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OTMeyaeTcsi, YTO 3HAYMTEJIbHO aBTOMATU3UPYIOTCSl MHTEJJIEKTyaJIbHbIE OMepauuu TMpu
TMIPOEKTUPOBAHNM HOBBIX MaTepUaioB (OCOOEHHO MeTaMaTepuaaoB, YMHBIX MaTepHUaJiOB,
KOMITO3UTOB), HOBBIX U3MEJINI, COOPYKEHUIT, TEXHOJOTUUYECKUX ONepalinii (BKIodas aa-
JNUTUBHOE MPOU3BOACTBO), Y MO3TOMY CYLIECTBEHHO M3MEHWIACh POJIb CIELIMAIMCTOB B
obnactn MexaHuku nedopmupyemoro tBepaoro tena (MIATT). [MosBuimack BO3MOXKHOCTD
TMOJIHOCTBIO aBTOMAaTU3UPOBATH IMTpoliecc pelieHus: nuddepeHInaTbHbIX YPABHEHUH, OTH-
ChIBAIOLIMX MMOCTAHOBKY 3a/lauM, BKJIoUYasl CBS3aHHbIE. DTO OCYLIECTBIISIETCS] C UCTIOJIB30-
BaHUEM nakeTa JJIst nHkeHepHoro aHanmu3a (CAE) wim nx komomHanmii. PacyeTunk, KoH-
CTPYKTOp, UCCaenoBaTes b 3aaaeT KOHCTpyKIno (ee CAD-Monens) M BHELTHUE yCuIus (B
tepmuHax MIATT rpaHuuHble ycioBus), onucaHue MarepuaioB (B tepmuHax MIATT
OTIpeeJISIONIe COOTHOIICHUST), 1 aBTOMAaTUIECKHU TIPOBOIUTCS pacyeT.

OTMeuaeTcsi, 4YTO BOCTpeOOBaHHBIMU OCTAIOTCS, B Y4CTHOCTH, (DOPMYIMPOBKA MEXaHUYE-
CKMX M MaTeMaTUYeCKMX MOCTAaHOBOK Ui HOBBIX TUIIOB 3afay (IIpeaHarpyXeHue, Mex-
JNMCLUTUIMHAPHBIE 3a/1a4M); TTOCTPOSHUE OTPENEISIIOIINX COOTHOLIEHMI (Moiesieit MaTepu-
aJIOB) TSI HOBBIX MaTe€pUajioB (KOMITO3UTHI, METaMaTepUalbl, yMHbIE MATEPHAIIb) K MOIETN
C UCMOJb30BAHUEM IOMOTHUTENbHBIX COOTHOLUEHUI [UISl UX MOCJenyIolell pealu3aluu B
CAE. Tax:ke BocTpeOOBaHO HAXOXIEHUE TOUHBIX pereHuit st Banuaauuu CAE.

Ha npumepe Teopuu MHOTOKPATHOTO HAJIOXKEHUsI OOJIbIINX AedopMalnii U pean3anu
9TOM TEOPUU U COMYTCTBYIOLIMX €ii PE3yJbTATOB B IPOMBIIILIEHHOM MOJHOMYHKIIMOHAJb-
HoM nakere Puuecuc AeMOHCTPUPYETCS BOBMOXHOCTb peanin3auuu pesyasratoB MATT
TSI TIPOMBIIIUIEHHOCTH.

Karouesvle cro6a: makeT MHXKEHEPHOTO aHAIN3a, MHOTOKPATHOE HAIOXEHUE OONBIINX Je-
dopmanumii, MeraMaTepuanbl, KOMIIO3UThI, AIIUTUBHBIE TEXHOJIOTUH, JIOKAIU3alus Iia-
cThyeckux nepopmaunit

DOI: 10.31857/50572329922600207, EDN: DFPXCA

1. Beenenune. B ycnoBussx Munyctpun 4.0 (1 HaumHalomierocs Iepexoma Kk MagycTpum
5.0), Korma aBTOMaTU3UPYIOTCS HE TOJIBKO (pU3MUeCcKre, HO U MHTEIEKTYaIbHbIE OIep
P TIPOEKTUPOBAHUM HOBBIX MaTepuaaoB (0OCOOEHHO MeTaMaTepuaioB, YMHBIX MaTepHa-
JIOB, KOMIIO3UTOB), HOBBIX M3JICJINIi, COOPYKEHMIA, TEXHOJOTMYECKUX Ornepanuii (BKitovast
aIIMTUBHOE MPOU3BOICTBO) CYIIECTBEHHO U3MEHMWJIACh POJIb CIIELIMAIMCTOB B 00JIaCTU Me-

aluun
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Taomuua 1. VisMeHeHus mpu npakTudeckoM peieHuu 3agadyud MATT u Teopuu MpoOYHOCTH MOCie
BHeapeHust CAE B pacueTHy10 NpakTUKy

Ho 1995 r. — no BHenpenust CAE IMocne 1995 — nocne BHenpenusi CAE
B PACUYETHYIO NMPAKTUKY B PACUYETHYIO NMPAKTUKY
1 |MexaHuyeckas TOCTaHOBKA 3aJa4yn MexaHuueckasi TOCTaHOBKA 3aJa4yu
(CAD-monenb, MaTepuai, BHEIIHAE BO3IEH-
CTBUS)

2 |MareMaTrueckasi mocTaHoBKa 3agauu (B 00- |CuuTaeTcs, yTo ob1iasi MaTeMaTu4ecKas Iocra-
1IIeM clIydae — CUCTeMa HeJIMHEeHbIX nudde- [HOBKa 3a1a4M €CTh BHYTPH IMaKeTa M aBTOMaTHu4e-
PEHLIMATbHBIX YPABHEHUI B YACTHBIX ITPOU3BOA- |CKY aAanTUPYETCsl ITOJ KOHKPETHYIO 3a1ady

HBIX C TPAHUYHBIMU Y HAYaJIbHBIMU YCIIOBUSIMM )

3 |PemeHue cucrembl nuddepeHInaIbHBIX ypaB- [Pacuer B makere (06b19HO MKD), orieHKa MH-
HeHUi (0OOBIYHO OMHUM M3 METOMOB IS MOJY- [(KEeHEPHOU CXOAMMOCTH CPECTBaMU TTaKeTa
JeHUS TIPUOJIMKEHHOTO pellleHus ¢ TeM i [[3—8]

MHBIM 000CHOBAHMEM SIUHCTBEHHOCTHU U CXO-
TUMOCTH)

4 |Ouenka HJC, Ha ee ocHOBe B cooTBeTcTBUM ¢ |[loydyeHue (B 1I060M BUIe; OOBIYHO Irpaduye-
BBEIOOPOM KPUTEPUS BhIIEIEHUE “ONacHbBIX 00- |cKoe, BKiItouas 3D) moseit mapamerpoB HAC n
nacteir” MPaKTUYECKU aBTOMAaTUYECKU1 BBIBOI 00
“omacHBIX 00J1acTSIX” B COOTBETCTBUU C BbI-
OpaHHBIMU KPUTEPUSIMU

xaHuku aedopmupyemoro TBepaoro teira (MITT). Cnenyetr ormetnts, yto M TT uctopn-
YyeckM ObliIa OCHOBOM 1Sl TPOBENEHUSI MOBEPOUYHBIX TPOYHOCTHBIX PACUYETOB MPU MPOECKTH -
POBaHUU HOBBIX U3JEIUI U IPUHATHUS PELLICHUS O PEeCypce U3MEJIMsI HA OCHOBE TaHHBIX MO-
HUTOPMHTA B MPOLIECCE IKCILTyaTaLIMH.

[MosiBUNIaCch BO3MOXHOCTB IMOJIHOCTHIO aBTOMAaTHU3UPOBATh Mpoliecc peeHus nuddepeH-
LIMAJIbHBIX YPAaBHEHWIi, OINMUCHIBAIOIIMX TMOCTAHOBKY 3alayd, BKIIOYasl CBSI3aHHbIE. DTy
aBTOMAaTU3aLIMIO BBIMOJHSIOT C MCMIOJIb30BAHUEM MaKeTa JJIsi MHXEHEPHOIo aHajn3a, KOTO-
phlit siBsieTcst LMdpoBbIM cpeactBoM npousBonctsa [1, 2] (CAE — Computer-aided engi-
neering) uin ux KoMoOnHauuii. I moaTroMy pacueTynk, KOHCTPYKTOP, UCCIIeTOBATE b 3a1aeT
koHcTpyknuio (ee CAD-Monens) 1 BHenHME yernus (B tepmuHax M TT rpaHnnyHbIe ycito-
BUsI), onucanne MatepualioB (B TepmuHax MIATT ompenelsironie COOTHOIIIEHMsI) U aBTO-
MaTHUYeCKU TPOBOJAMTCS pacueT, eclii BbIOpaHa TEOPUU MPOYHOCTH, TO OINPENENsIoTCS U
“IIoTeHLMalIbHbIE 30HbI pa3pyllIeHUs” TIPU 3aKPUTUYECKOM ClieHapuu HarpyxeHus. To ecTb
O/IHA U3 OCHOBHBIX (DYHKIIMI pacyeTyrKa, MccienoBaresisi aBToMaTU3upoBaHa (Taoir. 1).

Taxum 06pa3om, TPOU3OILITN 3HAUUTEIbHBIE U3MEHEHMS B BOCTPEOOBAaHHOCTH pe3yJibTa-
TOB YYEHBIX-MEXaHUKOB KaK B (pyHIaMEHTabHOM, TaK U B MPUKJIaAHON HayKe (0COOEHHO ¢
Y4E€TOM TOTO, YTO MPAKTUUYECKU OOIIETTPUHSITHIMU CTAIM CKBO3HOE MPOEKTUPOBAHUE U3JIE-
JIVSL ¥ YyHU(DUKAIUST METOIUK MTPOEKTUPOBaHMSsI, co3AaHUe “IM(PPOBBIX IBOMHUKOB”, oL -
pPOBKa UMEIOIINXCS TEXHUYECKUX apXUBOB M BOBJICUEHHE UX B MOJICJIMPOBAHUE):

1. C pa3BUTHEM MPOMBIIUIEHHBIX MAKEeTOB IS MOAEIUPOBAHUSI TIPOYHOCTA MEXaHUKU
TepecTaii CaMOCTOSITETbHO TIOJIydaTh YucieHHoe pelreHue. Ocranack hopMyanupoBKa 13-
MEHEHMIi, KOTOpble BHOCATCS B MEXaHWUYECKYI0 MOJeb (110 CPaBHEHUIO CO CTaHAAPTHOM
MOJEJIbI0), ¥ pa3paboTKa HEOOJIbIIOrO JOIIOJHEeHMSI K ITaKeTy Ha UCCIeI0BaTeIbCKOM YPOB-
He, 0ObIYHO Ha si3bIKe nakeTa (1. 4.1). OTMeTHM, 4YTO 3TO KacaeTcsl U ClTydasi UCTIOJIb30BaHUsI
KOMIBIOTEPHOI aireOpsl ISl pellleHUsT UCCaeaoBaTe/IbcKuX 3anad [9—13], Hanpumep, rpu
HaXOXIEHUW TOUYHBIX U MPUOIMKEHHBIX aHaIuTUYecKux peueHuii [13—15]. KoHneyHo, me-
TOM U QJITOPUTM PELICHUS B 3TOM Cllydyae BHIOUPAET UCCIIeIOBATENb.

2. C pa3BUTHEM UCIIOIb30BaHUS MTPOMBILJIEHHBIX TAKETOB IMPU CKBO3HOM MPOEKTUPOBA-
HUM U3AeI1s U YHUbUKALIMEeH METOIUK TPOSKTUPOBAHUS CTAJIM HE BOCTPEOOBaHbI pabOThI
YUEHBIX-MEXaHUKOB, 32 UCKIIOYEHNEM “OCTPBIX Ka4eCTBEHHBIX PEelIeHU” Isi OnmucaHust
npoOeMbl U MMyTEN €€ pEeLCHUSI.
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Taomuna 2. CBoiicTBa TOPHOIT MOPO/IbI U HACHIIIAIOIIEH KUIKOCTH

Monynb FOnra 1TTla
Koadduuumenr ITyaccona 0.25
Koreszus 2 ITla
Yroa BHYTpEeHHETO TPEeHUS 20 rpamychl
Yron qunaraHcuu 0 rpamychl
[1;moTHOCTE MOPOIBI 2650 KF/M3
IMopucrocth 0.25
[IpoHuuaemocThb 1 Hapcu
TTJIOTHOCTB KUAKOCTU 900 xr/ M3
OOBEMHBIN MOIYJIb KMIKOCTUA 1 T'TIa
Bsi3koCTb XXMAKOCTH 0.005 Ia*c

3. OcratoTcst BOCTpeOOBaHHBIMY TOUHbBIE PEIlIeHUSsT 3a71a4, B OCHOBHOM KaK BepudUuKalu-
OHHBbIE 3aJ1a41 IS TeCTUPOBaHUs TpombliiieHHoro I10 [14—23].

4. OcTarTcsl BOCTpeOOBaHHBIMU, Ha B3I aBTOpa, Kilaccuueckue HanpasiaeHuss MIATT:

4.1. [TocTpoeHMe OIpeACISIIONINX COOTHOIIECHU (MOIeIeii MaTepuaioB) ST HOBBIX Ma-
TepUaJIoB (KOMITO3UTHI, METaMaTepUalbl, yMHbIE MaTEPHAJIbl) U MOAEJIM C UCITOJIb30BaHUEM
JIOTIOJTHUTENbHBIX COOTHOIIIEHU, HO U B 9TOM cllydyae MOAEJIMPOBaHNE MOBEACHUSI HOBBIX
MaTepraioB TPOBOAUTCS HA OCHOBE MPOMBIIIJIEHHBIX MAKETOB.

4.2. IloctpoeHue (HPopMyIMpPOBKA) MEXaHUYECKMX M MaTeMaTUYECKUX ITOCTAaHOBOK JJIsI
HOBBIX TUITOB 3a1a4 (TpeaHarpyXeHue, MeXKIUCLIUIUIMHAPHbBIC 3a1a4H ).

5. DKcriepuMeHTaJIbHbIE pa0OThI, B OCHOBHOM [IJIS II. 4.

6. Pa3spaboTka HOBBIX HampaslieHUi ucmoiab3oBanusgs MATT: MexaHndyecKux Moneneii u
MeXaHnJecKast ITocTaHOBKa 3am1a4 (ITpyu HeOOXOAMMOCTH) IIJIsSI CUCTEM MAIlITMHHOTO OOyYeHUs
Ha OCHOBE HEMPOHHBIX ceTeil Mpu pa3paboTKe CUCTEM MCKYCCTBEHHOTO WHTEJJIEKTa IS
NpoGUIbHBIX OTpaciieil TPOMBIIIJIEHHOCTU B YacTU (hOpMUPOBAHUSI CUHTETUYECKUX “HUC-
XOIHBIX” TAHHBIX U TIPEACKa3aTeIbHON aHAIMTUKU.

6.1. PazpaboTka MEXaHMYECKMX MOJENIEN U MEXaHWYeCKast ITOCTaHOBKA 3a7a4 JJIsI CUCTEM
MPOMBIIIIEHHOTO MHTEPHETAa Bellell 1S MPOoMUIbHBIX OTpacieil MPOMBIIIUIEHHOCTH, KOTIa
HEOoOXOAMMO MPOBOIUTH MOJIEJIMPOBAHUE C YUeTOM MH(MOPMALIMU, TTOJTy4aeMoil TIpU U3Me-
peHur (M UBMEHEHU M) TTapaMeTPOB B pexKUMe PeaIbHOTO BPEMEHMU.

6.2. Pa3paGoTKM B 00J1aCTH BEIYUCIUTEILHBIX METONOB € Y4eTOM cretuduku 3agad MCC
IUJISI pellieHUs] TTPUKJIAIHBIX 3a7a4 MEXaHUKU CIUIOLIHOM Cpelbl, alalnTUPOBAHHBIX IO CO-
BpPEMEHHBIE BEICOKOIIPOU3BOAUTEIbHBIE U OOJJauHbIe TIaT(HOPMBI.

6.3. PaboTsl coBMecTHO ¢ paspadorunkamu CAE mig neMoKpaTHU3alii YUCIEHHOTO MO-
nenvpoBaHust B 3amadax MCC s IIMPOKOTO Kpyra IMoJib3oBaTelieii-HeCIelUaaiCcTOB B
NIaHHOI 00J1aCTH.

OTMeTHUM, XOTSI 3TO HE OTHOCUTCS K (hopMaTy CTaTbU M HaIpaBJIEHUIO XypHasa, 4To Ta-
Kasl CUTyallusl IPUBOIUT K U3MEHEHUIO (1 YMEHBIIEHUIO) PUHAHCUPOBaHUS paboT B 061a-
ctu “npuBblaHOTO moHMMaHuss MITT”, otHeceHuss MexaHMKM K TEXHUYECKUM HayKam
(pazmeny “TexHuka”) u T.n.

IpuBeneM Ha MpuMepe peaau3alrio TEOPU MHOTOKPATHOTO HAJIOXKEHUST OOJBIINX e~
dopmanmii [ 18—20] 1 comyTCTBYIOIIMX PE3yIbTATOB HEJIMHEMHOM MEXaHUKH B IIPOMBIIIIIICH-
HoM nakete Punecuc. Takas peanu3aivs MO3BOJISIET pacuyeTYMKaM 1 UCCIeNOBaTENsIM ca-
MOCTOSITEJILHO pelliaTh He0OXoaMBbIe 3a1auu 6€3 IyOOKOro MMOHUMaHUS U AeTalbHOI Mpo-
paboOTKM MaTeMaTUYEeCKON TIOCTAaHOBKM 3alaud M MEXaHWYeCKOil B 4YacTM 3amucu
YpaBHEHUII paBHOBeCUsl (IBVKEHUSI) TPAaHUYHBIX W HavyaJbHBIX ycioBUil. OTMETHM, 4TO
YacTh PE3yJbTAaTOB, MPUBEIECHHBIX B CTaThe, MOJTyYeHa CAMOCTOSATETEHO HE3aBUCUMBIMU HC-
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Moznenn Monenun Monenu mst Monenu i tein, Mertonbl oLeHKH
BO3HUKHOBEHMS U obpa3oBaHus 1 onucanus GpazoBbIX Marepua KOTOPbIX 3bdeKTUBHBIX CBOIICTB
passurist nedexros B [€>] passurus 301 MIEpPexo0B _L U3MEHSIET CBOMCTBA TIPU KOHEYHBIX
HArpyXXeHHOM TeJjie MpeapaspyIeHs. TIPY HaTPyXKEeHUU nedopMalmgX 1 UX
(BKJIIOYAS TPELUMHBI Monenu, nepepacnpeeneHnu
HEHYJIEBOIO YUNTBIBAIOLINE (BKJIIOYasi OPUCThIE
PAcKpbITHST) MaTtepHaIbl)

Kpurepun

MPOYHOCTH
(BKITIOYAst
HeJIOKaJIbHBIE)

Monenun
IUIACTUYHOCTH
Cssi3aHHas1 IMonumepHsie ¢ yueTom
sanava: Yuer ot addexToB Kpucrammmueckne MaTepuatbi (1 37aCTOMEpbI). [
pasuTHe MOBEPXHOCTHOTO CJI051(EB) MaTepHaIbl. Monemm ¢
30H pasrpy3Ku
TpEIIHHbI 1 €TO Pa3sBUTHS. Monenn ¢ HCTIONb30BAHUEM 5 upZuecpc);
THAPOPA3PEIBA HaHocTpyKTyprupoBaHHbIe MCTIONb30BaHUEM KMHETHYCCKIX HarpyxeHust
MaTepHabl Teopun Jlannay— ypaBHeHHuii (cBsi3aHHast
(HAaHOKOMITO3UTBI) TmH36ypra
3 (HaHOpa3MepHBIC
N o6pasiipr)
N
N

S N

Puc. 1. Teopust MHOTOKpaTHOTO HAJTOXEHUS OOJIBIINX AedopMarinii.

cJemoBaTeISIMU Ha OCHOBE MIPOTPAMMHOM peaJln3allii HayYHBIX pa3paboTOK aBTOpa CTaTbu
M ero KOJIJIET TT0 Hay4Hoi1 rpyrne B makere dumecuc, co3maHHOM IO PYKOBOICTBOM aBTOpa
cratbu. Ilo MHeHu10 aBTOpa, peanu3auus B CAE ¢dyHaameHTanbHbIX pe3yiabraTtoB MATT
SIBJISIETCSI HOBBIM 1 BOCTPEOOBAaHHBIM HAIlpaBJIeHUEM ACATEIbHOCTU YUEHBIX — MEXaHUKOB,
MO3BOJISIONIMM NepeopMaTUPOBaTh, COXPAHUTh U Pa3BUTh HAyYHbIE KOJIJIEKTUBBHI.

B paGote maHbl HEKOTOpBIE TPUMEPHI peain3aliny B makete Puaecrc mpakTUIEeCKH HyX-
HBIX HAYYHBIX Pa3pabO0TOK U Pe3yIbTaThl MX UCTIOIB30BaHUS IS PElIeHs 3a1ay.

Teopus HanoxeHus: Goabiux aecdopmanuii (puc. 1) [24—26], peanu3oBaHHasl B TTaKeTe
dunecuc, MO3BOIMIIA PACCMOTPETh U PEIIUTh MPU OOJIBIINX AedOpMaIIUSIX TTIPUHIUTTUATb-
HO HOBBIE KJIACChl CTATUYECKMX W JTUHAMUYECKHX 3a71a4, B KOTOPBIX TUCKPETHO (CKAYKO00-
pPa3HO) WM HENPEPBIBHO B IpOIIECCe HArPY>KEHUsI M3MEHSIOTCS TPaHUIIBI (BKITIOYasl CBSI3-
HOCTb 00J1aCTH, 3aHUMAeMOM TeJIOM, HalpruMep 0Opa3oBaHUe KOHIIEHTPATOPOB HAIpsKe-
HMII B Harpy>eHHOM Tejie C OoJbIIMMU OedopMalusIMMU II0JOCTel UM BKIIIOYECHMIA),
rpaHUYHBIE YCJIOBUsI, CBOMCTBA YacTU MaTepuaia Tena. [Ipu nporpaMMHoOli peanu3aiuu B
nakete Duaecric He WCITOIB30BAJICS MIPUOIKEHHBIM MeTon “youiicTBa ameMeHTOB” [1], a
YIUTBHIBAJIACh HEOOXOAMMOCTh COBMECTHOTO pEIlIeHUs] HECKOJNIBKMX “He pacramaronmxcs”
CHUCTEM ypaBHEHUI paBHOBECHUS (IBYKCHUS).

2. MoaenupoBaHue mpoiecca 00pa30BaHus IeTAJIM C OMOIIbIO AJIUTHBHBIX TEXHOJIOTHII HA
npumepe JiazepHoro cnekanus (JIC). [ToctaHoBKa B paMKax TEOpUU HAJIOXKEHUST OOJbILLINX Je-
dbopmanmii peanmzoBaHa B nakete @unmecuc [24—26]. Crenayst TepMUHOJOTHU W MOAEIISIM
TMTAaHHOM TeOpHH, TTOCTAHOBKA KpaeBoOi 3a1aun o0 T0O0aBJIeHUU #-TO dJieMeHTa, (hopMa KOTO-
poro 3amaHa B MOMEHT CIIEKaHMsI C OCTaJIbHBIM TEJIOM, T.€. B KoopauHaTtax (n—1)-ro mpome-
JKYTOYHOTO COCTOSIHUSI, 3aTUILIETCS CIEAYIOIIUM 00pa3oM:

n-1 n-1

V' (1 + AO,n—l )71 Zo,n . Tn—l,n = 0
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Puc. 2. PacnipenesieHrie MICTUHHBIX OCTATOYHbBIX HAMPsKeHU o Mu3ecy B U3[EeUM aAIUTUBHOTO MPOU3BOICTBA

II0CJIE €TI0 U3IrOTOBJICHMS.

— ypaBHEHNE paBHOBECHUSI B KOOPAMHATHOM 6a3uce (n—1)-ro cocTosTHUS
n—1 T 0
Zon =You1 - Zon Yo,
— CBSI3b TEH30POB 000O0IIIEHHBIX HAIPSKEHUI B KOOPAMHATHBIX 0a3rcax pa3IMYHbIX CO-
CTOSTHUIA;
0 0 0
2 0= MEon : DI +2G Eon

— ornpeensiollee cCooTHolIeHue MypHaraHa (B Y4aCTHOM cllydae, CBSI3aHO C HaJIMYUEeM
nHGOpMAIIMK O KOHCTaHTAaXx);

0
Eon = %(\Peo,,, el -1

— MpeacTaBleHUe TeH30pa MOJTHbIX YIIPYrux Aedopmaiiunii uepes3 adbUHOP MOJHBIX YIIPY-
rux nechopMalnii B ciiydae KOHEUHBIX TeopMariuii;

Yo = Yout - Woin -‘I‘}l ¥, — MymeTHIUIMKaTHBHOE pasnoxenne abduHOpa mo-
HBIX ynpyrux necdopmaiivii B Buae npousBeaeHus: acdbdruHopa HaKOIJIEHHbIX AedopMalinii
(3a TipenpIAyIIMe 1Iard HapalBaHus) U adpduHopa DOMoJTHUTENbHBIX AedopMalinii (Bbl-
3BaHHOTO HOOaBJIEHWEM TEKYIIIEeTO #-TO 3JIeMeHTa), a Takke apdUHOPOB BHYTPEHHMX TeP-
MUWYECKUX U TTACTUUECKMX nedopMaliuii;

Y =exp(a T")I — adduHOp TEMIIepaTypHBIX AedopMaIIrii, 31ech O — KO3(PDOUIIUESHT -
HEHOTOo TEIUIOBOTO pacIipeHus1, 1" — TeMreparypa Ha #-M 1are, / — eTMHAYHEIA TEH30p.
n=ln=1 \1 n—1n-1 -1

n—1
Yoo =|1=-D.Vu | =|I-VYu| =U-VU )"' — npencrasnenue adduHopa
i=k i=k

HaKOIIJICHHBbIX I[e(l)OpMaI_II/Iﬁ YEPE3 BEKTOP HAKOIIJICHHBIX HepeMeHIeHI/Iﬁ B KOOpAMHATHOM
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Puc. 3. BCDTI/IK&J’ILHOC CEYCHUE U3aCIUA 1 l'UIaT(bOprI C KOHEYHO2JIEMEHTHOM CETKOM.

6asuce Tekymero (n—1)-ro cocrosgHus. 3nech, Kak U paHee, K — HOMep I1ara, Ha KOTOpOM
BJIEMEHT, cofepXKalnii TeKyyto JlarpaHxXeBy TOUKy, BO3HMK. B yacTHOCTH, 1J11 BHOBB J10-
0aBJIsIEeMOro 7-TO 3JIeMeHTa JaHHbIM adhuHOP OyneT eIMHUYHBIM TEH30POM;

1+ AO,n—l = det lP(),n—l

n—1
Wyin=1+ V u, — npencrapnenue abduHOpa 1ONOTHUTENBHBIX JedopMalnil yepe3 BeK-
TOP JOTIOJTHUTEILHBIX TIEpEMEIIEHU I B KOOPIMHATHOM 0a3rce TeKyIero (7—1)-ro COCTOSIHYSI.

IMpuBenem AJis1 HAIIAHOCTU pe3yjabTaT pacueTa JJisl caydasl TOCIOMHOTO U3rOTOBIEHUS
uznenust (KperuieHWsI aBTOMOOWIBHOTO pyJisi). MaTepuai usnenusi — yriaepoaucTast CTaib.
Temnepatypa ocHoBanust 100°C, Temrieparypa npucoennHsieMmoro ciost 1100°C. Temmnepa-
Typa, 10 KOTOPO OCTHIBAET CJIOM, IMPEXIAe YeM K HeMY MPUCOSTUHSICTCS CICAYIOIIMNIA CIIOM —
1000°C. KonnuectBo cioeB — 121.

Ha puc. 2 moka3zaHo pacmnpeaesieHe UCTUHHBIX OCTaTOYHBIX HaMpPsKeHUit 1o Mu3secy B
W3IETUHU TT0CTIe €T0 M3TOTOBJICHYS.

INpuBenem ornucaHue HaATYPHOTO 3KCTNepruMeHTa [27], ¢ KOTOPBIM MPOBOIUIIOCH CpaBHE-
HUEe TIpU YMCICHHOM MOIEIWPOBAHUU TTOCIOMNHOTO M3TOTOBJICHUS WU3ACIHUS alIuTHBHOTO
npousBoncTa. Mznenue B popme Opyca pasmMepom (45 MM - 6 MM * 5 MM) ¢ BeIpe3aMHu Teya-
TaeTcsl Ha UMIMHApUYecKoi maTdopme panuycom 50 MM u BeicoToit 20 Mm. @opma BepTH-
KaJlbHOTO ceyeHusi Opyca u miuaTtdopmbl npencraBieHa Ha puc. 3. Temmneparypa nmopoiika
st edyat TI-6AL-4V cuntaerca paBHoit 26°C. Ha ocHoBaHMU TUIaTGOPMBI B IIpOLIECCE
neyaTu IOAAePXKUBAETCd MOCTOssHHas Temiepatypa 150°C. MoOIIHOCTS Jlazepa COCTaBUja
200 Br, Bpems BozaeiicTBus ja3epa 40 MKc, TonumHa ciiod neyat 60 Mmxm. I[Tocie meuatu
W30S MEIJIEHHO BBITIOTHSIETCS TOPUM30OHTAILHBIN pa3pe3 B ero BepxHeil yacTu. B pe3yib-
TaTe HaKOIJIEHHBIX OCTATOYHbBIX HATIPSKEHU B M3IEJIUU TPOUCXOAUT BEPTUKATbHBIN U3TrM0
BEpXHEW Hamape3aHHOI yacTu usaenusi. aMepeHHbIe TepeMellieHrs] BepXHeil TpaHu u3jie-
JIVS B mIpoliecce aKcnepuMeHTa [27] mpencraBiieHbl Ha puc. 4.

YucneHHoe MOAECTMPOBAaHUE TTIPOBOAMIIOCH B TNIOCKO-1e(hOPMUPOBAHHOM COCTOSIHUM Ha
CEeTKE M TeOMETPHUH, TIPEICTaBIEHHBIX Ha puc. 2. Ils1 pacyera ucrnoib3oBaiuch 10 cioeB uz-
rotoBlieHUsT manenusi. [Ipy MomeaupoBaHUM HECKOJIbKO CJIOEB IeYaTh OOBCIUHSIUCH B
ONVH CJIOH M3TOTOBJICHUSI, KOTOPOMY TIepenaBaJioCh KOJTMYECTBO TeIlIa, paBHOE TiepenaBae-
MOMY JIa3epOM MPU TIeYaTH BCEX CJIOEB BHYTPU CJI0ST U3TOTOBIeHMs. PacueT pacnpeneneHus
TeMITIEpaTyphbl B CJIOE MMPOBOIUIICS MYyTEM PellleHUs HEIMHEMHOTO ypaBHEHUsI TETUIONPOBOI-
HOCTH ¢ mapameTpamMu Mojaeau (Ko3(h UIIMEHT TeTUIONPOBONHOCTH, KO3(MMUIIMEHT TerTo-
BOTO pacIIMpeHUs U JAPYyTrue), 3aBUCSIIIIMMU OT TeMreparyphl. [lociie pacuera pacripeneie-
HUSI TEMIIepaTyphl B CJIOE TIOJIyYeHHbBIe TeMIepaTypHbIe Ne(opMaluy UCTTOIb30BaNCh KaK
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Measured deflections for Ti64 double cantilevers
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Puc. 4. BeprukanabHble repeMelieHrs] BEpXHel TpaHM M3IeUs TI0 pe3ylbTaTaM HaTypHOTO 3KcrnepuMmeHTa [27] u

pacueta B CAE Fidesys (crutonrHast TuHust).

4.560e—01 4.560e—01
0.4
0.3
Y
1 0.2
Z—* X 0.1
—4.589¢-02 —4.589e-02

Puc. 5. BeruucieHHble BEPTUKAJIBHBIC NMEPEMEILLIEHUSA B CEYCHUU U3NCITUA aJAUTUBHOTO IPOU3BOACTBA ITOCJIE Bbl-

IIOJIHEHUSI HaapeE3a.

HavaJlbHbIe AedopMalliy TpH T0O6aBIEHNN TaHHOTO CJIOS K TeJly ¢ HaKOIJIEHHBIMU nedop-
MalMsIMU Ha TIPEAbIMYIINX I1arax meyaTu.

Ha puc. 5 mokazaHbl BEIMUCICHHBIE BEPTUKAIBHBIE TIEPEMEIICHUST B CEUSHUN W3S
aJIMTUBHOTO TIPOU3BOJICTBA MTOCJIE BHITIOJIHEHUST HaIpe3a.

Ha puc. 6 mpuBeneHbI BEIYMCIEHHBIE BEPTUKATBHBIC TIepeMEeIIeHNs] BepXHE TpaH! U3IeTs
npy MaJbIx AedopManysix (ITyHKTUPHAsI JIMHUSI) U TP KOHEUHBIX Je(hopMalMsIX (CIUIOIIHAS
JIMHUS).

IMonydyeHHBIE TTPY YMCIEHHOM MOJEIMPOBAHUY PE3YIbTaThl XOPOIIIO COTIACYIOTCs C pe-
3yJibTaTaMU HATYPHOTO 9KCIIEPUMEHTA, YTO MOATBEPXKIAET KOPPEKTHOCTh MPEIOKEHHOTO B
CTaTbe MOAXOJa K aHaIM3y HampsKeHHO-Ie(hOPMUPOBAHHOTO COCTOSIHUSI U pacueTy ocTa-
TOYHBIX HAMNPSDKEHUN B U3IEIUU alIMTUBHOTO TIPOU3BOJACTBA, U3TOTOBJIEHHOTO METOIOM
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Puc. 6. BoiuncieHHbIe BepTUKAIbHbIE MEepEeMEIeHUs] BEpXHEl IrpaHu u3aeaus (MM) MpU Majbix aedopmarusx
(TTyHKTUPHAs IUHUSI) Y TIPU KOHEYHBIX TechopManvsix (CIUTONTHAS IMHYSI) B 3aBUCUMOCTH OT PACCTOSTHUS IO 1IeH-
Tpa 6anku (M).

CEJIEKTUBHOTO JIa3€pHOTO CITeKaHWs, Ha OCHOBE TEOPUM MHOTOKPATHOTO HAJIOKEHMST KO-
HEYHBIX aeopMalLInii.

3. MoaenupoBaHue pa3sBUTHSA 0OJIBIIMX ILIACTHYECKUX JAed)opMaluii BO BPALIAIOLIEMCS JUC-
ke [28]. IToy4yeHHblii Mexannueckuii 3(peKT — JIOKAIM30BAHHAS YTSDKKA JIMCKA, XAPAKTEPU3YIO-
HIAsICSl pa3BUTHEM HEJIMHEIHO# yIpyromiacTHiecKoil HeycroitunBocTi. OrpeneieHre pa3pyliiaro-
IIMX YaCTOT BpAIlleHUsI U OCTaTOYHBIX YIUTMHEHUI AUCKOB ra30TypOrHHBIX npurareneil (I'T/1)
SIBJISIETCST 00sI3aTeIbHBIM TPeOOBaHUEM TIPY X TIPOEKTUPOBAaHUM U cepTudukaumnu. C aToii 1e-
JIBIO TIPOBOJISITCSl HATYPHBIE PA3TOHHBIE UCIIBITAHUS TUCKOB WM poTOpoB. Huke mpuBene-
HBI pe3y/IbTaThl MOACIMPOBAHUS C UCTIOJIb30BaHWeM TakeTa Pumecuc mpoliecca packKpyTKU
MOJEIBHOIO AYCKa IION AEeHCTBMEM IMOCTEIIEHHO YBEIMYMBAIONIEHCS LEHTPOOEKHOM Ha-
TPY3KHM C Y4eTOM (PU3NUECKOM M TeOMETPUIECKOI HenHelitHoCTe [28].

MonenupoBaHue BBITTOJHSIOCh KaK KBa3MCTaTUUECKMI TOIIATOBBIN pacueT AUcKa Mpu
YBEJIWYEHUY BHEIIIHEN HAarpy3kKu Ha pacuyeTHYIO MONIeIb. YUYUTHIBAIOCH, YTO JUISI OOJBIITNH-
CTBa KOHCTPYKIIMOHHBIX CIUIABOB, UCITOJIb3yeMBbIX ITpU M3roToBieHun AuckoB ['TIl, naHHbII
MPOLIECC COMPOBOXIAETCS PA3BUTUEM OOJIBIINX MIACTUYECKUX AeopMalinii BIUIOTh A0 pa3-
pyureHusi. He mpuBonst MaTeMaTU4YeCKYIO ITOCTAaHOBKY 3a1a4u (OHa ecTh B ITakete Punecuc,
CM. II. 2 TaOJUIIBI 1), OTMETHM, UTO IJIsI CBSI3M HAIIPSDKEHUM C TeOpManus MU UCITOIb3YIOT-
Cs ONpenessIiolIie COOTHOIIEHUsI TUIEpYIpyromiacTudHocTi. Mcromnab3yercst Kiaccuue-
CKUil KpuTepuii miuactuyHocTu I'yoepa—Mu3seca, 3anmcaHHbId B TepMUHAX HaIpsDKeHUH
Kupxrodda ¢ MynbTUIMHEHHONH (QYHKUMEH M30TPOITHOIO YIPOUYHEHUs. 3aMbIKAIOIIUMU
ypaBHEHUSIMU SIBJISTIOTCS yeaoBus KyHa—Takkepa, U3 KOTOPBIX OMpPEAesieTCs] MHOXUTETb
COBMECTHOCTH.

Cpasnenue ¢ sxchepumenmom (8arudayus). O0GbEeKTaM1 SKCTIEPUMEHTAJIBHOTO MCCIen0Ba-
HUS ABJISUTUCH ABE 3aTOTOBKU IMCKa, OTpe3aHHbIe OT MpyTKa nuamMeTrpoM 330 MM U3 cTaiu
OHW961-m1. I3 mepBoii 3aroTOBKM OBLT U3TOTOBJIEH MOJAEIbHBII TMCK JJIsT PAa3TOHHBIX UCTTBI-
TaHuit (puc. 7, a), a U3 BTOPOM — NECATh MWIMHAPUISCKMX O0pa3loB JISI MCIIBITAHUIT Ha
pa3phIB IS TOCTPOEHUsT GYHKIIUU YITPOUHEHUS.

PasroHHbIe UCTIBITAHUS IUCKA TTPOBOAUIMCH TPU HOPMAJIBHOM TeMIIepaType B ONMH ITall
IIo pa3pylieHust Ha parMeHThl. B mpoliecce mpoBeneHUs UCTIBITaHUS BBITIOTHSUTUMCH 3aMCU
YacTOThl BpallleHUsI U YIJIMHEHUST HApY>XKHOTO auaMeTpa aucka. OObeKT pa3pyliuics npu
yactote BpalieHust 24282 06/MuH, TIpU 3TOM YUIMHEHUE HapY>KHOTO TrhaMeTpa TUCKa B MO-
MEHT paspyleHust coctaBwio 4.4 mMm. Ha puc. 7,bh mokasaH pa3pylIUBIIAIACS MOIOEIbHBII
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(a) (b)

< 30

Puc. 7. Ocku3 MonenbHOTO 11ckKa (a) 1 xapakrep ero paspyueHust (b).

Puc. 8. KoHeuHO-3/1eMeHTHasI ceTKa MOJIEIbHOTO AKCKA.

muck. IlepBuuHOe paspylleHre IIPOU30ILIO II0 HMJINHAPUIIECKOMY CeUYeHMIO Ha paguyce R
=55 Mm.

O1ieHKa Hecylleil CloCOOHOCTU AMCKa 0 TEOPUU TMPeesIbHOTO paBHOBECHSI MOKa3ana,
YTO pa3pylIeHre A1McKa HacTyIaeT B HIMJIMHAPUIECKOM CEYeHUU Ha paauyce R = 56 MM npu
yacroTe BpameHus 23 100 06/MWH, 4TO yAOBJIETBOPUTEIHHO COBITANAeT ¢ pe3yIbTaTaMU UC-
TbITAHUM.

Pezyarvmamor modeauposanus. PacueTHast Monenb IUCKa MPEICTaBIIsIeT COOOM CEKTOP C yT-
JioM B ocHoBaHMU 90° (puc. 8). [To MepuaMOHaTbHBIM CEUYEHUSIM CEKTOpa 3alaHo IpaHUY-
HOE yCJIOBME B BUJIe paBEHCTBA HYJIIO OKPYXKHBIX MepemeleHunit. K KkaxxmomMy y3iy pacyeT-
HOI MoJlesi TPUKJIaabIBaIach IEHTPOOEKHas cuiia, MPONMOPIUOHATbHAS KBaAPaTy YaCTOThI

BPALIECHUS U TEKYLIEMY PaauycCy, f = pco27 . Ang noctpoeHust GyHKIMU YIPOUHEHUS ObLIO
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25 g

Puc. 9. PacuetHas u SKCINEPUMEHTAJIbHAasA KPUBBIC YIJTMHEHUS HAPY>)KHOIO AMaMeTpa MOICJIbHOTO ANCKa B 3aBUCHU -

MOCTH OT YacTOThI BpaleHus. [Jie / — pe3yapTarsl pacyera, 2 — pe3yJIbTaThl 9KCIIEPUMEHTA.

Plastic strain mises
8.8e—16 0.02 0.04 0.06 0.08 0.10 0.12 1.4e-01

—— )

Puc. 10. PacrnipeneneHue oceBbIX MepeMELIeHUIT B MOJETbHOM IUCKE TIPU YacToTe BpaleHust ® = 24 375 o6/MuH

(pa3MepHOCTb Ha IIIKaJie — OTH. €lI.).

BBITIOJITHEHO TIEPECTPOEHME YCIOBHOM KPUBOH neOpMUpOBaHUS B UCTUHHYIO B COOTBET-
CTBMU C IOIIYIIIEHUEM O ITOCTOSIHCTBE 00beMa padboyeii yacTy oOpasiia 40 U MOcJIe IUTacTuie-
CKOT0 1e(hOopMUPOBAHMSI.

OnHYM U3 XapaKTepHbIX HAOII01aeMbIX B HATYPHBIX 9KCIIEPUMEHTAaX SIBJIEHWI, BOZHUKA-
FOIIMX HETTIOCPEACTBEHHO TIepell pa3pyllIeHUeM IUCKa, SIBJISIETCS TOKaIU30BaHHas “yTskKa”
IIMCKa, SIBJISIONIASICS aHAJIOroM “IIeiiki” B oOpaslie U XapaKTepu3yIolasicsl pa3BUTHEM He-
JIMHEMHOM yNpPyroruiaCTU4E€CKON HEYCTOMUMBOCTH.

PesynbTaThl pacueTa yIUIMHEHU HApy>KHOTO AMaMeTpa MOMAEIbHOTO NMCKA U UX COMO-
CTaBJIEHUE C 9KCMIEPUMEHTAIbHBIMU JTaHHBIMU MpeacTaBleHbl Ha puc. 9. BunHo, 4yTto Kpu-
BbIE coracyloTcs Mexiy coboit. Haunnast ¢ yactorsl BpatieHust 20000 06/MUH MPOUCXOAUT
CYyIIIECTBEHHOE U3MEHEHNE CKOPOCTHU POCTa YIJIMHEHU I MOJIEJIbHOTO AVCKa, a TPy TIPpUOIK-
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Taomuuna 3. [paHUYHbIC U HAYaIbHbIC YCIIOBUSI

MuHMMabHOE TOPU3OHTAIbHOE HAIPSIKEHUE 25 MIla
MakcuMabHOE TOPU30OHTAIbHOE HAITPSKEHUE 32 MIla
BeprukanbHoe HanpsixKeHUE 35 MIla
HauanpHoe TTopoBo€ TaBiieHUE 25 MTIla
[ManeHue MopoBOro AaBiIeHUs HA CKBAaXWHE 0.6 MTIla/u

Ta6mna 4. CBoiicTBa ITOPOIBI

Marepuan Keporen [Mecuanuk
Monynb FOnra 5000 Ma 80000 MI1a
Koadpdumuenr Ilyaccona 0.3 0.1
Kore3us 0.5 MIla 3 MIla
Yroj BHYTpEeHHEro TpeHMUsI 30 30
Yron puiaraHcuu 30 30

JKEHUU K pas3pyllialolieil 4acToTe BpallleHUsI 3aBUCUMOCTb OJ1M3Ka K BEPTUKATbHON JIMHUM.
ITpu yacrote BpateHust ® = 24375 06/M1H, GJIU3KOM K pa3pylIEHUIO, MAKCUMAaJIbHbIC IJIaCTH -
yeckue nedopMaLiu JIOKAJIM3YIOTCs Ha paguyce nucka R = 50—60 MM ¢ 00pa3oBaHuEM “yTsK-
ku” (puc. 10 u 11), yto coracyercsi ¢ 30HOI pa3pylIeHUST MOJIEIbHOTO IUCKA.

4. Meramarepuaisl (Ha npumepe NTE-meramarepnanos). Haykoemkue paspabotku [29,
30], peanuzoBaHHble B Momayie “Kommo3ut” nakera dunecuc, mo3BoIvId IPOBECTU MOAEIUPO-
BaHUeE [UIS1 OLIEHKU MEXaHWYECKUX XapaKTEePUCTUK METaMaTepuaioB (KOMIO3UIIMOHHBIX MaTe-
PUaIOB-KOHCTPYKIINi1), OCYIIECTBUTh MOA0OP I€OMETPUYECKUX IMapaMeTpPOB SUEHKHU, YTOOBI
IOOUTBCS KaK OTPUIIATEIbHOTO 3(h(heKTUBHOTO Ko3(ddullMeHTa TEIUIOBOIO pacllIipeHusl,
JIOCTAaTOYHO OOJIBIIIOTO TT0 MOJYJTIO, TaK 1 GJIM3KOTO K HYJI0 3¢heKTUBHOro KoadduimeHra
[29, 30].

[Tpy MomennpoBaHUM YYUTHIBAIOCH, UTO CBOMCTBA TaKWUX MAaTEPUAIOB OTPEESIIOTCS B
MEPBYIO OYepeb UX TEOMETPUIECKOM (TYEUCTOI) MUKPOCTPYKTYPOIi, a He CBOMCTBAMU BXO-
IISIIIAX B YIX cOCTaB KOMITOHEHT [31, 32]. Huke B KadecTBe IIpuMepa IIPUBEICHBI Pe3YJIbTAThI
IUIST MeTaMaTepUajoB C OTpMIIATEIbHBIM KO3(h(GUIIMEHTOM TEIUIOBOro paciimpeHus [33—
35]. Ilo MexnmyHapoaIHOM TEPMUHOJIOTMM TaKue MeTaMmaTepuabl HasbiBaloTcss NTE-mera-
Matepuaiibl (negative thermal expansion). NTE-meTtamaTepuanbl mpu HarpeBaHUM CXUMa-
1oTcsi. Ha B3rmsin aBTopa, HaMOOJIbIINI TTPAaKTUYECKUIT MHTEpEeC MPeNCcTaBIIsIioT MeTaMaTe-
pMajbl, KOTOpble IMPU HarpeBaHUM U OXJIAXKIEHUN HE MEHSIIOT CBOMX pa3MepoB. B HacTosi-
11Iee BpeMs TaKe MaTepUalibl, KaK IIPAaBUJIO, U3TOTABIMBAIOTCS C MOMOILBIO 3D-neuatu [36]
U3 IBYX U 0oJjiee KOMIIOHEHT C Pa3iMYHbIMU MEXaHUYECKHMMU U TEIJIOBBIMU CBOWCTBAMU:
0OoJiee XKeCTKMe ¢ MEHBIIUM KO3(M(MUIIMEHTOM TEIJIOBOIO PACIIMPEHUsT U OoJjiee MSITKUE C
G6onpnM KoaddunueHrom. Ciaeayetr OTMETUTh, YTO Y KOMIIOHEHT KO3(h(PUIIMEHTHI TETLI0-
BOT'O PaCIIMPEHUSs MOJIOXKUTETbHBI.

Monaynp “Kommosur” makera @umecuc mo3BOJSET MPOBOAUTH OLEHKY 3(h(PeKTUBHBIX
Ter1oBbIX Xapaktepuctuk NTE-meramareprana Ha OCHOBE YMCIIEHHOTO pPellIeHUsT KpaeBoi
3aa4l TEPMOYTIPYTOCTH Ha SYEiiKe MEPUOJUIHOCTH C 3alaHUEM TMEPUOIUYECKNUX TPaHUY-
HBIX YCJIOBUIA C ocpeaHeHreM o oobeMy. [lonp3oBaTenb nakera B Ka4yecTBe pe3ysibTara no-
nydaeT 3¢ PeKTUBHbBIC KO3(MDGULMEHTHI TEMJIOBOTO pacllIMPEeHUS.

J1J1s1 TOCTPOEHHBIX sTYeeK MPOBEEH PsiJl YUCIEHHBIX 3KciepuMeHTOoB [29, 30], B KOTOpbIX
MOKa3aHO BJIMSIHUE T€OMETPMYECKUX MapamMeTpoB MoeJu Ha KO3(M@OUIIMEHT TEeIJI0OBOTO
pacumpeHust Meramarepuaia. CBoiicTBa KOMITOHEHT MPU 3TOM 3anaBajiuch MoayJiieM FOHra,
ko3 punmeHToM IlyaccoHa n Ko3pPUIIMEHTOM TEIUIOBOTO PACIIUPEHUS.
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Puc. 11. PacnipenesnieHne oceBbIX NMepeMeLieHU B MOAEIbHOM AMCKE MPU YacToTe BpaleHus: ® = 24375 06/MuH

(pa3MepHOCTb Ha IIIKaJIe — M).

B xome uccnenoBaHusl paccMaTpyBaeTcsl MOMIENb SIYEMKM M3 JIBYX MaTepuasaoB: MeIu
(3keCTKOIi, HO C MEHBIIMM KO3 (MUIIMEHTOM TEIJIOBOTO PacIIMPeHMs) U oJnuMepa (MITKO-
IO, HO C OOJIBIINM KO3 (DUIIMEHTOM TEIUIOBOTO PACIIMPEHMsI) C OOJIBIINM KOJIMISCTBOM ITy-
croT. Ha puc. 12 mpuBeneHa CTpyKTypa sSiY€KM TaKOro MetaMmaTepuana. YepHbIM LIBETOM
n3obpaxeHa menb (0ojee TBepJass KOMIOHEHTa ¢ MEHbIIUM KO3GhOUIIMEHTOM TEIIOBOTO
pacumMpeHust), cepbiM — nogumMep (0oJjiee Msirkasi KOMIIOHEHTa ¢ O0JIbIIMM Ko3dduimeH-
TOM TETIJIOBOTO pacCIIMPEHUST).

Jna aToi Momenu MeTraMaTtepHaia MOCTPOSHBI rpaduKM 3aBUCUMOCTU 3(h(HEKTUBHOTO
K03 GUIIMEeHTa TETUTOBOTO PACIIMPEHMST OT TEOMETPUUYECKUX TTapaMeTPOB — yIila HaKJIOHA
TMOJIMMEPHBIX CTEPXKHEM K METHOMY KOHTYPY. DTU pacueTbl TPOU3BENCHBI 7151 Pa3HBIX KOM-
OMHaLMI MTapaMeTPOB UCXOMHON MOJIEIU: TOJIIUHBI KOHTYpa STYeMKU, TOJIINHBI TOJUMep-
HOTO CTEPXKHSI M TOJIIMHBI IUArOHAJbHBIX MEIHBIX CTepxKHel. TakKke mMpou3BeJeH pacuer
Ha YCTOMYMBOCTh JAHHOU STYeiKM K TeTUIoBbIM fedopmaiiusiM. [1o pesyabrataM KOTOPOTO
OBLI OIpeesIeH TeMITepaTypHBIil TaITa30H, B TIpeIesiax KOTOPOTO 3Ta CTPYKTypa MpUMeHU-
Ma. JIJ1st Mozenii, COCTOSIIEeH U3 ABYX MaTepUaIoB — MEIW W MOJIMMepa, ObLTN MTOCTPOSHBI
rpacduKu 3aBUCUMOCTU KO3 DUIIMEeHTa TETIOBOTO PaCIIMPEHUS OT yTIja O TPU ONpeAeseH-
HOM TOJIIMHE paMKU. AHaIM3 3aBUCUMOCTE 9TUX KO3GhGUIIUEHTOB OT MapaMeTPOB MOAEIU

Puc. 12. Ctpykrypa siueiiku MmeTaMarepuaia ¢ OTpULIaTeIbHbIM KO3(DGhOUIIMEHTOM TETJIOBOTO PacIIMpPEeHUsI.



102 JJEBUH

5.00E-05
7=10.09, P=0.025, C=0.09
o

Y

\1-6\1;2 4 16 18 20 22 24 2% 28—30—32
T=10.07, P=0.025, C=0.07

T=0.05, P=0.025, C=0.05

—5.00E-05

-1.00E-04

—1.50E-04 |- oo ——0—
T=10.05, P=0.025, C=0.05 “

—2.00E-04

Thermal expansion coefficient

~2.50E-04 7=0.03, P=0.025, C=0.08

-3.00E-04 - The angel between the contour and the polymer rod, degrees

Puc. 13. 3aBucuMocth Ko3bdULIMEHTa TEMITEPATYPHOTO PAaCIIMPEHUs (K_l) OT yIJIla HAKJIOHA MEXAY METHbIM

KOHTYPOM U MOJIUMEPHBIM CTEPKHEM.

Puc. 14. T'eoMeTpusi U CBOMCTBA MOJIEIM OYMCTHOTO 3200s1. Ha BepxHeM prCyHKe M300paskeH BUI Ha YTOJIbHbIN TIACT
cBepxy, rne I — aprwut (£ = 1000 MIla, u = 500 MIla, v = 0.25, P=2), 2 — yronbHblii 1acT (TommmHa — 4 M, E =
=20—-200 MIIa, u = 10 MIla, v = 0.4, P = 1.3). Ha HuXHEeM pHCyHKe U300paxkeH OYMCTHOM 3a00ii ¢ Bapbupylo-
1reiics mmupuHot oT 4 1o 50 M.
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Puc. 15. PacnipeneneHue naBjaeHus Ha IEPBOM LLIare pacyeToB.

nokasajl cliefylolliue pe3yabTaThl. Bo-TiepBbIX, CyIlIECTBYET BO3MOXHOCTh Moadopa mnapa-
METPOB STYEHKM, TIPU KOTOPBIX MeTaMaTepuall UMeeT HyJIeBoM 3deKTUBHBIN KO3 duim-
€HT TEITOBOTO PACIIMPEHUs — TO €CTh IIPU U3MEHEHUU TeMIIepaTyphbl COXpaHSIET CBOU pas-
Mepbl. Bo-BTOpHBIX, IIpU OIpeneaeHHbIX KOMOMHAIIMSX HapaMeTpoB 3(h(GEeKTUBHBINA KO3 -
(uIMeHT — oTpULIATENbHbBIN, & MOMY/b €r0 TOCTATOUHO OOJbIION (paBeH KO3GhGUIUEHTY
TEIUIOBOTO paciiupeHus noaumepa). Ha puc. 13 npeacrapiaeHa 3aBUCUMOCTb K02 b bUIIeH-
Ta TEMJIOBOTO paclMpeHus (eAuHuLA u3MepeHus K—') oT yria HakigoHa MexXay MeTHBIM
KOHTYpPOM U TOJMMEPHBIM cTepxXHeM. Ha rpacduke BBefeHBI cienyloiiue oO003HAYeHUs:
TOJIIIIMHA MEIHOTO KOHTYpa s4eiiku — 7, TOJIINHA MOJMMEPHOTO CTEPXHS — P, TonmHa
MenHoM nuaroHanu — C. PasMepbl MpuBeleHbl B OTHOILICHUH K OOIIeMy pa3mepy sSTYeiiKu.
ITpoBoaMINCH YMCICHHBIE UCCIEIOBaHNSI, B KOTOPBIX TOJIIMHA KOHTYpa BapbUpoBajiach B
npezaenax ot 0.03 mo 0.09, romuumHa nomumepa — ot 0.025 go 0.075, TomuuHa TMaroHaIu — OT
0.05 10 0.09. B pacueTax 3a1aBaInch ciaedyIolIne cBoiicTBa Meau: Moxyb FOHra 1.1 x 103 MITa,
koadduunent IMyaccona 0.35, koadduimeHT Teruosoro pacupenus: 1.67 x 1075 KL
CaoiictBa moanMmepa: Moxayits FOura 10* MIMa, koadduument [Tyaccona 0.45, koadhdurm-
eHT TeIU10BOro pacuiupenust 1.5 x 1074 K.

PesynbTaThl pacueToB MOKa3bIBAIOT, YTO MOAOOD TeOMETPUUYECKUX MapaMeTpOB STYEHKHN
yKa3aHHOI (pOpMBI TTO3BOJISIET TOOUTHCS KaK OTPULIATEILHOIO 3(p¢heKTUBHOTO KO3(huUIIm-
€HTa TEeIJIOBOTO PACIIMPEHUsI, JOCTATOYHO OOJIBIIOTO MO MOMAYJIIO, TaK U OJIM3KOTO K HYJTIO
addexkTrnBHOTO KO3 PUILIMEeHTA.

5. OneHkKa MeTaHOOOWJILHOCTH YrOJIbHOIO IJiacta Ha ocHoBe aHaim3a HJIC B aTom miacre
BOM3u mTpeka. OrieHKa AedopMalnii yrojibHOTO TUIacTa B 3aBUCUMOCTH OT IaBJIEHUS MeTa-
Ha (C y4eTOM U3MEHEHUSI IPOHULIAEMOCTH) BHYTPU HETO MO3BOJISIET PACIIMPUTH BO3MOXHO-
CTM T€OMEXaHUYECKOro MonaeaupoBaHusd [37] U yTOYHUTH peKOMEHIALMU K mapamMeTpam
TopHOIpoxoayecKux padboT. MoaenupoBaHue u pacueT napametrpoB HAC B pamkax Monenu
OCYIIIECTBIISIETCS B 2 3Tala.

Ha nepBowm arane HaxonsTcs 3 deKTuBHbIe MexaHndeckKue xapakTepuctuku [38]. lanee
Ha OCHOBE HalileHHbIX 3(P(HEKTUBHBIX MEXaHUYECKHUX MTapaMeTPOB B ITOA001ACTSIX peliaeTcst
reomMexanndeckas 3agada o HaxoxaeHnu HJIC Bo Bceit o6mactu. ITocie 3Toro Ha ocHOBE
PACCUMTAHHBIX ITI00ATbHBIX HAMIPSIKEHUI pellaloTCsl CEpUM 3aa4 O HArpPy>KeHUU MaTPULIbI
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Puc. 16. I'paduku BbimeseHUst MeTaHa B YTOJIbLHOM IIacTe MPU PAa3IMYHbBIX COMPSIKEHUsIX. 1_step — 6e3 compsixke-
Hust. 40_steps — 60 11arOB COMPSIKEHUST ra30JMHAMUYECKOTO M TEOMEXaHUUYECKOTO CUMYJISITOPOB, KaxX/blit 12 pac-
YETHBIN 11ar ra3oanHaMuyeckoro cumyssitopa. 120_steps — 120 mraroB compstkenust, 240_steps — 240 maroB co-

TIPSIKEHU .

U TPEIIYH B KaXI01 U3 Ioxobiacteil 115 onpeneaeHus aeopMaliiii BHyTpU MaTpULIbl Ma-
TCpuUuaja OJIOKOB U paCKprTI/lﬁ TPECIINUH MEXKAY HUMU, COOTBETCTBYIOIIUX TEKYIIEMY JIOKAJIb-
Homy HIIC B OKpeCTHOCTH KOHKPETHOI1 rpaHu 6Jioka. PaccuuraHHbie nedpopMaiium MaTpu-
IIbl U PACKPBITUSI TPELIUH UCIOJb3YIOTCS MPU BHIUMCIEHUM MPOHUIIAEMOCTEN yTrOJIBLHOTO
Tutacta Ha ocHoBe mnoaxoaoB [39, 40]. PaccuutaHHble MPOHUILIAEMOCTU (MaTPULIbI U MEX-
OJIOUHBIX TPEIIMH) TIepPeNaTCs B ra30AMHAMUYECKU CUMYJISITOP HA OCHOBE MOJEN ABO¥ -
HOM nipoHuLiaeMoctu [41, 42], KOTOpHIi onpeaessieT moJjie 1aBJeHui MeTaHa BO BCeil Moe-
J1. 3aTeM Ha OCHOBE paCCYMTAHHBIX AaBJICHUI B MaTPUIIC M TPEIIMHAX OMPEACISICTCS CPel-
Hee naBjieHHue B 3(p(eKTMBHOM KOHTHMHYyMme M TioBTopsieTcs pacuer HIAC u mapameTpoB
reoMeXaHU4eCKOit MOJIEH.

[TpuMep pacueTa MPOHUIIAEMOCTH IS OYMCTHOTO 320051 B YTOJIbHOM ILU1acTe. JlaHHbIE O
TeOMETPUY U CBOMCTBAX MOJIEIN OYMCTHOTO 320051 MpUBEEHBI Ha puc. 14.

[TapameTpsl Mmonesnun. Pazmep ky6a 500 Ha 500 meTpoB. [eoMeTpusl IITPEKOBOrO KaHayia —
MepuMeTp npsimoyroJjibHuka pazmepamu 100 Ha 150 MeTpoB. BHyTpeHHee cedueHue 1Tpeka: 4
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Puc. 17. Mexanuueckasi MOZIeJIb YTOJIBHOTO MECTOPOXKIEHUSI, UCTIOIb30BaHHAsI TIPU pacyeTe MeTaHOOOWIBLHOCTH.
Tne 7 — aprwuut (£ = 1000 MIla, u = 500 MIla, v = 0.25), 2 — yronpubiii mnact (Tonumza — 4 M, £ =20 MIla,
w=10 MIla, v = 0.4), 3 — rpynb 320051, 4 — TPOXOAYECKUII IITPeK 4 - 4 M B LIEHTPE MOJEIU.

Ha 4 Metpa. KonuuecTtBo siueek 27 - 104 - 1. CBoiicTBa ra30iMHaMUY€CKOM MOIEIN: TPOHU-
maemMoctb kKyba — 10 m/l, maBireHue B ToIM yrojbHoro racta — 200 aT™, naBjieHUE B
mrpeke — 1 aTM. Peaan3oBaHbl OTKPBITHIE TPAaHUYHBIE YCIOBUS C TTOCTOSTHHBIM JaBJICHUEM
200 aTM M MHIEKCOM MPOLYKTUBHOCTU 340.56 M’/CyTKM/aT™M (IIOBEPXHOCTHBIE YCIIOBHS).
CBoiicTBa reoMexaHndeckoir moaenu: KoadpduumeHT Ilyaccona — 0.4; momynp FOHra —
20 MIla. IIpomomkutenbHOCTh pacyeta 480 MuHyT ¢ marom 1 munyta. [1pu pacuyetax Ha oc-
HOBE rasoguMHaMuyeckoil Momenu wucnoiab3oBaicss wmoayib ECLIPSE Compositional
ESMB3. Ha puc. 15 npuBeneHo pacnpeaeieHue naBjieHrsl Ha IEPBOM IlIare pacyeToB.

Pe3ynbTaThl pacyeToB MTapaMeTpOB ra30BOro MOTOKA MPUBEAEHBI Ha puc. 16.

I'pacdukm CBUAETENBCTBYIOT O TOM, YTO BPEMEHHOI MHTEpBaJl MUCTEYEHUS Ta3a U3 30HBI
pa3rpy3Ku B OYMCTHOI 32601 paBeH MPUMEPHO OTHOMY Yacy.

Taxke ObUTa pellleHa 3amada O 3aBUCHUMOCTU METAHOOOWIHLHOCTU OT PACCTOSTHUS OT
mTpeKa a0 yroabHoro 1iacta [37, 43]. Mcnonb3oBaiack MeXaHUYecKast MOJIEIb, IIPUBEICH-
Has Ha puc. 17.

IIpu pacyerax UCTIOIB30BAINCH CIICAYIOIIME 3HAYCHHS ITApaMETPOB IMMPOHUIIAEMOCTH TTOPOJT
(koo dutmenTsl punbrpannu Ke v nponniaemoctu K, u abeomorHast nponunaemocts K):

1. Yromb. K¢= 1.2 x 1073 m/c, K, = 1.2 x 107> M? wan K = 10 M/l (Muiunapen)

2. Bmenaromue nopoasl: Kp= 1.2 x 103 m/c, K,=12x 10719 M2 ym K = 300 m/1.

Mogenu ObUIH IIPOCYMTAHBI IPU JABJISHUM HA BEepxHIOI IpaHb mopsaaka 200 MIla (a3to
CcoOoTBeTCTBYeT IyouHe okoJio 1000 m). B macTe yris HayanbHOE JaBjeHMe ra3a ObLIo IIpHr-
HaTo paBHbIM 1.5 MTIla (15 arm). Bo Bmemaroneit mopone — 0.1 MIla (1 atm).

[ns pacyeTa GbUTa TIOCTPOEHA COMNPSIKEHHAs! TPEXCIOHAs Ta3oAMHaMyecKasi U TeoMe-
XaHUYeCcKasl MOJIeJIb YTOJILHOTO TIJIaCTa C U3MEHSIIOIIECs TPOHUIIAeMOCTBIO YIJISI B 3aBUCH -
MOCTHU OT T€OMEXaHUYECKUX HATNPSXKEHUI U TUIACTOBOTO IaBJIeHUs Ta3a.

Bbu1u mpour3BeneHbl pacyeThl ISl YEThIpEX MOJIOKEHU ITpeKa OTHOCUTEIBLHO YTOTBHO-
ro macta: 180 m, 80 M, 60 M 1 20 M. Ha ocHOBe pe3yIbTaTOB pacyeToB ObLT MOCTPOEH Ipa-
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Puc. 18. Vi3mMeHeHre MHTEHCUBHOCTH BBIICJIICHUSI METAHA 1O MEpe YOaJIEHUsI OT YroJbHOro Iutacta. Pe3ynbraTsl

YUCJICHHOI'O MOACJINPOBAHUA.
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Puc. 19. IsMeHeHe THTEHCUBHOCTHU BbIIEJICHUsI METaHa T10 MEPEC ynaJ€HUs OT YIrOJIBHOTO Tu1acTa. BKCHepMMeH-

TaJbHbIe TaHHbIE [44].

¢UK 3aBUCUMOCTA METAHOBBIAEIECHUSI OT pacCTosTHUs o Tuiacta (puc. 18). OTMeTum ero
0GIM30CTh K BKCIIEpUMEHTaIbHOMY rpaduky u3 padotsl [44] (puc. 19).

6. Pacuer HAC BO.M3M CKBAaXKMHBI B IIACTE TOPHBIX MOPOJ, HA OCHOBE MOJEJH MOPOYNPYro-
maacTuyHocTu. Bepudukauus yucienHoit nopoynpyrormiaactuyeckoit monenu CAE Fidesys
OCHOBaHa Ha aHaMTU4ecKoM petneHnu Kapesa [45]. B [45] paccmarpuBaeTcs pacripeneie-
HME HANPSDKEHUI B OKPECTHOCTH BEPTUKAJIBHOM CKBAXXMHBI paauyca Ry, NpoOypeHHON! Ha

nIyouHy A. [lnact cuutaeTcss U30TPOMHBIM, OTHOPOIHBIM.

HcxomHoe HampsKeHHOE COCTOSTHUE TUTacTa paccMaTpUBaeTCsl KaK COCTOSIHME BCECTO-
POHHETO cXXaTusl TOPHBIM IaBieHueM Q = —yh, I1e Y — CpeHUI yIeNbHbIil Bec BbILIeIexa-
IIUX TTOPOI.

[Tpennonaraetcs, yro Koa3bduureHT buo paBeH equHuLEe, p, — HaYaJIbHOE IJIACTOBOE
naBjaeHue GuIbTpyloleics: xunkoctu. B [45] cuuraercs, 4To huabTpanus KUIKOCTU OT-
CYTCTBYET, II03TOMY Ha CKBaXKMHE ITIOPOBOE JABJIEHUE py, COBIANAET C p,, NPEAIIoaaraercs,
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Puc. 20. G,, (r) — aHaJUTUYECKOe pellieHrue ¢ KpuTepreM riaactudHocTu KyioHa—Mopa 1 yucieHHoe pelieHue

CAE Fidesys ¢ kputepueM 1iactuaHoctH JIpykepa—Ilparepa.

YTO B KAYeCTBE KPUTEPHS TUTACTUYHOCTU MCTIONb3yeTcs Kputepuit Kymona—Mopa ¢ mapa-
MeTpaMU T, — KO3 UIIMEHT CLEIUIEHUS, P — YTOJl BHYTPEHHETO TPEHUSI MOPOIbI.

B makeTe @unecuc ucnoib3yeTcst Kputepuii rinactuaHoct dpykepa—IIparepa. IToBepx-
HocTb JIpykepa—IIparepa siBisietcst criaxkeHHoit moBepxHocTbio Kynona—Mopa (B CAE Fi-
desys moBepxHocThb [dpykepa—IIparepa BrircaHa B LiecTUrpaHHbIil KoHyc Kynona—Mopa).
Ha ocHoBaHUM ucciienoBanus [46] TipedmonaraeM, 4To OTJIMYMS B pe3yibTaTax JJisi KpUTe-
pues JIpykepa—IIparepa n Kymona—Mopa moKHEBI OBITh HE3HAYNTEIbHBI.

J11s1 cpaBHEHUS pe3yIbTaTOB aHAIUTHUYecKoro pemeHus u pemeHus B makere CAE Fide-

SYS UCIIOJIb30BAIMCh NapaMeTpbl Mozenu: T, = 8§ MIla, p = 30°, Q = -80 MIla, p, = py =
=40 MTIla.

I'paduku 3aBucUMOCTEN HANIPSIKEHUH G, (R), oo (R) npuBeneHb! Ha puc. 20, 21.

W3 puc. 20, 21 cienyert, uTto pe3yabTraThl pacueTa ¢ ucnoiab3oBanuem CAE Fidesys xopo-
110 COMIACYIOTCSI C aHATUTUYECKUM PEIIeHUEM, 32 UCKIIOUeHUEM 00JIaCTH B OKPECTHOCTHU
panuyca IUIaCTUYECKOU 30HBI. JIaHHBIE OTIWYMS SIBJSIIOTCS CJIGACTBUEM UCIIOJb30BaHUS
Pa3IMYHBIX KPUTEPHEB IJIaCTUYHOCTHU B aHamuTudeckoM peiieHuu U CAE Fidesys.

CAE Fidesys npemiaraeTr mmpoKrue BO3MOXHOCTY PEIICHUS Pa3IMYHEIX 3a1ad reoMexa-
HUKHW, YIYUTHIBAIOIINX ypaBHEHWE Mbe30MPOBOTHOCTH (3aKoH Jlapcu) M yIpyroruiactTude-
cKoe TeueHue ¢ KputepueM ruiactudHoctu Jpykepa—Ilparepa. Tak, B CAE Fidesys BoimoJi-
HEHO MOJIeJIMpOBaHNe 00pa3oBaHUs U Pa3BUTHUSI MOJIOC JOKATU3ALMU MJIaCTUYECKUX Aedop-
maumit (mojoc Jlrogepca) aJisi MOJAEIM HArpy>KeHUsI OTHOPOAHOM M30TPOITHOM KBaApaTHOM
ob6actu co cTtopoHoii 20 M, B LIEHTPE KOTOPOU PacIoioXkeHO KPyroBoe OTBEPCTHUE pajnyca
1 M. B cuity cuMMeTpru cMoneMpoBaHa YeTBEPTh TUIACTUHBI. MaTepuall UMeeT CIIeayIoIe
Ge3pa3MepHbIe TmapaMeTpsl: Moxyitb FOnra 10° IMa, xosddumment IMyaccona 0.25, mIoT-

HocTb 2650, koresust 2 X 10° T1a, yron BuyTpenHero tpenust 0.349, yron amnatancuu 0, Ko-

adduument buo 0.8, mopucrocts 0.25, mpoHunaemocts 1072 M2, BSIBKOCTb JXHIKOCTH

0.005, 06BeMHBII MOIyTb yripyroctu kunkoctu 10° IMa.

K monmenn IIPMJIOKEHBI CJICOYIOINME TPAaHWYHBIC YCIOBUA. IIEPEMELICHUA quy:O = 0,

u = 0, napnenue p| _ =28 X 106, p|y:10 =32 x 10°, nasnenne 25 x 10° —166.67¢ na

Y|x:0
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Puc. 21. Ogg (r) — aHaJIMTUYECKOE PelleHUE C KpUuTepueM miaactTuuHoctu KynoHa—Mopa 1 4McieHHOe pellieHue

CAE Fidesys ¢ kputepueM 1iactuaHoctH JIpykepa—Ilparepa.

Puc. 22. Jlokanusamus noJioc Jlronepca. [Tnactuueckue necdbopmainu mo Musecy.

KOHTYpPE OTBEPCTHSI, IOPOBOE HaBleHUE f| -y = 25 X 10%6, f|y:10 = 25 x 10%6, mopoBoe

JaBJIeHVE Ha KOHTYpe OTBEpCTUS 25 X 10° —166.671¢.

B pesynbprate nmHamuueckoro pacuera Mmonenu B makete CAE Fidesys moydeHs! cnenyio-
1IMe pe3yabTaThl: BOJIM3U KOHTYpa OTBEPCTUSI 00pa3yIOTCs MOJIOCH! TOKATU3ALMY T1acTude-
ckux aedopmanuii (rnosnocel Jlrogepca), K MOMEHTY BpeMeHU ¢ = 19919 ¢ ux jJokanuzanust
MPUHUMAET BUI, TIPEACTaBIeHHBII Ha puc. 22.

OTMeTuM, 4TO TIpobsieMa BepuUuKau 1 0COOEHHO BAIMAAIIUY MAKETOB ISl TPOYHOCT -
HOTO MHXXEHEPHOTO aHaIn3a NP1 000CHOBAHUY WX UCITOIb30BAaHUS TSI pEIIeHUs] HETMHE -
HBIX 3a7a4, 0COOEHHO JIJTS 3a1a49 O ITO3TAITHOM Harpy>KeHUU TeJI TTIPU KOHEYHBIX nedopMariu-
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Puc. 23. [Tonoctb nociie 3po3uu (Crpasa) U JIOKaIU3aLusl TUIACTUYECKUX Aedopmalinii, YNCIEHHbII SKCIIEPUMEHT

(cneBa) mof AeiicTBUEM aHU3OTPOITHOTO TOJISI HATTPSIKEHUIA.

Sxx
.86|+07 —2e+7 Oil llel+0

Puc. 24. KomnoHeHTHI neBraTopa 3¢GheKTUBHBIX HATIPSIKEHU TOPHOI TOPObI.

sIX, OYeHb BaXkHa, W HaJW4Me TOYHBIX PELIeHUI MO3BOJSIET €€ YaCTUYHO peiuTh [13—23,
47-52].

7. MHoroga3Has nbe30ynpyromiacruyeckas Mojaesib CKBaXKMHbI. boJibliasi 4acTb MUPOBBIX
3armacoB He(TU U Ta3a HAXOASATCS B C1a00 KOHCOJIMAUPOBAHHBIX KOJJIEKTOPAX, TAE, MOXET
TIIPOMCXOAUTH BEIHOC TTecKa (IeCKOIIPOSIBIICHNE) U ITOCIeAyomas 3po3us [53]. Dpo3usa mia-
CcTa MOXET TPUBECTU K HEYCTOMYMBOCTU CTBOJA CKBAaXWHBI M OOPYIIEHUIO HEKOTOPBIX
Y4acTKOB CKBaXUHBI. [ToaTOMYy HeoOxomuMa mMareMaTudeckass MOAe]b, CIIOCOOHAsT Mpe-
cKaszaTh Hauajo BbIHOCA MTecKa 1 ero 00beM.

I/ICHOJ'IB3yeTC${ CBsA3aHHas MOICIb MOPOYIIPYrormiaCTU4IHOCTHU. KpI/ITepI/IeM Ha4daJia 1iec-
KOIMIPOABJICHUA B paMKax 3TOI MOJENU SIBJSIETCS BO3BHUKHOBEHUE obJacreit JIOKaJIM3alnuun
IIaCTUYCCKUX I[C(I)OpMaL[PIfI. 3OTta MOIeb MO3BOJISCT IIpOoaHaAIM3NPOBaThb BINAHMUEC HAIIPA-
XEHUU 1 UBMEHEHUS TaBJICHUS Ha TICCKOITPOABJIICHUE.

PesynbTaThl pacyeToB B paMKax 3TO MoAeIu NpuBeAeHbI Ha puc. 23, 24. icxonHble faH-
HBIE IJIsI pacdyeToB NMpUBeAeHEI B Ta0. 2, 3. Ha puc. 23 cnpaBa noka3zaHa ¢opMa MOJOCTH
TOoCJIe PO3UH TT0 JaHHBIM HaTYpPHOTO 3KcIepuMeHTa. CormocTaBlieHue TaHHBIX O JIOKaIN3a-
X TTACTUYECKUX OedopMalinii, MpuBeIeHHBIX Ha puc. 23 clieBa, ¢ JaHHBIMU HATYPHOTO
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Puc. 25. Kpyrosbie BkitoueHust (KeporeH).
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Puc. 26. [NepemereHus o ocu Ox.

0 0.005 0.01 0.015

Puc. 27. Jlokanu3auus 1iacTudeckux aedopmariuii mox AecTBUEM PACTITUBAIOLIMX YCUIUI, YMCICHHBINA DKCTIe-

PUMEHT.
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9KCIIEpPUMEHTA MOKa3bIBAeT, YTO 30HBI JIOKAJIU3ALMU MJIaCTUYECKUX dedopMaliuii, orpeae-
JICHHbIE B pe3yJibTaTe pacyeTa, pacrooXeHbl B TeX 00JIacTsIX, IJie B COOTBETCTBUU C TaHHbI-
MU HATYPHOTO 9KCIEPUMEHTA MTPOUCXOIUT IPO3USI.

8. IIpumep JoKaMM3aAMK MJIACTUYECKHUX JedopManmii B rOPHO# MopoJe ¢ BKIoueHnssMu. Vc-
caenyercst HIC ropHoit moponsl (fecyaHrka) ¢ BKJIIIOUEHUSIMU U3 KeporeHa. 3ajaya pelia-
ercsl I ciydasl TIocKoil nedopmanu. Marepuaibl CUMTAIOTCS YIPYTOTIaCTUYECKUMU.
MexaHndecKre CBOMCTBA MaTepHaiOB NIpUBENeHBI B Tao. 4. dopMma 0o6acTu, B KOTOPOit
pellaeTcd 3agava, ImokasaHa Ha puc. 25. Ha puc. 26, 27 nmokaszaHbl pe3yJIbTaThl PaCUyeTOB.
Puc. 27 noka3sbiBaeT HAIMYKME MOJIOC CKOJNBXEHUsI (0bJacTell JoKaIM3aluu MIacCTUIECKUX
nedopMaiiuii), Ipyu 3TOM CJeAyeT OTMETUTh CYIIECTBEHHbI 2(MdEKT B3aMMOBIUSHUS
BKJIIOUeHUI. [paHUYHbBIE yCIIOBUS: OOKOBbIE TPaHU CBOOOIHBI, pacTsikeHre 1mo ocu Oy.

9. 3akimoyenne. ABTOp OTMEUAaEeT, UTO BCe MPUBEIEHHbIE TPUMEDPHI MOKA3bIBAIOT BO3MOX-
HOCTb YYEHOTO-MeXaHUKa, MHXXEeHepa-pacyeTIYnKa MPOBOIUTH CJIOKHBIE pACUYEThI 15T HEJIU -
HEWHBIX 3aa4y 0e3 HEeOOXOAMMOCTU CaMOCTOSITEJIbHO BBHINTMCHIBATH CUCTEMY YpPaBHEHWI,
OIMMCHIBAIOILILYIO TOCTAHOBKY 3a7lau, U pelliaTh ee. DTO MOATBEPKIaeT 3HaunuTelbHOe (BO3-
MOXHO, KapAWHAIbHOE) U3MEHEHHE B pab0Te CIELMAIMCTOB 1 TPeOOBaHMS K MX HaBbIKaM.
Takue 3MeHEeHUsI MPOUCXOAST MPAKTUIECKU BO BCEX OTPACISAX HAyYHO-TEXHUYECKOM JIesi-
TeJILHOCTH B pamMKax Munyctpuu 4.0.
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