10 Cwm. 9.1, [1,3-5]
JUCHUIUIAHBL 2. Teopust IIacTHYECKOTO TCUSHH
CaMmocTosTeIbHOE U3yUCHHE Pa3/ICiiOB COACPIKAHUSI
3 qucuumuineel:3. [lpukiagHele 3aja4 TEOPUU TEUEHUS 10 Cwm. 9.1, [1,3-5]
4 CaMocTosATenbHOE N3yYeHNE PA3CIIOB COJACPIKAHMS 10 Cwm. 9.1, [1,3-5]
qucruminael:4. Tlnockas aedopmartus
CamocTosTeNIbHOe N3yUYeHUE Pa3JIelioB COACPIKAHUS
Cwm. 9.1, [1,3,4]
5 JucnuIuInHELS. TpeensHoe COCTOSIHNE CTPOUTENh- 10
HBIX KOHCTPYKLUH
CaMocTosATenbHOE U3YUYCHUE PA3ACIOB COACPKAHS Cm. 9.1, [1,3-5]
6 JUCUUTUIAHBL:6. [TpuOIIMKEeHHbIE METOIBI PEIICHNUS 10 Cm. 9.2, [3]
MIPUKJIAIHBIX 3219
7 CaMocTosATenbHOE N3yYCHUE PA3ACIIOB COACPKAHIS 8 Cm. 9.1, [1-4]
JqucuuiuinHbl: 7. Teopus mo3yvecti
CaMoCTOSTEIEHOE U3yUCHHE PA3/ICIIOB COICPIKAHUSL
Cwm. 9.1, [1,3,4]
8 mucnuiuinHbL:8. TIpukinagHeie 3a1a4n pacyera Ha ToJ- 6
3y4ecTb
9 IToaroToBka K NPaKTUYECKUM 3aHSATHUSIM 26 Cm. 9.6.1




TpynoemkocTh
. MeTtoauueckne
Ne i/l HanMeHoBaHMe BUI0B CAMOCTOSITEIbHOI padoThI (B akaieMmnye-
MaTepHaJbl
CKHX Yacax)
10 Brmonnenne KKP 10 Cm. 9.7.1
11 [loaroroska jI0KI1a/1a HA KOH(PEPEHIHIO 6 Cwm. 9.3, [1-4]
12 [loaroToBKa K 3a4eTy 18
Hroro 134

2.3. MeToanka caMoCTOSITeIbHON PadoThl

[Ipennaraercst ABa B3aUMOOIOJHAIOMNX HanpaBieHus. [lepBoe HampaBieHHe 3aKIIO-
YaeTCsl B CAMOCTOSITEIbHOM M3YyYCHHH CTYACHTOM IPEIIOKEHHBIX TEM IO JUTEepaType U B 3ale
INTERNET. Bropoe HampaBieHue 3akiro4aeTcss B OOpalleHuH CTYACHTA 32 KOHCYJbTAIMEH K
NPENoJIaBaTEeNIO 3a Pa3bsICHEHUEM CIIOKHBIX MECT M3y4aeMOr0 MaTepuaia 1 BBICHSIET BO3MOXK-
HBIEC HAIIPABJICHUS PA3BUTHUS TEOPUH HAa UHAUBHUIYAIbHBIX KOHCYJIbTAIUAX.

3aBepIaeTcsi caMocTosITeNIbHas paboTa CTyIeHTa 3alIuToN pedepara.

2.4. 3amuTra pedepara

[TostHOCTBIO 3aKOHYEHHBIN pedepar, opOPMIICHHBIN B BHJIC TIOSCHUTEITHHON 3aIMCKH C
MPUIIOKEHUEM 3CKU30B, CIIAeTCs MPENoiaBaTel0 Ha MPOBEPKY 3a JABa — TPH JHS A0 Ha3HAYCH-
HOTO cpoka 3amuThl. [locie mpoBepku pedepara npenonaBaTeneM CTYISHT 3alIUIIACT €ro Iepes
KOMHUCCHEH U3 IByX mpenogaBareneii. Eciu npu npoBepke pedepara mpernojaaBareieM oOHapy-
JKEHBI OIIMOKU W HETOYHOCTH, TO pedepar Bo3Bpamaercsi cryneHTy ais popadorku. [locne uc-
MpaBJieHUs OMIMOOK pedepar MOBTOPHO MPOBEPSETCS U BHIHOCUTCS HA 3aIUTY.

2.5. MeTonuyeckue ykazaHusi kK padore Haja pedepatom

2.5.1. Ilnan nocTpoeHus U coaepKaHue pasenoB pedepara

[TosicHuTenpHas 3aMKUCKa COCTOUT U3 CIEIYIOIINX Pa3/IeioB:

- BBEJICHHUE;

- OCHOBHAsI 4acTh (aHAIHM3 HAIPSHKEHHO-1e(h)OPMUPOBAHHOTO COCTOSTHHSI U pacydeT CBS-
3aHHBIX C HUM KOHCTPYKTOPCKO-T€XHOJIOTUYECKUX MapaMeTpPOB KOHCTPYKLUH WJINM TE€XHOJIOTHU-
YECKOro MpoIiecca N3rOTOBIICHHUS);

- BBIBOJIBI.

Bo BBeneHnu nmaercs ommcaHue KOHCTPYKIMH, TEXHOJOTHUYECKOTO Tporiecca, (pu3hKo-
MEXaHHUUECKUX CBOWCTB MPUMEHSEMOIO CTPOUTEIIBHOTO MaTepHuala, a Tak’Ke U3BECTHbBIE MOJIXO0-
JIbI K PEIICHUIO BO3HUKAIOIIEH MPUKIIaTHON 33a4l TEOPUH IJIACTUIHOCTHU U TTOJI3YYECTH.

B ocHOBHOM pa3zfene nmpuBOAATCS METOJ PEIIeHUs OCTaBIEHHON 3a/1auu, BeIOUpaemast
MOJIeNb 1e(hOpMUPYEMOTO MaTepraia, TpaHUYHbIE U HaYallbHBIE YCIIOBHS, PEIICHHE MOACIUPY-
IOIIEeH CHUCTEMBbl OCHOBHBIX M ONPEACNSIONIMX YpaBHEHUH. PemieHue MOKHO OBITH HArjsiiHO
POMLTFOCTPHPOBAHO; JOJDKHBI OBITH CIIeNIaHbl aHAIMTHYECKHE BBIBOJBI, HAIPABICHHBIE HA WX
NPUKJIAJHOE UCTIOIb30BaHUE.

B BBIBOIax OoTpakaeTcs NepCHeKTHBHOCTh M BOZMOYKHOCTh AIbHEHIIIEro pa3BUTHS pe-
IIEHUs [TOCTABJICHHOW NMPHUKIAJHON 3aJjaud B OOJIACTH CTPOUTENIbHBIX METEPHAJIOB M TEXHOJO-
TUH.

2.6. OdopmieHue pejpepara

Pedepar oTkpwiBaeTCsl TUTYIBHBIM JIMCTOM. Ha HEM NPUBOIWTCS CBEICHHS O MHHH-
CTepCTBE, HAMMEHOBAaHUE YHHUBEPCUTETa U Kadeapbl, TeMa KOHTPOJIbHO-KYPCOBOW paboThl, MOJI-
MIUCH CTYJICHTa i PYKOBOJIHUTEIIS TIPOEKTA, TOPOJI U TO/I.

Ha BTOpOIi cTpanuie npuBoAUTCS coJepkanue pedepara.

Pedepar momkHa comep)kaTh: BBEICHHWE, OCHOBHYIO YacCTh, 3aKIFOUEHHE, CITHCOK HC-
MI0JIb30BAHHBIX HCTOYHUKOB M MPHIIOKEHUs. TeKcToBast 4acTh MPEACTABISACTCA B BUJE KOMIIbIO-
TEPHOH pacreyaTku ¢ UCIOIb30BaHUEM JIF000OT0 TEKCTOBOIO PelaKTOpa Ha HEJTMHOBAHHOM OyMa-
ru popmaTa A4,. Bce cTpaHUIBI KpOME TUTYJIBHOTO, HyMEpYIOTCs apaOCKUMU IIU(ppaMu.

N3noxenne Marepuana A0HKHO OBITH KpaTKUM, 0€3 JHMIITHUX MOAPOOHOCTEH M TOBTO-
penuil. I'paduku 1 pUCYHKH HyMepyIOTCS U MOANUCHIBaIOTCS. DOPMyYIBI IPUBOASTCS B O0ILEM
BU/IE C MTOSICHEHHEM CHMBOJIOB.
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Kaxnas crpaHuna J0bKHA UMETh paMKy W IITaMIl, OOPMIICHHBIE B COOTBETCTBHHU C
['OCT P 21.1101-92. IosicauTenpHas 3aNUCKa JOJDKHA OBIThH CIIUTA.

2.7. Odopmiienue rpaguyeckoii yactu pedepara

I'padmueckoe odopmieHne 3cKu30B pedepaTa TODKHO BBHIMOMHATECA ¢ yuetom ['OCT
21.501-93.

3. COAEPXKXATEJIbHBIE MATEPUAJIbI

K CAMOCTOSTEJBHOM PABOTE

3.1. Tema 1: 3aBUCHUMOCTH MeKIYy HANIPSIKEHUSIMHU U A1ePopMaANMsIMHE B COCTOSTHUHU
IJIACTUYHOCTH

Obwue memoouueckue ykasanus. PaccMaTpruBaloTCsl YCIOBUS Iepexo/ia MaTepuaia B
iacTuyeckoe coctosinue. opMynupyroTcs 3aBUCUMOCTH MEXAY HanpsHKEHUsIMU U ieopma-
USMHU. BBOISITCS TOHATHS POCTOTO M CIIOKHOTO HArPYKEHUS 1e(hOpPMHUPYEMBIX MaTEPHAIIOB.

B ciyuyae 01HOOCHOTO pacTsDKEHUS WM CKATHA IUIacTUYecKue aedopMaluy BO3HUKAIOT, KOTAa
HaAIpPsDKEHUE OCTUTAET BEMYHMHBI MIpeieia TeKy4ecTH MaTepuaia (Touka A Ha Tuarpamme pac-
TsOKEHUS Ha puc. 1, a). B Teopun miacTUYHOCTH MOHATHS MPEAEIOB TEKYUYECTH, IPONOPLHO-
HAJIBHOCTHU U YIPYTOCTH HE pa3nuyaroTcs. Eciu HanpsbkeHue MeHblIe Ipefeia TeKydecTu (Tod-
ka B Ha auarpamme pactsokenust Ha puc. 1.1, a), Mmatepuan aepopMuUpOBaH yopyro, a e€ciu
6onbire (Touka C Ha puc. 1.1, a) — ynpyro-miacTu4eck.

JlJ1s1 HEOJTHOOCHOTO HANPSYKEHHOTO COCTOSIHMSI IpEleNbl MPUMEHUMOCTH 3aKkoHa ['yka
JUTSL JIEMEHTA TeJla ONPEAESIIOTCSA YCIOBUEM Hadasla IIaCTUYHOCTH.
[Tpu manpHelimeM AeGOpMUPOBAHUH YIPOUHSIOMIETOCS MaTepHaja Mpeaes TeKyUYeCTH ero yBe-
nnuuBaercs. [Ipu Harpyxenun 1o touku, C (puc. 1.1, a) mpenen TeKydecTu yBEIMYUBAETCS J10
AC. Teneps npu Harpyxenuu B npenenax ot 0 no OC cobnrogaercs 3akoH ['yka. [Ipu yBenuue-
HUM HaNpsDKeHUs CBEpX ac Marepuan JegopMHpyercs ympyro-miactuiyeckud. HampspkeHue oc
ABJIIETCS TEKYIIMM MPEeIOM TEKy4YeCTH, pa3rpaHUYMBAIOLINM YIIPYTYIO pa3rpy3Ky U Harpyxe-
HUE, COPOBOXKIAIOIIEeCs NalbHEeHIIeH TiacTu4eckon aegopmariiei.

Jlns pasrpaHuYeHUs YNPYroro M IUIACTUYECKOro Je(OPMHUPOBAHHUS YNPOUHSIOIIErOCs
MaTepHaia B 00LIeM cilydae HalpsHKEHHOTO COCTOSIHUS BBEEM YCIIOBHE TUIACTUYHOCTH

f(ai.)zo (0.1)

KOTOpO€ OOBIYHO MPUHUMAIOT COBMAJAIONIMM 110 BHAY C yCIOBHEM Hadana riuactTudHoctd . Cy-
HIECTBEHHOE OTJIMYHE MEXKy HUMHU 3aKIIFOYAaeTCs B TOM, YTO B YCJIOBHE Hayajia IJIACTUYHOCTH,
BXOJSIT MOCTOSIHHBIE JJI1 MaTepualla MEXaHUUECKUE XapaKTEPUCTUKU, HApUMEp, Mpeesbl Te-
KY4YECTH TIPU OJTHOOCHBIX PACTSKEHHUSAX WJTH CXKATHAX, a B ycioBue (1.1) momkHa BXOIUTH e1e 1
HEKOTOpas Mepa ynpouHeHHus. B kauecTBe Mephl ypouHeHUs  OOBIYHO MPUHUMAIOT WIH pado-
Ty TUTACTHYECKOU ehopmaruu

— AP _ p
q=A _J‘O-ijdgij 0.2)
WJIM TaK Ha3bIBa€MbIM MapaMeTp Y IKBHCTa

— =P

gq= J-d & (0.3)
WNuterpansl 6epyTcs o myTu aepopMupoBaHus. B mepBoM ciydae npea-rnoyiararor, 4YTo yrnpoy-
HEHUE MarepHalia OIpenessieTcsl TOJbKo paboToN MlacTU4Yeckod aeopmanuu, T. €. pabdoToil,
3aTpaueHHON Ha HeoOpaTtumylo nedopmaruio. Bo BTOpOM CUMTAIOT, YTO Mepa yNPOYHEHHS
JIOJDKHA OTPaXKaTh HAKOIUICHHYIO ITUIACTHUYECKYIo nedopmanuio. B nanpheiimem Oyaer mokasa-
HO, YTO JUIS1 U30TPOIHBIX MaTEePHAJIOB UCIIOJIb30BAHUE IBYX PACCMOTPEHHBIX MEP YIPOUHEHUS B
cllydae yCJIOBHS IJIACTUYHOCTH XyOepa—Museca MpUBOAUT K OJMHAKOBBIM PE3YJIbTaTaM.



Gyl

=& .
; o 0)

Puc. 1.1. lnarpamma pactsixenus (a). [loBepxHocT Havyasia IIaCTUYHOCTH

ZT Y TJIaCTUYHOCTH Z ©)

VYpasuenue D.1) sBrnsiercs ypaBHEHHEM TUIIEPIIOBEPXHOCTH IIACTUYHOCTH 2 (puc. 1, 0) B mie-
CTUMEPHOM IPOCTPAHCTBE KOMIIOHEHTOB T€H30pa HAIPSDKEHUS, KOTOpas /sl pacCCMaTpPUBAaEMOTo
COCTOSIHUS DJIEMEHTA CPEAIbI pa3eisieT 00JacT! YIPYroro U IacTU4ecKoro 4e(opMUpOBaHusl.

Tak K€, KaK U IMOBCPXHOCTH Ha4Yalla IJIACTUYHOCTH ZT , OHa MOXCT OBITH H306pa>KeHa B

TPEXMEPHOM IPOCTPAHCTBE TJIaBHBIX HalpspKeHUW. Pasmepsl, popma U 1osioKeHHe MOBEPXHO-
CTH IJJACTUYHOCTH 3aBHCAT HE TOJIBKO OT KOHEYHOTO J1e()OpPMUPOBAHHOTO COCTOSHUS, HO U OT

BCel uctopuu epopMupoBanus. Eciii KOMIOHEHTBI TeH30pa HAaNpshkeHuit Oj; MONy4aroT Npu-
paneHus do; ij » TO OTO JIOTPYKEHUE MOKET MPUBECTH JUOO K YIPYrod pasrpysKe, €Clii BEKTOP
do jj HAMpAaBIEH BHYTPh MOBEPXHOCTH HArPYXKEHHUS, IMOO K HAIPYKEHHIO [IPU KOTOPOM pa3BuU-
BAIOTCS IUIACTHUYECKUE Je(opMaliu, €ciud BEKTOp do, jj HampaBJeH HapyXy MOBEPXHOCTH

Harpy’keHus, 1100 K TaK Ha3bIBAEMOMY HEMTpalIbHOMY Harpy>K€HHIO, €CIId BEKTOP do, ij JIOKUT

B KacaTeJbHOM IUIOCKOCTH K MOBEPXHOCTU HArpy>KeHHs, IpU 3TOM Marepuan aedopmupyercs
yIpyro.

PaccMoTpuM noHATHE NPOCTOr0 HAIpPY:KeHUsl. [/pocmuim HA3BIBAIOT TAKOE HArpyxke-
HUE, IPU KOTOPOM KOMITOHEHTHI JIEBHATOPa HANPSKEHUM BO3PACTAIOT NMPONOPLHOHATBHO HEKO-
TOPOMY IIapaMmeTpy.

B nmpoTtuBHOM cilydyae HarpyK€HHE Ha3bIBAKOT COJCHbIM. VIHOTIa IPOCTHIM HA3bIBAOT
TaKO€ Harpy>Ke€HHe, IIPpU KOTOPOM KOMIIOHEHTBI TEH30pa HAIPSHKEHUN BO3pacTaroT MPOIOPLHUO-
HaJIbHO HEKOoTOopoMy mHapameTpy. O4eBHAHO, YTO MPU HUCMIOIB30BAaHUH BTOPOl (HOpMyIHpOBKU
1IepBasi BBIIIOJIHACTCS.

B cnyuyae oHOPOAHOTrO HANPSKEHHOTO COCTOSIHMSI HAarpyeHue Tejia OyIeT MpOCThIM
IpY BO3PACTaHUHU BHEUIHUX CHJI IPOMOPLUOHAIBHO OJHOMY OOIEMY JJIsi BCEX CHII Tapamerpy.
OT0 0OBSICHSIETCS TEM, YTO IPU OJHOPOJHOM HANPSKEHHOM COCTOSIHUM, BO3MOKHOM TOJIBKO B
cllydae OTCYTCTBHSI MacCOBBIX CHJI, J1e()OPMHUPOBAHHOE COCTOSHHE TOXKE€ OyAeT OJHOPOIHBIM.
Toraa nuddepenumanbHble ypaBHEHNS paBHOBECHUS U YCIOBUS COBMECTHOCTHU Jedopmannii BbI-
MIOJIHSIOTCS TOXKIECTBEHHO.

[ToaTOMy HaNpsHKEHHOE COCTOSTHUE ONPEIEIIACTCS TOJIBKO TPAHUYHBIMH YCIIOBHUSMM, T. €.
TOJIBKO IMIOBEPXHOCTHBIMU cuiiaMu. IIpu Bo3pacTaHuy UX MPONOPLHMOHAIBHO HEKOTOPOMY Iapa-
METPY HAIPSDKCHHMS], a CIENOBATEIbHO, U KOMIIOHEHTHI JI€BUATOPa HAIIPSDKEHNUN BO BCEX TOYKAX
Tesa OyayT BO3pacTaTh MPOMOPLUOHAIBHO TOMY K€ IapaMeTpy U HarpyeHue tena Oyaer mpo-
CTBIM.
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PaccmoTpum cityuyaid mpocToro Harpy»keHus. [IlycTh KOMIIOHEHTBI J€BHATOpa HaIpsiKe-

HHUIl BO3PACTAIOT IPONOPLHOHATBEHO HEKOTOpoMy mapamerpy [ :

*
%—ﬂ%i
rac 3B€3I[O‘IKOI>'I OTMCUCHBI HeKOTOpre ITIOCTOAHHBIC 3HAYCHUA KOMIIOHCHTOB I[eBI/IaTOpa HaHpH-
)KeHI/II\/'I, HarpuMeEp, KOMIIOHCHTEI A€BUAaTOpa HaHpH)KeHI/Iﬁ B KOHIIC HAI'PY>KCHUA. B IIOCJICTHEM

cirydae O S ﬁ Sl
NMECM

3
] =P

2 o,

[IpounTerpupyem 310 ypaBHeHHE. Toraa nojy4yuM, 4To B KOHIIE HATPYKEHUS

p_
daj—

. 38 ¢,
6‘-]'.0 :Ejjdgip. (0_4)

HOIICTaBI/IM MMOJIYYCHHBIC BBIPAKCHNA B COOTHOICHUE JIs1 MHHTCHCUBHOCTHU IJICTUYCCKUX
z[e(bopMauHﬁ. ITocne Hp606pa3OBaHI/II71 C UCITIOJIb30BAHUEM 3aBUCUMOCTH YCTAHABJIMBACM

szjdﬂﬁ (0.5)
OTKYJa CIELyET
de” =dg’.

Taxkum 06pa30M, B CJIy4ac IMpOCTOro Harpy>XCHUA MHTCHCUBHOCTD IMMPpUPALICHUSA IJIaACTHU-
YECKUX I[e(bOpMaHI/Iﬁ dap paBHaA MPUPACHUIO MHTCHCUBHOCTH INNIIACTHUYCCKUX Z[e(l)OpMaHI/Iﬁ
de”.

38 _3¢&

el = L= ——(g"—é(y)
ij i i ij—0
20, ' 20"
JloGaBinsiss K KOMIIOHEHTaM TEH30pa (J1eBHaToOpa) IUIacTHYecKod aedopManuu KOMIO-
HEHTHI IEBUATOpa YIPYTUX AedopMannid, mosydyaem
S 3&° & +¢&
S TS Sy 0.7
2G 2o 2 o ©.7)
[ToncraBuM MOTy4eHHOE BBIpaKEHHUE Ul KOMIIOHEHTOB JI€BUATOpa MOJHBIX jAedopma-
it B popmyiy. Torna nmeem

(0.6)

— P _

— F p
& =g +&’, (0.8)
T. €. MHTCHCUBHOCTH ITOJIHBIX, YIIPYTHUX U IJIIACTHYCCKUX )Ie(l)OpMaHI/Iﬁ 06J'IallaIOT TEMMU K€ aaau-
TUBHBIMHU CBOMCTBaMH, 4TO U camu aedopmanuu. CinenoBarenabHO, U3 Bbipaxkenus (1.7) momyya-
€M
3 ¢

e.

175, ©9)

NI



i _é‘ijgo :Ei(aij _é‘ijao)'

20 (0.10)
B koopaunaTHO# opMe 3T ypaBHEHHS UMEIOT BU
£, —& —Ei(a ~0y)
X 0~ X 0!
2 o
2 & (0.12)
Vox =9 Ty
O;

B Teopun ManpIx ympyro-miacTU4eckux aedopmMaruii mpuHUMAeTcs, 4YTO 3aBUCUMOCTD
cpenHei mHelHoU nedopManuu 0T CpeTHEr0 HOPMaJIbHOTO HAINPSKEHUS Takas )ke, Kak B Ipe-
nenax ynpyroctd. CiieoBaTesbHO, B pe3ynbTaTe INIACTHYECKUX AehOopMaIiii u3MEeHEeHus 00be-
Ma He IpoucxouT. OOBIYHO U3MEHEHUE 00beMa CPAaBHUTEIBHO HEBEIMKO U TIOATOMY UM MOXHO
npeHeOpeub.

3.2. Tema 2: Teopusi IJIACTUYECKOT0 TeYEHMSI

Obwue memoouueckue ykazanus. Ha KOHKpETHBIX pUMepax ¢ ONpeeeHHBIMU HC-
XOJHBIMHU MPEANOCHIIKAMU, XapAKTEPHBIMU JUIsl CTPOUTEIBHON TEXHOJIOTHH, PACCMAaTPUBAIOTCS
OCHOBHBIE TUIIOTE3bl TEOPUHU TUIACTHYHOCTH U UX HKCIIEPUMEHTaIbHOE 000CHOBaHHE. POpMyIIH-
PYIOTCSl OCHOBHBIE 3aBUCHUMOCTHU TEOPUU IIIACTUYECKOT0 TEYEHNUs, 1aeTcs X 0000IIeHne Ha Oc-
HOBE NPEACTABIEHUS O IUIACTUYECKOM ITOTEHIIUAIE.

B 3aBucuMOCTH OT IPUHATOrO 3aKOHA U3MEHEHHUS Pa3MepoB U (hOPMBI MOBEPXHOCTH MIACTUYHO-
CTH, KOTOPBI U SBJSETCS 3aKOHOM YINPOUYHEHUS, MOXHO TMOJYYUTh pPa3IM4HbIE TEOPUM IUIa-
CTUYHOCTH.

Ecnu B mpouecce HarpyXeHHsI MOBEPXHOCTh IUIACTUYHOCTH PABHOMEPHO (M30TPOITHO)
pacumpsiercs (puc. 2.1), ynpodHeHue Ha3bIBalOT U30TPONHBIM. B aToM ciyuae s ekt baymmn-
repa He OMMCHIBAETCs, MOCKOJIbKY pu npsaiMoM (OA1) u oOpatHoM (OA2) HarpyXeHUHU TIACTH-
yeckue nedopMalii BOZHUKAIOT NP HANPSHDKEHHBIX COCTOSHUSAX OAHOM M TOW )K€ MHTEHCHBHO-
CTH.

Takyro TeOpHIO MJIACTUYHOCTH HAa3bIBAIOT TEOPUEH TEUEHUS C U30TPOIHBIM YIPOYHEHHU-
€M WJIM IIPOCTO TEOPUEH TEUECHHUS.

Puc. 2.1. PaBHOMepHOE (M30TPOMHOE) pacIMpPEHHE TOBEPXHOCTH INIACTUYHOCTH B TIPOIIECCE
HarpyxeHus
[Ipumewm, uto
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f("u)__ss -[®(a)] =0, 1)

rae q — Mepa ynpouyHeHus. Torja, ycTaHaBJIMBaeM

f(o]j)zaiz— @(Id?ip) 2:O,

o :@(Idgip)- (1.2)

Br160p ycioBus m1acTUYHOCTH B BUJE COOTHOLIEHUS (2.1) paBHOCHIIEH TUIIOTE3E O TOM,
YTO MHTEHCUBHOCTb HaNpsDKEHUH sBiseTcs QyHKIMEH mapamerpa YAKBUCTA, HE 3aBUCALICH OT
TUIIA HAIPSKEHHOTO cocTOsiHUS. YcnoBue (2.1) wiu (2.2) no aHaJIoruy ¢ yCJIOBHEM Hayala Iijia-
cTuyHOCTH XybOepa—Muszeca MOKeT ObITh HaA3BAaHO YCJIOBUEM IJIACTUYHOCTH XyOepa—Museca.

Paccmotpum ompenenenue Gpynkiun @ mo auarpaMMe pacTsHKEHUST MaTepHana.

Jlj11 0THOOCHOTO pacTsKEHUS

OTKYyJda CIICAYET, YTO

o,=0,=0, 0,=0, 7,=17,=17, =0,
de’? deP
def =de) =— 22 ==

TaK KaK dg = dg y 4 dgxp+d5;+d52p =0. [TosToMy UMeeM

o =0, dg"=dg’
H, CJICAJO0BAaTCIbHO,
Idap = jdep =g’
TakuMm 06pa3oM, B Cilydae OJTHOOCHOTO PACTSKCHUS MMOJTydaeM
o= (8 P )

CnenoBarenbHo, Uid onpeneneHuss GyHkuun @ mo auarpamMme pacTsKeHUst MaTepuana
HEOO0X0IMMO MOCTPOUTh IpadUK 3aBUCUMOCTHM HANpsDKEHUs OT IUIACTUYECKOH JedopManuu:
PaccmotpuM noctpoenue 3toro rpaduka. BospMeM HEKOTOpyIO TOUKY A Ha AMarpaMMe pactsi-
XKeHusa marepuaina (puc. 4.8) u mpoBeneM uepes3 Hee JIMHUI0 AB, mapasienbHyro nepBoHava b-
HOU mpsiMOl Harpy»keHus. M3 Touku B mepeceuenus 3Toi JIMHUM C OChIO aOCIIMCC BOCCTAHOBUM
NEPNEHIUKYIISAp A0 nepecedeHust B Touke C ¢ rOpHU30HTAIbHOM JIMHUEH, NPOBEACHHON 4Yepe3
Touky A. Ab6cmucca Toukun C paBHA IJIaCTHYECKON AedopMaliii, a OpAuHaTa — COOTBETCTBY-
forieMy el Hanpsbkenuto. [loaromy kpuBas KC sBnsiercs rpagukoM 3aBUCUMOCTH MHTEHCHBHO-
CTH HaNpsDKEHUH OT mapamerpa Y IKBUCTA.

[Tpu ucnonszoBaHuK coOTHOUIEHUS (2.1) MOBEPXHOCTHIO TUIACTUYHOCTH B TPEXMEPHOM
MIPOCTPAHCTBE TJIABHBIX HANpPSDKEHUM SBJsIeTCsl KpyroBoil mmimuHap (uminuHap XyOepa—-
Museca. B nponecce, Harpy’eHusl paauyc HWIMHAPA HENPEPHIBHO yBeauuMBaeTca. Bennunna
€ro coryiacHo BbIpaxkeuto(2.1) 3aBucHUT OT ucropuu aepopmupoBanus. Cienqamu HUIMHAPOB Ha

2

JIEBUATOPHOM IIJIOCKOCTH SIBJISIFOTCSI OKPY’KHOCTH PainyCoOB go' i (puc. 2.2, a). Haumenpmmii

2

507 . [Ipy OTCYTCTBUH YIIPOYHEHHUS TOBEPXHOCTD TJIACTUYHOCTH COBIAAET

3

C NOBCPXHOCTHIO Ha4Yala INIACTUYHOCTU M CJIICAOM €€ Ha [[GBI/IaTOpHpﬁ IIJIOCKOCTHU ABJIACTCA

pamuyc paBeH
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2

OKPY>KHOCTb pajinyca § 1 (puc. 3,-0).

Ucnons3ys cootHouenue (2.1), umeem

s _3s

: S, =0
ij ij
8sij

ij

2!

4)

.a

Puc.2.2. Caenpr mummaapoB XyOepa—Mmuseca Ha 1eBUATOPHO MIIOCKOCTH
Ipy HaJu4uuu (a) U oTcyTcTBUH (0) ypoUuHEHUs

MoJIy4yaeM

dep =da- 0 =3d2s,

as".

Takum 06pa30M, IIPpU UCITOJIb30BAaHUHU YCJIOBUS IINIACTUIHOCTH

of of

0, o,
Ojj Si

=P
dgzldi

2 o,
3dg”  3ds”
A g (A

N3 dpopmynsl (2.3) caenyer, 4TO KOMIIOHEHTHI T€H30pa MPHUPAIICHUH MJIaCTUYECKUX JIe-
dbopMmaruii IponopIHOHATbHBI KOMIOHEHTaM JIEBUATOpa HAIPSKEHUH.
Hcnonp3ys pas3nokeHne TEH30pa HapsUKEHUH Ha IIapOBOM TEH30p U JEBUATOP, UMEEM

.faijdgijp :j(sii +5ij0'o)d5ijp =jsijd8if +.[§ijd8i}°ao :Isijdgif +_[Godgif.

OueBnHO, YTO BTOPOE CIaraéMoe B 3TOM BBIPAKEHHH PAaBHO HYJIIO, IIOCKOJIBKY TEH30p
IUTACTHYECKUX Aedopmariuii sBiseTcst [eBuaTopoM. Takum o0pa3oM, morydaem

jaijdgi}’ :jsijdgif = %ﬂsnsij =jaid§ip.

O;

(1.4)
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Ecnu npuHATH, YTO MHTEHCUBHOCTh HANPSHKCHHUN sIBIsieTCs (PyHKIMEH pabOThI TUIacTH-
4ecKo aedopmaruu

0; = (0( .O-ijdgijp)

TO

°
_ =P
o = qp( ode
L4

Taxum o6pa30M, THUITIOTE3a O TOM, YTO MHTCHCHUBHOCTbD HaprI}KeHI/Iﬁ ABJICTCA q)YHKHHeﬁ
paboThI TIIACTHYECKON JeOopMallii, paBHOCUIbHA TUIIOTE3E, YTBEPIKIAOIICH, UTO OHA 3aBUCHT
OT mapameTrpa Y IKBUCTA.

IIpupaieHnst KOMIIOHEHTOB ynpymx nepopmanuit

de; = do; —J; SH ——do,
2G "1+ u

JloGaBinsiss UX K KOMITOHEHTaM NPUPALICHUN IUIACTHYECKUX JAedopMallyii, Moirydaem
KOMITOHEHTBI ITPUPAIEHUH MOJHBIX JedopManuit

ds, = | do, 5, do, |+ 2 95

172G "1+ 2 O

(Gij —5”00)- (L5)
B koopaunnaTHO# Gopme ypaBHEHHS UMEIOT BH/T

d
de, :é[dax —,u(day +d0'2)]+gi(a —0,),

O;

(1.6)
dy, = dz,, +3—d T,
G o,

| J

OTH COOTHOIICHHUS SBJISIOTCS OCHOBHBIMU YPAaBHCHUAMU TCOPUN TCUCHUS.
KomMmmnoHeHTHI IIpupamceHus MIaCTUYECKOM I[e(l)OpMaI_II/II/I SABJIAKOTCA (I)YHKI_II/IHMI/I KOMIIO-

v p
HEHTOB HanpspkeHus. [loaTomy nmpuparnienue padoThl IacTuyeckoi aegopmaruu O ijdé' ij TaK-

’Ke B KOHEUHOM cueTe sBJseTcs] GyHKIUEeH KOMIOHEHTOB HanpskeHus. OJIHaKO OHU HE SBISIOT-
Cs1 HE3aBUCUMBIMU, TaK KAaK yJIOBJIETBOPSIOT YCIOBHIO IUIACTUYHOCTH.
[ToaToMy ycliOBHE OTHOCHUTEIBHOTO MakCUMyMa (YHKIIMHM MPUPALICHUS MJIACTHYECKON

p .
paboter Oy d &jj 1o cnocody MHoXkuTeneH Jlarpanka 3anuumem B BUIE

i(aijdgijp ~dif)=0,
80”
rue dA — vmoxurens Jlarpanxa, oTKyJa ClIeAyeT, 4TO
of
p_
ds; = dig’ (1.7)

1)

1. e. pynxst (0 i ) — IUTACTUYECKUH MOTEHIHAL.
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3.3. Tema 3: IlpukJaaHblie 3a1a41 TEOPUH TedeHUs

Obwue memoouyeckue ykazanus. Ha ocHOBe paHee U310 KEHHON TEOPUHUILIACTUYHOCTH
MIPUBOAMUTCS PellICHNE MPUKIIAIHBIX 3a/1a4, XapaKTEPHBIX JIJIsl CTPOUTEIbHBIX TEXHOJOTUM U KOH-
CTPYKLHUHN: KpyueHue Opyca, HanpsyKeHHO-1e(OPMUPOBAHHOE COCTOSHUE TOJICTOCTEHHBIX TPYO U
JIMCKOB, M3THO KPYTJIBIX U KOJBIIEBBIX INIACTHH. PaccMaTpuBaeTcss BO3MOKHOE UCIIONIb30BAHNE
peleHnit B ”HHOBALIMOHHBIX MPOEKTAaX.

[IpencraBum cebe MPU3MATUYECKUN CKPYYCHHBIH OpyC MPOU3BOIBHOTO MOTEPEYHOTO CCUCHHS,
3aJIHAN TOpeI] KOTOPOTO 3aKPEIIeH TaK, YTO JIMHEHHBIC MePEMEIEHUS BCEX TOUYEK €r0 B HAIpaB-
JICHHSIX OCEH X Uy PaBHBI HYJIIIO, a IEpeaHMIA Topel cBoboaeH (puc. 3.1).

(]
\ 7

z M

Puc. 3.1. CkpyueHHbIi OpyC HEKPYTIIOTO MONEPEYHOr0 CeYEHUS

B Takom ciydae kpydeHue Opyca OyJeT YHCThIM, T. €.

o,=0,=0,=17,,=0 (2.1)
JuddepennmanpHble ypaBHEHUsI PABHOBECHS B pacCMaTpUBaeMoOM 3ajaue MPUHUMAIOT BUJL!
az-zx — 0 GTZY — O
oz 0z &
or.. Ot (2.2)
Ztx T .
OX

7

W3 nepBbix OBYyX ypaBHeHUi (3.2) ciemyer, 4TO HANpsDKEHUsT HE MEHSIOTCS MO JJIMHE

Opyca, T. €. Bce TOMepeyHbIe CeYeHHsT Opyca HaXOsITCsA B OJMHAKOBBIX ycioBusix. [locriemnee

ypaBHeHue (3.2) OyaeT yIOBIETBOPSITHCS TOXKAECTBEHHO, €CJIM BBECTH (DYHKIIUIO HAMPSKECHHIA
®, MOJIOKHUB

T = o Ty =~ Ox y (2.3)

Tak e, Kak U B 3aJjau€ yIpyroro Kpy4eHus, JUisi OJJHOCBSI3HOTO KOHTYpa MOXHO IMpHU-
HATh, 9TO (YHKIUS HANPSOKEHUH HA KOHTYpe paBHa Hymro. Jlanmee Tak e, KaK B YIOMSHYTHIX
3a/1auax, KpyTAIIMA MOMEHT CBsI3aH C GyHKIUEH HAINIPSHKEHUH COOTHOIIIEHUEM

M =2 i DdF. 2
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Hcnonp3yeM B pemieHWH 3afaddl MPUHIUI BO3MOXKHBIX M3MEHEHHH HANpsDKEHHOTO CO-
CTOsSHMUA.

[Togcuntaem BHavane pabOTy MPUPAIIEHUH BCeX BHEIIHUX CHJI HA MEPEMEIICHUAX TOYEK
npuioxenus 3tux cwi. OHa paBHa paboTe mpupamieHuss MoMeHTa 0M Ha yriie moBopoTa CBO-

0oaHOTO TOpIIAa Opyca P = ol , TJIe @ — OTHOCUTEJIbHBIN yroJl 3aKkpy4yuBanus opyca; | — mim-
Ha Opyca.

[oX,uds =omel
S

nJIn

[oX,u,ds = 2015 [ ®dF. (2.5)
S F

[ToacunTaeM Temeps TOMOIHUTENBLHYIO paboTy I Bcero Opyca.
[TockonbKy pacrpenencHie HAPsKEHHUI BO BCEX CEYCHUSX OJTHO U Ta XKe,

F”eszdv =|de|:.
\Y; F
TaK KaK B cnyqae YUCTOI'o ¢caABUra
o,=0, o, =\/§r, & =

rac

" CJI€J0BAaTCIIBHO

(2.6)
F 0
[Hanee nonyunm
ol =0 2.7)
rne
| = | [ydz—200 |dF 8
F\o

Bapuanmnonnoe ypasaenue (3.7) MoxeT ObITh pemieHo MetogoM Putia, mpu 3ToM- QyHK-
1ust O BHIOMpAETCS B BUJIEC

@:Zn:qui,

i=1

(2.9)

Bce pynkimu D, = D, (X, y) oOpararorcs B HyJIb Ha KOHType. KoaddurmenTst Ci ompenens-

I0TCSl U3 YCIIOBUI paBEHCTBA HYJIIO Bapualuil nurerpana (3.8), KoTopble UMEIOT BUJ
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oC =0. (2.10)
i

BcenencTBrue HEMMHEHMHOCTH quarpaMMbl cBura ycinoBus (3.10) mpuBoasAT K HEMTMHEHHOM

cucTeMe anreOpanyecKux ypaBHEHUH Ui ompeleneHus Kod3(pPHUIUEeHTOB Ci COCTaBJICHHE U

peleHrne KOTOpOM Jjake MpU HEOOJBIIMX 11 CBS3aHO CO 3HAYUTENbHBIMU TPYAHOCTSIMH. B cBsi3u
C 3TUM BOCIIOJIB3YEMCSI METOJOM MOCIIEA0BATEIBHBIX MPUOIIKESHUH.
CBs13b MeX/1y KacaTelIbHbIM HAIMPSKEeHUEM 7 U yTJIoBOU Aedopmaliieil y mnpeacTaBuM B BUJE

=Gy, (2.11)
rae Gk — MepeMeHHBIN apaMeTp yIpyrocTH, onpeaeseMblid GopMy1oi
Tis
Gk - ! (2.12)
I
Ha ocnoBanuu cootnomenuii (3.11) u (3.12) umeem
(1
G, =G, , %
k k-1 '
T, (2.13)
Bripakenue (3.8) mpuHUMaeT BU/T
T2

2G,

F

B takoMm ciyuyae HenuHelHas cucTeMa ypaBHEHUH A1 KO (HUIIUEHTOB Ci IIPUBOAUTCS

K [IOCJIEZJOBATEIbHOCTH JIMHEWHBIX CUCTEM.

PaccMoTpuM pernieHre 3aauu TOJICTOCTEHHOM TpyObl, Harpy>KEHHON BHYTPEHHUM J1aB-
JIEHHEM M OCEBOM CHIION Mo Teopuu TeueHus. B M3nokeHHOM HuXKe pelIeHnu Marepuan TpyOsbl
He OyaeM cuuTaTh HeckruMaeMbIM (U = 0,5), TOCKOJIBKY 3TO HE YIPOIIAET PELICHUS 3aauu.

B pemenun, 3a1aun o TeOpUM TeUEHUs yIOOHO NMPHUHSTh, YTO HANPSIKEHUs B TpyOe sB-
JA0TCs QYHKIUSAMU JABYX IMEPEMEHHBIX: paJinyca I' U paJuyca TpaHHIbl, pa3Ieistoed yupyryo

1 miactudeckyio odnactu 7. Juddepennuansioe ypaBHEHHE PaBHOBECHS HIEMEHTa TPYObI

MMeeT BHJ
0o, o©,—0,
or r

BripaxkeHus 115 HanpsHKeHU Ha OCHOBAaHUHU COOTHOIIEHUN MOTYT OBITh MPEJICTaBICHbI
B hopme

=0 (2.15)

o, =S, +0, =5 +3Kg,,
o, =S, +0, =5 +3Kg,, (2.16)
o,=S,+0, :—(Sr +St)+3K50.

[Toacrasisist aTH 3aBUCUMOCTH B hopmydy (3.14), momygaem unyio ¢popmy nuddepeniu-
aJIbHOTO YPABHEHHS pABHOBECHSI:
0s, S, —S 0¢,
L+ T43K—=L=0. (2.17)
or r or
[Tepeitnem K BBIBOY YCIOBHUSI COBMECTHOCTH AedopmManuii. [lomydum BenrMuuHy cpeaHen

TUHEHHON aedopmarm
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1/ou u
& =—| —+—|. 2.18
° 3 ( or r j (218)
BBC,I[GM BCIIOMOT'aTCIIbHYIO nepeMeHHy}o
1(odu u
a==| ———|. (2.19)
3lor r

OTH J1BE BEIIMYUHBI IPHMEM 32 OCHOBHBIC HEH3BECTHEIC.
N3 cootnomennii (3.18) u (3.19) cnenyer, uto

ou 3
& =—==(&+a),
or 2 (2.20)
6‘=E=§(6‘ —a)
o200 T
u:gr(go—a). (2.21)

[Tponuddepenunponan Boipaxenue (3.21) o r U CONOCTaBUB €0 € MEPBBIM U3 COOTHO-
mrenuit (3.20), moryduM yclioBHE COBMECTHOCTH Jie(opMaInii B BUIE
og, Oa .«
02— =2 (2.22)
or or r

PaccmoTpuM BHauane HampsbkeHus ¥ aedopmarnuu B ympyroil obmactu (I <r<r,).

KommoHeHTBI ACBHUATOpa HaHpiDKeHI/If/'I CBs3aHbl 3aBUCUMOCTSAMU C KOMIIOHCHTAMH JI€BUATOpA, U3
KOTOPBIX CJICAYCT, YTO
s, =2Ge,, s, =2Ge,. (2.23)

KOMIIOHEHTHI JIeBUaTopa aAeopmaruii

1 1
e =E(50 +3a), g =§(50 -3a),

(2.24)
g, =—&,.
ITo3TOMY KOMITIOHEHTHI I€BUATOpPA HAIIPSIKECHUN
s, =G(&,+3a),
(£ +3a) (2.25)
s, =G (& —3a).

VYpaBHenue paBHoBecus (3.17) mocne ucnonab3oBaHus 3aBUcUMOCTeH (3.25) mpuHUMaeT

BUJT
0 0
(G+3K) 221362 166 < 0.
or or r
0
[ToncraBiisisi B 3TO ypaBHEHHE BbIpAXKEHUE IS % u3 Gopmyisl (3.22), morydaem
r
Ja 2o _,
o r
Pemenve BEIBEIEHHOTO ypaBHEHUSI UMEET BU/T
A
rae A — ¢yHkus I; .
[ToncraBuMm Beipaxenue (3.26) B ypaBHenue (3.22). Toraa noixyunm
0g,
hid )
or
OTKYyJa CIEIYyEeT, YTO
& =B, (2.27)

rae B — ynkuusr; .
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Bennuunel A u B onpenensitoTcs U3 KpaeBbIX YCIOBUA:

npur=r2 o, =0;

Opur =ry O, = Oy .

N3 nepBoOro kpaeBoro ycioBusi UMEEM

W3 BTOpOTO KpaeBoro yciaoBHs, HCIOb3Ys cooTHomeHus (3.28), ycTaHaBIMBaeM

Pemas ypaBHeHUs oTHOcUTENbHO A U B, monyuyaem

ar:(G+3K)B+BGZA,
.
ca:(G+3K)B—3iA, (2.28)
o, =(~2G+3K)B.
(G+3K)B+3iA:O. (2.29)
2
AY o2
(GBf+§g%)—=%;. (2.30)
T
PN L (2:31)
3G G+3K
1
2 4 2
«  O7 G r,
=93 =2 | +2 2.32
P J3 (G+3Kj K2 (2:32)

CnenoBarenbHo, coryacHo Gopmynam (3.28) u (3.31) dopmynsl A HanpsKEHUH B ympyrou

obactu MMPUHHUMAIOT BU

BLIpa)KCHI/IC AJId paiuaJIbHOro NCPEMCIICHU U B ynpyroiz'l obmactu IoJjryqyacm

2
q:ﬁp+%} (2.33)
. 3K —2G
o,=p —.
3K+G
3 . r r;
I D S 2.34
2P | Grak BGrj (2:34)

3.4. Tema 4: Ilnockas aedpopmanus

Obwue memoouyeckue 3amedarus. PopMyITUPYIOTCS OCHOBHBIE YPaBHEHHUS MJIOCKOU
nedopmaruu, OMMCHIBACTCS METO JIMHUN CKOJIBKESHUSI IJIs1 PEIICHHS 33124 IIIOCKOH aedopma-
LMW, TPUBOAATCS MPUKIAIHBIE 33]Ja4l U UX PEIICHUE.

[IpencraBum cebe, 4yTO TENO, pa3Mepbl KOTOPOTO B HANPABJIECHUU OCH Z 3HAUYUTENIBbHBI, HarpyKe-
HO YPaBHOBEUICHHON CHCTEMOW CHJI, MPUJIOKECHHBIX K OOKOBOW MOBEPXHOCTH M HE HU3MEHSIO-
muxcs no jumHe tena (puc. 4.1). B TakoM citydae HampspKeHHs, IepeMeIeHus U aedopmariuu
HE 3aBUCAT OT KoopAuHaThl Z. CeueHus- Tena, NepreHIuKyIsIpHbIe OCU Z, TIpu ero aedopmanuu
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HE HCKPUBJIAKOTCA. Onn MOTYT NEpEMEIIATHECA MOCTYMMATCIIBHO KAaK KECTKHUEC IJIOCKOCTU BIOJIb
0oCH Z. HpI/IMeM, 4TO OTU NECPECMCIICHUS PABHBI HYJIIO

u,=0 (3.1)

HOCKOJIBKy CCUCHUA, HCpHGHI[I/IKy.H}IpHBIG ocHu Z, HC I/ICKpI/IBJISIIOTCSI, KacaTcCJIbHBIC
HaIpsKCHUA B OTUX CCUYCHHUAX PaBHEBI HYJIIIO, T. €.

T =7y =0 (3.2)

Y, CIIEZI0BATENbHO, 3TH CEYCHHUS SABJIAIOTCS IJIABHBIMU.

PaccmarpuBaemyto nedopmanuio Tena Ha3blBaloT TIOCKOH.

[IpenmonoxuM, 41O TEJNO HECKMMaeMo. lMcmonb3yeM cxeMy HICAIBbHOTO KECTKO-
IUIACTUYECKOro Tena. Pelenne ynpyro-acTUYecKuX 3aaad INIOCKoH aedopmanuu cBS3aHO CO
3HAYUTENbHBIMU TpyAHOCTAMU. [Ipocreiimas ynpyro-macTuyeckas 3ajada Maockoil nedopma-
MU — 3a7a4da pacyera ToJICTOCTEHHOH TpyObl, Harpy>KeHHON BHYTpeHHUM JlaBieHueM u oce-
BOH CHJIOM.

Pemenne KecTKO-TIACTUYECKUX 331ad IJIOCKON AedopManuy UMeeT OONbIIOe MPaKTH-
4YEeCKOE 3HAUYEHUE I MCCIIEI0BAaHUS TEXHOJIOIMYECKUX ONepaluil, TAKUX KakK IpOKaTKa, BOJIO-
YEeHHUE, IPECCOBAHME, a TAKXKE JUIsl ONPEACICHUs NPEEIbHBIX HArpy30K MPH 'YKa3aHHOM BBIIIE
Harpy>KeHUU Tell.

[Tpu ucronbp30BaHUM TUarpaMMel AeGOpMHUPOBaHUS, H300pakeHHOU Ha puc. 5.17, B Tene Hapsay
C MJIACTHYECKMMH o0OnacTsiMH (O, =07 ) BO3MOXXHO BO3HHUKHOBEHHE JKECTKHX obiacreil

(o, <0o7).
g, =0 (3.3)
[TosTOMY Kak 1Mo TEOpHH YIpyro-IiacTUYecKux Ae(opMariuii, Tak 1 10 TCOPUH TCUCHHUSI
JUTsl HEC)KMMAEMOT0 TeJla UMEEM O, = O, U, CIIe0BaTEIbHO

o, +to,
0,=0,=——>. (3.4)
2
[ToncTaBisis 9Ty BEJIMYMHY B yCIOBHUE IIACTUYHOCTH, MOJTy4aeM
2
\/(O'X —O'y) +4r; =27, (3.5)

O-
rae 7; = = - npeaci TCKy4eCTH Ipru YUCTOM CABUIC.

NR)
JBa miepBbIX nudQepeHIInaNIbHBIX YPAaBHEHHUS PAaBHOBECHS MPHU OTCYTCTBUU OOBEMHBIX
CHUJI C UCTIOJIb30BAaHUEM COOTHOIIECHUH (4.2) MPUBOAATCS K BUY

X
y (3.6)
079 99 _q

OX oy
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Puc. 4.1. HarpyxeHnue Tena B yCIOBUSX TUIOCKOU AedopMariin

Tpetbe nuddepennmanpHoe ypaBHEHUE PaBHOBECHS YJIOBJIETBOPSIETCS TOXIECTBEHHO.
Ecnu Ha rpanuiie tena 3aqaHbl HANPsHKEHUS, TO TpU ypaBHEeHUs (4.5) u (4.6) O3BOJISIOT Ompe-
JIeTUTh KOMIIOHEHTBI HAINPSDKEHUS] HE3aBUCUMO OT Jie-popManuii (€cu MCHOIb30BaTh TEOPHIO
YOPYTro-IIacTU4YEeCKUX JedopMaluii) Win ckopocTei nedopmannii (eciau UCIOIb30BaTh TEOPUIO
TedeHus ). Takue 3a7aun Ha3bIBAIOT CTATHMUYECKU ONpeAeauMbIMU. CTaTudeckas ONpeneaIuMocThb
HaIIPSDKEHUH SIBJISIETCS. B HEKOTOPOW CTENEHU YCJIOBHOMW, MOCKOJIBKY JUISl OIIPENENICHUs Hanpsi-
KEHUH K YpaBHEHHUSIM paBHOBECHUS] HEOOXOAMMO MPHUCOEIMHUTD ycIoBHe MacTuuHocTH. [Tocne
orpeziesieHUs KOMIIOHEHTOB HaIlpsHKEHUH MOTYT ObITh HaleHb! 1ehopMallui UK CKOPOCTH Jie-
dopmauuii. B nanpHeiimem, Kak 3T0 0OBIYHO MPUHATO, OyAEM T'OBOPUTH 00 ONpENeIeHUH CKO-
pocTeit nedopmariuii paBHOBECHS WM CKOPOCTEH mepeMenieHuii. Mcnonb3oBaHue MOHATUNA CKO-
pocTeil nedopmanuii ¥ CKOpOCTel nmepeMeleHnii He 03HavyaeT yuyeTa (hakTopa BpeMEeHHU B pa3BU-
TUU IUIACTUYECKUX JAedopmanuii. DTo mpocTo yAoOHas 3amuch, MO3BOJsAONIAs M30exaTh HC-
NOJIb30BaHUs MOHATHH MpUpalleHui qedopmanuii B ciaydae IpUMEHEHHs TEOPUH TEUEHUS.

BriBoaum aBa nuddepeHIranbHbIX YpaBHEHHSI OTHOCUTENIBHO CKOPOCTEH MepeMelleHus
9 ud:

X y*

dy ox 0,70

aayguaagy e (3.7)
X
09

%4__)/:()

ox oy

IlepBoe M3 3TUX YpaBHEHHM SBISETCS YCIOBUEM MPONOPLUHUOHAIBHOCTH JIEBUATOPOB CKO-
pocTH AedopMaliui U HaIpsHKEHUS U YCIIOBHEM COBIIAJCHUS HAINIPAaBICHHUN TJIaBHBIX CKOPOCTEH
negopMaluy 1 HalpsKEHUH, a BTOPOE YCIOBUEM HEC)KMMAEMOCTH Tea.
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Puc. 4.2. cxonHble U TIIaBHBIE TUIOMIAIKU B YCIOBUAX IUIOCKOU AehopMariiu

Wuterpupys ypaBHeHus (4.7), MOKHO ONPEENIUTh CKOPOCTH MEePEMELICHUH.

Ecnu Ha Bcell uiu Ha 4acTU IPAHULBI TENa 3aJaHbl HE HANPSKEHUs, & CKOPOCTHU MEepEMEILECHUS,
TO 3a/a4a ONPEICIICHUS HANPSDHKEHUM HE SBISIETCA CTAaTHYECKU O pelesuMoi. B stoM ciryuae
HAIPSDKEHUS. U CKOPOCTH MEPEMEILEHUS ONPEAEIAIOT IIyTEM COBMECTHOIO PELICHUs ypaBHEHUN
(4.5)—(4.7).

PaccMoTpuM HEKOTOpBIE OCOOEHHOCTH HAIPSHDKEHHOTO COCTOSIHUS, BO3HUKAIOLIETO B
cilydae miockoil negopmanuu tena npu er = 0. Kak orMevanock Bbllle, ce4eHHE Teja MIOCKO-
CTBIO, IEPIEHANKYJSIPHON OCH Z, SIBIII€TCA TWIaBHOW 1utomanakoi. [loaTtomy B paccMarpuBaeMon
3a/1a4e TOJI0KEHUE OJHOM TJIaBHOW IUIOIIAJKHA M3BECTHO. B TakoM ciyuae IOJOKEHHE ABYX
JIPYTHUX TJIABHBIX IUIOMIA/I0K, TapaiedIbHbIX
ocH z, onpenenserca popmynoun

tg2a = & , (3.8)
o,—0,
rJie @ — yroj MeX/Iy TIaBHOW OChI0 1 1 0ChI0 X (puc. 4.2).
BolpaskeHus 1)1 I7IaBHBIX HAPSDKEHUN UMEIOT BUA

o\ :%i%\/(ax ~o,) +47} (3.9)

IIpUYEeM, YUYUTHIBasi COOTHOIIEHUE (4.4), 3aKiII04aeM, YTO 3HAK IUIIOC B 3TOM GopMmyie onpesens-
€T HauOoublllee O, a 3HAK MUHYC — HAaUMEHBILIEE O, IVIaBHbIE HAIPSKECHHUS.

U3 popmymnsl (4.9) cienyer, uto HanOOIbIIEe KacaTeIbHOE HAMPSKEHUE

o,—o, 1 2
- lesza\/(gx_ay) +4z2 (3.10)
Taxum o6pa3om, cormacHo cootHoteHusM (4.9), (4.4) u (4.10)
0, =0y+ T,y O,=0, O3=0y—Tmu- (3.11)

CJ'IG,Z[OB&TCJ'ILHO, HAIIPpAKCHHOC COCTOSHUC B YCIIOBUSAX ILTIOCKOM ,Z[C(I)OpMaI_[I/II/I MOXHO
paccMaTpuBaTh KaK PE3YyJIbTAT HAJOXKCHHUA BCCCTOPOHHETO PAaBHOI'O PACTSXKCHUA C HAIIPAKCHU-

€M O, Ha YUCTBII C/IBUT C KacaTeJIbHBIM HAIPsDKEHUEM 7, (puc. 4.3).
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Puc. 4.3. HanpsbkeHHOE COCTOSTHHE B YCIIOBHSAX IIOCKOH eopManuu

Jlunuu cronvorcenus. 1lnomanku AENCTBUS MAaKCUMAJIBHBIX KacaTEJIbHbBIX HaIPSKCHUMH,
MIPOXOJISIINE YePe3 OCh Z, ACNAT IOIO0JIaM YIJIBI MEXAY TJIAaBHBIMH ILIOIIAJIKAMHU, B KOTOPBIX
BO3HHUKAIOT HauOoJjblllee O, U HaUMEHblIEe O, IJaBHble HanpspkeHus. HazoBem JmHUsAMH

CKOJIBXXECHUA — JIMHHUH, KaCaloIIueCAd BCEMHU CBOMMH TOYKaMU INIOIIaAO0OK MaKCHUMAJIbHBIX Kaca-
TeNbHBIX HANpPsDKeHUH. OYeBUAHO, YTO UMEIOTCS JIBa OPTOTOHAIBHBIX CEMENCTBA JTUHUI CKOIb-
JKCHMUA, JICKAIIMX B IIJIOCKOCTH XY. TlousTHe MUMHUN CKONBKEHUS HE CBA3aHO TOJBKO C 33,,[{21“16171
wiockoi nedopmanuu. [IpuMepom JIMHUN CKOJIBXKCHUS SBISIOTCS JIMHUU YepHOBa, KOTOpBIC
MOYKHO HAOJIIOAATh HA TIOBEPXHOCTH IIOCKOTO TOJIMPOBAHHOTO 00pasia MpH ero pacTsHKeHUHU 32
npenenamu ynpyroctd. Jlunum YepHoBa HakJIOHEHBI 1Mo yriaoMm 45° kK ocu oOpasiia, Tak Kak B
TUTOMIA/IKAX TOJT YIIIoM 45° K OCH BO3SHHKAIOT HAaUOOJIBIIINE KacaTeIIbHBIC HAITPSHKCHHUS.
O0603HauMM J1Ba B3aMMHO-OPTOTOHANBHBIX CEMEWCTBA JIMHUN CKOJIbKEHUS uepe3 a u b
(puc. 9.4). Ecnu yron HakJioHa KacaTeJIbHOW K OJTHOM W3 JTMHUMN CKOJIb)KEHUS CEMEINCTBA a B He-
KOTOPOM TOYKE PaBeH ¢, TO TOTJa yroJl HAaKJIOHA KacaTeIbHOM K JIMHUU CKOJIBKEHUS ceMelcTBa

b B TO# ke TOUKE paBeH ¢ +% (puc. 4.4).

Juddepenunanbable ypaBHEHNsT CEMEICTB JIMHUI CKOJIBXKEHUS a U b UMEIOT COOTBET-
CTBEHHO BH/I:

d d
Y_ tgo, Y _ —Ctge. (3.12)
dx dx
HOCKOJ’ILKy HAIIPAKCHHOC COCTOSIHHUEC B YCJIIOBUAX IIOCKOM ,ZLC(I)OpMaI_II/II/I MOKHO pac-
CMaTpHBaTh KaK HAJTOKCHUC BCCCTOPOHHETO PAaBHOTO paCTAXKCHUSA C TTAaBHBIMH HAIIPAXKCHUAMHA

O, Ha YUCTHIN CABUI' C KACATCIIbHBIM HAIIPSLKEHUEM T .. OECKOHEYHO MAaJIBIN QJICMCHT, BBIJC-

JICHHBIN JIMHUSIMU CKOJIBKEHHS, UCTIBITHIBACT OJUHAKOBOE PACTSDKEHHE B HANPABICHUH JIMHUN
cKkoJbkeHus (puc. 4.5).
BbIpasuM KOMIIOHEHTBI HaNpsukeHUH O,, O, T,, B HEKOTOPOH TOYKE YEPE3 TPUTOHO-

METpUYECKHe (PYHKIIMHU yIiia Cp HAKJIOHA KacaTeJIbHON K JIMHUU CKOJIBKEHUS, IPOXOISIIEH ue-
pe3 3Ty TOUKY.
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Puc. 4.5. HanpsikeHHOE COCTOSIHUE 3JIEMEHTA, BBIICTICHHOTO JTMHUSMU
CKOJIbXKEHUS
st aTOr0 BHavyaye BCIOMHUM 3aBUCUMOCTH KOMIIOHEHTOB HAINPSDKEHUN B TUIOMIAIKAX,
IPOXOJAALINX Yepe3 OCh Z, OT IJIaBHBIX HANPSOKEHUN O U O,

o, + 0. O, —O.
o, = 12 4 12 2 c0s2a,
o, +O. O, —O.
o, =—+—3-—-1 3¢0s2aq, (3.13)
y 2 2
O, —0, .
7, =——35sin2a
Xy 2

IJIe @ — YTroJ HaKJIOHAa K OCH X HOpMAalld K IUIOMIAJIKe, B KOTOPOW BO3HUKAET TJIaBHOE Hamps-
xeHue o, (puc. 9.6).
Tak kak
o, +0,+0,=0,+0,+0;=0,+0;+0,,

TO o0 popmyute (4.4)
o, +0 y _ 0, +0,

2 2
Hanee u3 coornomenuit (4.10) u (4.5) 3akmouaem

(3.14)

O'O:
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0, -0,
2

[TockonbKy MIIOMIANKK JIEHCTBHUSI MaKCUMAIbHBIX KacaTEIbHBIX HANPSHKEHUH JENST IOo-
MoJIaM YTJIbl MKy [VIaBHBIMU ILIOIIaaKkaMu (puc. 4.6), To

¢:a+%. (3.16)

=1, (3.15)

§ -~
g

Ty

v Gy - !

Puc. 4.6. Harnpsixenus B pa3nuYHBIX TUIOMIAKAX B YCIOBUAX TIIOCKOM
nepopmaruu
[Ipeobpazyem opmyisl (4.13), ucnonsiys cootHomenus (4.14)— (4.16). Toraa nomy-
YUM

o, =0, +17; SIN 29,
o, =0,—17;SIN2p, (3.17)
T,y =—7; COS2¢.

[ToncTaBUB 3TH COOTHOILIEHUS B YCJIOBUE IIACTUUHOCTU (4.5), MOXKHO yOeAUTHCS, 4TO

nocleHee TOXKACCTBEHHO YIOBIETBOpseTcs. Takum o0pa3oMm, Ui ONpeAeieHUs] HalpsHKeHUN
Oys Oy, Ty, 10 hopmynam (4.17) HEOOXOAMMO 3HATH JIBE BEIMUYUHBL Oy U @ .

BHocs cootHomenus (4.17) B ypaBHeHust paBHoBecus (4.6), noiaydaem
CUCTEMY JIByX HEJIMHEHHBIX MU epeHIIMaTbHbIX YPABHEHUH B YACTHBIX MPOU3BOJHBIX MEPBOTO
nopsiika uid QyHKIUMN O, U @

9% 1 97 [ 052022 +in 2022 | -0,
OX OX oy

(3.18)
oo,

0.

+27;| sin 2gpa—(p—c032¢a—(p
OX oy

[TockoJibKy B 3TOM CHCTEME YaCTHBIE TPOU3BOJIHBIE TOJIBLKO B MIEPBOM CTEIEHH, €€ Ha3bI-
BalOT KBa3UJIMHEHHOM.

JlokaxkeM, 4yTo cucteMa ypaBHeHUH (4.18) sBisiercst runepooamdeckoit. JJjist 7Toro Bo3b-
MeM B IUIOCKOCTH X M Y HEKOTOPYIO KPUBYIO, BJIOJIb KOTOpPOW OyaeM cunuTaTh GyHKUUU O, U @

n3BecTHEIMHU. Torma
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dor, = 2% gy + 2% gy,

OX
3 3 % (3.19)
do=2Ldx+Luay.
OX oy
VYpasuenus (4.18) u (4.19) SBISAIOTCA CHCTEMOW YETHIPEX JMHEHHBIX alreOpandecKux
. 0o, 0o, O¢p Op .
YpaBHEHHI OTHOCHTEIBHO YaCTHBIX MPOU3BOJHBIX —, —=, ——, ——. PemieHue 3Toii cu-

ox ' ooy ox’
CTeMBl MOXKET OBITh IpeAcTaBlIeHO B (opme ompexenuteneii. YacTHbIE NMPOU3BOIHBIE ONpe/ie-
JSIFOTCSL €IMHCTBEHHBIM 00pa3oM Bcerja, KpoMe Cirydas, KOT/ia BJIOJIb pacCMaTPUBAEMON JINHUH
OIIpEJICTITENb CUCTEMBl PaBeH HYJIO0. Takue JIMHUM HA3bIBAIOT XapPAKTEPUCTUKAMHU CHCTEMBI
Qg depeHIraIbHbIX ypaBHEHUH.

VYpaBHEHUS XapaKTEPUCTUK UMEIOT BUJL:

1 0 2r,co82¢p 27;8in2¢

0 1 2sin2p —2z;c052¢| 0
dx dy 0 0

0 O dx dy

PaCKpI)IBaﬂ OIMPCACIINTECIIb, MMOJIY4YacM KBaIPpaTHOC YPABHCHHUEC OTHOCUTCIIbHO d_y

X
dy ) dy
(—yj +2ctg20 Y _1-0.
dx dx
Kopnu 3Toro ypaBHeHus
Yoy, Yctgp (3.20)

dx dx

Kak n3BecTHO, eciu:
1) nBa KOpHS ypaBHEHMsI I€HCTBUTENbHBI U PA3JINYHbI, CACTEMY YPaBHEHUHN Ha3bIBAIOT runepoo-
JIMYECKOM;
2) nBa KOpHS ypaBHEHUS OJIMHAKOBBI — MapaboInyecKoil,
3) 06a KOpHS ypaBHEHHS KOMIUIEKCHbIE — 3JUTUITUYECKOH.

TakuMm o6pa3oM, cuctema ypaBHeHuUl (4.18) sBisiercs runepOoIMuecKoi 1, KaKk ciaeayeT
U3 cornocTtapieHus ypaBHeHUH (4.12) u (4.20), XapaKTepUCTUKH COBMAJAIOT C JIMHUSMU CKOJIb-
KEHUS.

Ecnu xoopiMHATHBIE OCH Sa M Sh B KXKAOH TOUKE OyAyT HampaBlIeHBI 110 KacaTelbHBIM K
JWHUSM CKOJBKeHUs (puc. 4.7), To, monarast B quddepeHnuaipapix ypapaenusx (4.18) ¢ = 0,

noJjrygyacm

0
a—(ao +21:9) =0,

sa

0
8—(0'0 —27,9)=0,

Sb
MoHO MOKa3aTh, YTO TH yPaBHEHHMS SBIAIOTCA AU(pdEpeHINATLHBIME YPaBHEHUAMH
ABHOBCECHA DJICMCHTA, BBIPC3aHHOT O JUHUIAMU CKOJIBXKXKCHUA. HTCTPHU g UX, I1oJIydacM
) u s MX, TIOITy

2% 1p=¢,
2 1,
(3.21)
lﬂ—40277
21, ’

rac 5 U 77 — MOCTOSAHHBIC BOOJIb JUHHAN CKOJBKEHHUS COOTBETCTBEHHO a U D BEIUUYMHEL HpI/I
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Hiepexo/ie OT OJHOW JIMHUY CKOJIbxeHus a (win b) k apyroii mapamerp & (wiam 77) H3MEHsETCS.
Pemras ypaBHenus (4.21) OTHOCUTENBHO O, U ¢, yCTAaHABINBAEM

Oy =17 (§+77)1
co:%(f—n)-

HOCJIGI[HI/IC YPaBHCHUA ITO3BOJIAIOT IO M3BECCTHBIM BCIIMYMHAM 5 u 77 OIPCACINTb, Oy U

(3.22)

@, a 3aTeM npu nomoru popmy: (4.7) KOMIIOHEHTHI HAPSIKEHUSI.

y Ja

I

Puc. 4.7. CucTemMa KOOPIMHAT S, Sy, OCH KOTOPO#l HANPABIICHBI IO KACATEIbHBIM K JTHHHSIM
CKOJIbXKCHUS

3.5. Tema 5: IIpeaenbHoe cOCTOSTHUE CTPOUTEIbHBIX KOHCTPYKIMIi

Obwue memoouyeckue 3amedanus. BBOIATCS OCHOBHBIE IOHSTHUS IIPEIEIBLHOTO COCTO-
SHUSL KOHCTPYKLHH, a TAKKE CTATUYECKasl U KHUHEMATUYeCKask TEOPEMBI, C UCIIOJIb30BAHUEM KO-
TOPBIX CBSI3aH aHAJIN3 HECYIEH CITOCOOHOCTH KOHCTPYKIM. Ha KOHKpETHBIX MpuMepax ¢ orpe-
JIEJICHHBIMH UCXOIHBIMH MPEANOCHIIKAMU CTPOUTENHHON HAyKH U TEXHOJIOTUH pa3dupaercs
MIPUMEHEHNE TEOPUH JIJISl aHAIM3a HECYIIEeH CTTOCOOHOCTH CTPOUTETBHBIX KOHCTPYKIIUMA

Pemrenne nmactudeckux 3amad B MPENONIOKEHUH, YTO MAaTEPHUANl WACAIBHBIA KECTKO
IUTACTHYECKUH, UMeeT 0OJIbIIoe MPAKTUYECKOEe 3HAUEHHUE I ONpeieNieHHs IpeaAeIbHbIX Harpy-
30K KOHCTPYKIUH, a TaK)K€ BBIUMCICHUS yCUIUHN 1ehOpMUPOBAHUS B PA3IIUYHBIX TEXHOJIOTHYE-
ckux omepanusax. OAHAKO Jdaxe NpU OrpaHUYEHUHM YCIOBHEM IUIOCKOH naedopmaruu (CM.
MPEJBIIYIIYI0 TEMY) PELIEHUE B PsAJIe CIIy4aeB CBSI3aHO C OOJBIIMMH TPYJHOCTAMU. DTU TPYA-
HOCTH BO3pacTaloT MpH nepexoie'’k odmemMy ciydaro aeGopMupoBaHusl.

[ToaTomy Oosnblioe 3HaYEHHE UMEIOT METOJIbl MPUOIMKEHHON OLIEHKH Harpy3okK, COOT-
BETCTBYIOILMX IIPEACIBHOMY COCTOSHUIO 110 CXEME UACAIBHOIO JKECTKO-TINIACTUYECKOTO TENaA.

Hwke m3510KeHbl cTaTUYeCKass U KMHEMAaTHYeCKas TEOPEMBbI, MO3BOJISIIOIIUE AaTh ABY-
CTOPOHHIOKO OLIEHKY IPEACIIbHBIX HArPy30K, [IPUBEICHBI IPUMEPBI IPUMEHEHUS UX, a TAKXKe Ja-
HO MOJIHOE pElICHUE HEKOTOPBIX 3a7a4 MPEIAEIbHOTO COCTPSHUS.

HaszoBem cratnuecku BO3MOYKHBIM COCTOSIHUEM Te€jla TaKO€ COCTOSHHE, IUIi KOTOPOro
YAOBJIETBOPEHBI YCIOBUS HA MOBEPXHOCTH JIJISl HAIIPSKEHUN U yPaBHEHUs PAaBHOBECHS B KAXKI0M1
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TOYKE Tela, a TOUKH, M300pa)karoline HANpsHKEHHOE COCTOSHUE B MPOCTPAHCTBE,HANPSKEHUN
Oy [Vl PasiIMYHBIX TOYCK TEJIa, JIeKAT MM BHYTPH [IOBEPXHOCTH Havalla IIaCTHYHOCTH, HIIH Ha

Heil. O003HaYMM 5TH TOUKM M™*, a COOTBETCTBYIOIIME MM TEH30PbI HanpsukeHnd oy (puc. 5.1).
TakuM.00pa3oM, 3TH HANPSDKCHHBIE COCTOSIHUS YAOBJIETBOPSIOT YCIOBHIO
fr (O‘ij ) <0
N3o00pakaromue TOYKH I JSUCTBUTEILHOTO COCTOSIHUS Tela 0003HaunM M, a cooTBeT-
CTBYIOILIIIE MM TEH30phl HampsokeHWid a Cratuueckas teopema. Harpyska, cooTBeTCTBYIOLIAs
CTaTHYECKH BO3MOXKHOMY COCTOSIHHIO, MEHBIIE, YeM IpeAebHas Harpy3ka. st mpocToTsl J10-
Ka3aTeJbCTBA JIOMYCTHM, YTO OOBEMHBIE CHIIBI OTCYTCTBYIOT. [IpuMEHNM HPUHIUIT BO3MOMXKHBIX

nepeMemeHI/Iﬁ JJIA HeﬁCTBHTeHBHOFO N CTaTUYCCKH BO3MOXKHOI'O COCTOHHHﬁ, IIPpHUHAB 34 BO3-
MOXHBIC IEPEMCUICHU A, TPOIIOPHHOHAIBHBIE CKOPOCTAM ‘9i n i ,HeﬁCTBHTeJIBHOFO COCTOsAHUA.

Torna MMOJIyYrUM IJIsL JEUCTBUTEIILHOI'O COCTOSIHUSL.

_[Xvilgids = J.O-ijé:ijdv
s v

H AJ1A CTaTUYCCKHU BO3MOXKHOI'O COCTOSHHUA

[X;9ds = [o;£,dv
S \Y

rae X, 1 X, — IPOEKIMH HA OCH KOOPJMHAT MHTEHCUBHOCTH PACIPECICHHON HAIPy3KH Ha
IIOBEPXHOCTH.

J.(XVi - X:i)ISlidS = I(Gij —oﬁ)é‘ijdv

S
* P
(O'ij -0y )dgij =0
U, CIEIOBATEILHO

(Uij_ai;)dcfij ~0

II03TOMY

[X;9ds <[ X,9ds
S S

T. €. MOIIHOCTh ITOBEPXHOCTHOM HAarpy3KH, OTBEYAIOLIEH CTATHYECKH BO3MOYKHOMY HaIIPSIKEH-
HOMY COCTOSHMIO Ha JEHCTBUTEIBHBIX CKOPOCTAX IEPEMEILIECHHMI BCErJa MEHbIIE MOILHOCTU
JICHCTBUTEIILHON NTOBEPXHOCTHOM HATPY3KH HA TEX 7K€ CKOPOCTSX.

Puc. 5.1. K noka3arenbCcTBy CTaTUUECKOM TEOPEMBI

Ecau BHENTHME CHITBI IBIISIFOTCS COCPCAOTOYCHHBIMU, TO UMCCM

> R9=<XPRY
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B cityuae ogHO# CuiIbl mosy4aem
P"<P
YTO U TpeOOBAJIOCH 10KA3aTh.

Craruyeckas TeopemMa yCTaHABIMBAET NMPUOJIMKEHHUE IS IPEAEIbHON Harpy3KU CHU3Y.
PaccmaTpuBas pa3ianyHbIE CTaTUYECKH BO3MOJKHBIE COCTOSIHUS, MOXKHO IOJCYUTATh PA3IHYHBIC
Harpy3ku, MeHblIue mnpenenpHoi. Hambonpimas u3 Hux Oynmer Ommke Bcero K NpeAenbHOU
Harpyske.

MeTton onpeaeneHus NpeAebHON HArpy3Ku IIyTEM PACCMOTPEHMSI CTaTUYECKH BO3MOXK-
HBIX COCTOSIHMM Ha3bIBAIOT CTATUYECKHM.

Ha3oBeM knHEMaTH4eCKH BO3MOXKHBIM COCTOSIHMEM TeJla TAKOE COCTOSIHUE, AJIsi KOTOPO-
IO yJOBJIETBOPEHBI YCIOBUS Ha IOBEPXHOCTH ULl MEPEMEILECHUN U YCIOBHSI COBMECTHOCTH Ji€-
dopmanuii B KaXXJI0i TOYKE Teja. YpaBHEHHS PAaBHOBECHUS MOTYT OBITh HE YIOBJIECTBOPEHBI.
OueBUIHO, YTO TOYKHU, U300pakarolUe HAIPSDKEHHBIE COCTOSHUS B TOUKAX Teja, HaXOAALIerocs
B KMHEMAaTUYECKU BO3MOXKHOM COCTOSIHUH, JIEKAaT Ha MOBEPXHOCTU Hayaja IJIACTUYHOCTH, TaK
KaK MHA4e COIVIACHO CXEME MJICAIbHOTO KECTKO-IUIACTUUYECKOro Tela 1e(OpMUpOBaHHE HEBO3-
MOHO. O003HAYMM 5TH TOYKH M**, a TeH30pbI HAaNPsKEHUH, COOTBETCTBYIOMIME UM, aY] (pHC.
5.2).

Kunemaruueckas teopema. Harpyska, cOOTBETCTBYIOIIasi KUHEMATUYECKH BO3MOXKHOMY
COCTOSIHUIO, OOJIBIIIE, UEM Npe/iebHas Harpy3Ka.

Puc. 5.2. K nokazareiabcTBy KHHEMaTHYECKOW TEOPEMBI

OcHogHble ypagHenusa 3a0auu npeodeabHo20 co-
CMOAHUA KPYy2iblX u Konvyesvix naacmun. M3 Kypca
COTIPOTHBIIEHUSI MAaTE€pHAIOB H3BECTHO, YTO HeCyIas
CMOCOOHOCTH OaIKU McueprbiBaeTcs (0anka CTaHOBUTCS
r€OMETPUUYECKH H3MEHSEMOW) MpU HaJMuuud B Hel
ynpyroi obnactu. Pemenue 3amaum 00 ynpyro-
IUTACTUYECKOM COCTOSIHUM IUIACTHH CBSA3aHO CO 3HAYUTENIbHBIMH TPYIHOCTSMHU JlaXe B Ipo-
CTelIIeM cilyyae OCeCMMMETPUYHOIO Harpykenus U3 mMarepuaia, [uarpamma 1eopMUpOBaHHs
KOTOPOTO HE UMEET YIPOUHEHUsI. DTOT BOIIPOC UCCIIEI0BaH B paboTax u Ap.

N3yuenne ymnpyro-mjaiacTU4ecKOro HM3ruda KpyriblX M KOJBIEBBIX OCECUMMETPHYHO
Harpy>KeHHBIX IJIACTHH MO3BOJIMJIO YCTAaHOBUTD, YTO M OTIMYME OT M3THba Oajok HecyIas Cro-
COOHOCTH IUIACTHH B OOJIBIIMHCTBE CIIy4aeB MCUEPNBIBACTCS NMPU OTCYTCTBUH YIIPYToi 001acTH,
T. €. KOT/Ia BO BCEX TOYKaX IJIACTUH MHTEHCUBHOCTh HANPSDKEHUN JOCTUTAET NETHYUHBI ITpesiesa
TEKy4eCTH MaTepuaia.

Kak cnepyer M3 M3I0KEHHOTO HUXKE, B PEUICHUH 3a/Ja4dl OIpENEelIeHHs MpeleabHbIX
Harpy3o0K JJIsl KpyTJbIX M KOJIBLIEBBIX OCECUMMETPUYHO HArpy’>KEHHBIX IUIACTUH HCIOJB3YIOTCS
KaK ypaBHEHHsS] paBHOBECHUS, TaK M TUIOTE3a O Xapakrepe nedopMaluy IUIACTUHBI (THIOTE3a
OPSAMOJIMHEHHBIX HOpMasiel), 3aMeHsIoIast YCIOBUS COBMECTHOCTH Jiedopmanuit. [Toatomy mo-
Jy4EeHHOE pelIeHrue OyIeT MOTHBIM.

[Ipr paccMOTpeHHH YHCTO IUIACTHYECKOTO M3ru0a KPYyIJbIX M KOJBLEBBIX OCECHUMMET-
PUYHO HArpyKEHHbIX IUIACTUH MPUMEM, YTO CPEIUHHAS IJIOCKOCTh UX HE pacTATUBAETCS, U HC-
II0JIb3YEM TE K€ JOIYILIEHUs, YTO U NIPU pacdeTax IUIaCTUH B IIPEJeNax yIIpyrocTu, a MMEHHO: 1)
TOYKH, PACIOJ0KEHHbIE HA HEKOTOPOU MPSAMOM, MEPHNEHIUKYIISIPHOW K CPEIUHHOW MIOCKOCTH
IUTACTHHBI, TIOCNIE ee JeOopMaluu TaKXkKe JIe)KaT Ha MPsIMOH, MEepHeHIUKYIIpHON 1edhopMupo-
BaHHOW CpeAMHHON moBepXxHOCTH (THrore3a Kupxroda), 2) HOpManbHbIE HANPSHKEHHS B ILIOC-
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KOCTSIX, MapaJlJIeNIbHBIX CPEAMHHOMN IIOCKOCTH, OTCYTCTBYIOT. Kak W mpu pacuerax IjacTHH B
npenenax ynpyroctu, OyaeM mpeHeOperath KacarelbHBIMUA HAMPSDKCHUSIMU B OKPYXKHBIX cede-
HUSX U TUIOCKOCTSIX, MapajlieNIbHbIX CPEAMHHOM TUIOCKOCTH. Vcronb3ys BTopoe AonylieHue, 3a-
KJIFOYAeM, YTO HAIMPSHKEHHOE COCTOSIHUE BO BCEX TOUKAX IJIACTUH SIBJISETCS JIBYXOCHBIM.

JuddepennnanbHoe ypaBHEHHE PABHOBECHS 3JIEMEHTA IJIACTUHBI UMEET BUJL

d
&(M,r)—Mt =-Qr, (4.1)
riae Mr u Mt — WHTEHCHBHOCTH M3THOAIONINX MOMEHTOB COOTBETCTBEHHO B OKPYKHOM W Pajv-
aJIbHOM CEUEHHUSIX; (Q — MHTEHCUBHOCTh NONIEPEYHOMN CHIIBI B OKPY’KHOM CEUECHHH.
MHTEHCUBHOCTH M3TrHOAIOINX MOMEHTOB Mr u Mt cBsi3aHbl ¢ HOPMaJIbHBIMU HaATPSIKE-
HUSMU B OKPY?KHOM H PaZMalIbHOM CEYCHHUSX O, U O, COOT-HOLICHUSAMMU:
h h

2 2
M, = J.arzdz, M, = IUtZdZ 4.2)
h h

2 2
rze. Z — pacCTOSHUE OT HEKOTOPOW TOYKH IUIACTUHBI 10 CPEIUHHOM IIIOCKOCTH; h — TommuHa
TUTACTHHBI.
3aBUCHMOCTH CKOPOCTEH pasuanbHON & M OKpYXHOH &, nedopmannii OT CKOPOCTH ¥

yrijia moBOpOTa 9 HOpMaJIU K CpCI[PIHHOﬁ INIOCKOCTH IINTIACTUHBI OIIPCACIIAIOTCA (I)OpMyJ'IaMI/I
d
f=1-%  g=1% 4.3)
dr r
KOTOpPBIE JIETKO MONYy4uTh MU depeHIIpoBaHUEM IO BPEMEHU 3aBUCUMOCTEN aedopmariuii ot
yrIJla IOBOPOTA.
4K IIOCIICAHUX BBIpa)KeHI/Iﬁ CJICAYCT, YTO OTHOIICHUC 3TUX CKOpOCTCfI
nedopmaruit
rd
_a_rdx (4.4)
& x dr
ABJsieTcs (PyHKIUEH TONbKO pajauyca I. 3aBUCMMOCTH KOMIIOHEHTOB CKOPOCTe! nedopmanuii ot
KOMITIOHEHTOB HaHpH)KCHI/II\/’I 10 TCOPpUH TCUCHUA IJIA KECTKO-IIJIACTUICCKOTO MaTCpHralia (80 = 0)

HUMEIOT BUI:
34 3¢
=——\0 —O, , =——\0. — 0, 45
gr ZO'I( r 0) é:t zo_i(t O) ( )
rae o, —. MHTCHCUBHOCTbH HaHpH)KeHPIfI; fi — HMHTCHCHMBHOCTB HC(I)OpMaHHﬁ; O, — CpcaHee
HOPMAaJIbHOE HaIPSKEHUE.
B paccmatpuBaemom ciyyae (o, = 0)
i 2 2
o, = \/ar —0,0, t0oy , (4.6)
O, + o

[TockonpKy NpUHUMAETCs, YTO AWarpaMma JaedOpMHUpPOBAHMS HE UMEET YNPOUHEHUS
O; = 07 W, CIIeJIOBATEIIBHO,

\/O'rz ~-0,0,+0 =0;. (4.8)

Ortcrona cinefyer, 4To
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p=201"0 (4.9)
20, -0,
OTKyJa
g (4.10)
2n+1
Gr Ot

‘ . . psmesv— ——

Puc. 5.3. Dnropbl OKpYKHBIX M paldaIbHBIX HAMIPSDKEHHUH 1O BBICOTE
JUISL TIJIACTHHBI, HAXOALIEHCS B IPEAEIBHOM COCTOSHUN
VYuursiBas, 4yTo 77 sABIsAETCS (QYHKUIUEH TOJBKO paauyca, 3aKI04aeM, YTO HalpsyKEeHUS

SABJIAKOTCA (1)}/HKI_[I/ICI‘/'I TOJIBKO paauyca U, CJICHOBATCIIBHO, B IIpcAciaXx H3MCHCHUA

h h
z :_E <z<0u0<z< > HANPSDKEHUS 110 BBICOTE MJIACTHHBI HE U3MEHSIETCS. DMIOPhI HaIpsiKe-

HUH 110 BBICOTE TUIACTUHBI UMEIOT BUJ "IBYX MPSAMOYTOJIBHUKOB (puC. 5.3). OTIMYHE OT SIIOPHI
HaNpsDKEHUH B CEYEHMHU IUIACTHUYECKOTO LIapHHpa OalKu TOJBKO B TOM, YTO BEJIWYHMHBI HAIps-
JKEHUI1 HEe paBHBI IIpeJiely TeKy4YeCcTH MaTepraa.
YcranaBnuBaeM, 4To
2 2
Mrzath, Mt=c7th7 (4.11)

Bripakas HanpspKeHHs 4epe3 MHTCHCHBHOCTH H3THOAIOIINX MOMEHTOB U MOJCTABIISS MX
B cooTHomeHue (5.8), momydaem

M?—M M, +M? =M? (4.12)
Trac
h2
MT = GT Z (413)

Kak cienyer u3 ¢popmyst (5.13), Bennunna Mr onpeniensercst TOIbKO MpeesioM TeKyye-
CTH MaTepuaia M TOJIIMHOMN IutacTuHbl h, U 1UIsl paccMaTpruBaeMol IMIACTHUHBI — IMOCTOSIHHAS
BEJIMYMHA.

VpaBuenns (5.1) u (5.12) aBisIFOTCS OCHOBHBIMU YPAaBHEHHSIMHU JIJISl HICCIICIOBAHUS HeE-
Cylei ctocoOOHOCTH TIACTHH.

KpaeBbie yciioBust UMEIOT BU:
1) nnst KpyTiI0¥ MIIACTHHBI B IIEHTpanbHOU Touke M, = M,

2) nus IIACTUHBI, HATPYKEHHON MO KOHTYPY PaBHOMEPHO paclpeesIeHHbIM MOMEHTOM MHTEH-
CHUBHOCTH m Ha KOHTYpe M, ==+m;

3) IS TTACTHHBI CO CBOGOHBIM MK onepThiM kontypom M, =0;

4) 17 MIACTUHEI C 3a/ieanHbM KoHTypoM $=0, y =0 u, xak cnenyer o, = 20, u M, =2M,

3.6. Tema 6: [IpubdauKeHHbIE METOAbI PelIEeHUsI MPUKJIATHBIX 327124
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Obwue memoouueckue 3ameyanus. Ha KOHKpETHBIX MpUMepax MopoOHO pa30oUparoT-
sl IPUOTM>KEHHBIE METO/IbI PEIICHUS MTPUKIAIHBIX 3a71a4. Oco00e BHUMaHUE yIeIseTCs pac-
POCTPAHEHHOMY METO]ly, OCHOBAHHOMY Ha IPHHIIUIIC MUHIMYMa ITOJIHOW YHEPTUH, a TAKKE
MCTOJaM, OCHOBAHHBIM Ha IMPUHIUIIC BO3MOXXHBIX N3MEHEHUHU HAIMpPsPKCHHOI'O COCTOAHMUA. Pac-
CMaTPHUBAIOTCS BapHAIMOHHBIC METO/IBI.

[Tnuta BeIcOTOM h ¢ oTBepcTHEeM nuamerpa d pacTsHyTa B YCIOBUSAX IUIOCKOW nedopmanuu ( &,
= () cwioif, BeIMYMHA KOTOPOM HA EIMHUILY JUIMHBI B HANpaBICHUHU, NEPHECHIUKYISIPHOM |

YEPTEKY, P,w (puc. 6.1).
m

HpI/IMeM 3a CTaTUYECKHU BO3MOKHOC COCTOAHHE TAKOEC, IIPU KOTOPOM B SaIHTpHXOBaHHOﬁ qaCTu

o h—d
IIJIMTHI HAITPAKCHHUS PaBHBI HYJIFO, 4 B BEPXHEU U HUIKHCH ITOJIOCKAaX BBICOTOU
7,=0, 0,=0, o, =const.
U3 YCJI0BUSA INIACTUIHOCTU UMCEM
o, =21, (5.1)

VYpaBHEHHE DPABHOBECUS IPHUBOJUT K CIEAYIOUICH BEIWYMHE IPEIEIbHON Harpyskw,
OIpPEIEIEHHON CTaTUYECKUM METO/I0M:
p =2t (h —d) (5.2)
Haiinem nmnpenenbHyr0  Harpysky KHHEMaTH4eCKMM  MeTojnoM. BeiOepem  3a
KHHEMaTU4YeCKH BO3MOXHOE TaKOe€ COCTOSHHE, B KOTOpPOM IUIacTHueckas o00jacThb
cocpenoToueHa "B Hanbosee 0ciabJIeHHOM MECTE B OKPECTHOCTH OTBEpCTHs. Tora mosjie JIMHUMA
CKOJIBXKEHHUSI COCTOMT U3 JIOTapU(PMUUECKUX CIIUpaJIeH, MPUMBIKAIOIINX K KOHTYPY OTBEpPCTHS, U
CETKU NPAMBIX JUHUNA (PaBHOMEPHOTO MOJs) y MPSMOJUHEHHBIX rpaHull mimTel (puc. 10.14).
Otu nossg cMmbIKaroTcss B Toduke C, paccTosHUE KOTOpOW OT LeHTpa oreepctus I,. Ilons

cKkopocTell W HampsbkeHMH B IulactTuueckux obnactax ABC u CDE moryt ObITh JIETKO
ompezienensl. [Ipu 5TOM MX MONIHOCTB MmonoXuTenbHa oy & >0, T. €. mons HanpsokeHnd u
CKOpPOCTE€M  cOrjlacoBaHbl.  Pa3iMyHble  KUHEMAaTU4YeCKM  BO3MOXHBIE  COCTOSHHUS U

COOTBETCTBYIOIIME MM Harpy3ku OyAyT 3aBUCeTh OT mosiokeHuss Touku C. Harpyska ms

HEKOTOPOI'0 KWHEMATUYCCKU BO3MOKHOI'O COCTOSAHUSA
h

P” = er o dr + 2? o, dr (5-3)
d z

2
re 0, — OKpy>kHbIe HanpspkeHust B ABC; o, — Hanpspkenus B oonactu CDE.

Puc. 6.1. ITnuta c oTBepcTHeM, pacTsHyTast cuiioit P, MH/m
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Hanpsxenus B o6nactu ABC, onpenensem 1npu pop = 0, T. €.

o, =21; In%, o, =21, (1+ In %j (5.4)

P**zer(h—d)+4rTf|n%dr
d

2
BTOpOC cJlaracMoc€ B 9TOM BBIPAXXCHUU IMOJIOKUTCIBHO U YBCIIMYUBACTCA C YBCINYCHHUEM

I, . IlooToMy HauMeHblIee 3HaueHue P** mpu r, = 2

Pmin =22-T (h_d) (55)
BaKJ_IIOLIaeM, 4TO HArpys3ku, COOTBCTCTBYIOIIUMC CTATHUYCCKM MW KHUHCMATHUYCCKU

BO3MO)XHOMY COCTOSIHUSIM, COBIAJAIOT, T. €. 9TU (OPMYIbI ONPEIENSIOT JIeHCTBUTEIBHYIO
MPEJEIbHYIO HATPY3KY U IPUBEICHHOE PEIICHUE SBIISIETCS MMOJTHBIM.

3.7. Tema 7: Teopusi mosI3y4ecTu

Obwue memoouueckue 3amedanus. [IpuUBOASATCS OCHOBHBIE PE3YIIbTATHI IKCIIEPUMEH-
TaJIbHOTO U3YYEHHUS MOJI3YYECTH, KPUBBIC MOI3YUECTH, TOHATHE O ATUTENbHOM mpouHoctu. O6-
CY’>KJIatOTCSl HACJICICTBEHHBIE TEOPHUH, TEXHUYECKUE TEOPHUH TOI3YUECTH U TEOPHS CTAPECHMUSI.
BBoasiTCSl NOHATHS HEYCTAHOBUBIIEHCSA U yCTAHOBUBIICHCS MOJI3YYECTH, [UTUTEILHONU MTPOYHO-
CTH.

Hanpsokenns u nedopmanivy, BO3HUKIINE MPU HAarpy»KeHUU JAeTajieil, U3MEHSIOTCS BO
BPEMEHH, AK€ €CIIM Harpy3KH OCTAIOTCSI MOCTOSIHHBIMU. DTO SIBJIEHUE HA3bIBAIOT MOJ3y4ECThIO
Mmatepuana. OfHy CTOpPOHY 3TOrO SIBI€HHS — U3MEHEHHE BO BpEMEHHU JAedopmaluii — Ha3blBa-
IOT COOCTBEHHO TMOJ3Y4YECThIO WIIM TOCIEIEHCTBUEM, a JAPYI'YI0 — HM3MEHEHHE BO BpPEMEHH
HaIPSKEHUN — PEJIaKCAllUEH.

[TocneneiicTBue MOXeT OBITH YIPYTUM M IacTudeckuM. [Ipu ynpyrom nocneaeicTBum
nedopMaluy, BOZHUKILINE BO BpEMEHH, IIOCTIE Pa3rpy3KH YMEHbBIIAIOTCS U C TEYEHUEM BPEMEHU
COBCEM HCUE3al0T, NMPH IUIACTUYECKOM OHM B OCHOBHOM HEOOpaTUMBbIE U IOCIE Pa3Tpy3KH
YMEHBIIAIOTCSI BO BPEMEHU MEIJIEHHO M B He3HauMTelbHOU crereHu. Ha puc. 7.1 rpaduyecku
M300paxkeHsl mpoiiecchl ynpyroro (puc. 7.1, a) u miactuyeckoro (puc. 7.1, 0) mocneaecTBus B
ciydae
IIOCTOSIHHOTO BO BPEMEHM HAIPSDKEHUS, MEHBIIETO Ipesieaa MpONOpLUUOHAIIBHOCTH MaTepuana
[P TEMIIEPATYPE UCTIBITAHUS.

Hedopmarus, Bo3HuKIIas npu HarpyxkeHuu (OA), paBHas -", ¢ TeUEHHEM BPEMEHH YBe-
mnuuBaercs (kpuBas AB). IIpu pasrpyske ymensiienue nepopmanuu (BC) tak ke, kak u B ciy-
Yyae KPaTKOBPEMEHHOT'0 MCIBITAaHUs Ha pacTsDKEHHeE, paBHO ympyroil nedopmauuu -*-. B nanb-
HeleM mocie pasrpy3ku aedopmannu ymenbatotcs (kpuBas CD). DTo siBIeHHE Ha3bIBalOT
00paTHBIM MOCHEIeHCTBUEM WM 00paTHOW MoJ- 3yuecTbio. Hibke oHO Oyzaer paccMoTpeHo 6o-
nee moipoOHo.

B cnyyae ynpyroro mocieaeidcTBUS BO3HUKIIME BO BpeMEeHM JedopMalli HCYe3aroT
MOJIHOCTBIO (puc. 7.1, a), a B cilydae IIaCTUYECKOro MpoIiecc yMEHbIIeHUs fedopMaluil ¢ Teue-
HUEM BpPEMEHU 3aryxaeT (puc. 7.1,6).

B nmanpHeiimem OynmeM paccmaTpuBaTh IUTACTHYECKOE IOCIEACHCTBUE, KOTOPOE IS
KPaTKOCTH Ha30BEM IMPOCTO MOCIENEHCTBHEM MIIM COOCTBEHHO IMOJI3ydecThio. [lomsydects BO3-
HUKAeT Kak IPU Harpy>KeHUU JIeTaIM 3a MpeJenbl YIPYrocTH, TaK U MpU Harpy>KeHUu B Ipeje-
Jax ynpyrocTH.

DKCIepuMeHTaIbHBIC UCCIIEIOBAHMS MMOKa3anu (puc. 7.2), 4To OXJaxaeHne odpasia 6e3
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€ro pa3rpy3KH He CKa3bIBaeTCs Ha X0Jie Impolecca noj3ydectu B enom. [lociie HarpeBa obpasia
MOJI3y4eCTh BO3OOHOBIISIETCSI C TOW K€ CKOPOCTBIO, KaK W mepes oxyaxaeHuem. OxiaxeHue,
COIPOBOXKAAEMOE Pa3Trpy3KOi, OTpa)kaeTcsl Ha KPUBOUM MOJI3y4ECTH.

B sToM ciyuae mociie HarpeBa M Harpy3Kd Ha KpUBOMW Moi3ydecTd oOpasyercst Top0, co-
OTBETCTBYIOILIUI MPOSBICHUIO MIEPBOIl CTAUH MOI3YUECTH, O KOTOPOU OYJET CKa3aHO HUXKE.

8
€ & 8

O]Lu \Dll-u

+

s

g 2) Dt O‘ . ’ﬁ) t

Puc. 7.1. I'paduku, nimocTpupyonye sBIeHUs YIPYroro (a) u miacTuieckoro (0) mocnenei-
CTBUS

Takum 00pa3zom, B ciiydae KpaTKOBPEMEHHBIX ITEPEPHIBOB B M0/1a4€ TOKA K HarpeBaTeIbHBIM IIe-
YyaM pas3rpyxartb o00pasibl HelenaecooopaszHo. MiMeromuecs B 1uTeparype CBeJIeHHsI 0TOOpaxaroT
BJIMSIHUE Ha XOJ1 Mpoliecca Noia3ydecTd kparkoBpeMeHHbIX (10—30 muH) oxnaxaenuil. OnHako
M3BECTHBI UCHBITAHUS C JJIUTENbHBIM OXJIAXKICHUEM, KOTOPbIE TaTOKE 'HE OKa3ajaM BIMSHUS HA
MPOIIECC MON3yuecTH (puc. 7.3).

6% €%

t Q

0,30 0,38 s

028 AL fvw‘
. 0,36

= v
0,26 )d;oo& T —mt. aquKm

024 : 032 i
o0 100 1200 1300  tw 2000 2100 2200 2300 ty
a) o .
Puc. 7.2. Y4acTku KpUBBIX MTOJI3YyYECTH, MTOJyYEHHBIE ITPU UCTIBITAHUN 00pa31oB ctanu D454
npu Temrneparype 550° C u Hanpspkenun 90 MH/m2:
a — OXJIAXJICHHE B TOUKe A 0e3 pasrpy3ku; 0 — OXJIaKIEHUE B TOUKE A

C pasrpys3Kou.

PaccmoTpuM Gosiee MOApOOHO SIBICHHE pelaKkcali MpH TOCTOSHHOW JedopMaiuu.
[Tpenmoiokum, 9T0 00pa3er] Harpy>KeH PacTATUBAOIICH CHUIION, KOTOpast BhI3BAIA HANPSIKCHUE,
MEHBIIIee Tpe/eia MPONOPIMOHATBHOCTH MaTepuala Mpu JaHHOW TeMIiepaType, U UCIbITaHue
MOCTAaBJICHO TaKUM 00pazoM, 4To MosHas aedopmariust oopasiia B TCUSHUE BPEMEHH HE M3MEH -
eTCsL.

[TomHas nedopmariusi, OcTaromascs BO BpeMEHH TIOCTOSIHHOM, SIBJIIETCS CYMMOM yrpyTroun
nehopmanmu £° u nedopmarin, 06pa3oBaBIIeiics B POIECcce MOI3yYecTd &°, T. €.

e=&"+&°
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Puc. 7.3. Kpueas nonzyuecmu, nonyuennas npu ucnvlmanuu 00pazyo8 XxpoMOoHUKeNeMoaUb0eHo-
soti cmanu npu memnepamype 400° C u nanpsocenuu 77,5 ALL/m2 ¢ oxnasxncoenuem 6e3 pas-
epysxu [26]. [Ipodonscumenvrocms oxnaxcoenus: 6 mouke A —I118 u; B—53 u; C— 54 u; D —

93y, E— 1204,

Hedopmarust mon3zydectd B" BO3pacTaeT BO BPEMEHH, a CJI€IOBATEIbHO, ymnpyras Je-
dopmarus re ymeHpiaercs. TakuMm o0pa3oM, B TE€YCHHE BPEMEHHU COCTABIISAIOIINE IMOJIHOM Jie-
dbopmaru nepepacrpeacisiroTcs.

Ha ocHoBanuu 3akona ['yka

e¥ =

c
E
T[TockonbKy MoyHasi AepopMalys BO BPEMEHH HE M3MEHSETCS M PAaBHA HAYaIbHOMY 3HAYEHHEO
¢(0) u, Kpome TOro, B HAYANIBHBII MOMEHT BPEMEHH CIIPABEIUB 3aKkoH ['yKa, nMeeM
e=¢(0)= ()
E
riae o (0) — HanpspKeHHe B HavallbHbIiA MOMEHT BPEMCHH.

Toraa nosyunm

0
o0 _o, . (6.1)
E E
JubdepeHupyst 3T0 COOTHOIICHUE M0 BPEMEHH, YCTAaHABIUBAEM
1ldo def
ik Y -1 6.2
E dt dt d (6.2)

N3 Beipaxenus (7.1) 3axitouaeM, 4To 3a CYET yBeNWYEHUs AedOpMallUU MOJI3YUECTH
HanpspkeHue OyZieT HEeMpephIBHO YMEHBIIAThCSI, OJJHAKO JAepopMaliis MoJI3y4ecTy MpHu pernakca-
IIUM HE MOKET yBeNuuMBaThcs OecrnpenenbHo. Eciu npencraButh cebe, 4To aedopmanus mosi-

3y4ecTH JOCTUTJIAa BEIUUMHBI 1ehopMallii, BO3HUKIIEH Npu Harpy>KeHUU 8(0) , TO HaIlpsKEHUE

B CTEPYKHE CTAHOBUTCS PABHBIM HYJIIO (CTEpPKEHb pa3rpyKaercs).

B npouiecce non3ydectu aedopmanusi pacTeT 10 TaKOW BEIHUUHBI, IPH KOTOPO o0Opasery
paspymaerca. B mpouecce penakcanuu jgegopmanus MOI3y4ecTd He MPEBOCXOAUT BETMUYHMHBI
nedopmanuu, 00pa3oBaBIIEiCs PU HATPYKEHUU.

[Tpu 3KCHIEpUMEHTANIBHOM N3YYEHUH PEIaKCallMK B CIIy4ae pacTsHKEHUs HadallbHYIO pac-
TATMBAIOLIYIO Harpy3Ky (a cleZoBaTelbHO, M HAINPSDKEHUE) MOHMXKAIOT C TEUEHHUEM BPEMEHHU
TakK, 4TOOBI ANTMHA 00pasiia, orpeesieHHast HaYaJIbHON Harpy3Koil, COXpaHsIach NOCTOSHHOM.

Ha ocHoBaHuM ucnbITaHuil CTPOAT rpaMK 3aBUCUMOCTH HANPSKEHHsI OT BPEMEHH, KO-
TOPBIM Ha3bIBAIOT KpUBOM penakcauuu (puc. 7.4). Jlisd cTaabHBIX U YyT'YHHBIX J€Tallel SIBICHUE
MOJI3y4eCTH CYIIECTBEHHO MPH MOBBIIMICHHBIX TemMmepaTypax (opueHtupoBouHo 6osee 300° C) u
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YeM OHa BBbILIE, TEM MHTEHCUBHEE MPOTEKAaeT 3TOT npouecc. [Ipu HeOonplux TemnepaTypax u3-
MEHEHHE BO BpeMEHH JedopManuii U HANpsHKSHHA, BO3HUKIINX B Pe3yIbTaTe HArpyKeHUs, He-
3HAYUTENIbHO U UM MOKHO MpeHeOpeyb.

Onnako IS psija MaTepUaioB, Kak HapuMeEp, IJIs METAJUIOB ¢ HU3KOW TEeMIIepaTypoi
IUIaBJIeHUs (CBUHEL, ATIOMUHUM, TypaIlOMUH U Jp.), @ TaKXkKe JJIs BBICOKOIIOJIMMEPHBIX MaTepH-
ajoB (pe3uHa, Kay4yyk, IJIacTMacChl U Ap.) SBJICHHE MOJ3YYECTH BeChbMa 3aMETHO U IIPU KOMHAT-
HOM TeMImeparType.

Taxkum 00pa3oM, BOIpoc 0 HEOOXOAUMOCTH pacueTa AETald Ha MOJ3y4ecTh JIOJKEH pe-
nIaTbcs B 3aBUCUMOCTU OT MaTepHalia, TeMIIepaTypbl HarpeBa M CTENEHU HAMPsLDKEHHOCTH JeTa-
.

G

H

G(0)

0 ¢
Puc. 7.4. KpuBas penakcaruu

OOBIYHO MOJI3yYeCTh YUUTHIBACTCS IPU pacuyeTe U KOHCTPYHUPOBAHMU JeTallell MalluH, Haxo/s-
IIMXCS B IPOLIECCE IKCILTyaTalluy JJINTEIbHOE BPEMs B HATPETOM COCTOSIHMM. B Takux ycnoBusix
paboTaroT, HalpuMep, EMEHThl KOHCTPYKIMHA MapOBBIX U ra30BbIX TYpOWH, peaKTUBHBIX JBU-
ratenel, SAEpHbIX PEakTOPOB, MAPOBBIX KOTJIOB, Y3JIbl 000pya0BaHUs HE(PTSIHON MPOMBIIIICH-
HOCTH, JIeTaJIl XMMUYECKHX alapaTtoB U TEIIOBBIX TPUOOPOB.

Oco0eHHOCThIO PACYETOB Ha MOJI3YyYECTh SBISAETCS yueT (hakTopa BPEMEHM, KOTOPBIM B
OOBIYHBIX pacyeTax Ha CTATUYECKYI0 Harpy3Ky BO BHUMAaHHE HE IPUHUMAETCS.

Pacuerts! netaneit Ha oyi3y4yecTb B OCHOBHOM 0a3upyroTcs Ha pe3ysbTaTax IKCIEepUMEH-
TaJIbHOI'O U3YyYEHUs IOJI3y4eCTH MaTepuaya IpyU OJHOOCHOM pacTsDKEHHUH HAarpys3Kou, MOCTOSH-
HOH BO BPEMEHH.

Kpusvie nonzyuecmu. lpn Harpyxenun obpasna nedopmanus ero Bo3pacTaeT oT HyJIs
JI0 HEKOTOpO# BenuuuHbl. Jleopmarius, BO3HUKIIAS PU HArpy>KEHUU, MOKET OBITh 100 ynpy-
roi, JIN6O ynpyro-riacTUYECKON B 3aBUCUMOCTH OT BEJTMYMHBI HAMIPSDKEHMSI, TPH KOTOPOM IPO-
W3BOJIMTCS UCTIBITaHUE. B TeueHne BpemeHu nedopmarust oopasia yBenuauBaercs. OObIYHO pe-
3yJbTaThl SKCIEPUMEHTAIBHOIO U3Y4EHHs MOJ3ydecTu oOpabaThIBAalOT B BHJE I'padUKOB (pHC.
7.5), nIpeACTaBISAIONIUX 3aBUCUMOCTh OT BpeMEHH JieopMaluil pH MOCTOSHHBIX HAIMPSKEHUSIX
U TeMrepatype. ITH rpaduku Ha3bIBalOT KPUBBIMH MTOJI3Y4YECTH.

Bun kpuBBIX NOI3y4eCTH 3aBUCUT OT HANPSIKEHUS] U TEMIEPATyPhl, IPU KOTOPHIX UCHbI-
ThIBaJIcst oOpasell. [Ipu Harpy>xeHun Harperoro odpasia nedopmanus BecbMa ObICTpO BO3pacTa-
€T OT HYJISl 10 HEeKOTOopol BennuuHbl (0Tpe3ok O A Ha puc. 7.6). Ecnu HanpsikeHne He MpeBoc-
XOJMT TpeJiena MPOoNopIHOHAIBHOCTH MaTepuaia oopasiia, To 3Ta 4yacTb JedopMaluu SBIsSETCS
YIOpYyro#, B MPOTUBHOM cllydae 3Ta JedopMaius™ coCTOUT U3 yHpyroi u miacTuyeckout (ocra-
TOYHOM) JteopMaIUH.

[Tocne mpekparnieHus pocta Harpy3ku, moiHas aedopmarids Harperoro oopasia OyaeT
MIOCTETICHHO yBEIMYMBATHCSI BO BPEMEHH IO 3aKOHY, n3o0pakeHHOMY snHueit ABCD. Opnauna-
Thl 3TOHM JIMHUU NPEACTABIAIOT COOON BEIMYMHBI AeopManuil € A ONPEeICeHHOIO 3HaYeHUs
BpPEMEHH.
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Puc. 7.6. KpuBas nomyuectu

Onu cknanpiBatoTcs U3 aedopMalui, BOSHUKIIEH MPU HArpyKeHUH, U AepopMaliu . moji3yde-
CTH.

Wnorna Ha rpaduke n3o0pakaeTcsi 3aBUCUMOCTh OT BPEMEHHU TOJIBKO OJHOU Jedopma-
IIUH TIOJI3Y4YeCTH ec, Tor/a och abciuce rpaduka pacnoiaokeHa Tak, Kak 3TO MOKa3aHo MITPUXO-
BOIl TuHMeN Ha puc. 7.6. TanreHc yriia HakioHa kacarenbHol K auHUE ABCD ¢ ockro abcuuce
BBIp@KaeT B MaciuTabe CKopocTh JieOpMIIUH, pPaBHYIO CKOPOCTH JedopMaru monsydectu &°.

de de (6.3)

W T

[Tponecc mon3yyecT MOXKHO pa3esIuTh Ha TPU CTAIHH.
B mepBoii craguu (yuactok AB) ckopocTh nedopmanMu IMON3Y4eCTH MOCTEIIEHHO
yMeHbl1aercs. belnn o0bsICHUI 3TO YMEHbIIEHHE CKOPOCTH B3aUMOJIEHCTBUEM MEXaHUYECKOTO
YIPOYHEHHUS M TEPMHUECKOTO pazynpouHeHHs. B mepBoil craauu mpeobiamaeT MexaHUYecKoe

YIPOUYHEHHE, CBSI3aHHOE C POCTOM Jie(OopMaluy HOI3yUYECTH.
Bo Bropoii cragun (ydactok BC) ycraHaBiuBaeTcs paBHOBECHE MEXIY MEXAHUUYECKUM



36

YOPOYHEHHEM U TEPMHUYECKHM Pa3yMpPOYHEHHUEM M MPOIECC MOJI3y4eCTH MPOTEKAeT C MHHU-
MaJIbHOW MOCTOSIHHOM BO BPEMEHU CKOPOCTbIO & .-, KOTOpAas 3aBUCUT OT HANPSKEHUS U TeMIle-

patypsl. Ilpu onpenenenHol Temeparype oHa OyaeT QyHKIMeld HanpsHKeHus
c
gmin = Q (G)
Haubosnee sKkcriepiMEHTaIbHO MPOBEPEHHOM SBISETCA CTETEHHAs 3aBUCUMOCTh MHUHH-
MaJIbHOM CKOpOCTH AeopMaIiy MOJA3y4eCTH OT HapsKEHUs

Soin =Q(0)=ko" (6.4)

H 3aKOH FI/IHep6OJ'II/I‘ICCKOFO CHUHYCa
&in=Q(o)=csh= (6.5)

Benmuuunst k, n, ¢ u d B popmynax (7.4) u (7.5) mmm Kaxaoro marepuaia 3aBHCIT OT
TemriepaTypsl. B manpneiimem Oyzaer ucnonb3oBatkes Gopmyna (7.4), HOCKOIbKY OHA, KaK IO-
Ka3aHO HUXKE, JJOCTATOYHO XOPOIIIO COTIACYETCs C TaHHBIMU
OMBITOB M YAOOHA /I UCIIOJIb30BAaHUS B pacueTax. 3aBUCUMOCTb (7.5) HECKOJBKO JydYllle MO
TBEP)KAAETCS] IKCIIEPUMEHTAIBHBIMUA JaHHBIMH, 4eM BbIpaxenue (7.4), HO ee HCIIOJIb30BaHHE
JUISL PaCcUETHBIX LieNieil 0oJiee CI0KHO, U YHCIIEHHbIE 3HaUYeHU KOdPPHUIMEeHTOB; U d, BXOIAIINX
B popmyay (7.5), MeHee n3ydeHsl, 4eM 3HaueHus KodpuienTo k u i B 3aBucuMoctu (7.4).

3.8. Tema 8: [Ipukiiagnblie 32241 pacyeTa HA NMOJI3Y4eCTh

Obwue memoouueckue 3ameyanus. [IpuBoIUTCS pelICHNE MPUKIIAAHBIX 337a4 yCTaHO-
BUBLIEHCS TOI3yYECTH U30THYTOrO Opyca, pelakcaluy KpyTsIero MOMEHTa B IOIepEUHOM ce-
YEHHUH KOJIBIIEBOr0 Opyca, yCTaHOBHUBILIEHCS MOJI3YYECTH TOJICTOCTEHHBIX TPYO.

Yucmoiil useud d6pyca. PaccMoTpuM 4ucThId M3rub Opyca, mornepeyHoe ceueHrue KOToporo
MMEET JIB€ OCH CUMMETPHHU X U Y, IPUYEM OJIHA U3 HUX (OCh Y) JIEXKUT B IJIOCKOCTH M3ruda (puc.
8.1). Ecniu mexaHnueckue cBOicTBa MaTe puaia B yCIOBUAX MOJI3YUYECTH MPU PACTSKEHUN U
CKaTUU OJIMHAKOBBI, OCh CUMMETPHUU X SIBJISIETCS HEUTpaIbHOM.

ITpu uuctom u3rube Opyca mornepeyHoe ceUeHne ero ocTaercs mio- ckuM. [losromy ne-
dopmarus sBisieTcs JIMHEHHOW (yHKIMEH paccTosHUSA Y OT HeuTpanbHOM ocu X. [Tockonbky,
IpU yCTAaHOBUBLIEHCS MOJ3y4YECTH YCIOBHUSM COBMECTHOCTH Ae(opMaluy JTOJKHBI YAO0BJIETBO-
PATH KOMIIOHEHTHI JeopMaluy MOJA3y4eCTH, UMEEM

e=yy° (7.1)
rae y°— KpMBH3HA OCH Opyca, 00pa30BaBIIascs 3a CUYET MOJI3YUYECTH MaTepuala.
[Tonydaem
20\
o=| noy. 7.2
o | My (72)

®dopma ypaBHEHHs 00yCIIOBIIEHA U3MEHEHNEM 3HaKa HAMPSOKCHUsSI a TIPU U3MEHEHUH 3Ha-
Ka KoopauHaThl y. COCTaBUM BBIpaKEHHE U3THOAOIIEro MOMEHTA

M = jade
F
HOI[CT&BJ'IHH B HETO COOTHOUICHUE, NMEEM

20V o
M =| £ = .
- £|y| d (7.3)
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HazoBem unHTETpan B BeipakeHn# A3.3) 0000IIIEHHBIM MOMEHTOM MHEPIIUU TTOTIEPEIHOTO
CEUeHHsI OTHOCUTEIBHO OCH X 1 0003HAUUM €Tro

n+l
={|y|» dF (7.4)
F

N3 coorHOomenus (8.3), BOCIOIBb30BaBIIUCH BhIpaKeHHEM (8.4), IpeIcTaBUM KPUBU3HY
W30THYTOM OCH OaJIKM, BOSHHUKIIIYIO B PE3yJIbTaTe MOJI3YYECTH MaTepralia, B BU/IC

Ve :(JM] Q (7.5)

nx

N3 Beipakenwuit (8.2) u (8.5) momyyaem Gopmyity ais HOpMaILHOTO HANPSHKEHHS B T1O-
MEPEYHOM CEYCHHH Opyca

o= ML” y (7.6)

nx

/3

[AN
Ly
AN AL

M\ M

4

Puc. 8.1. bpyc, nonepeunoe ceueHHuE KOTOPOTO UMEET JIBE OCH CUMMETPHUH

Jlns Opyca npsiMOyroJIbHOTO MOMEPEeYHOro cedeHus mupuHoilt b u BeicoToit h u3 dop-
MyJibl (8.4) ycTaHaBIMBaeM

Brimonasa HHTCIPUPOBAHUC, UMCEM
2n+1

J,=abh " (7.7)
rae
1 n
_ 7.8
al 2n;|rl 2n+1 ( )

Jlyia 6pyca Kpyriaoro mojoro Ce4eHUs C HapyKHbIM AMaMeTpoM D v BHyTpeHHUM Jua-

meTpom d o popmyre (8.4)
d

s [ [

[Tonoxum B NIEPpBOM U BTOPOM HMHTCIpaiaX COOTBETCTBCHHO

2y 2y
G = B’ S = F
Toraa nosyunm
3n+l 3n+l
)= 1—@}“ ] 79)
2" o

rIe
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HpI/I IIOMOIIHU ITIOJCTaHOBKH
1

1 _
£ =u, dé==u2du
2
OTOT UHTCIpaJl MOKECT OBITH IIPUBCACH K BUOAY

1 1

1; 2
I :El(l—u)z uzdu

ITockonbKy 03Ta-(yHKIMS WK 3HIEPOB UHTErpajl EPBOro poja OmIpes JSETCs paBeH-
CTBOM

B(p,Q)=jX“(1—X)q_ldX

LI
2 2n 2

Bbara-yHKIus ABYX apryMeHTOB pH ” CBsi3aHa ¢ raMMa-(yHKIHEH WM 3 JIEPOBBIM HH-
TErpajioM BTOPOI0 POJa 3TUX ApryMEHTOB COOTHOLIEHUEM

B(p.a)= —Fﬁflzféq))

(%)l

F(2n+1+3]

NMEEM

CnenoBaTenabHO,

1=1
2

2n 2
[Tocneanee BbIpakeHHE MPH MOMOIIM W3BECTHBIX B TEOPUU CIEUUATBHBIX (DYHKIUI
opmyn
F(s+1):sf(s)

F(S)F(s+%j:2125\/;F(ZS)

a TaKK€ COOTHOIICHUI

MIPUBOJIUTCS K BUILY

, F(2n+1j ’
| = 2"n 2n

T 3n+1 F(Zn +1j
n

[ToaTomy cormacuo dopmyre (8.9) nmeem
3n+l d ) n
J,=a,D" 1—(Bj (7.10)

Trac
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[F(zmlﬂ
n 2n (7.11)

“ = 2(3n+1) F(2n+1j

n

I[J'ISI CINIOIIHOT'O KPYTIJOoro 6pyca AUaMCTpOM D umeem
3n+l

‘]nx =a, DT (712)

AnanornuHo ast Opyca, MonepeyHoe ce4eHHe KOTOPOro MPEACTaBiIseT coOOH TOHKO-

CTEHHOE KOJIBLIO CO CPEeTHUM auamMeTpoM D u TomuHo#i creHku 0, mo ¢popmyie (8.4) norydanm
2n+1

Ju=aD " 5 (7.13)

(5]
o=t~ T (7.14)
F(Znn+lj

Ha puc. 8.2 npencraBieHsl Tpaguiky 3aBUCHMOCTEH 3THX KOA()(UIIMEHTOB OT TOKa3aTe-
JISl CTETICHH .
MaxkcruMaabHOEe HOPMAaJIbHOE HAIPSHKCHHE MOYKHO TONYdYuTh 1Mo dopmyie (8.6), moa-

rac

h
ras y = r (h — BBICOTA ITOTIEPEYHOTO CCUCHHUS).
Torna umeem

o = (7.15)

rie Wix — 0000IIEHHBIIT MOMEHT COITPOTUBIICHUS U3TU0Y MONEPEYHOrO
CeueHUs

1
n ‘Jnx

W, =2"-23 (7.16)
hn
JI1s IpsAIMOYTOJIBHOTO MOTIEPEYHOTO CEUEHUS
n
W =——bh’ 7.17
"~ 2(2n+1) (7.17)
JInst Kpyrioro mojaoro ce4eHust
1 3n+
W, =2"q,D° 1—(3j ' (7.18)
D
J{1s1 KpyTiaoro CIIONIHOTO CEYEHUs
1
W _ =2"q,D° (7.19)
J71s1 TOHKOCTEHHOTO KOJIbIIa
1
W =2"q,D? (7.20)

2y

oT ?HOCTPOCHHI)IG 110

. O
Ha puc. 8.3 npencraBiensl rpa@uku 3aBUCUMOCTEH

MW,
dbopmynam (8.6)—(8.8). DTu rpaduku XapaKTepU3yOT BUI AIIOP pacpeIe]ICHUs HATIPSKEHUH B
IPSMOYTOJIBHOM TOTIEPEYHOM CEUEeHUH Opyca
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Puc. 8.2. I'paduku 3aBucumocteit koapdunrentoB <xly a2 u a3
OT TTOKa3aTess CTeIICHHU 1T

L& =i
MW, 7
3
0,8
4 5 n=f
0.6
W=7
0,4 %//
0,2
0 0.2 oY 0.6 08 _4_
hi2

Puc 8.3. Dmroper 6e3pa3MepHBIX HOPMaJIbHBIX HAMpPSHKEHUH B MPSMOYTOJIBHOM IIOTIE-
PEYHOM CEYEHMH M30THYTOro Opyca B YCJIOBHUSX YCTAaHOBUBLICHCS MOJ3YyYECTH MPU PA3THUHBIX
3HAYCHUSX MMOKA3aTessl CTEIICHH TT

B ClIy4ac pa3JIMYHbIX BCIWYWH MMOKA3aTCIIsA CTCIICHU 11 ITPU YCTaHOBHBmeﬁCH ITOJI3y4YCCTH. J4 k]
['padukoB puc. 8.3 3akimouaeM, YTO MaKCUMaIbHOE HOpMaJIbHOE HAMPSKEHUE TIPU MONI3YYeCTH
MEHBIIIE, YeM MaKCHMallbHOe HOPMAaJbHOE HaIPsHDKEHHUE B HAYalbHBIM MOMEHT BpeMeHU. [lanee
N3 OTUX rpa(bn- KOB CJICAYET, UTO YEM BBIIIC MMOKA3ATCIIb CTCIICHU 11, TCM 3HAYUTCIIbHEC YMCHb-
nraeTcs HauboJblllee HOPMAIbHOE HAMPSHKEHUE W HOpMaJIbHbIe HANPSKEHUS! BRIPABHUBAIOTCS 110
ceyeHuro. Kak y>xe oTMeqanoce, pacdyeTsl Ha YCTaHOBHBIIIYOCS TIOJI3Y4YECTh YIKBUBAJICHTHBI pac-
YyeTaM Ha MPOYHOCTH M KECTKOCTh MPU HEMTUHEHHBIX 3aBUCMOCTSIX MEXKIY HAMPSKSHUSIMH U
nedopmanusamu. [losTomy ass pemeHus 3aaun yCTaHOBUBIIEHCS TOI3y4eCTH U30THYTOTO Opy-
ca MOXET GBITB HCITOJIb30BAaH OJJUH U3 BAPUALIMOHHBIX MCTOJ0B. PaCCMOTpI/IM MPUMCHCHUC
NPUHITUITIA MUHAMYMa JIOTTOJTHUTEILHON paOOTHI ISl HCCIICIOBAaHUS YCTAHOBUBIIICHCS MTONI3YYe-
CTU PaBHOMCPHO HArpe€Toro 6pyca MpsAMO- YTOJIbHOI'O MOMICPCYHOI'0 CCUCHUS ITPU YUCTOM U3TH-
6e. ITockoJIbKY B YCIIOBUSX TIOI3yUECTH U3MEHEHNE 00beMa PaBHO HYJIIO, a HAPSHKEHHOE CO-
CTOSTHUE TIPH YMCTOM U3THOE SBJISETCS OJHOOCHBIM, TO B (hopmyiie (8.9) MOKHO TTOJIOKHUTH

K=o, =0, ¢=¢ =¢&".
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Tornma momyyum

R:Tnga
0

Hcnonb3ys cTeneHHyio 3aBUCUMOCTD AeopMaliiu moj3ydectu ot HanpspkeHus (8.13),
uMeeM

O_n+lg
n+1

R =TG”QdO‘=

JlononHutenbHast paboTa 1 Bcero Opyca

R= j RdV = j MQ

dv

Tak kak Opyc HaXOAUTCS B YCIOBUSAX YUCTOIO I/I3FI/I6a Y PAaBHOMEPHO HArpeT, UMEEM

R="|c""dy (7.21)

rae b u h — mmpuHa ¥ BBICOTA MONEPEYHOr0 CeYeHus; / — mHa Opyca. JlomycTuM, Kak 3T
6but0 npemiokeHo JI. M. KayaHoBbIM, 4TO pacmpeziesieHHe HalpspKEHUH B MONEPEYHOM ceve-
HUM Opyca MU yCTaHOBUBIICHCS TOA3YyUECTH MOXKET OBITh MPE/ICTABICHO B BUIC

6=0°+k(0'—00) (7.22)

rjae a' —HanpsHKeHUsl B IIpeJieNax yNpyrocTu; c1° — HAIpsDKEHUs B MPEAebHOM (YUCTO Ijia-
CTMUYECKOM) COCTOSTHUH.
ITockonbKy I IPSAMOYTOIBHOTO CEYEHUS
o 4M , 12My
O =t 0 =73
bh bh

o=M {1 k(Sy ﬂ (7.23)
bh h

[ToncraBiss 3Ty BennuuHy B popmyiny (8.21), monydaem
h

Py n+l

- 22n+3 M n+lQ| 3

R=" "= [|1ek| 21| ay (7.24)
(n+1)h* h

COFHaCHO HpI/IHHI/IHy MI/IHI/IMYMa HOHOHHHTGHLHOﬁ pa6OTBI N3 BCECX CTATHUUYCCKU

BO3MOXHBIX HaHpﬂ)KCHHBIX COCTOHHI/Iﬁ JOITOJIHUTCJIbHAA pa60Ta JJIsI BCETO TEjia R HpI/IHI/IMaeT

MHWHUMAJIbHOC 3HAYCHHUE TOJBKO IJI1 UCTUHHOI'O HAIIPSXKCHHOT'O COCTOSHUA. H03TOMy JJIs1 TaKO-
T'0 COCTOAHUA

NMECM

R
-0
ok
[ToacraBuM B 3TO BhIpaxkeHue cootHomenue (8.24). Toraa nomyuum
h

[l )] (2o
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Puc. 8.4. I'paduk 3aBucumoctu kodpduunenta k oT nokasaress CTEIEHH 11
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Puc. 8.5. Dmropel Oe3pa3MepHBIX HOPMAJIbHBIX HANpPsDKEHUH B MPSIMOYTOJIBHOM MOIIe-
PEYHOM CEUEHHH M30THYTOro Opyca B YCIOBHSIX YCTAHOBUBIICHCS MOJI3YUYECTH JJIS pa3iIMYHBIX
3HA4YCeHWH TOKazatess cTerneHu 1. CIIIONIHbIe JIMHA SITIOPHI, TOCTPOSHHBIE . TT0 TOYHOU (opMyJie
(8.6). LlITpuxoBbIE TMHUU — SMIOPHI, IOCTPOEHHBIE 110 NMPUOIMKEHHOH Gopmyiie (8.23)

BrimonHss uHTErpUpOBaHKe, BHIBOAUM YpaBHEHHE, U3 KOTOPOTO omnpenenseM Kodhdu-

OUCHT ks 3aBUCHUMOCTHU OT IMOKA3aTCJIA CTCIICHU I1
n+l

LD
2 =

1-k
1+(n+)k |4,k
2

(7.25)

Kak cnenyer u3 gpopmynsl (8.25), npun =1k =1, npu n = oo k = 0, yero, Ha ocHOBa-
HUU BeIpaxxeHus (8.22) u ciemoBano oxunaats. Ha puc. 13.4 mpencrasieH rpaduk 3aBUCHMOCTH
k ot m, moctpoenHsiii o dpopmyie (8.25). Conocrapnenue smtop (puc. 8.5) mokaspiBaeT HE3HA-
YUTENbHOE UX pa3lInyue.
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4. bubauorpadguyeckuii CMUCOK PpeKOMEHyeMbIX HCTOYHUKOB

4.1. OcHoBHas nuTEpaTypa

1. AnekcanapoB A. B. ConpoTuBieHrEe MaTepUATIOB: YI€OHHUK JIJIs BY30B /
A. B. Anekcanapos, B. JI. Iloranos, b. I1. [lepxxaBun; nox pea. A. B. Anekcanaposa, 2-e¢ u3I.,
ucnp. — M.: Beicias mkomna, 2001. — 560 c.

2. TonoBun C. A. ®u3uka NpOYHOCTH U TUTACTUYHOCTHU: ydeOHoe mocodue ais By30B / C.
A. T'onoBun. — Tyna: U3n-so Tynl'VY, 2006. — 192 c.

3. TopuikoB A. I'. Teopust ynpyrocta u miacTUYHOCTU: YUEOHHK Uil CTPOUTEIBHBIX BY-
30B / A. I'. 'opmikos, 3. U. CtapoBoiitos, /. B. TapmakoBckuii. — M.: ®usmatnut, 2002. — 416
c.

4. Eprymienko b. B. OcHOBBI Teopuu ynpyroctu M INIACTUYHOCTH. TOHKME IUIACTUHKH.
IIpenenbuble cocTossHus: yueOHOe mocooue / b. B. EBrymenko. — Tyma: Tynl'Y, 2004. — 106 c.

5. Tyremukun H. 1. Texnonorndeckas mexanuka: yuyeonoe mocobue / H. JI. TyTbimkuH,
B. U. Tpery6os; noxa pea. H. JI. Tyteimkuna. — Tyna:U3n-so Tynl'Y, 2000. — 196 c.

4.2. JlonionHUTENbHAS JIUTEpATypa

1. 3y6uanunoB B. I'. Maremarudeckasi TeOpHs TIACTHIHOCTH: MoHOTpadus /B. I'. 3y6-
yaHUHOB. — TBepb: TBepckoi roc. TexH. yH-T, 2002. — 300 c.

2. Mnerommu A. A. ITmactuunocts / A. A. Unerommn. — M.: JIoroc, 2004. — 388 c.

3. Tyreikun H. JI. TexHonoruveckas MexaHuka: y4e0. mocoOue st IpakKTHUECKUX 3a-
asatuii / H. 1. Tyreimukun, B. U. Tpery6os, B. 0. Tpasun;non pen. H. J[. Tyreimkuna. — Tyna:
Wzn-Bo Tynl'Y, 2004. — 83 c.

4. YykanoB A. H. ®uszuka npouyHOCTH U MIaCTUYHOCTU. ToueuHbie nedeKThl B KpUcTai-
nax: yae6 mocobue / A. H. Uykanos. — Tyna: Tynl'V, 2005. — 57 c.

5. YUykanoB A. H. ®u3nka npoyHocTH M IulacTUUHOCTH. [ToBepXHOCTHBIE U 0ObEMHBIE
nedeKThl B KpUCTAUIMUECKUX MaTepuanax: : yued mocooue / A. H. Uykanos. — Tyna: Tynl'VY,
2008. - 111 c.

8.3. Ilepuognueckue u3naHus

1. IIpoGnemsl mpoyHOCTH: MexXayHapOAHBIH HAyYHO-TEXHUUECKUN KypHan / IHCTUTYT
npo6aem npounocty HAH Vkpaunsl. XKypnan Ha pyc. s13., 1990-2001, 2003-2005, 2006, 2007 —
Beixogur 6 pa3s B rof.

2. MarepuanoBeneHiue U TepMUYecKas 0o0pabOTKa META/UIOB: HAYYHO-TEXHUYECKUU W
IPOM3BOJICTBEHHBIN *KypHain.— M: MamuHoctpoenue, 1990-2005.

3. Bompocel marepuanosenenusi: Hayuno-texuuueckuit xypHa/IITHUMKM- CII6.:
[Tpomereit, 2004-2008.

8.4. IlporpamMmmHoe obecnieuenne U IHTEpHET-pecypehl
8.4.1 [IporpamMHOe obOecrieueHne
e [laker mporpamm «CTpOUTENBHBIE MATEPUAIIBI U U3JEITHS
e SCAD Office
e ANSYS
8.4.2 NntepHeT-pecypcesl
e http://www.bibliotekar.ru/spravochnik-94-stroymaterialy/ - DnexTponnsiii cripa-
BOYHUK CTPOUTECIIbHBIX MAaTCpUaiOB
e http://www.stroitel-news.ru/ Crpoutenbubiii 0ok. Bc€ camoe uHTepecHOe O
crpoutenbeTBe. HOBOCTH CTPOUTENBCTBA, CTaThU, CTPOUTEIIbHAS JTUTEPATYPA.
e http://djvu-inf.narod.ru/tslib.htm DjVu BUBJIMOTEKU - CTpouTenbCcTBO U MH-
’KEHEpHBIC CUCTEMBI
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